Association of newborn screening analytes with type of delivery among preterm and term births

Jessica Yau

A thesis submitted to the Faculty of Graduate and Postdoctoral Studies in partial fulfillment of the
requirements for the degree of Master of Science in Epidemiology

School of Epidemiology and Public Health
Faculty of Medicine

University of Ottawa

© Jessica Yau, Ottawa, Canada, 2018



ABSTRACT

Introduction: Several factors have been observed to influence the value of newborn screening analytes
(NBS) and should be adjusted for in the interpretation of blood spot samples. The thesis aimed to
examine the association of NBS with 1) mode of delivery among term infants and 2) clinical subtypes
(i.e., spontaneous onset of labour) of birth among preterm infants.

Methods: A retrospective population-based cross-sectional study design was employed. A multivariable
logistic regression model was used to examine associations between NBS and mode of delivery among
term infants and subtypes among preterm infants.

Results: 1) Metabolic profiles of infants born by planned cesarean delivery differ from those born by
vaginal delivery following spontaneous onset of labour and 2) Metabolic profiles of preterm infants did
not differ by clinical subtype.

Conclusions: Our findings conclude that mode of delivery is an important covariate to consider in future
modelling studies, but the inclusion of preterm birth subtypes is less compelling.
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CHAPTER 1. INTRODUCTION

1.1 Background

Over recent decades, high dimensional biology (HDB) has emerged as an approach to understanding
many complex biological processes and disorders.! HDB refers to the study of changes in the genome,
transcriptome, proteome, or metabolome to understand the pathophysiology of disease.?? In obstetrics,
using samples of biological fluids obtained from the mother and newborn such as amniotic fluid, urine,
saliva, and blood, biochemical markers have been able to provide a rich source of information to better
understand the complex processes related to pregnancy such as parturition and the biological

mechanisms associated with several disorders of preghancy, including preterm birth.2**

In Ontario, Canada, virtually every child undergoes newborn screening.®” The Newborn Screening
Ontario (NSO) program collects heel prick blood spot samples from newborns shortly after birth and
screens each infant for 29 rare, but treatable, conditions with the use of a panel of screening analytes.
The purpose of this population-wide screening program is to identify newborns with rare diseases at an
early stage in order to facilitate early intervention and reduce morbidity and mortality.® Collectively,
these diseases will be identified in approximately 200 out of 145,000 children born in Ontario each
year.” Factors known to influence the values of the newborn screening analytes, potentially leading to
false negative and false positive rates,'? including gestational age and birth weight.1®12 These factors
are taken into consideration when collecting and interpreting the results of newborn screening analysis.
Several environmental and physiological factors such as season of birth, gestational diabetes and mode
of delivery are known to affect long-term maternal and neonatal health outcomes.?%'*14 However, their

influence on the concentrations of analytes obtained through newborn screening is unclear.



Preterm birth, defined as birth prior to 37 completed weeks of gestational age, is a leading cause of
infant and childhood mortality and morbidity.'>' Worldwide, an estimated 15 million newborns are
born preterm and this number is increasing.’® Despite extensive research,’ the etiology of preterm birth
remains unclear but is known to be multifactorial.> Approximately 30% of preterm births are medically-
indicated and the remaining 70% occur spontaneously. While spontaneous and medically-indicated
preterm births may share some clinical features,® the latter are mainly performed for maternal or fetal
indication,*® whereas spontaneous preterm births occur more frequently due to pathways involving

infection and inflammation.?%

This thesis project used data from Ontario’s province-wide newborn screening program which has been
linked with the provincial birth registry, providing an opportunity to explore whether newborn screening
analyte profiles (e.g., levels of amino acids, enzymes, and endocrine markers in the blood spot analyzed
as part of the screening program) are associated with type of delivery among preterm and term births.
When used beyond their traditional application, such as in postnatal gestational age estimation?! and
predictive models for other neonatal morbidities,? several studies have demonstrated associations
between newborn screening analytes and maternal and neonatal outcomes. However, a thorough
investigation into the influences of environmental and biological factors, including mode of delivery and
subtypes of preterm birth, has not yet been undertaken to understand the variability in newborn
screening analytes. The purpose of the thesis project was to understand the associations between
newborn screening analytes with type of delivery among preterm and term births.

Specifically, it aims to provide a post hoc description of mode of delivery among term births and
subtypes of birth among preterm births in relation to newborn screening analytes to determine if when
used beyond their traditional application (i.e., predictive modelling studies) whether they should be

taken into consideration as potential confounders. This thesis project is not for causal or predictive



purpose and is not aiming to use newborn screening analytes to predict type of delivery outcomes
among preterm and term births. However, it can inform etiologic or causal understanding by generating

hypotheses on how type of delivery is associated with newborn screening analytes.

1.2 Research Objectives

The overall aim of this master’s research was to investigate the association between type of delivery (as
defined below) among preterm and term births with newborn screening analyte values, using newborn
screening data linked with provincial birth registry data. The two specific objectives of the thesis project

were to determine whether there is an association between newborn screening analyte profiles and:

i.  Mode of delivery (planned cesarean delivery or vaginal delivery following spontaneous onset of
labour) among infants born at term gestation to low-risk women
ii.  Birth subtypes (delivery following spontaneous onset of labour or preterm premature rupture of

membranes) among infants born at preterm gestation



CHAPTER 2. LITERATURE REVIEW

2.1 High Dimensional Biology

High-dimensional biology (HDB) refers to the study of the genome, transcriptome, proteome, or
metabolome in biological samples with the intent of understanding the pathophysiology of
diseases.®?® HDB encompasses the “omics” sciences, which refers to the study of entities in
aggregate. With the development of HDB over the past two decades, the simultaneous screening
of thousands of genes, gene products, proteins and metabolites from small samples of tissue or

body fluid has become possible.?*

2.2 High Dimensional Biology in Maternal-Fetal Medicine

Increasingly, the application of HDB has been used in maternal-fetal medicine to provide insight on
the biological processes involved in the process of parturition and the complex disorders of
pregnancy, such as preterm birth.>242° Maternal biological fluids including cervicovaginal fluid,
amniotic fluid, serum, blood, urine, and saliva have been studied as they provide rich sources of
proteins and metabolites that vary in concentration in response to pregnancy itself, as well as in
response to adverse pregnancy states.*3°32 The majority of the literature regarding HDB involves
maternal bodily fluids.**337 Several systematic reviews have been conducted to summarize studies
of biomarkers that predict spontaneous preterm birth. However, few biomarkers have shown
clinical usefulness. Three systematic reviews have identified cervicovaginal fetal fibronectin — a
glycoprotein that is a marker of choriodecidual disruption® — as the biomarker with the highest
strength of association with spontaneous preterm birth.323337 However, in another systematic
review, the authors concluded that due to methodological differences in study designs, timing of

blood collection or other samples and study populations, a meta-analysis was not possible and



thus could not conclude if a single biomarker will be able to predict spontaneous preterm birth or

to understand the underlying pathophysiological mechanisms associated with this condition.3®

There is a paucity of research on spontaneous preterm birth that has targeted biological samples
obtained from the newborn. One prospective study examined both maternal serum and newborn
cord blood to identify markers of infection (e.g., interleukin 1B and tumor necrosis factor a) to
assess whether they could predict spontaneous preterm birth;3 however, the cord blood sample
was used to confirm fetal exposure to pro-inflammatory cytokines rather than as an independent
sample for primary analysis.?® This study echoed the conclusions made by the systematic review
described previously in concluding that identification of a single predictive marker associated with
preterm birth is unlikely.3® Rather, identifying multiple markers will be necessary, as the etiology of
preterm birth is known to be multifactorial.3® While the objective of most previous research has
been the prediction of preterm birth, one objective of the current thesis project is to understand

the associations between subtypes of preterm birth with newborn screening analytes.

2.3 Newborn Screening

Newborn screening is a population-wide screening program that is conducted in approximately 64
countries worldwide.® Dried blood spot samples are collected shortly after birth to identify rare,
treatable disorders that usually show no symptoms in the newborn period but where early
identification and initiation of treatment is important for achieving reductions in morbidity and
mortalitity.3® There is considerable variability in the disorders included in screening programs from
country to country, and even across jurisdictions within the same country.® This can be due to a

variety of factors including prevalence of specific disorders in a geographic region, availability of



treatment for the targeted disorder, lack of certainty in the available evidence regarding the

effectiveness of early intervention, and clinical practice guidelines.®

Within Canada, there is no national newborn screening program. Each province and territory
screens for a different set of diseases.*® The number of conditions screened ranges substantially
from 6 in Manitoba to over 30 in Saskatchewan.*! Phenylketonuria (PKU), congenital
hypothyroidism (CH), and medium chain acyl-CoA dehydrogenase (MCAD) deficiency are the only

three conditions that are screened in all programs in Canada.*!

2.3.1 Newborn Screening Ontario

In Ontario, Newborn Screening Ontario (NSO) coordinates newborn screening which is based
through a central laboratory at the Children’s Hospital of Eastern Ontario and is funded by the
provincial Ministry of Health and Long-Term Care. Heel prick blood samples are collected from all
newborns within 24-72 hours of birth, from which levels of various analytes are measured.® These
analytes include acyl-carnitines, amino acids, endocrine markers, enzyme markers, and
measurement of fetal (HbF) and adult (HbA) hemoglobin levels.?14%427%5 Using the quantitative
values of the analytes, NSO screens for treatable diseases including metabolic diseases (e.g., maple
syrup urine disease), endocrine diseases (e.g., congenital hypothyroidism), sickle cell disease,

cystic fibrosis, and severe combined immune deficiency.*®

Most of the screening analytes are measured using tandem mass spectrometry (MS/MS). A positive

finding from MS/MS could point to several different disorders and is not diagnostic. Infants who



screen positive are referred to specialists at the Newborn Screening Regional Treatment Centres in
the province where additional analytes are collected for confirmatory diagnostic testing.
Identification of newborns with a disorder at a young age can help prevent health problems, as
treatment and management for the disease is provided. Currently, the province screens for 29 rare
disorders. Collectively, these diseases will affect approximately 200 out of 145,000 infants born in
Ontario each year. Over 1,600 infants have been diagnosed with a screened disease since the

province-wide screening program was established in 2006.57

2.3.2 Newborn Screening Analytes

The newborn screening analytes collected by Newborn Screening Ontario include acyl-carnitines,
amino acids, HbF and HbA levels, endocrine markers and enzyme markers. Acyl-carnitines and
amino acids are markers for metabolic disorders of fatty acid oxidation, organic acid disorders and
amino acidopathies including, for example, medium-chain acyl-CoA dehydrogenase (MCAD)
deficiency, phenylketonuria and maple syrup urine disease. These are inherited disorders that

affect the infant metabolism and are measured using MS/MS.*#

Hemoglobinopathies are inherited blood disorders that can cause abnormal structure or volume of
hemoglobin (Hb). Measuring variants of Hb levels allows these disorders to be detected. Sickle cell
disease is the primary hemoglobin disorder screened by the presence of Hb S. However, beta-
thalassemia major, which is characterized by abnormal volume of hemoglobin, is also a target of

newborn screening.’



Endocrine markers include thyroid stimulating hormone (TSH) and 17-hydroxyprogesterone (17-
OHP). NSO screens for two endocrine disorders: congenital hypothyroidism (CH) and congenital
adrenal hyperplasia (CAH). These disorders are characterized by elevated levels of TSH and 17-OHP

in CH and CAH, respectively.*4°

The enzyme markers that are measured by NSO include: biotinidase (BIOT), galactose-1-phosphate
uridyltransferase (GALT) and immunoreactive trypsinogen (IRT). Screening for galactosemia and
biotinidase deficiency is completed by measuring BIOT and GALT by fluorometry. Using
immunoassay, NSO screens for cystic fibrosis by measuring IRT, which is a pancreatic enzyme

precursor and its concentration is elevated in babies with cystic fibrosis.*’

2.3.3 Interpretation of Newborn Screening Analytes

There are several factors that are taken into account for the use of dried blood spots for newborn
screening analysis. Blood volume and hematocrit can affect the precision and accuracy of analyte
measurements.*® In addition, clinical and environmental factors including gestational age of the
infant at birth, sex, birth weight and feeding method also influence newborn screening analyte
levels as well as false-positive and false-negative screening rates.1%1251753 For example, higher
levels of 17-hydroxyprogesterone have been observed in males compared to females and this
correlated with more false positive results in one study.® While these factors are adjusted for in
the interpretation of newborn screening results, there are a number of environmental and
physiological factors stemming from conditions, complications and events during pregnancy and
delivery that could also impact newborn screening analyte profiles, but there has been a paucity of

research on this to-date.



2.4 Mode of Delivery

One such factor that may be associated with newborn screening analyte profiles is the mode of
delivery, which is well known to be associated with other pediatric health outcomes. For instance,
children delivered by cesarean are more likely to have atopic disease,® cumulative infectious
diseases and recurrent cough compared to children born following vaginal delivery.>* The exposure
to maternal hormonal responses, intermittent contractile forces and oxidative stress (due to
spontaneous rhythmic contractions)®>°¢ in vaginal delivery support multiple physiological changes
including an increase in fetal cortisol and catecholamine.®” In contrast, infants born by cesarean
delivery have been reported to experience blunting of the postnatal rise in cortisol and have lower
levels of cord catecholamine levels.>”*® The physiological transition from a fetus to a newborn
differs depending on mode of delivery — findings which warrant further research of the

associations between profiles of newborn screening analytes and mode of delivery.

2.4.1 Cesarean Delivery

Cesarean delivery rates have been increasing in Canada, from 6% to upwards of 25% between 1970
and 2017.%9% There are many complex factors contributing to this overall increase, including
changes in clinical practice, changes in maternal demographics, and changes in attitudes and
beliefs about birth and perception of risk.>*®* A number of medical indications can warrant a
cesarean delivery including a previous cesarean section, dystocia, breech presentation, fetal
distress, fetal overgrowth, and pre-eclampsia.’®®%! Specific to Objective 1, this thesis project

focused on planned cesarean delivery and we have included three clinical scenarios that comprise



this definition including: repeat cesarean delivery, breech presentation, and maternal request

which are discussed in further detail in the following sections.

Repeat Cesarean Section

Around the 1990s, vaginal birth after cesarean (VBAC) was proposed as an attempt to reduce
cesarean section rates through a reduction in subsequent cesarean deliveries to women who
already had a previous cesarean.®? However, as VBAC became more common, higher rates of
morbidity and mortality in mothers and infants were observed including hypoxic ischemic
encephalopathy, endometritis, and uterine rupture in comparison to elective repeat cesarean
delivery.®®®° This led to a reluctance by physicians to recommend a trial of labour in women whose
first delivery was by cesarean section, as rupture of the uterine scar during labour is a primary
concern when VBAC is considered.®? While the relative risk of uterine rupture with a trial of labour
is higher than in planned repeat cesarean deliveries, the absolute risk remains low.%’=>° The choice
of VBAC or planned repeat cesarean delivery after a prior cesarean delivery is influenced by a
combination of factors including interactions between patients and physicians, past experiences

with labour and birth, and beliefs and attitudes about childbirth.>®

Breech Presentation

The International Term Breech Trial, which enrolled 2088 women with a singleton fetus in breech
presentation at term gestation from 121 centres in 26 countries, concluded that the risk of

perinatal or neonatal mortality or morbidity was significantly lower in the planned cesarean arm

10



compared to the planned vaginal delivery arm, with no significant difference in the risk of maternal
mortality or morbidity.%® This study resulted in a major change in clinical practice and shifted the
routine management of term breech infants to planned cesarean delivery.®” The option of an
external cephalic version to avoid breech presentation is possible; however, the efficacy of the
procedure is variable.®® While some health care providers may opt to vaginally deliver women with
a breech presentation who meet specified clinical criteria, the management of a term breech

delivery remains somewhat controversial.%®

Maternal Request

The rising rates of cesarean delivery can be also partly attributed to maternal request.®®7°
Cesarean delivery on maternal request is a planned cesarean delivery prior to the onset of labour
and with no medical or obstetrical indications for the cesarean.’® Several reasons prompting the
request of cesarean deliveries from mothers include maternal morbidities that are associated with
vaginal delivery including urinary incontinence, anal sphincter damage as well as fear of pain from
labour and vaginal birth.>>¢* The desire to schedule birth has also prompted some women to
request cesarean section.®® Results from a survey by the World Health Organization found that
cesarean sections without medical indications were associated with an increased risk of adverse

maternal outcomes.”?

2.4.2 Vaginal Delivery

Although rates of cesarean deliveries have been increasing over recent decades, the majority of

women still delivery vaginally. A vaginal delivery is the process in which the infant is delivered

11



through the vaginal canal. There are different types of vaginal deliveries including: a vaginal
delivery following spontaneous onset of labour, a vaginal delivery following induction of labour,
and an assisted vaginal delivery (aided by the use of forceps or vacuum). Specific to Objective 1,
this project specifically focused on vaginal delivery following spontaneous onset of labour as most
studies comparing mode of delivery used this type of vaginal delivery in comparison to planned
cesarean delivery. A vaginal delivery following spontaneous onset of labour is a natural process in

which the mother goes into labour without the use of drugs or procedures to induce labour.”®

2.5 Preterm Birth

Preterm birth is a leading cause of perinatal morbidity and mortality worldwide’* and the most
common cause of death in children under 5 years old.*® Globally, it was estimated that in 2010
approximately 14.9 million babies were born preterm, comprising approximately 11% of all live
births.'®74 The rates of preterm birth vary from country to country, with the highest rates of
upwards of 12% seen in Southeastern Asia, South Asia and Sub-Saharan Africa.'® In Canada,
approximately 8.3% of live births were born preterm in 2014.%° In addition to its contribution to
mortality, preterm birth is associated with a risk of long-term sequelae for the newborn including
lifelong effects from neurodevelopmental impairments such as cerebral palsy, impaired learning,

as well as higher risk for chronic disease in adulthood.>®

Preterm birth is defined as delivery prior to 37 weeks of completed gestation. Unlike other adverse
perinatal outcomes, it is defined only by the timing of birth, regardless of the clinical events that
precede it.171874 Despite being extensively studied, little progress has been made toward

understanding the etiology of preterm birth or in developing preventive interventions. It is
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becoming increasingly evident that our understanding of preterm birth has been complicated by
the difficulty in defining and classifying preterm birth.'”-7> Existing phenotypic classifications
include subdivisions by gestational age, clinical presentation, and presumed pathophysiological
pathways.'” In addition to the various methods of classification, preterm birth is known to have a
multitude of heterogeneous risk factors that can involve medical, genetic, social, and
environmental components.® Based on clinical presentation, preterm birth can be classified into:
spontaneous preterm birth and medically-indicated preterm birth. The two subtypes may share
common etiologies,*®!° but are also thought to have distinct pathways leading to the same

outcome.®

2.5.1 Spontaneous Preterm Birth

The biological pathways that trigger spontaneous preterm birth are largely unknown but are often
associated with infection and inflammation.’® Spontaneous preterm birth can be further broken
down into those following the spontaneous onset of labour with intact membranes and those
initiated by a preterm premature rupture of the membranes (PPROM).>° Approximately 40-45% of
preterm births occur following spontaneous labour and 25-30% can be classified as PPROM.>1874
PPROM is defined as spontaneous rupture of the membranes at less than 37 weeks of completed
gestation and at least one hour prior to the onset of labour.®> The cause of membrane rupture is
unknown but it has been associated with decreased collagen content. Intrauterine infection has
been known to stimulate the production of matrix metalloproteinases (MMPs), enzymes that work

to break down collagen which can lead to membrane rupture.?””

13



2.5.2 Medically-indicated Preterm Birth

Up to 30% of preterm births are medically-indicated, which is defined as a preterm delivery
initiated through induction of labour or cesarean delivery prior to any naturally occurring onset of
labour or membrane rupture.”® Medically-initiated delivery prior to 39 completed weeks of
gestation has long been discouraged, as the risks to the neonate such as respiratory distress
syndrome and intraventricular hemorrhage have been established.’®’° However, a number of
maternal and fetal indications may warrant early timing of delivery, such as pre-eclampsia,
intrauterine growth restriction, and placental abruption.”® These indications that motivate medical
intervention seem to share mechanisms including inflammation and vascular compromise, which
are pathways that are also known to lead to spontaneous preterm birth.® The decision on the
timing of delivery should balance maternal and newborn risks as well as take into account practice

environment, level of neonatal care availability, and patient preferences.®°

2.6 Summary

With the recent development of HDB and its increasing application in maternal-fetal medicine, the
simultaneous screening of thousands of genes, gene products, proteins and metabolites from small
samples of tissue or body fluid has been used to provide insight on the biological processes

involved in the process of parturition and the complex disorders of pregnancy, such as preterm

birth. 3222

In Ontario, the NSO program collects blood samples from the newborn shortly after birth and

screens each infant for 29 rare, but treatable, conditions with the use of a panel of screening analytes.
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Several factors are known to influence the values of newborn screening analytes which could lead to
false negative and false positive rates!° such as gestational age and birth weight.1®? This thesis project
aimed to examine the association of newborn screening analytes and mode of delivery. The
physiological transition from a fetus to a newborn differs depending on mode of delivery — findings
which warrant further research of the associations between profiles of newborn screening analytes
and mode of delivery. Understanding the association of delivery parameters, specifically mode of
delivery, with the quantitative values of newborn screening analytes may improve our interpretation of

newborn screening analyses.

Despite being extensively studied, the etiology of preterm birth remains unclear but is known to be
multifactorial.> Our understanding of preterm birth has been complicated by the difficulty in
defining and classifying preterm birth.”"”> Existing phenotypic classifications include subdivisions
by gestational age, clinical presentation, and presumed pathophysiological pathways.!” Based on
clinical presentation, this thesis project aimed to determine whether there is any association between
newborn screening analyte profiles and subtypes of preterm birth. Understanding the associations of
single or multiple screening analytes with subtypes of preterm birth could help generate hypotheses

about biological mechanisms underlying preterm birth or subtypes of preterm birth.
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CHAPTER 3. METHODOLOGY
The initial sections of this Chapter (Section 3.1 to Section 3.9) describe the study methods that apply to

both Objectives 1 and 2. Objective-specific methods are then described in later sections.

3.1 Study Design

A retrospective populated-based cross-sectional study design was employed for both objectives of this
thesis project. These two studies were an extension of an ongoing retrospective, population-based
cohort study in the province of Ontario. Pursuing both objectives involved a secondary analysis of data
collected at NSO and linked with health administrative data and the Better Outcomes & Registry

Network (BORN)-Niday Perinatal database, which are housed at ICES.

3.2 Data Sources

The NSO database collects screening records for all infants in the province who have been tested for 29
rare conditions using a panel of screening analytes, obtained shortly after birth via heel prick blood spot.
Of all the infants in Ontario, approximately 99.7% are screened by NSO.8! Using standardized
biochemical assays, newborn screening analytes available at NSO include acyl-carnitines, amino acids,
fetal-to-adult Hb level, endocrine and enzyme markers. A full list of available analytes can be found in
Table 3.1. The NSO database also contains information on timing of the blood sample collection, method
of feeding (e.g., breast, formula, or total parenteral nutrition) and transfusion of blood or blood

products.
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Table 3.1 Newborn screening analytes available in Newborn Screening Ontario database

Categories of
Newborn
Screening Analytes

Newborn Screening Analyte

Description of Analyte

Acyl-carnitines
(n=31)

CO; C2; C3; C4; C5; C5:1; C6; C8; C8:1; C10; C10:1; C12;
C12:1; C14; C14:1; C14:2; C16; C18; C18:1; C18:2;
C40H; C5DC; C50H; C6DC; C14:0H; C16:0H; C16:10H;
C180H; C18:10H; C3DC; C4DC

Markers of fatty acid
oxidation and organic
acid disorders (i.e.,
MCAD deficiency)

Amino acids (n=11)

Arginine; phenylalanine; alanine; leucine; ornithine;
citruline; tyrosine; glycine; argininosuccinate;
methionine; valine

Markers for amino
bcidopathies (i.e., maple
syrup urine disease)

Hemoglobin ratio
(n=1)

Fetal hemoglobin (HbF) / Fetal hemoglobin (HbF) +
Adult hemoglobin (HbA)

Marker for
hemoglobinopathies
(i.e., sickle cell disease)

Endocrine markers
(n=2)

17-hydroxyprogesterone (OHP), Thyroid Stimulating
Hormone (TSH)

Markers for endocrine
diseases, specifically
congenital
hypothyroidism and
congenital adrenal
hyperplasia

Enzyme markers
(n=3)

Biotinidase (BIOT); Galactose-1-Phosphate
Uridyltransferase (GALT); immunoreactive trypsinogen
(IRT)

Markers for enzymatic
ctivity deficiencies (i.e.,
biotinidase)

The BORN-Niday Perinatal database, a database maintained by the BORN Ontario provincial birth

registry, captures data on all hospital births 2500 grams or with a gestational length 220 weeks in

Ontario. The database includes information on maternal demographics and health behaviours, clinical

indications for induction and cesarean delivery, obstetric complications during the pregnancy, type of

labour, mode of delivery, and gestational age at birth, which were used to identify term births and

preterm births as well as the mode of delivery (Objective 1) and clinical subtype of preterm birth

(Objective 2). BORN Ontario collects data from medical records, clinical forms, and interviews with
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patients at the time of admission to hospital to give birth. To assess and maintain the quality of the
database, periodic quality assurance projects are undertaken to ensure the reliability, completeness

and comprehensiveness of the data.®?

3.2.1 Data Linkage, Data Access, and Privacy Considerations

This study was conducted at ICES within their secure research environment, adhering to the strict
policies and procedures of NSO, BORN and ICES. ICES is a Prescribed Entity under provincial privacy
legislation, meaning health information custodians can disclose personal health information about their
patients to ICES without express consent. ICES is a repository for health administrative and other
individual-level databases. Most databases transferred to ICES have direct personal identifiers (usually
health card numbers), which are de-identified and replaced by an encrypted person identifier, known as
an ICES Key Number (IKN). Each person in Ontario is assigned their own unique IKN which is necessary
for linkage across datasets within ICES As part of a larger, ongoing program of research, probabilistic and
deterministic linkages were employed by ICES data analysts to link the BORN-Niday and NSO datasets
with other health administrative databases at ICES For this project, both the BORN-Niday and NSO data
containing the unique IKN were deterministically linked without access to any identifiable personal

health information.

3.3 Study Population

First, as part of the ongoing provincial study from which my two studies were an extension, the
following exclusion criteria were applied to all births (term and preterm) to derive the source
population: birth year prior to 2008, unsatisfactory newborn screening samples (e.g., not enough blood

on the sample, missing demographic information), multiple births, duplicate records, birth weight less
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than 500 grams, and blood transfusion. Additional objective-specific inclusions and exclusions are

described below.

Objective 1: For our study population for Objective 1, we included all infants born in Ontario between
January 1, 2010 to March 31, 2012 term gestation (see Figure 4.1). Prior to 2010, fetal-to-adult Hb level
was not collected. Therefore, rather than excluding this analyte from our analyses, a restriction of the
study period was instead applied. Information recorded in the birth registry was used to measure term
births, along with the mode of delivery. Term birth is defined as a live birth at 237 completed weeks of
gestation. The term births were limited to low-risk women with no obstetrical (e.g., gestational diabetes
and eclampsia) or intrapartum (e.g. cord prolapse or intrapartum bleeding) complications, or pre-
existing maternal (e.g., chronic hypertension or heart disease) health problems (see full list of exclusions
within these categories, Table 3.2). This project focused on uncomplicated births to low-risk women so
that any associations between screening analytes and the mode by which the infant was delivered
would not be confounded by any clinical indication for a cesarean mode of delivery. We selected these
criteria based on previous Canadian research®®* and had them reviewed by a high-risk obstetrician at
The Ottawa Hospital with extensive subject matter expertise (Oral communication: M Walker, MD;
February 28 2018). Liu et al defined low-risk women as those without a pre-specified set of risk factors
or obstetric complications, which were similar to those used in our study (See Table 3.2). Using the
BORN-Niday database, another study included women with a singleton live birth and with no fetal or

maternal health conditions or obstetrical complications to obtain low-risk women ®

We classified mode of delivery as: (i) vaginal delivery following spontaneous onset of labour, or (ii)

planned cesarean delivery prior to the onset of labour, indicated for three specific clinical scenarios:
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breech presentation, repeat cesarean delivery, or maternal request for cesarean. The studies used to
define low-risk women were also used to identify these three indications for cesarean.®3%* Using the
Discharge Abstract Database, Liu et al. defined planned cesarean delivery using breech presentation
with no labour as a surrogate because no code was available in the database for an elective cesarean
performed on-demand.® They reasoned that this would minimize the confounding by indication that
could severely bias the comparison of modes of delivery because adverse health outcomes were
significantly lower among infants with planned cesarean (indicated for breech presentation) compared
to vaginal deliveries.®># Using the same database as this study, Dunn et al. defined planned cesarean

delivery using similar indications.?

Table 3.2. List of intrapartum and obstetrical complications and maternal health problems leading to
exclusion of infants born at term that were not considered to be delivered from low-risk women

Intrapartum complications: Cord prolapse, uterine rupture/dehiscence, intrapartum bleeding,
meconium, non-reassuring fetal status, non-progressive labour/lack of descent/dystocia, post-partum

hemorrhage, shoulder dystocia, suspected chorioamnionitis, suspected sepsis (unexplained fever)

Obstetrical complications: Eclampsia, premature rupture of membranes, preterm labour, premature
rupture of membranes, urinary tract infection, other cervical/vaginal infection, gestational diabetes,
hypertension (gestational or transient), intrauterine growth restriction/ small for gestational age,

large for gestational age, periodontal infection, placenta previa, placental abruption

Maternal health problems: Heart disease, hepatitis B, HIV, lupus, asthma, thyroid disease, chronic
hypertension, diabetes insulin dependant, diabetes non-insulin dependant, alcohol dependence
syndrome, drug & medication use (methadone treatment, narcotics, herbal remedies, opioids,

prescription drugs, cocaine, gas/glue sniffing, hallucinogens, marijuana), psychiatric disorders (anxiety
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or depression during this pregnancy, previous history of anxiety, postpartum depression, other

mental illness)

1 Given that Dunn et al. used the same data source as the present study, the intrapartum, obstetrical and maternal or fetal
health problems exclusions were the same as the present study.

2 Medical risk factors and obstetrical complications exclusions made in the Liu et al. study that weren’t similar in the thesis
project: cerebral hemorrhage, antepartum hemorrhage, liver, renal or thyroid abnormalities, herpes, unengaged head, soft-
tissue disorder, uterine scar unrelated to cesarean delivery, congenital fetal central nervous system anomaly, chromosomal
abnormality, isoimmunization, oligohydramnios or polyhydramnios, antepartum venous complication, pulmonary embolism.

Objective 2: For our study population for Objective 2, we included all infants born in Ontario between
January 1, 2008 to March 31, 2012 at preterm gestation (see Figure 4.9 for study flow diagram).
Characterization of preterm birth subtypes was derived from the following variables recorded in the
birth registry: gestational age at birth (completed weeks), labour type, and obstetrical complications
[preterm premature rupture of membranes (PPROM)]. Using the gestational age at birth variable,
preterm births were restricted to live births at <37 weeks of completed gestation and then further
classified into early-preterm (<34 weeks) and late-preterm (34-36 weeks) for closer control of possible
confounding by gestational age, as it has been determined to be strongly associated with some newborn
screening analytes.’? These two categories of preterm birth were categorized as such because 34 weeks
gestational age is an important clinical threshold as it represents the lower limit of the late-preterm
period.!” Given sample size limitations for early-preterm infants, we ultimately limited our analyses to
late-preterm infants. Following an approach proposed by Savitz et al, we defined the subtypes of
preterm birth based on clinical presentation, as 1) spontaneous onset of labour; 2) PPROM and 3)
medically-indicated.® Firstly, if the record had a code for spontaneous onset of labour and there was no
documented PPROM, it was characterized as spontaneous onset of labour prior to membrane rupture.
Remaining records with documented PPROM were characterized as preterm premature rupture of
membranes. And finally, all other records were characterized as medically-indicated preterm births. This

latter group was excluded from our analyses as the medical indication for intervening and delivering an

21



infant at a preterm gestation would potentially confound any associations between screening analytes

and preterm birth subtype.

3.4 Data Cleaning and Preparation

Missing Data

We excluded infants with missing information on gestational age, since this was critical for defining the
study population. We also excluded records with missing birth weight since we used this variable in
combination with gestational age to identify records with implausible gestational age and birth weight
combinations, so they could be excluded from the study population. We also excluded infants missing
analyte values since these were the main variables of interest in this project. We opted not to use any
imputation methods because only approximately 1% of infants had missing information for any of the
analytes and we did not anticipate that imputing these missing values would have a large impact on the

results (see Figures 4.1 and 4.9 for study flow diagrams for Objective 1 and Objective 2, respectively).

Specific to Objective 2, approximately half of the infants had missing information for administration of
total parenteral nutrition (TPN). In the earlier days of data collection at NSO, it was common practice
that missing values signified that no TPN was given. Therefore, we assumed that missing values were
indicative of “No TPN” for this objective. In addition, infants with missing information for mode of

delivery were excluded.
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Outliers
To minimize the impact of extreme analyte values, winsorization of all the analytes was completed. This
is a process in which outliers below the 0.001° percentile or above the 99.999" percentile were replaced

with the analyte values at those percentile levels.®

Standardization of analytes

We standardized all analytes to the standard normal distribution, meaning they all had a mean of 0 and
a standard deviation of 1. This was completed so that each analyte would be comparable across a
standard measurement scale (units of standard deviation) since raw analytes have different units of
measurement. Outlier detection and standardization of analyte values was conducted in the full source
population, before objective-specific exclusions were applied. Standardization was conducted by
calendar week of birth to minimize variation due to external factors, including seasonal variation and
laboratory factors (e.g., assay changes). For the analyte ratios, they were created as a ratio first and the

same manner in which the individual analytes were standardized was also completed for the ratios.

Implausible Birth weight and Gestational Age Combinations

We computed birth weight z-scores to identify records for which the infant’s birth weight was
incompatible with the documented gestational age using an algorithm described by Basso and
Wilcox.2%*° First, the median birth weight within each sex-and gestational-age specific category between
25-42 weeks in our source population was computed. We then used a Canadian birth weight reference
standard developed by Kramer et al.”! to obtain sex-and-gestational-age specific category estimates of
birth weight standard deviations (SD). A birth weight z-score was computed for each infant by
subtracting the stratum-specific median birth weight from the infant’s observed birth weight and

dividing by the corresponding stratum-specific SD from the reference standard.
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We used different criteria to identify term and preterm infants as having implausible birth weight—
gestational age combinations.2°° For births with a documented gestational age >37 completed weeks,
absolute z-scores of 5 or higher were flagged as implausible and excluded. However, for records with a
documented gestational age <37 weeks, we used an asymmetric cut-off since incompatible birth
weight—gestational age combinations tend to arise mainly among heavier preterm babies. Thus, for
infants with a documented gestational age <37 weeks, we excluded infants that did not have a z-score

between -4 and +3 SD.

3.5 Dependent Variables

Objective 1: Infants were characterized into two categories for mode of delivery: (i) planned cesarean
delivery (indicated for breech presentation, previous cesarean, or maternal request) with no labour, or

(ii) vaginal delivery following spontaneous onset of labour (see Figure 3.1).

Objective 2: We defined two categories of preterm birth: (i) those following spontaneous onset of

labour, or (ii) those following preterm premature rupture of membranes (PPROM) (see Figure 3.1).
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Figure 3.1 Graphical presentation of dependent variables for Objectives 1 and 2

PRETERM INFANTS TERM INFANTS
(<37 weeks) (237 weeks)
OBIJECTIVE 2 OBIJECTIVE 1
Preterm birth subtype ? Mode of delivery
Spontaneous Preterm premature Planned cesarean Vaginal
onset of labour rupture of delivery 2 delivery 3
membranes
I I I I I | | I
I I I I I I I I
34 35 36 37 38 39 40 41 42

Gestational age (weeks)

1The subtypes were categorized according to the initiation of events that ultimately lead to a preterm delivery, irrespective of
whether it resulted in a vaginal or cesarean delivery.

2Planned cesarean delivery was defined as a cesarean delivery that has been indicated for breech presentation, previous
cesarean section or maternal request prior to the onset of labour.

3Vaginal delivery was defined as vaginal delivery following spontaneous onset of labour.

3.6 Independent Variables
There were 48 individual analytes available in the NSO database. These analytes included: acyl-
carnitines (n=31), amino acids (n=11), fetal-to-adult hemoglobin level (n=1), endocrine markers (n=2),

and enzyme markers (n=3) (See Table 3.1).

Objective 1: We included all 48 individual analytes in our analyses. Additionally, rather than using a

traditional approach which would require testing a number of pairwise interactions between individual
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analytes, we chose to approximate interaction terms by computing analyte ratio combinations (n=1,128)
which allows us to capture relative levels of analytes. We also included a number of clinical covariates in
our models, including infant sex (male vs. female), continuous gestational age (weeks), continuous birth

weight (grams), mode of feeding (TPN vs. other), and age at blood spot collection (hours).

Objective 2: Given that the study period for this objective is between 2008 to 2012 and that fetal-to-
adult hemoglobin levels were not collected until 2010, we decided to exclude this analyte rather than
further restrict our study period to ensure a large enough sample size and statistical power for
modelling. Therefore, a total of 47 individual analytes were included in the analyses for this objective, as
well as analyte ratio combinations (n=1, 081). We also included the same clinical covariates as Objective
1, with the exception of TPN. Approximately half of the infants had missing information for TPN and we
did not think this justified the exclusion of half our study population in our analysis since TPN occurs
only in a small portion of the population. In the earlier days of data collection at NSO, it was common
practice that missing values signified that no TPN was given. Therefore, we assumed the missing values
indicated no TPN and assessed its association in a sensitivity analysis. Finally, as determined in Objective
1, quantitative values of analytes do differ by mode of delivery, therefore, this variable was also

included as a covariate for Objective 2.

3.7 Statistical Analyses

Descriptive Analyses

Extensive descriptive statistical analyses were conducted where baseline characteristics of the study
population were assessed. Statistical graphics, including correlation heat maps, were generated to

investigate the relationships between analytes, and to evaluate differences in individual analyte levels or
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correlation patterns between the modes of delivery for low-risk term births (Objective 1) and preterm

subtypes for preterm births (Objective 2).

Previous research has reported that newborn screening analyte levels were highly correlated with
gestational age,'? therefore, we produced histograms (Appendix C and D) and boxplots (Appendix E and
F) of each analyte stratified by gestational age in weeks to determine if values qualitatively differed
sufficiently to warrant gestational-age specific models. After concluding that gestational age-specific
models were not required, we opted to address confounding by gestational age by including adjustment
in each of our models. For Objective 1, we further assessed gestational age in sensitivity analyses where
we stratified our model into early term (37-39 weeks) and full-term (>40 weeks). For Objective 2,
gestational age was further controlled for by restricting our analyses to late-preterm infants (34-36

weeks).

Model Building

To ensure the stability of the models, we determined a priori that the maximum number of variables
that could be included in our models was based on a requirement of 10 cases of the outcome (Objective
1: planned cesarean delivery; Objective 2: PPROM) per model parameter.®? Prior to modelling, we used
several steps to reduce the number of analyte ratios. We computed partial Spearman correlations
between cesarean delivery or PPROM and each individual standardized analyte ratio. We then
prioritized the analyte ratios that were most correlated with the outcome, specifically the top 100
ranked partial Spearman correlation analyte ratios for inclusion in our model, in addition to the
individual analytes and clinical variables. Spearman correlation is a statistic used to determine the

strength and direction of association between two variables, and, unlike Pearson correlation, it is
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robust to both departures from linearity and outliers.®*% We then computed partial Spearman
correlations (i.e., adjusted for the covariates identified in Section 3.6) between cesarean delivery or
PPROM and individual analytes as well as the standardized analyte ratios. Additionally, Spearman

correlation coefficients can be interpreted in both directions.

A multivariable logistic regression model was implemented to investigate the association between
newborn screening analytes and mode of delivery among low-risk infants born at term (Objective 1) and
preterm birth subtypes among preterm infants (Objective 2). For both objectives, we began with a pre-
specified base model (Model 1) including the following independent variables: infant sex (male versus
female), gestational age at birth (weeks), timing of blood collection (hours), mode of feeding (total
parenteral nutrition versus other), and birth weight (grams) to demonstrate the initial performance of
the model with clinical variables only. For Objective 2, mode of delivery (vaginal delivery versus cesarean
delivery) was also included as a covariate because results from Objective 1 of this thesis demonstrated
that this covariate was associated with newborn screening analytes. Additionally, for Objective 2, total
parenteral nutrition (TPN) was not included (refer to Section 3.6 for rationale on exclusion of this
variable in the main analysis). Afterwards, a second model (Model 2) was built and included solely the
individual analytes as well as the top 100 ranked analyte ratios based on partial Spearman correlations
as variables of interest. A final model (Model 3) was built and included all the clinical variables and the
analytes and the top 100 ranked analyte ratios (i.e., Model 1 + Model 2 variables) to examine the

performance of the model with the inclusion of newborn screening analytes data.

We employed an automated backward stepwise selection approach by initially fitting each model

(Model 1, Model 2, and Model 3) with all variables of interest described above and then variables not
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meeting pre-specified criteria were dropped.®® A significance level of 0.1 was required to allow a variable
to stay in the model. The process of re-fitting the reduced models was continued until none of the
remaining covariates met the criterion for removal from the model. Backward selection was chosen over
forward selection because each addition of a new covariate to the model can render the already
included variables non-significant.®® Odds ratios (OR) with 95% confidence intervals (Cl) were computed.
We ranked the effect size from highest to lowest based on absolute values of corresponding beta
coefficients (log odds ratio) to facilitate our assessment of which analytes were most strongly associated
with the mode of delivery and preterm birth subtypes. All statistical analyses were performed using SAS
statistical software version 9.4 (SAS Institute, Inc.) and with R/R Studio Desktop version 0.98.1091 using

the RMS and HMISC packages.®’

Test for Linearity

Objective 1: We decided to assess whether using restricted cubic spline terms for the analyte ratios in
Model 3 to account for non-linear associations would change the model performance. We selected the
top five analyte ratios that were more associated with planned cesarean delivery and assessed the
benefit of splining these variables in a model. Based on the likelihood ratio test, we found that
incorporation of the splines for the top 5 analyte ratios as cubic spline terms demonstrated a statistical
improvement in fit. However, this did not result in any meaningful differences in the interpretation of
the full multivariable model, and therefore, we opted not to include the cubic spline terms in our final

models.

Objective 2: We adopted the same approach to test for linearity as we did in Objective 1. However, in

this case, when we modelled the top five analyte ratios as cubic spline terms, the fit of the model was
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not significantly improved as demonstrated by a likelihood ratio test, and therefore, cubic spline terms

were not included in the final model.

Model Performance Assessment

There are two key elements for assessing the performance of a regression model: model calibration and
model discrimination.’® Model discrimination refers to the ability of a model to discriminate between
those with and without the outcome and is often measured by the concordance statistic (c-statistic).>®
The c-statistic is equivalent/analogous to the area under the curve (AUC). This curve is known as the
receiver operating characteristic (ROC) and is a plot of the sensitivity against the false-positive rate (1-
specificity). We used the c-statistic to assess discriminative ability of the models. A c-statistic value of 0.5
indicates that the model is no better than chance.®® Models with a c-statistic greater than 0.6 and

greater than 0.8 are considered to be exhibit reasonable and strong performance, respectively.®

Model calibration refers to the agreement between observed outcomes and predicted outcomes.
Although the Hosmer-Lemeshow test can be used to assess calibration/fit for logistic models, it is overly
powerful in large samples, often indicating a statistically significant lack of fit, where the actual lack of fit
is minor and not of practical/clinical importance.'® Therefore, we assessed calibration by constructing
and visually examining calibration plots. We divided our study population into deciles based on
predicted probability of cesarean delivery (Objective 1) or PPROM (Objective 2). We then compared the
mean predicted probabilities of cesarean delivery or PPROM with the mean observed probability of the
outcome within the deciles. Log transformations were completed prior to plotting because the deciles
were strongly left skewed. When a model is well calibrated, the mean predicted probabilities and mean
observed probabilities should be close in value. Graphically, this scenario would be represented by data

points that lie close to the 45-degree line through the origin (also known as the reference line).
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Model Validation

Model validation is also an important aspect in assessing model performance. However, external
validation of the models was not performed in the current study because it was not possible to obtain a
new sample of the same population or of a sample from a similar population. Therefore, internal

validation techniques were employed.

Objective 1: Given the large sample size of infants born at term gestation to low-risk women, we were
able to partition the data into two datasets: a training dataset and a validation dataset. These
subsamples were generated by randomly partitioning records according to a 2/3 to 1/3 ratio for training
and validation datasets, respectively. The purpose of partitioning the data is to fit the model in the
training dataset and then assess the performance of the model in the independent validation dataset.
Using the same sample for fitting and evaluation of performance can potentially lead to over-fitting and

overestimation of the performance metrics of the model.2°!

Objective 2: Due to the smaller sample size, data partitioning was not practical for Objective 2. Instead,
we conducted an internal validation using a cross-validation approach. Cross-validated predicted
probabilities were derived from the leave-one-out cross-validation (LOOCV) principle to provide ROC
analysis.1®> The LOOCV approach uses n-1 participants for model development and model validation on
the participant who was left out. Therefore, there are as many training and validation splits as there are
observations.? By validating our model using cross-validation, we were able to compute performance
metrics of the model that would be less susceptible to overfitting and better reflect how the model

might perform in new data.
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3.8 Sensitivity Analyses

The same approach of ranking the effect size based on corresponding beta coefficients (log odds ratio)
as was completed in the original analyses, was adopted for the sensitivity analyses. A comparison of the
analytes with the highest ranked and lowest ranked ORs were compared to see if the same analytes
were strongly associated with mode of delivery (Objective 1) or preterm birth subtypes (Objective 2) in

both original and sensitivity analyses.

Objective 1: We performed three sets of sensitivity analyses. For the first sensitivity analyses, we
stratified the term infants into early-term (37-39 weeks) and full-term (=40 weeks) infants to further
control for gestational age as a confounder. Additionally, given that the timing of blood spot collection
was different between infants with planned cesarean delivery and vaginal delivery following
spontaneous onset of labour, we restricted our second sensitivity analyses to infants who obtained a
blood spot collection within the recommended window of 24-48 hours. Finally, given that we only
included the top 100 ranked partial Spearman ratios, we still had degrees of freedom to accommodate
additional parameters in the model. Thus, as our last sensitivity analysis, we added the remaining
analyte ratios according to rank order based on partial Spearman’s correlations until the maximum

number of parameters was reached.

Objective 2: Four sets of sensitivity analyses were performed for Objective 2. Given that we excluded
infants who underwent a transfusion from the original analyses, we decided to assess the impact of
including these infants as our first sensitivity analysis because blood transfusions are known to affect the
results of galactosemia screens and may affect other analyte values as well. Next, we restricted our

analyses to infants born between January 1, 2010 and March 31, 2012 and included the fetal-to-adult
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hemoglobin level, as this was collected at NSO starting in 2010. As the third sensitivity analysis, we
included TPN in our model as total parenteral nutrition is important with respect to quantitative analyte
levels and because we assumed that missing status for TPN indicated no TPN was administrated (see
Section 3.6 for justification for its exclusion in the original model). Given that we still had degrees of
freedom leftover since we only included the top 100 ranked ratios based on partial Spearman
correlations, as our last sensitivity analyses, we added the remaining analyte ratios according to rank

order based on partial Spearman’s correlations until the maximum number of parameters was reached.

3.9 Ethical Considerations

The study received approval from the institutional review board at Sunnybrook Health Sciences Centre/
ICES Privacy Office, and the Children’s Hospital of Eastern Ontario (See Appendix A for approval forms).

In addition, a letter of support from Newborn Screening Ontario and BORN was obtained (See Appendix
B). Ottawa Health Science Network — Research Ethics Board (OHSN-REB) approval was not required for

this project as they have a memorandum of understanding with Sunnybrook/ICES such that database

only studies are reviewed through the ICES centralized approval process in Toronto.
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CHAPTER 4. RESULTS

4.1 Objective 1

4.1.1 Characteristics of the Study Population

Following study exclusions, there were 90,670 infants in the full study cohort for Objective 1 (see
Figure 4.1 for study flow diagram). In this cohort of low-obstetrical risk deliveries, 72,684 infants
(80.2%) were born vaginally following spontaneous onset of labour, and the remaining 17,986
infants (19.8%) were delivered following planned cesarean delivery (with no labour) for indications
of breech presentation, repeat cesarean or maternal request. The distribution of characteristics
was similar across both modes of delivery with exception of gestational age and age at blood spot
collection. Infants delivered by planned cesarean had an earlier blood spot collection at a median
of 26.4 hours (IQR 24.5 — 35.1) compared to infants delivered vaginally following spontaneous
onset of labour (median: 40.9 hours, IQR 27.3 — 47.9) Approximately half of planned cesarean
deliveries occurred at a gestation of 38 weeks, whereas a third of vaginal delivery following

spontaneous onset of labour occurred at 40 weeks gestation (Table 4.1).

After randomly partitioning the full study cohort into training (n=60,477; 66.7%) and validation (n=
30, 193; 33.3%) subsets, there were 48,522 infants (80.2%) born by vaginal delivery following
spontaneous onset of labour and the remaining 11,955 infants (19.8%) born by planned cesarean
delivery with no labour in the training dataset, and 24,162 infants (80.0%) born by vaginal delivery
following spontaneous onset of labour and 6,031 infants (20.0%) born following planned cesarean
delivery with no labour in the validation dataset. The distribution of the characteristics was

maintained as in the full study cohort (See Table 4.1).
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Figure 4.1 Study flow diagram for Objective 1

207,702 excluded 1
207,702 Date of birth before January :
1,2008% !
| T T Tt T T TS ST E T s T T TS 1
258,278 excluded !
258,278 Date of birth before January :
! 1,2010° !
_________________________ ,
15,679 excluded :
10,439  Multiple births 1
4,501 Unsatisfactory samples :
214 Missing birth weight or 1
birth weight <500 grams :
204 Live births with implausible :
birth weight/gestational age 1
combinations i
138 Duplicate records 1
40 Missing gestational age :
143 Transfusions :

! 16,005 excluded

Better Outcomes & Registry Network (BORN) records Newhorn Screening Ontario (NSO) records
April 1, 2006to March 31, 2012 April 1, 2006to March 31, 2012
n=758,723 n=758,723
c
0 I
J'.é I
=7 [
Q. |
Q |
Qo Y
(]
g Linked BORN and NSO records
8 January 1, 2008 to March 31, 2012
n=551,021
1
b, b oo -p:
— \
A 4
Linked BORN and NSO records
January 1, 2010 to March 31, 2012 :
n=292,743 !
1
1
1
|
———————————————————————————————— »|
1
1
1
1
1
1
1
1
“
c
-g ———————————————————————————————— >
= 1
(=) h 4 1
3
= Term births (237 weeks)
E January 1, 2010 to March 31, 2012
Ca n=261,059 |
|
———————————————————————————————— >
1
1
1
]
1
|
1
________________________________ *'
1
1
Low-risk ® term births (237 weeks)
January 1, 2010 to March 31,2012
n=91,051
p— !
1 1
L !
=
©
H
g- A4
- FULL STUDY COHORT
E January 1, 2010 to March 31, 2012
= n =90,670

1
1
16,005 Gestational age <37 weeks :

147,941 excluded
60,284 Obstetrical complication
60,694 Intrapartum complication
26,963 Maternal health problems

22,067 excluded
22,067  Did not meet clinical
definition for dependent
variable ¢

381 excluded
381 Missing analyte information

a Prior to 2010, fetal-to-adult hemoglobin level was not collected. Therefore, rather than excluding this analyte for analysis, a
restriction of the study period was instead applied.
b The exclusions of births prior to 2008 was applied to derive the source population. Additional objective-specific exclusions
were applied afterwards (as demonstrated by the headings on the left).
¢ Algorithm similar to that described by Basso and Wilcox®© to clean gestational age values on live birth records was used.
d Was not considered planned cesarean delivery or vaginal delivery following spontaneous onset of labour.

¢ Low- risk is defined as live births with no history of pre-existing maternal chronic health problems, and no obstetrical or

intrapartum complications
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Table 4.1 Baseline characteristics of full, training and validation datasets for singleton term live births in Ontario between 2010 and 2012
by mode of delivery

Full dataset Training dataset Validation dataset
n=90,670 n = 60,477 n =30,193
Characteristics Mode of delivery Mode of delivery Mode of delivery
Planned cesarean Vaginal delivery following Planned cesarean Vaginal delivery following Planned cesarean Vaginal delivery
delivery with no spontaneous onset of delivery with no spontaneous onset of delivery with no following spontaneous
labour labour labour labour labour onset of labour
n % N % n % n % n % n %
All infants 17,986 100 72,684 100 11,955 100 48,522 100 6,031 100 24,162 100
Infant sex
Female 9,024 50.2 36,341 50.0 5,904 49.4 24,291 50.1 3,058 50.7 12,052 49.9
Male 8,962 49.8 36,343 50.0 6,051 50.6 24,231 49.9 2,973 49.3 12,110 50.1
Gestational age (completed
weeks)
Mean + SD 39.2+1.0 38.5+0.8 38.5+0.8 39.2+1.0 38.5+0.8 39.2+1.0
37 999 5.6 4,476 6.2 656 5.5 2,966 6.1 343 5.7 1,510 6.3
38 8,615 47.9 13,025 17.9 5,795 48.5 8,719 18.0 2,820 46.8 4,306 17.8
39 6,913 38.4 25,158 34.6 4,572 38.2 16,836 34.7 2,341 38.8 8,322 34.4
40 1,104 6.1 24,521 33.7 701 5.9 16,357 33.7 403 6.7 8,164 33.8
>40 355 2.0 5,504 7.6 231 1.9 3,644 7.5 124 2.1 1,860 7.7
Birth weight (grams)
Mean + SD 3,402.0+422.9 3,410.1 +436.5 3,407.1 +436.0 3,403.0+423.5 3,415.9+437.3 3,402.2 +421.7
<3000 2,985 16.6 12,220 16.8 2,003 16.8 8,190 16.9 982 16.3 4,030 16.7
3000-3499 7,908 44.0 31,610 43.5 5,279 44.2 21,103 43.5 2,629 43.6 10,507 43.5
3500-3999 5,425 30.1 22,778 31.3 3,581 29.9 15,138 31.2 1,844 30.6 7,640 31.6
>4,000 1,668 9.3 6,076 8.4 1,092 9.1 4,091 8.4 576 9.6 1,985 8.2
Age at blood spot collection
(hours)
Median (IQR) 26.4 (24.5-35.1) 40.9 (27.3-47.9) 26.5(24.5-35.1) 40.6 (27.0-47.9) 26. 4 (24.5-35.0) 41.2 (27.7 - 48.0)
<72 17,644 98.1 68,409 94.8 11,735 98.2 45,966 94.7 5,904 97.9 22,942 94.9
>72 341 1.9 3,749 5.2 219 1.8 2,556 5.3 127 2.1 1,220 5.1
Missing 1 0.0 0 0.0 1 0.0 0 0.0 1 0.0 0 0.0
Any total parenteral nutrition 2
No 17,777 99.6 71,860 99.6 11,910 99.6 48,324 99.6 6,005 99.6 24,061 99.6
Yes 28 0.2 48 0.1 20 0.2 29 0.1 8 0.1 19 0.1
Missing 43 0.2 250 0.3 25 0.2 169 0.3 18 0.3 82 0.3

IQR: inter-quartile range; SD: standard deviation
aTotal parenteral nutrition alone or in combination with other infant feeding method.
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4.1.2 Heat Map Analysis

Among infants with planned cesarean delivery, the strongest positive correlation was between
malonylcarnitine (C-3DC) and glutarylcarnitine (C-5DC) (p= 0.785), while the strongest negative
correlation was dodecanoylcarnitine (C-12:1) and octadecadienoylcarnitine (C-18:2) (p=- 0.351) (See
Figure 4.2). Among those with vaginal delivery following spontaneous onset of labour, the strongest
positive correlation was between hexadecanoylcarnitine (C-16) and octadecenoylcarnitine (C-18:1) (p=
0.763), while the strongest negative correlation was between thyroid stimulating hormone (TSH) and

leucine (p=- 0.253) (Figure 4.3). Refer to Table 3.1 for a description of the newborn screening analytes.
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Figure 4.2 Correlation heatmap of analytes for infants with planned cesarean delivery
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Darker green areas indicate higher levels of positive correlation between analytes, and darker red areas indicate higher
levels of negative correlation between analytes.

Figure 4.3 Correlation heatmap of analytes for infants with vaginal delivery following spontaneous
onset of labour
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4.1.3 Partial Correlation Analysis

The five strongest partial Spearman correlations between analytes or analyte ratios and planned
cesarean delivery were glycine, leucine : valine, malonylcarnitine (C-3DC) : alanine,
methylglutarylcarnitine (C-6DC), and leucine. The full results of the partial correlation analysis are

presented in Appendix G.

4.1.4 Overall Model Performance

Discrimination

Model discrimination was measured by the c-statistic (see Table 4.2 for results). In the baseline
model (Model 1) containing only clinical variables, the c-statistic obtained from the validation
dataset was 0.727. In Model 2 in which we included only the 48 individual analytes and the top 100
ranked partial Spearman analyte ratios, the validated c-statistic was 0.784. With the inclusion of
clinical variables and the analytes and analyte ratios, the validated c-statistic for Model 3 increased
to 0.812. Model 3 performed the best compared to the clinical variables-only model and

analytes/analyte ratios-only model.
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Table 4.2 C-statistics for discrimination performance for Objective 1

Model c-statistic c-statistic
(Training (Validation
dataset) dataset)
Model 1? | Total parenteral nutrition, age at collection, sex, gestational 0.730 0.727
age, birth weight ¢
Model 2 ® | 48 individual analytes and 100 top ranked partial Spearman 0.782 0.784
correlations for analyte ratios ¢
Model 3 ¢ | Total parenteral nutrition, age at collection, sex, gestational 0.811 0.812

age, birth weight, 48 individual analytes and 100 top ranked
partial Spearman correlations for analyte ratios ¢

aModel including the clinical variables only
b Model including the analytes and analyte ratios only
¢ Model with a combination of the clinical variables and analytes and analyte ratios

d These variables were covariates that were entered into the model, not necessarily the covariates that were retained

following automated backward selection

Calibration

Figure 4.4 illustrates the calibration plot for term infants comparing the observed probability of planned

cesarean delivery across deciles of predicted probability from the model (Model 3). The overall

calibration of the model was good but there were several instances where the model over or

underpredicted the outcome.
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Figure 4.4 Decile calibration plot for term infants
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.
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Association of newborn screening analytes with mode of delivery

The screening analytes that had the strongest positive associations with planned cesarean delivery
were amino acids and acyl-carnitines individually, as well as within several ratios that included
amino acids and acyl-carnitines. Specifically, several ratios including leucine, glycine and shorter
chain acyl-carnitines were most strongly positively associated with planned cesarean delivery. As
compared with vaginal delivery following spontaneous onset of labour, a 1 standard deviation
increase in each of the following analytes was associated with an increase in the odds of planned
cesarean delivery: C-2 (OR: 1.72; 95% CI: 1.52-1.95), leucine : valine (OR: 1.51; 95% CI: 1.40-1.64),
leucine (OR: 1.40; 95% Cl:1.22-1.62), C-3DC : alanine (OR: 1.39; 95% Cl: 1.14-1.69), ornithine (OR:
1.36; 95% Cl: 1.31-1.41), C-6DC (OR: 1.35; 95% Cl 1.19-1.54), C-40H (OR:1.30; 95% Cl: 1.14-1.40),
C-14 : glycine (OR: 1.29; 95% CI: 1.08-1.53), C-5DC : glycine (OR: 1.27; 95% Cl: 1.04-1.55), and C-
5DC : citrulline (OR: 1.26; 95% Cl: 1.14-1.40). These analytes were the top 10 analytes that were

positively associated with planned cesarean delivery.

In contrast, ratios including alanine and citrulline were significantly inversely associated with
planned cesarean delivery, compared with vaginal delivery. There were also several individual
enzyme and endocrine markers, as well as ratios, that were inversely associated with planned
cesarean delivery, specifically those including GALT and TSH (See Figure 4.5a and Figure 4.5b). As
compared with vaginal delivery following spontaneous onset of labour, a 1 standard deviation
increase in each of the following analytes was associated with a decrease in the odds of planned
cesarean delivery: leucine : glycine (OR: 0.44; 95% Cl: 0.39-0.51), GALT (OR: 0.61; 95% Cl: 0.58-0.64
), C-6DC : valine (OR: 0.67; 95% Cl: 0.61-0.74 ), alanine : methionine (OR: 0.72; 95% Cl: 0.69-0.74),

TSH : biotinidase (OR: 0.73; 95% Cl: 0.71-0.75), C-0 (OR: 0.74; 95% C:0.69-0.78), C-2 : alanine (OR:
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0.76; 95% Cl: 0.68-0.85), C-5DC (OR: 0.78; 96% Cl: 0.66-0.91), alanine : valine (OR: 0.78; 95% Cl:
0.68-0.85), and C-4:0H : citrulline (OR: 0.78; 95% Cl: 0.71-0.86). These analytes were the top 10

analytes that were inversely associated with planned cesarean delivery.

Several clinical variables were also positively associated with planned cesarean delivery. Infants who
received total parenteral nutrition (TPN) had an increased odds of 2.41 (95% Cl: 1.21-4.83) of planned
cesarean delivery, compared to infants who did not receive TPN. Female infants had an increased odds
of 1.11 (95% Cl: 1.06-1.17) of planned cesarean delivery, compared to male infants. Conversely,
gestational age was significantly inversely associated with planned cesarean delivery (OR: 0.52; 95% Cl:
0.50-0.53). The remaining clinical variables including birth weight and age at blood spot collection both

had odds ratios of 1.00 (95% Cl: 1.00-1.00), indicating no association with planned cesarean delivery.
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Figure 4.5a Individual analytes and clinical variables in the final model for term infants
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour,
compared with vaginal delivery following spontaneous onset of labour. ORs greater than one indicate a positive
association with planned cesarean delivery, while ORs less than one indicate an inverse association with planned
cesarean delivery.
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Figure 4.5b Analyte ratios in the final model for term infants
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour,
compared with vaginal delivery following spontaneous onset of labour. ORs greater than one indicate a positive
association with planned cesarean delivery, while ORs less than one indicate an inverse association with planned

cesarean delivery.

45



4.1.5 Overall Model Performance from Sensitivity Analyses

Discrimination

When restricting to early-term (37-39 weeks) infants and infants who had a blood spot collection within
the recommended window of 24-48 hours after birth, the results were comparable to the original
analyses, with validated c-statistics of 0.794 and 0.792, respectively. However, for the full-term (240
weeks) infants, the validated c-statistic decreased to 0.683, suggesting substantial overfitting may have
occurred in the training data. After inclusion of remaining ranked analyte ratios until the maximum
number of parameters was reached, the validated c-statistic increased to 0.814. The results from the

sensitivity analyses are summarized in Table 4.3.

Table 4.3 C-statistics for sensitivity analyses for Objective 1

Model C-statistic C-statistic
(Training (Validation
dataset) ? dataset) ®
Original analyses 0.811 0.812
Early-term infants (37-39 weeks) 0.771 0.794
Full-term infants (240 weeks) 0.750 0.683
Infants who had blood spot collection within recommended window 0.831 0.792
Inclusion of remaining ranked analyte ratios until the maximum 0.826 0.814
number of parameters was reached

@ The c-statistic shown was obtained from the model with the combination of clinical variables and individual analytes
and analyte ratios

Calibration

All four models from the sensitivity analyses exhibited similar patterns for calibration (see Figure 4.6 -
Figure 4.9). The observed probability of planned cesarean delivery for the first decile consistently
exceeded the predicted probability of cesarean delivery across all sensitivity analyses. Calibration

improved with increasing decile of predicted probability, agreeing closely with observed probability.
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Figure 4.6 Decile calibration plots for early-term infants
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.

Figure 4.7 Decile calibration plots for full-term infants (240 weeks)
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.
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Figure 4.8 Decile calibration plots for infants who had blood spot collection within recommended
window
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.

Figure 4.9 Decile calibration plots after inclusion of remaining ranked analyte ratios until the maximum

number of parameters was reached
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.
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Association of newborn screening analytes with mode of delivery from sensitivity analyses

Many of the findings relating to analytes that were positively and inversely associated with planned
cesarean delivery remained similar across all sensitivity analyses with slight variations. For instance, as
seen in the main analysis, many shorter chain acyl-carnitines and amino acids and ratios including these
analytes were positively associated with planned cesarean delivery, while few to no enzyme or
endocrine markers or ratios of these analytes were observed to be positively associated with planned
cesarean delivery. Results that were notably different were observed in the sensitivity analysis
restricting to full-term infants only ( 240 weeks), in which a 1 standard deviation increase in the ratio of
citrulline and fetal-to-adult Hb level was associated with a 2-fold increased odds (OR: 2.08, 95% Cl:
1.33-3.25) of planned cesarean delivery compared to vaginal delivery following spontaneous onset of
labour. This pattern was not exhibited in any of the other sensitivity analyses (see Appendix | for Forest

plots for sensitivity analyses).

4.2 Objective 2

4.2.1 Characteristics of the Study Population

We included a total of 16,271 preterm infants in our analyses, following study exclusions (Figure 4.10).
Of these, 4,405 infants (27.1%) were born at preterm gestation following PPROM, and 11,866 infants
(72.9%) were born at preterm gestation following spontaneous onset of labour. The distribution of
infant sex, TPN, and mode of delivery was similar across preterm birth subtypes. However, the
proportions within each gestational age groups differed. Among infants born following PPROM, 44.9%
were born at 36 weeks’ gestation compared to 60.6% of infants born following spontaneous onset of

labour. Preterm infants born following PPROM had a blood spot collection later compared with those
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born following spontaneous onset of labour (62.1 hours, IQR: 31.8-75.4, and 56.0 hours, IQR: 27.1-63.0,

respectively; Table 4.4).
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Figure 4.10 Study flow diagram for Objective 2
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3 Prior to 2008, analytes including biotinidase, 17-OHP, and fetal-to-adult hemoglobin level were not collected. However, from
2008 onwards biotinidase and 17-OHP were collected. Therefore, to ensure a large enough sample size and the maximum
number of available analytes collected, we restricted the study period to 2008 and excluded fetal-to-adult hemoglobin level

from analysis.

b The exclusions of births prior to 2008 was applied to derive the source population. Additional objective-specific exclusions

were applied afterwards (as demonstrated by the headings on the left).
¢ Algorithm similar to that described by Basso and Wilcox?° to clean gestational age values on live birth records was used.
dWas not considered spontaneous onset of labour or preterm premature rupture of membranes.

51



Table 4.4 Baseline characteristics of singleton preterm live births in Ontario between 2008 and 2012 by

preterm birth subtype

Preterm birth subtype (n=16, 271)

Characteristics

Preterm premature rupture of

Spontaneous onset of labour prior to

membranes (PPROM) membrane rupture
n % n %

All infants 4,405 100 11,866 100
Infant sex

Female 1,952 44.3 5,188 43.7

Male 2,453 55.7 6,680 56.3
Gestational age (completed weeks)

Mean + SD 35.2+0.8 35.5+0.7

34 897 20.3 1,570 13.3

35 1,533 34.8 3,100 26.1

36 1,975 44.9 7,196 60.6
Birth weight (grams)

Mean + SD 2,652.7 +396.9 2,825.0+416.7

<2, 500 1,560 35.4 3,534 29.8

2,500-2, 999 2,015 45.8 5,394 45.4

3, 000-3, 499 742 16.8 2,473 20.8

>3, 500 88 2.0 465 4.0
Age at blood spot collection (hours)

Median (IQR) 62.1(31.8-75.4) 56.0 (27.2 -63.0)

<72 3,227 73.2 9,410 79.3

>72 1,178 26.8 2,456 20.7

Missing 0 0.0 0 0.0
Any total parenteral nutrition 2

No 4,348 98.6 11,758 99.1

Yes 57 1.4 108 0.9
Mode of delivery

Vaginal 3,413 77.4 9,290 78.3

Cesarean 992 22.6 2,576 21.7

IQR: inter-quartile range; SD: standard deviation
3Total parenteral nutrition alone or in combination with other infant feeding method.
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4.2.2 Heat Map Analysis

Among infants born preterm following PPROM, the strongest positive correlation was between free
carnitine (C-0) and acetylcarnitine (C-2) (p= 0.743), while the strongest negative correlation was
between octadecadienoylcarnitine (C-18:2) and dodecenoylcarnitine (C-12:1) (p= - 0.456) (See Figure
4.11). Among those born following spontaneous onset of labour, the strongest positive correlation was
also between free carnitine (C-0) and acetylcarnitine (C-2) (p= 0.762), while the strongest negative
correlation was between octadecadienoylcarnitine (C-18:2) and dodecenoylcarnitine (C-12:1) (p= -

0.429) (see Figure 4.12).
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Figure 4.11 Correlation heatmaps for preterm infants born following PPROM

l -0.46

Spearman Correlation

Darker green areas indicate higher levels of positive correlation between analytes, and darker red areas indicate higher

levels of negative correlation between analytes.

Figure 4.12 Correlation heatmaps for preterm infants delivered following spontaneous onset of labour

l -0.46

Spearman Correlation

Darker green areas indicate higher levels of positive correlation between analytes, and darker red areas indicate higher

levels of negative correlation between analytes.
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4.2.3 Partial Correlation analysis

The five strongest partial Spearman correlations between analytes or analyte ratios and PPROM were
glutarylcarnitine (C-5DC) : octadecadienoylcarnitine (C-18:2), acetylcarnitine (C-2) :
octadecadienoylcarnitine (C-18:2), dodecenoylcarnitine (C-12:1) : valine, methylmalonylcarnitine (C-
4DC): leucine, and glycine : valine. The full results of the partial Spearman correlation analysis are

presented in Appendix J.

4.2.4 Overall Model Performance

Discrimination

Table 4.5 summarizes the modelling performance metrics. With or without cross-validation, the
discrimination for Model 1, which comprised the clinical variables only, performed the same with a
c-statistic of 0.586, indicating a moderate fit. The discrimination of Model 2, which included 47
individual analytes and the top 100 ranked analyte ratios decreased slightly after cross-validation
with a c-statistic of 0.578. With the inclusion of the clinical variables, the analytes and the analyte
ratios, Model 3 performed the best with a cross-validated c-statistic of 0.605, though still in the

moderate range.
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Table 4.5 C-statistics for discrimination performance for Objective 2

Model C-statistic C-statistic
(without (with cross-
cross- validation)
validation)
Model 12 | Age at collection, sex, gestational age, birth weight, mode of 0.586 0.586
delivery ¢
Model 2 ® | 47 individual analytes and 100 top ranked partial Spearman 0.560 0.578
correlations for analyte ratios ¢
Model 3 ¢ | Total parenteral nutrition, age at collection, sex, gestational 0.589 0.605

age, birth weight, 47 individual analytes and 100 top ranked
partial Spearman correlations for analyte ratios ¢

aModel including the clinical variables only

b Model including the analytes and analyte ratios only

¢ Model with a combination of the clinical variables and analytes and analyte ratios
d These variables were covariates that were entered into the model, not necessarily the covariates that were retained
following automated backward selection

Calibration

The calibration plot suggested that the predicted probability for PPROM was very similar to the

observed probability of PPROM. The reference line captures the 95% Cls for the observed probability,

indicating that the model (Model 3) was well-calibrated (Figure 4.13).
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Figure 4.13 Decile calibration plots for preterm infants
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.
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Association of newborn screening analytes with preterm birth subtype

The screening analytes that had the strongest positive associations with delivery following PPROM
were acyl-carnitines and amino acids and ratios of these analytes, specifically valine and leucine.
As compared with preterm infants born following spontaneous onset of labour, a 1 standard
deviation increase in each of the following analytes was associated with an increase in the odds of
preterm delivery following PPROM: C-5DC : C-18:2 (OR: 1.46; 95% Cl: 1.20-4.83), C-2 : C-18:2 (OR:
1.22; 95% Cl: 1.06-1.95), C-12:1 : Valine (OR: 1.16; 95% Cl:1.02-1.64), C-6DC (OR: 1.16; 95% Cl:
1.09-1.62), phenylalanine (OR: 1.15; 95% Cl: 1.02-1.69), C-3DC : biotinidase (1.13; 95% Cl: 1.03-
1.41), C-3 (OR: 1.13; 95% Cl: 1.05-1.54), C-18:0H : Leucine (OR: 1.13; 95% Cl: 1.02-1.49), C-12:1 :
Valine (OR: 1.10; 95% Cl: 1.00-1.53), and TSH : biotinidase (OR: 1.10; 95% Cl: 1.02-1.55) (see Figure
4.14a and 4.14b). These analytes were the top 10 analytes that were positively associated with preterm

delivery following PPROM.

Newborn screening analytes that were most strongly inversely associated with preterm birth
following PPROM were ratios of acyl-carnitines and amino acids, specifically glycine. Ratios of
biotinidase with acyl-carnitines were also inversely associated with PPROM. As compared with
delivery following spontaneous onset of labour , a 1 standard deviation increase in the following
analytes was associated with a decrease in the odds of preterm birth following PPROM: glycine (OR:
0.80; 95% Cl: 0.69-0.93), C-3DC : C-18:2 (OR: 0.83; 95% Cl: 0.67-0.93), C-12:1 : biotinidase (OR: 0.88;
95% Cl: 0.78-1.00), phenylalanine : glycine (OR: 0.88; 95% Cl: 0.78-0.98), and C-4DC : biotinidase
(OR: 0.89; 95% Cl: 0.83-0.99) (see Figure 4.14a and 4.14b). These analytes were the top 10 analytes

that were inversely associated with PPROM.
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Only one clinical variable was significantly associated with preterm delivery following PPROM.
Gestational age was significantly inversely associated with PPROM, with an odds of 0.71 (95% Cl: 0.67-

0.96).
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Figure 4.14a Individual analytes and clinical variables in the final model for preterm infants
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.

ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Figure 4.14b Analyte ratios in the final model for preterm

infants
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with
delivery following spontaneous onset of labour. ORs greater than one indicate a positive association with delivery
following PPROM, while ORs less than one indicate an inverse association with delivery following PPROM.
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4.2.5 Overall Model Performance from Sensitivity Analyses

Discrimination

In a sensitivity analysis that included infants who underwent a transfusion and/or received TPN,
the cross-validated c-statistic did not change appreciably. When we restricted the study period to
2010 and included the fetal-to-adult Hb ratio, the results for the cross-validated c-statistic
decreased very slightly to 0.600. When we included the remaining analyte ratios until the

maximum number of parameters was reached, the cross-validated c-statistic was 0.614 (Table 4.6).

Table 4.6 C-statistics for sensitivity analyses for Objective 2

Model C-statistic C-statistic
(without (with cross-
cross- validation) ?
validation) 2
Original analyses 0.589 0.605
Preterm infants including transfusions 0.589 0.605
Preterm infants born between 2010 and 2012 0.590 0.600
Preterm infants, including TPN in model 0.589 0.605
Inclusion of remaining ranked analyte ratios based on Spearman’s 0.577 0.614
correlation until the maximum number of parameters was reached

# The c-statistic shown was obtained from the model with the combination of clinical variables and individual analytes
and analyte ratios

Calibration

The calibration plots across three of the four sets of sensitivity analyses exhibited high calibration as the
95% confidence interval included the reference line data, indicating that the observed probability of
PPROM closely matched the predicted probability of PPROM (see Figure 4.15 — Figure 4.17). The
calibration in the fourth sensitivity analyses improved with increasing decile of predicted probability,

agreeing closely with observed probability (Figure 4.18).
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Figure 4.15 Decile calibration plots for preterm infants, including those who underwent transfusions
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.

Figure 4.16 Decile calibration plots for preterm infants born between 2010 and 2012
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.
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Figure 4.17 Decile calibration plots for preterm infants, with the inclusion of TPN in the model
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.

Figure 4.18 Decile calibration plots after inclusion of remaining ranked analyte ratios until the maximum

number of parameters was reached
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The predicted probability of outcome has been log transformed. The calibration plot graphs the observed probability of
outcome by the log (predicted probability of outcome). The 45° line represents the reference line. Data points that lie on the
reference line indicate perfect calibration.
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Association of newborn screening analytes with preterm birth subtype from sensitivity analyses

As seen in the main analysis findings, a combination of mostly acyl-carnitines and amino acids as well as
enzyme markers, notably biotinidase was observed to be positively associated with PPROM across all
sensitivity analyses. Notable differences were observed in the sensitivity analysis when we restricted the
study period to 2010 onwards in order to include the fetal-to-adult Hb ratio, which only became
available in NSO in 2010. We observed that a 1 standard deviation increase in fetal-to-adult Hb ratio, as
well as the ratio of Hb to C-12 was positively associated with PPROM— OR: 2.35 (95% Cl: 1.06-5.18) and
1.42 (95% Cl: 1.19-1.70), respectively. Conversely, a 1 standard deviation increase in the ratio of fetal-to-
adult Hb to C-4DC was strongly inversely associated with PPROM with an odds ratio of 0.72 (95% Cl:

0.60-0.87) (See Appendix L for forest plots for sensitivity analyses).
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CHAPTER 5. DISCUSSION

5.1 Statement of Principal Findings

Obijective 1: In this study, we aimed to examine whether there were any association between newborn
screening analytes and mode of delivery in term infants born to low-risk women. Our findings
demonstrated that the newborn screening profiles of these infants differed by mode of delivery. In
particular, a model with a combination of amino acids, acyl-carnitines, enzyme and endocrine markers,
as well as, clinical variables performed well in distinguishing infants born by planned cesarean delivery
from infants born by vaginal delivery following spontaneous onset of labour, over a model with clinical
variables alone. The c-statistic for the final models suggested good discrimination in the full study
population of all term infants (=37 weeks; c-statistic=0.812) and similar discrimination was observed in
sensitivity analyses, except when restricting the analyses to full-term infants (>40 weeks) where the c-

statistic indicated moderate fit (c-statistic=0.605).

Objective 2: In this study, we examined whether newborn screening analytes profiles were associated
with clinical subtypes of preterm birth (i.e., preterm birth following the spontaneous onset of labour or
following PPROM), independent from the actual mode of birth (i.e., whether or not the infant was
delivered vaginally or by cesarean). Our model including clinical variables only suggested moderate
performance (c-statistic=0.586) in distinguishing the different preterm birth subtypes. Although a
combination of newborn screening analytes as well as clinical variables improved the model fit to 0.605,
the gain was modest and suggested only a small incremental value in using acyl-carnitines, amino acids,

enzyme marker, and endocrine markers, over clinical variables alone.
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5.2 Interpretation of Findings

Objective 1: Our findings suggest that newborn screening analytes are associated with mode of delivery
in low-risk infants born at term gestation.>>°® For example, we found that several amino acids and acyl-
carnitines were positively associated with planned cesarean delivery, while several combinations of
amino acids, acyl-carnitines, enzyme and endocrine markers were more inversely associated with

planned cesarean delivery.

In particular, thyroid stimulating hormone (TSH) and galactose-1-phosphate-uridyltransferase (GALT)
were the screening analytes with the strongest inverse association with planned cesarean delivery.
Several studies determined that levels of TSH in cord blood were significantly increased in infants born
by vaginal delivery following spontaneous onset of labour compared to infants born by planned
cesarean delivery.>>1%3104 Dyring vaginal delivery, the fetus is exposed to the stress of uterine
contraction resulting in elevated levels of catecholamines, specifically noradrenaline, which can regulate
the secretion of TSH from the fetal pituitary gland resulting in a rapid increase in TSH after delivery.1%
Our results support these findings, although we investigated blood obtained from the infant by heel
prick, as opposed to cord blood TSH. In contrast, two studies showed no difference in neonatal TSH
levels according to mode of delivery.1%>1% However, one study included obtained blood samples from
the infant at approximately 2.4 days after birth, when the postnatal surge of TSH would most likely have
subsided.'% In the second study, the cesarean delivery group could have included those that had no
labour and those that had cesarean delivery following labour as information on when labour started was
not available. Therefore, the process of labour could have started within this group which could explain

why there was no difference observed in TSH among those born by vaginal delivery and cesarean
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delivery.’% In addition, the study did not exclude women with obstetrical or medical complications,

which could have led to confounding by indication in that study.

Additionally, we observed an inverse association between the amino acid, alanine, and planned
cesarean delivery. A previous study investigated amino acid levels in relation to mode of delivery by
collecting blood from the mother and umbilical cord blood found higher levels of alanine in infants
delivered vaginally following spontaneous onset of labour compared to those born by a scheduled
cesarean delivery.'%’ During the vaginal delivery process, the uterine and skeletal muscle contractions
are more likely to be activated during labour and this could help to explain the increase in concentration
of alanine.'® This suggestion is further supported by evidence showing that levels of alanine are also

significantly elevated among athletes after endurance exercise due to proteolysis.'®®

We also observed an inverse association between acyl-carnitines and planned cesarean delivery,
especially longer chain acyl-carnitines such as C-14:1. Higher concentrations of acyl-carnitines have been
observed in plasma and tissue in cases of stress, likely due to disruptions in metabolic pathways.!'° For
example, levels of longer chain acyl-carnitines and other acyl-carnitines rise in the blood and muscle
during exercise, as the demand for mitochondrial energy is increased.!'%*2 This could explain the higher
levels of acyl-carnitines with vaginal delivery observed in our study as the process of labour and the
stress of vaginal delivery on the neonate can elicit the same physiological responses as the stress of
exercise on the body. This could explain the inverse association between acyl-carnitines and planned
cesarean delivery observed in our study, although, we used heel prick blood samples obtained from the

newborn and the previously described studies used plasma and myocytes. Even so, the distinct
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pathways of fatty acid oxidation as well as metabolic and endocrine function described may help explain

how newborn screening analytes are associated with mode of delivery.

Objective 2: Different analyte patterns associated with subtypes of preterm birth were mildly observed.
For example, we found that several amino acids and fetal-to-adult hemoglobin (Hb) level were positively
associated with delivery following PPROM. The etiology of PPROM is not well understood but has been
associated with decreased collagen content of the membranes.”” Reactive oxygen species (ROS) could
be a source for the collagen damage leading to premature rupture of the membranes.'*® In situations of
oxidative stress, the formation of ROS is increased which may modify the strength and elasticity of
collagen.'® Increased concentrations of markers of oxidative stress in tissue from deliveries with PPROM
have been reported.'*’"'*® As amino acids are markers of oxidative stress, this is one possible explanation

for the positive association of amino acids with PPROM in our study.

In one sensitivity analysis in which we restricted our study population to infants born between 2010 and
2012 and additionally included the Hb ratio, we observed that the Hb ratio was an important analyte in
the model. In particular, the analyte alone and its ratio with C-12 was positively associated with
increased odds of preterm birth following PPROM, compared with spontaneous preterm birth.
Conversely, the Hb ratio to C-4DC was inversely associated with PPROM, suggesting that C-4DC could be

modifying and changing the direction of the association between Hb and PPROM.

In other studies, elevated levels of Hb have been reported in infants born preterm following the onset of

spontaneous preterm labour (with intact membranes at labour onset) as well as in those following
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PPROM.1%120 However, these studies compared delivery following PPROM and spontaneous onset of
labour with infants who presented with the same clinical presentation but also had intra-amniotic
infection/inflammation. This could explain the association of Hb ratio in both preterm birth subtypes
because hemoglobin and its catabolic products have been associated with discoloured amniotic fluid'*
which is also associated with intra-amniotic infection/ inflammation, both of which have been linked to
both subtypes of preterm birth.'?° Even small amounts of intra-amniotic bleeding can serve as a medium
for bacterial growth!?? and may increase the risk for intra-amniotic infection and subsequent preterm

parturition.

Alternatively, findings from Wilson et al.?! demonstrated that levels of Hb ratio vary by gestational age.
With advancing gestational age, hemoglobin production shifts from HbF to HbA.12 Therefore, we would
expect to see that Hb ratio, as defined by Hb (F + F1)/Hb (A + F + F1), to be lowest within term infants

and higher within preterm infants.?*

5.3 Strengths

Objective 1: A strength of this study was the large sample size. Even after study exclusions, we included
approximately 90,000 infants born at term gestation (237 weeks) in the analysis, which provided
substantial statistical power to perform the complex analyses needed to develop our models. In
addition, prioritization of covariates and internal validation were employed to maximize the quality of
statistical models developed. Due to the large size of the cohort, we were able to partition our dataset
into separate training and validation datasets. By internally validating our model, we were able to

protect against over-fitting our model.
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Previous studies have compared vaginal delivery and cesarean delivery; however, the distinction
between emergency cesarean section and planned cesarean section is not usually made and could
influence any associations seen when comparing the two types of delivery.>>%>124 The BORN-Niday
Perinatal database that we utilized provided rich clinical information from which we were able to
reliably categorize planned cesarean delivery (indicated for breech presentation, repeat cesarean
section at term and maternal request with no medical indication) prior to the onset of labour, as well as
vaginal delivery following spontaneous onset of labour so that we could examine the association
between analytes and solely the mode by which the infant was delivered. A data quality assurance study
completed on the BORN-Niday Perinatal database determined that all the variables required to
characterize mode of delivery had between 90 and 99% agreement when compared to patient chart
records, indicating high validity and completeness in measurement and reporting of these variables.®?
Any outcome misclassification is thus expected to be small, non-differential, and have had minimal

impact on our study findings.

Objective 2: This study also had a relatively large sample size. We had statistical power to split the
subtypes of preterm birth into those following spontaneous onset of labour and those following PPROM.
Even after excluding all medically-indicated preterm births, we still had a sample size of approximately
16,000 preterm infants. This meant that we had the statistical power to employ complex techniques to
prioritize covariates into our model prior to modelling. Additionally, we used internal validation
techniques (the leave-one-out cross validation) to cross-validate our model, to ensure the results were

less susceptible to overfitting.
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The data sources that we used in our study provided valuable information for us to sufficiently
characterize clinical subtypes of preterm birth into those following spontaneous onset of labour and
those following preterm premature rupture of membranes. While variability in obstetricians and
research personnel in coding can occur, the clinical database from which we derived the subtypes of
preterm birth has been found to be reliable and complete for core perinatal data variables such as

gestational age and mode of delivery.®

5.4 Limitations

As both objectives used the same data sources, they share many of the same limitations. We therefore
begin with shared limitations across the two objectives, and then present objective-specific limitations

below.

The data sources used in this study are generally not collected with the intent of performing research.
As a result, missing data may present challenges. Infants who died before newborn screening were not
included due to the unavailability of information on these events in the BORN-Niday database and NSO
database. This can potentially introduce selection bias if the newborn screening analytes are associated
with these early adverse neonatal outcomes. However, we were unable to evaluate this in my study. In
addition, infants who died before newborn screening could be collected are more likely to have had
compromised metabolic functions, which may have influenced the quantitative values of the analytes in

ways that influenced our assessment.
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Measurement of gestational age in the database only captures the number of completed weeks of
gestation. The source of the gestational age estimate, whether it is based on last menstrual period or
ultrasound, is not documented in the database; however, early ultrasound assessment is the dating
method that was used for most pregnancies during our study period in Ontario.'?> We used an algorithm
to identify records for implausible birth weight and gestational age combinations as part of data
cleaning.”® While gestational age in weeks was collected in the data sources we used and included in our
models, residual confounding could still exist. Gestational age is highly correlated with newborn
screening analyte levels.? It is also highly correlated with type of delivery. For instance, in Objective 1
approximately half of infants born by planned cesarean delivery were born at 38 weeks’ gestation vs.
17.9% of infants born following vaginal delivery. In Objective 2, among infants born following PPROM,
44.9% were born at 36 weeks of completed gestation whereas among infants born following
spontaneous onset of labour, 60.6% were born at 36 weeks’ gestation. Because of this, we forced
gestational age into our models for both objectives. In sensitivity analyses for Objective 1, we tried to
account for GA even more closely by additionally stratifying our analyses to early-term infants (37-39
weeks) and full-term infants (240 weeks). Similarly, for Objective 2, we stratified gestational age into
early-preterm infants (<34 weeks) and late-preterm infants (34-36 weeks) to more closely account for
GA. However, we ultimately analyzed only the late-preterm group of infants (34-36 weeks) because the
sample size for the early-preterm group of infants precluded the type of complex statistical analyses we
were conducting. Most preterm births occur between 34 and 36 weeks, providing a greater sample
size.’ However, despite these strategies, it is still possible that residual confounding could exist even
within the gestational age strata that we created. Although the impact would be small, we suspected
that this would have strengthened the associations between newborn screening analytes and mode of
delivery or preterm birth subtypes, either positively or inversely because previous research has found

that newborn screening analyte levels were highly correlated with gestational age.'?
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Our study population excluded infants who screened positive, including those who were false-positives.
Ideally, we would have included the latter infants in the study population, as they were not ultimately
diagnosed with a metabolic disorder. However, we were not able to include them because this exclusion
had already been applied to the dataset that comprised the source population for our study. Although
the infants with false-positive screening results clearly had some analyte levels outside of normal
ranges, which could have been informative in our study, we anticipate that this would have been a small
number relative to the very large study population and would not have introduced any strong bias into

our results.

Another challenge of our study was that interpretation of our results was limited and difficult. Firstly,
dried blood samples were collected after the delivery has occurred, making it difficult to determine the
directionality of the association, as the event has happened retrospectively. Additionally, while we
accounted for approximate interaction terms newborn screening analytes, the calculation of analyte
ratios has rendered the interpretation of our results difficult as the analytes are not mutually dependent
and must be interpreted in relation to one another. The results from our study should thus be seen as

hypothesis-generating.

Objective 1: We tried to select a population that would ensure that women who had a vaginal or a
cesarean delivery were as comparable as possible so that solely the mode of delivery could be
compared, not any clinical indication for mode of delivery. To do so, we excluded women with a preterm
birth, pre-existing health problems, obstetric complications, intrapartum complications, and among
those with a cesarean delivery, only those with one of three specific clinical indications for cesarean

delivery so that we would have low-risk deliveries. However, it is possible that some level of disease
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states could still exist within our study population due to under-diagnosis or lack of documentation in
the medical record. We believe that this would be limited to a small subset of the women in our study

and would not have a large influence on the newborn screening analytes.

Objective 2: Our understanding of preterm birth has been complicated by the difficulty in defining
and classifying preterm birth.1”7> Existing phenotypic classifications include subdivisions by
gestational age, clinical presentation, and presumed pathophysiological pathways.'” Additionally,
preterm birth is known to have a multitude of heterogeneous risk factors that can involve medical,
genetic, social, and environmental components®, adding a layer of complexity in the classification
of preterm birth subtypes. Given that the etiological pathway of subtypes of preterm birth is
multifactorial, it could vary by individual interpretation of obstetric providers and research personnel. A
recent study found incorrect classification of preterm birth subtypes 5-15% of the time, even with
experienced research personnel.’?® This could have resulted in non-differential misclassification bias as
we could have incorrectly classified infants into either spontaneous onset of labour or PPROM due to
misinterpretation of coding. However, this would mostly likely have diluted any associations we

observed.

5.5 Conclusions

Due to our reliance on newborn screening to identify vulnerable children in the early days of life to
prevent severe health problems, a thorough investigation into the influences of environmental and
biological factors, including mode of delivery and subtypes of preterm birth, is warranted for
understanding variability in newborn screening analytes. Our interpretation of newborn screening

results, particularly when being used beyond their traditional application, such as in postnatal

75



gestational age estimation?! and predictive models for other neonatal morbidities?, can also be
improved and informed by the results from this thesis. This thesis project aimed to determine whether
there was an association between newborn screening analytes profiles and mode of delivery among
infants born at term gestation to low-risk women (Objective 1) and birth subtypes among infants born at

preterm gestation (Objective 2).

Obijective 1: The results of our study suggest that the metabolic profiles of infants born by planned
cesarean delivery differ from those born by vaginal delivery following spontaneous onset of labour,
demonstrating that newborn screening analytes had discriminatory ability to categorize modes of
delivery. This suggests that modes of delivery should be carefully considered as potential confounders,
effect modifiers or as stratification factors in which separate models might need to be developed
according to mode of delivery, when planning modelling studies involving newborn screening

metabolomics and prediction of future outcomes.

Objective 2: Results were less compelling with respect to differences in metabolic profiles among
preterm infants born following spontaneous onset of labour and those born following PPROM. Specific
to this objective, newborn screening analytes did not provide enough information to effectively
categorize preterm birth subtypes. Thus, their inclusion as a covariate in future modelling studies does

not appear to be as important.
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Just confirmation that the student project for Jessica ¥au has received REB approval from CHEOD.

Best,

Deshayne

Subject: REB Protocol No 17/139X - Final Approval - Delegated Review

,,.-fl [ “§ | RESEARCHINSTITUTE
‘ q -L INSTITUT DE RECHERCHE

CHEO Research Ethics Board
Approval - Delegated Review

hitpe-iimall. google commakiul 1/ Tul=241Kk=03a5141331 Sjsver-udgAzWhC 234 en Achi=gmall_fa_130701.15_pa&view=piamsg=15dd16460cdas73aks. .



712013 Unlversity of Otawa | Unlvarsité d'Ottawa Mall - FW: REB Protocd No 17135X - Final Approval - Delegated Review

Approval Date*: August 11, 2017
Valid Until**: July 15, 2018
Annual Renewal Submission Deadline: June 15, 2018

Documents Reviewed & Approved:

Document Mame| Comments | WVersion Date

Protocol Protocol 2017/08/08

This is to notify you that the Children’s Hospital of Eastemn Cntario Research Ethics Board has granted approval to the
above named research study on the date noted above. Your project was reviewed under the delegated review stream,
which is reserved for projects that invalve no more than minimal risk to human subjects.

Final approval is granted for the above noted study, with the understanding that the investigator agrees to comply with the
following requirements:

1. The investigator must conduct the study in compliance with the protocol and any additional conditions set out by
the Board.

2. The investigator is responsible for complying with all applicable guidslines and regulations regarding human
research ethics conduct, as applicable to the research project.

2. Approval for studies that include an investigational device(s) is contingent upan the investigator securing an
Investigational Testing Authorization notice from Health Canada.

4. Investigators miust submit an annual renswal report to the REB 30 days prior to the expiration date stated
above.

5. The investigator miust rot implement any deviation from, or changes to, the protocol, consents or assents
without the approval of the REB.

6. The investigator must, prior to use, submit to the Board changes to the study documentation, e.g., changes to
the informed consent letters, recruitment matenals.

7. Investigators must provide the Board with French versions of the consent form, unleas a waiver has been
granted. An interpreter should be offered to paricipants as required or at the request of the parficipant
throughout the course of research.

&. The investigator must promiptly report to the REB all unexpected and untoward occurmences (including the loss
or theft of study data and other such privacy breaches).

2. Investigators must notify the REB of any study closures (closed to accrual, temporary, prematurs or permanent).

10. Investigators miwst submit a final report at the conclusion of the study.

Should you have any questions or concems, please do not hesitate to contact the Research Ethics Board Office at
613-737-7600 ext. 3350 or 2128,

Regards,

Richard Carpentier, PhD
Chair, Research Ethics Board
Président, Comité d'éthique de la recherche

"The final approval date for initial delegated study applications approved with or without modifications will be the date the
REB has determined that the conditions of approval have been satisfied.

""The expiry date of REB approval for initial study application that required ne modifications will be as follows:

If the date of review and approval was on or before the 15th of the month, the expiry date will be the 15th of the
month prior to the date of review and approval by the Chair andior delegate in the following pear;
. If the date of review and approval was after the 15th the expiry date will be the 15th of the month in which the
date of review and approval by the REB in the following year.

The expiry date of REB approval for initial study applications that require modifications will be as follows:
If the initial feedback was sent on or before the 15th of the month, the expiry date will be the 15th of the month
prior fo the date the letter of REB feedbachk is issued to the imvestigaton(s) in the following year;

hitps:iimall. google. comimal/w 1/ Tul=25K=03a5141331 & jsver=udgAzWhC 2ad an. &cbimgmall_fa_130701.15_paSview=plamsg=15dd15460cda073aks... 203
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THA2018 University of Oftawa | Universit2 d'Cttawa Mall - FW: REB Profocol Mo 1711 33X - Final Approval - Delegaied Review

If the initial feedback was sent after the 15th fhe expiry date will be the 15th of the month in which the feedback
was sent in the following pear.

hitpszfimall. goagle comimaliud1/ Tul=2&1k=032 5141331 &jsver-udgazWhC 2ad en.dchi=-gmal_fa_130701.15_pd&view=-plAmsg=15dd16460cda37 3a8s...
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A.2 CHEO Research Ethics Board Renewal Certificate

THWHAE University of Otiawa | Universig d'Ottawa Mall - FW: REB Protocol Ma: 177138 - Annual Renewal Cerdficate 2018

FW: REE Protocol No: 17/139X - Annual Renewal Certificate 2018

Wed, Jun 20, 2018 at 8:48 AM

Subject: REB Protocol No: 17/139X - Annual Renewal Certificate 2018

L |

Research Ethics Board
2018 Annual Renewal Approval Letter

Principal Investigator: Ms. Deshayne Fall

REB Protocaol Mo: 17/138X

Romeao File Mo: 20170388

Project Title: CHEOREB# 17/138X - Association of newbom screening analytes with type of delivery among preterm and
term births

Primary Affiliation: Clinical Research\Epidemiciogy

Protocol Status: Active

Approval Date: June 19, 2018

Approval Expiry Date: July 15, 2018

This is to nofify you that the CHED REB has granted approval to the remewal for the above named research study for a
pernod of one year. The renewal was reviewed in the delegated stream and approved by the Chair or a delegate of the
Chair. Decisions made by the Chair under delegated review are ratified by the full Board at its subsequent meeting.

Approval is granted with the understanding that the investigator agrees fo comply with the following requirements:

1. The investigator must conduct the study in compliance with the protocol and any additional conditions set out by
the Board.

2. The investigator is responsible for complying with all applicable guidelines and regulations regarding the ethical
conduct of research with humans, as applicable to the research project.

3. Investigators must obtain annual renewal approval prior to the expiry date stated sbove.

4. The investigator must not implement any deviafion from, or changes to, the protocol without the approval of the
REB except where necessary to eliminate an immediate hazard fo the research subject, or when the change
invalves only logistical or administrative aspects of the study (e_g.. change of telephone number or research staff).

https/imall goagle comimaliu 1 Tul=241K =032 5141331 Ajsver-ugAZWhC 234 en Achi-gmal_fe_180701.15_pa&view-plamsg=-164103b2cMbESanasa . 12



THNIO1E University of Ofiawa | Universiie o'Cittawa Mall - FW: REE Protocol Moo 17/138X - Annual Renawal Cenflicate 2018

As soon as possible, however, the implemented deviation or change, the reasons for it and, if appropriate, the
praposed protocol amendment(s) should be submitted to the Board for review and approval.

5. The investigator must, prior to use, cbtain approval from the Board for changes to the study documentation, e.g.,
changes to the informed consent letters, recruitment materials.

&. Investigators must obtain approval from the Board of French version(s) of the consent/assent formis). unless a
waiver has been granted. An interpreter should be offered to participants as required or at the request of the
participant throughout the course of research.

7. For clinical drug or device trials, investigators must promptly report to the REB all adverse events that are both
serisus and unexpected (SAEs) or unexpected and untoward cccumences (including the loss or theft of study data
and other such privacy breaches.

8. For SAE reports on clinical drug trials, the investigator must also comply with the hospital-wide Policy reganding,
Procedures for Considering Medical Emor in the Differential Diagnosis of Severe Adverse Events (SAE)
Associated with the Drugs Administered in a Clinical Trial.

8. Investigators must promptly report to the REB any new information regarding the safety of research subjects (e.g.,
changes to the product monograph or investigator's brochure of drug trials). Where available, any reporis
produced by the Data Safety Monitoring Board should also be promptly submitted to the REB for
acknowledgement.

10. Investigators must notify the REB of any study closures (closed to accrual, temporary, premature or permanent).
11. Investigators must submit a study closure event form at the conclusion of the study.

If you have any questions, pertaining to this letter, please contact the Research Ethics Board Office at (613) 737-7800,
ext. 3350 or 2128.

Regards,

Richard Carpentier, PhD
Chair, Research Ethics Board
Président, Comité d'éthique de la recherche

This message, including any attachments, may contain confidential information and is for the sole use of the intended
recipient(s}. Any unauthorized use, disclosure or distribution is prohibited. If you are not the intended recipient, please
natify the sender immediately and destroy the original message (for further detail please see http:wenw cheo.on.calen/
disclaimer). Ce message, y compris les piéces jointes, peut contenir des renseignements confidentiels, et seuls les
destinataires visés peuvent le consulter. || est sirictement interdit de |'utiliser sans autorisation, de le divulguer ouw de |2
distribuer. i ce message ne vous &tait pas desting, veuillez en informer I'expediteur immediaterment et détruire le
message orginal (Veuillez consuliez hitp:/iwww.cheo.on.calavis-non-responsabilite pour plus de précisions).
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APPENDIX B: Letters of Support
BORN Letter of support

B O R N Early health. Lifelong health.
Début en santé. Longue vie en sante.

May 30, 2017

Dr. Carpentier

Chair — CHEO REB

401 Smyth Rd., Ottawa, ON
K1H 8L1

Dear Dr. Carpentier:

1 am writing to confirm that BORN Ontario has reviewed the protocol titled Association of newborn screening

analytes with type of delivery among preterm and term births submitted by Dr. Deshayne Fell and colleagues.

As per our procedure, we are now writing to you to confirm that BORN is supportive of this project and its
scientific value, that proper procedures will be followed and that we are confident that the PHI will be
protected. We can also confirm that BORN has a signed Data Sharing Agreement with ICES and that thereisa
standardized process in place between BORN and ICES for reviewing and approving projects using the linked
data.

If you have further questions specifically about the project, they can be directed to Dr. Fell. If you have any
questions about the use of BORN data elements, please direct these to myself.

Sincerely,

Sandra Dunn, RN, PhD
Knowledge Translation Specialist, BORN Ontario

Better Qutcomes Registry & Networlk
Registre et Réseau des Bons Résultats dés la naissance

BORN Ontario | CHEO Research Institule | Centre for Practice-Changing Research Building
401 Sryth Road |Ottawa, ON | KIH 8L | T: 613.737.7600 x 6022 | F: 613.737. 6504 | www.BORNOntario.ca
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NSO Letter of Support

April 3% 2017

RE: Use of NSO data at ICES
To whom it may concern,

As the Newborn Screening Ontario (NSO) data custodian, I am writing to provide my permission for use
0f NSO data for the projects listed in the attached table.

Sincerely,

Pranesh Chakraborty, MD, FRCPC, FCCMG

Physician, Section of Metabolism and Newborn Screening, Department of Pediatrics, CHEO
Medical Director, BORN Ontario

Associate Professor, Department of Pediatrics, Faculty of Medicine, University of Ottawa

415 Smyth Road

Ottawa Ontario K1H 8M3 v

Toll-free: 1877-NBS-8330 / Local; (613)738.3222 &WBORN SCREENING ONTARIO
Wi ravBorscronening, on.ca '-’:",.‘FJ;'_ Ontaro PISTAGE NEONATAL ONTARIO
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NSO data uses at ICES

Research project title

Analysis title

Lead

TRIM number

Status

Investigating the associations between newborn screening
results and specific health outcomes, and using these to
build predictive models

Descriptive epidemiology and heatlh services impact of inborn
errors of metabolism in an Ontario newborn cohort

Descriptive epidemiology of haemoglobinopathies in an Ontario
newborn cohort: Results from the first three years of screening
at Newborn Screening Ontario

Association of newborn screening analytes with type of delivery
among term and preterm births

Predicting Future Health Status Based on Newborn
Screening Metabolite Levels and Other Markers of Perinatal
Health in the General Population and in Vulnerable
Subgroups of Children Born in Ontario

Incremental predictive value of metabolic biomarkers at
birth and the development of chronic kidney disease or
kidney failure in early childhood

Predicting Gestational Age Using Newborn Screening Data

Investigation of newborn screening markers and other birth
characteristics for the prediction of neonatal sepsis, birth

Kumanan Wilson (OHRI)

Kumanan Wilson and Manish
Sood (OHRI)

Kumanan Wilson/Steven Hawken
OHRI

Deshayne Fell/Steven
Hawken/Kumanan Wilson OHRI

of Birth ing the influence of
and physiological factors on infant metabolic profiles
Descriptive epidemiology and heatlh services impact of PKU in an
Ontario newborn cohort

Descriptive epidemiology and heatlh services impact of MCADD
in an Ontario newborn cohort

Steven Wilson
(OHRI)

Pranesh Chakraborty/Beth
Potter, uOttawa/CHEQ

Pranesh Chakraborty/Beth
Potter, uOttawa/CHEO

Beth Potter, uOttawa

Deshayne Fell, CHEO/OHRI

20150901 065 000

2016 0901 094 000

8D

20170901 115 000

20170901 125 000
8D

8D

‘Analysis completed, results dissemination
ongoing

Analysis completed, results dissemination
ongoing

Analysis completed, results dissemination
ongoing

Analysis completed, results dissemination
ongoing

Analysis ongoing?

Analysis completed, results dissemination
ongoing

Analysis completed, results dissemination
ongoing

Analyses completed, manuscript in
development

In development
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APPENDIX C: Histograms for Objective 1
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Distribution of ¢18_1
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APPENDIX D: Histograms for Objective 2
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APPENDIX E: Boxplots for Objective 1
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APPENDIX F: Boxplots for Objective 2
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APPENDIX G: Partial Correlation Analysis Results for Objective 1

Adjusted rho

Adjusted rho

Adjusted rho

Rank Variable squared | Rank Variable squared | Rank Variable squared
1 gest 0.084 61 c4dc_c14 2 0.020 121 cl4_2 0.004
2 | aeaton 0.074 | 62 |C4dccS 0.020| 122 |ct0-1 0.003
3 gly 0.050 63 leu_gly 0.020 123 c12 0.002
4 leu_val 0.045 64 c0_c6dc 0.019 124 cS5 0.002
5 c3dc_ala 0.042 65 c4dc_c10 0.019 125 c8 0.002
6 c6dc 0.039 66 cit 0.019 126 asa 0.001
7 leu 0.037 67 ala_leu 0.019 127 cl2 1 0.001
8 c4oh 0.036 68 ala_biot 0.018 128 cl4a 0.001
9 c6dc_galt 0.036 69 c10_cit 0.018 129 cl4oh 0.001

10 c5dc_gly 0.035 70 c10_galt 0.018 130 cl6 0.001
11 cla_gly 0.033 71 cl2_galt 0.018 131 c18oh 0.001
12 c5dc_cit 0.032 72 cl4_1 cl16_1oh 0.018 132 c5oh 0.001
13 c3dc_c4dc 0.031 73 c6dc_cit 0.018 133 met 0.001
14 c4dc_c5dc 0.031 74 c6dc_val 0.018 134 val 0.001
15 ala 0.030 75 c8_ala 0.018 135 arg 0.000
16 c6dc_phe 0.030 76 tsh_irt 0.018 136 biot 0.000
17 cl4_1_ala 0.029 77 cl2_cit 0.017 137 bweight 0.000
18 c4dc_cl4 1 0.029 78 c4dc_c10_1 0.017 138 cl8 0.000
19 c5dc_galt 0.029 79 c5dc_c16_1oh 0.017 139 cl8_1 0.000
20 leu_cit 0.029 80 c5dc_ala 0.017 140 cl18_loh 0.000
21 phe_leu 0.029 81 c6dc_c16 0.017 141 cl8_2 0.000
22 cl4_1_cit 0.028 82 c0_c5dc 0.016 142 c2 0.000
23 cl4_1_galt 0.028 83 cl4_2 cit 0.016 143 c3 0.000
24 c3dc_cit 0.028 84 c2_ala 0.016 144 c4 0.000
25 tsh 0.027 85 c2_c4dc 0.016 145 c5 1 0.000
26 c4oh_ala 0.026 86 c2_c6dc 0.016 146 c6 0.000
27 c5dc_phe 0.026 87 c3_c4dc 0.016 147 c8 1 0.000
28 c3dc_galt 0.025 88 c4dc_c8 0.016 148 irt 0.000
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60

c4dc_c4oh
c4dc_leu

c5 ala
cit_hgb_ratio
leu_galt
cédc_gly
tsh_biot

c4dc cl18 1
c4dc_hgb_ratio
c4oh_galt
ala_met
cl0_ 1 ala
cl8 1 ala
c3dc_phe
c6dc_c16_1oh
ala_gly
cl0_ala

cl2 ala
cl6_1loh
cl6oh
cl6oh_ala
c4dc_c12
c4oh_cit
hgb_ratio_galt
phe_hgb_ratio
ala_orn
ala_val
cl4 1 phe
cl4 2 ala
cl4d _ala

c4dc
cddc_cl4

0.025
0.025
0.025
0.025
0.025
0.024
0.024
0.023
0.023
0.023
0.022
0.022
0.022
0.022
0.022
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.020
0.020
0.020
0.020
0.020
0.020
0.020

89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

galt
cO_cl4 1
cl10_1 cit
cla 1 gly
cl4 2 galt
cl4 galt
c3_ala
c4oh_phe
c5_cit
biot_galt
cl4 1 cl16
cl4_cit
cl4oh_ala
cl8 1 galt
c3dc_c16_10h
c3dc_gly
c4dc_biot
c4dc_cl18
c4oh_c16 _1oh
c5_galt
c6dc_met
c8_cit
orn_cit

phe
hgb_ratio
cl4 1
cbdc
c6dc_ala
c3dc
ala_hgb_ratio
cO0

cl0

0.016
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.013
0.011
0.009
0.009
0.007
0.006
0.006
0.004
0.004

149
150
151
152
153

nl7p
orn
sex
tpn
tyr

0.000
0.000
0.000
0.000
0.000
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APPENDIX H: Forest Plots for Sensitivity Analyses for Objective 1
Supplemental Figure H.1a Individual analytes and clinical variables in the final model of early-term infants

CLINICAL VARIABLE

Total parenteral nutition Y vs N
SexFvsM —_——

Age al blood spat collection
Sirth waight
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0DDS RATIO ESTIMATE

Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour, compared with vaginal delivery following
spontaneous onset of labour. ORs greater than one indicate a positive association with planned cesarean delivery, while ORs less than one indicate an inverse

association with planned cesarean delivery.
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Supplemental Figure H.1b Analyte ratios in the final model of early-term infants
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour, compared with vaginal delivery following
spontaneous onset of labour. ORs greater than one indicate a positive association with planned cesarean delivery, while ORs less than one indicate an inverse

association with planned cesarean delivery.
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Supplemental Figure H.2a Individual analytes and clinical variables in the final model of full-term infants

CLINICAL VARIABLE
Gestational age _—
Birth weight
ACYL-CARNITINE
C-2
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour, compared with vaginal delivery following
spontaneous onset of labour. ORs greater than one indicate a positive association with planned cesarean delivery, while ORs less than one indicate an inverse
association with planned cesarean delivery.
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Supplemental Figure H.2b Analyte ratios in the final model of full-term infants
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour, compared with vaginal delivery following
spontaneous onset of labour. ORs greater than one indicate a positive association with planned cesarean delivery, while ORs less than one indicate an inverse
association with planned cesarean delivery.
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Supplemental Figure H.3a Individual analytes and clinical variables in the final model of-term infants born within recommended window
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour, compared with vaginal delivery following
spontaneous onset of labour. ORs greater than one indicate a positive association with planned cesarean delivery, while ORs less than one indicate an inverse

association with planned cesarean delivery.
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Supplemental Figure H.3b Analyte ratios in the final model of term infants born within recommended
window
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour,
compared with vaginal delivery following spontaneous onset of labour. ORs greater than one indicate a positive
association with planned cesarean delivery, while ORs less than one indicate an inverse association with planned
cesarean delivery.
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Supplemental Figure H.4a Individual analytes and clinical variables in the final model of-term infants with the inclusion of remaining ranked
analyte ratios based on Spearman’s correlation until the maximum number of parameters was reached
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour, compared with vaginal delivery following
spontaneous onset of labour. ORs greater than one indicate a positive association with planned cesarean delivery, while ORs less than one indicate an inverse
association with planned cesarean delivery.
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Supplemental Figure H.4b Analyte ratios in the final model of term infants with the inclusion of
remaining ranked analyte ratios based on Spearman’s correlation until the maximum number of
parameters was reached
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Forest plot demonstrating associations of newborn screening analytes with planned cesarean delivery with no labour,
compared with vaginal delivery following spontaneous onset of labour. ORs greater than one indicate a positive
association with planned cesarean delivery, while ORs less than one indicate an inverse association with planned
cesarean delivery.

127



APPENDIX I: Partial Correlation Analysis for Objective 2

Adjusted rho

Adjusted rho

Adjusted rho

128

Rank Variable squared Rank Variable squared Rank Variable squared
1| gest 0.02 61 | c12_1 phe 0.002 121 | c180h 0.001
2 | ageatcollection 0.01 62 | c18 2 galt 0.002 122 | ¢18_10h 0.001
3 | bweight 0.006 63 | c18_2 cit 0.002 123 | leu 0.001
4 | c5dc_c18_2 0.006 64 | c14_1 c18_2 0.002 124 | cit 0.001
5|c2_cl18_2 0.005 65 | c3dc_val 0.002 125 | gly 0.001
6| cl2_1 val 0.004 66 | c12_biot 0.002 126 | galt 0.001
7 | c4dc_leu 0.004 67 | c18 leu 0.002 127 | sex 0
8 | gly_val 0.004 68 | c14 c18 2 0.002 128 | tpn 0
9 | c3dc_biot 0.004 69 | c18 2 met 0.002 129 | deltype 0

10 | c180h_leu 0.004 70 | phe_gly 0.002 130 | cO 0
11 | c4dc 0.003 71 | c5dc_val 0.002 131 | c3 0
12 | tsh_biot 0.003 72 | c5dc_biot 0.002 132 | c4 0
13 | cl6 0.003 73 | c18_2_c18_10h 0.002 133 | c5 0
14 | tsh 0.003 74 | ala_gly 0.002 134 | c5_1 0
15| c12_1 leu 0.003 75 | c18_2_ala 0.002 135 | c50h 0
16 | c4dc_c5 0.003 76 | c5_cl12_1 0.002 136 | cbdc 0
17 | c16_c18_2 0.003 77 | c18_1 c18_ 2 0.002 137 | c8 0
18 | c4dc_biot 0.003 78 | c12_val 0.002 138 | c8_1 0
19 | c4dc_c8 1 0.003 79 | c50h_c18 2 0.002 139 | c10_1 0
20 | ¢18_c18 2 0.003 80 | c6_c18 2 0.002 140 | c14_2 0
21| c0 _c18 2 0.003 81 | c4dc_ala 0.002 141 | cl4oh 0
22 | c3dc_leu 0.003 82 | c18_2_phe 0.002 142 | c18_1 0
23 | c4dc_val 0.003 83 | c16oh_phe 0.002 143 | arg 0
24 | c16_c18_1 0.003 84 | c3_c18 2 0.002 144 | phe 0
25| c5 cl12 1 0.003 85 | cl12_ 1 met 0.002 145 | ala 0
26 | c10_1 c12_1 0.003 86 | c5_c5dc 0.002 146 | orn 0
27 | orn_gly 0.003 87 | c4dc_phe 0.002 147 | tyr 0
28 | ¢c18 2 c180oh 0.003 88 | c3dc_c5 0.002 148 | asa 0
29 | c4dc_c10_1 0.003 89 | c8 cl2_1 0.002 149 | met 0
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APPENDIX J: Forest Plots for Sensitivity Analyses for Objective 2
Supplemental Figure J.1a Individual analytes and clinical variables in the final model of preterm, including those with transfusions
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Birth weight
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Supplemental Figure J.1b Analyte ratios in the final model of preterm infants, including those with transfusions
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Supplemental Figure J.2a Individual analytes and clinical variables in the final model of-preterm infants born between 2010 and 2012
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Supplemental Figure J.2b Analyte ratios in the final model of preterm infants born between 2010 and 2012
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse asso ciation with delivery following

PPROM.
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Supplemental Figure J.3a Individual analytes and clinical variables in the final model of-preterm infants including TPN
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Supplemental Figure J.3b Analyte ratios in the final model of preterm infants including TPN
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Supplemental Figure J.4a Individual analytes and clinical variables in the final model of-term infants with the inclusion of remaining ranked
analyte ratios based on Spearman’s correlation until the maximum number of parameters was reached

CLINICAL VARIABLE

Birth weight
Gestational age _—
ACYL-CARNITINE

c-10

C-6DC

C-18:2

C-5

C-5DC

C-40H

AMINO ACID

Leucine

Arginine

Phenylalanine

Methionine s —

Qrnithine T
Argininosuccinate —_—

Tyrosine —_—

Valine

Glycine

ENZYME MARKER

IRT —_—

0.75 1.00 1.50
‘0ODDS RATIO ESTIMATE

Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with delivery following spontaneous onset of labour.
ORs greater than one indicate a positive association with delivery following PPROM, while ORs less than one indicate an inverse association with delivery following
PPROM.
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Supplemental Figure J.4b Analyte ratios in the final model of term infants with the inclusion of

remaining ranked analyte ratios based on Spearman’s correlation until the maximum number of
parameters was reached
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Forest plot demonstrating associations of newborn screening analytes with delivery following PPROM, compared with

delivery following spontaneous onset of labour. ORs greater than one indicate a positive association with delivery
following PPROM, while ORs less than one indicate an inverse association with delivery following PPROM.
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