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Abstract 

 Infertility, the inability to achieve a natural pregnancy within twelve months, affects 

roughly 10% of couples worldwide. To address this difficulty, many people use assisted 

reproductive technologies (ART) such as in vitro fertilization, intracytoplasmic sperm injection, 

and intrauterine insemination. There is some concern over the safety of these techniques, 

however, as some adverse birth outcomes such as growth restriction, low fetoplacental weight 

ratio, and preterm birth, as well as certain developmental disorders known as imprinting 

disorders have been reported at higher rates in children conceived via ART. In this thesis, I 

investigate a number of birth outcomes and placental metrics as they relate to different factors of 

ART procedures. I also evaluate expression levels and DNA methylation (DNAme) profiles of 

imprinted genes in the context of births that display some of the adverse outcomes associated 

with ART. Birth weight, gestational age at birth, and APGAR scores at one and five minutes 

were not seen to be significantly different between ART and spontaneously conceived (SC) 

children. Placental metrics (weight, diameter, thickness), however, were seen to be significantly 

larger in ART children. These differences were most closely associated with which ART 

technique was used and whether or not it included in vitro embryo culturing. DNAme and 

expression profiles of imprinted genes associated with imprinting disorders did not differ 

significantly between births with low and normal fetoplacental weight ratios, despite previous 

studies finding significant differences between ART and SC in the same dataset. When only 

considering births that were preterm, growth-restricted, or of abnormal birth weight for their 

gestational age, expression of imprinted genes was not seen to be significantly different between 

ART and SC. The findings of these studies suggest that an increase in placental size is rather 

consistent among ART births, while the altered expression and DNAme profiles sometimes 

reported for ART are less common and more stochastic. There is also some evidence to suggest 

that the increased placental size is largely attributable to the in vitro culturing and ART 

techniques themselves, while the changes in DNAme and gene expression sometimes seen may 

be more attributable to the underlying infertility.  
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Lay Summary 

 In this thesis, I investigate a number of birth outcomes and placental metrics to compare 

births from natural pregnancies to those conceived using assisted reproductive technologies 

(ART) such as in vitro fertilization (IVF). I found that although the newborns themselves were 

similar in both groups, the placentas of ART children were consistently larger, suggesting that 

ART techniques may be altering placental development. The lack of differences in genetic 

activity between ART and naturally conceived children in these studies would suggest that the 

genetic abnormalities sometimes seen in ART children are less consistent than the observation of 

larger placentas, and more likely due to random genetic abnormalities inherited from the infertile 

parents than the ART techniques. 
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Chapter 1: Introduction 

1.1 Project overview 

 As of 2018, over 8 million children had been born to assisted reproductive technology 

(ART) since its introduction four decades ago [1]. That number continues to increase as 

approximately 2.4 million ART cycles are now being performed each year, resulting in about 

500,000 births worldwide annually [1]. Despite an increased risk for some adverse perinatal 

outcomes, the vast majority of ART births are without serious complications and result in 

normal, healthy children [2-5]. However, a well-known and widely accepted hypothesis in 

developmental biology has raised concerns over the long-term effects of ART. This idea, known 

as the developmental origins of health and disease (DOHaD) hypothesis, proposes that 

environmental conditions experienced around the time of gamete maturation, fertilization and 

throughout gestation may result in adaptive responses by the fetus that can persist into postnatal 

life and continue to affect an individual’s health into adulthood. This hypothesis, largely inspired 

by David Barker’s studies in the late 1980s and early 1990s [6-9], has given researchers reason 

to more closely investigate the increased risk of adverse birth outcomes in ART, despite the 

absolute number of affected pregnancies still being low. By conducting a retrospective analysis 

of over a decade of birth data, this thesis seeks to shed light on which elements of the ART 

process may be contributing to the increased risks that have been reported. Gene expression and 

DNA methylation (DNAme) patterns of imprinted genes are also evaluated amongst newborns 

that display adverse or atypical birth outcomes to determine if the observed effects are associated 

with abnormal expression of genes that regulate embryonic growth and placental function. 

1.2 Infertility 

 Infertility is most commonly defined as the inability to achieve pregnancy after one year 

of intercourse without the use of contraceptives. The causes of infertility affect both men and 

women and are extremely variable, including such wide-ranging things as advanced age [10], 

genetic abnormalities [11], exposure to environmental toxins or radiation [12,13], tissue damage 

resulting from disease [14,15], and physical trauma [16]. Considering all forms of infertility, it is 
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estimated to affect approximately 10% of couples worldwide [17], and for the last several 

decades, there have been claims that this rate is increasing [18,19]. There is much doubt, 

however, as to whether this is a genuine increase in the prevalence of infertility. It has been 

suggested that it is instead an increase in the reporting of infertility, a biased perspective due to 

fertility data increasingly being provided by clinics that serve patients experiencing fertility 

issues, or some combination of the two. Regardless of whether or not the prevalence of infertility 

is rising, the number of people seeking infertility treatments like ART is certainly increasing [1]. 

1.3 Assisted reproductive technologies 

1.3.1 Overview of ART techniques 

 The term ART most often refers to any clinical technique that employs ex vivo handling 

of both egg and sperm cells. By this definition, only in vitro fertilization (IVF), variations of IVF 

such as intracytoplasmic sperm injection (ICSI), and the far less common gamete intrafallopian 

transfer (GIFT), are considered ART. For the purpose of considering infertile couples who did 

not use in vitro culturing of the oocyte or embryo, intrauterine insemination (IUI) is also 

considered an ART throughout this thesis. The process of IUI involves collecting a sperm sample 

from either the male partner or a donor and using a catheter to inject the sample directly into the 

patient’s uterus, typically in the upper portion near the fallopian tubes to better facilitate 

fertilization. Because this technique does not involve external handling of the oocyte, it is very 

common in cases with a fertile female and the use of a sperm donor. It also offers the benefit of 

significantly reducing the distance that spermatozoa must travel to reach the oocyte, making it an 

effective treatment for cases of mild to moderate low sperm count or motility [20]. 

 For infertile couples that are unable to achieve pregnancy with the more affordable and 

less invasive IUI procedure, the most common solution is IVF. It involves the collection of a 

sperm sample as in IUI but also requires the retrieval of mature oocytes from the ovary using an 

ultrasound-guided needle. This is done about 36 hours after a hormonal injection (either human 

chorionic gonadotropin (hCG), gonadotropin-releasing hormone (GnRH) agonist, or both) is 

administered to induce the final stage of oocyte maturation [21]. The egg and sperm samples are 

then incubated together in a culture medium to allow fertilization to take place. When a second 

pronucleus is visible in the oocyte, indicating a successful fertilization, the cell is transferred to 
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an embryonic growth medium where it is cultured for two to six days, until the embryo has 

reached either the cleavage or blastocyst stage, depending on the specific clinic’s protocol 

[22,23]. At this point, the embryo is transferred to either the mother or a gestational surrogate’s 

uterus or frozen for transfer at a later date. Because IVF cycles often result in multiple embryos, 

those that are not used are generally frozen for future cycles or donation to research or other 

infertile couples. More than one embryo can be transferred in a single cycle to increase the odds 

of implantation, but due to the relatively high success rates that are currently seen and the 

additional complications associated with multiple gestation, many countries limit transfers to just 

two embryos per cycle except in special circumstances [24,25]. ICSI, the most common form of 

IVF, is often recommended in cases of severe male infertility. Because it involves directly 

injecting a single spermatozoon into the cytoplasm of an oocyte using a micropipette, it can be 

performed in cases where sperm count, motility, and morphology are extremely poor. 

1.3.2 Results and risks of ART 

 Though success rates vary significantly from one clinic to another, ranging from 10-40% 

for individual clinics, the global average for the rate of live births per ART cycle is generally 

reported to be about 20-25% [26]. Of the approximately 500,000 live births that occur each year 

as a result of ART, the majority do not experience complications and produce normal, healthy 

children [2-5]. The rates of some complications, however, are somewhat higher than they are in 

spontaneously conceived (SC) births. Preterm parturition, for instance, has been reported to have 

a relative risk (RR) of about 1.5 to 1.8 in ART singleton births compared to spontaneously 

conceived singleton births [27,28]. Low birth weight also appears to be significantly more 

common in ART singleton births (RR 1.6) [28]. Twin births also showed an increased risk, 

though to a lesser degree (RR 1.1 - 1.2) [29]. In addition to pregnancy outcomes such as 

gestational age and weight at birth, some metrics of the placenta have also been reported to be 

altered. Several studies have suggested larger or heavier placentas in ART pregnancies [30-34]. 

At least one study in mice also found a higher placental weight in ART pregnancies, noting the 

greatest difference was seen in late pregnancy when the ART placentas continued growing after 

spontaneously conceived placenta growth had plateaued [33]. Though there is some debate as to 

whether it is attributable to a decreased birth weight, an increased placental weight, or both, a 

metric known as the fetoplacental weight ratio (FPR) has been quite consistently reported to be 
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decreased in ART births [30,31,34]. This metric is calculated by dividing an infant’s birthweight 

in grams by its placental weight in grams. An increased frequency of rare developmental 

disorders called imprinting disorders has also been reported numerous times, though their rarity 

makes it difficult to accurately assess the extent of the difference in frequency [35-39].  

1.4 Imprinted genes 

1.4.1 Mechanisms 

 The use of ART to achieve pregnancy has been associated with an apparent increase in 

some imprinting disorders, developmental disorders in which the regulation of imprinted genes is 

disrupted. Imprinted genes are genes for which only one allele is expressed depending on the 

parent from which it was inherited. This mono-allelic expression of imprinted genes is regulated 

by epigenetic mechanisms that can affect gene expression without altering the genetic sequence. 

The most studied and best understood epigenetic mechanism, particularly in the context of 

imprinting, is DNAme. This is a molecular process in which enzymes known as DNA 

methyltransferase (DNMT) catalyze the transfer of a methyl group from S-adenosylmethionine 

(SAM) to the carbon atom in position 5 of a cytosine nucleotide (Figure 1.1). In mammals, this 

occurs almost exclusively at CpG dinucleotides, which are far less prevalent than would be 

expected based solely on the genome’s composition of guanine and cytosine nucleotides [40,41]. 

However, some genetic regions, known as CpG islands, are rich in C+G nucleotide pairs and are 

most often located within gene promoters [41,42]. Many CpG island promoters are unmethylated 

whether the gene is expressed or not, but when high-density DNAme is present within a gene 

promoter, it is usually associated with the repression of transcription [41,43]. This is understood 

to be the effect of the methyl groups’ presence physically blocking transcription factors from 

binding to the promoter region, and recruiting repressive methyl-binding proteins [43]. 
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Figure 1.1. Mechanism of DNAme placement. Diagram depicting placement of DNAme marks on CpG 

dinucleotides by DNMT. 

 The ability of DNAme to restrict gene expression is known to play a key role in the 

allele-specific silencing of at least some imprinted genes, though other epigenetic elements, such 

as histone tail modifications and in cis silencing by long non-coding RNAs (lncRNA), have also 

been implicated in the mechanism of imprinting, either as direct regulators or consequences of 

CpG-rich regions being methylated [43,44]. Even within the mechanism of DNAme alone, there 

are primary imprints that regulate the placement and maintenance of secondary imprints. This is 

best demonstrated by the existence of imprinting control regions (ICRs), genomic elements that, 

depending on their DNAme status, will differentially induce hyper- or hypomethylation at 

nearby gene promoters that in turn, can directly affect transcription levels of the target genes 

bearing the DNAme marks[45]. The 11p15.5 locus, shown in Figure 1.2, is one of the most well-

studied examples of an imprinted gene cluster in the human genome and illustrates this 

imprinting mechanism well. It contains two differentially methylated regions (DMRs) that 

together regulate the expression of at least ten different genes, including the maternally-

expressed PHLDA2, CDKN1C, and H19, as well as the paternally-expressed KCNQ1OT1 and 

IGF2 [46,47]. One of these differentially-methylated regions, DMR1, is located between H19 

and IGF2 and regulates their parental allele-specific expression pattern. When DMR1 is 

unmethylated, as normally seen on the maternal allele, the zinc-finger protein, CCCTC-binding 
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factor (CTCF), binds to DMR1. This establishes an insulator that blocks access to IGF2 for the 

downstream enhancer shared by IGF2 and H19, resulting in only H19 being expressed from the 

allele. When DMR1 is methylated however, as normally seen on the paternal allele, CTCF does 

not bind and the enhancer is allowed access to the IGF2 promoter, which will be expressed 

preferentially instead of H19 [48]. The other ICR in this region, DMR2, exemplifies a different 

method of gene regulation as it is the promoter of the lncRNA, KCNQ1OT1. When DMR2 is 

methylated, as normally seen on the maternal allele, transcription factors are unable to access the 

KCNQ1OT1 promoter and the lncRNA is not expressed. When DMR2 is unmethylated however, 

as normally seen on the paternal allele, KCNQ1OT1’s promoter is accessible and the gene is 

expressed. The resulting lncRNA, which is transcribed antisense to the KCNQ1 gene from one of 

its introns, interacts with the chromatin in cis and represses the transcription of multiple nearby 

genes through a molecular mechanism that is less clearly understood but likely involves the 

recruitment of other epigenetic components leading to histone tail modifications [47]. 

 

Figure 1.2. Imprinting control regions at 11p15.5. Diagram depicting differential DNAme and expression of 

maternal and paternal alleles at 11p15.5. 

1.4.2 Role in development 

 Most imprinted genes have been suggested to be a manifestation of intragenomic sexual 

conflict in which the male epigenome and female epigenome are optimized for differing and 

competing reproductive and developmental strategies [49]. This is supported by studies that have 

found that paternally-expressed imprinted genes (PEGs) often increase the effectiveness of 

trophoblast invasion into the endometrium, placental growth and efficiency, fetal growth, and 

longer gestation. Maternally-expressed imprinted genes (MEGs) however, often reduce the 

effectiveness of those processes, preserving maternal reproductive fitness by reducing the risk of 
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fetal overgrowth and the damage it can cause to the mother’s subsequent health and fertility [50]. 

Given this role of regulating placentation and fetal development, it is not surprising that there are 

many imprinted genes and splice variants of imprinted genes that are unique to the placenta 

[51,52]. Additionally, biallelic expression of certain imprinted genes is more common in the 

placenta than in somatic tissues, often with no apparent disorder or phenotype associated [52,53]. 

1.4.3 Imprinting disorders 

 Though there are exceptions in placental tissues, anything other than one active copy of 

each imprinted gene will often result in a failed or abnormal embryo. It is still possible for an 

embryo to develop to term with a very small number of abnormally expressed imprinted genes, 

but such cases usually result in severe post-natal developmental disorders known as imprinting 

disorders (Table 1.2). These arise when one of the following errors occurs in an imprinted gene; 

deletion, duplication, point mutation, uniparental disomy, aneuploidy, or epigenetic 

abnormalities (e.g., hypomethylation or hypermethylation at ICRs) [54]. The effect that these 

issues have in common, and what leads to the clinical symptoms of imprinting disorders, is the 

active transcription of any number other than exactly one copy of the imprinted gene. If a MEG 

displays biallelic expression or a PEG displays no expression, an undergrowth phenotype is often 

seen, as in Silver-Russell syndrome (SRS) [55]. If the inverse is true, biallelic expression of a 

PEG or no expression of a MEG, an overgrowth phenotype is often observed, as in Beckwith-

Wiedemann syndrome (BWS) [55]. While this is true of some imprinting disorders and reflects 

the intragenomic sexual conflict aspect of many imprinted genes, other imprinted genes are less 

involved in overall growth as they are in the development of a particular system. Angelman 

syndrome (AS) and Prader-Willi syndrome (PWS), for example, are caused by inverse errors at a 

single genetic region, much like BWS and SRS [55]. Rather than resulting in overgrowth and 

undergrowth phenotypes, however, they both produce abnormal neural development and mental 

deficiency along with some seemingly unrelated symptoms throughout the body such as 

hypopigmentation and abnormalities in speech and feeding [55]. This is because the affected 

gene, SNRPN, is most highly expressed in the brain, spinal cord and heart, and its involvement in 

tissue-specific alternative RNA splicing is critical for neural development [56]. Transient 

neonatal diabetes mellitus (TNDM), another imprinting disorder, is unlike BWS, SRS, PWS, and 

AS in that it has no known “sister” disorder associated with the same genetic locus, 6q24 [57]. 
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Tables 1.1 and 1.2 briefly describe some relevant imprinting disorders and the imprinted genes 

associated with them [55,57,58]. 

Disorder Common Clinical Traits Associated Genes 

SRS 
Small stature, skeletal asymmetry (limbs), characteristic facial appearance, 

clinodactyly 
IGF2, H19, CDKN1C 

BWS 
Macrosomia, characteristic facial appearance, macroglossia, omphalocele, 

hypoglycemia, organomegaly, abdominal tumors, hemihypertrophy 

PHLDA2, IGF2, 

KCNQ1OT1, H19, 

KCNQ1, CDKN1C 

AS 
Severe mental deficiency, motor dysfunction, speech impairment, frequent 

seizures, hypopigmentation, hyperactivity, characteristic facial appearance 
SNRPN 

PWS 

Hypotonia, poor feeding in infancy, characteristic facial appearance, 

hyperphagia, behavioral problems hypogonadism/hypogenitalism, small 

stature, small hands/feet, hypopigmentation, mental deficiency 

SNRPN 

TNDM 
Macroglossia, umbilical hernia, characteristic facial appearance, renal tract 

abnormalities, cardiac anomalies, clinodactyly, polydactyly, hypothyroidism 
HYMAI, PLAGL1 

Table 1.1. Imprinting disorders and associated genes. Brief descriptions of clinical traits of five relevant 

imprinting disorders and imprinted genes associated with them. 

Gene Functional Role Expressed Allele 

IGF2 Insulin family polypeptide growth factor Paternal 

H19 Tumor suppressing lncRNA Maternal 

CDKN1C Cell growth suppressing protein Maternal 

PHLDA2 Placental growth suppressing protein Maternal 

KCNQ1OT1 Transcription regulating lncRNA Paternal 

KCNQ1 Voltage-gated potassium channel protein Maternal 

SNRPN RNA alternative splicing regulating protein Paternal 

HYMAI ncRNA (function unclear) Paternal 

PLAGL1 Cell growth suppressing zinc-finger protein Paternal 

Table 1.2. Roles of genes associated with imprinting disorders. Brief descriptions of biological roles and 

expressed parental alleles of imprinted genes studied in this thesis. 

1.4.4 Effects of ART on imprinted genes 

 Although imprinting disorders are significantly more prevalent in ART children, their 

absolute risk is still very low [35-39]. In the general population, imprinting disorders only occur 

in one out of every 10,000 or more births. Some only occur once in every 100,000 - 400,000 
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births, and for others the frequency is still unknown because of how rarely they are observed and 

reported [59]. Even with the increased risk that has been reported for ART births, one meta-

analysis found SRS, BWS, AS, and PWS, to have odds ratios of 11.3, 5.8, 4.7, and 2.2 

respectively, for ART births [35], the prevalence is still less than half of a percent [60]. 

 Despite the absolute risk being quite low, the higher relative risk has caused researchers 

and clinicians alike to question whether or not the ART procedures are affecting imprinted 

genes, especially since they are performed during a period of gametogenic and embryogenic 

processes where imprinting maintenance is critical. This period contains two major DNAme 

erasure and replacement events, the first of which occurs in the primordial germ cells of the 

parents undergoing ART. Aside from retrotransposons, most of which remain at least partially 

methylated to inhibit their transposable mobility, this first event erases all DNAme marks 

throughout the genome, including imprinted DMRs. This provides the primordial germ cells with 

a blank slate epigenome, devoid of any activating or repressive epigenetic marks, so that the sex-

specific marks inherited from the individual’s parents can be replaced with new ones according 

to their own sex [61]. In males, this begins prenatally and is completed by the pachytene phase of 

postnatal spermatogenesis, before even the earliest surgical sperm retrieval techniques used in 

cases of extreme oligospermia. Oocytes, however, do not begin placing maternal marks until 

after birth. The majority of the DNAme is placed during postnatal oocyte growth and follicular 

development, with the final marks being placed around the time of ovulation, just before 

fertilization occurs [62,63]. Because this is the period during which hormonal stimulation is used 

to artificially increase the number of oocytes being matured and released in most ART 

procedures, it is not surprising that several studies have reported abnormal maternal DNAme 

patterns associated with hormonal superovulation in both humans and animal models [64-66]. 

These abnormalities in DNAme can, in turn, alter expression levels of imprinted genes. 

 The second major DNAme erasure event takes place in the preimplantation phase, 

between the zygotic and blastocyst stages of the newly formed embryo. Imprinted genes retain 

their epigenetic marks through this erasure event to ensure they are expressed at the proper levels 

later during the postimplantation phase, since one of their primary functions is to regulate 

embryonic development. The majority of the genome, however, is cleared of DNAme so that 

tissue-specific and environmentally responsive epigenetic marks can be replaced in the context 
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of the newly formed embryo and its environment, rather than preserving the epigenomes of its 

parents’ gametes [67,68]. In ART, this second erasure event takes place entirely during the 

preimplantation period in which the embryo is being cultured in vitro, causing some concern that 

the artificial environment may be altering the way DNAme marks are placed, erased, or 

maintained given their responsiveness to environmental factors [69]. 

 The idea that ART procedures may be disrupting the establishment of normal DNAme 

patterns would suggest that the increased rate of imprinting disorders seen in ART is due to 

hypo- or hypermethylation as opposed to deletions, duplications, point mutations aneuploidy, or 

uniparental disomy. There is some evidence of this as at least one study has shown altered 

DNAme to be the cause of fewer than 60% of BWS cases in the general population but over 95% 

of cases within the ART population [70]. The same study also found altered DNAme to be 

responsible for fewer than 5% of AS cases in the general population, but about 25% of cases in 

the ART population. This seems to strongly suggest that ART is affecting DNAme patterns in 

cases of imprinting disorders, but when DNAme is studied directly, the picture is far less clear. 

Although several studies have reported differences in the DNAme levels of ART and SC 

children, the findings lack consistency. Some studies find hypermethylation, others find 

hypomethylation, and others still see no significant differences, all within the same genetic 

regions [71,72]. Of those studies that did observe significant differences, the majority of them 

did not find a difference that exceeded the range of natural variation of DNAme levels seen in 

the general population. Some significant studies of DNAme and imprinted gene expression in 

ART have been summarized below in Table 1.3 [73-84]. Considering the consistently observed 

increase in imprinting disorders and the more stochastic observations of DNAme changes, it may 

be that some ART pregnancies are prone to DNAme errors, but not necessarily as a result of the 

procedures themselves, otherwise, a more consistent effect would be expected. 
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First Author Year Tissue Sample S ize # Genes Main Result 

Choux 2018 

Cord 

blood 
Placenta 

ICSI = 36 

IVF = 15 
SC = 48 

7 

↓ ERVFRD-1 expr (cb, pl) 

↓ LINE1 expr (cb) 

↓ H19/IGF2 DNAme (pl) 

↓ KCNQ1OT1 DNAme (pl) 
↓ LINE1Hs DNAme (pl) 

↓ ERVFRD-1 DNAme (pl) 

Gentilini 2018 
Cord 
blood 

ART = 23 
SC = 41 

450K 
(CpGs) 

No sig diff 

Ghosh 2017 Placenta 

LUMA: 

ICSI = 54 
IVF = 127 

SC = 77 

Pyrosequencing: 

ICSI = 39 

IVF = 87 
SC = 65 

LUMA: 
>2.3 million 

(CCGGs) 

 

Pyrosequencing: 

1 

↑ global DNAme 

↓ LINE1 DNAme (fresh transfers only) 

 

Katagiri 2010 Placenta 
ART = 65 

SC = 924 
4 

No sig diff in expr (AGA) 

↓ H19 expr (SGA; ART, SC) 

↓ CDKN1C expr (SGA; ART) 
↑ KCNQ1OT1 expr (SGA; SC) 

Katari 2009 

Cord 

blood 

Placenta 

8 genes: 

IVF = 60-73 
SC = 63-100 

3 genes: 

IVF = 22-25 

SC = 29-34 

700 

(1536 CpGs) 

↓ 13 CpGs DNAme (cb) 
↑ 12 CpGs DNAme (cb) 

↓ 11 CpGs DNAme (pl) 

↑ 3 CpGs DNAme (pl) 

Li 2011 
Cord 

blood 

IVF/ICSI = 29 

SC = 30 

(# of twin pairs) 

3 No sig diff in DNAme 

Litzky 2017 Placenta 

IVF = 18 

subfertile = 79 

SC = 158 

108 
45 genes expr sig diff (subfertile) 

0 genes expr sig diff (IVF) 

Nelissen 2013 Placenta 

ICSI = 30 

IVF = 5 

SC = 35 

10 

(DMRs) 

↓ MEST DNAme 

↓ H19 DNAme 

↑ H19 expr 

Nelissen 2014 Placenta 
ART = 81 

SC = 105 
6 

↑ H19 expr 

↑ PHLDA2 expr 

Changes not due to LOI 

Rancourt 2012 

Cord 

blood 

Placenta 

IVF = 59 

OI = 27 

SC = 61 

6 

(DMRs) 

↓ H19 DNAme (OI pl) 

↑ KCNQ1 DNAme (OI cb) 

↑ SNRPN DNAme (OI cb, pl) 

↓ H19 DNAme (IVF pl) 

↓ MEST DNAme (IVF pl) 
↑ SNRPN DNAme (IVF pl) 

↑ KCNQ1 DNAme (IVF cb) 

Only H19 was functionally relevant 

Song 2015 Placenta 
ART = 66 
DO = 22 

SC = 49 

37 

(CpGs) 

11 CpGs DNAme sig diff (between all groups) 

7/11 CpGs DNAme sig diff (donor) 

Zheng 2011 
Cord 

blood 

IVF = 61 

ICSI = 40 

SC = 60 

6 

(DMRs) 
No sig diff in DNAme 

Table 1.3. Studies of DNAme and gene expression in ART. Brief summaries of twelve studies evaluating 

DNAme and gene expression in umbilical cord blood and placental tissue from ART births. expr, gene expression; 

cb, cord blood; pl, placenta; OI, induced ovulation; DO, donor oocyte. 
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1.5 Rationale 

1.5.1 Hypotheses and objectives 

 In this thesis, I hypothesize that either some element of ART techniques or the infertility 

that necessitates their use is associated with atypical birth outcomes and placental metrics. To 

test this hypothesis, a statistical analysis will be performed using a database of pregnancy and 

birth information, grouping the cases by a number of different factors of the ART process. It is 

hoped that this analysis will not only reconfirm the altered birth outcomes reported for ART 

pregnancies but also shed some light onto which factors are most responsible for those outcomes. 

I hypothesize that the lower FPR consistently observed in ART births is associated with 

alterations in the expression levels or DNAme patterns of imprinted genes in ART births. To 

address this, gene expression and DNAme data that was collected in previous studies of 

imprinted genes will be reanalyzed with the goal of comparing births with low FPRs to those 

with average ratios, regardless of ART status. This evaluation will address the matter of whether 

or not a low weight ratio is indicative of an altered genetic or epigenetic state. Additionally, I 

hypothesize that among births displaying adverse outcomes such as low birth weight and preterm 

parturition, ART births will stand out as having a distinct pattern of altered expression in 

imprinted genes. To test this, expression levels of four imprinted genes, H19, HYMAI, PLAGL1, 

and PHLDA2, will be evaluated in the umbilical cord blood of pregnancies that resulted in 

preterm birth, SGA birth weight, LGA birth weight, or IUGR. It is anticipated that this study will 

provide insight into whether the adverse outcomes seen in ART are random or due to a distinct 

effect of the clinical procedures. 

Objective 1a: To compare birth outcomes and placental metrics of ART and SC pregnancies. 

Objective 1b: To compare the relative impact of different components of ART on birth 

outcomes and placental metrics. 

Objective 2: To compare expression levels and DNAme patterns of imprinted genes in ART and 

SC pregnancies. 

Objective 3: To compare expression levels of imprinted genes in ART and SC pregnancies with 

adverse birth outcomes. 
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Chapter 2: Birth outcomes and placental metrics in ART and SC pregnancies 

2.1  Introduction 

 As the outcome and safety of ART pregnancies have been the focus of numerous studies 

in the past few decades, a number of publications have reported differences in both birth 

outcomes and placental metrics between children of ART and SC pregnancies [2-5]. Gestational 

age at birth, birth weight and size, placental weight and size, and FPR are among the most 

commonly reported, with ART pregnancies typically displaying earlier births [3,4,27,28], 

smaller birth size [3,4,28], larger placental size [30-34], and lower FPRs [30,31,34]. The 

question remains, however, are these changes due to the ART techniques themselves or the 

subfertility that necessitates their use? It is possible that couples who struggle with fertility are 

unable to conceive without assistance because their gametes are in some way suboptimal (e.g., 

containing epigenetic errors), leading to delayed or otherwise compromised development. 

Alternatively, the ART techniques (e.g., cell membrane puncture in ICSI) or their effects (e.g., 

additional psychological stress) may be disrupting normal embryogenesis and resulting in an 

altered developmental trajectory. 

 Because so many births today occur in hospitals where numerous assessments are made 

at birth in a manner that is consistent throughout the industrialized world, these measurements 

can be used to more precisely understand the observed differences between ART and SC births. 

When taken together, birth weight, body length, and head circumference form a clear picture of a 

newborn’s size at birth, especially when corrected for gestational age. The Apgar score was 

invented in 1952 by an anesthesiologist, Dr. Virginia Apgar, to quickly assess the general health 

and vitality of a newborn at the one-minute and five-minute marks after delivery [85]. It is the 

sum of five scores, ranging from 0-2, in the areas of skin color, heart rate, reflex irritability, 

muscle tone, and respiration. In addition to the standard hospital assessments, the placenta can be 

collected and measured for weight, diameter, thickness, and umbilical cord diameter, which can 

offer some insight into its functional efficiency. 

 Of all the metrics listed above, gestational age, birth weight, and placental weight are 

most consistently reported to be different between ART and SC births [3,4,27-31], so it is 
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expected that they will be seen to be altered in this analysis as well. Because ART newborns are 

expected to display lower gestational age and birth weight but higher placental weight, it 

logically follows that FPR is also expected to be lower in the ART group, especially since it has 

been observed that FPR tends to increase throughout the latter half of pregnancy [86]. If any one 

element of treating infertility, such as the infertility itself or the in vitro culturing of the embryo, 

is primarily responsible for driving the differences in birth outcome, it should display similar or 

even greater differences in gestational age, birth weight, placental weight, and FPR. 

 In addition to the common ART versus SC comparison, and the breakdown of each 

specific conception mode on its own, seven other divisions were used to evaluate the source of 

the differences between ART and SC newborns. Because the in vitro culturing of embryos in 

IVF and ICSI has often been pointed to as one potential cause of alterations in ART [87-89], it 

has been included as a comparison point. An analysis grouped by whether or not an embryo was 

cultured in vitro should have similar results to the ART versus SC comparison, with any 

differences being attributable to the IUI group that in this analysis is considered an ART but does 

not involve embryo culturing. Another element of ART that has been reported to affect birth 

outcomes [90-94], and was therefore used as a factor for comparison, is the freezing of embryos 

prior to transfer for implantation. Several studies have suggested that transferring frozen 

embryos has a lower risk of preterm birth and low birth weight than fresh ART cycles [91-94], 

though whether this is due to the further separation of hormonal superovulation and implantation 

dates or the freezing process itself is unclear. As it is yet another element that has been 

hypothesized to contribute to the alterations seen in ART, infertility was also considered. 

Samples were divided into groups that showed infertility in the male partner, female partner, 

both, or neither to consider whether the source of infertility would impact the results, as well as 

to determine if those cases where ART was used in the absence of infertility would align more 

closely with the ART or SC cases. To determine if the use of gamete donors or a surrogate 

contributed additional risk on top of the ART alone, they were also included as factors for 

comparison. Lastly, the mother’s gravidity, or total number of pregnancies, was also included, 

primarily as a reference point against which the other comparisons could be evaluated. Gravidity 

was selected for its effect of increased birth size in successive pregnancies, which is somewhat 
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commonly known and seems intuitive even to lay people, but is still weak enough to be 

comparable to the minor differences observed in ART studies. 

2.2 Methods 

2.2.1  Study participants 

 A total of 792 pregnancies resulting in 889 live births were recruited primarily in the 

greater Vancouver, BC area, though a small percentage were recruited from other cities across 

Canada. Both ART and SC participants were identified through their fertility clinics, physicians, 

and hospitals after expressing interest in research participation. They then gave written informed 

consent for the collection of placenta and umbilical cord blood samples after parturition (ethics 

certificate number: H06-03668). No exclusion criteria were applied in the recruitment of 

participants. The cohort consisted of 330 pregnancies (340 newborns) that were conceived 

spontaneously within one year of trying and 462 (549) that were conceived via ART. Of the 

ART pregnancies, 194 (235) were conceived via IVF, 228 (268) via ICSI, 27 (29) via IUI, and an 

additional 13 (17) were conceived via in vitro fertilization though it was unclear whether the 

fetus resulted from a traditional IVF or ICSI embryo. Of the 889 newborns recorded in the 

database, 700 were singletons, 174 were twins (87 pairs), and the remaining 15 were triplets (5 

sets)(Table 2.1). In four of the twin pregnancies, data was only received for one of the twins, 

meaning there was only data available for 170 of the 174 newborns in the analysis of the twin 

database. 

 SC IUI IVF IVF/ICSI ICSI Total 

Singletons 320 25 155 9 191 700 

Twins 20 4 74 8 68 174 

Triplets 0 0 6 0 9 15 

Total 340 29 235 17 268 889 

Table 2.1. Newborns in database by mode of conception. Table summarizing number of newborns born as 

singletons, twins, or triplets per conception mode. SC, spontaneous conception; IUI, intrauterine insemination; IVF, 

in vitro fertilization; IVF/ICSI, in vitro fertilization or intracytoplasmic sperm injection; ICSI, intracytoplasmic 

sperm injection. 
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2.2.2 Data and sample collection 

 Participants were provided with a questionnaire for self-reporting relevant clinical 

information regarding their current and previous pregnancies. Over time, this questionnaire was 

expanded to include more information as research studies revealed new points of interest. 

Therefore, later pregnancy cases generally had more data available than the earlier cases. A birth 

outcome form was also provided to delivery room staff for collecting data such as birth weight 

and gestational age at birth. 

 Within 30 minutes of the birth, delivery room staff drew approximately 10mL of blood 

from the placental umbilical cord and biopsied three 1cm3 samples of chorionic villous tissue 

from the fetal side of the placenta of each newborn. The three villous tissue samples were 

consistently taken from sites located adjacent to the umbilical cord insertion site, near the edge of 

the chorionic plate, and at the midpoint of the first two sites. The villous tissue samples were 

placed in 3mL of RNAlater (Sigma-Aldrich, St. Louis, MO) and, along with the umbilical cord 

blood sample and whole placenta, were stored at 4°C for up to 48 hours until further processing. 

2.2.3 Sample processing 

 Within 48 hours of the birth, the placenta was processed, measured, and biopsied. The 

placenta processing consisted of removing the amniotic sac, draining the placenta of blood, 

weighing the drained placenta, and measuring the diameter of the umbilical cord, the maximum 

diameter of the placenta (labeled as x-axis), the diameter of the placenta perpendicular to the 

maximum diameter (labeled as y-axis), and the maximum and minimum thickness of the 

placenta. Ten additional 1cm3 chorionic villous tissue samples were biopsied for DNA extraction 

after all measurements were taken. These biopsies were taken from the same locations as the first 

three with seven additional random sites around the placenta. All thirteen villous tissue samples 

were snap-frozen on dry ice and stored at -80°C. 

2.2.4 Database analysis 

 The database is an accumulation of birth outcome and placental metric data from the past 

16 years of patient recruitment for infertility and pregnancy outcome studies. The data was 

analyzed by comparing outcomes across different modes of conception as well as several other 

factors that have been proposed to play a role in creating the differences seen between ART and 
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naturally conceived pregnancies. In addition to the specific mode of conception, the use of any 

ART, use of embryo culture, mother’s gravidity, source of infertility, type of embryo transfer, 

use of a sperm donor, use of an egg donor, and use of a surrogate were each used as factors in 

comparing outcomes. The birth outcomes and placental metrics evaluated as variables were the 

gestational age at birth, birth weight, newborn body length, head circumference, Apgar score at 

one minute, Apgar score at five minutes, weight of the trimmed and drained placenta, FPR, 

diameter of the placenta on the x-axis, diameter of the placenta on the y-axis, y diameter to x 

diameter ratio, minimum and maximum thickness of the placenta, and diameter of the umbilical 

cord. Follow-up comparisons of the variables showing the most significant differences were 

performed using ART status and either the source of infertility or the use of embryo culturing as 

factors. Only singleton data was used in these follow-up comparisons as the twin data had 

insufficient sample sizes for calculation. Because birth weight, length, and head circumference 

are known to be correlated with gestational age [95-97] and gestational age was expected to vary 

significantly between conception modes, the Fenton growth chart [98] was used to produce a 

percentile value that could more accurately be compared across groups of variable gestational 

age. Data for singletons and twins were analyzed and reported separately. 

2.2.5 Statistical analysis 

 All statistical analyses were performed in the statistical program R (3.5.2) and its user 

interface software RStudio (1.1.456). In testing for associations in this database analysis, the 

Mann-Whitney U test or Kruskal-Wallis H test was performed for comparisons of two factors or 

more than two factors, respectively, for all categorical data and any numerical data that did not 

display a normal distribution. For all normally distributed numerical data, test statistics were 

determined using the Tukey HSD test or ANOVA test, depending on whether the comparisons 

were between two factors or more. Each Kruskal-Wallis H test and ANOVA test that showed a 

significant difference (α = .050) was followed up with pairwise comparisons using the Mann-

Whitney U test or Tukey HSD test, respectively. Although a minimum confidence interval of 

95% (α = .050) was used throughout this database analysis for reporting significance, the 

Bonferroni corrections of α = .050/17 = .0029 for seventeen variables and α = .050/153 = .0003 

for seventeen variables across the nine different groupings are used throughout this chapter to 

keep the high degree of multiple testing in perspective. For this reason, p values for the birth 
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outcome analyses in sections 2.3 and 2.4 were reported to four decimal places instead of the 

conventional three and asterisks are used to denote p values equal to or less than .0500 (*), .0029 

(**), and .0003 (***) instead of the conventional .050 (*), .010 (**), and .001 (***). Analysis of 

the clinical information was done using the conventional α = .050 without correction. 

2.3 Results (singletons) 

2.3.1 Clinical information 

 As expected, pregnancies in each ART group had a higher maternal age when compared 

to the SC group: IVF (p < .001), ICSI (p < .001), IVF/ICSI (p = .001), IUI (p = .027). There 

were also fewer IUGR births in the IVF (p = .003) and ICSI (p < .001) groups when compared 

to the SC group (Table 2.2). Percentages reported for female, IUGR, LGA, and SGA births were 

calculated using the cases in each group for which the data was known, not necessarily all the 

cases in each group. 

 SC IUI IVF IVF/ICSI ICSI p value 

n (N = 700) 320 25 155 9 191  

Mean Mat. Age 

(years ± SD) 32 ± 5 a 35 ± 4 b 36 ± 4 b 38 ± 4 b 35 ± 4 b < .001 *** 

Mean Mat. BMI 

(± SD) 25 ± 6 25 ± 5 25 ± 6 24 ± 4 25 ± 5 .984 

Female (%) 51 

(154/300) 
48 

(11/23) 
52 

(62/119) 
25 

(2/8) 
42 

(47/111) .296 

IUGR (%) 10 a 

(33/320) 
0 ab 

(0/25) 
3 b 

(4/155) 
0 ab 

(0/9) 
2 b 

(4/191) < .001 *** 

LGA (%) 8 

(24/291) 
22 

(5/23) 
9 

(9/99) 
0 

(0/8) 
3 

(3/86) .060 

SGA (%) 11 

(33/291) 
13 

(3/23) 
6 

(6/99) 
0 

(0/8) 
8 

(7/86) .436 

Table 2.2. Clinical information for singleton pregnancies . Table summarizing mean maternal BMI, mean 

maternal age (y), and percentage of female births, IUGR births, LGA births, and SGA births  per conception mode 

among singleton births . Asterisks denote significance in ANOVA/Kruskal-Wallis H test. * p ≤ .050, ** p ≤ .010, 

*** p ≤ .001. Superscript letters denote significance in pairwise Tukey HSD/Mann-Whitney U tests. IUGR, 

intrauterine growth restriction; LGA, large for gestational age; SGA, small for gestational age. 
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2.3.2 Conception 

 Based on the specific mode of conception, mean values were calculated for each 

observed variable and are presented below in Table 2.3. Significant differences were seen in 

gestational age (p = .0096), placental weight (p = .0001), FPR (p = .0003), placental x diameter 

(p = .0055), placental y diameter (p = .0151), minimum placental thickness (p < .0001), 

maximum placental thickness (p = .0188), umbilical cord diameter (p = .0047), and unadjusted 

body length (p = .0010). Violin plots for these variables can be seen in Figure 2.1. 
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 SC IUI IVF IVF/ICSI ICSI p value 

n (N = 700) 320 25 155 9 191  

Gestational age 

(days ± SD) 273 ± 11 
a
 279 ± 6 

ab
 273 ± 16 

ab
 275 ± 8 

ab
 277 ± 9 

b
 .0096 * 

Birth weight 

(percentile ± SD) 
49 ± 28 47 ± 33 50 ± 28 60 ± 30 51 ± 25 .7150 

Body length 

(percentile ± SD) 
60 ± 26 60 ± 27 62 ± 27 68 ± 35 66 ± 24 .2940 

Head circumference 

(percentile ± SD) 
55 ± 28 53 ± 34 50 ± 31 55 ± 33 50 ± 32 .4620 

Apgar @ 1 min 

(± SD) 
8.6 ± 1.2 8.7 ± 0.8 8.3 ± 1.2 8.1 ± 1.1 8.3 ± 1.3 .0828 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 9.1 ± 0.4 9.0 ± 0.4 8.9 ± 0.8 9.1 ± 0.7 .5320 

Placental weight 

(g ± SD) 475 ± 111 
a
 471 ± 108 

ab
 531 ± 121 

b
 485 ± 104 

ab
 510 ± 118 

b
 .0001 *** 

F:P weight ratio 

(± SD) 7.3 ± 1.5 
a
 7.7 ± 1.7 

a
 6.6 ± 1.3 

b
 7.7 ± 1.7 

ab
 7.0 ± 1.4 

ab
 .0003 *** 

X diameter 

(cm ± SD) 18.9 ± 2.7 
a
 19.6 ± 3.3 

ab
 19.6 ± 2.6 

ab
 20.3 ± 4.0 

ab
 19.8 ± 3.0 

b
 .0055 * 

Y diameter 

(cm ± SD) 16.3 ± 2.0 
a
 16.7 ± 1.7 

ab
 16.8 ± 2.3 

ab
 17.1 ± 1.8 

ab
 17.0 ± 2.5 

b
 .0151 * 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.09 0.87 ± 0.11 0.86 ± 0.10 0.86 ± 0.10 0.86 ± 0.10 .9580 

Min thickness 

(cm ± SD) 0.7 ± 0.4 
a
 0.9 ± 0.6 

abc
 0.9 ± 0.5 

b
 1.1 ± 0.9 

abc
 1.2 ± 0.7 

c
 < .0001 *** 

Max thickness 

(cm ± SD) 1.9 ± 0.6 
a
 1.9 ± 0.4 

ab
 2.2 ± 0.6 

b
 2.0 ± 0.5 

ab
 2.0 ± 0.6 

ab
 .0188 * 

Cord diameter 

(cm ± SD) 1.2 ± 0.3 
a
 1.1 ± 0.2 

ab
 1.1 ± 0.3 

ab
 1.1 ± 0.2 

ab
 1.0 ± 0.2 

b
 .0047 * 

Birth weight 

(g ± SD) 
3279 ± 593 3440 ± 592 3344 ± 683 3532 ± 332 3444 ± 466 .0902 

Body length 

(cm ± SD) 50.5 ± 2.7 
a
 51.4 ± 2.2 

ab
 50.8 ± 3.1 

a
 51.9 ± 3.0 

ab
 51.8 ± 2.3 

b
 .0010 ** 

Head circumference 

(cm ± SD) 
34.6 ± 1.6 34.7 ± 1.8 34.3 ± 1.9 34.7 ± 1.5 34.7 ± 1.7 .5710 

Table 2.3. Singleton birth outcomes and placental metrics by conception. Table summarizing mean gestational 

age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 

5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by conception mode among singleton births . Asterisks denote significance in ANOVA. * p ≤ .0500, ** p ≤ .0029, 

*** p ≤ .0003. Superscript letters denote significance in pairwise Tukey HSD tests. 
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p = .0096 * 

p = .0055 * p = .0003 *** 

p = .0001 *** 
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p = .0151 * 

p = .0047 * p = .0188 * 

p < .0001 *** 



23 

 

 

Figure 2.1. Singleton birth outcomes and placental metrics by conception. Violin plots depicting distribution of 

birth outcomes and placental metrics by mode of conception  for each variable that was significantly different in 

ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote 

mean values, and white lines denote standard deviation ranges. A) Gestational age (d). B) Placental weight (g). C) 

Fetoplacental weight ratio. D) Placental x diameter (cm). E) Placental y diameter (cm). F) Minimum placental 

thickness (cm). G) Maximum placental thickness (cm). H) Umbilical cord diameter (cm). I) Unadjusted body length 

(cm). 

2.3.3 ART 

 Based on whether or not any ART was used, mean values were calculated for each 

observed variable and are presented below in Table 2.4. Significant differences were seen in 

gestational age (p = .0398), Apgar score at one minute (p = .0139), placental weight (p < .0001), 

FPR (p = .0026), placental x diameter (p = .0002), placental y diameter (p = .0006), minimum 

placental thickness (p < .0001), maximum placental thickness (p = .0103), umbilical cord 

diameter (p = .0004), unadjusted birth weight (p = .0152), and unadjusted body length (p = 

.0011). Violin plots for these variables can be seen in Figure 2.2. 

  

p = .0010 ** 
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 SC ART p value 

n (N = 700) 320 380  

Gestational age 

(days ± SD) 
273 ± 11 275 ± 13 .0398 * 

Birth weight 

(percentile ± SD) 
49 ± 28 51 ± 27 .4007 

Body length 

(percentile ± SD) 
60 ± 26 64 ± 26 .0780 

Head circumference 

(percentile ± SD) 
55 ± 28 51 ± 31 .0731 

Apgar @ 1 min 

(± SD) 
8.6 ± 1.2 8.3 ± 1.2 .0139 * 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 9.0 ± 0.6 .1598 

Placental weight 

(g ± SD) 
475 ± 111 516 ± 119 < .0001 *** 

F:P weight ratio 

(± SD) 
7.3 ± 1.5 6.9 ± 1.4 .0026 ** 

X diameter 

(cm ± SD) 
18.9 ± 2.7 19.7 ± 2.9 .0002 *** 

Y diameter 

(cm ± SD) 
16.3 ± 2.0 16.9 ± 2.3 .0006 ** 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.09 0.86 ± 0.10 .4431 

Min thickness 

(cm ± SD) 
0.7 ± 0.4 1.1 ± 0.6 < .0001 *** 

Max thickness 

(cm ± SD) 
1.9 ± 0.6 2.1 ± 0.6 .0103 * 

Cord diameter 

(cm ± SD) 
1.2 ± 0.3 1.1 ± 0.2 .0004 ** 

Birth weight 

(g ± SD) 
3279 ± 593 3402 ± 581 .0152 * 

Body length 

(cm ± SD) 
50.5 ± 2.7 51.3 ± 2.7 .0011 ** 

Head circumference 

(cm ± SD) 
34.6 ± 1.6 34.6 ± 1.8 .8199 

Table 2.4. Singleton birth outcomes and placental metrics by ART. Table summarizing mean gestational age (d), 

birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 5 

minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of ART among singleton births . Asterisks denote significance in Tukey HSD tests. * p ≤ .0500, ** p ≤ .0029, 

*** p ≤ .0003. 
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p = .0398 * 

p = .0026 ** p < .0001 *** 

p = .0139 * 
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p = .0002 *** 

p = .0103 * p < .0001 *** 

p = .0006 ** 



27 

 

 

Figure 2.2. Singleton birth outcomes and placental metrics by ART. Violin plots depicting distribution of birth 

outcomes and placental metrics by use of ART for each variable that was significantly different in Tukey HSD test. 

* p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote mean 

p = .0004 ** 

p = .0011 ** 

p = .0152 * 
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values, and white lines denote standard deviation ranges. A) Gestational age (d). B) Apgar score at 1 minute. C) 

Placental weight (g). D) Fetoplacental weight ratio. E) Placental x diameter (cm). F) Placental y diameter (cm). G) 

Minimum placental thickness (cm). H) Maximum placental thickness (cm). I) Umbilical cord diameter (cm). J) 

Unadjusted birth weight (g). K) Unadjusted body length (cm). 

2.3.4 In vitro embryo culture 

 Based on whether or not the embryo was cultured in vitro, mean values were calculated 

for each observed variable and are presented below in Table 2.5. Significant differences were 

seen in Apgar score at one minute (p = .0050), placental weight (p < .0001), FPR (p = .0002), 

placental x diameter (p = .0004), placental y diameter (p = .0009), minimum placental thickness 

(p < .0001), maximum placental thickness (p = .0025), umbilical cord diameter (p = .0007), 

unadjusted birth weight (p = .0357), and unadjusted body length (p = .0035). Violin plots for 

these variables can be seen in Figures 2.3. 
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 No in vitro culture In vitro culture p value 

n (N = 700) 345 355  

Gestational age 

(days ± SD) 
274 ± 11 275 ± 14 .2144 

Birth weight 

(percentile ± SD) 
48 ± 28 51 ± 26 .2823 

Body length 

(percentile ± SD) 
60 ± 26 64 ± 26 .0505 

Head circumference 

(percentile ± SD) 
55 ± 29 50 ± 31 .0716 

Apgar @ 1 min 

(± SD) 
8.6 ± 1.2 8.3 ± 1.2 .0050 * 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 9.0 ± 0.6 .1444 

Placental weight 

(g ± SD) 
474 ± 111 519 ± 119 < .0001 *** 

F:P weight ratio 

(± SD) 
7.3 ± 1.5 6.8 ± 1.4 .0002 *** 

X diameter 

(cm ± SD) 
18.9 ± 2.8 19.7 ± 2.9 .0004 ** 

Y diameter 

(cm ± SD) 
16.3 ± 2.0 16.9 ± 2.4 .0009 ** 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.1 0.86 ± 0.1 .4516 

Min thickness 

(cm ± SD) 
0.7 ± 0.4 1.1 ± 0.6 < .0001 *** 

Max thickness 

(cm ± SD) 
1.9 ± 0.6 2.1 ± 0.6 .0025 ** 

Cord diameter 

(cm ± SD) 
1.2 ± 0.3 1.1 ± 0.2 .0007 ** 

Birth weight 

(g ± SD) 
3291 ± 594 3398 ± 581 .0357 * 

Body length 

(cm ± SD) 
50.6 ± 2.7 51.3 ± 2.8 .0035 * 

Head circumference 

(cm ± SD) 
34.6 ± 1.6 34.5 ± 1.8 .6916 

Table 2.5. Singleton birth outcomes and placental metrics by in vitro culture. Table summarizing mean 

gestational age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, 

Apgar score at 5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y 

diameter (cm), placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), 

umbilical cord diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head 

circumference (cm) by use of in vitro embryo culturing among singleton births . Asterisks denote significance in 

Tukey HSD tests. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. 
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p = .0050 * 

p = .0004 ** p = .0002 *** 

p < .0001 *** 
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p = .0009 ** 

p = .0007 ** p = .0025 ** 

p < .0001 *** 
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Figure 2.3. Singleton birth outcomes and placental metrics by embryo culture. Violin plots depicting 

distribution of birth outcomes and placental metrics by use of in vitro embryo culture for each variable that was 

significantly different in Tukey HSD test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual 

data points, white dots denote mean values, and white lines denote standard deviation ranges. A) Apgar score at 1 

minute. B) Placental weight (g). C) Fetoplacental weight ratio. D) Placental x diameter (cm). E) Placental y 

diameter (cm). F) Minimum placental thickness (cm). G) Maximum placental thickness (cm). H) Umbilical cord 

diameter (cm). I) Unadjusted birth weight (g). J) Unadjusted body length (cm). 

2.3.5 Infertility 

 Based on which parent was diagnosed with infertility, mean values were calculated for 

each observed variable and are presented below in Table 2.6. The “Neither” group is comprised 

of both pregnancies in which no ART was used and pregnancies in which ART was used for 

reasons other than infertility. The “NA” group is comprised of pregnancies in which an ART was 

used, but fertility status was unknown in this database and was therefor not included in the 

statistical comparisons. Significant differences were seen in placental x diameter (p = .0009), 

placental y diameter (p = .0066), placental diameter ratio (p = .0283), and minimum placental 

thickness (p = .0058). Violin plots for these variables can be seen in Figure 2.4. 

  

p = .0357 * p = .0035 * 
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 Neither Male Female Both NA p value 

n (N = 700) 330 14 16 5 335  

Gestational age 

(days ± SD) 
273 ± 11 271 ± 25 272 ± 13 277 ± 6 276 ± 12 .8240 

Birth weight 

(percentile ± SD) 
49 ± 28 63 ± 31 45 ± 28 62 ± 23 49 ± 26 .2300 

Body length 

(percentile ± SD) 
60 ± 26 65 ± 28 60 ± 32 78 ± 17 64 ± 25 .4300 

Head circumference 

(percentile ± SD) 
56 ± 28 59 ± 36 48 ± 30 56 ± 30 49 ± 31 .7910 

Apgar @ 1 min 

(± SD) 
8.6 ± 1.2 8.1 ± 1.8 8.5 ± 0.8 7.8 ± 0.8 8.4 ± 1.2 .2550 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 8.7 ± 0.9 9.1 ± 0.3 9.0 ± 0.0 9.1 ± 0.6 .1080 

Placental weight 

(g ± SD) 
476 ± 111 499 ± 118 447 ± 103 541 ± 128 518 ± 120 .3950 

F:P weight ratio 

(± SD) 
7.3 ± 1.5 7.9 ± 1.6 7.1 ± 0.9 6.9 ± 1.6 6.9 ± 1.4 .4940 

X diameter 

(cm ± SD) 18.9 ± 2.8 
a
 19.9 ± 2.3 

a
 19.8 ± 2.2 

a
 23.8 ± 4.7 

b
 19.6 ± 2.9 .0009 ** 

Y diameter 

(cm ± SD) 
16.3 ± 2.1 17.8 ± 1.7 17.7 ± 2.1 17.7 ± 1.8 16.8 ± 2.4 .0066 * 

Y:X diameter ratio 

(± SD) 0.87 ± 0.10 
a
 0.90 ± 0.07 

a
 0.89 ± 0.05 

a
 0.76 ± 0.11 

b
 0.86 ± 0.10 .0283 * 

Min thickness 

(cm ± SD) 0.7 ± 0.4 
a
 1.1 ± 0.5 

b
 1.0 ± 0.3 

ab
 0.7 ± 0.2 

ab
 1.1 ± 0.6 .0058 * 

Max thickness 

(cm ± SD) 
2.0 ± 0.6 2.0 ± 0.3 2.4 ± 0.7 2.2 ± 0.5 2.1 ± 0.6 .1320 

Cord diameter 

(cm ± SD) 
1.2 ± 0.3 1.0 ± 0.2 1.0 ± 0.2 1.1 ± 0.2 1.1 ± 0.3 .0621 

Birth weight 

(g ± SD) 
3297 ± 601 3507 ± 957 3161 ± 655 3578 ± 264 3387 ± 543 .3660 

Body length 

(cm ± SD) 
50.6 ± 2.7 52.2 ± 3.1 50.3 ± 3.7 52.6 ± 1.3 51.3 ± 2.6 .0927 

Head circumference 

(cm ± SD) 
34.6 ± 1.6 35.2 ± 1.9 34.1 ± 1.6 34.9 ± 1.5 34.5 ± 1.8 .4030 

Table 2.6. Singleton birth outcomes and placental metrics by infertility. Table summarizing mean gestational 

age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 

5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by source of infertility among singleton births . Asterisks denote significance in ANOVA. * p ≤ .0500, ** p ≤ .0029, 

*** p ≤ .0003. Superscript letters denote significance in pairwise Tukey HSD tests. 
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Figure 2.4. Singleton birth outcomes and placental metrics by infertility. Violin plots depicting distribution of 

birth outcomes and placental metrics by source of infertility for each variable that was significantly different in 

ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote 

p = .0009 ** 

p = .0058 * p = .0283 * 

p = .0066 * 
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mean values, and white lines denote standard deviation ranges. A) Placental x diameter (cm). B) Placental y 

diameter (cm). C) Placental y:x diameter ratio. D) Minimum placental thickness (cm). 

2.3.6 Gravidity 

 Based on the mother’s gravidity, mean values were calculated for each observed variable 

and are presented below in Table 2.7. The “NA” group is comprised of pregnancies for which the 

mother’s gravidity was unknown in this database and was therefor not included in the statistical 

comparisons. Significant differences were seen in head circumference percentile (p = .0044), 

Apgar score at one minute (p = .0239), and umbilical cord diameter (p = .0238). Violin plots for 

these variables can be seen in Figure 2.5. 
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 1 2 3 4 NA p value 

n (N = 700) 64 79 46 13 498  

Gestational age 

(days ± SD) 
274 ± 16 270 ± 12 271 ± 10 272 ± 11 276 ± 11 .2110 

Birth weight 

(percentile ± SD) 
48 ± 28 55 ± 27 51 ± 32 47 ± 35 48 ± 27 .5760 

Body length 

(percentile ± SD) 
57 ± 30 61 ± 25 64 ± 25 59 ± 32 62 ± 26 .5860 

Head circumference 

(percentile ± SD) 45 ± 30 
a
 59 ± 29 

b
 62 ± 26 

b
 68 ± 28 

ab
 52 ± 30 .0044 * 

Apgar @ 1 min 

(± SD) 8.3 ± 1.5 
a
 8.6 ± 0.9 

ab
 8.9 ± 0.4 

b
 8.9 ± 0.5 

ab
 8.4 ± 1.3 .0239 * 

Apgar @ 5 min 

(± SD) 
9.0 ± 0.4 9.1 ± 0.6 9.2 ± 0.4 9.2 ± 0.4 9.1 ± 0.6 .2680 

Placental weight 

(g ± SD) 
488 ± 123 449 ± 107 475 ± 121 502 ± 138 506 ± 115 .2370 

F:P weight ratio 

(± SD) 
7.4 ± 1.7 7.9 ± 1.7 7.4 ± 1.6 7.0 ± 1.1 6.9 ± 1.3 .1990 

X diameter 

(cm ± SD) 
19.3 ± 3.2 19.2 ± 2.7 19.5 ± 3.1 19.0 ± 2.0 19.3 ± 2.8 .9690 

Y diameter 

(cm ± SD) 
16.6 ± 2.3 16.5 ± 2.3 16.3 ± 2.1 16.6 ± 1.8 16.6 ± 2.2 .9580 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.08 0.86 ± 0.11 0.85 ± 0.10 0.88 ± 0.11 0.87 ± 0.10 .7490 

Min thickness 

(cm ± SD) 
0.8 ± 0.5 0.8 ± 0.5 0.9 ± 0.6 1.0 ± 0.5 0.9 ± 0.6 .4610 

Max thickness 

(cm ± SD) 
2.1 ± 0.5 2.1 ± 0.6 2.3 ± 0.6 2.4 ± 0.5 1.9 ± 0.6 .3840 

Cord diameter 

(cm ± SD) 1.1 ± 0.3 
a
 1.2 ± 0.3 

b
 1.2 ± 0.3 

ab
 1.2 ± 0.3 

ab
 1.2 ± 0.3 .0238 * 

Birth weight 

(g ± SD) 
3288 ± 694 3288 ± 561 3280 ± 649 3353 ± 775 3361 ± 565 .9880 

Body length 

(cm ± SD) 
50.3 ± 3.9 50.3 ± 2.4 50.8 ± 2.7 50.5 ± 2.9 51.2 ± 2.5 .8000 

Head circumference 

(cm ± SD) 
34.0 ± 2.2 34.6 ± 1.5 34.7 ± 1.4 35.2 ± 1.8 34.7 ± 1.7 .0800 

Table 2.7. Singleton birth outcomes and placental metrics by maternal gravidity. Table summarizing mean 

gestational age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, 

Apgar score at 5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y 

diameter (cm), placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), 

umbilical cord diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head 

circumference (cm) by maternal gravidity among singleton births . Asterisks denote significance in ANOVA. * p ≤ 

.0500, ** p ≤ .0029, *** p ≤ .0003. Superscript letters denote significance in pairwise Tukey HSD tests. 
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Figure 2.5. Singleton birth outcomes and placental metrics by gravidity. Violin plots depicting distribution of 

birth outcomes and placental metrics by maternal gravidity for each variable that was significantly different in 

ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote 

p = .0044 * 

p = .0238 * 

p = .0239 * 
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mean values, and white lines denote standard deviation ranges. A) Head circumference (%ile). B) Apgar score at 1 

minute. C) Umbilical cord diameter (cm). 

2.3.7 Embryo transfer 

 Based on whether a fresh or frozen embryo was transferred, mean values were calculated 

for each observed variable and are presented below in Table 2.8. The “NA” group is comprised 

of both pregnancies in which no embryo transfer occurred (56%) and pregnancies in which an 

embryo transfer occurred, but fresh or frozen status was unknown in this database (44%) and was 

therefor not included in the statistical comparisons. Significant differences were seen in head 

circumference percentile (p = .0260) and placental weight (p = .0380). Violin plots for these 

variables can be seen in Figure 2.6. 
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 Fresh Frozen NA p value 

n (N = 700) 47 38 615  

Gestational age 

(days ± SD) 
272 ± 14 273 ± 21 274 ± 11 .8343 

Birth weight 

(percentile ± SD) 
49 ± 27 61 ± 28 49 ± 27 .0622 

Body length 

(percentile ± SD) 
61 ± 29 67 ± 26 61 ± 26 .3703 

Head circumference 

(percentile ± SD) 
44 ± 32 61 ± 31 54 ± 29 .0260 * 

Apgar @ 1 min 

(± SD) 
8.4 ± 1.3 8.4 ± 0.9 8.5 ± 1.2 .7853 

Apgar @ 5 min 

(± SD) 
8.9 ± 0.8 9.0 ± 0.5 9.1 ± 0.6 .5634 

Placental weight 

(g ± SD) 
465 ± 98 520 ± 113 497 ± 118 .0380 * 

F:P weight ratio 

(± SD) 
7.3 ± 1.6 7.1 ± 1.0 7.1 ± 1.5 .5687 

X diameter 

(cm ± SD) 
19.6 ± 2.7 20.7 ± 3.1 19.2 ± 2.8 .1204 

Y diameter 

(cm ± SD) 
17.2 ± 1.9 17.8 ± 1.8 16.5 ± 2.2 .1965 

Y:X diameter ratio 

(± SD) 
0.88 ± 0.07 0.87 ± 0.10 0.86 ± 0.10 .4905 

Min thickness 

(cm ± SD) 
0.9 ± 0.4 1.1 ± 0.6 0.9 ± 0.6 .0510 

Max thickness 

(cm ± SD) 
2.1 ± 0.5 2.3 ± 0.5 2.0 ± 0.6 .0859 

Cord diameter 

(cm ± SD) 
1.0 ± 0.2 1.1 ± 0.2 1.2 ± 0.3 .6872 

Birth weight 

(g ± SD) 
3232 ± 564 3495 ± 866 3334 ± 567 .1097 

Body length 

(cm ± SD) 
50.5 ± 3.2 51.5 ± 3.7 50.9 ± 2.6 .2171 

Head circumference 

(cm ± SD) 
34.0 ± 2.0 34.9 ± 2.4 34.6 ± 1.6 .0741 

Table 2.8. Singleton birth outcomes and placental metrics by embryo transfer. Table summarizing mean 

gestational age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, 

Apgar score at 5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y 

diameter (cm), placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), 

umbilical cord diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), an d unadjusted head 

circumference (cm) by type of embryo transfer among singleton births . Asterisks denote significance in Tukey HSD 

tests. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. 
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Figure 2.6. Singleton birth outcomes and placental metrics by embryo transfer. Violin plots depicting 

distribution of birth outcomes and placental metrics by type of embryo transfer for each variable that was 

significantly different in Tukey HSD test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual 

data points, white dots denote mean values, and white lines denote standard deviation ranges. A) Head 

circumference (%ile). B) Placental weight (g). 

2.3.8 Sperm donor 

 Based on whether or not a sperm donor was used, mean values were calculated for each 

observed variable and are presented below in Table 2.9. A significant difference was seen in 

head circumference percentile (p = .0126). A violin plot for this variable can be seen in Figure 

2.7. 

  

p = .0260 * p = .0380 * 
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 No sperm donor Sperm donor p value 

n (N = 700) 693 7  

Gestational age 

(days ± SD) 
274 ± 12 270 ± 12 .3577 

Birth weight 

(percentile ± SD) 
49 ± 27 69 ± 31 .0553 

Body length 

(percentile ± SD) 
61 ± 26 71 ± 28 .3567 

Head circumference 

(percentile ± SD) 
53 ± 30 81 ± 18 .0126 * 

Apgar @ 1 min 

(± SD) 
8.5 ± 1.2 8.0 ± 1.5 .2886 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 8.9 ± 0.4 .3152 

Placental weight 

(g ± SD) 
495 ± 117 513 ± 118 .6851 

F:P weight ratio 

(± SD) 
7.1 ± 1.5 7.1 ± 0.5 .9325 

X diameter 

(cm ± SD) 
19.3 ± 2.9 21.2 ± 2.0 .1156 

Y diameter 

(cm ± SD) 
16.6 ± 2.2 17.5 ± 2.3 .3157 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.1 0.83 ± 0.1 .3537 

Min thickness 

(cm ± SD) 
0.9 ± 0.6 1.2 ± 0.6 .1772 

Max thickness 

(cm ± SD) 
2.0 ± 0.6 2.1 ± 0.8 .6612 

Cord diameter 

(cm ± SD) 
1.2 ± 0.3 1.1 ± 0.2 .5326 

Birth weight 

(g ± SD) 
3332 ± 589 3610 ± 704 .2162 

Body length 

(cm ± SD) 
50.9 ± 2.7 51.1 ± 2.8 .8116 

Head circumference 

(cm ± SD) 
34.6 ± 1.7 35.6 ± 1.2 .1227 

Table 2.9. Singleton birth outcomes and placental metrics by sperm donor. Table summarizing mean 

gestational age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, 

Apgar score at 5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y 

diameter (cm), placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), 

umbilical cord diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head 

circumference (cm) by use of sperm donor among singleton births . Asterisks denote significance in Tukey HSD 

tests. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. 
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Figure 2.7. Singleton birth outcomes and placental metrics by sperm donor. Violin plot depicting distribution of 

body length (%ile), the only variable that was significantly different in Tukey HSD test, by use of a sperm donor. * 

p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote mean values, 

and white lines denote standard deviation ranges. 

2.3.9 Egg donor 

 Based on whether or not an egg donor was used, mean values were calculated for each 

observed variable and are presented below in Table 2.10. Significant differences were seen in 

gestational age (p = .0054), Apgar score at five minutes (p = .0479), maximum placental 

thickness (p = .0200), and unadjusted body length (p = .0340). Violin plots for these variables 

can be seen in Figure 2.8. 

  

p = .0126 * 
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 No egg donor Egg donor p value 

n (N = 700) 695 5  

Gestational age 

(days ± SD) 
274 ± 12 255 ± 14 .0054 * 

Birth weight 

(percentile ± SD) 
50 ± 28 36 ± 26 .3968 

Body length 

(percentile ± SD) 
62 ± 26 37 ± 35 .1074 

Head circumference 

(percentile ± SD) 
54 ± 30 40 ± 34 .4392 

Apgar @ 1 min 

(± SD) 
8.5 ± 1.2 7.5 ± 2.4 .1028 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 8.5 ± 1.7 .0479 * 

Placental weight 

(g ± SD) 
496 ± 117 410 ± 111 .1402 

F:P weight ratio 

(± SD) 
7.1 ± 1.5 7.3 ± 1.5 .8030 

X diameter 

(cm ± SD) 
19.3 ± 2.9 19.8 ± 3.8 .7640 

Y diameter 

(cm ± SD) 
16.6 ± 2.2 17.0 ± 1.8 .7304 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.10 0.87 ± 0.08 .9284 

Min thickness 

(cm ± SD) 
0.9 ± 0.6 1.2 ± 0.1 .3726 

Max thickness 

(cm ± SD) 
2.0 ± 0.6 2.7 ± 0.5 .0200 * 

Cord diameter 

(cm ± SD) 
1.2 ± 0.3 1.0 ± 0.2 .1859 

Birth weight 

(g ± SD) 
3340 ± 589 2784 ± 559 .0603 

Body length 

(cm ± SD) 
50.9 ± 2.7 48.0 ± 4.6 .0340 * 

Head circumference 

(cm ± SD) 
34.6 ± 1.7 33.2 ± 2.5 .1033 

Table 2.10. Singleton birth outcomes and placental metrics by egg donor. Table summarizing mean gestational 

age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 

5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of egg donor among singleton births . Asterisks denote significance in Tukey HSD tests. * p ≤ .0500, ** p ≤ 

.0029, *** p ≤ .0003. 
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Figure 2.8. Singleton birth outcomes and placental metrics by egg donor. Violin plots depicting distribution of 

birth outcomes and placental metrics by use of egg donor for each variable that was significantly different in Tukey 

HSD test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote 

p = .0054 * 

p = .0340 * p = .0200 * 

p = .0479 * 
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mean values, and white lines denote standard deviation ranges. A) Gestational age (d). B) Apgar score at 5 minutes. 

C) Maximum placental thickness (cm). D) Unadjusted body length (cm). 

2.3.10 Surrogate 

 Based on whether or not a surrogate mother was used, mean values were calculated for 

each observed variable and are presented below in Table 2.11. Significant differences were seen 

in birth weight percentile (p = .0211), unadjusted birth weight (p = .0017), unadjusted body 

length (p = .0341), and unadjusted head circumference (p = .0445). Violin plots for these 

variables can be seen in Figure 2.9. 
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 No surrogate Surrogate p value 

n (N = 700) 697 3  

Gestational age 

(days ± SD) 
274 ± 12 284 ± 9 .2709 

Birth weight 

(percentile ± SD) 
49 ± 27 94 ± 7 .0211 * 

Body length 

(percentile ± SD) 
61 ± 26 94 ± 6 .0777 

Head circumference 

(percentile ± SD) 
53 ± 30 87 ± 14 .1054 

Apgar @ 1 min 

(± SD) 
8.5 ± 1.2 9.0 ± 0.0 .5435 

Apgar @ 5 min 

(± SD) 
9.1 ± 0.6 9.0 ± 0.0 .8491 

Placental weight 

(g ± SD) 
495 ± 117 560 ± NA .5838 

F:P weight ratio 

(± SD) 
7.1 ± 1.5 NA ± NA NA 

X diameter 

(cm ± SD) 
19.3 ± 2.9 24.4 ± NA .0756 

Y diameter 

(cm ± SD) 
16.6 ± 2.2 19.0 ± NA .2792 

Y:X diameter ratio 

(± SD) 
0.87 ± 0.10 0.78 ± NA .3728 

Min thickness 

(cm ± SD) 
0.9 ± 0.6 1.3 ± NA .4792 

Max thickness 

(cm ± SD) 
2.0 ± 0.6 3.2 ± NA .0533 

Cord diameter 

(cm ± SD) 
1.2 ± 0.3 0.9 ± NA .4144 

Birth weight 

(g ± SD) 
3331 ± 585 4638 ± 909 .0017 ** 

Body length 

(cm ± SD) 
50.9 ± 2.7 55.0 ± 2.8 .0341 * 

Head circumference 

(cm ± SD) 
34.6 ± 1.7 37.0 ± 2.1 .0445 * 

Table 2.11. Singleton birth outcomes and placental metrics by surrogate. Table summarizing mean gestational 

age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 

5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of gestational surrogate among singleton births . Asterisks denote significance in Tukey HSD tests. * p ≤ 

.0500, ** p ≤ .0029, *** p ≤ .0003. 
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Figure 2.9. Singleton birth outcomes and placental metrics by surrogate. Violin plots depicting distribution of 

birth outcomes and placental metrics by use of gestational surrogate for each variable that was significantly different 

in Tukey HSD test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots 

p = .0211 * 

p = .0445 * p = .0341 * 

p = .0017 ** 
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denote mean values, and white lines denote standard deviation ranges. A) Birth weight (%ile). B) Unadjusted birth 

weight (g). C) Unadjusted body length (cm). D) Unadjusted head circumference (cm). 

2.4 Results (twins) 

2.4.1 Clinical information 

 Similar to what was seen in the singleton births, pregnancies in the IVF (p = .024) and 

ICSI (p = .009) groups had significantly higher maternal age than the SC group. There were 

significantly fewer IUGR births in the IVF (p < .001), IUI (p = .014), IVF/ICSI (p = .042), and 

ICSI (p < .001) groups than the SC group. The IVF and IVF/ICSI groups also had significantly 

more IUGR births than the ICSI group (p = .003) and (p < .001) (Table 2.12). Percentages 

reported for female, IUGR, LGA, and SGA births were calculated using the cases in each group 

for which the data was known, not necessarily all the cases in each group. 

 SC IUI IVF IVF/ICSI ICSI p value 

n (N = 170) 19 4 72 8 67  

Mean Mat. Age 

(years ± SD) 29 ± 6 
a
 38 ± 3 

ab
 35 ± 5 

b
 33 ± 3 

ab
 36 ± 2 

b
 .009 ** 

Mean Mat. BMI 

(± SD) 
27 ± 6 29 ± 10 25 ± 4 27 ± 2 22 ± 3 .221 

Female (%) 
41 

(7/17) 

50 

(2/4) 

54 

(32/59) 

38 

(3/8) 

40 

(12/30) 
.675 

IUGR (%) 68 
a
 

(13/19) 

0 
bc

 

(0/4) 

12 
b

 

(9/72) 

25 
b

 

(2/8) 

0 
c
 

(0/67) 
< .001 *** 

LGA (%) 
0 

(0/17) 

0 

(0/4) 

0 

(0/55) 

0 

(0/6) 

0 

(0/23) 
NA 

SGA (%) 
35 

(6/17) 

0 

(0/4) 

15 

(8/55) 

50 

(3/6) 

30 

(7/23) 
.091 

Table 2.12. Clinical information for twin pregnancies . Table summarizing mean maternal BMI, mean maternal 

age (y), and percentage of female births, IUGR births, LGA births, and SGA births per conception mode  among 

twin births. Asterisks denote significance in ANOVA/Kruskal-Wallis H test. * p ≤ .050, ** p ≤ .010, *** p ≤ .001. 

Superscript letters denote significance in pairwise Tukey HSD/Mann-Whitney U tests. IUGR, intrauterine growth 

restriction; LGA, large for gestational age; SGA, small for gestational age. 
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2.4.2 Conception 

 Based on the specific mode of conception, mean values were calculated for each 

observed variable and are presented below in Table 2.13. Significant differences were seen in 

gestational age (p = .0043), body length percentile (p = .0359), placental weight (p = .0454), 

FPR (p = .0010), minimum placental thickness (p = .0054), maximum placental thickness (p = 

.0139), unadjusted birth weight (p = .0078), unadjusted body length (p = .0011), and unadjusted 

head circumference (p = .0002). Violin plots for these variables can be seen in Figure 2.10. 
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 SC IUI IVF IVF/ICSI ICSI p value 

n (N = 170) 19 4 72 8 67  

Gestational age 

(days ± SD) 249 ± 11 
a
 256 ± 4 

ab
 252 ± 12 

a
 260 ± 7 

ab
 260 ± 8 

b
 .0043 * 

Birth weight 

(percentile ± SD) 
21 ± 23 39 ± 28 32 ± 21 14 ± 13 33 ± 27 .1300 

Body length 

(percentile ± SD) 
35 ± 30 54 ± 28 52 ± 23 33 ± 17 56 ± 27 .0359 * 

Head circumference 

(percentile ± SD) 
40 ± 27 57 ± 18 61 ± 23 55 ± 31 63 ± 28 .0546 

Apgar @ 1 min 

(± SD) 
7.8 ± 1.5 9.0 ± 0.0 8.1 ± 1.7 8.9 ± 0.4 8.7 ± 1.0 .1980 

Apgar @ 5 min 

(± SD) 
8.8 ± 0.6 9.0 ± 0.0 8.9 ± 0.7 9.2 ± 0.5 9.0 ± 0.3 .4070 

Placental weight 

(g ± SD) 
543 ± 187 NA ± NA 484 ± 123 442 ± 17 414 ± 79 .0454 * 

F:P weight ratio 

(± SD) 2.9 ± 0.1 
a
 NA ± NA 5.5 ± 1.5 

b
 NA ± NA 6.9 ± 1.3 

c
 .0010 ** 

X diameter 

(cm ± SD) 
18.2 ± 3.4 22.2 ± 4.2 21.4 ± 4.7 19.7 ± 3.0 20.5 ± 3.6 .5320 

Y diameter 

(cm ± SD) 
14.2 ± 4.8 16.7 ± 2.2 16.9 ± 3.5 16.9 ± 2.1 16.1 ± 3.4 .5990 

Y:X diameter ratio 

(± SD) 
0.76 ± 0.13 0.78 ± 0.24 0.81 ± 0.13 0.88 ± 0.21 0.79 ± 0.13 .7540 

Min thickness 

(cm ± SD) 1.6 ± 1.0 
a
 1.2 ± 0.2 

ab
 0.6 ± 0.4 

b
 1.1 ± 0.7 

ab
 1.0 ± 0.5 

ab
 .0054 * 

Max thickness 

(cm ± SD) 2.5 ± 1.7 
ab

 2.0 ± 0.1 
ab

 1.5 ± 0.6 
a
 2.2 ± 0.2 

ab
 2.0 ± 0.6 

b
 .0139 * 

Cord diameter 

(cm ± SD) 
NA ± NA 1.0 ± 0.0 0.9 ± 0.1 1.3 ± 0.5 1.0 ± 0.3 .2300 

Birth weight 

(g ± SD) 2128 ± 601 
a
 2626 ± 487 

ab
 2428 ± 427 

ab
 2349 ± 159 

ab
 2659 ± 452 

b
 .0078 * 

Body length 

(cm ± SD) 44.9 ± 3.7 
a
 47.5 ± 2.8 

ab
 47.4 ± 2.2 

b
 46.9 ± 1.1 

ab
 48.7 ± 2.9 

b
 .0011 ** 

Head circumference 

(cm ± SD) 31.6 ± 1.9 
a
 33.1 ± 1.2 

ab
 33.0 ± 1.4 

b
 33.3 ± 1.3 

ab
 34.0 ± 1.3 

b
 .0002 *** 

Table 2.13. Twin birth outcomes and placental metrics by conception. Table summarizing mean gestational age 

(d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 5 

minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by conception mode among twin births . Asterisks denote significance in ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p 

≤ .0003. Superscript letters denote significance in pairwise Tukey HSD tests. 
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p = .0043 * 

p = .0010 ** p = .0454 * 

p = .0359 * 
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p = .0054 * 

p = .0011 ** p = .0078 * 

p = .0139 * 
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Figure 2.10. Twin birth outcomes and placental metrics by conception. Violin plots depicting distribution of 

birth outcomes and placental metrics by mode of conception for each variable that was significantly different in 

ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote 

mean values, and white lines denote standard deviation ranges. A) Gestational age (d). B) Body length (%ile). C) 

Placental weight (g). D) Fetoplacental weight ratio. E) Minimum placental thickness (cm). F) Maximum placental 

thickness (cm). G) Unadjusted birth weight (g). H) Unadjusted body length (cm). I) Unadjusted head circumference 

(cm). 

2.4.3 ART 

 Based on whether or not any ART was used, mean values were calculated for each 

observed variable and are presented below in Table 2.14. Significant differences were seen in 

gestational age (p = .0382), body length percentile (p = .0192), head circumference percentile (p 

= .0031), FPR (p = .0062), minimum placental thickness (p = .0153), unadjusted birth weight (p 

= .0034), unadjusted body length (p = .0002), and unadjusted head circumference (p = .0001). 

Violin plots for these variables can be seen in Figure 2.11. 

  

p = .0002 *** 
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 SC ART p value 

n (N = 170) 19 151  

Gestational age 

(days ± SD) 
249 ± 11 255 ± 11 .0382 * 

Birth weight 

(percentile ± SD) 
21 ± 23 31 ± 22 .0777 

Body length 

(percentile ± SD) 
35 ± 30 51 ± 24 .0192 * 

Head circumference 

(percentile ± SD) 
40 ± 27 61 ± 25 .0031 * 

Apgar @ 1 min 

(± SD) 
7.8 ± 1.5 8.4 ± 1.5 .1552 

Apgar @ 5 min 

(± SD) 
8.8 ± 0.6 8.9 ± 0.6 .3202 

Placental weight 

(g ± SD) 
543 ± 187 451 ± 107 .1176 

F:P weight ratio 

(± SD) 
2.9 ± 0.1 6.2 ± 1.5 .0062 * 

X diameter 

(cm ± SD) 
18.2 ± 3.4 20.8 ± 4.0 .2092 

Y diameter 

(cm ± SD) 
14.2 ± 4.8 16.5 ± 3.4 .2105 

Y:X diameter ratio 

(± SD) 
0.76 ± 0.13 0.80 ± 0.14 .5877 

Min thickness 

(cm ± SD) 
1.6 ± 1.0 0.9 ± 0.5 .0153 * 

Max thickness 

(cm ± SD) 
2.5 ± 1.7 1.8 ± 0.6 .0619 

Cord diameter 

(cm ± SD) 
NA ± NA 1.1 ± 0.3 NA 

Birth weight 

(g ± SD) 
2128 ± 601 2493 ± 433 .0034 * 

Body length 

(cm ± SD) 
44.9 ± 3.7 47.7 ± 2.4 .0002 *** 

Head circumference 

(cm ± SD) 
31.6 ± 1.9 33.3 ± 1.4 .0001 *** 

Table 2.14. Twin birth outcomes and placental metrics by ART. Table summarizing mean gestational age (d), 

birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 5 

minutes, placental weight (g), fetoplacental weight ratio, placental x d iameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of ART among twin births . Asterisks denote significance in Tukey HSD tests. * p ≤ .0500, ** p ≤ .0029, *** 

p ≤ .0003. 
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p = .0382 * 

p = .0062 * p = .0031 * 

p = .0192 * 
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Figure 2.11. Twin birth outcomes and placental metrics by ART. Violin plots depicting distribution of birth 

outcomes and placental metrics by use of ART for each variable that was significantly different in Tukey HSD test. 

* p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote mean 

p = .0153 * 

p = .0001 *** p = .0002 *** 

p = .0034 * 
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values, and white lines denote standard deviation ranges. A) Gestational age (d). B) Body length (%ile). C) Head 

circumference (%ile). D) Fetoplacental weight ratio. E) Minimum placental thickness (cm). F) Unadjusted birth 

weight (g). G) Unadjusted body length (cm). H) Unadjusted head circumference (cm). 

2.4.4 In vitro embryo culture 

 Based on whether or not the embryo was cultured in vitro, mean values were calculated 

for each observed variable and are presented below in Table 2.15. Significant differences were 

seen in head circumference percentile (p = .0064), FPR (p = .0062), minimum placental 

thickness (p = .0107), unadjusted birth weight (p = .0222), unadjusted body length (p = .0009), 

and unadjusted head circumference (p = .0003). Violin plots for these variables can be seen in 

Figure 2.12. 
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 No in vitro culture In vitro culture p value 

n (N = 170) 23 147  

Gestational age 

(days ± SD) 
250 ± 11 255 ± 11 .0737 

Birth weight 

(percentile ± SD) 
24 ± 24 31 ± 22 .2162 

Body length 

(percentile ± SD) 
39 ± 30 51 ± 24 .0539 

Head circumference 

(percentile ± SD) 
43 ± 26 61 ± 25 .0064 * 

Apgar @ 1 min 

(± SD) 
8.0 ± 1.4 8.4 ± 1.5 .3987 

Apgar @ 5 min 

(± SD) 
8.8 ± 0.5 8.9 ± 0.6 .4478 

Placental weight 

(g ± SD) 
543 ± 187 451 ± 107 .1176 

F:P weight ratio 

(± SD) 
2.9 ± 0.1 6.2 ± 1.5 .0062 * 

X diameter 

(cm ± SD) 
19.6 ± 3.8 20.8 ± 4.0 .4752 

Y diameter 

(cm ± SD) 
15.1 ± 4.0 16.4 ± 3.4 .3489 

Y:X diameter ratio 

(± SD) 
0.77 ± 0.15 0.80 ± 0.14 .5541 

Min thickness 

(cm ± SD) 
1.5 ± 0.8 0.9 ± 0.5 .0107 * 

Max thickness 

(cm ± SD) 
2.3 ± 1.3 1.8 ± 0.6 .0807 

Cord diameter 

(cm ± SD) 
1.0 ± 0.0 1.1 ± 0.3 .8152 

Birth weight 

(g ± SD) 
2223 ± 604 2487 ± 433 .0222 * 

Body length 

(cm ± SD) 
45.4 ± 3.6 47.7 ± 2.4 .0009 ** 

Head circumference 

(cm ± SD) 
31.9 ± 1.9 33.3 ± 1.4 .0003 *** 

Table 2.15. Twin birth outcomes and placental metrics by in vitro culture. Table summarizing mean gestational 

age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 

5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of in vitro embryo culturing among twin births . Asterisks denote significance in Tukey HSD tests. * p ≤ 

.0500, ** p ≤ .0029, *** p ≤ .0003. 
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p = .0064 * 

p = .0222 * p = .0107 * 

p = .0062 * 
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Figure 2.12. Twin birth outcomes and placental metrics by embryo culture. Violin plots depicting distribution 

of birth outcomes and placental metrics by use of in vitro embryo culture for each variable that was significantly 

different in Tukey HSD test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, 

white dots denote mean values, and white lines denote standard deviation ranges. A) Head circumference (%ile). B) 

Fetoplacental weight ratio. C) Minimum placental thickness (cm). D) Unadjusted birth weight (g). E) Unadjusted 

body length (cm). F) Unadjusted head circumference (cm). 

2.4.5 Infertility 

 Based on which parent was diagnosed with infertility, mean values were calculated for 

each observed variable and are presented below in Table 2.16. The “Neither” group is comprised 

of both pregnancies in which no ART was used and pregnancies in which ART was used for 

reasons other than infertility. The “NA” group is comprised of pregnancies in which an ART was 

used, but fertility status was unknown in this database and was therefor not included in the 

statistical comparisons. Significant differences were seen in gestational age (p = .0079), head 

circumference percentile (p = .0022), FPR (p = .0003), placental y diameter (p = .0399), 

unadjusted birth weight (p = .0170), unadjusted body length (p = .0242), and unadjusted head 

circumference (p = .0002). Violin plots for these variables can be seen in Figures 2.13. 

p = .0009 ** p = .0003 *** 
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 Neither Male Female Both NA p value 

n (N = 170) 19 8 12 6 125  

Gestational age 

(days ± SD) 249 ± 11 
a
 262 ± 8 

b
 257 ± 5 

ab
 254 ± 1 

ab
 254 ± 12 .0079 * 

Birth weight 

(percentile ± SD) 
21 ± 23 36 ± 32 38 ± 22 36 ± 34 30 ± 21 .2740 

Body length 

(percentile ± SD) 
35 ± 30 45 ± 27 60 ± 32 46 ± 33 51 ± 22 .2070 

Head circumference 

(percentile ± SD) 40 ± 27 
a
 73 ± 16 

b
 68 ± 17 

b
 67 ± 19 

ab
 57 ± 27 .0022 ** 

Apgar @ 1 min 

(± SD) 
7.8 ± 1.5 8.9 ± 0.4 7.9 ± 2.5 8.5 ± 0.6 8.4 ± 1.3 .4990 

Apgar @ 5 min 

(± SD) 
8.8 ± 0.6 9.1 ± 0.4 8.6 ± 1.0 8.5 ± 0.6 9.0 ± 0.5 .3300 

Placental weight 

(g ± SD) 
543 ± 187 459 ± 87 351 ± 18 NA ± NA 458 ± 110 .1010 

F:P weight ratio 

(± SD) 2.9 ± 0.1 
a
 6.4 ± 1.1 

b
 8.3 ± 0.5 

c
 NA ± NA 5.7 ± 1.4 .0003 *** 

X diameter 

(cm ± SD) 
18.2 ± 3.4 21.2 ± 3.4 19.0 ± 2.6 22.6 ± 5.4 20.8 ± 4.1 .3400 

Y diameter 

(cm ± SD) 14.2 ± 4.8 
a
 17.1 ± 2.1 

ab
 16.7 ± 1.6 

ab
 20.9 ± 3.4 

b
 16.1 ± 3.4 .0399 * 

Y:X diameter ratio 

(± SD) 
0.76 ± 0.13 0.82 ± 0.13 0.88 ± 0.05 0.94 ± 0.09 0.79 ± 0.14 .1640 

Min thickness 

(cm ± SD) 
1.6 ± 1.0 0.9 ± 0.6 1.0 ± 0.3 0.9 ± 0.4 0.8 ± 0.5 .3590 

Max thickness 

(cm ± SD) 
2.5 ± 1.7 2.2 ± 0.4 1.7 ± 0.4 2.1 ± 0.2 1.7 ± 0.7 .6510 

Cord diameter 

(cm ± SD) 
NA ± NA 1.1 ± 0.3 1.1 ± 0.1 1.4 ± 0.5 0.9 ± 0.2 .2360 

Birth weight 

(g ± SD) 2128 ± 601 
a
 2761 ± 482 

ab
 2704 ± 416 

b
 2582 ± 484 

ab
 2430 ± 418 .0170 * 

Body length 

(cm ± SD) 44.9 ± 3.7 
a
 48.6 ± 3.9 

ab
 48.6 ± 3.0 

b
 47.1 ± 2.4 

ab
 47.4 ± 2.0 .0242 * 

Head circumference 

(cm ± SD) 31.6 ± 1.9 
a
 34.4 ± 0.9 

b
 33.8 ± 1.2 

b
 33.5 ± 0.7 

ab
 33.0 ± 1.5 .0002 *** 

Table 2.16. Twin birth outcomes and placental metrics by infertility. Table summarizing mean gestational age 

(d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 5 

minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by source of infertility among twin births . Asterisks denote significance in ANOVA. * p ≤ .0500, ** p ≤ .0029, *** 

p ≤ .0003. Superscript letters denote significance in pairwise Tukey HSD tests. 
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p = .0079 * 

p = .0399 * p = .0003 *** 

p = .0022 ** 



63 

 

 

Figure 2.13. Twin birth outcomes and placental metrics by infertility. Violin plots depicting distribution of birth 

outcomes and placental metrics by source of infertility for each variable that was significantly different in ANOVA. 

* p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote mean 

p = .0170 * 

p = .0002 *** 

p = .0242 * 



64 

 

values, and white lines denote standard deviation ranges. A) Gestational age (d). B) Head circumference (%ile). C) 

Fetoplacental weight ratio. D) Placental y diameter (cm). E) Unadjusted birth weight (g). F) Unadjusted body length 

(cm). G) Unadjusted head circumference (cm). 

 

2.4.6 Gravidity 

 Based on the mother’s gravidity, mean values were calculated for each observed variable 

and are presented below in Table 2.17. The “NA” group is comprised of pregnancies for which 

the mother’s gravidity was unknown in this database and was therefor not included in the 

statistical comparisons. A significant difference was seen in the placental y diameter (p = .0016). 

A violin plot for this variable can be seen in Figure 2.14. 
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 1 2 3 4 NA p value 

n (N = 170) 34 23 8 2 103  

Gestational age 

(days ± SD) 
251 ± 13 258 ± 7 256 ± 3 257 ± 0 255 ± 12 .1060 

Birth weight 

(percentile ± SD) 
29 ± 22 38 ± 25 24 ± 20 39 ± 18 26 ± 22 .3270 

Body length 

(percentile ± SD) 
49 ± 24 56 ± 27 41 ± 24 88 ± 11 42 ± 26 .1020 

Head circumference 

(percentile ± SD) 
55 ± 27 55 ± 26 68 ± 27 71 ± 16 57 ± 27 .5270 

Apgar @ 1 min 

(± SD) 
8.1 ± 1.9 8.6 ± 1.0 8.9 ± 0.4 9.0 ± 0.0 8.2 ± 1.5 .3440 

Apgar @ 5 min 

(± SD) 
8.8 ± 0.9 9.0 ± 0.5 9.0 ± 0.0 9.0 ± 0.0 8.9 ± 0.4 .8750 

Placental weight 

(g ± SD) 
387 ± 55 467 ± 111 NA ± NA 348 ± 13 468 ± 118 .1870 

F:P weight ratio 

(± SD) 
8.4 ± 1.2 6.4 ± 1.1 NA ± NA 7.9 ± 0.3 5.3 ± 1.4 .0909 

X diameter 

(cm ± SD) 
18.6 ± 2.6 21.1 ± 4.1 20.2 ± 2.7 20.8 ± 2.5 21.0 ± 4.2 .4570 

Y diameter 

(cm ± SD) 14.7 ± 1.6 
a
 16.7 ± 1.7 

ab
 18.5 ± 0.6 

b
 17.9 ± 1.2 

ab
 16.4 ± 3.8 .0016 ** 

Y:X diameter ratio 

(± SD) 
0.80 ± 0.13 0.81 ± 0.15 0.92 ± 0.10 0.86 ± 0.05 0.79 ± 0.14 .4320 

Min thickness 

(cm ± SD) 
0.8 ± 0.6 1.0 ± 0.4 0.5 ± 0.1 0.9 ± 0.3 0.9 ± 0.6 .3610 

Max thickness 

(cm ± SD) 
1.7 ± 0.6 2.4 ± 0.4 2.0 ± 0.4 1.4 ± 0.1 1.8 ± 0.8 .0508 

Cord diameter 

(cm ± SD) 
0.9 ± 0.1 1.2 ± 0.3 1.3 ± 0.6 1.0 ± 0.0 1.0 ± 0.3 .0887 

Birth weight 

(g ± SD) 
2312 ± 521 2673 ± 517 2439 ± 348 2752 ± 216 2392 ± 418 .0631 

Body length 

(cm ± SD) 
46.8 ± 2.6 48.3 ± 3.2 47.0 ± 1.7 51.0 ± 1.4 46.8 ± 2.8 .0750 

Head circumference 

(cm ± SD) 
32.7 ± 1.8 33.2 ± 1.5 33.7 ± 1.3 34.0 ± 0.7 33.0 ± 1.6 .2940 

Table 2.17. Twin birth outcomes and placental metrics by maternal gravidity. Table summarizing mean 

gestational age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, 

Apgar score at 5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y 

diameter (cm), placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), 

umbilical cord diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head 

circumference (cm) by maternal gravidity among twin births . Asterisks denote significance in ANOVA. * p ≤ .0500, 

** p ≤ .0029, *** p ≤ .0003. Superscript letters denote significance in pairwise Tukey HSD tests. 
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Figure 2.14. Twin birth outcomes and placental metrics by gravidity. Violin plot depicting distribution of 

placental y diameter (cm), the only variable that was significantly different in ANOVA, by maternal gravidity. * p ≤ 

.0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote mean values, and 

white lines denote standard deviation ranges . 

2.4.7 Embryo transfer 

 Based on whether a fresh or frozen embryo was transferred, mean values were calculated 

for each observed variable and are presented below in Table 2.18. The “NA” group is comprised 

of both pregnancies in which no embryo transfer occurred (20%) and pregnancies in which an 

embryo transfer occurred, but fresh or frozen status was unknown in this database (80%) and was 

therefor not included in the statistical comparisons. Significant differences were seen in placental 

weight (p = .0041), FPR (p = .0256), placental x diameter (p = .0380), placental y diameter (p = 

.0021), maximum placental thickness (p = .0220), and unadjusted head circumference (p = 

.0321). Violin plots for these variables can be seen in Figure 2.15. 

  

p = .0016 ** 
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 Fresh Frozen NA p value 

n (N = 170) 38 16 116  

Gestational age 

(days ± SD) 
256 ± 6 253 ± 16 253 ± 12 .3308 

Birth weight 

(percentile ± SD) 
31 ± 23 36 ± 22 27 ± 23 .4640 

Body length 

(percentile ± SD) 
50 ± 26 57 ± 28 46 ± 26 .3594 

Head circumference 

(percentile ± SD) 
59 ± 26 74 ± 13 51 ± 28 .0610 

Apgar @ 1 min 

(± SD) 
8.3 ± 1.7 8.7 ± 0.7 8.2 ± 1.5 .3443 

Apgar @ 5 min 

(± SD) 
8.8 ± 0.9 9.1 ± 0.4 8.9 ± 0.5 .2106 

Placental weight 

(g ± SD) 
380 ± 54 542 ± 72 468 ± 118 .0041 * 

F:P weight ratio 

(± SD) 
7.9 ± 1.1 5.7 ± 0.7 5.3 ± 1.4 .0256 * 

X diameter 

(cm ± SD) 
19.3 ± 2.7 22.8 ± 4.7 20.9 ± 4.1 .0380 * 

Y diameter 

(cm ± SD) 
15.8 ± 2.2 19.9 ± 3.1 16.2 ± 3.5 .0021 ** 

Y:X diameter ratio 

(± SD) 
0.83 ± 0.11 0.89 ± 0.13 0.79 ± 0.14 .2652 

Min thickness 

(cm ± SD) 
0.8 ± 0.5 0.7 ± 0.4 0.9 ± 0.6 .6656 

Max thickness 

(cm ± SD) 
1.7 ± 0.5 2.3 ± 0.4 1.8 ± 0.8 .0220 * 

Cord diameter 

(cm ± SD) 
1.0 ± 0.2 1.3 ± 0.4 1.0 ± 0.3 .0686 

Birth weight 

(g ± SD) 
2531 ± 383 2540 ± 621 2358 ± 485 .9507 

Body length 

(cm ± SD) 
47.5 ± 2.1 49.0 ± 3.4 46.7 ± 3.0 .0761 

Head circumference 

(cm ± SD) 
33.3 ± 1.3 34.1 ± 0.8 32.6 ± 1.8 .0321 * 

Table 2.18. Twin birth outcomes and placental metrics by embryo transfer. Table summarizing mean 

gestational age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, 

Apgar score at 5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y 

diameter (cm), placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), 

umbilical cord diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head 

circumference (cm) by type of embryo transfer among twin births . Asterisks denote significance in Tukey HSD 

tests. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. 
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p = .0041 * 

p = .0021 ** p = .0380 * 

p = .0256 * 
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Figure 2.15. Twin birth outcomes and placental metrics by embryo transfer. Violin plots depicting distribution 

of birth outcomes and placental metrics by type of embryo transfer for each variable that was significantly different 

in Tukey HSD test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots 

denote mean values, and white lines denote standard deviation ranges. A) Placental weight (g). B) Fetoplacental 

weight ratio. C) Placental x diameter (cm). D) Placental y diameter (cm). E) Maximum placental thickness (cm). F) 

Unadjusted head circumference (cm). 

2.4.8 Sperm donor 

 Based on whether or not a sperm donor was used, mean values were calculated for each 

observed variable and are presented below in Table 2.19. No significant differences were seen. 

  

p = .0220 * p = .0321 * 
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 No sperm donor Sperm donor p value 

n (N = 170) 166 4  

Gestational age 

(days ± SD) 
254 ± 11 256 ± 2 .8148 

Birth weight 

(percentile ± SD) 
30 ± 23 20 ± 9 .4056 

Body length 

(percentile ± SD) 
49 ± 26 52 ± 28 .7837 

Head circumference 

(percentile ± SD) 
56 ± 26 71 ± 26 .2812 

Apgar @ 1 min 

(± SD) 
8.3 ± 1.4 7.8 ± 2.5 .4562 

Apgar @ 5 min 

(± SD) 
8.9 ± 0.6 9.0 ± 0.0 .7464 

Placental weight 

(g ± SD) 
457 ± 114 NA ± NA NA 

F:P weight ratio 

(± SD) 
6.0 ± 1.7 NA ± NA NA 

X diameter 

(cm ± SD) 
20.8 ± 4.0 17.5 ± 0.7 .2526 

Y diameter 

(cm ± SD) 
16.4 ± 3.5 14.8 ± 2.5 .5052 

Y:X diameter ratio 

(± SD) 
0.80 ± 0.14 0.84 ± 0.11 .6681 

Min thickness 

(cm ± SD) 
0.9 ± 0.6 0.4 ± 0.4 .2669 

Max thickness 

(cm ± SD) 
1.8 ± 0.7 1.3 ± 0.1 .3402 

Cord diameter 

(cm ± SD) 
1.1 ± 0.3 0.8 ± 0.2 .3462 

Birth weight 

(g ± SD) 
2436 ± 486 2458 ± 140 .9280 

Body length 

(cm ± SD) 
47.2 ± 2.9 47.8 ± 1.9 .7222 

Head circumference 

(cm ± SD) 
33.0 ± 1.6 34.0 ± 1.2 .2147 

Table 2.19. Twin birth outcomes and placental metrics by sperm donor. Table summarizing mean gestational 

age (d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 

5 minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of sperm donor among twin births . Asterisks denote significance in Tukey HSD tests. * p ≤ .0500, ** p ≤ 

.0029, *** p ≤ .0003. 
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2.4.9 Egg donor 

 Based on whether or not an egg donor was used, mean values were calculated for each 

observed variable and are presented below in Table 2.20. Significant differences were seen in 

birth weight percentile (p = .0385) and body length percentile (p = .0056). Violin plots for these 

variables can be seen in Figure 2.16. 
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 No egg donor Egg donor p value 

n (N = 170) 162 8  

Gestational age 

(days ± SD) 
254 ± 11 254 ± 7 .9939 

Birth weight 

(percentile ± SD) 
28 ± 23 46 ± 19 .0385 * 

Body length 

(percentile ± SD) 
46 ± 26 73 ± 20 .0056 * 

Head circumference 

(percentile ± SD) 
56 ± 27 65 ± 19 .3598 

Apgar @ 1 min 

(± SD) 
8.2 ± 1.5 9.0 ± 0.0 .1943 

Apgar @ 5 min 

(± SD) 
8.9 ± 0.6 9.1 ± 0.4 .2858 

Placental weight 

(g ± SD) 
460 ± 114 348 ± 13 .1737 

F:P weight ratio 

(± SD) 
5.8 ± 1.7 7.9 ± 0.3 .0944 

X diameter 

(cm ± SD) 
20.7 ± 4.0 20.8 ± 2.5 .9777 

Y diameter 

(cm ± SD) 
16.3 ± 3.5 17.9 ± 1.2 .5381 

Y:X diameter ratio 

(± SD) 
0.80 ± 0.14 0.86 ± 0.05 .5221 

Min thickness 

(cm ± SD) 
0.9 ± 0.6 0.9 ± 0.3 .9758 

Max thickness 

(cm ± SD) 
1.8 ± 0.7 1.4 ± 0.1 .3934 

Cord diameter 

(cm ± SD) 
1.1 ± 0.3 1.0 ± 0.0 .8152 

Birth weight 

(g ± SD) 
2416 ± 481 2712 ± 348 .0910 

Body length 

(cm ± SD) 
47.1 ± 2.8 49.1 ± 2.7 .0508 

Head circumference 

(cm ± SD) 
33.0 ± 1.6 33.4 ± 1.5 .5088 

Table 2.20. Twin birth outcomes and placental metrics by egg donor. Table summarizing mean gestational age 

(d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 5 

minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilical cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of egg donor among twin births . Asterisks denote significance in Tukey HSD tests. * p ≤ .0500, ** p ≤ .0029, 

*** p ≤ .0003. 
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Figure 2.16. Twin birth outcomes and placental metrics by egg donor. Violin plots depicting distribution of birth 

outcomes and placental metrics by use of egg donor for each variable that was significantly different in Tukey HSD 

test. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Empty circles denote individual data points, white dots denote mean 

values, and white lines denote standard deviation ranges. A) Birth weight (%ile). B) Body length (%ile). 

2.4.10 Surrogate 

 Due to the absence of any twin births following a surrogate pregnancy in this database, 

no comparisons were possible based on whether or not a surrogate mother was used (Table 2.21). 

  

p = .0056 * p = .0385 * 
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 No surrogate Surrogate p value 

n (N = 170) 170 0  

Gestational age 

(days ± SD) 
254 ± 11 NA ± NA NA 

Birth weight 

(percentile ± SD) 
30 ± 23 NA ± NA NA 

Body length 

(percentile ± SD) 
49 ± 26 NA ± NA NA 

Head circumference 

(percentile ± SD) 
57 ± 26 NA ± NA NA 

Apgar @ 1 min 

(± SD) 
8.3 ± 1.5 NA ± NA NA 

Apgar @ 5 min 

(± SD) 
8.9 ± 0.6 NA ± NA NA 

Placental weight 

(g ± SD) 
457 ± 114 NA ± NA NA 

F:P weight ratio 

(± SD) 
6.0 ± 1.7 NA ± NA NA 

X diameter 

(cm ± SD) 
20.7 ± 4.0 NA ± NA NA 

Y diameter 

(cm ± SD) 
16.4 ± 3.4 NA ± NA NA 

Y:X diameter ratio 

(± SD) 
0.80 ± 0.14 NA ± NA NA 

Min thickness 

(cm ± SD) 
0.9 ± 0.6 NA ± NA NA 

Max thickness 

(cm ± SD) 
1.8 ± 0.7 NA ± NA NA 

Cord diameter 

(cm ± SD) 
1.1 ± 0.3 NA ± NA NA 

Birth weight 

(g ± SD) 
2437 ± 478 NA ± NA NA 

Body length 

(cm ± SD) 
47.3 ± 2.8 NA ± NA NA 

Head circumference 

(cm ± SD) 
33.0 ± 1.6 NA ± NA NA 

Table 2.21. Twin birth outcomes and placental metrics by surrogate. Table summarizing mean gestational age 

(d), birth weight (%ile), body length (%ile), head circumference (%ile), Apgar score at 1 minute, Apgar score at 5 

minutes, placental weight (g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), 

placental y:x diameter ratio, minimum placental thickness (cm), maximum placental thickness (cm), umbilica l cord 

diameter (cm), unadjusted birth weight (g), unadjusted body length (cm), and unadjusted head circumference (cm) 

by use of gestational surrogate among twin births . Asterisks denote significance in Tukey HSD tests. * p ≤ .0500, ** 

p ≤ .0029, *** p ≤ .0003. 
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2.5 Follow-up comparisons 

 Based on the use of ART and the use of in vitro embryo culturing, mean values were 

calculated for the variables seen to be significantly different most frequently throughout section 

2.3 and are presented below in Table 2.22. Significant differences were seen in placental weight 

(p < .0001), FPR (p = .0006), placental x diameter (p = .0010), placental y diameter (p = .0027), 

minimum placental thickness (p < .0001), and maximum placental thickness (p = .0087). Violin 

plots for these variables can be seen in Figure 2.17. 

 SC ART without in vitro culture ART with in vitro culture p value 

n (N = 700) 320 25 355  

Placental weight 

(g ± SD) 475 ± 111 
a
 471 ± 108 

ab
 519 ± 119 

b
 < .0001 *** 

F:P weight ratio 

(± SD) 7.3 ± 1.5 
a
 7.7 ± 1.7 

a
 6.8 ± 1.4 

b
 .0006 ** 

X diameter 

(cm ± SD) 18.9 ± 2.7 
a
 19.6 ± 3.3 

ab
 19.7 ± 2.9 

b
 .0010 ** 

Y diameter 

(cm ± SD) 16.3 ± 2.0 
a
 16.7 ± 1.7 

ab
 16.9 ± 2.4 

b
 .0027 ** 

Min thickness 

(cm ± SD) 0.7 ± 0.4 
a
 0.9 ± 0.6 

ab
 1.1 ± 0.6 

b
 < .0001 *** 

Max thickness 

(cm ± SD) 1.9 ± 0.6 
a
 1.9 ± 0.4 

ab
 2.1 ± 0.6 

b
 .0087 * 

Table 2.22. Singleton placental metrics by ART and in vitro culture. Table summarizing mean placental weight 

(g), fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), minimum placental thickness 

(cm), and maximum placental thickness (cm) by use of ART and use of in vitro embryo culture among singleton 

births. Asterisks denote significance in ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Superscript letters denote 

significance in pairwise Tukey HSD tests. 
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p < .0001 *** 

p = .0027 ** p = .0010 ** 

p = .0006 ** 
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Figure 2.17. Singleton birth outcomes and placental metrics by ART and embryo culture. Violin plots 

depicting distribution of birth outcomes and placental metrics by use of ART and use of in vitro embryo culture for 

each variable that was significantly different in ANOVA. Empty circles denote individual data points, white dots 

denote mean values, and white lines denote standard deviation ranges. A) Placental weight (g). B) Fetoplacental 

weight ratio. C) Placental x diameter (cm). D) Placental y diameter (cm). E) Minimum placental thickness (cm). F) 

Maximum placental thickness (cm). 

 Based on the use of ART and the source of infertility, mean values were calculated for 

the variables seen to be significantly different most frequently throughout section 2.3 and are 

presented below in Table 2.23. Significant differences were seen in placental x diameter (p < 

.0001), placental y diameter (p = .0018), minimum placental thickness (p < .0001), and 

maximum placental thickness (p = .0342). Violin plots for these variables can be seen in Figure 

2.18. 

  

p < .0001 *** p = .0087 * 
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 SC 
ART with no 

infertility 

ART with 

male 

infertility 

ART with 

female 

infertility 

ART with 

both 

infertility 

p value 

n (N = 365) 320 10 14 16 5  

Placental weight 

(g ± SD) 
475 ± 111 539 ± 62 499 ± 118 447 ± 103 541 ± 128 .2580 

F:P weight ratio 

(± SD) 
7.3 ± 1.5 6.8 ± 0.9 7.9 ± 1.6 7.1 ± 0.9 6.9 ± 1.6 .5540 

X diameter 

(cm ± SD) 18.9 ± 2.7 
a
 22.4 ± 2.2 

b
 19.9 ± 2.3 

ab
 19.8 ± 2.2 

ab
 23.8 ± 4.7 

b
 < .0001 *** 

Y diameter 

(cm ± SD) 
16.3 ± 2.0 18.0 ± 2.2 17.8 ± 1.7 17.7 ± 2.1 17.7 ± 1.8 .0018 ** 

Min thickness 

(cm ± SD) 0.7 ± 0.4 
a
 1.4 ± 0.8 

b
 1.2 ± 0.5 

bc
 1.0 ± 0.3 

abc
 0.7 ± 0.2 

ac
 < .0001 *** 

Max thickness 

(cm ± SD) 
1.9 ± 0.6 2.4 ± 0.8 2.0 ± 0.3 2.4 ± 0.7 2.2 ± 0.5 .0342 * 

Table 2.23. Singleton placental metrics by ART and infertility. Table summarizing mean placental weight (g), 

fetoplacental weight ratio, placental x diameter (cm), placental y diameter (cm), minimum placen tal thickness (cm), 

and maximum placental thickness (cm) by use of ART and source of infertility among singleton births . Asterisks 

denote significance in ANOVA. * p ≤ .0500, ** p ≤ .0029, *** p ≤ .0003. Superscript letters denote significance in 

pairwise Tukey HSD tests. 
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p = .2580 

p = .0018 ** p < .0001 *** 

p = .5540 
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Figure 2.18. Singleton birth outcomes and placental metrics by ART and infertility. Violin plots depicting 

distribution of birth outcomes and placental metrics by use of ART and source of infertility for each variable that 

was significantly different in ANOVA. Empty circles denote individual data points, white dots denote mean values, 

and white lines denote standard deviation ranges. A) Placental weight (g). B) Fetoplacental weight ratio. C) 

Placental x diameter (cm). D) Placental y diameter (cm). E) Minimum placental thickness (cm). F) Maximum 

placental thickness (cm). 

2.6 Discussion 

 In the analysis of singleton births, a total of 48 nominally significant differences were 

seen using the threshold of α = .050. Because these differences were seen in all but one of the 

variables observed and across all comparison factors, it is likely that at least some were false 

positives produced by the large number of multiple comparisons. When the α = .0029 threshold 

from the seventeen variable Bonferroni correction was applied, the count dropped to 20 

significant differences across just four factors; ART (7), embryo culturing (7), conception (4), 

surrogate (1). When the threshold from the Bonferroni correction for seventeen variables across 

nine different grouping factors, α = .0003, was applied, only ART, embryo culturing, and 

conception remained with 3, 3, and 2 significant differences, respectively. The differences 

p = .0342 * p < .0001 *** 
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observed were largely confined to the placental metrics, especially those that remained 

significant after applying the stricter thresholds. The differences with p values below .0029 were 

seen in placental weight (3), minimum placental thickness (3), FPR (3), placental x diameter (3), 

placental y diameter (2), umbilical cord diameter (2), unadjusted body length (2), maximum 

placental thickness (1), and unadjusted birth weight (1). Those with p values of .0003 or lower 

were only seen in placental weight (3), minimum placental thickness (3), FPR (1), and placental 

x diameter (1). 

 Interestingly, this database did not display the lower birth weight often reported for ART 

births. Birth weight, body length, and head circumference were not significantly different 

between groups in any analysis when using the percentile values that are corrected for gestational 

age. Using the unadjusted values, birth weight was higher in the surrogate group, but with a 

sample size of just three individuals, no conclusions can be drawn. The longer ART body length 

seen in the conception mode, ART, and embryo culturing comparisons is more credible but given 

that it disappears when using the percentile values, this is more likely an artifact of the slightly 

longer gestational age seen for the ART groups in this database than an actual difference. 

 What is perhaps most surprising about the results of this analysis is the lack of a 

significant difference in gestational age between ART and SC newborns. Across all the 

comparisons performed, no group consisting of more than five individuals had a mean 

gestational age below 270 days or above 279 days, a typical range for healthy singleton births 

[99,100]. It is possible that a difference would have been detectable if not for the demographic 

differences between groups. Specifically, a disproportionate number of the SC cases were 

obtained from one particular hospital that is located in a neighboring city known to have a 

distinctly different ethnic composition and lower median income [101]. These factors, which 

have been shown to affect gestational age and weight at birth [102], may have reduced the mean 

value for the SC group, making a difference impossible to detect in this analysis. This result 

emphasizes both the challenges and the importance of obtaining well-matched controls for a 

study of ART outcomes. 

 Although gestational age and unadjusted birth weight were not significantly different as 

was expected, the trend of larger placentas in ART births was prevalent in this database. Given 

that placental weight, diameter, and thickness were consistently higher in the ART group of 
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multiple comparison factors, with p values below an α threshold that is arguably too 

conservative, it appears that placental size is indeed increased in ART pregnancies. Given the 

lack of a significant difference in birth weight, the similarly robust difference in FPR is likely 

due to this increased placental weight in ART births, though the previously mentioned 

demographic differences between groups may be affecting the mean FPR as well. What impact 

this increased placental size has on the health of the newborn, however, is less clear but it may 

reflect an altered course of fetal development as has been suggested by other studies [103]. Being 

larger in both surface area and total mass likely means these ART placentas contain more villous 

tissue for interacting with the uterine lining. This may be necessary for normal development if 

the placenta is less efficient at invading the endometrium or diffusing maternal blood into the 

fetal circulatory system. It could also suggest that the fetus is less efficient at absorbing oxygen 

or nutrients or has a higher than normal demand for them. Beyond the placenta’s role of bringing 

maternal blood into close proximity to the fetal blood, more placental tissue would also allow for 

more production of the placenta-specific genes that are essential in fetal development [104]. 

Again, this may be an adaptive response to an already altered developmental track, as is 

suggested by the observation in mice that ART placentas continue growing later into pregnancy 

[33].  

 Seemingly contradictory to the larger placentas is the smaller umbilical cord diameter 

seen in the ART groups. Unless it was also less efficient in vasoconstriction, a narrower cord 

would restrict total blood flow to the fetus, regardless of the placenta’s size and capacity for 

maternal blood. This would seem to suggest that the increased placental size is not allowing for 

greater blood flow, but is primarily an adaptation to a higher demand for placenta-specific gene 

production or perhaps a response to restricted blood flow through a narrower than normal 

umbilical cord. Though an enlarged placenta and narrower umbilical cord, especially when 

combined with a newborn of typical size, seems to suggest a mechanism in which the placenta is 

adapting to an altered developmental trajectory to preserve fetal integrity, the cause of this 

altered trajectory is unclear. 

 The different factors used for comparison in this analysis provide some insight into what 

is driving the differences observed. The persistence of the differences seen in the conception 

mode, embryo culture, and ART comparisons under very conservative α thresholds seems to 
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suggest that the use of ART itself, particularly those procedures involving in vitro culturing, are 

more closely associated with increased placental size than the other factors studied in this 

analysis. Because the comparisons based on the use of in vitro embryo culturing were the only 

ones to produce as many significant differences with similarly low p values as the general ART 

to SC comparisons, it seems likely that this aspect of ART is most responsible for the differences 

observed. It is unfortunate that more data on fertility status was not available in this database as 

the lower sample sizes for those groups make it difficult to determine whether or not infertility 

was driving the differences seen, though follow up comparisons using either the source of 

infertility or the use of in vitro embryo culturing as a secondary factor in addition to the use of 

ART do offer some insight. In comparing placental metrics based on both ART and infertility, 

the mean values for the pregnancies from fertile parents that underwent ART were generally 

more similar to those of the ART pregnancies than the SC pregnancies. In the cases of placental 

x diameter and minimum placental thickness, the fertile ART group was significantly different 

from the fertile SC group but not the infertile ART groups. This suggests that the increased 

placental size seen in ART pregnancies is driven more by the ART techniques themselves than 

the underlying infertility. In comparing IUI pregnancies, which are conceived via ART without 

the use of in vitro culturing, to SC and in vitro pregnancies, the mean values for the IUI group 

typically fell between the other two groups. In the cases of placental weight and FPR however, 

the IUI group was much more comparable to the SC group and was even significantly different 

from the in vitro culture group in its mean FPR. This seems to suggest that embryo culturing is a 

prominent factor in the increased placental size observed in ART. 

 Because the gamete donor and surrogate comparisons lacked the sample size to 

confidently detect differences, it is no surprise that few differences were seen there. The 

gravidity comparison, used primarily as a reference tool for showing the relative severity of any 

differences observed in other comparisons, was effective in showing that successive births do 

trend larger with slightly higher Apgar scores, but did not reach the level of significance seen in 

the comparisons based on ART and its components. This would suggest that ART or some aspect 

of it is more strongly correlated with adverse birth outcomes than a history of previous 

pregnancies is associated with normal, healthy birth outcomes. 
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 In the analysis of twin births, a total of 39 significant differences across seven 

comparison factors were seen using the threshold of α = .050. When the α = .0029 threshold was 

applied, the count dropped to 12 significant differences across six factors; infertility (3), 

conception (3), ART (2), embryo culturing (2), transfer type (1), and gravidity (1). When the 

most stringent threshold, α = .0003, was applied, only ART (2), infertility (1), and conception (1) 

remained. The differences observed in the twin analysis were less specific to the placenta than 

those seen in the singleton analysis. Those with p values below .0029 were seen in unadjusted 

head circumference (4), unadjusted body length (3), FPR (2), placental y diameter (2), and head 

circumference percentile (1). Those with p values of .0003 or lower were only seen in unadjusted 

head circumference (3), and unadjusted body length (1). These results for the twin comparisons 

largely corroborate the findings of the singleton comparisons with the exceptions that the 

increase in placental size was less significant, ART newborns appeared to be larger when 

comparing unadjusted values, and the infertility comparisons showed more significant 

differences. The less significant increase in placental size is almost certainly due to the fact that 

many of the twins in this database had two separate placentas that were competing for space on 

the endometrium, limiting their potential for growth. The seemingly larger size of ART twins 

compared to the SC twins is likely the difference in demographics between the two groups being 

exaggerated by the additional strain of a multiple pregnancy. It is also important to note the 

much lower sample sizes in the twin comparisons, making them less reliable for drawing firm 

conclusions than the singleton comparisons. 
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Chapter 3: Gene expression and DNAme at imprinted genes in pregnancies 

with low fetoplacental weight ratios 

3.1 Introduction 

 Several studies have previously reported a lower FPR in ART births compared to SC 

births [30,31,34]. Though a lower ratio is quite consistent across different studies, the driving 

factor is not always the same. In some studies, placental weight is seen to be similar between 

groups, while a lower birth weight in the ART group decreases the ratio [28]. Other studies note 

similar birth weight between groups, but an increased placental weight in ART [31]. Some 

studies observe both increased placental weight and decreased birth weight in the ART group 

[30]. Regardless of what is driving this difference in FPR, it is of interest to know what impacts a 

low FPR may have on the outcome of ART pregnancies and whether or not it is associated with 

the purported genetic and epigenetic alterations that are sometimes seen in studies of ART 

children. 

 Because of the critical role the placenta plays in regulating fetal growth and development, 

it is conceivable that a change in FPR could be the cause or effect of abnormal fetal 

development. For example, it could suggest that the placenta is enlarged to compensate for being 

less efficient in its roles of nutrient transfer and gene expression [105]. It could alternatively be 

an indicator that the fetus is lagging in growth due to early embryonic development being 

disrupted by the physical and chemical stress of ART techniques. To determine if this trend of 

lower weight ratios in ART births is in some way associated with a more serious difference in 

fetal development, gene expression and DNAme data from previous studies of imprinted genes 

in placental villous tissue and umbilical cord blood were reanalyzed, dividing the samples not by 

conception mode, but on the basis of whether or not they had a low FPR. 

 If differences in gene expression or DNAme at the genetic regions studied are observed 

to be similar or more significant when comparing weight ratio groups as opposed to conception 

modes, it might suggest that a low FPR is indeed indicative of a more severe developmental 

difference between ART and SC births. If the altered gene expression observed in the studies 

from which this data was obtained [106] is no longer observed in the weight ratio comparison, it 
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would mean that a low FPR is less associated with genetic alterations than ART status itself is 

and may suggest that a low ratio is not necessarily an indicator of adverse fetal development. 

 Though the genes evaluated here were dictated by the previous studies that collected the 

expression and DNAme data, the rationale behind their selection still stands. The imprinted 

genes, PLAGL1, CDKN1C, H19, IGF2, KCNQ1OT1, and PEG10 are all known to be critical for 

development and have been proposed to be part of an “imprinted gene network” regulated 

primarily by the zinc finger transcription factor PLAGL1 [107]. If the altered weight ratio 

between the fetus and placenta is due to an abnormal genetic or epigenetic profile, it is very 

likely that at least one of these genes would be involved. The repetitive element LINE1 and its 

transcript L1TD1 were also included because of their common use as a marker for global 

DNAme levels [108,109]. 

3.2 Methods 

3.2.1 Study participants 

 Participants in this study were recruited as described in section 2.2.1. Because this was a 

retrospective analysis using DNAme and gene expression data collected during several different 

studies, the patient cohort is different for each study (Table 3.1). Differences in sample 

availability over time also meant that some genetic regions could not be examined for every 

sample in each cohort. With the exception of requiring SC pregnancies to have taken no more 

than one year to conceive, no specific exclusion criteria were applied so that as much of the 

available data as possible could be included in the FPR analysis. In dividing the cohort into 

“Low” and “Normal” groups for comparison, a threshold of one standard deviation below the 

mean FPR of SC births was used. Any births with a weight ratio more than one standard 

deviation below the SC mean were included in the “Low” group while all others comprised the 

“Normal” group. 
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 SC IVF ICSI Total 
Placental DNAme 52 29 36 117 

Cord blood DNAme 46 36 34 116 
Placental gene expression 31 19 16 66 

Cord blood gene expression 31 10 19 60 

Table 3.1. Summary of cohorts. Number of newborns conceived via SC, IVF, and ICSI in each cohort used for 

fetoplacental weight ratio analyses. SC, spontaneous conception; IVF, in vitro fertilization; ICSI, intracytoplasmic 

sperm injection. 

3.2.2 Sample preparation 

 Chorionic villus tissue for DNA extraction and additional villus tissue for RNA 

extraction were collected during placental biopsies as described in section 2.2.2. Because some 

tissue samples had been depleted in other studies, only two of the three RNA sites sampled, 

adjacent to the umbilical cord insertion site and near the edge of the chorionic plate, were used in 

the original gene expression study. 

 For each newborn in the study, approximately 10mL of umbilical cord blood was 

collected by hospital staff immediately after delivery. The blood samples were collected using 

EDTA vacuum tubes (BD Vacutainer®, NJ) and then stored at 4°C. Within 24 hours of delivery, 

2.5mL of cord blood was transferred into a PAXgene™ blood RNA tube (PreAnalytix, 

Switzerland) and incubated at room temperature overnight before being stored at -20°C. 

3.2.3 DNA extraction 

 After washing the chorionic villous tissue samples several times with 1x phosphate-

buffered saline (PBS), 25mg of tissue was minced in a sterile petri dish using a sterile surgical 

blade. The tissue was then incubated overnight in lysing buffer with proteinase K in a shaking 

water bath at 56°C. The QIAamp™ DNA Mini Kit (Qiagen, Mississauga, ON) was then used 

with RNase A to avoid RNA contamination according to the manufacturer’s protocol. For 

umbilical cord blood samples, the Qiagen Puregene Blood Core Kit C (Qiagen, Mississauga, 

ON) was used according to the manufacturer’s instructions. After recording the DNA 

concentration with a NanoSpec® spectrometer (Nanovue by General Electric Inc., CT, USA), 

each DNA sample, from both chorionic villous tissue and umbilical cord blood, was individually 
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diluted and 500ng of DNA was aliquoted into a separate tube. All samples were stored at -20°C 

and underwent bisulphite conversion prior to pyrosequencing. 

3.2.4 RNA extraction 

 RNA was extracted from each sample of placental chorionic villous tissue by first placing 

25mg into a Lysing Matrix D tube (MP biomedicals, Santa Ana, CA) with lysing solution and β-

mercaptoethanol and then homogenizing the tissue using the Bullet Blender 24 homogenizer 

(Next Advance, Averill Park, NY). After transferring the sample to an RNeasy™ mini spin 

column (Qiagen, Mississauga, ON), the Qiagen RNeasy™ Mini Kit was used to extract RNA. To 

verify RNA quality, samples were run on a 1.5% agarose gel (40mL TAE, 0.6g agarose, 4µL 

SybrSafe) at 95V for 60 minutes using 1µL of 6x orange loading dye and 2.5µL of RNA sample 

alongside 1µL of a low range DNA ladder. Samples were deemed to be of good quality if they 

produced two distinct bands for 28S and 18S ribosomal RNA with the 28S band being twice as 

intense as the 18S band. 

 Frozen umbilical cord blood samples in PAXgene™ tubes were incubated at room 

temperature overnight to thaw before 1mL of whole blood was taken for RNA extraction. Using 

the PAXgene™ Blood RNA kit (PreAnalytix, Switzerland) according to the manufacturer’s 

instructions, RNA was extracted for each sample and then stored at -20°C. The same RNA 

quality check was performed as described above. 

3.2.5 Preparation of cDNA library 

 Samples that were confirmed as being of high quality were reverse transcribed into 

cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster 

City, CA). The cDNA library was created using either 1µg (placental chorionic villous) or 

0.25µg (umbilical cord blood) of RNA for each sample and the thermal cycling profile of 25°C 

for 10 minutes, 37°C for 120 minutes, 85°C for 5 minutes, and held at 4°C. All cDNA samples 

were briefly stored at 4°C and then diluted by a 1:50 ratio prior to RT-qPCR. 

3.2.6 DNAme analysis by pyrosequencing 

 DNA samples underwent bisulphite conversion using the EZ DNA Methylation Gold kit 

(Zymo Research, Irvine, CA). This technique uses sodium bisulphite to deaminate any cytosine 

nucleotides that are not methylated, converting them into uracil nucleotides, and leaves 
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methylated cytosines unchanged. The DNA sample then undergoes PCR amplification, which 

replaces each uracil nucleotide with a thymine. For amplification, each well received 25µL of a 

solution that contained HotStarTaq buffer (including 1.5mM MgCl2), 0.2 mM 

deoxyribonucleoside triphosphates (dNTP), 5pmol of each forward and reverse primer, and 1.0U 

HotStarTaq DNA polymerase (Qiagen, Mississauga, ON), as well as 2µL of bisulphite converted 

DNA. For negative controls, 1µL of sterilized water was used in place of DNA and for positive 

controls, Epitect methylated Human control DNA (Qiagen, Mississauga, ON) was used. The 

thermal cycling profile used for the PCR amplification was 95°C for 10 minutes, 44 cycles of 

(94°C for 1 minute, 60°C for 1 minute, 72°C for 1 minute), 72°C for 10 minutes, and hold at 

4°C. After PCR amplification, the samples were run alongside positive and negative controls on 

a 1% agarose gel for quality verification. Percent DNAme at each CpG site evaluated was 

determined using Pyro Q-CpG software, version 1.0.9 (Biotage, Foxboro, MA) on the PyroMark 

Q96 MD system (Biotage). Two 15µL replicates were analyzed for each DNA sample and each 

well contained 25µL of sterilized water, 38µL binding buffer, and 2µL of sequencing beads (all 

supplied by Qiagen, Mississauga, ON). For each of the four differentially methylated regions 

analyzed, the percent DNAme values from multiple CpG sites were averaged to obtain a single 

mean DNAme value for the DMR. Seven sites were analyzed in the KvDMR1 region 

(KCNQ1OT1 gene promoter), including the NotI site that is often seen to be hypomethylated in 

BWS patients [110]. Four sites were evaluated in each of the LINE1 and PLAGL1 genes, and for 

PEG10, six sites were analyzed. In the case of the placental chorionic villous samples where two 

sites were sampled from each placenta, the mean DNAme values for each of the two tissue sites 

were also averaged to produce a single data point per placenta. 

3.2.7 Gene expression analysis by RT-qPCR 

 Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used with 

the following FAM-labeled Taqman probe and primer assays (Applied Biosystems, Foster City, 

CA) to evaluate the cDNA libraries: CDKN1C (Hs04186044_g1), H19 (Hs00262142_g1), IGF2 

(Hs01005962_m1), KCNQ1OT1 (Hs03456562), L1TD1 (Hs00219458_m1), PEG10 

(Hs01122877_m1), PLAGL1 (Hs00957794_m1). For the endogenous reference gene, YWHAZ 

(Hs01122451_m1) was used. Each sample was run in duplicate on a 96-well plate in the 7500 

Real-Time PCR system (Applied Biosystems) with a thermal cycling profile of 50°C for 2 
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minutes, 95°C for 10 minutes, 40 cycles of (95°C for 15 seconds, 60°C for 1 minute). Each well 

on the plate contained either 10µL of TaqMan qPCR MasterMix (Applied Biosystems), 1µL of a 

target gene primer, 4µL of water, and 5µL of a cDNA sample, or 10µL TaqMan qPCR 

MasterMix, 1µL YWHAZ primer, 6.5µL water and 2.5µL of cDNA. A calibrator control was 

prepared by pooling equal volumes of cDNA from each of the SC pregnancy samples and 

relative expression (Rq) values were calculated by the ABI 7500 system software using this 

calibrator as a reference. Each plate also included a well in which water was used instead of 

cDNA (negative control) and a no reverse transcriptase well for correcting any genomic DNA 

contamination. The ΔΔCT method was used to analyze the results. 

3.2.8 Statistical analysis 

 All statistical analyses were performed in the statistical program R (3.5.2) and its user 

interface software RStudio (1.1.456). In testing for significant differences in the clinical data, 

DNAme data, and gene expression data, the Tukey HSD test was used for all normally 

distributed numerical data. For analyzing categorical data and numerical data that did not display 

a normal distribution, a Kruskal-Wallis H test was performed. A minimum confidence interval of 

95% (α = .050) was used but because expression levels were being compared across four or five 

separate genes, a Bonferroni correction of α = .050/4 = .013 or α = .050/5 = .010 respectively, 

was applied. Analysis of the clinical information was done using the conventional α = .050 

without correction. 

3.3 Results 

3.3.1 Clinical information 

 Despite the differences in size and composition between the cohorts studied, a distinct 

pattern emerged in the clinical information between the “Low” and “Normal” FPR groups 

(Tables 3.2-3.5). For the placental DNAme cohort, cord blood DNAme cohort, placental gene 

expression cohort, and cord blood gene expression cohort, the mean gestational age of the “Low” 

FPR group was lower by 4.1 days (95% CI = 0.15, 8.13; p = .042), 3.6 days (95% CI = -0.41, 

7.61; p = .078), 5.7 days (95% CI = 0.96, 10.48; p = .019), and 5.4 days (95% CI = -1.31, 12.06; 

p = .113), respectively. The mean birth weight of the “Low” group was lower by 156 grams 
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(95% CI = -66.1, 379; p = .167), 142 grams (95% CI = -84.0, 368; p = .216), 335 grams (95% 

CI = 38.2, 633; p = .028), and 82 grams (95% CI = -248, 413; p = .620), respectively. This trend 

of lower birth weight and gestational age was present in each cohort, but the difference in 

gestational age was only significant in the placental DNAme and placental gene expression 

cohorts, and the difference in birth weight was only significant in the placental gene expression 

cohort. Given that FPR is known to increase throughout the latter half of pregnancy, especially 

near the end [86], it is not surprising that a group selected for below-average FPR would also 

display somewhat lower gestational age and in turn, lower birth weight. The percentage of ART 

births was significantly different only in the placental expression cohort, with the “Low” FPR 

group having 29% more ART births, χ2(1, N = 66) = 4.58, p = .032. The mean maternal age and 

percentages of female, IUGR, LGA, and SGA births were not seen to differ significantly in any 

of the cohorts. These percentages were calculated using the cases in each group for which the 

data was known, not necessarily all the cases in each group. To determine if the differences in 

gestational age and birth weight between groups would influence the DNAme or expression 

levels of the genes being studied, Pearson correlation coefficients were calculated. None of these 

coefficients had an absolute value greater than r = .30, indicating that the DNAme and 

expression levels were not correlated with gestational age or birth weight, and are likely 

unaffected by the differences in group composition.  
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 “Normal” FPR “Low” FPR p value 

n (N = 117) 93 24  

Mean maternal age (years ± SD) 33 ± 5 34 ± 5 .489 

Mean gestational age (days ± SD) 278 ± 9 274 ± 8 .042 * 

Mean birth weight (gram ± SD) 3374 ± 470 3217 ± 551 .167 

ART (%) 
54 

(50/93) 

62 

(15/24) 
.445 

Female (%) 
48 

(45/93) 

42 

(10/24) 
.558 

IUGR (%) 
1 

(1/93) 

4 

(1/24) 
.300 

LGA (%) 
5 

(5/93) 

4 

(1/24) 
.812 

SGA (%) 
11 

(10/93) 

17 

(4/24) 
.428 

Table 3.2. Clinical information for placental DNAme cohort. Table summarizing mean maternal age (y), mean 

gestational age (d), mean birth weight (g), and percentage of ART births, female births, IUGR births, LGA births, 

and SGA births per conception mode in cohort of placental villous tissue DNAme study. Asterisks denote 

significance in Tukey HSD/ Kruskal-Wallis H test. * p ≤ .050. IUGR, intrauterine growth restriction; LGA, large for 

gestational age; SGA, small for gestational age. 

 “Normal” FPR “Low” FPR p value 

n (N = 116) 93 23  

Mean maternal age (years ± SD) 34 ± 5 34 ± 5 .679 

Mean gestational age (days ± SD) 278 ± 9 275 ± 8 .078 

Mean birth weight (gram ± SD) 3364 ± 470 3233 ± 548 .216 

ART (%) 
59 

(54/92) 

64 

(14/22) 
.595 

Female (%) 
50 

(46/92) 

50 

(11/22) 
.889 

IUGR (%) 
1 

(1/92) 

4 

(1/22) 
.282 

LGA (%) 
5 

(5/92) 

4 

(1/22) 
.843 

SGA (%) 
11 

(10/92) 

18 

(4/22) 
.384 

Table 3.3. Clinical information for cord blood DNAme cohort. Table summarizing mean maternal age (y), mean 

gestational age (d), mean birth weight (g), and percentage of ART births, female births, IUGR births, LGA births, 

and SGA births per conception mode in cohort of umbilical cord blood DNAme study. Asterisks denote significance 
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in Tukey HSD/ Kruskal-Wallis H test. * p ≤ .050. IUGR, intrauterine growth restriction; LGA, large for gestational 

age; SGA, small for gestational age. 

 “Normal” FPR “Low” FPR p value 

n (N = 66) 52 14  

Mean maternal age (years ± SD) 35 ± 5 37 ± 6 .154 

Mean gestational age (days ± SD) 275 ± 8 269 ± 6 .019 * 

Mean birth weight (gram ± SD) 3377 ± 480 3024 ± 553 .028 * 

ART (%) 
49 

(22/45) 

75 

(9/12) 
.032 * 

Female (%) 
51 

(23/45) 

33 

(4/12) 
.232 

IUGR (%) 
0 

(0/45) 

8 

(1/12) 
.054 

LGA (%) 
11 

(5/45) 

8 

(1/12) 
.638 

SGA (%) 
9 

(4/45) 

17 

(2/12) 
.617 

Table 3.4. Clinical information for placental gene expression cohort. Table summarizing mean maternal age (y), 

mean gestational age (d), mean birth weight (g), and percentage of ART births, female births, IUGR births, LGA 

births, and SGA births per conception mode in cohort of placental villous tissue gene expression study. Asterisks 

denote significance in Tukey HSD/ Kruskal-Wallis H test. * p ≤ .050. IUGR, intrauterine growth restriction; LGA, 

large for gestational age; SGA, small for gestational age. 

 “Normal” FPR “Low” FPR p value 

n (N = 60) 54 6  

Mean maternal age (years ± SD) 34 ± 4 32 ± 5 .481 

Mean gestational age (days ± SD) 277 ± 7 272 ± 9 .113 

Mean birth weight (gram ± SD) 3356 ± 394 3274 ± 260 .620 

ART (%) 
50 

(23/46) 

40 

(2/5) 
.443 

Female (%) 
48 

(22/46) 

80 

(4/5) 
.087 

IUGR (%) 
0 

(0/46) 

0 

(0/5) 
NA 

LGA (%) 
2 

(1/46) 

0 

(0/5) 
.734 

SGA (%) 
11 

(5/46) 

0 

(0/5) 
.431 
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Table 3.5. Clinical information for cord blood gene expression cohort. Table summarizing mean maternal age 

(y), mean gestational age (d), mean birth weight (g), and percentage of ART births, female births, IUGR births, 

LGA births, and SGA births per conception mode in cohort of umbilical cord blood gene expression study. Asterisks 

denote significance in Tukey HSD/ Kruskal-Wallis H test. * p ≤ .050. IUGR, intrauterine growth restriction; LGA, 

large for gestational age; SGA, small for gestational age. 

3.3.2 DNAme in placental villous tissue 

 The mean percent DNAme at each genomic region was determined and is presented 

below in Table 3.6 as percent DNAme (± SD). Aside from a nominally significant increase in 

LINE1 methylation, no significant differences in placental DNAme were observed between the 

“Low” and “Normal” FPR groups for KCNQ1OT1 (U = 914, p = .174), LINE1 (U = 776, p = 

.022), PEG10 (U = 1159, p = .774), or PLAGL1 (U = 1065, p = .733) (Figure 3.1). 

Gene “Normal” FPR “Low” FPR p value 

KCNQ1OT1 
59 ± 6.8  

(n = 93) 
61 ± 5.9  

(n = 24) 
.174 

LINE1 48 ± 4.6  

(n = 93) 
51 ± 6.4  

(n = 24) 
.022 * 

PEG10 50 ± 8.7  

(n = 93) 
49 ± 13  

(n = 24) 
.774 

PLAGL1 46 ± 2.6  

(n = 93) 
47 ± 3.7  

(n = 24) 
.733 

Table 3.6. DNAme in placenta. Table summarizing mean percent methylation (%) for KCNQ1OT1, LINE1, 

PEG10, and PLAGL1 in placental villous tissue by “Normal” or “Low” fetoplacental weight ratio. Asterisks denote 

significance in Tukey HSD tests. * p ≤ .050, ** p ≤ .013. 
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Figure 3.1. DNAme in placenta. Violin plots depicting distribution of percent methylation (%) for imprinted genes 

in placental villous tissue by “Normal” or “Low” fetoplacental weight ratio. Asterisks denote significance in Tukey 

HSD tests. * p ≤ .050, ** p ≤ .013. Empty circles denote individual data points . A) KCNQ1OT1. B) LINE1. C) 

PEG10. D) PLAGL1. 

p = .174 

p = .733 p = .774 

p = .022 * 
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3.3.3 DNAme in umbilical cord blood 

 The percent DNAme at each genomic region was determined and is presented below in 

Table 3.7 as percent DNAme (± SD). No significant differences in umbilical cord blood DNAme 

were observed between the “Low” and “Normal” FPR groups for KCNQ1OT1 (U = 789, p = 

.060), LINE1 (U = 902, p = .249), PEG10 (U = 980, p = .795), or PLAGL1 (U = 801, p = .131) 

(Figure 3.2). 

Gene “Normal” FPR “Low” FPR p value 

KCNQ1OT1 60 ± 6.8  

(n = 92) 
63 ± 7.1  

(n = 23) 
.060 

LINE1 
76 ± 4.5  

(n = 93) 
75 ± 9.7  

(n = 23) .249 

PEG10 
6.3 ± 11  

(n = 90) 
5.6 ± 11  

(n = 21) .795 

PLAGL1 
47 ± 4.0  

(n = 92) 
48 ± 3.7  

(n = 22) .131 

Table 3.7. DNAme in cord blood. Table summarizing mean percent methylation (%) for KCNQ1OT1, LINE1, 

PEG10, and PLAGL1 in umbilical cord blood by “Normal” or “Low” fetoplacental weight ratio . Asterisks denote 

significance in Tukey HSD tests. * p ≤ .050, ** p ≤ .013. 
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Figure 3.2. DNAme in cord blood. Violin plots depicting distribution of percent methylation (%) for imprinted 

genes in umbilical cord blood by “Normal” or “Low” fetoplacental weight ratio. Asterisks denote significance in 

Tukey HSD tests. * p ≤ .050, ** p ≤ .013. Empty circles denote individual data points. A) KCNQ1OT1. B) LINE1. 

C) PEG10. D) PLAGL1. 

p = .060 

p = .131 p = .795 

p = .249 
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3.3.4 Gene expression in placental villous tissue 

 The relative expression level of each gene was determined by RT-qPCR and is presented 

below in Table 3.8 as Rq (± SD). No significant differences in placental expression were 

observed between the “Low” and “Normal” FPR groups for KCNQ1OT1 (U = 467, p = .108), 

L1TD1 (U = 169, p = .328), PEG10 (U = 209, p = .666), or PLAGL1 (U = 209, p = .739) 

(Figure 3.3). 

Gene “Normal” FPR “Low” FPR p value 

KCNQ1OT1 1.5 ± 2.0  

(n = 52) 
1.8 ± 3.1  

(n = 14) 
.108 

L1TD1 
1.2 ± 1.0  

(n = 35) 
1.2 ± 0.51  

(n = 12) .328 

PEG10 
1.1 ± 0.61  

(n = 46) 
1.4 ± 1.2  

(n = 10) .666 

PLAGL1 
1.5 ± 1.3  

(n = 45) 
1.9 ± 2.0  

(n = 10) .739 

Table 3.8. Gene expression in placenta. Table summarizing mean relative expression (Rq) for KCNQ1OT1, 

L1TD1, PEG10, and PLAGL1 in placental villous tissue by “Normal” or “Low” fetoplacental weight ratio. Asterisks 

denote significance in Tukey HSD tests. * p ≤ .050, ** p ≤ .013. 
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Figure 3.3. Gene expression in placenta. Violin plots depicting distribution of relative expression (Rq) for 

imprinted genes in placental villous tissue by “Normal” or “Low” fetoplacental weight ratio. Asterisks denote 

significance in Tukey HSD tests. * p ≤ .050, ** p ≤ .013. Empty circles denote individual data points. A) 

KCNQ1OT1. B) L1TD1. C) PEG10. D) PLAGL1. 

p = .108 

p = .739 p = .666 

p = .328 
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3.3.5 Gene expression in umbilical cord blood 

 The relative expression level of each gene was determined by RT-qPCR and is presented 

below in Table 3.9 as Rq (± SD). Aside from a nominally significant decrease in CDKN1C 

expression, no significant differences in umbilical cord blood expression were observed between 

the “Low” and “Normal” FPR groups for CDKN1C (U = 201, p = .027), H19 (U = 38, p = 

.460), IGF2 (U = 122, p = .904), KCNQ1OT1 (U = 147, p = .828), or PLAGL1 (U = 154, p = 

.969) (Figure 3.4). 

Gene “Normal” FPR “Low” FPR p value 

CDKN1C 
0.78 ± 0.50  

(n = 50) 

0.38 ± 0.14  

(n = 5) 
.027 * 

H19 
1.1 ± 2.5  

(n = 28) 
0.077 ± 0.034  

(n = 2) 
.460 

IGF2 1.2 ± 1.4  

(n = 47) 
1.4 ± 1.9  

(n = 5) 
.904 

KCNQ1OT1 1.1 ± 0.40  

(n = 52) 
1.1 ± 0.24  

(n = 6) 
.828 

PLAGL1 0.79 ± 0.25  

(n = 52) 
0.79 ± 0.25  

(n = 6) 
.969 

Table 3.9. Gene expression in cord blood. Table summarizing mean relative expression (Rq) for CDKN1C, H19, 

IGF2, KCNQ1OT1, and PLAGL1 in umbilical cord blood by “Normal” or “Low” fetoplacental weight ratio. 

Asterisks denote significance in Tukey HSD tests. * p ≤ .050, ** p ≤ .010. 
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p = .027 * 

p = .828 p = .904 

p = .460 
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Figure 3.4. Gene expression in cord blood. Violin plots depicting distribution of relative expression (Rq) for 

imprinted genes in umbilical cord blood by “Normal” or “Low” fetoplacental weight ratio. Asterisks denote 

significance in Tukey HSD tests. * p ≤ .050, ** p ≤ .010. Empty circles denote individual data points. A) CDKN1C. 

B) H19. C) IGF2. D) KCNQ1OT1. E) PLAGL1. 

3.4 Discussion 

 Across all four cohorts, no significant differences between the “Low” and “Normal” FPR 

groups were seen in gene expression or DNAme using the Bonferroni-corrected thresholds of α 

= .013 and .010. There were however two nominally significant differences that met the 

conventional threshold of α = .050; LINE1 DNAme in placenta (p = .022), and CDKN1C 

expression in cord blood (p = .027). Little can be said of the difference in CDKN1C expression 

due to the low sample size in that cohort, but the minor increase in LINE1 DNAme could 

potentially indicate disrupted DNAme regulation in low FPR pregnancies as LINE1 is somewhat 

reflective of global DNAme levels [108,109]. In the original studies from which this data was 

obtained, the expression of three genes differed in umbilical cord blood [106]. In the IVF group, 

expression of IGF2 was higher and KCNQ1OT1 was lower when compared to the SC group. In 

both the IVF and ICSI groups, PLAGL1 was expressed at lower levels than the SC group. This 

p = .969 
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also corresponded to an increase in cord blood DNAme at PLAGL1 in the IVF group during the 

original studies. In the current study, however, none of those differences remained even 

nominally significant. Overall, no trace of the previously reported associations remains in the 

new weight ratio comparison. This would seem to suggest that the previously observed 

differences in gene expression are not directly associated with lower FPRs. 

 Though the results of this study do not support a direct connection between a low FPR 

and purported changes in ART gene expression, they do not exclude the possibility that an 

atypical weight ratio is associated with other risk factors. Past studies have found adverse birth 

outcomes such as IUGR and even stillbirth to occur at greater rates among children born with an 

abnormally low FPR [111]. It is still entirely possible that both a low weight ratio and altered 

DNAme and gene expression are side effects of infertility or the ART techniques used to treat it. 

It may just be that the two effects occur independently of one another and neither one affects 

every ART birth. Overall, this study does not indicate that a low FPR in itself causes or even 

indicates genetic or epigenetic abnormalities. 

 The greatest weakness of this study is most likely its reliance on previous studies for data. 

Because the samples were not originally selected to represent the “Low” and “Normal” FPR 

groups, the sample sizes were unbalanced between groups and extremely small in some cases. 

This is especially true for the cord blood gene expression cohort where sample sizes of 2, 5, and 

6 made drawing any firm conclusions impossible. Using data from previous studies also 

restricted gene selection and meant that the cohorts were not the same for each individual 

analysis. Another important caveat to keep in mind for this study is the lack of a standard 

threshold for determining “Low” and “Normal” weight ratios. While this study was limited by 

the data that was available, perhaps an analysis with a more stringent cutoff of 1.5 or 2.0 

standard deviations below the mean weight ratio would produce different results. 
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Chapter 4: Gene expression in umbilical cord blood from pregnancies with 

adverse birth outcomes 

4.1 Introduction 

 Numerous studies have compared gene expression levels in children conceived via ART 

to those of children conceived spontaneously [73,76,77,79-82,112-114]. One tissue that is often 

used in these studies is umbilical cord blood. Along with placental tissue, cord blood can be 

easily obtained from a large number of patients due to its simple and non-invasive method of 

collection. Unlike the extraembryonic placental tissue, however, umbilical cord blood is derived 

from the embryonic cell lineage, making it a better representation of the newborn’s own genetic 

composition. Using cord blood for gene expression studies does share a significant drawback 

with the placenta, however, that being its high degree of variability in cell type composition 

[115].  

 Due to different tissue types, different sample collection methods, variation in cell 

composition, and several other factors, gene expression studies in ART versus SC newborns 

have often produced conflicting results, and there are few if any genes that demonstrate a 

consistent change in ART births. Expression levels of some imprinted genes, such as H19 and 

IGF2, are frequently seen to be altered though not always in the same direction and sometimes 

not at all [71,73,79-82,114]. One plausible factor in explaining the inconsistent observations is 

that gene expression is only being altered in a subset of ART births that is not equally 

represented across different studies. The increased number of preterm, multiple, and growth-

restricted births seen in the ART population may be one such subset. 

 To determine if these adverse birth outcomes may be contributing to the variability in 

gene expression, a cohort of newborns exhibiting preterm, twin, IUGR, SGA, and LGA births 

was selected for comparing umbilical cord blood gene expression in ART and SC births. Due to 

the atypical nature of a cohort selected to contain adverse outcomes, variation in imprinted gene 

expression is to be expected in both the ART and SC groups relative to the more stable 

endogenous control genes used for reference. However, if the differences in expression display 

any trends or patterns that are unique to the ART group, it may shed light onto what role these 
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adverse birth outcomes are playing in the altered gene expression sometimes observed in ART 

births. 

 The four genes selected for this study, H19, HYMAI, PHLDA2, and PLAGL1, were 

chosen for their status as imprinted genes that have previously been associated with altered 

expression in ART births [79-81]. Because of their essential roles in regulating fetal 

development, they are each associated with at least one imprinting disorder [59,116,117], 

developmental disorders that appear to occur more frequently in ART births [35-39]. They also 

give representation to both PEGs (HYMAI, PLAGL1) and MEGs (H19, PHLDA2). 

4.2 Methods 

4.2.1 Study participants 

 Participants in this study were recruited as described in section 2.2.1.  

4.2.2 Sample preparation 

 Umbilical cord blood samples were collected and prepared as described in section 3.2.2. 

4.2.3 RNA extraction 

 RNA was extracted as described in section 3.2.4. 

4.2.4 Preparation of cDNA library 

 Samples that were confirmed as being of high quality were reverse transcribed into 

cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster 

City, CA). The cDNA library was created by using 1 µg of RNA for each sample and the thermal 

cycling profile of 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 minutes, and hold at 

4°C. Each sample was reverse transcribed in duplicate with a third replicate containing no 

reverse transcriptase to be used in controlling for genomic DNA contamination. The cDNA 

samples were stored overnight at 4°C and diluted by a 1:6 ratio prior to RT-qPCR. 

4.2.5 Gene expression analysis by RT-qPCR 

 RT-qPCR was used with the following FAM-labeled Taqman probe and primer assays 

(Integrated DNA Technologies, Coralville, IA) to evaluate the cDNA libraries: H19 
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(Hs.PT.58.2694336.g), HYMAI (Hs.PT.58.25312231), PHLDA2 (Hs.PT.58.598689.g), PLAGL1 

(Hs.PT.58.26731331). For the endogenous reference genes, UBC (Hs.PT.39a.22214853) and 

YWHAZ (Hs.PT.58.23092985) were used. Each sample was run in duplicate on a 96-well plate in 

the 7500 Real-Time PCR system (Applied Biosystems) with a thermal cycling profile of 50°C 

for 2 minutes, 95°C for 10 minutes, 40 cycles of (95°C for 15 seconds, 60°C for 1 minute). Each 

well on the plate contained either 10µL of TaqMan qPCR MasterMix (Applied Biosystems), 1µL 

of a target gene primer, and 9µL of a cDNA sample, or 10µL TaqMan qPCR MasterMix, 1µL of 

an endogenous reference gene primer, 7µL water and 2µL of cDNA. A calibrator control was 

prepared by pooling equal volumes of cDNA from each of the SC pregnancy samples and 

relative expression (Rq) values were calculated by the ABI 7500 system software using this 

calibrator as a reference. Each plate also included a well in which water was used instead of 

cDNA (negative control). The ΔΔCT method was used to analyze the results. 

4.2.6 Statistical analysis 

 All statistical analyses were performed in the statistical program R (3.5.2) and its user 

interface software RStudio (1.1.456). In testing for significant differences in the clinical data and 

relative expression of each gene, the Kruskal-Wallis H test was used for all categorical data and 

any numerical data that did not display a normal distribution. For comparing the normally 

distributed data, an ANOVA test was performed. Each Kruskal-Wallis H test and ANOVA test 

that showed a significant difference was followed up with pairwise comparisons using the Mann-

Whitney U test or Tukey HSD test, respectively. A minimum confidence interval of 95% (α = 

.050) was used, but because expression levels were being compared across four separate genes, a 

Bonferroni correction of α = .050/4 = .013 was used. Analysis of the clinical information was 

done using the conventional α = .050 without correction. 

4.3 Results 

4.3.1 Clinical information 

 Maternal age was seen to be significantly different between conception modes with the 

IVF group having a higher mean maternal age than the SC group by 5.95 years (95% CI = 1.22, 

10.7; p = .009) (Table 4.1). The number of twins and SGA births was also significantly different 
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between the IVF and SC groups with the IVF group having 42.6% more twins, χ2(1, N = 41) = 

9.25, p = .002 and 35.0% fewer SGA births, χ2(1, N = 41) = 5.44, p = .020. Given the similarly 

high percentage of twins in the ICSI group, as well as the high maternal ages and low SGA 

percentages in both the ICSI and IUI groups when compared to the IVF group, it is likely that 

these groups would have also been significantly different than the SC group if their sample sizes 

were larger. When comparing the percentage of IUGR births across groups, each of the ART 

groups had significantly fewer than the SC group: the IVF group had 51.9% fewer, χ2(1, N = 41) 

= 11.6, p < .001, the ICSI group had 61.9% fewer, χ2(1, N = 25) = 4.95, p = .026, and the IUI 

group had 61.9% fewer, χ2(1, N = 24) = 3.88, p = .049. The mean gestational age, mean birth 

weight, and percentage of females and LGA births did not differ significantly between 

conception modes. The percentages reported for female, IUGR, LGA, and SGA births were 

calculated using the cases in each group for which the data was known, not necessarily all the 

cases in each group. To determine if the difference in maternal age between groups would affect 

the expression levels of the genes being studied, Pearson correlation coefficients were calculated. 

None of these coefficients exceeded an absolute value of r = .27 (PLAGL1), indicating that the 

expression levels were not correlated with maternal age, and are likely unaffected by the 

difference in group composition. 
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 SC IUI IVF ICSI p values 

n (N = 48) 21 3 20 4  

Mean Maternal Age 

(years ± SD) 30 ± 6 
a
 36 ± 1 

ab
 36 ± 5 

b
 34 ± 3 

ab
 .018 * 

Mean Gestational Age 

(days ± SD) 
247 ± 10 254 ± 4 248 ± 13 252 ± 4 .582 

Mean Birth Weight 

(gram ± SD) 
2078 ± 570 2542 ± 581 2359 ± 454 2268 ± 104 .119 

Female (%) 
33 

(7/21) 

33 

(1/3) 

40 

(8/20) 

75 

(3/4) 
.486 

Twin (%) 52 
a
 

(11/21) 

67 
ab

 

(2/3) 

95 
b

 

(19/20) 

100 
ab

 

(4/4) 
.011 * 

IUGR (%) 62 
a
 

(13/21) 

0 
b

 

(0/3) 

10 
b

 

(2/20) 

0 
b

 

(0/4) 
.001 *** 

LGA (%) 
5 

(1/20) 

0 

(0/3) 

0 

(0/20) 

0 

(0/4) 
.717 

SGA (%) 50 
a
 

(10/20) 

0 
ab

 

(0/3) 

15 
b

 

(3/20) 

0 
ab

 

(0/4) 
.028 * 

Table 4.1. Clinical information for adverse outcome births. Table summarizing mean maternal age (y), mean 

gestational age (d), mean birth weight (g), and percentage of female births, twin births, IUGR births, LGA births, 

and SGA births per conception mode. Asterisks denote significance in ANOVA/Kruskal-Wallis H test. * p ≤ .050, 

** p ≤ .010, *** p ≤ .001. Superscript letters denote significance in pairwise Tukey HSD/Mann-Whitney U tests. 

SC, spontaneous conception; IUI, intrauterine insemination; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm 

injection; IUGR, intrauterine growth restriction; LGA, large for gestational age; SGA, small for gestational age.   

 

4.3.2 Gene expression of umbilical cord blood 

 The relative expression of each gene was determined for each mode of conception and is 

presented below in Table 4.2 as Rq (± SD). In each of the four genes analyzed, no significant 

differences in umbilical cord blood expression were observed between the different modes of 

conception. For the expression of H19, HYMAI, PHLDA2, and PLAGL1, the ANOVA results 

were F(3,44) = 0.91, p = .446, F(3,44) = 1.02, p = .391, F(3,44) = 0.13, p = .940, F(3,44) = 

0.67, p = .575, respectively (Figure 4.1). 
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 SC IUI IVF ICSI p values 

n (N = 48) 21 3 20 4  

H19 20 ± 57 0.45 ± 0.37 1.4 ± 2.8 0.82 ± 1.2 .446 

HYMAI 1.1 ± 0.47 1.4 ± 0.51 1.4 ± 0.71 1.1 ± 0.33 .391 

PHLDA2 1.5 ± 1.5 1.2 ± 0.61 1.3 ± 0.89 1.7 ± 1.4 .940 

PLAGL1 1.1 ± 0.48 1.3 ± 0.20 1.1 ± 0.26 1.3 ± 0.38 .575 

Table 4.2. Gene expression in adverse outcome births. Table summarizing mean relative expression (Rq) for 

H19, HYMAI, PHLDA2, and PLAGL1 in umbilical cord blood by mode of conception. Asterisks denote significance 

in ANOVA. * p ≤ .050, ** p ≤ .013. 



110 

 

 

Figure 4.1. Gene expression in adverse outcome births. Violin plots depicting distribution of relative expression 

(Rq) for imprinted genes in umbilical cord blood by mode of conception. Asterisks denote significance in ANOVA. 

* p ≤ .050, ** p ≤ .013. Empty circles denote individual data points. A) H19. B) HYMAI. C) PHLDA2. D) PLAGL1. 

p = .446 

p = .575 p = .940 

p = .391 
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4.4 Discussion 

 The fact that there were no significant differences in the expression of the genes studied 

would seem to suggest that the use of ART alone is not the primary driver in the expression 

differences sometimes noted in studies of ART births. With the exception of a pair of SC twins 

who had much greater expression of H19, all four groups displayed similar distributions of 

expression levels of each gene. Though not represented by the mean values, and not statistically 

significant, PLAGL1 expression levels did seem to be trending higher in the ART groups, with 

the more invasive techniques having higher values. This is what would be expected if the 

technical factors of ART, namely in vitro culturing and cell membrane puncture, were having a 

cumulative effect. Complicating this observation, however, is the fact that the percentage of 

twins in each group also increases with the same pattern. Given PLGAL1’s role as a cell growth 

suppressor, an increase in its expression would most likely be associated with decreased fetal 

growth. As both ART and twin births are generally associated with lower birth weight, it is 

impossible to determine from this study if this slight increase in PLAGL1 expression is a 

response to the ART techniques or the strains of a twin pregnancy. This emphasizes the 

importance of controlling for multiple births in studies of ART pregnancies, as they are known to 

occur at a greater frequency after the use of ART. 

 If the minor increase in PLAGL1 expression is an effect of the increased percentage of 

twins in the ART groups, this study would suggest that pregnancy complications such as 

twinning, preterm birth, and growth restriction are more associated with the differences in gene 

expression sometimes seen in ART children than the ART techniques themselves. Given the 

greater rate of occurrence of these complications in ART pregnancies [2-5,27-29], it is 

understandable how they could give rise to an apparent change in ART gene expression, though 

most studies today filter for such factors, studying only term singletons with normal growth 

patterns. There does exist the possibility of pregnancy complications going undetected or 

unreported in ART gene expression studies and causing the purported differences, however, the 

question of what causes these complications to disproportionately affect ART pregnancies would 

still remain. 

 In addition to the low sample sizes, particularly in the IUI and ICSI groups, there are 

other factors that make it difficult to draw any firm conclusions from this study. Perhaps the 
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most significant is the variability in group composition. Because the number of samples from 

pregnancies with adverse birth outcomes was rather limited, the factors of multiple, preterm, 

IUGR, SGA, and LGA birth were not equally represented across the groups. A larger study that 

could separate these factors into different analyses would be better suited to determine what role 

each one plays in influencing gene expression. Differences in the sex ratio and mean maternal 

age between groups is another element of the study that makes it difficult to draw conclusions as 

sex and maternal age have both been reported to affect genetic regulation in human oocytes, 

embryos, and newborns [118-121]. 

 The genes studied here, as well as most other genes that have been reported to be altered 

in ART births, are not always seen to be altered to the same degree or even in the same direction. 

As a gene that is frequently studied in the context of ART, H19 has been reported to be increased 

[80,81], decreased [79], and unaltered [76,114] in ART multiple times. Though there is currently 

no consensus, there does appear to be more reports of the expression of these and other imprinted 

genes being unaltered rather than altered in ART children [76,79,82,114,122]. One study noted 

that the expression levels of four imprinted genes (IGF2, H19, KCNQ1OT1, CDKN1C) were not 

significantly different in ART newborns of appropriate birth weight when compared to SC 

newborns of appropriate birth weight [76]. When they looked at growth-restricted births, 

however, they saw H19 to be decreased in both groups, CDKN1C decreased in the ART group, 

and KCNQ1OT1 increased in the SC group. In other words, gene expression was more variable 

in growth-restricted births, but remained unaltered in births of normal growth and weight, 

regardless of ART or SC status. This suggests that the ART techniques themselves are not 

driving gene expression changes. It is possible however, that the use of ART allows for a greater 

occurrence of altered expression due to more stochastic drivers such as epigenetic or genetic 

abnormalities inherited from infertile parents.   
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Chapter 5: Conclusion 

5.1 Major Findings and Implications 

 In Chapter 2, a database of 889 live births was analyzed to compare birth outcomes in 

newborns conceived via ART to those conceived spontaneously. This analysis did not detect the 

lower birth weight and gestational age that is often reported for ART newborns. It did, however, 

identify a significantly larger placenta and consequently, lower FPR in ART births. This increase 

in placental size was observed in measurements of weight, vertical thickness, and horizontal 

width on two perpendicular axes. A significantly smaller umbilical cord diameter was also 

observed. These differences were seen across multiple comparisons using different factors of 

pregnancy and ART procedures to divide the samples. The factors that produced the most 

significant differences were whether or not ART was used, whether or not the embryo was 

cultured in vitro, and which specific mode of conception resulted in the pregnancy. Because 

these factors display a large degree of overlap with each other, as well as the fertility concerns 

that necessitate the use of ART, the differences seen do not directly point to a cause for the 

enlarged placentas. 

 Some insight is available, however, where the IUI group, cases of infertility that did not 

use in vitro culturing, aligns more with fertile SC group than the other infertile groups that did 

use in vitro embryo culturing. This seems to suggest that the embryo culturing may be a major 

driver of the placental size differences seen between ART and SC newborns. Additionally, the 

small number of cases in which fertile couples used ART for reasons other than infertility 

showed placenta sizes more similar to the other ART groups than the fertile control group. This 

seems to be the strongest piece of evidence in this analysis as to what is driving the observed 

differences in placental size, and it points to the use of ART. Though it resulted in few 

significant differences, the comparison of cases divided by the source of infertility did seem to 

suggest that infertility may also be affecting birth outcomes, albeit to a lesser degree. It is 

conceivable that due to its heterogeneity in causes and mechanisms, infertility does not produce a 

uniform effect that consistently alters birth outcomes in all pregnancies or in any particular 

direction and is, therefore, less detectable in studies such as this one. Along this line of 
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reasoning, it would seem that the consistent alterations in ART births, such as a larger placenta, 

are due to the ART procedures while the more stochastic effects, such as altered DNAme and 

gene expression, are the result of the underlying infertility. Intuitively, it makes sense that the 

negative effects of infertility would manifest themselves in the genes and epigenetic marks of 

suboptimal gametes in a manner as variable and random as infertility itself. Similarly, if an 

established clinical technique such as in vitro fertilization is responsible for adverse birth 

outcomes, it would be expected that the effects would mirror the procedure’s prevalence and 

consistency as was seen with placental metrics in this thesis. 

 In Chapter 3, previous gene expression and DNAme data from umbilical cord blood and 

placental villous tissue were compared between births with “Low” and “Normal” FPRs. In each 

comparison, no significant difference was seen, despite the original studies finding significant 

differences when dividing the groups by whether or not they were conceived using ART. These 

results suggest then that the lower FPR that is often seen in ART is not directly associated with 

altered DNAme and expression. As mentioned in Chapter 2, the lower weight ratio appears to 

primarily be a result of the larger placental size, which itself seems to be an adaptive response to 

otherwise altered development rather than the cause of it. This is largely speculative, however, 

and certainly needs to be studied further. The lack of association between a low FPR and altered 

DNAme or gene expression does support the notion proposed above that genetic and epigenetic 

abnormalities occur in some percentage of ART births as a result of the underlying infertility 

while enlarged placentas are a prevalent adaptive response to the stress an embryo endures 

during in vitro culturing. 

 In Chapter 4, imprinted gene expression in umbilical cord blood was compared between 

ART and SC newborns that were selected for their adverse birth outcome status. Though 

numerous limitations to the study make it difficult to draw firm conclusions, no significant 

differences were detected for any of the genes that were studied. As is expected for a cohort 

selected for adverse outcomes, expression levels were seen to vary but to no greater degree or 

with any distinct trends in the ART group. This would seem to suggest that among pregnancies 

complicated by twinning, preterm birth, undergrowth, and overgrowth, ART newborns are not at 

any more of an increased risk of genetic abnormalities than are SC newborns, at least in the 

genes studied here. 
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 Overall, the clinical impact of these findings is rather minimal. They seem to suggest that 

any genetic or epigenetic abnormalities seen in ART births are due more to the underlying 

infertility than the techniques being performed in the clinic. If that is the case, it can only be 

addressed by pre-implantation genetic screening, something that is already offered and used 

somewhat regularly when there is reason for concern. The indication that culturing embryos in 

vitro may be the primary driver of enlarged placentas has the greatest potential for clinical 

impact. It would suggest that clinics should try to minimize the amount of time an embryo 

spends in culture and regularly re-evaluate which culture medium supplier they choose to 

purchase from, as new formulas may offer better outcomes for both their embryo transfers and 

their patients’ pregnancies. Neither of these ideas is new to the clinical IVF community, 

however, and both are quite common in practice already. 

5.2 Limitations 

 Throughout these studies, there were numerous limitations to keep in mind while 

considering the results. One weakness that was present in all three chapters was the demographic 

heterogeneity of the cohorts. As mentioned in Chapter 2, ethnic and socioeconomic differences 

can affect birth outcome as well as gene expression. Because the cases used in these studies were 

collected from several different cities across western Canada, with different conception modes 

disproportionately representing different cities, it is entirely possible that the results were 

affected by the demographic composition of the cohorts. Correcting for these differences was not 

possible as data for ethnicity was only collected in the last few years of sample collection and 

data for socioeconomic status was never collected. Similar to ethnic background, other data 

points such as embryo transfer type and origin of infertility were added to the patient 

questionnaire several years into sample collection, resulting in the large number of NA cases 

seen throughout Chapter 2.  

 Another limitation that affected every study was the small number of samples available 

for certain analyses. Because Chapter 2 used the entire database, most of the singleton 

comparisons had sufficient group sizes, but the limited data for the use of surrogates and gamete 

donors meant a much lower power for detecting any differences that may have been present. The 

studies in Chapters 3 and 4 were even more affected by the issue of small sample sizes. The gene 
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expression study in pregnancies with adverse outcomes was limited in size and scope by design 

as it was intended to be a pilot test for a larger study. The analyses performed in Chapter 3 were 

restricted in sample size due to their reliance on previous studies for data. This also meant that 

the genetic regions to be evaluated were limited to the genes already studied. These studies could 

certainly benefit from being redesigned with the explicit intention of comparing FPR groups. The 

use of RT-qPCR was another limiting factor in the size of the studies in Chapters 3 and 4 as it 

becomes very costly when analyzing many genes. It would be of great interest to expand these 

studies using a more genome-wide approach such as RNA sequencing and an 850K methylation 

array as there is no reason to suspect that all genes would show the same results seen in the few 

genes studied here. 

 The use of cases that are fundamentally different as a single group was perhaps the most 

concerning limitation to the studies presented here, particularly in Chapter 4. In the adverse 

outcome gene expression study, there was a large degree of variability in what defined the cases 

as having adverse outcomes. Some cases displayed a large for gestational age birth weight while 

others were small for their gestational age. Some cases were born preterm but of average weight, 

while others were term births that were growth-restricted. Additionally, some samples came from 

twins, while others were from singletons. This issue of trying to compare singletons to twins was 

also present in the cohorts of Chapter 3. 

5.3 Future Directions 

 Given the findings of these studies and their many limitations, there is ample opportunity 

to build upon and improve this line of investigation. As mentioned above, the studies discussed 

in Chapters 3 and 4 could be significantly improved if they were redesigned. The cohorts for the 

FPR study could be reselected to better balance the “Low” and “Normal” group sizes. 

Additionally, a high weight ratio group could be added, or cases could be divided into quantiles 

after ranking by FPR to provide a deeper understanding of how this metric is associated with 

gene expression or birth outcome beyond just the low ratio seen in ART. It would also be of 

interest to build on the study by expanding the cohort to all births, testing for associations with 

other pregnancy complications and genetic or epigenetic profiles. This may shed some light on 
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what exactly is causing the larger placenta and lower weight ratio in ART and what downstream 

effects they have on development.  

 If the adverse outcome gene expression study were redesigned to be a full-scale study, it 

would need to include more samples and some exclusion criteria would need to be applied. It 

would be best to either narrow to a specific adverse outcome, such as small for gestational age 

term births, or to separate the different adverse outcomes into multiple, independent tests. As 

with the analyses in Chapter 3, a redesigned adverse outcome study would not directly compare 

twins to singletons and would ideally examine many more genetic regions using a genome-wide 

approach. 

 The database analysis, having fewer limitations and flaws in its design, is more in need of 

follow up than redesign. Because the results seem to suggest that the ART techniques 

themselves, particularly in vitro embryo culture, are affecting birth outcomes, it would be 

beneficial to more rigorously study the individual steps of the procedures. Culture medium 

composition, for instance, varies from one clinic to another, as there are numerous manufacturers 

of culture media, each using their own patent-protected formula. Comparing success rates and 

birth outcomes from different IVF clinics around the globe, considering the brand of culture 

medium they use as a factor, could offer more insight into how the process of in vitro culture is 

affecting gestation and which culture medium least affects birth outcomes. It is also important 

for more studies to be done that look at fertile couples who use ART for reasons other than 

infertility and couples who struggle with subfertility but still manage to conceive naturally. 

These couples offer a glimpse at the effects of ART and infertility independent of one another, 

something that is rare but very valuable in assessing the long-term safety of ART.
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