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ABSTRACT
ASSISTED REPRODUCTIVE TECHNOLOGY AND
ADVERSE PERINATAL OUTCOMES
By
Galit Levi Dunietz

Since its introduction in 1981, Assisted Reproductive Technology (ART) has
been the conventional therapy for infertile couples seeking a pregnancy. However,
consistent reports linked ART with adverse perinatal and obstetric outcomes. To
elucidate this association we examined the risk of preterm birth and suboptimal
newborn size among ART-conceived and non-ART singletons. We expanded our
analyses to evaluate the risk of preterm birth and suboptimal newborn size along the
gestational age continuum and by detailed parental infertility diagnoses and extensive
treatment modality.

Our retrospective cohort was assembled using a population-based ART data
collected by the National ART surveillance system. The ART data were probabilistically
linked to vital records of all live births in Massachusetts and Florida 2000-2010 and
Michigan 2000-2009. We restricted our sample to a subset of singleton live births of
mothers age 15-60 between 22 and 44 weeks’ gestation, resulting in 32,691 ART and
4,263,846 non-ART singletons.

We confirmed previous reports that ART singletons have a significantly
increased risk of poor perinatal outcomes, e.g. preterm birth, small for gestational age
and suboptimal newborn size. Our results suggested a heterogeneous pattern of

preterm birth along the gestational age continuum only for ART singletons born to



mothers with diagnosed infertility, but not other infertility sources. Examination of
preterm birth risk, across distinct categories of female infertility, indicated significantly
increased preterm birth for all ART singletons, independent of their parental infertility
source. However, we were able to detect a different risk magnitude by the underlying
infertility cause, such that ART singletons born to mothers with a diagnosis of uterine
factor or ovarian disorders had a statistically significant increased risk to be born
prematurely compared with ART singletons of other parental infertility cause. Thus, it is
plausible that the etiology of adverse perinatal outcomes observed among ART
singletons is related to both the infertility cause and the technology of assisted
reproduction.

Several ART cycle types and techniques were associated with poor perinatal
outcomes among ART-conceived compared with non-ART singletons. Two invasive
ART techniques, assisted hatching and intra-cytoplasmic sperm injection, were not
associated with an increase the risk of preterm birth and small newborn size among
singletons compared with singletons born following the basic ART procedures. This
information may be reassuring for infertile couples seeking pregnancy. However, other
perinatal risks may be associated with these techniques. The use of frozen, autologous
embryos in ART cycles was associated with better perinatal outcomes compared to
frozen/donor, fresh/donor and fresh/non-donor ART modalities. The observed protective
effect of ART therapy with frozen, autologous embryos on preterm birth and small
newborn size may be attributed to the less invasive ART procedures that are associated
with frozen embryos, to the immunologic tolerance of autologous cycles or to ART

methods applied in embryo cryopreservation.
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CHAPTER 1

BACKGROUND LITERATURE AND AIMS

On November 1977, after 9 years of infertility, Lesley and John Brown from
Bristol, England, underwent the first successful procedure of Assisted Reproductive
Technology (ART) under the care of Dr. Patrick Steptoe, an obstetrician and
gynecologist and Dr. Robert Edward, a physiologist from Cambridge University. The
birth of their daughter, Louise Joy Brown, on July 25, 1978 at the Royal Oldham
Hospital in England, marked the beginning of a new era in the practice of reproductive
medicine and brought hope to infertile couples around the world. More than 3 decades

later, ART has become a standard treatment for male and female infertility.

1.1 Impaired fertility

Infertility, clinically defined as a disease of the reproductive system is manifested
by the failure to conceive a pregnancy after at least 12 months of regular and
unprotected sexual intercourse (1). Often used interchangeably, subfertility and infertility
are distinguished by Gnoth, based on time to pregnancy (2). He defines subfertility as
reduced fertility with long time to pregnancy, less than 48 months, and infertility, as a
similar state as sterility, but with a rare chance of achieving a naturally conceived
pregnancy. Infertility can be primary, if a pregnancy was never achieved, or secondary,
if attempts for a subsequent pregnancy are failed. The prevalence of infertility is
estimated at 3.5%-16.7% of reproductive age women in the developed world (3-6) and

higher in the developing world (7).



Unlike other diseases, in which the diagnosis is on the individual patient level,
infertility affects couples and may be identified even in the absence of pathological
evidence. Fertility is inversely associated with age for both men and women, but its
natural decline occurs earlier for women (8). However, within the reproductive age
range, infertility causes are distributed as follows: 35% of the cases related to female
factors, 30% to male infertility, 20% of infertile couples are diagnosed with a
combination of female and male factors, and 15% will experience infertility of
unexplained nature (9). Infertility diagnosis serves as an umbrella term to multiple
abnormalities of the human reproductive system. Thus, female and male infertility
diagnoses are further subdivided to categories of hormonal imbalance or mechanical
dysfunction resulting from congenital anomalies or exposures to infections, hazardous
agents, or co-morbidities.

Several studies have linked untreated infertility, defined as time to pregnancy >1
year, with adverse birth and obstetric outcomes, such as low birth weight, small for
gestational age, preterm birth, perinatal death, cesarean delivery, antepartum
hemorrhage and hypertensive disorders of pregnancy (10-13). However, further
research is needed to examine whether the risk of adverse outcomes differ among

infertility diagnoses or characteristics of subfertile populations.

1.2 Assisted reproductive technology

ART, considered the last resort treatment for infertility, offers a wide array of
medical procedures, in which both male and female gametes are handled outside the
body to achieve conception. In 2012, it was reported that the cumulative number of ART

births reached a significant milestone of 5 million infants globally (14). In the US, ART



births accounted for 1.5% of the overall births in 2011, resulting in 61,660 infants (15).
These numbers represent one of the lowest rates of ART utilization in the developed
world (16). According to a recent report, since 2002, the annual number of ART cycles
in the US, has increased from 110,000 to more than 140,000 cycles. However, a more

modest rise was observed in the number of ART live deliveries and infants born (17).

NMumbers of ART Cycles Performed, Live-Birth Deliveries, and Infants Born
Using ART, 2002-2011
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Figure 1: Numbers of ART cycles performed, live-birth deliveries, and infants born 2002-
2011



The standard ART procedure involves controlled ovarian hyper-stimulation,

followed by surgical retrieval of eggs. The eggs are then placed in a dish with motile

sperm to achieve fertilization or undergo Intra-cytoplasmic sperm injection. Once

fertilization occurs, an embryologist will be monitoring the development and growth of

the zygote. Transfer of the resulting embryo into the uterine environment may take

place 1-6 days post fertilization.

Table 1.1: Stages of embryonic growth and development in-vivo (18, 19)

Embryogenes [Time Location |Description
is
Zygote 12-24 hours post Oviduct |Single cell combined of maternal and
ovulation paternal gametes (DNA)
Cleavage 2-3 days post Oviduct |First stage of embryogenesis.
fertilization Repeated division of fertilized ovum
Morula 3 days post fertilization |Oviduct |16-20 cell size ball
Blastocyst 3-6 days post Uterus |Contains ~ 50 cells of 2 distinct types:
fertilization trophoblast (outer cell layer) and
embryoblast (inner cell mass)
Implantation occurs ~ day 6
Embryo Post implantation-8 Uterus |After implantation, blastocyst

weeks gestation

differentiate into embryonic and
placental structures

A 2010 ART surveillance report indicates that 52% of Embryo Transfer (ET)

procedures were performed on day 3 post-fertilization, at the cleavage stage, following

by 38% day 5 ET, at the blastocyst stage (20), albeit evidence of higher pregnancy

rates associated with blastocyst transfer (21, 22) versus reports of comparable

outcomes for ET on day 3 and day 5 (23-26).




Gametes source varies across ART cycles; Couples may use autologous or
donated gametes, based on their infertility status and medical risk factors (27). The
number of ART cycles using donated eggs are positively associated with maternal age;
only 4.5% of ART cycles, with female partner at age 35, involve donor eggs compared
to 23% at age 42 and nearly 44% at age 44 (17).

In addition to ET timing, a decision regarding the number of embryos to be
transferred should be considered, if more than one embryo is available. ART is a major
contributor to multi-fetal pregnancies, accounting for almost 20% of all multiples born in
2011 (15). Multiple gestations are considered an undesirable outcome as those
pregnancies are linked to adverse outcomes. In an attempt to reduce the incidence of
multi-fetal pregnancies, a committee was formed with members of the Society of ART
and the American Society of Reproductive Medicine to provide guidelines (28) for the
recommended number of ET based on patient’s age and prognosis. Elective Single
Embryo Transfer is the practice of selection and transfer of one embryo, out of several
available embryos, into the uterus (15). 2011 data show that in 70% of fresh non-donor
cycles 1-2 embryos were transferred while in the remaining 30% of ART cycles, 3 or
more ET occurred (17). Post-ET, if patients have additional embryos of good quality,
they may choose to cryopreserve these embryos for a later cycle, discard them, or
donate their embryos for research purposes.

A sub-type of the standard ART therapy, frozen ART cycles do not involve egg
retrieval, rather, they use thawed embryos or oocytes that were cryopreserved in a
previous ART cycle. Descriptive data imply slightly higher rate, 26.8% vs 25.6%, of

singleton live birth for frozen compared to fresh autologous cycles, respectively (17).



Intra-cytoplasmic sperm injection (ICSl) is a technique of selecting a single
sperm for direct microinjection into an oocyte, rather than placing the gametes in a dish
for independent fertilization in a conventional ART (29). Initially, ICSI was applied to
treat severs male infertility related to impaired sperm characteristics (30). However, in
light of improved outcomes observed outside of the male infertility diagnoses (31-35),
ICSI use has expanded to ART cycles independent of the underlying infertility
diagnoses. Recent data show that while 36% of ART cycles during 1996-2012, were
due to male factor infertility, ICSI was performed in 65% of them, mostly in couples with
male infertility, unexplained infertility, advanced maternal age, poor ovarian response
and 2 or more unsuccessful ART cycles (36).

Assisted Hatching (AH) is an ART method, usually performed on day 3 post
fertilization, to improve pregnancy and implantation rates among subfertile couples
seeking treatment (37). During their development, human oocytes are surrounded by a
protective membrane called the Zona Pellucida (ZP). Thinning of the ZP is necessary to
allow the embryo hatch out of the ZP and attach to the uterine lining. AH methods are
aimed at thinning of the ZP, such as drilling with artificial solution, laser photo-ablation
and dissection with a glass micro-needle (38). Since those techniques carry potential
embryonic damage, their routine use in ART treatments is not recommended.

The use of donor gametes, oocyte, sperm or both, is suggested in ART
treatments of subfertile couples with male infertility factor, female infertility involving
diminished ovarian reserve, poor oocyte quality, or their combination. According to a

National ART data report, in 2010, 12% of ART cycles used donated oocytes or



embryos (20) and 27.5% of these cycles had good perinatal outcomes, defined as full

term, live birth of a singleton with birth weight greater than 2,500g (39).

1.3 Access to assisted reproductive technology

In 1979, the UN endorsed the right of women to independently make decisions
related to their reproductive health and to have access to exercise these rights,
including family planning (40-42). The right to ‘procreative liberty’ was seen as the basis
for the right to reproduce, that is, the right to have children or live childfree (43, 44).
Robertson argues that reproductive autonomy is important for freedom and human
dignity, and essential for personal identity, meaning, and happiness (45). The access to
this right may be different between fertile and infertile couples, as the latter may need to
use ART for reproduction. Similar access to reproduction should be provided to infertile
couples such that they, too, can exercise their right to have children (46). Unfortunately,
access to reproduction autonomy for infertile couples is still not recognized globally.
Access is restricted by woman’s age (46), marital status, and sexual orientation (47),
Access is also unequal by income, education, race, and ethnicity (48-52), as well as
knowledge of infertility and ART services (53), infertility cause (54), and geographic
availability (48, 50, 55). Even when infertile couples are able to overcome social and
spatial barriers, they are still challenged by financial barriers.

Although mandated ART reimbursement is associated with increased access to

ART services by infertile couples (50), in the US, it is offered in only 15 states,
Arkansas, California, Connecticut, Hawaii, lllinois, Louisiana, Maryland, Massachusetts,
Montana, New Jersey, New York, Ohio, Rhode Island, Texas and West Virginia.

However, even within this selected group significant variation still exists with respect to



patient eligibility for ART services and their reimbursement (56). Indeed, lower access
and utilization of ART services among US infertile couples has been confirmed in
multiple studies (57-59). Consistent data suggest that in the US, ART users are a

selective group of older, non-Hispanic white women with a higher education level (60).

1.4 Assisted reproductive technology and adverse birth outcomes
1.4.1 Biological plausibility

While the association of ART and poor birth outcomes in singleton births has
been repeatedly observed across time and populations, its etiology is still unknown.
Current hypotheses of biological pathways have pointed at the underlying infertility, ART
procedures and their combination.

Infertility pathophysiology and adverse birth outcomes may have a shared
etiology (61). Several causes of infertility, such as impaired ovarian functions, pelvic
infection, uterine abnormalities, obesity and stress were linked to preterm birth and
small newborn size (13, 62-64). Environmental exposures to pesticides, air pollutants
and solvents may alter female hormonal function, contributing to both infertility and poor
birth outcomes (62, 65, 66).

ART is a collection of techniques for treating infertility with the purpose of
achieving a pregnancy. While ART methods are universal, variation in laboratory
protocols and practices exists. For example, preimplantation embryogenesis takes
place in culture media that varies in their nutrients, temperature, and along the in-vitro
embryonic developmental stages (67). Culture media plays an important role in
embryonic growth, development, quality, implantation and birth rates (68, 69). Animal

and human studies provided robust evidence of an interaction between post-fertilization



media culture and growth-related epigenetic processes, gene expressions and
imprinting within embryos in-vivo (70-77).

The pharmacologic component in ART involves administration of exogenous
gonadotrophins during a controlled ovarian hyper-stimulation for the purpose of oocyte
production. Consequently, supraphysiological sex hormones are circulating in the
bloodstream during the follicular phase and oogensis. Animal and human studies
reported the detrimental effect of stimulated ovulation on uterine and endometrial
receptivity and development, placental function and development, and embryo quality
and growth (78-86). An alternative hypothesis proposes that gonadotrophins
administration increases the levels of serum relaxin, that in turn, induces collagen
breakdown and cervical ripening that could lead to preterm birth (PTB) (87-92).

Vanishing twin syndrome (VTS), first reported in 1945 by Stoeckel, is an event of
embryonic loss and absorption, occurring in a twin gestation, that results in a singleton
birth (93). Pinborg estimated that 10% of ART singletons are survivors of a vanishing
co-twin (94). Several studies examined the effect of a spontaneous reduction and its
timing on birth outcomes of the surviving twin. Compared to ART singletons originating
from a singleton gestation, ART singletons, survivors of VTS, have a significantly
increased risk to be born at the lowest 10™" percentile birth weight for their gestational
age, at a low birth weight and after a shorter gestation (82, 94-97). The reported risk
was positively correlated with the timing of co-twin demise, such that later losses were
associated with poorer outcomes (94). Selective reduction is the complement pathway
for a co-twin fetal demise and a subsequent singleton birth. The purpose of selective

reduction is to improve perinatal outcomes and survival of a singleton in multi-fetal



gestation (98). However, in conjunction with VTS, selective fetal reduction carries its

own risks of PTB and Low Birth Weight (LBW) (99, 100).

1.4.2 Evidence from human studies

While ART alleviates the burden of infertility, it also presents a challenge to
public health, as ART pregnancies are associated with several adverse maternal and
neonatal outcomes. There is a large body of research to suggest that ART is linked to
increased risk of poor birth and obstetric outcomes, among multiples and singletons,
such as PTB (101-114), small newborn size (63, 82, 101-103, 107-109, 112, 115, 116),
perinatal mortality (104, 107-109, 112, 117), cesarean section (104, 116, 118), placental
abnormalities (105, 119-122) and birth defects (123-127).

Preterm birth, defined as a birth occurring before 37 weeks’ gestation, accounts
for 12% of all US births (128). Based on gestational age, PTB is further classified to
extremely early (£25 weeks), early (<32 weeks), moderate (32-33) and late preterm
birth (34-36). Numerous studies have established the role of PTB in neonatal morbidity
and mortality (129-132). The reported risk of adverse neonatal outcomes was present
along the gestational age of all PTB, including late PTB (133-136). Multi-fetal
pregnancies, common in ART pregnancies (137, 138), are an important risk factor for
PTB (137-139). But even among ART-conceived singletons, compared to non-ART, a
significantly increased risk for PTB was observed (61, 81, 92, 102-105, 109, 110, 112,
114, 116, 140-142). Table 1.2 provides a summary of major studies linking ART and

preterm birth.
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Table 1.2: Summary of studies linking Assisted Reproductive Technology with Preterm Birth

Author
Year
Bergh
1999

D’Angleo
2011

Dhont
1999

Hayashi
2012

Helmerhorst
2004
Henningsen
2011

Jackson
2004
Koudstaal
2000

Marino
2014

Data Source
Years included

Swedish birth registry

1982-1995

PRAMS (6 states: IL,
AL,ME,MD,NE, OK)

2000-2003

ART Singleton births

Flanders, Belgium
1992-1997
Japanese society
OB/GYN
Singleton births
2001-2005

12 studies
Singleton births
Denmark National
birth registry
Singleton births
1994-2006

14 studies
Singleton births

4 ART centers
Singleton births
The Netherlands
Before 1992

South Australia ART
registry linked to birth

data
1986-2002

Study Design

Retrospective
cohort

Population-based
surveillance

Case-control
Match: regional
registry
Case-control
Match: same
registry

Systematic Review

Population-based
Crossover

Meta-Analysis
Case-control

Match: same
hospital registry

Population-based

Study Groups, size

Natural conception 1,505,724
ART 5,856

Natural conception 14,673
ART 920

Natural conception 3,048
ART 3,048

Natural conception 4,264
ART 4,570

Natural conception 7,038
ART 5361

3,879 women with ART birth
after natural conception birth

Natural conception 410,690
ART 12,114

Natural conception 307
ART 307

'No ART, fertile 298,952
2Q|, infertile 767
SART 5,949

11

PTB

<32
<37

<37

<33
33-36
>36
<34
<37

<32
<37
<32
<37

<37

<37

<32

<37

Covariates

Age, parity, plurality,

birth year, IF
duration

Age, race, income,

alcohol, smoking,

BMI parity, plurality,

education, marital

status, state, medical

risk factors

Age, parity, fetal sex

Age, parity, height,

weight, smoking,

alcohol, pre-existing

diseases
Age, parity

Age, parity, birth

year, infant sex

Age, parity, birth
date

Age, parity, height,

weight, ethnicity,
birth date, clinic,

smoking, obstetric,

medical history

Plurality, age, parity,

infant sex

Preterm Birth
OR (95% CI)
1.46 (1.10, 1.95)
1.48 (1.30, 1.68)

1.91 (1.31, 2.80)

3.48 (2.16, 5.66)
1.92 (1.55, 2.39)
0.45 (0.37, 0.55)
1.33 (1.13, 1.57)
1.29 (1.16, 1.45)

3.27 (2.03, 5.28)
2.04 (1.80, 2.32)
1.1(0.7, 1.8)
1.3 (1.1, 1.6)

1.95 (1.73, 2.20)

2.8 (1.6, 5.0)

2.30 (1.82, 2.90) 3 1
6.96 (4.88, 9.92) 2vs 1

1.64 (1.46, 1.84) 3vs 1
2.76 (2,17, 3.52) 2vs 1



Table 1.2 (cont’d)

McDonald
2005

McDonald
2010

McGovern
2004
Pandey
2012

Perri

2001

Romundstad
2008

Sazonova
2011

Schieve
2004

Wisborg
2010

10 case-control
Studies
Singleton births
15 studies
Singleton births

27 studies
Singleton births
7 cohort studies
Singleton births
Medical center
Singleton births
Israel 1996

Norway birth registry

Singleton births
1984-2006

ART data linked to
Swedish birth registry

2002-2006
ART surveillance

Systematic Review
and Meta-Analysis

Systematic Review
and Meta-Analysis

Systematic Review
and Meta-Analysis
Systematic Review
and Meta-Analysis
Case-control
Match: births from
same hospital
Population-based
Crossover

Population based
Retrospective
cohort

Population based

from U.S. IF clinics

Singleton births
1996-2000
Medical Center
Denmark
Singleton births
1989-2006

Prospective cohort

Natural conception 4,044

ART 3,055

Natural conception 1,532,188

ART 12,070

n/a**

Natural conception 614,440

ART 27,819
Natural conception 190
ART 95

'Natural conception 1,127,739
2Both ART & Natural 2,204

SART 7,474

Natural conception 587,009

ART 13,544

Reference population: singleton
births from the 2000 U.S.

Natality File
ART 62,5551

'Natural conception <1¥) 16,464
2Natural conception 1y 2,009

3Ql, IUI 877
4ART 730

<32
32-36
<37
<32
32-36
<37
<37

<37

<37

<37

<28
<32
<37
<37

<32

<37

Age, parity

Age, parity*

Age and/or parity
Age, parity

Age, parity, ethnicity,
gravidity

Age, parity, sex, birth
year, inter-pregnancy
interval, previous
perinatal death

Age, parity, smoking,
BMI, IF duration, birth
year, plurality

Age, parity, race

Parity, age, education,
marital status, BMI,
smoking, alcohol,
coffee

2.99 (1.54, 5.80)
2.30 (1.00, 5.28)
1.93 (1.36, 2.74)
2.27 (1.73, 2.97)
1.52 (1.01, 2.30)
1.84 (1.54, 2.21)
1.98 (1.77, 2.22)

1.54 (1.47, 1.62)

5.69 (2.39, 13.55)

1.69 (1.55, 1.85) 3vs 1
1.20 (0.90, 1.61) 2

1.69 (1.34, 2.14)
1.70 (1.50, 1.94)
1.80 (1.70, 1.90)
1.41 (1.32, 1.51)
Observed vs.
expected

1.10 (0.62, 1.94) 2vs 1
0.95 (0.38, 2.37) 3vs 1
2.33 (1.17, 4.65) 4vs 1

1.19 (0.98, 1.44) 2vs 1
1.16 (0.87, 1.56) 3¥s 1
1.53 (1.15, 2.04) 4vs 1

ART=assisted reproductive technology; PTD=preterm birth, defined in Gestational Weeks; GA=gestational age; IF=infertility; IUI-Intra Uterine
Insemination; Ol=ovulation induction; OR=0dds ratio
* adjusted in all but one study

**included estimates rather than actual number of participants

12



Newborn size is another important indicator for fetal and infant health (135, 143,
144). Information on fetal growth may be generated directly with imaging technology, or
indirectly using neonatal anthropometric measurements, such as birth weight and
length, and head or chest circumference. Birth weight is widely used in perinatal
research, categorically, with 2,500 grams as the cutoff between normal and LBW, or
continuously as mean birth weight. There are several reasons for the frequent use of
birth weight as health indicators; first, birth weight is readily available and accurately
measured in birth records; second, it is associated with immediate and later-in-life
health status of individuals; and lastly, mean birth weight is linked to population health
(145-147). Paradoxically, the simplicity of birth weight measurement conceals the
complexity of its interpretation, as LBW may be attributed to short gestation, poor fetal
growth or their combination. It is, thus, important to identify and distinguish the distinct
etiology of LBW.

Indices that match the gestational age with the birth weight measurements, have
been gradually replacing LBW in the scientific literature. The first, birth weight z-score,
or standard scores, quantifies the distance and direction of a measurement (x) from its
population mean (u) at a given gestational age in units of standard deviation (o).

> Z=x-ylo
Z-score transforms an observation to its corresponding value in a standard normal
distribution with y =0 and 0=1, such that a z-score < 0 represent a value that is below
the population mean while a z-score > 0 describe a value above the population mean.
In terms of birth weight, z-score expresses the distance in standard deviations of an

observed birth weight from the mean birth weight of an appropriate reference population
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based on their sex and gestational age at birth. For example, z=1 reflects a baby’s birth
weight that is 1 standard deviation larger than counterparts born at the same gestational
age and of the same sex.

One of the advantages of z-score is its property as a standardized quantity that
allows comparison across sexes and individuals at any gestational age. A second
advantage stems from the definition of z-score as a continuous variable that may be
summarized using statistical functions such as mean and standard deviation. However,
the complex concept of z-score and its indirect interpretation pose challenges for wider
use (148, 149).

Percentiles are the second index that incorporates gestational-age-for-birth-
weight measurements, as they assess the relative position of an observation in a sex-
specific and gestational age-specific reference population. Assuming normal
distribution, newborn size is often measured using percentiles, most commonly, 3™, 5t
50t (median), 95, 971 and 99'". Alternatively, the cut off for suboptimal size may be
defined as 2 standard deviations below the mean birth weight for gestational age. For
example, Small for Gestational Age (SGA), is expressed as birth weight below the 10t
or 5! percentile or 2 standard deviations below the mean birth weight for a given
gestational age within a sex specific population.

The majority of ART studies examined LBW (<2,500 g) and very low birth weight
(<1,500 g) of ART-conceived infants compared to naturally conceived singletons (61,
63, 81, 82, 92, 101-109, 114-116, 119, 141, 150, 151). Fewer studies associated ART
with newborn size in terms of mean birth weight (106, 115, 150, 152). ART was also

linked to SGA infants, whose birth weight was lower than the 10t", 5" percentile for their
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gestational age, or 2 standard deviations below the mean birth weight (61, 92, 103, 107,
108, 112, 116, 119, 141, 153-161). Relative to LBW, mean birth weight and SGA,
newborn size, measured as a birth weight z-score, was rarely used to study birth
outcomes in ART populations (162). Table 1.3 presents major findings on SGA risk in

ART births.
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Table 1.3: Summary of studies linking ART with Newborn Size (Small for Gestational Age)

Author
Year
D’Angelo
2011

Doyle
1992

Fujii
2010

Helmerhurst
2004
Isaksson
2002

Jackson
2004
Koudstaal
2000

Maman
1998

Marino
2014

Data Source
Years included

PRAMS (6 states:
AL, IL, ME, MD,
NE, OK)
2000-2003

ART registry
Singleton births
England
1978-1987
Perinatal database
Singleton births
Japan 2006

6 matched studies
Singleton births
ART clinic births
Finland 1993-1999

7 studies
Singleton births
4 ART centers
The Netherlands
Singleton births
Before 1992

Medical Center,
Israel

Singleton births
1989-1994

South Australia
ART registry linked
to birth data 1986-
2002

Study Design

Population-
based
surveillance

Population-
based

Cross sectional

Systematic
Review
Case-control
Match: Finnish
birth registry
Meta-Analysis

Case-control
Match: same
hospital registry

Case-control
Match: same
medical center

Population-
based

Study Groups, size

"Natural conception 14,673

2Qvulation induction 904
SART 920

ART 648

Non-ART 53,566
ART 1,396

Non-ART 2,290

ART 1,507

'Natural conception 345
2ART/unexplained IF 69
SAll ART 1,901

Natural conception 2,208
ART 1,889

Natural conception 307
ART 307

'Natural conception 469
2ART 169

'No ART, fertile 298,952
20|, infertile 767
SART 5,949

16

Newborn Size
Definition

<10t percentile
Adjusting for
race, sex, ga,
bw

<10t percentile
By ga

<10t percentile
By ga

<10t percentile

<2 sd of mean
bw by sex, ga

<10t percentile
by ga

<10t percentile
by sex, ga

<10t percentile
by ga

<10t percentile
<3 percentile
by sex, ga

Covariates

Income, education,
age, race, alcohol,
smoking, parity,
marital status, BMI,
state, medical risk
factors

Maternal age, infant
sex

Age, placenta
previa, maternal
characteristics

Age, parity

Maternal age, parity,
residence, birth
year, plurality,

Age, parity

Age, parity, height,
weight, ethnicity,
delivery date, clinic,
smoking, obstetric,
medical history

Age, parity, ga

Plurality, age, parity,
infant sex

SGA
OR (95% Cl)

1.71 (1.09, 2.69) 2vs 1
1.98 (1.21, 3.24) 3vs 1

17% vs 10%
Observed vs
Expected
P<0.01

1.12 (0.95, 1.31)

1.40 (1.15, 1.71)

12.9%
p>0.05

22.9% 32.4%

1.60 (1.25, 2.04)

2.29 (1.37, 3.84)

1.03 (0.53, 2.00)

1.34 (1.06, 1.69) 2vs 1
1.22 (1.1, 1.33) 3vs 1



Table 1.3 (cont’d)

McDonald 9 case-control Systematic Natural conception 3,009 <10t percentile | 7 studies did not 1.59 (1.20, 2.11)
2005 Studies (6 low Review and ART 1,823 By ga adjust for parity

quality studies) Meta-Analysis

Singleton births
Olivennes Medical Center Retrospective "Natural conception 5,096 <10t% percentile | Age, parity, 1.90 (1.26, 2.87) 2vs
1993 France cohort 2QOvulation induction 263 by ga pregnancy 1.99 (1.21, 3.31) 3vs!

Singleton births SART 162 complications,

1987-1989 delivery site, date
Panday 7 cohort studies Systematic Natural conception 580,810 | <10t <3r Age, parity 1.39 (1.27, 1.53)
2012 Singleton births Review and ART 13,207 percentile No heterogeneity

Meta-Analysis by ga

Reubinoff Medical Center Case-control Natural conception 260 <10t percentile | Age, parity, 0.97 (0.57, 1.62)
1997 Israel Match: same ART 260 by ga ethnicity, delivery

Singleton births medical center date, location

1983-1993
Romundstad |Birth registry, Population- "Natural conception <2 sdof mean | Age, parity, sex, 1.26 (1.10, 1.44)3vs1
2008 Norway based 1,127,739 bw by sex, ga | birth year, inter- 0.99 (0.62, 1.57) 2

Singleton births Crossover 2 ART & Natural 2,204 pregnancy interval,

1984-2006 SART 7,474 previous perinatal

death

Tan ART clinic Case- control Non-ART 978 <10t percentile | Maternal age, 1.97 (1.45, 2.69)
1992 England Match: same ART 494 by ga plurality

1978-1987 hospital registry
Verlaenen Medical center Case-control Natural Conception 140 <10t percentile | Age, parity, height, 2.28 (0.90, 5.78 )
1995 Births, Belgium Match: same ART 140 By sex, ga weight, IF history,

1988-1994 medical center plurality
Wang Medical Center Retrospective Non-ART 21,547 <10t percentile | Age, parity, ga, IF 1.60 (1.28, 1.97)
1994 South Australia cohort ART 465 by ga cause, pregnancy

Singleton births complications

1982-1991
Zhu National birth Population- 'No ART 51,041 <5th percentile | Age, smoking, parity |1.24 (1.10-1.40) 2vs?
2007 cohort, Denmark based 2|nfertile, no ART 5,787 by sex, ga 1.40 (1.23, 1.60) 3vs !

Singleton births
1997-2003

SART 4,317

ART=assisted reproductive technology; bw=birth weight; ga=gestational age; IF=infertility; Ol=ovulation induction; OR=0dds ration;
sd=standard deviation
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1.5 Current literature: limitations and gaps

Multiple studies have observed an increased risk of adverse perinatal and

obstetric outcomes among ART pregnancies compared with spontaneous conceptions.

However, methodological limitations of previous studies may lead to an inherent bias of

their findings. We identified five potential sources of bias:

1)

Composition of ART group combines the effect of infertility and treatment, thus
comparison of non-ART with ART pregnancies does not provide an opportunity to
disentangle effects associated with infertility versus effects of ART treatment.
Unmeasured confounding in the general population resulting from infertility that is
undiagnosed, untreated and unreported.

Misclassification of exposed individuals as controls due to unreported use of non-
ART infertility treatments.

Distinct distribution of baseline characteristics between the exposed and unexposed
groups, such as age, education, race/ethnicity, plurality and parity. Those
confounders are often unaccounted for in studies of ART outcomes.
Heterogeneity of methods for outcomes assessment between the ART and non-
ART groups. For example, in the general population, gestational age at birth is
determined based on last menstrual period or clinical estimate, while within ART

studies, it is more precisely calculated using the date of embryo transfer.

Several attempts have been made to address these limitations, most notably,

separating the effect of the underlying infertility from the technology effect. A recent

meta-analysis (13) reported that a history of infertility in spontaneous pregnancies is

associated with a moderate risk for PTD, LBW and SGA. These results reinforce the
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problem of confounding by infertility associated factors and motivate the need for
alternative approaches to assess the sole effect of ART in relation to adverse birth
outcomes.

The selection of the male infertility diagnosis as a comparison group was
proposed in other studies. A significantly shorter gestation was observed among
singletons born to females with any infertility diagnosis, or with tubal factor infertility,
compared to those born to subfertile males (151, 163). Conversely, Schieve et al
reported no difference between expected and observed PTB cases among singletons
with paternal infertility (164).

Two Scandinavian studies used a crossover design to examine the risk of PTB
and SGA in ART-conceived compared to naturally conceived singletons within the same
women (106, 112). While the first study detected an increased risk for PTB [aOR 1.3
(95% CI 1.1, 1.6)], the latter, reported a similar PTB risk for singletons born to the same
women independent of their conception mode.

Finally, birth outcomes of ART singletons born to subfertile couples were
compared with those born following low technology infertility treatments, e.g. ovulation
induction or stimulation. A significantly increased risk of LBW and PTB was observed
among assisted conceptions compared with unassisted conceptions (108, 111, 152,
165). Two cohort studies reported an increased risk of PTB among low technology
infertility treatments, RR=1.68 (95% CI 1.18, 2.40) and OR=1.72 (95% CI 1.16, 2.56)
(108, 165), whereas a meta-analysis found lower PTB odds, OR=1.45 (95% CI 1.21,

1.74) (111),
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In addition to the confounded infertility and treatment effect on birth outcomes,
another source of ambiguity surrounding ART risk is related to the heterogeneity of
infertility treatments and diagnoses. Recent studies have attempted to elucidate the
conundrum of ART risk by classifying infertility diagnoses and treatment profiles into
separate categories.

Consistent evidence suggests better birth outcomes following cryopreserved
embryo transfer compared to fresh cycles (81, 108, 141, 151, 164, 166, 167). A recent
meta- analysis and systematic review reported lower risk of SGA [RR 0.45 (95% CI
0.30, 0.66)] and PTB [RR 0.84 (95% CI 0.78, 0.90)] in cryopreserved cycles compared
with fresh ART cycles (167). With spontaneous pregnancies as a reference group, PTB
risk was lower in cycles with frozen or fresh embryo transfer [OR 2.02 (95% CI 1.49,
2.75) and OR 2.20 (95% CI 1.79, 2.70)], respectively (108).

Intra-cytoplasmic sperm injection (ICSl), a technique of selecting a single sperm
for direct microinjection into an oocyte, is now routinely used in ART cycles (36). The
popularity of ICSI has raised questions with respect to its safety prompting investigation
of birth outcomes following ICSI/ART treatments. A protective effect for PTB among
ICSI/ART singletons compared to conventional ART was observed in several studies
(111, 168, 169), while other studies showed similar PTB (112, 166) or SGA risk (112).
An increased PTB risk was evident in ART/ICSI singleton pregnancies relative to those
in the general population (106, 108) and when expected versus observed PTB cases
were compared [RR 1.24 (95% CI 1.12, 1.36)] (164).

Assisted Hatching (AH) techniques carry a theoretical embryonic damage, thus,

their routine use in ART treatments is not recommended. Fewer studies found a positive
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effect of ART/AH on clinical pregnancy, but not live births, mostly among subfertile
women with poor prognosis (170-172). So far, only one study examined the effect of
laser-AH on adverse obstetric and neonatal outcomes, reporting similar mean
gestational age and birth weight for ART/AH/cryopreserved compared to
ART/cryopreserved live births (173). However, small sample size and unaccounted
heterogeneity among study subgroups limit the interpretation of these findings. Finally,
an association of AH and monozygotic twins or multiple gestations was suggested by
some studies (173-178) but not observed in others (179-181). It is plausible, although,
yet to be shown, that multifetal gestations may mediate the associations of AH/ART and
PTB or small newborn size.

Adverse obstetric and neonatal outcomes were observed in pregnancies with
donor oocytes relative to unassisted conceptions, but the effect was attenuated after
accounting for preeclampsia (182). Several small studies examined the association of
poor birth outcomes among ART-conceived pregnancies with autologous versus donor
oocytes, provided inconclusive evidence (183-186). Larger studies are needed to
investigate the implications of using donor oocyte in ART pregnancies.

Although ART has been a conventional treatment for subfertile couples in the last
three decades, there is scarcity of sufficient evidence to establish their safety with
respect to maternal and child health. It is still unclear, whether adverse outcomes such
as PTB and small newborn size are attributed to the treatment, the underlying infertility
or their combination. As newer methods and techniques are being introduced into the

practice of reproductive medicine, larger studies of high data quality with robust
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assessment of exposures and outcomes are needed to evaluate their safety across

infertility diagnoses for the benefit of clinicians and patients alike.

1.6 SMART collaborative project

States Monitoring Assisted Reproductive Technology (SMART) is a collaborative
project, established in 2001 as a surveillance system of infertility and ART outcomes by
the Centers for Disease Control and Prevention and public health agencies of member
states, Massachusetts, Connecticut, Michigan, and Florida (187). Initially, SMART team
has created a population-based dataset that linked ART data to birth records of member
states with the purpose of studying ART outcomes. Later, SMART linkage was
extended to hospital discharge data, birth defects and cancer registries. The current
SMART dataset is used by investigators around the world to examine the association of
ART with a variety of outcomes across the life course of its users.

In 2012, | submitted a proposal to study birth outcomes among ART-conceived
singletons. The proposal was approved by the SMART stirring committee and the
Institutional Review Boards of Massachusetts, Michigan, Florida and the CDC. A subset
of the SMART data was created for my study and was stored at the Research Data
Center, according to the CDC practices for restricted data. External investigators are
encouraged to access the data through a remote automated system (ANDRE). For this
analysis, | wrote the code in SAS, according to ANDRE guidelines, then, submitted it
electronically. Within 24-48 hours, the output and log were emailed back to me.

The SMART subset used for this analysis included a total of 4,296,537 singleton

live births, of which 4,263,846 were non-ART and 32,691 were ART related births,
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occurred in Florida and Massachusetts from 2000-2010, and Michigan from 2000-2009

(188).

1.7 Study aims

1.

Estimate the effect of infertility diagnoses above the ART treatment effect, by
investigating the risk of preterm birth among four mutually exclusive subgroups of
ART users: female infertility, male infertility, combined male and female infertility
and unexplained infertility.

Examine whether the risk of preterm birth is homogenous along the gestational
age continuum, including early term births, for each of the ART subgroups.
Investigate the risk of small newborn size using two indices, percentiles and birth
weight z-score, among ART population classified to subgroups based on their
infertility diagnoses.

Evaluate the risk of adverse birth outcomes e.g. preterm birth and newborn size for
ART users across distinct diagnoses of female infertility.

Examine the risk of preterm birth and small newborn size across treatment profiles,
e.g. ICSI, assisted hatching, fresh and cryopreserved cycles, donor and
autologous embryos.

Estimate the ART technology effect by comparing newborn size between non-ART
population and ART users with male infertility that conceived a pregnancy with
donor sperm. This comparison would allow separating the effect of parental
infertility from treatment effect, as the pregnancy was conceived using fertile

gametes and was carried by fertile females.
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CHAPTER 2
ASSISTED REPRODUCTIVE TECHNOLOGY AND THE RISK OF PRETERM BIRTH
AMONG PROMIPARAS

2.1 Introduction

Assisted Reproductive Technology (ART) is a group of medical procedures for treating
infertility in which both male and female gametes are handled outside the body to
achieve conception. Since its introduction in 1978, ART has contributed to the birth of
more than 5 million infants worldwide (14). In 2009, European registries reported that
109,239 infants were born following ART (189), while in the US, a total of 61,564 infants
were born in 2010, representing, on average, 1.5% of its total births (190). Although
ART may help infertile couples achieve pregnancy, it also presents a public health
challenge because of reported associations with adverse birth outcomes such as
preterm birth (PTB), low birth weight and small for gestational age (82, 103, 140). Multi-
fetal pregnancies are common in pregnancies achieved through ART (190), and are an
important risk factor for PTB (109, 191). However, the association between ART and
PTB was also observed in singletons (105, 192). Numerous studies have found a two-
fold risk increase for PTB in ART-conceived compared to non-ART conceived singleton
pregnancies (107, 140). The explanation for this ART-PTB association remains unclear;
the effect may be fully or partially confounded by other factors such as causes of
underlying infertility. One of the methodological limitations of previous studies has been
the composition of the control group, typically non-ART pregnancies. The comparison of
non-ART pregnancies with ART pregnancies does not provide an opportunity to
disentangle effects associated with infertility versus effects of ART treatment. A recent

meta-analysis (13) reported that a history of infertility among couples who conceived
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spontaneously is associated with a moderate risk for preterm birth, low birth weight, and
small for gestational age. These results reinforce the problem of confounding by fertility-
associated factors and demonstrate the need for alternative approaches to try and
assess more specifically the effects of ART on adverse birth outcomes.

To elucidate ART link to adverse birth outcomes, we used data from the States
Monitoring Assisted Reproductive Technology (SMART), a collaborative project of ART
surveillance initiated by the Centers for Disease Control and Prevention (CDC) and the
Massachusetts, Florida and Michigan public health agencies. As previously described
(187), the SMART Collaborative was established to monitor and enhance ART
surveillance within states and study health outcomes among ART users. The SMART
dataset has been previously described. Briefly, it is a population-based dataset of vital
records of Massachusetts, Michigan and Florida probabilistically linked to National ART
Surveillance System (NASS) data of all ART associated deliveries (188).

The goals of this study were to: 1) confirm previous investigations linking
increased PTB risk with ART among singleton pregnancies; 2) extend this line of inquiry
by considering if excess PTB risk is confined to couples with female infertility; and 3)

examine the ART-related excess risk of PTB across the gestational age continuum.

2.2 Materials and methods

For the current study, a subset of SMART Collaborative data, with all singleton live
births to primiparous women occurring in Massachusetts and Florida between the years
2000-2010 and Michigan 2000-2009 was used to examine gestational age at birth

across study groups. We restricted the dataset to primiparous women with singleton
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deliveries to avoid including multiple live births to the same woman, which would have
resulted in correlated, non-independent data. We excluded deliveries of women younger
than 15 years of age or women older than 60 years due to lack of comparable ART and

non-ART groups, respectively.

Details on infertility diagnosis are part of the NASS dataset and were used in the
linked data file to create five mutually exclusive groups based on ART status and
reason for infertility among ART patients, i.e. non-ART (n=1,804,100), ART female
infertility (n =9,891), ART male infertility (n=4,819), ART combined (male and female)
infertility (n=3,688), and ART unexplained infertility (n=2,930). The outcome of interest,
gestational age (GA) at birth, was based on the clinical estimate obtained from birth

files.

To avoid small cell sizes in contingency tables, our adjusted models included
collapsed race/ethnicity and education categories. Race/ethnicity categories of
‘Hispanic’ and ‘Asian/other’ were grouped into one, and similarly, both categories of

‘high school diploma or GED’ and ‘less than high school education were merged.

Initial analyses were conducted by comparing socio-demographic and
pregnancy-relevant factors among the ART and non-ART groups, with the purpose of
identifying potential confounders. We used basic inferential statistical methods such as
t-test, chi square and linear regression models. In the regression models, odd ratios
were calculated for preterm (<37 weeks gestation) and preterm/early term (<39 weeks

gestation) births. Binary logistic regression models compared PTB odds for each ART
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subgroup with that of non-ART births. The male infertility only group was of particular
interest as a means of examining ART outcomes in the absence of female infertility.

To gain more insight into the distribution of PTB risk, we further sub-classified
gestational age into 5 and 6 categories, with >37 and >39 weeks as the referent for PTB
and preterm/early term birth, respectively. This strategy recognizes both uncertainties in
gestational age dating and recent concerns for adverse outcomes even among ‘early
term’ births (37-38 weeks gestation) (193). Recently, the American College of
Obstetricians and Gynecologists suggested new definitions for full term births as =39 to
<41 gestation weeks (194).

Using multinomial logistic regression models, we next studied odds of preterm
(< 37 weeks) versus term (> 37 weeks) birth along the continuum of preterm gestational
ages, i.e. <28, 28-30, 31-33, and 34-36, as well as the odds of preterm/early term (<39
weeks) birth along the GA continuum of <28, 28-30, 31-33, 34-36, and 37-38 weeks
relative to >39 weeks’ gestation. Finally we evaluated the association between infertility
diagnosis and PTB among ART births, using female infertility as the referent. This
comparison was of particular interest as a means of assessing the likelihood of PTB
according to infertility type among a subfertile population. Crude and adjusted odds
ratios and 95% confidence intervals were calculated (SAS 9.3, Cary, NC); all adjusted
models included maternal age, education, race, state and year which were derived from
the birth certificate data. The study received approval from the Institutional Review

Boards of Massachusetts, Michigan, Florida and CDC.
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2.3 Results

During the study period there were 21,328 (1.2%) singleton deliveries to
primiparous ART users and 1,804,100 (98.8%) singleton deliveries to primiparous non-
ART users (Table 2.1). The ART users were more likely to be older, Non-Hispanic white
and have a higher level of education compared to their non-ART counterparts (p< 0.01
for each comparison). ART-conceived pregnancies were of shorter duration (mean GA
38.3 — 38.7 weeks) than pregnancies not conceived through ART (mean GA 38.8
weeks; p<0.01) and a higher percentage of ART-conceived pregnancies resulted in PTB
(10% — 14% among ART births versus 9% non-ART births, p<0.01).

In both crude and adjusted models for PTB <37 weeks’ gestation, the odds were
significantly higher among all ART groups, compared to the non-ART referent group.
Similarly, when 39 weeks’ gestation was used as the cutoff to assess risk of preterm
and early term birth combined, all ART groups had significantly higher PTB odds
compared with the non-ART deliveries (Table 2.2). After adjusting for maternal age,
education, race state and year, we found that of all four infertility groups, female
infertility had the highest adjusted odds ratio (aOR) for PTB [OR=1.60, 95% CI (1.50,
1.70)]. The adjusted odds ratios for couples with both female and male infertility and
those with male infertility only were 1.49 (95% CI 1.35, 1.64) and 1.24 (95% CI 1.13,
1.37), respectively. Finally, the adjusted odds ratio for couples with unexplained
infertility was 1.26 (95% CI 1.12, 1.43), Models using preterm/early term birth, defined

as <39 weeks’ gestation, produced similar results with mostly attenuated aORs.
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Table 2.1: Maternal and Pregnancy characteristics for ART and non-ART primiparas with live births of singletons in
Florida and Massachusetts 2000-2010 and Michigan 2000-2009

Non-ART ART P value
Female Male Combined Unexplained
Infertility Infertility Infertility Infertility

Sample Size N (%) 1,804,100 (98.8) | 9,891 (0.5)| 4,819 (0.3) 3,688 (0.2) | 2,930 (0.2)
Maternal Age, mean (s.d) 25.5(6.1) 35.6 (5.2) 33.4 (4.1) 34.8 (5.0) 35.3 (4.1) <0.01
Race/Ethnicity
Non-Hispanic White 1,0587,748 (58.7) | 7,781 (78.7) | 3,775 (78.3) | 2,787 (75.6) | 2,455 (83.8) <0.01
Non-Hispanic Black 292,407 (16.2) | 468 (4.7)| 138 (2.9) 163 (4.4) 53 (1.8)
Hispanic 334,055 18.5)| 831 (8.4)| 496 (10.3) 466 (12.6) 140 (4.8)
Asian/Other 104,808 (5.8) | 660 (6.7)| 355 (7.4) 225 (6.1) 222 (7.6)
Missing/Unknown 14,082 (0.8) 151 (1.5) 55 (1.1) 47 (1.3) 60 (2
Education
High school or lower 832,697 (46) | 1,268 (13) 585 (12) 497 (13) 236 (8) <0.01
Some college 432,698 (24) | 2,045 (20.5) 976 (20) 817 (22) 475 (16)
Bachelor’s or higher 523,035 (29) | 6,532 (66) | 3,236 (67) 2,346 (64) 2,211 (75)
Missing/Unknown 15,670 (1) 46 (0.5) 22 (<1) 28 (1) 8 (<1)
GA at Birth
Mean 38.8 38.3 38.7 38.4 38.7| <0.01*
Median (IQR)** 39 (2) 39 (2) 39 (2) 39 (2) 39 (2)
PTB <37 weeks 154,247 (9) | 1,345 (14) 489 (10) 472 (13) 296 (10) <0.01
Term Birth 237 weeks 1,647,045 (91) | 8,350 (86) | 4,323 (90) 3,211 (87) 2,633 (90)
State
Florida 956,532 (53) | 3,479 (35) | 1,647 (34) 1,583 (43) 558 (19)
Massachusetts 368,346 (20) | 4,684 (47) | 2,245 (47) 1,178 (32) 2,150 (73)
Michigan 479,222 (27) | 1,728 (18) 927 (19) 927 (25) 222 (8) <0.01
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Table 2.1 (cont’d)

Year
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010

164,646 (
163,900 (
162,287 (
165,761 (9)
169,049 (
169,691 (
176,043 (10)
177,249 (10)
172,799 (10)
165,962 (9)
116,713 (7)

304
315
401
408
413
427

(6)
(7)
(8)
(8)
(9)
(9)

481 (10)
498 (10)

517

11)

572 (12)
483 (10)

222
297
327
292
308
300

(6)
(8)
(9)
(8)
(8)
(8)

404 (11)

394
432

11)
12)

438 (12)

274

(7)

139 (5)
185 (6)
233 (8)
232 (8)
296 (10)
287 (10)
283 (10)
290 (10)
295 (10)
333 (11)
290 (12)

*Non parametric test for the mean (Kruskal-Wallis)

** Inter-Quartile Range




Table 2.2: Estimated effect of ART and infertility on PTB and preterm/early term births among primiparas. Population-
based data of all singleton live births in Florida and Massachusetts 2000-2010 and Michigan 2000-2009

Non-ART |Female Infertility | Male Infertility Combined Unexplained
Infertility Infertility

PTB <37 weeks
cOR (95% ClI) Referent |1.69 (1.59,1.79) |1.21(1.10,1.33) |1.58 (1.44,1.74) |1.21 (1.08, 1.37)
*aOR (95% ClI) Referent |1.60 (1.50, 1.70) |1.24 (1.13,1.37) |1.49(1.35,1.64) |1.26 (1.12, 1.43)
PTB/early term <39
weeks
cOR (95% CI) Referent |1.47 (1.41,1.53) |1.12(1.06,1.19) |1.44 (1.35,1.54) |1.08 (1.00, 1.17)
*aOR (95% Cl) Referent |1.48 (1.42,1.54) |1.19(1.12,1.26) |1.39(1.30,1.49) |1.23(1.14, 1.33)

*Adjusted for age, race, education, state and year
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Next we explored the odds of preterm birth along GA intervals (<28, 28-30, 31-
33, 34-36 weeks’ gestation with a referent category of 237 weeks gestation) among
infants conceived through ART, by type of parental infertility, as compared to those not
conceived through ART. Adjusted ORs for the female infertility group were 1.71 (95% CI
1.38, 2.13), 1.95 (95% CI 1.59, 2.39), 1.56 (95% CI 1.34, 1.81), and 1.57 (95% CI 1.46,
1.68), for birth before 28 weeks’ gestation, between 28- 30 weeks, 31-33 weeks and 34-
36 weeks, versus > 37 weeks, respectively (Table 2.3). A similar pattern was observed
in the changes of GA-specific point estimates for combined infertility. We then used this
approach to examine the odds of preterm and early term birth along the same GA
intervals, with the exception that the later GA group was 37-38 weeks and >39 weeks
was the referent GA; results were similar, with slightly higher PTB odds ratio estimates

for all infertility groups (table 2.3).
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Table 2.3: Estimated effect of infertility and ART on PTB and preterm/early term births among primiparous women with a
singleton live births. Population-based data of all singleton deliveries in Florida and Massachusetts 2000-2010 and
Michigan 2000-2009

PTB < 37
GA weeks (N) Non-ART Female Infertility Male Infertility Combined Infertility | Unexplained
Infertility
<28 (13,226) Reference 1.71 (1.38, 2.13) 1.19 (0.83, 1.72) 1.27 (0.86, 1.87) 0.95 (0.55, 1.64)
28-30 10,114 Reference 1.95 (1.59, 2.39) 1.34 (0.94, 1.91) 2.21 (1.62, 3.00) 1.35(0.86, 2.13)
31-33 22,766 Reference 1.56 (1.34, 1.81) 1.28 (1.01, 1.62) 1.70 (1.36, 2.14) 1.52 (1.15, 1.99)
34-36 112,202 Reference 1.57 (1.46, 1.68) 1.23 (1.10, 1.38) 1.41 (1.25, 1.58) 1.23 (1.07, 1.43)
=237 1,670,340 Reference Referent Referent Referent Referent
Wald Test P value 0.22 0.96 0.02 0.39
Preterm/early term birth < 39
GA weeks (N) Non-ART Female Infertility Male Infertility Combined Infertility | Unexplained
Infertility
<28 13,226 Reference 1.88 (1.51, 2.33) 1.23 (0.86, 1.79) 1.37 (0.93, 2.03) 0.99 (0.57,1.71)
28-30 10,114 Reference 213 (1.73, 2.62) 1.39 (0.97, 1.98) 2.39 (1.76, 3.26) 1.41 (0.89, 2.22)
31-33 22,766 Reference 1.71 (1.47, 1.98) 1.33 (1.05, 1.68) 1.84 (1.47, 2.31) 1.58 (1.20, 2.08)
34-36 112,202 Reference 1.72 (1.60, 1.84) 1.28 (1.14, 1.43) 1.52 (1.35, 1.72) 1.29 (1.11, 1.49)
37-38 429,919 Reference 1.38 (1.31, 1.44) 1.15 (1.08, 1.23) 1.31 (1.22, 1.42) 1.20 (1.09, 1.31)
=239 1,240,421 Reference Referent Referent Referent Referent
Wald Test P value <0.01 0.34 <0.01 0.27

Adjusted for maternal age, race, education, state and year
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We used the Wald test to assess whether PTB odds ratios displayed a
heterogeneous pattern along the early GA continuum; only the combined infertility group
showed a statistically significant heterogeneous pattern (p=0.02). For the outcome of
preterm/early term birth (<39 weeks’ gestation), a heterogeneous pattern was detected
for both female infertility and combined infertility groups (<0.01). Figure 2 provides a

graphic display of the odds ratios for preterm/early term birth by GA.

Table 2.4: Estimated effect of infertility on PTB and preterm/early term deliveries for
primiparous, ART-users. Population-based data of all singleton live births in Florida and
Massachusetts 2000-2010 and Michigan 2000-2009 linked to ART data

Female Male Infertility Combined Unexplained
Infertility Infertility Infertility
Sample Size N=9,891 N=4,819 N=3,688 N=2,930

PTB <37 weeks

cOR (95% ClI) Reference 0.72 (0.64, 0.80) | 0.94 (0.84, 1.05) | 0.72 (0.63, 0.82)
*aOR (95% ClI) Reference 0.78 (0.70, 0.87) | 0.93(0.83, 1.05) | 0.79 (0.69, 0.91)

Preterm/Early Term Birth <39 weeks

cOR (95% CI) Reference 0.76 (0.71, 0.82) | 0.98 (0.91, 1.06) | 0.74 (0.68, 0.81)
*aOR (95% ClI) Reference 0.80 (0.75, 0.87) | 0.94 (0.87, 1.02) | 0.83 (0.76, 0.91)
*Adjusted for age, race, education, state and year

For analyses within the ART population, the female infertility group served as the
referent. We observed significantly lower odds for PTB < 37 weeks in both the male
infertility group, aOR= 0.78 (95% CI 0.70, 0.87), and the unexplained infertility group,
aOR=0.79 (95% CI 0.69, 0.91) (Table 2.4) when compared with the female infertility

group. Models with PTB/early term birth defined as <39 weeks’ gestation showed
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significantly lower PTB odds across all ART groups relative to the female infertility

group.

2.4 Discussion

We found that, among singleton deliveries to primiparous women, use of ART
was associated with increased odds of PTB for couples with identified male infertility but
without female infertility, when compared with births to non-ART users. These findings
suggest that even in the absence of female infertility, the use of ART increases the risk
for PTB. In addition, we found that the odds of PTB were higher among couples with
female infertility only or those with combined female and male infertility, than those of
the male infertility group, thereby indicating that factors related to female infertility may
further increase the risk of preterm birth among primiparous ART users. Indeed,
comparisons within the ART population showed that singletons conceived with ART due
to male infertility had a lower risk of preterm or preterm/early term birth compared to
singletons born to mothers with female infertility.

When the preterm groups were further subdivided into 5 or 6 categories, the
increased risk associated with ART was not confined to late preterm and included the
most vulnerable early preterm births, regardless of whether >37 weeks or >39 weeks
was used as the referent category. When >37 weeks was used as the referent,
variations in PTB odds ratios over the different gestational age categories were not
statistically significant for the female and male infertility groups; however they were
significant for the combined infertility group. When >39 weeks’ gestation was used as
the referent category for preterm/early term birth, the same heterogeneous pattern of

odds ratios was observed in two groups - the female infertility and combined infertility
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groups. The observed variations in PTB odds across various gestational age thresholds
may be due to pregnancy complications related to the infertility itself, the use of ART
procedures, or their combination, as well as other unmeasured factors. As far as we
know, our study is the first to report variability in PTB odds along the gestational age
continuum and within specific ART subgroups involving female infertility or combined

infertility diagnosis.

2.5

N

0.5

<28 28-30 31-33 34-36 37-38 Gestational
Week

Figure 2: Odds ratio estimates for preterm/early term birth (<39 weeks) by GA for
primiparous ART users with female infertility diagnosis
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Biological explanations for our findings are likely heterogeneous and complex.
One intriguing lead may come from a well-studied biomarker, relaxin. Several studies
have indicated that relaxin, a polypeptide hormone produced during pregnancy by the
corpus luteum and decidua, could play a role in PTB because of its effect on collagen
breakdown (87, 90). In animal models, it was shown that the involvement of relaxin in
cervical collagenolysis decreased cervical resistance and led to consequent cervical
ripening (88). Among uncomplicated, non-ART pregnancies, maternal blood relaxin
levels typically decrease with advancing gestation (195). However, compared to
naturally conceived pregnancies, those conceived through ovulation induction, had
higher circulating levels of relaxin, not only in the first trimester (91) but also in the
second and third trimesters (89). Finally, higher relaxin levels, observed at the third
trimester were significantly associated with PTB (90). Other suggested explanations for
the higher PTB risk among ART singletons include placental abnormalities (107, 196), a
co-twin fetal reabsorption (94) transfer of fresh versus frozen embryo (167) and use of

donor versus autologous oocytes (182).

Our study has several strengths. First, while previous studies compared PTB risk
between pregnancies achieved with and without the use of ART, we were able to divide
the ART population into four distinct groups with respect to their infertility diagnosis
thereby providing specific PTB risk by infertility diagnosis. Second, the SMART
Collaborative database is comprehensive and unique as it includes numerous variables
related to both exposures and outcomes. ART variables are of particularly high quality
because they are collected via a federally mandated reporting system with

approximately 7-10% of reporting clinics randomly selected for validation each year.
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Consequently, the data provide us with the opportunity to refine previous study
questions and conduct novel analyses among distinct subgroups of the population.
Finally, by linking multiple years of data, sample size and thus statistical power are
increased.

There are also limitations to consider. First, the probabilistic linkage method of
birth files and NASS data resulted in high success rate, but is not free of matching
errors (188). Second, some women in the unexposed group, the non-ART group, may
have been exposed to hormones, through non-IVF ovulation induction or ovarian
stimulation protocols. In addition a small percentage of couples in the non-ART group
may have experienced sub-fertility similar to the ART group, but continued to attempt
conception without ART and were then successful. This would likely have the effect of
attenuating odds ratios of PTB related to infertility. Third, the female infertility group is
not homogeneous with respect to the infertility diagnosis, rather, it is a collection of
different conditions related to several mechanical or hormonal dysfunctions. Similarly
the infertility groups are heterogeneous with respect to the specifics of ART procedures.
Therefore, the PTB risk may differ based on underlying condition of female infertility
diagnosis and on ART treatments. Fourth, the gestational age at birth was based on
birth certificate data for both non-ART and ART pregnancies. It is possible that birth file
GA estimates are better informed (more accurate) among ART pregnancies when
embryo transfer dates are known. Finally, the large size of our dataset allows detection

of small differences that are statistically significant but may not be of clinical importance.
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2.5 Conclusions

The risk for PTB for ART conceived pregnancies, even in the absence of female
infertility, is higher than for pregnancies in the general population. A female infertility
diagnosis, as opposed to male infertility alone, may be associated with a greater
increase in the likelihood of PTB in ART births.

The increased risk of PTB associated with ART is not confined to late preterm births,
and among the ART subset with female infertility or combined male and female

infertility, the risk is inversely related to gestational age at birth.
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CHAPTER 3

ASSISTED REPRODUCTIVE TECHNOLOGY AND NEWBORN SIZE IN SINGLETONS

3.1 Introduction

Singletons conceived with the use of Assisted Reproductive Technology (ART)
are at increased risk for preterm birth compared with singletons in the general
population (107, 114, 140, 197). In addition, ART singletons are found to have higher
risk of low and very low birth weight, classified as <2,500g and <1,500g, respectively,
compared with non-ART singletons (82, 103, 116, 198). Low Birth Weight (LBW) has
long been used as an indicator for child health, however, its interpretation is unclear
because LBW may be related to short gestation, poor fetal growth or their combination
(147, 199-202). Therefore, indicators that distinguish LBW infants resulting from short
gestation or poor fetal growth by matching the gestational age to the birth weight
measurement provide a more informative measure of risk by reducing this confounding.
Two such indicators are birth weight z-score and small for gestational age (SGA).

The definition of SGA can vary across studies and may include infants whose
birth weight is below the 10" or 5" percentile for gestational age or whose birth weight
is 2 or more standard deviations below the mean birth weight for gestational age. The
use of inconsistent definitions can hamper the comparison of findings across studies.
For example, two recent studies did not detect an increased risk of SGA (defined as
<10 percentile) for ART compared to non-ART singletons (105, 119), whereas, other
studies reported significantly increased risk of SGA (<10™ percentile) among ART
singletons, with odds ratios ranging from 1.22- 1.98 (103, 107, 108, 116, 141). In one

study, ART singletons were found to have a 40% higher odds for SGA (5" percentile)
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compared with their non-ART counterparts (161). Finally, when defined as 2 standard
deviations below the mean birth weight for gestational age, SGA risk for ART singletons
was similar to that of singletons in the general population (81, 112). These conflicting
results may be attributed to the variety of SGA definitions across studies, or to other
sources of heterogeneity such as sample size and/or the approach to potential
confounders and effect modifiers, e.g. plurality, social factors and sources of the
underlying infertility.

Reporting birth weight z-score, constructed as a continuous and standardized
measure, allows the comparison of newborn size for infants across gestational ages,
sexes and birth weights, representing the same relative birth weight for infants, rather
than their absolute weight. Compared to LBW, newborn size measured as birth weight
z-score has rarely been used to investigate birth outcomes in ART populations (203). In
2008, Shih et al reported a higher birth weight z-score for non-ART singletons [-0.061
(SD=1.099)] relative to those born as a result of ART with fresh, non-frozen embryos
[-0.163 (SD=1.004)] (162).

The inconsistent findings across studies of ART and newborn size warrant
additional investigations of this potential association. The purpose of the current study
was to use data from the States Monitoring Assisted Reproductive Technology
(SMART) collaborative to examine: 1) whether ART singletons are at higher risk of
small newborn size, measured by both SGA (10" and 5™ percentile) and birth weight z-
score as indicators, compared with singletons in the general population; and 2) whether

an association between ART and newborn size is modified by the source of infertility.
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3.2 Materials and methods
3.2.1 Study population

We used a population-based dataset of birth files from three states linked to the
National ART Surveillance System (NASS) by the SMART collaborative project. After
initial pilot project in Massachusetts that started in 2001, SMART Collaborative was
established by the Centers for Disease Control and Prevention and public health
agency of Massachusetts, Michigan, and Florida to evaluate maternal and perinatal
outcomes of ART and to improve state-based ART surveillance (187). Our sample
included all live births in Florida and Massachusetts from 2000-2010, and Michigan from
2000-2009 linked to ART cycles in the respective states, using a probabilistic matching
method with a high linkage rate (87.8%) and good validity (188).

We restricted our sample to singletons born to mothers age 15-60 between 22
and 44 weeks’ gestation. We then excluded records with implausible combinations of
birth weight and gestational age. To do this, we began by applying the criteria described
in Table 1 of Alexander et al (204). We then applied a sex-specific and gestational age-
specific reference to generate birth weight z-scores based on the United States
population (205). The distribution of z-scores continued to suggest the presence of
outliers. We therefore applied additional, published criteria to identify implausible
values. For full-terms, outliers included z-scores beyond -5 and 5; for preterms, outliers
included z-scores beyond -4 and 3 (205, 206). This approach resulted in exclusion of
4,188 records. After all exclusions, our final dataset included a total of 4,296,537
singleton live births, of which 4,263,846 (99%) were non-ART (1%) births and 32,691

were ART related births.
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The study received approval from the Institutional Review Boards of

Massachusetts, Michigan, Florida and the CDC

3.2.2 Infertility groups

Infertility diagnoses for ART users were identified through linked data from birth
files with their records in NASS. We further divided the ART users into four mutually
exclusive subgroups based on their infertility diagnosis, as recorded by the NASS:
female infertility only (n=15,713), male infertility only (n=6,982), combined male and
female infertility (n=5,536) and unexplained infertility (n=4,460). Women were classified
in the non-ART group, if no match was found between their live birth record and NASS

data.

3.2.3 Newborn size

Gestational age, based on clinical estimate, birth weight, and sex, were
abstracted from birth certificates. We then used this information in conjunction with a
sex and gestational age specific, population-based reference to calculate categorical
(small for gestational age (SGA)) and continuous (birth weight z-score) measures of
newborn size (205). We defined SGA according to two different thresholds (10" and 5"
percentiles, SGA/10™" and SGA/5™, respectively). Birth weight z-score was computed

using the following formula:

Birth weight z-score = (Infant’s birth weight - mean birth weight in the reference population)
Standard deviation of the reference population

43



3.2.4 Covariates

In unadjusted analyses race/ethnicity was classified into 5 categories: non-Hispanic
white, non-Hispanic black, Hispanic, Asian/Pacific Islander or other (including American
Indian) and maternal education was modeled as a four level variable: less than high
school, high school or GED diploma, some college education including associate’s
degree and a bachelor’s or postgraduate degree. Adjusted models required some
collapsing of categories within these variables to meet requirements of cell sizes >10 in
contingency tables. Specifically, we collapsed race/ethnicity categories of ‘Hispanic’ and
‘non-Hispanic Asian/other’ into one group, and maternal education categories of ‘high
school diploma or GED’ and ‘less than high school into one group. Maternal age at the
time of the birth and parity, specified as the number of prior live births, were recorded on
birth files as continuous variables. The state variable had three categories, Florida,

Massachusetts and Michigan. Delivery year had 11 categories from year 2000 to 2010.

3.2.5 Statistical analysis

We used basic descriptive statistics, chi-square tests and linear regression for
complex data, to compare the distributions of maternal and infant characteristics among
ART and non-ART groups, before and after excluding those with implausible birthweight
and gestational age combinations (see Study Population). To evaluate the unadjusted
association between ART and newborn size, using categorical and continuous
measures of growth, we constructed logistic and linear regression models, respectively,
with robust variance estimators to address the correlation between infants delivered by

the same mother during the study period. We then repeated the above analyses

44



adjusting for parity, maternal age, race, education, state of residence and delivery year
as the covariates. To investigate whether newborn size was influenced by female
infertility diagnosis, above the ART effect, we performed a second set of regression
analyses among all ART users with the male infertility group as a referent.

Finally, we repeated the analyses of SGA/10™" and ART after removing preterm
births. The construct of SGA/10" for preterm infants has some inherent bias because
infants born preterm tend to be smaller than their counterparts who remain in-utero. By
comparing only full-term ART and non-ART, we examine the robustness of our results
absent this potential preterm bias.

SAS 9.3 (Cary, NC) was used for logistic models analysis. Linear regression
models compared birth-weight-z-scores across our study groups (p<0.05) were

generated with the PROC REGRESS of SUDAAN 11 (RTI) statistical software.

3.3 Results

After excluding infants with implausible combinations of birth weight and
gestational age (1% of the total births), the final sample included 4,263,846 infants.
Frequencies of maternal and infant characteristics were similar in samples with and
without the excluded births (Table 3.1).

Compared to the non-ART mothers, ART mothers were significantly older, more
educated and more likely to be Non-Hispanic white and primiparas (p<0.01). Infants
born to non-ART mothers had a similar sex distribution, 51% male and 49% female, as
that found among infants of ART mothers, but ART infants’ mean birth weight was 24

grams lower (p<0.01).
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Table 3.1: Maternal and Infant characteristics for ART and non-ART singleton live births in Massachusetts and Florida
2000-2010 and in Michigan 2000-2009: before and after exclusion of implausible birth weight for gestational age

Maternal, infant

Before Exclusion

After Exclusion

Characteristics Non-ART ART *Pvalue| Non-ART ART *P value
Sample Size N (%) 4,287,315 (99) 32,847 (<1) | <0.01 4,263,846 (99) 32,691 (<1) | <0.01
Maternal Age (mean) 27.7 35.5 <0.01 27.7 35.5 <0.01
Maternal Race/Ethnicity

Non-Hispanic White 2,459,087 (58) 26,250 (81) 2,447,489 (58) 26,136 (81)
Non-Hispanic Black 764,997 (18) 1,273 (4) 759,051 (18) 1,263 (4)

Hispanic 807,398 (19) 2,808 (9) | <0.01 803,781 (19) 2,798 (9) | <0.01
Asian/Other 223,101 (5) 2,021 (6) 222,012 (5) 2,012 (6)

Maternal Education

High school or lower 2,054,842 (48) 4,260 (13) 2,042,263 (48) 4,230 (13)

Some college 1,050,003 (25) 6,789 (21) | <0.01 1,044,839 (25) 6,747 (21) | <0.01
Bachelor’s or higher 1,143,164 (27) 21,619 (66) 1,138,459 (27) 21,538 (66)

Parity

0 1,805,559 (42) 21,400 (65) 1,794,285 (42) 21,284 (65)

1 1,398,243 (33) 8,473 (26) | <0.01 1,392,288 (33) 8,446 (26) | <0.01
2 672,521 (16) 2,058 (6) 669,158 (16) 2,046 (6)

>3 410,992 (10) 916 (3) 408,115 (10) 915 (3)
Newborn Sex

Male 2,196,386 (51) 16,853 (51) | 0.78 2,184,140 (51) 16,770 (51) 0.79
Female 2,090,838 (49) 15,994 (49) 2,079,706 (49) 15,921 (49)

Mean Birth weight (g) (se) 3,318 (0.3) 3,295 (3.5) | <0.01 3,320 (0.3) 3,296 (3.4) | <0.01

*P values computed for correlated data
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There were 2,795 (8.5%) and 400,220 (9.4%) infants born SGA/10™" in the ART
and non-ART groups, respectively. In unadjusted analyses, the percentage of SGA/10t
and SGA/5" Infants was significantly lower in the ART versus the non-ART group
(Table 3.2). Newborn size measured as birth weight z-score was 0.08 for ART and 0.03
for non-ART, suggesting that infants born to couples undergoing ART were born with

higher birth weight than their non-ART counterparts (p<0.01).

Table 3.2: Newborn size measures for ART and non-ART groups with singleton live
births in Florida and Massachusetts 2000-2010 and in Michigan 2000-2009

Newborn Size Non-ART (%) ART (%) P value*
SGA <10 percentile | 400,220 (9.4) 2,795 (8.5)

Non-SGA 210t percentile | 3,863,626 (90.6) 29,896 (91.5) <0.01
SGA <5 percentile | 193,192 (4.5) 1,337 (4.1)

Non-SGA 25" percentile | 4,070,654 (95.5) 31,354 (95.9) <0.01
Birth weight z-score (se) 0.03 (0.0005) 0.08 (0.006) <0.01

SGA=Small for Gestational Age;
*P value computed for complex data

The associations between ART treatment and newborn size (SGA/10" and
SGA/5") for the pooled ART group, as well as for each of the exclusive infertility
subgroups, are presented in table 3.3. In adjusted analyses, the odds of an SGA/10%" or
SGA/5" infant were significantly greater in the ART combined group than in the non-
ART group [aOR 1.15 (95% CI (1.11, 1.20) and aOR 1.13 (95% CI (1.07, 1.20),
respectively]. Each ART subgroup had significantly increased odds of delivering an
SGA/10" infant relative to the non-ART group; adjusted odds ratio for female infertility
[1.15 (95% CI 1.08, 1.22)], male infertility [1.14 (95% CI 1.05, 1.25)], combined male

and female infertility [1.11 (95% CI 1.01, 1.23)] and unexplained infertility [1.24 (95% CI
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1.11, 1.38)]. Similar results were observed in adjusted SGA/5" models with the
exception of male infertility diagnosis.

Table 3.4 depicts the likelihood of delivering an SGA infant for the ART
subgroups using male infertility as the referent. There was little difference between
subgroups when SGA was defined by the 10" percentile. However, couples with
‘unexplained infertility’ had a barely significant increase in risk of delivering an SGA/5"
infant [1.22 (95% CI 1.00-1.48)] compared with couples with a diagnosis of male factor

infertility.
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Table 3.3: Associations between ART and delivery of SGA infant using non-ART as the referent group; Population-based
data of all singleton live births in Florida and Massachusetts 2000-2010 and in Michigan 2000-2009

ART/Infertility Type N SGA* / 10™ percentile SGA* / 5" percentile

Total SGA <10 | SGA <5" | cOR (95% CI) **aOR (95% CI) | cOR (95% CI) **aOR (95% CI)
Non-ART 4,263,846 | 400,220 193,192 Reference Reference Reference Reference
ART (all users) 32,691 2,795 1,337 0.90 (0.86, 0.93) | 1.15(1.11, 1.20) | 0.89 (0.84, 0.95) | 1.13 (1.07, 1.20)
- ART/Female 15,713 1,340 634 0.90 (0.85, 0.95) | 1.15(1.08, 1.22) | 0.88 (0.81, 0.95) | 1.11 (1.02, 1.21)
- ART/Male 6,982 599 260 0.91 (0.83, 0.99) | 1.14 (1.05, 1.25) | 0.82 (0.72, 0.93) | 1.03 (0.91, 1.17)
- ART/Combined 5,536 462 247 0.88 (0.80, 0.97) | 1.11 (1.01, 1.23) | 0.98 (0.86, 1.11) | 1.23 (1.08, 1.40)
- ART/Unexplained 4,460 394 196 0.94 (0.84, 1.04) | 1.24 (1.11,1.38) | 0.96 (0.83, 1.12) | 1.26 (1.08, 1.46)

SGA-small for gestational age; cOR-crude odds ratio; aOR- adjusted odds ratio; Cl-confidence interval
** adjusted for parity, age race and education level, state of residence and delivery year

* Sex specific

Table 3.4: Associations between ART and delivery of SGA infant using ART male infertility as the referent group.
Population-based data of all singleton live births in Florida and Massachusetts 2000-2010 and Michigan 2000-2009

ART/Infertility N Small for Gestational Age* Small for Gestational Age*
Type 10" percentile 5t percentile

cOR (95% CI) **aOR (95% CI) cOR (95% CI) **aOR (95% CI)
Non ART 4,263,846 N/A N/A N/A N/A
ART/Female 15,713 | 0.99 (0.90, 1.10) 1.00 (0.91, 1.11) 1.09 (0.94, 1.26) 1.08 (0.93, 1.25)
ART/Male 6,982 Reference Reference Reference Reference
ART/Combined 5,536 0.97 (0.85, 1.10) 0.97 (0.85, 1.10) 1.21 (1.01, 1.44) 1.19 (0.99, 1.43)
ART/Unexplained 4,460 1.03 (0.90, 1.18) 1.09 (0.95, 1.25) 1.19 (0.98, 1.44) 1.22 (1.00, 1.48)

SGA-small for gestational age; cOR-crude odds ratio; aOR- adjusted odds ratio; Cl-confidence interval
** Adjusted for parity, age race and education, state of residence and delivery year

* Sex specific
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After excluding all preterm births from our cohort, the statistically significant
association between ART and small newborn size remained. Full term ART singletons
were more likely to be SGA/10% relative to full term singletons in the non-ART group
[aOR 1.19 (95% CI 1.14, 1.24)]. Similar results were observed when each ART
subgroup was compared to the non-ART group (data not shown).

Next, newborn size was modeled as a continuous variable (i.e., birth weight z-
score) and non-ART singletons were the referent group (Table 3.5). ART singletons
appeared larger (higher mean z-score) in unadjusted analyses, but in adjusted analyses
the ART singletons were significantly smaller (lower mean z-score). This pattern held for
all ART infertility subgroups and mimicked the contrasting results we found between
unadjusted and adjusted models with SGA.

We observed that all ART subgroups had a negative mean birth weight z-score
(female infertility= -0.09, male infertility= -0.07, combined male and female infertility=
-0.09 and couples with unexplained infertility diagnosis= -0.12,), indicating birth weight
means below the mean of the reference population. The mean birth weight z-score of
singletons in the non-ART group was above that of the reference population. In
analyses focused on comparisons across ART subgroups, male infertility again served
as the referent subgroup. The mean birth weight z-score was significantly lower among

the ‘unexplained infertility’ group only.
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Table 3.5: Associations between ART and infant mean Birth Weight z-score using non-ART as the referent group;
Population-based data of all singleton live births in Florida and Massachusetts 2000-2010 and Michigan 2000-2009

ART/ Infertility N (%) Birth Weight z- Birth Weight z-score* Regression P Value*™* P
Type score*  crude (Cl) adjusted** (Cl) coefficient Value**
adjusted** (Cl)

Non-ART 4,263,846 | 0.033 (0.032, 0.034) | 0.035 (0.034, 0.036) Reference Referent N/A

ART/Female 15,713 | 0.085 (0.069, 0.101) | -0.060 (-0.089, -0.056) | -0.09 (-0.11, -0.08) <0.01 0.06

ART/Male 6,982 0.089 (0.064, 0.113) | -0.032 (-0.076, -0.044) | -0.07 (-0.98, -0.05) <0.01 Referent

ART/Combined 5,536 0.088 (0.051, 0.106) | -0.052 (-0.079, -0.025) | -0.09 (-0.11, -0.06) <0.01 0.28

ART/Unexplaine 4,460 0.066 (0.036, 0.097) | -0.084 (-0.115, -0.053) | -0.12 (-0.15, -0.09) <0.01 0.01

d

Cl-confidence interval
* Gestational age and sex specific
** Adjusted for parity, age, race and education level, state of residence and delivery year
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3.4 Discussion

Our study is one of the largest to investigate newborn size among singleton
infants born to ART users, with 2,795 and 1,337 SGA infants at the 10" and 5t
percentiles, respectively. We found that ART singletons had increased odds of being
SGA/10t" regardless of whether infertility was diagnosed in the female, male or both.
The increased odds ranged from 11% to 24%, with the greatest risk in the unexplained
infertility group.

Our estimated effect sizes were more modest in comparison to some previous
reports of 1.4 to 2-fold risk of being born SGA/10t" among ART compared to non-ART
singleton infants (92, 103, 107, 116, 141). However, a recent Australian data linkage
cohort study found that the risk of SGA/10" in ART singletons vs. non-ART singletons
was more modest as well, [aOR 1.22 (95% CI 1.11, 1.33)] (108) and aligned with our
result for all ART subgroups combined [aOR 1.15 (95% CI 1.11, 1.20)]. Inconsistent
results across studies of ART and newborn size might be explained by multiple
heterogeneous elements. SGA has been variably defined as SGA/10", SGA/5™ (161) or
SGA less than two standard deviations below a growth standard of a reference
population (81, 112, 154). Some studies did not control for important confounders, such
as multi-fetal pregnancies and socioeconomic factors (81, 158, 160). The larger effect
sizes were often observed among non-US populations. e.g. Danish (161), Swedish (81),
British (158) and Dutch (92). One US study reporting a nearly two-fold increased risk
of SGA among ART singletons included a relatively small sample size and self-reported
information on infertility and use of treatments (103). Self-report of ART use have been

shown to overestimate ART singleton births (207).
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We showed that singletons born to ART users with ‘unexplained infertility’ were
at greatest risk of SGA, not only compared to infants in the non-ART group, but also
compared to other ART singletons. Similar findings of adverse obstetric and neonatal
outcomes among couples with unexplained infertility were previously reported (151,
208, 209), suggesting this is a group that merits further investigation.

The birth weight z-score is a standardized measure that allows group
comparisons of newborn size when including infants born at varying gestational weeks.
Although z-scores are recommended for reporting perinatal outcomes among ART
populations (203, 210), such studies are rare. In 2008, Shih et al, used birth weight z-
score, based on British growth reference data, to examine whether newborn size was
associated with different types of ART treatment (162). While their findings suggested
lower mean birth weight z-scores among infants born to couples who used ART with
fresh embryos, -0.163 (1.004), compared to infants of non-ART couples, -0.061 (1.099),
both groups had mean birth weight z-scores below the expected mean. In our analysis
we used two indicators, SGA and birth weight z-score, to measure gestational age-
specific and sex-specific newborn size both categorically and continuously. To minimize
measurement errors, both indicators were carefully constructed after exclusion of birth
records with implausible birth weight and gestational age combinations using
established and recently published criteria and algorithms (204-206). In contrast to Shih
(162), our results showed that the non-ART group had mean birth weight z-scores
slightly above that of the reference population, whereas the ART group’s means were

below the referent.
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Aspects related to ART treatment and/or the underlying infertility might explain
suboptimal newborn size among ART infants. These include the effects of ovarian
stimulation (211, 212), endometrial or placental abnormalities (119, 213-216) and
imprinting disorders and altered expression of genes (H19, IGF1, IGF2) involved in
human development (76, 77). The practice of multiple embryo transfer may result in
implantation of more than one embryo and early fetal loss of a co-twin may have a
detrimental effect on the surviving fetus (96). Untreated maternal infertility and its
related characteristics, namely, advanced age and primiparity were also suggested to
play a role in infant size (10, 11, 13, 115, 217-219); these latter covariates were
accounted for in our analytic models.

In our study design and analyses we tried to address limitations of previous
studies, however, some limitations remain. Although SGA is a better indicator of
newborn size than LBW, it still represents a heterogeneous group, i.e. those who are
constitutionally small and those with pathologically poor fetal growth. In addition, fetuses
who begin as appropriate size and then experience poor growth may not meet the 10t
percentile cutoff at birth, thus using SGA as an outcome could result in some
misclassification of suboptimal newborn size for infants above and below the cut point
(146). SGA is constructed using population-based references of birth weight, while
excluding unborn fetuses. As a result, SGA formulation for preterm infants may be
prone to bias resulting from birth weight differences between preterm infants (often
smaller) and those who remain in-utero. In an attempt to minimize this observational

bias, we repeated our analysis using only full term infants. Our results indicated a
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similar risk of small newborn size for ART singletons versus non-ART infants born at
term.

The SMART dataset includes two distinct populations, ART and non-ART
couples. We acknowledge that data quality with respect to timing of conception may
vary by the mode of conception, and may be more accurate for the ART population. To
create the SMART dataset, a probabilistic method was used to link birth files and ART
surveillance data. While highly successful, with reported high linkage rate of 87.8% and
a good validity, this method is not free of matching errors (188).

We investigated the association of ART and newborn size using one of the
largest datasets of ART data linked to birth records. Our outcomes, SGA and birth
weight z-score, are the most informative and least biased compared to other frequently
used measures, e.g. LBW and mean birth weight. As few studies defined SGA using the
5% percentile cutoff, we defined SGA both at the 10" and 5" percentiles and examined
the risk of SGA singleton births among all ART users as one group, compared to non-
ART singletons. We then created four mutually exclusive infertility groups, to identify
whether newborn size within ART users is influenced by parental infertility diagnosis.
Our second selected outcome, birth weight z-score, has innate properties that allow
uniform, standardized reporting, essential for unbiased comparisons of newborn size
across studies. Although birth weight z-score was recommended as a preferred
measure of newborn size, it was rarely incorporated in previous reports.

Overall, we found an increased risk of small newborn size in ART versus non-ART
singleton infants. Although statistically significant, the magnitude of excess risk overall

was small, which is reassuring. Similarly, the excess risk of small newborn size within
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ART subgroups defined by infertility source (male, female), was not large. Greater
subgroup heterogeneity in newborn size may be detected when male and female

infertility groups are further assessed by underlying infertility causes and subtypes of

ART procedures.
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CHAPTER 4

ASSISTED REPRODUCTIVE TECHNOLOGY AND ADVERSE PERINATAL
OUTCOMES;
ASSOCIATIONS WITH INFERTILITY DIAGNOSES AND TREATMENT MODALITIES

4 1 Introduction

Since its introduction to the US in 1981, Assisted Reproductive Technology (ART) has
become a conventional treatment for infertile couples who desire a pregnancy. ART
therapies usually involve the retrieval of male and female gametes and fertilization
outside of the body. However, to maximize pregnancy rate, conventional ART treatment
may be integrated with additional techniques and procedures, e.g. the use of donor
gametes or embryos, transfer of fresh or frozen embryos, intra-cytoplasmic sperm
injection (ICSI), insertion of a single sperm into an oocyte, and assisted hatching (AH)
which creates a hole in the embryo’s zona pellucida to promote embryonic implantation.
The modality of ART regimen depends on couples’ characteristics, infertility diagnosis,
treatment history and factors related to cost and availability of insurance coverage.
Studies have consistently detected an increased risk of shorter gestation and
smaller newborn size among ART pregnancies compared with non-ART pregnancies,
independent of plurality (107, 197). Explanations for these findings are the subject of
debate. It is unclear if the increased risk is present irrespective of the ART techniques
employed. In addition, there is the challenge of disentangling excess risk associated
with ART and excess risk connected to underlying causes of infertility. Studies
attempting to separate the ART technology effect from the infertility effect have found a
mild increased risk of preterm birth (PTB) and of small newborn size (10, 13) in relation

to ART. There is remarkably little information on risk of adverse birth outcomes among
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ART users in association with sources of infertility (male, female), the specific causes of
infertility, and the modalities of ART. Reports on the risk of poor birth outcomes by
infertility causes among untreated couples are likewise limited (82, 163, 220).
Therefore, we performed a population-based retrospective cohort study to
elucidate the associations among ART modality, infertility diagnoses, and poor birth

outcomes, i.e. preterm birth and small newborn size.

4.2 Materials and methods
4.2.1 Data source and study population

The States Monitoring Assisted Reproductive Technology (SMART) project was
established to create state-based surveillance of ART, with the purpose of monitoring
and studying health outcomes associated with ART (187). The SMART consortium
includes the Centers for Disease Control and Prevention (CDC) and the Massachusetts,
Florida and Michigan Public Health agencies. SMART constructed a population-based
dataset that linked ART data from the National Assisted Surveillance System (NASS)
with birth files of all live births occurring in Massachusetts, Florida and Michigan in
2000-2010 (188). The probabilistic linkage method used to match NASS and birth
records was successfully implemented, achieving a high linkage rate of 87.8% and a
good validity (188).

After restricting our study to singletons births of mothers age 15-60 between 22
and 44 weeks’ gestation, the resulting sample size contained 4,263,846 non-ART and
32,691 ART mother-infant pairs. Within the ART population we assigned mother-infant
pairs to study groups first by infertility source and later by treatment characteristics.

There were 10 exclusive categories of infertility: male infertility, unexplained infertility,
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endometriosis, diminished ovarian reserve, tubal disease, tubal ligation not reversed,
ovulation disorders, uterine factor, other infertility factor (defined as immunologic,
chromosomal, cancer chemotherapy or other systemic disease) and more than one
infertility diagnoses. We examined various ART treatment modalities by considering:
1) ART technique components for fresh, autologous cycles — ART/basic, ART/ICSI,
ART/AH and ART/ICSI/AH; 2) ART type and embryo source — fresh autologous
embryos, fresh donor embryos/oocytes, frozen autologous embryos and frozen donor
embryos/oocytes and 3) ART/male infertility by semen source, e.g. partner or donor.
The donor semen category was merged with a third semen source containing mixed

semen of partner and donor.

4.2.2 Birth outcomes

Preterm birth (PTB) was first constructed as a binary variable using 37 completed
weeks’ gestation as a cutoff to classify preterm births. To investigate the risk pattern
along earlier gestations, we further separated PTB to early PTB (<34 weeks’ gestation)
and later PTB (34-36 weeks) while 237 weeks remained the referent category. Newborn
size was defined as a continuous measure, birth weight z-score, computed with the
formula:

(Infant’s birth weight - mean birth weight in the reference population)
Standard deviation of the reference population

where birth weight, gestational age and sex were abstracted from birth records and
compared with a sex and gestational age specific US population-based reference (205).
Finally, we defined singletons as Small for Gestational Age (SGA) if their birth weight

was below the 10t percentile for gestational age, or as non-SGA, otherwise.
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Our study obtained an approval from the Institutional Review Boards of the

Public Health Agencies of Massachusetts, Michigan, and Florida and from the CDC.

4.2.3 Statistical analysis

Descriptive statistics, chi square and linear regression for complex data, were
used to compare the distributions of maternal and infant characteristics between ART
and non-ART groups. We applied statistical methodology for clustered data, e.g. robust
variance estimators, to account for more than one singleton birth to the same mother
within the time interval.

The associations among infertility source, ART treatment profiles and perinatal
outcomes were examined using regression models; linear regression for the continuous
birth weight z-score and logistic or multinomial for SGA and PTB, as binary or a three-
category variables, respectively. In all models, we first estimated the crude and then the
adjusted effect of ART and infertility adding parity, maternal age, race, education level,
state of residence and delivery year as covariates. To control for infertility causes, an
additional covariate, infertility source, was included in all adjusted analyses of ART
cycle types (fresh/frozen and ICSI/AH), and excluded otherwise.

We modeled our outcome of newborn size by using the continuous measure of
birth weight z-scores, with the exception of one analysis where we had adequate group
sample sizes and also assessed SGA. PTB was treated as a categorical outcome
throughout but could not be investigated with relation to donor, non-donor semen due to
limited sample size.

Our initial set of analyses compared newborn size and odds of PTB among non-

ART and ART grouped by infertility cause. To assess whether particular infertility
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causes had a distinct association with PTB, we conducted a series of contrast tests
among pairs of infertility groups.

Next, we examined the same outcomes, newborn size and PTB, in relation to
ART techniques. First we compared each ART technique group with the non-ART
group, then we conducted comparisons across ART treatment groups using ART/basic
group as the referent.

ART cycle types (fresh, frozen, non-donor and donor embryos or oocytes), and
their associations with newborn size and PTB were studied using non-ART as a referent
group and then frozen/non-donor as the referent group.

Finally, to assess treatment associations separated from infertility associations,
we compared newborn size between singletons born to non-ART and ART groups using
partner or donor semen. The latter is a unique set of infants born to couples with a
diagnosis of male infertility, but conceived with fertile gametes to fertile mothers. In our
last set of analyses we assigned ART singletons conceived by couples with male
infertility using autologous semen as the referent group with the purpose of assessing
whether semen source, donor versus partner, influences newborn size of ART
singletons.

SAS 9.3 (Cary, NC) was used for logistic models analysis. Linear regression and

multinomial models were generated with SUDAAN 11 (RTI) statistical software.

4.3 Results

4.3.1 Maternal and birth characteristics
Our sample included 4,263,846 non-ART and 32,691 ART-associated singleton

births (Table 4.1). ART mothers were more likely to be non-Hispanic white, significantly
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older and primaparas, and to have attained a higher education level as compared to

non-ART mothers. In unadjusted analyses that grouped all ART together, ART was

associated with an increased risk of delivering preterm, but a decreased risk of

delivering an SGA infant. We observed a similar sex distribution among ART and non-

ART singletons.

Table 4.1: Maternal and Infant characteristics of ART and non-ART singleton live births

in Three States; Massachusetts and Florida 2000-2010, Michigan 2000-2009

Maternal, infant Non-ART (%) ART (%) *P value
Characteristics

Sample Size N 4,263,846 (99) 32,691 (<1) <0.01
Mean Maternal Age (se) 27.7 (0.003) 35.5(0.03) <0.01
Maternal Race/Ethnicity

Non-Hispanic White 2,447,489 (58) 26,136 (81)
Non-Hispanic Black 759,051 (18) 1,263 (4)

Hispanic 803,781 (19) 2,798 (9) <0.01
Asian/Other 222,012 (5) 2,012 (6)

Maternal Education

High school or lower 2,042,263 (48) 4,230 (13)

Some college 1,044,839 (25) 6,747 (21) <0.01
Bachelor’s or higher 1,138,459 (27) 21,538 (66)

Parity

0 1,794,285 (42) 21,284 (65)

1 1,392,288 (33) 8,446 (26) <0.01
2 669,158 (16) 2,046 (6)

23 408,115 (10) 915 (3)

Newborn Sex

Male 2,184,140 (51) 16,770 (51) 0.79
Female 2,079,706 (49) 15,921 (49)

Mean Birth weight (g) (se) 3,320 (0.3) 3,296 (3.4) <0.01
SGA <10 percentile 400,220 (9.4) 2,795 (8.5)
Non-SGA 210" percentile 3,863,626 (90.6) 29,896 (91.5) <0.01
Birth weight z-score (se) 0.03 (0.0005) 0.08 (0.006) <0.01
PTB <37 weeks 342,355 (8) 3,776 (11.6)

Term Birth 237 weeks 3,921,491 (92) 28,915 (88.4) <0.01

*P value computed for complex data; SGA=Small for Gestational Age; PTD=preterm birth
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4.3.2 Newborn size and risk of preterm birth in relation to ART and infertility source
In adjusted analyses of newborn size we found significantly lower mean birth
weight z-scores, below the mean of the reference population, among infants in each
ART group relative to infants in the non-ART group. As with PTB, we observed ART
group variations in newborn size with a mean birth weight z-score range of (-0.11) to
(-0.02) representing infants born to ART users with diminished ovarian reserve and

tubal disease, respectively.

The adjusted odds of PTB were significantly increased among all ART infants, in
any infertility subgroup, compared to non-ART infants (Table 4.2). A spectrum of PTB
odds was observed across the ART subgroups ranging from 1.42 (95% CI 1.30, 1.54) to
2.33 (95% CI 1.64, 3.30) for couples with male infertility and uterine factor infertility,
respectively. In contrast analysis, the ART male infertility group had significantly lower
PTB odds relative to other ART infertility subgroups (p<0.05). ART users with
diminished ovarian reserve or ovulatory disorders had significantly increased PTB odds

relative to ART users with unexplained infertility or with endometriosis.
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Table 4.2: Associations among infertility diagnoses and birth outcomes in singleton live births in Three States;

Massachusetts and Florida 2000-2010, Michigan 2000-2009

Newborn Size — Birth Weight z-score Mean and Standard Errors

ART/Infertility Type N Birth Weight z- Birth Weight z- Regression P Value**
score*  crude | score* adjusted™* coefficient
(SE) (SE) adjusted** (Cl)

Non-ART 4,263,846 | 0.03 (0.0006) 0.03 (0.0006) Referent Referent
Female Infertility

Endometriosis 1,825 0.10 (0.02) -0.04 (0.02) -0.08 (-0.12, -0.03) <0.01
Diminished ovarian reserve 2,337 0.09 (0.02) -0.11 (0.02) -0.15(-0.19, -0.11) <0.01
Tubal Disease 2,807 0.08 (0.02) -0.02 (0.02) -0.06 (-0.10, -0.02) <0.01
Tubal Ligation 443 0.11 (0.05) -0.08 (0.05) -0.12 (-0.21, -0.02) 0.01
Ovulation Disorder 1,997 0.08 (0.02) -0.03 (0.02) -0.07 (-0.12, -0.02) <0.01
Uterine Factor 286 0.06 (0.06) -0.10 (0.06) -0.13 (-0.25, -0.02) 0.02
Other 2,829 0.07 (0.02) -0.10 (0.02) -0.13 (-0.17, -0.09) <0.01
>1 infertility diagnosis 8,546 0.08 (0.01) -0.05 (0.01) -0.08 (-0.11, -0.06) <0.01
Male Infertility 6,982 0.09 (0.01) -0.03 (0.01) -0.07 (-0.09, -0.04) <0.01
Unexplained Infertility 4,460 0.07 (0.02) -0.08 (0.02) -0.12 (-0.15, -0.09) <0.01
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Table 4.2 (cont’d)

Preterm Birth - Odds Ratio and 95% Confidence Intervals

ART/Infertility Type N PTB (%) Odds Ratio crude Odds Ratio Contrast
(Cl) adjusted** (Cl) (p<0.05)
"Non-ART 4,263,84 346,022 (8.1) Referent Referent All groups
6
Female Infertility
2Endometriosis 1,825 191 (10.5) 1.32 (1.14,1.54) | 1.65 (1.41, 1.92) 1,10
3Diminished ovarian reserve 2,337 328 (14.0) 1.85 (1.64, 2.08) | 2.05(1.81,2.31) 1,2,10,11
“Tubal Disease 2,807 69 (13.8) 1.81 (1.41, 2.33) | 1.95 (1.51, 2.53) 1,10
5Tubal Ligation 443 71 (16.0) 2.15(1.67,2.77) | 2.00 (1.54, 2.61) 1,10
80vulation Disorder 1,997 271 (13.6) 1.78 (1.56, 2.03) | 2.24 (1.97, 2.56) 1,2,10,11
"Uterine Factor 286 41 (14.3) 1.89 (1.35, 2.64) | 2.33(1.64, 3.30) 1,10
8Q0ther 2,829 329 (11.6) 1.49 (1.32,1.67) | 1.92(1.70, 2.16) 1,10
9>1 infertility diagnosis 8,546 1,056 (12.7) 1.65 (1.54,1.76) | 1.90 (1.77, 2.03) 1,10,11
"Male Infertility 6,982 646 (9.2) 1.15 (1.06, 1.25) | 1.42(1.30, 1.54) All groups
""Unexplained Infertility 4,460 450 (10.1) 1.27 (1.15, 1.40) | 1.68 (1.52, 1.86) 1,3,6,9,10

* Gestational age and sex specific
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Table 4.3: Associations among fresh, autologous ART types and birth outcomes of singleton live births in Three States;

Massachusetts and Florida 2000-2010, Michigan 2000-2009

Newborn Size — Birth Weight z-score Mean and Standard Errors

ART/cycle Type N Birth Weight z- Birth Weight z- Regression P Value*™ | P Value**
score* crude (SE) | score* adjusted** coefficient
(SE) adjusted** (CI)
Non-ART 4,263,846 0.033 (0.0006) 0.03 (0.0006) Referent Referent N/A
ART/Basic 7,971 0.029 (0.012) -0.10 (0.01) -0.13 (-0.15, -0.11) <0.01 Referent
ART/ICSI 9,781 0.030 (0.010) -0.09 (0.01) -0.12 (-0.14, -0.10) <0.01 0.57
ART/AH 2,457 0.054 (0.021) -0.11 (0.02) -0.14 (-0.18, -0.10) <0.01 0.72
ART/ICSI/AH 4,762 0.025 (0.015) -0.11 (0.02) -0.14 (-0.17,-0.12) <0.01 0.48
Preterm Birth - Odds Ratio** and 95% Confidence Intervals
Non-ART Referent
ART/cycle Type N 237 34-36 <34 P Value**
weeks’ gestation weeks’ gestation weeks’ gestation
Non-ART 4,263,846 Referent Referent Referent Referent
ART/Basic 7,971 Referent 1.70 (1.55, 1.83) 2.07 (1.81, 2.36) <0.01
ART/ICSI 9,781 Referent 1.62 (1.50, 1.74) 1.95 (1.73, 2.20) <0.01
ART/AH 2,457 Referent 1.70 (1.47, 1.97) 1.98 (1.56, 2.50) <0.01
ART/ICSI/AH 4,762 Referent 1.63 (1.47, 1.82) 1.73 (1.45, 2.06) <0.01
Preterm Birth - Odds Ratio** and 95% Confidence Intervals
ART/Basic Referent
ART/cycle Type N 237 34-36 <34 P Value**
weeks’ gestation weeks’ gestation weeks’ gestation
Non-ART 4,263,846 N/A N/A N/A N/A
ART/Basic 7,971 Referent Referent Referent Referent
ART/ICSI 9,781 Referent 0.96 (0.86, 1.07) 0.94 (0.79, 1.13) >0.05
ART/AH 2,457 Referent 1.01 (0.85, 1.19) 0.96 (0.73, 1.25) >0.05
ART/ICSI/AH 4,762 Referent 0.97 (0.85, 1.11) 0.84 (0.67, 1.04) >0.05

* Gestational age and sex specific
** Adjusted for parity, age, infertility source, race and education level, state of residence and delivery year
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4.3.3 Newborn size and risk of preterm birth in relation to ART modality
4.3.3.1 Intra-cytoplasmic sperm injection and assisted hatching

Singletons in all ART subgroups were significantly smaller, mean birth weight z-
score below the mean of the reference population, compared with non-ART singletons
(Table 4.3). When ART/basic was used as the referent group, PTB odds and newborn
size were similar across treatment modalities, e.g. AH, ICSI or their combination. The
adjusted odds ratios for PTB (at <34 weeks and 34-36 weeks’ gestation) were

significantly increased in each ART treatment group, compared to the non-ART group.

4.3.3.2 Fresh or frozen cycles with non-donor or donor embryos/oocytes

In analyses of newborn size, measured as birth weight z-score or SGA, we
observed a lower mean newborn size among 2 ART subgroups, fresh/non-donor and
fresh/donor compared to non-ART infants (table 4.4). When ART singletons in the
frozen/non-donor were used as the comparison group, we found significantly lower
mean birth weight z-scores among singletons in all other ART subgroups. The adjusted
PTB odds were significantly increased for all ART treatment groups, fresh/non-donor,
fresh/donor, frozen/donor and frozen/non-donor, compared with the non-ART group.
When ART frozen/non-donor group served as the referent, we observed significantly
increased PTB odds among two of the ART groups, fresh/donor and frozen/donor.
Finally, the odds of delivering a singleton SGA were significantly increased in two ART
groups, fresh/non-donor and fresh/donor, relative to the non-ART group. These same
two ART groups had a higher risk of delivering a singleton SGA infant when compared

with the ART frozen/non-donor group.
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Table 4.4: Associations among ART types and birth outcomes of singleton live births in Three States;
Massachusetts and Florida 2000-2010, Michigan 2000-2009

Newborn Size — Birth Weight z-score and Standard Errors

ART/Cycle Type N (%) Birth Weight z- Birth Weight z- Regression P Value* | P Value*
score* crude score* adjusted** coefficient
(SE) (SE) adjusted* (CI)
Non-ART 4,263,846 0.033 (0.0006) 0.035 (0.0006) Referent Referent N/A
Fresh/Non-donor 25,054 0.031 (0.031) -0.077 (0.013) -0.11 (-0.14, -0.09) <0.01 <0.01
Fresh/Donor 2,905 0.103 (0.019) -0.077 (0.024) -0.11 (-0.16, -0.07) <0.01 <0.01
Frozen/Donor 840 0.230 (0.035) 0.031 (0.038) 0.00 (-0.08, 0.07) 0.93 <0.01
Frozen/Non-donor 3,879 0.364 (0.017) 0.244 (0.020) 0.21 (0.17, 0.25) <0.01 Referent
Preterm Birth - Odds Ratio and 95% Confidence Intervals

ART/Cycle Type N PTB PTB PTB PTB

cOR (95% ClI) aOR** (95% CI) cOR (95% CI) aOR** (95% CI)
Non-ART 4,263,846 Referent Referent N/A N/A
Fresh/Non-donor 25,054 1.41 (1.36, 1.47) 1.42 (1.30, 1.55) 1.00 (0.90, 1.12) 1.03 (0.92, 1.15)
Fresh/Donor 2,905 2.13 (1.92, 2.35) 1.81 (1.58, 2.08) 1.52 (1.32, 1.75) 1.31 (1.13, 1.52)
Frozen/Donor 840 2.45 (2.05, 2.93) 2.19 (1.79, 2.69) 1.75 (1.42, 2.15) 1.59 (1.29, 1.96)
Frozen/Non-donor 3,879 1.40 (1.27, 1.55) 1.38 (1.22, 1.57) Referent Referent
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Table 4.4 (cont’d)

Small for Gestational Age - Odds Ratio and 95% Confidence Intervals

ART/cycle Type N (%) SGA/10t SGA/10t SGA/10t SGA/10t
cOR (95% CI) aOR* (95% Cl) cOR (95% CI) aOR* (95% CI)
Non-ART 4,263,846 Referent Referent N/A N/A
Fresh non-donor 25,054 0.99 (0.95, 1.03) 1.23 (1.13, 1.34) 2.08 (1.18, 2.42) 2.03 (1.73, 2.38)
Fresh/Donor 2,905 0.87 (0.76, 0.99) 1.20 (1.01, 1.42) 1.83 (1.50, 2.23) 1.98 (1.61, 2.43)
Frozen/Donor 840 0.60 (0.45, 0.80) 0.83 (0.61, 1.13) 1.26 (0.91, 1.74) 1.37 (0.98, 1.91)
Frozen/Non-donor 3,879 0.48 (0.41, 0.55) 0.61 (0.51, 0.72) Referent Referent

* Gestational age and sex specific
** Adjusted for parity, age, infertility source, race and education level, state of residence and delivery year

Table 4.5: Associations among ART, Male Infertility, Semen Source and Newborn Size of Singleton Live Births in Three
States; Massachusetts and Florida 2000-2010, Michigan 2000-2009

ART/Male N (%) Birth Weight z-score* | Birth Weight z-score* | Regression coefficient | P Value** | P Value**
Infertility by crude (SE) adjusted™ (SE) adjusted** (Cl)
semen source
Non-ART 4,263,846 0.033 (0.0006) 0.034 (0.0006) Referent Referent N/A
ART/Male/Partner 5,791 0.044 (0.0135) -0.077 (0.0136) -0.11 (-0.138, -0.084) <0.01 Referent
ART/Male/Donor 241 0.019 (0.0643) -0.098 (0.0645) -0.13 (-0.259, -0.006) 0.04 0.75

** Adjusted for parity, age, race and education level, state of residence and delivery year

* Gestational age and sex specific
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4.3.3.3 Male Infertility with partner or donor sperm

Mean birth weight z-scores for ART singletons, born to couples with male
infertility only, and independent of semen source, were significantly lower relative to that
of non-ART singletons (table 4.5). However, we did not detect a significant difference in
mean newborn size among ART singletons that were conceived with donor or partner’s

semen.

4 .4 Discussion

In this large population-based cohort we examined infertility source and ART
techniques in association with two perinatal outcomes of interest, newborn size and
preterm birth. Consistent with previous reports, (107, 197), we found that after adjusting
for important confounders such as maternal age, race and parity, ART singletons born
to subfertile couples were more likely to be smaller and born preterm. We continued in
this line of investigation by grouping ART according to underlying infertility diagnoses
and ART modalities to examine risk by group. Our results showed that each female
infertility ART group had an increased risk of adverse outcomes, i.e. preterm birth and
smaller newborn size, whether compared to the non-ART group or to the male infertility
group.

Only a limited number of studies have investigated whether the heterogeneity of
infertility source and treatments among ART populations influences the risk of poorer
perinatal outcomes. One study observed a significantly increased number of PTB cases
compared to expected among ART singletons born to couples with tubal factor infertility

(164). ART singletons of couples diagnosed with female infertility in general, or tubal
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factor infertility in particular, had an increased risk for PTB compared with those born to
couples with male infertility (151, 163).

Our study also considered perinatal outcomes across groups exposed to different
ART techniques. Basic ART cycles are often combined with ICSI, AH techniques or
both, to improve pregnancy rate. In previous studies, ART/ICSI treatments were
frequently linked with higher rates of PTB and smaller newborn size compared with the
non-ART group (106, 108, 111, 141). However, these studies did not always consider
confounders such as type of cycle (fresh or frozen) and infertility source. One study
investigated the added PTB risk of ICSI relative to the basic ART among singletons and
reported a protective effect for ICSI [aOR 0.80 (95% CI 0.69, 0.93)], but since ART
therapies with fresh or frozen embryos were not separated, the protective effect may
have been driven by frozen cycles (111). Some studies have examined associations
between AH alone, or combined with ICSI, and outcomes such as clinical pregnancy,
live birth or implantation rate (38, 221). Our report is unique in its modeling of ICSI, AH
and their combination, to show that ART couples exposed to these techniques have
risks of PTB and small newborn size that are comparable to the risks among couples
exposed to the ‘basic’ ART technique.

We also found that all combinations of ART types, fresh or frozen and donor or
non-donor embryos/oocytes, were associated with a significantly increased risk of PTB
and small newborn size among ART compared to non-ART groups. Comparisons
across ART groups revealed that non-donor cycles, whether fresh or frozen, were
associated with a smaller excess risk of PTB compared to that of groups with donor

embryos or oocytes. It is plausible that oocyte donation induces immunological
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response that may play a role in higher rates of hypertensive disorders and subsequent
poor perinatal outcomes in ART pregnancy with donated compared with autologous
oocytes (222-224).

Our results align with previous reports on the increased risk for PTB among ART
singletons conceived with frozen embryos relative to non-ART singletons (107, 197).
Our data also suggested that risks of PTB and small newborn size may be greater for
the ART singletons conceived following a fresh versus a frozen embryo/oocyte cycle;
this has been noted by others as well (111, 151, 167). Several hypotheses related to
cycle and patients’ characteristics, were suggested to explain the protective effect on
poor birth outcomes observed in frozen versus fresh cycles; reduced ovarian
stimulation, lack of oocyte retrieval, larger number of oocytes and of higher quality are
more likely to result in cryopreservation among healthier patients (85, 167).

ART with donor gametes is the recommended treatment for patients with poor
ovarian reserve, oocyte quality and/or severe male infertility. One small study observed
an increased risk of PTB among ART singletons conceived with donated oocytes
compared with ART autologous oocytes [aOR 1.8 (95% CI 1.2, 2.7)] or compared with
non-ART singletons [aOR 3.4 (95% CI 2.3, 4.9)] (182). Perhaps due to its small sample
size, this study did not further classify treatments as fresh or frozen embryo ART cycles.
In our population-based study we were able to group ART couples by donor or non-
donor oocytes/embryos and by fresh or frozen cycles. Data from the four resulting ART
groups suggest that embryo/oocyte source is a factor more strongly associated with

increased risk of PTB and small newborn size.

72



There is limited evidence on the effect of donor male gametes on PTB and small
newborn size. A recent study did not detect significantly increased risks for PTB or small
newborn size among singletons born following an Intra Uterine Insemination (IUl) using
donor compared with partner semen. However, compared with ART singletons, [UI-
conceived singletons had a lower risk of PTB (225). Among ART couples, similar crude
odds of low birth weight or PTB were found in those using donor compared with partner
sperm (226). In our study, sperm source was of interest for two reasons: 1) to assess
associations with risk of suboptimal newborn size; and 2) to separate the infertility effect
from the technology effect. We did this by comparing the non-ART group and the ART
group, diagnosed with male but not female infertility. In this latter group, the combination
of donor sperm and fertile woman has no infertility effect and therefore what remains is
the effect of ART technology. Our results suggested that among ART users, semen
source did not increase the risk for small newborn size. However, ART singletons,
conceived with partner or donor sperm, had a significantly increased risk for smaller
newborn size compared with non-ART. Most importantly, we found that even in the
absence of parental infertility, singletons conceived through ART with fertile gametes
were at a significantly increased risk for small newborn size (p<0.04); this would imply
the presence an ART technology association that is no not confounded by underlying
infertility.

Although we were able to examine birth outcomes, newborn size and PTB across
ART treatment profiles and infertility diagnoses, while adjusting for most important
confounders, we did not have information on whether the cause of early births was

spontaneous or iatrogenic due to perinatal complications. In addition, our ART treatment
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group with donor semen was small (n=241) and had insufficient statistical power to
detect uncommon birth outcomes among ART singletons such as preterm birth and
small for gestational age. Finally, although the probabilistic linkage method achieved a
high linkage rate (87.8%) and good validity, it contains some matching errors (188).

In conclusion, our cohort study demonstrated a heterogeneous risk pattern for
PTB and small newborn size among ART couples grouped by infertility source and ART
modality. ART techniques added to basic ART therapy, did not appear to confer excess
risk of these adverse perinatal outcomes over and above that found in association with
basic ART. Our data support a small ART treatment association with smaller newborn

size, independent of the underlying infertility.
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CAHPTER 5
SUMMARY

Rapid technological advances of assisted reproduction that offer novel infertility
therapies, and the steady increase of ART users, pose a pressing public health
challenge. Thus, it is important to assess what is the health impact of ART on its direct
and indirect users, e.g. mothers and infants.

This dissertation has examined the risk of adverse perinatal outcomes among
singletons conceived with Assisted Reproductive Technology (ART) compared with
non-ART singletons. Three perinatal outcomes were assessed; preterm birth, birth
before 37 weeks’ gestation; birth weight z-score, a gestational age and sex specific birth
weight measure and small for gestational age, defined as birth weight below the 10t or
5t percentile for gestational age. The risk of preterm birth and small newborn size was
investigated among distinct infertility diagnoses, female, male, combined and
unexplained infertility, and across treatment modalities.

We found that ART singletons, in all infertility diagnoses groups, had an
increased risk of preterm birth compared to non-ART singletons. However, among ART
singletons, those born to subfertile mothers as opposed to subfertile fathers, may have
the greatest increase of preterm birth risk. We also observed a heterogeneous risk of
preterm birth along the gestational age continuum, but only among ART singletons born
to couples with female infertility only or combined with male infertility. These findings
suggest that the risk of preterm birth among ART couples may be mostly attributed to

factors associated with female infertility.

75



Suboptimal newborn size, measured as birth weight z-score and small for
gestational age at the 10" and 5" percentile, was also associated with ART compared
with non-ART singletons. However, the magnitude of the estimated effect was mild and
similar within all ART subgroups. These findings may be reassuring for infertile couples
seeking ART treatment.

We found that ART-conceived singletons born to mothers with various infertility
diagnoses were at increased risk for preterm birth and small newborn size, but the
observed risk was heterogeneous among infertility subgroups, suggesting that infertility
is a collection of various conditions with a differential effect on newborn size and
gestational age at birth.

Assessment of preterm birth and small newborn size risk by modalities of ART
treatment, indicated no excess risk among ART singletons conceived using intra-
cytoplasmic sperm injection, assisted hatching or a combination of both techniques,
compared to singletons conceived with basic ART therapy. While our data suggested
that these ART techniques were not detrimental for preterm birth or suboptimal newborn
size, more studies are needed to confirm these results as well as additional
investigations on the effect of intra-cytoplasmic sperm injection and assisted hatching
on other adverse outcomes.

ART cycle types, using fresh or frozen, donor or autologous oocytes/embryos
were associated with preterm birth and suboptimal newborn size. However, our data
suggest that the source of embryos/oocytes may play a more influential role in the risk
of preterm birth than the transfer of fresh or frozen embryos. Compared to all other

cycle types, frozen non-donor cycles had protective effects on perinatal outcomes,
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perhaps because of their frozen and autologous components that are associated with
less invasive and immunologic tolerant ART cycles.

We found that ART singletons conceived by couples without female infertility
but with male infertility, using donor sperm, were more likely to be smaller at birth
compared with non-ART singletons. This finding indicated a significant technology
effect, separated from the infertility effect, on newborn size.

While our population-based cohort study confirmed previous reports on the risk
of preterm birth and small newborn size among ART-conceived singletons compared
with non-ART singletons, it was the first to expand and elaborate current knowledge by
delineating the risk diversity across detailed treatment modalities and comprehensive
parental infertility diagnoses. Future studies are needed to corroborate our findings and

provide insight into ART effect on adverse perinatal outcomes among other populations.
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