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Current Status of the
Approach to Assisted
Reproduction

Samuel A. Pauli, MDa,*, Sarah L. Berga, MDb,
Weirong Shang, PhDc, Donna R. Session, MDa

Since the advent of in vitro fertilization (IVF) and the successful birth of Louise Brown
on July 25, 1978, more than 3 million children have been born worldwide through as-
sistive reproductive technologies (ART).1 In 2005, the 422 fertility clinics in the United
States reported performing 134,260 ART cycles resulting in 38,910 live births of
52,041 children.2 Approximately 1% of all births and 18% of all multiple births in the
United States are the result of assisted reproductive technologies.2,3

Assisted reproductive technology includes all treatments that involve manipulation
of both eggs and sperm outside of the body. Most commonly, it refers to in vitro fertil-
ization, although other forms of ART used include gamete intrafallopian transfer (GIFT),
zygote intrafallopian transfer (ZIFT), tubal embryo transfer (TET), donor oocyte, and
gestational carriers. Other commonly used strategies to treat infertility, including
ovulation induction and intrauterine inseminations, are not considered forms of ART.
Ovulation induction stimulates multifollicular development with the use of oral or
injectable medication without retrieving oocytes. Intrauterine insemination involves
the handling of only the male gametes outside of the body.

The purpose of this chapter is to describe the workup of infertility, provide an over-
view of the indications for ART, and explain the process of ovarian stimulation, sperm
recovery, fertilization, and embryo transfer. Complications related to the use of ART
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will be discussed with an emphasis on topics related to the care of the pediatric popu-
lation. In addition, the use of ART in the preservation of fertility in pediatric and adoles-
cent population undergoing chemotherapy or radiation therapy will be explored.

INDICATIONS AND EVALUATION BEFORE IN VITRO FERTILIZATION

Infertility has been defined as the inability of a couple to conceive after 12 months of
unprotected and frequent intercourse. Women who have never conceived a child are
classified as having primary infertility, whereas women who have had a prior child and
are unable to subsequently conceive are classified as having secondary infertility. Ac-
cording to the 2002 National Survey of Family Growth published by the Center for
Disease Control and Prevention, 7.4% of married women not using contraception,
ages 15 through 44, were unable to become pregnant in the previous 12 months
and thus classified as infertile.4 They also noted that 7.1% of childless women and
11.9% of all women between the ages of 15 and 44 had received infertility treatment.
In practice, patients may present with the inability to achieve pregnancy before 12
months and desire treatment options. Earlier evaluation and treatment may be war-
ranted in women older than 35, because fecundity decreases with increasing maternal
age. In addition, earlier evaluation is indicated in patients with suspected reproductive
disorders, such as amenorrhea or oligomenorrhea, tubal disease, endometriosis, prior
history of chemotherapy, or impending treatment with chemotherapy or radiation to
the pelvis.

Although IVF was first developed for the treatment of tubal disease, today IVF is
commonly used to treat a variety of causes of infertility (Box 1). With the birth of the
first child from a cryopreserved embryo in 1983, the use of IVF was expanded to
include patients facing chemotherapy or radiation therapy to preserve fertility.5 The
development of intracytoplasmic sperm injection (ICSI) allowed for the treatment of
severe male-factor infertility.6 Advances in molecular genetics and embryo biopsy
have permitted IVF to be used to screen for single gene defects and aneuploidy,
with the first two reported clinical pregnancies after preimplantation genetic diagnosis
reported in 1990.7 Alternatively, patients who carry a genetic disorder may opt for
donor oocytes. Current work in cryobiology in the areas of ovarian tissue freezing
and oocyte cryopreservation may further expand the role of ART in fertility preserva-
tion in women wishing to delay childbearing and women undergoing chemotherapy or
radiation therapy.

The basic evaluation of the female partner includes an assessment of ovarian
reserve, uterine abnormalities, and tubal patency. A day three follicle-stimulating
hormone, estradiol level, or antral follicle count by ultrasound scan have all been
shown to correlate with ovarian responsiveness to gonadotropins in patients under-
going assisted reproductive technologies.8–14 Recently, serum anti-Mullerian
hormone has also been associated with ovarian response.15 The uterus should also
be evaluated for the presence of polyps, submucosal fibroids, and adhesions. This
may be performed via a sonohysterogram (saline infusion sonogram), hysterosalpin-
gogram, or hysteroscopy. A hysterosalpingogram has the benefit of evaluating for
the presence of hydrosalpinges (abnormally distended fluid filled fallopian tubes),
which are most often the result of a prior inflammatory process. If structural abnormal-
ities are found they should be addressed before starting an ART cycle, because struc-
tural irregularities of the uterus may interfere with implantation or be responsible for
miscarriages. A mock or trial embryo transfer has been advocated to reduce the
number of difficult embryo transfers and has been shown to improve IVF outcomes.16

Male factor infertility can be evaluated through performing a routine semen analysis.
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OVARIAN STIMULATION

Assisted reproductive technologies refer to a large number of techniques by which
a third party handles oocytes and sperm outside the body to create an embryo that
is transferred to an intended recipient. IVF is a method of assisted reproduction
whereby a woman’s ovaries are stimulated with fertility medications; oocytes are aspi-
rated from ovarian follicles, fertilized in the laboratory, and transferred to the uterus to
implant and develop into a pregnancy.

The first IVF birth resulted from the retrieval of a single oocyte from a natural
menstrual cycle.1 To increase the number of embryos available for embryo transfer
and cryopreservation, fertility medications often are given to enhance the number of
oocytes. The goal of ovarian stimulation is to produce a cohort of uniform follicles
that develop and mature in a controlled fashion to allow for retrieval of multiple mature
oocytes.

There are various treatment regimens used for superovulation to stimulate multifol-
licular development in the ovaries. The use of clomiphene citrate and the combination
of clomiphene citrate and exogenous gonadotropins have been used for ovarian stim-
ulation; however, the most commonly used approach is exogenous gonadotropins
alone. Clomiphene citrate is an oral medication that binds to nuclear estrogen recep-
tors producing estrogen agonist and antagonist effects.17 It interferes with estrogen
negative feedback resulting in an augmentation of gonadotropin-releasing hormone
(GnRH) secretion leading to increased pituitary release of gonadotropins, which stim-
ulate ovarian follicular development. In addition to augmenting endogenous GnRH

Box1
Indications forART

Tubal factor

Male factor

Endometriosis

Diminished ovarian reserve

Before radiation or chemotherapy treatment

Genetically transmitted disease

Fertility preservation

Donor egg

Uterine factor/gestational carrier

Uterine anomaly

Prior hysterectomy

Extensive fibroid disease

Asherman’s syndrome–intrauterine adhesions

Maternal medical condition precluding pregnancy

Poor obstetric history

Ovulatory dysfunction

Polycystic ovarian syndrome

Hypogonadotropic hypogonadism

Unexplained infertility
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production, exogenous gonadotropins can be given to promote follicular growth.
Typically, exogenous gonadotropins are given in combination with GnRH analogs,
either agonist or antagonists in various stimulation protocols. The ‘‘long’’ protocol
involves the administration of a GnRH agonist during the luteal phase of the preceding
menstrual cycle before IVF to down-regulate pituitary production of endogenous
gonadotropins, preventing a premature luteinizing hormone (LH) surge during stimu-
lation. Alternatively, the ‘‘short’’ or ‘‘flare’’ protocol involves starting the GnRH
agonists at the beginning of the menstrual cycle to take advantage of the initial surge
of endogenous gonadotropins released before down-regulation. Unlike GnRH
agonists that down-regulate GnRH receptors, thereby inhibiting endogenous pituitary
gonadotropin secretion, GnRH antagonist competitively bind to GnRH receptors sup-
pressing endogenous gonadotropin production and preventing a premature LH
surge.18 Because GnRH antagonists are fast acting, they may be given later in the
cycle, therefore, decreasing the number of injections, length of the cycle, and poten-
tially cost.

The stimulation protocol selected for a patient should take into account the patient’s
age, cause of infertility, ovarian reserve, and prior treatment history. It should also seek
to minimize cost and risk while maximizing chance of pregnancy. A Cochrane meta-
analysis of 22 trials comparing long and short GnRH agonist protocols found slight
superiority in the number of clinical pregnancies using the long protocol; odds ratio
(OR) 1.27 (95% confidence interval [CI], 1.04–1.56).19 Both the short or flare protocol
and GnRH antagonist protocols are used for patients with diminished ovarian reserve.
A recent randomized study of 90 patients comparing microdose flare and GnRH
antagonist protocols found a significantly higher number of oocytes retrieved and
implantation rates, as well as a nonstatistically significant trend toward higher clinical
pregnancy rates in the flare group.20 However, GnRH antagonist protocols help
suppress premature LH surges, preventing premature ovulation in poor responders,
and can be used to decrease the incidence of ovarian hyperstimulation.21,22

Ovarian stimulation usually occurs for 8 to 12 days. Response to stimulation can be
monitored by measuring serum estradiol levels and serial ultrasound measurements of
follicular growth and endometrial thickness. The dose of gonadotropins given can be
titrated up or down based on these findings to promote the desired follicular response.
When the cohort of developing preovulatory follicles reaches an optimal size, human
chorionic gonadotropin (hCG) is given to induce follicular maturation and the ovulatory
cascade. Various criteria are used to judge when a cycle has reached the target
threshold for hCG administration. Ideally, at least two follicles present measuring 17
to 18 mm in diameter with multiple other follicles 14 to 16 mm in diameter and serum
estradiol concentrations consistent with the number of follicles in the cohort (approx-
imately 200 pg/mL per follicle measuring greater than 14 mm) are optimal for hCG
administration.23

OOCYTE RETRIEVAL

Oocyte retrieval occurs 34 to 36 hours after hCG administration. Oocyte retrievals
were initially performed laparoscopically; however, this technique has been largely re-
placed by transvaginal ultrasound–guided oocyte aspiration, because of safety as well
as increased number of oocytes retrieved. After analgesia, an ultrasound probe is in-
serted into the vagina and used to identify the follicles. A needle is then inserted
though a needle guide, and the follicles are sequentially vacuum aspirated. Complica-
tions after oocyte retrieval are rare. Despite not being able to use antiseptics, which
can be toxic to embryos, the risk of infection after retrieval is low, regardless of
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whether prophylactic antibiotics are administered.24 Hemorrhage from the needle
puncture site is uncommon.

FERTILIZATION AND EMBRYO CULTURE

Once oocytes are identified, they are placed in culture medium in an incubator.
Oocytes that have extruded the first polar body identify mature metaphase II oocytes
from immature oocytes. Oocytes are inseminated 2 to 8 hours after retrieval depend-
ing on the method of insemination. Fertilization may be achieved by conventional
means whereby each oocyte is incubated with 50,000 to 100,000 motile sperm for
12 to 18 hours. Alternatively, individually selected sperm may be injected into the
ooplasm of the oocyte in a process called intracytoplasmic sperm injection (ICSI)
(Fig. 1). Unlike conventional fertilization in which the sperm must penetrate the zona
pellucida of the oocyte, undergo the acrosome reaction, and fuse with the oocyte
membrane to activate the oocyte, ICSI directly activates the oocyte. ICSI is performed
primarily for severe male factor infertility, couples who have previously failed conven-
tional fertilization, to limit contamination with extraneous DNA when performing preim-
plantation genetic diagnosis, and when small quantities of sperm remain. Fertilization
rates of approximately 70% are observed for both conventional fertilization and ICSI.
Sperm is most commonly obtained from a partner by masturbation, but ICSI can
achieve fertilization with sperm retrieved by other methods. Retrograde ejaculation
can be treated with sympathomimetics, or sperm can be recovered from a postejacu-
latory void after alkalinization of the urine. Men with spinal cord injuries below T6 or
psychogenic ejaculatory failure may produce ejaculate with the aid of vibratory stim-
ulation or electroejaculation. In patients with congenital bilateral absence of the vas
deferens or uncorrectable duct obstructions, epididymal sperm aspiration can be per-
formed. Testicular sperm extraction and aspiration can be used to retrieve sperm in
men with nonobstructive azoospermia.

Fertilization can be confirmed by visualization of two pronuclei and two polar bodies
the day after fertilization. The first cleavage division occurs within 24 hours after fertil-
ization. Two days after retrieval, the embryo consists of two to four cells and reaches

Fig.1. Intracytoplasmic Sperm Injection (ICSI): a single sperm is injected into an oocyte.
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eight cells by day 3.25 DNA transcription begins between days 3 and 4 when compac-
tion occurs at the 8 to 16 cells stage in which the previously visualized individual cells
become an indistinguishable solid mass called a morula. By day 5, the embryo is
called a blastocyst, which contains a fluid-filled cavity, an inner cell mass, and
a trophoblast, which later develops into the placenta (Fig. 2).

Before implantation, the blastocyst hatches from the zona pellucida. A variety of
embryo micromanipulation techniques called assisted hatching have been developed
to artificially thin the zona to improve the interaction of the embryo and the endome-
trium. While multiple studies have failed to show that assisted hatching improves preg-
nancy rates in all patients, the procedure may be of value in selected populations.26,27

Current guidelines support assisted hatching in patients with more than two failed IVF
cycles, poor embryo quality, or women older than 37 years.28

EMBRYO TRANSFER

Embryo transfer typically is performed 3 days after oocyte retrieval at the cleavage
stage or 5 days after retrieval at the blastocyst stage. The most common embryo trans-
fer involves placing a catheter via the cervix into the uterus; however, embryos can also
be placed in the fallopian tubes laparoscopically. The number of embryos transferred is
based on the age of the patient, embryo quality and stage, and other patient character-
istics that may influence success. A Cochrane meta-analysis of 16 trials comparing
cleavage stage versus blastocyst embryo transfer showed no difference in live birth
rates, clinical pregnancy rates, multiple gestations, higher-order multiple pregnancies,
or miscarriages.29 Blastocyst transfer was associated with a higher failure to transfer
embryos and lower rates of embryo freezing. Blastocyst transfers have also been asso-
ciated with a higher rate of monozygotic twins and may be associated with imprinting
disorders caused by epigenetic alterations.30–34 As technology has improved, the rates
of success for patients undergoing ART has improved steadily throughout the years. In
2005, 34% of ART cycles resulted in a clinical pregnancy, and 28% of cycles resulted in

Fig. 2. Day 5 blastocyst: a blastocyst is composed of a fluid filled cavity, an inner cell mass,
and an outer ring of trophoblastic cells.
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a live birth.2 Success rates correlate with the age of the patient, with the highest preg-
nancy rates observed in patients under the age of 35 (Table 1).

The ability to cryopreserve embryos has increased the success rate of ART. In
patients with a high yield of good-quality embryos, freezing increases the cumulative
pregnancy rate per retrieval and decreases the risk of higher-order multiples. Cryo-
preservation has also been used to decrease the risk of ovarian hyperstimulation
syndrome, as the syndrome is worsened and prolonged in conception cycles.35,36

Success rates of a frozen embryo transfer cycle are approximately one half to two
thirds that observed for fresh cycles.23 The lower pregnancy rate observed in frozen
embryo transfers is likely secondary to cell damage from the freezing and thawing
process as well as the best quality embryos most likely to result in pregnancy were
transferred during the fresh cycle.

PREIMPLANTATION GENETIC DIAGNOSIS

The ability to biopsy embryos and advances in the field of molecular genetics have al-
lowed for pretransfer analysis of the genetic make-up of embryos created through in
vitro fertilization in a process called preimplantation genetic diagnosis (PGD). This
technique can reduce the risk of conceiving a child with a genetic abnormality as
long as the genetic abnormality has been identified and can be tested for in a single
cell. Although PGD involves evaluating embryos for a specific known mutation or chro-
mosomal rearrangement carried by one or both of the parents, preimplantation
genetic screening (PGS) is a similar technology that screens embryos of presumed
chromosomally normal parents for aneuploidy. One of the key advantages of preim-
plantation genetic testing over conventional prenatal diagnosis is that it allows for early
detection of affected embryos before embryo transfer. This reduces the risk of having
to decide to terminate an affected pregnancy before it has been established.

Although various methods of biopsying the embryo for PGD or PGS exist, the most
commonly used process involves removing one or two cells from an eight-cell
cleavage-stage embryo for genetic analysis. Gene analysis typically is performed
using either fluorescence in situ hybridization (FISH) or polymerase chain reaction
(PCR) for PGD. FISH and comparative genomic hybridization (CGH) are used for
PGS. Although PGD has been a major advance for couples at risk of conceiving a child
with an inheritable disease, the technology is limited by several factors, including the
short amount of time available for analysis before the embryos must be transferred,
limited genetic material available for amplification, and false-positive and false-nega-
tive results secondary to genetic mosaicism.37 To limit the risk of misdiagnosis,

Table 1
2005 Centers for Disease Control Assistive Reproductive Technology national success rates

Age % Pregnancy % Live Birth
<35 43 37

35–37 36 29

38–40 27 20

41–42 18 11

>42 8 4

All cyclesa 34 28

Donor egga 55 47

a Regardless of age.
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chorionic villus sampling (CVS) or amniocentesis is recommended during the preg-
nancy to confirm PGD results.

PGD was first used for sex selection to prevent the transmission of X-linked
diseases to male offspring.7 PGD has evolved and is now able to detect a variety of
chromosomal abnormalities and gene mutations encompassing more than 100 inher-
itable genetic conditions (Box 2). PGS was proposed initially to increase the effective-
ness of IVF in women of advanced maternal age by screening for aneuploidies.
However, it is not routinely recommended because a recent randomized, controlled
study found PGS reduced pregnancy rates and live births.38 PGD has been used in
IVF cycles of couples with known autosomal recessive single gene disorders, such
as cystic fibrosis, beta-thalassemia, and sickle cell anemia, as well as autosomal
dominant conditions such as hemophilia and myotonic dystrophy.39–43 This tech-
nology has also recently been used to screen for mutations with high penetrance
that predispose to cancer. PGD has been used to identify mutations in the APC
gene that cause familial adenomatous polyposis coli, the BRCA1 gene that predis-
poses to breast and ovarian cancer, the NF2 mutation that causes neurofibromatosis
2, and mutations in the tumor suppressor gene p53.44–48 PGD has detected early
adult-onset syndromes associated with gene mutations such Huntington’s disease
and Alzheimer disease caused by a mutation in valine to leucine at codon 717.49,50

Rhesus (Rh) D–negative embryos identified by PGD were transferred to an RhD alloim-
munized mother with a heterozygous RhD-positive father to prevent hemolytic disease
of a newborn.51 PGD combined with human leukocyte antigen (HLA) typing has been
used to establish unaffected donor progeny for cord blood cell transplantation for
a sibling affected with Fanconi anemia.52

Couples at risk of having a child with a genetic disorder or parents with a child with
an affected disorder should be made aware of the possibility of preimplantation
genetic diagnosis before attempting to become pregnant. The advantage of PGD
over prenatal diagnosis (amniocentesis or chorionic villus sampling) is that the

Box 2
Potential indications for preimplantation genetic diagnosis

X-linked disorders

Single gene disorders

Autosomal recessive

Autosomal dominant

Structural chromosome abnormalities

Translocations

Inversions

Deletions

Detection of genetic susceptibility and late-onset disease

Huntington’s

BRCA1/BRCA2

Human leukocyte antigen (HLA) typing to establish potential donor progeny

Fanconi anemia

Leukemia
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detection of the condition is possible before the pregnancy is established. Unaffected
embryos can be transferred, eliminating the need to make the difficult decision
whether to terminate the pregnancy in the event of an affected fetus. For parents faced
with a child needing a bone marrow transplant who desire further children, PGD offers
a unique opportunity to preselect unaffected embryos that can be HLA-compatible
with the sibling. Although currently not performed, preimplantation gene therapy
may be possible as technology advances.

RISK OFART

Risks of IVF can be divided into risks associated with the procedure and risks to the
pregnancy. Relatively minor bruising at the site of injections and abdominal discomfort
as the ovaries enlarge are common. Multiple studies have been performed to evaluate
the effect of fertility medication on the risk of ovarian cancer. Although some of the
early studies suggested a possible link of fertility medications to ovarian cancer, the
most recent studies have failed to establish an association.53,54 A poor response to
medication can result in cycle cancellation of some women, whereas an exaggerated
ovarian response is seen in some patients resulting in ovarian hyperstimulation
syndrome (OHSS). Bleeding, anesthesia complications, or injury to bowel, bladder,
or blood vessels at the time or retrieval are uncommon. Infection related to oocyte
retrieval or embryo transfers is uncommon, and prophylactic antibiotics can be given
to further minimize risks.

OHSS is one of the more serious complications of IVF with the potential for critical
morbidity and death. OHSS is more common in younger patients and correlates with
the number of developing follicles, high or rapidly rising serum estradiol levels, and
number of retrieved oocytes.55–57 The degree of ovarian hyperstimulation can be clas-
sified into three levels and five grades based on signs, symptoms, ultrasound, and
laboratory findings.58 The use of hCG for inducing oocyte maturation or for luteal
support, as well as pregnancy, increases the risk of OHSS.56,59 Mild hyperstimulation
is common and occurs in approximately 30% of IVF cycles. Moderate OHSS is seen in
3% to 6% of cycles, and severe OHSS is observed in 0.25% to 1.8% of IVF cycles.
Symptoms may include abdominal distention and discomfort with accompanying
nausea, vomiting, and diarrhea. Moderate to severe OHSS can be associated with
significant weight gain, ascites, pleural or pericardial effusions, hemoconcentration,
electrolyte imbalance, hypovolemia, and thrombosis. If severe enough, this can place
a patient at risk for respiratory distress, renal failure, stroke, and death. Hospitalization
often is required for intravenous fluid replacement, correction of electrolyte distur-
bances, initiation of thrombosis prophylaxis, and drainage of third-spaced fluid if
symptomatic. Ovarian enlargement seen in OHSS may place the patient at increased
risk of ovarian torsion, necessitating urgent surgical correction. OHSS is self-limiting
and typically resolves within 14 days.60 Cryopreservation of all embryos, coined
a ‘‘freeze all’’ cycle, with delayed interval transfer decreases the risk of ovarian hyper-
stimulation yet maintains pregnancy and live birth rates.36,61

First trimester bleeding before 13 weeks’ gestation may occur in patients that
conceive via ART. Bleeding can be clinically insignificant or may signal an impending
miscarriage or ectopic pregnancy. First trimester bleeding requires medical evaluation
to determine the cause. Very early spotting within a week after transfer may be asso-
ciated with implantation bleeding. First trimester bleeding is associated with a twofold
relative risk of a spontaneous miscarriage.62 Bleeding may be associated with a sub-
chorionic hemorrhage in which bleeding occurs between the uterine wall and the cho-
rionic membranes that may leak through the cervical canal resulting in vaginal
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bleeding. Subchorionic hemorrhage is associated not only with an increased risk of
miscarriage, but also stillbirth, placental abruption, and preterm labor.63 Vaginal spot-
ting, with or without unilateral pain, may be a harbinger of an ectopic pregnancy. In
2005, 0.6% of all ART cycles corresponding to 1.7% of all resulting pregnancies ended
in an ectopic pregnancy.2 Rates of ectopic pregnancy are increased in women elect-
ing for ZIFT in lieu of IVF and those with tubal factor infertility or endometriosis and are
related to location of embryo transfer.64,65 Studies have also found that rates are lower
in women who have had a prior live birth, when embryos with a high implantation
potential are transferred, in donor egg cycles, and when a gestational carrier or surro-
gate is used.64 Although the rate of a spontaneous heterotopic pregnancy, where
there is both an intrauterine and extrauterine pregnancy, is a rare event, occurring in
1 in 10,000 pregnancies, this condition can be observed in approximately 1 in 100
ART pregnancies.66,67

It has been estimated that 12% to 15% of clinically recognized pregnancies result in
miscarriage.23 This number is an underestimate of the miscarriage rate given the
number of early pregnancies that end before they are detected clinically.68 The risk
of miscarriage for pregnancies conceived by ART is comparable with that observed
in spontaneous pregnancies, with data from the Centers for Disease Control (CDC)
2005 Assisted Reproductive Technology Success Rate report indicating 15.8% of
all pregnancies resulting from ART ended in miscarriage.2 The risk of miscarriage
increases as the age of the mother increases. Although miscarriage rates in 2005
were less than 13% for women under the age of 33 undergoing ART, the miscarriage
rate reached 27% by age 40 and was 64% for women over the age of 43.2 Pregnan-
cies resulting from frozen embryo transfers have a higher rate of miscarriage when
compared with pregnancies conceived with freshly fertilized embryos.69

ART increases the risk of multiple gestations. Although ART is responsible for
approximately 1% of all births in the United States, it accounts for almost 18% of
multiple births. In 2005, fresh nondonor ART cycles produced 33,101 pregnancies re-
sulting in 60.4% singleton pregnancies, 28.5% twin pregnancies, and 4.4% triplet and
higher-order multiple pregnancies; 6.7% of pregnancies were unknown secondary to
early miscarriage.2 Of the resulting 27,047 births, 68.0% were singletons, 29.6%
twins, and 2.4% triplets and higher order multiples. Although most twins are dizygotic,
ART increases the risk of monozygotic twinning. This may be related to ovulation
induction, assisted hatching, and blastocyst transfer.31–33,70,71 Multiple-order births
pose significant risks to both the mothers and resulting infants of these pregnancies.72

Mothers are more prone to pregnancy complications including hyperemesis, gesta-
tional diabetes, preeclampsia, preterm labor, cesarean delivery, and postpartum
hemorrhage. Pregnancies are at a higher risk for intrauterine growth restriction and
preterm delivery with increased rates of perinatal and infant morbidity and mortality.
Monozygotic twins also have higher rates of congenital anomalies.73

The goal of IVF is to maximize chances of pregnancy while minimizing the risk of
higher-order multiple gestations. The live birth rate increases as the number of
embryos transferred increases to a threshold, after which, only the multiple pregnancy
rate increases.74 The most important factor in predicting success is the age of
a women or oocyte donor undergoing IVF retrieval and embryo quality.75 Other patient
characteristics including prior IVF cycle response are also important in guiding the
decision of how many embryos to transfer. Therefore, the American Society of Repro-
ductive Medicine (ASRM) has established guidelines that delineate the ideal number of
embryos to transfer based on age and prognosis (Table 2).76 The current recommen-
dation for women less than 35 years with a favorable prognosis is to transfer no more
than two embryos. Women with a favorable prognosis and a high risk of multiple
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pregnancy may elect for single embryo transfer.77,78 In the event of a multifetal preg-
nancy, selective reduction can be performed to reduce fetal number. The decision to
perform the procedure is not a suitable option for some couples. Although reduction is
associated with higher birth weights and lower rates of preterm delivery, this must be
balanced against an approximately 5% risk of loss of the entire pregnancy.79

ART is associated with an increased risk of preterm delivery and low birth weight. It
has been estimated that the cost to society per preterm birth is $51,600, with the
medical cost in the first year being ten times greater for children born preterm
compared with full-term babies.80 Multiple studies and systematic reviews have found
an increase in preterm delivery and low birth weight independent of the increase seen
in multiple gestations.81–86 A comparison of the 42,463 infants conceived with assis-
ted reproductive technologies between 1996 and 1997 with the almost 3.4 million
infants born in 1997 in the United States showed a 2.6 times (95% CI 2.3–2.6) increase
in the risk of a low birth weight term (>37 weeks) infants for ART babies when
compared with the general population.81 This trend was also observed in preterm
(<37 weeks) infants with a risk ratio of 1.4 (95% CI 1.3–1.5) but was not observed in
twin ART pregnancies with a risk ratio of 1.0 (95% CI 1.0–1.1).81 This observation
has been supported by a recent meta-analysis that compared perinatal outcomes
of in vitro fertilization twins with spontaneously conceived twins.87 It showed that
although IVF was associated with a very mild, if any, increase in preterm birth, it
was not associated with an increase in low birth weight IVF twins.87 Although the asso-
ciation between preterm birth and low birth weight infants has been established, the
etiology remains unclear. The elevated risk ratio for preterm labor and low birth weight
infants for singleton ART pregnancies in 2002 persisted when compared with the
general population when analyzed by the cause for infertility, number of embryos cry-
opreserved, days of embryo culture, or the use of IVF, ICSI, or assisted hatching.88

Proposed explanation for the difference in outcomes of ART pregnancies when
compared with spontaneous pregnancies include the subset of infertility, maternal–
fetal exposures to medications and ART procedures, treatment biases and obstetric
practices of ART pregnancies, differences in the socioeconomic forces of the two
populations, and altered circulating ovarian or uterine protein levels unique to ART
pregnancies.

Although early studies failed to show an increased risk of congenital malformations
among patients undergoing IVF and ICSI, more recent studies show a modest
increase.89,90 An Australian study found 26 of 301 infants conceived with ICSI
(8.6%), 75 of 837 infants conceived with IVF (9.0%), and 168 of 4000 naturally
conceived infants (4.2%) had a major birth defect identified before 1 year of age.91

Table 2
2006 American Society of Reproductive Medicine embryo transfer guidelines

Cleavage-Stage Embryos Blastocysts
Agea Favorable Prognosisb Others Favorable Prognosis Others
<35 1–2 2 1 2

35–37 2 3 2 2

38–40 3 4 2 3

>40 5 5 3 3

In patients with two or more failed cycles or other unfavorable circumstances, additional embryos
may be transferred with informed consent.

a In donor egg cycles use age of donor.
b First IVF cycle, good quality embryos, excess embryos for cryopreservation.
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This study highlighted that infants conceived with ICSI or IVF were twice as likely to
have a major birth defect when compared with spontaneously conceived infants.
This increase in congenital birth defects was confirmed by a recent meta-analysis of
25 studies that suggested a 30% to 40% increased risk of birth defects associated
with ART.90 A Swedish study that compared congenital malformations in 9175 infants
born via IVF from 1982 to 1997 to the population base control group of 1,690,577
infants born in Sweden over the same period showed IVF was related with an almost
threefold increase in neural tube defects, esophageal atresia, small gut atresia, anal
atresia, omphalocele, and hypospadias.92 The excess risk of hypospadias was seen
only in infants that resulted from ISCI and was thought to be secondary to paternal
subfertility. However, limitations of these studies, as well as other studies that have
looked at the risk of congenital malformations in children born as a result of ART,
include the relatively small number of defects detected and the possible increased
diagnostic vigilance in ART-conceived pregnancies compared with spontaneously
pregnancies. Furthermore, the increased risk of birth defects observed may be
because of the underlying cause of infertility. Although most studies have used spon-
taneously conceived pregnancies from women without infertility as controls, a more
appropriate control group would be spontaneously conceived pregnancies from
women who sought infertility treatment or pregnancies resulting from couples under-
going ART after failed reversal of a tubal ligation or vasectomy.

Men with extreme oligozoospermia or azoospermia have an approximately 25%
increased risk of genetic abnormalities.93 ICSI in this population can result in an
increased risk of unbalanced translocations, subsequent infertility of male offspring
from inheritance of Y-chromosomal microdeletions, and cystic fibrosis if both parents
are carriers of the CFTR gene mutation. A daughter conceived via ICSI from a father
with an androgen-receptor gene defect caused by expansion of CAG trinucleotide
repeats on the gene located on the X chromosome could have a son in the following
generation affected by infertility and Kennedy’s disease (spinal and bulbar
atrophy).94,95

Many studies have looked at both short- and long-term neurologic sequelae in chil-
dren born after IVF. IVF babies are at an increased risk of developing neurologic prob-
lems, especially cerebral palsy. However, this increase is likely secondary to the high
frequency of twin pregnancies with associated increased risk of low birth weights and
prematurity and not related to IVF directly.96 A recent meta-analysis of nine studies re-
ported that IVF had an increased risk of cerebral palsy associated with preterm
delivery with an odds ratio of 2.18 (95% CI, 1.71–2.77), whereas eight studies looking
at autism spectrum disorders, and 30 studies examining developmental delay failed to
show any difference.97 A Danish nationwide cohort study found similar rates of neuro-
logic sequelae and cerebral palsy when twins conceived by assisted reproductive
technologies were compared with spontaneously conceived twins or singleton preg-
nancies conceived by ART.98 This same study also found similar rates of neurologic
sequelae and cerebral palsy in children conceived with ICSI compared with children
conceived by IVF with an odds ratios of 1.1 (95% CI, 0.7–1.7) and 0.9 (95% CI, 0.5–
1.7), respectively. Multiple studies comparing children born with ICSI to spontane-
ously conceived children or children conceived by IVF have shown no difference in
cognitive, psychomotor, and neurodevelopmental outcomes when examined 2, 5,
and 10 years after birth.99–103

Assisted reproductive technologies may also influence imprinting disorders through
epigenetic modifications. Rather than altering the DNA sequence, epigenetic changes
involve modifications in DNA methylation of either maternal or paternal alleles, result-
ing in altered gene expression. Although nine human imprinting disorders exist, only 3
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have been potentially linked to assisted reproductive technologies.104 Angelman
syndrome, a neurogenetic disorder characterized by mental retardation, develop-
mental delays, seizures, jerky movements, hand-flapping, absence of speech, and
a happy disposition, is caused by a loss of function of a gene on maternal chromo-
some 15.105 A study of two children with Angelman syndrome conceived with ICSI
found hypomethylation of the maternal chromosome 15, suggesting ICSI may
increase the risk of imprinting disorders in children conceived by ART.106 Epigenetic
alterations LIT1 and H19 on chromosome 11 have also been seen in children with
Beckwith-Wiedemann syndrome who were conceived by ART.107 This syndrome is
characterized by macroglossia, macrosomia, midline abdominal wall defects, ear
creases/ear pits, and neonatal hypoglycemia.108 It has been suggested that maternal
hypomethylation syndrome may be associated with abnormal imprinting in patients
conceived by ART.104 Animal data in mice has suggested that the length of time in
culture and certain culture conditions may predispose to imprinting disorders;
however, it is still uncertain whether there is an association in humans.109–112 Addition-
ally, while the possible association between ART and imprinting disorders has been
raised by the above studies, the infrequency of imprinting disorders makes them diffi-
cult to study and prone to selection bias. Further research on the effect of embryo
culture conditions in humans, as well as large-scale epidemiologic studies with appro-
priate control groups are needed to clarify the relationship of imprinting disorders with
impaired fertility and ART.

FERTILITY PRESERVATION ANDASSISTIVE REPRODUCTIVE TECHNOLOGIES

ARTs offer a unique opportunity to preserve fertility in pediatric and adolescent pop-
ulations with cancer. Fortunately, survival and cure rates for childhood cancers have
increased dramatically. However, both systemic chemotherapy and radiation therapy
directed to areas that contain the gonads may result in premature gonadal failure, sub-
fertility, or infertility. Various treatment strategies exist to minimize risk to the gonads
and preserve fertility either before or during treatment. Discussions regarding fertility
preservation and the available modalities should involve the patient and family and
take into account the child’s age and cancer type.

Various treatment strategies exist to preserve male fertility both during and before
treatment. Although findings from studies in rats suggested gonadotropin-releasing
agonist could protect the male gonads from cytotoxic chemotherapy, no benefit
has been observed in humans.113–117 For male patients undergoing radiation therapy,
gonads can be shielded or relocated outside the radiation field to the thigh or anterior
abdominal wall. The most common technique to preserve male fertility is cryopres-
ervation of sperm obtained from masturbation. Cryopreserved sperm can be used
later for intrauterine insemination or intracytoplasmic sperm injection in combination
with in vitro fertilization. In boys not psychologically ready to produce a specimen for
cryopreservation, penile vibratory stimulation and electroejaculation can be per-
formed under general anesthesia.118 Sperm production occurs around age 13, with
one study showing the rate of spermaturia, a marker for spermarche, occurs in
almost 69% of adolescent boys by age 13 compared with less than 1% of boys at
age 11.119 Discussions of masturbation and future fertility should be approached
with sensitivity, as this can be a source of embarrassment for adolescent boys.
The use of testicular cryopreservation, spermatogonial stem cell transplantation,
and in vitro maturation of sperm are experimental. These are areas of ongoing
research and may be available in the future when these techniques are developed
further.
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Similarly, there are a variety of approaches to preserving female fertility during
chemotherapy, radiation treatment, and surgery for early-stage tumors. The use
of gonadotropin-releasing hormone agonists to reduce chemotherapy-induced
ovarian damage may be of benefit. A recent prospective, randomized study in
young adult women undergoing combination chemotherapy for breast cancer
found women that received gonadotropin-releasing agonists were more likely to
have resumption of menses (90% versus 33%), return to spontaneous ovulation
(69% versus 26%), and decreased risk of premature ovarian failure (11% versus
67%) compared with controls.120 Ovarian shielding or ovarian transposition can
be performed to minimize radiation exposure for those receiving pelvic radia-
tion.121–123 Children and women who have not completed childbearing undergoing
surgery for ovarian stromal tumors, germ cell tumors, and borderline and stage Ia
epithelial ovarian cancers should be offered conservative fertility-sparing
surgery.124–127 This includes exploratory laparotomy with unilateral salingo-oopho-
rectomy and surgical staging, with preservation of the contralateral ovary and
uterus.

Before treatment, cryopreservation of embryos, oocytes, and ovarian tissue may
be performed.128 Cryopreservation of embryos and mature oocytes requires post-
ponement of treatment as well as hormonal stimulation. These methods are not
recommended for individuals with advanced stage or aggressive cancers or in
cases of estrogen receptor sensitive tumors. Although cryopreservation of
embryos is a well-established technique commonly used to store surplus embryos
from in vitro fertilization cycles, it requires an immediately available partner or the
use of donor sperm. Oocyte cryopreservation circumvents the need for a current
partner. This procedure is investigational with limited long-term follow-up studies.
Although pregnancies have been reported from cryopreserved oocytes, pregnancy
rates are lower than those observed using cryopreserved embryos.129,130 Ovarian
tissue cryopreservation is also an investigational technique for fertility preservation
with limited safety and efficacy data. The advantage of this method over embryo
and oocyte cryopreservation is that ovarian tissue can be obtained quickly without
delaying treatment and does not require ovarian stimulation. Similar to oocyte
cryopreservation, ovarian cryopreservation does not require a current partner.
Immature oocytes from ovarian tissue can be harvested and matured in vitro either
before freezing or after thawing. Alternatively, ovarian tissue can be reimplanted
after treatment is complete. In addition to possible fertility preservation, autotrans-
plantation also preserves the endocrine function of the ovary.131–133 Although the
use of both oocyte and ovarian tissue cryopreservation holds promise in
preserving fertility, their use is investigational. These procedures should only be
performed in a research setting with informed consent and institutional review
board approval until optimal protocols have been developed and the safety of
these methods has been validated.134,135

The approach to fertility preservation in children with cancer is a complex issue
and requires a comprehensive approach from an interdisciplinary team. It is imper-
ative that the child and family be explained the potential impact of treatment on
future fertility potential and made aware of available fertility preservation options.
Both informed assent by the child and informed consent of the parents are para-
mount in establishing a plan for cancer treatment and fertility preservation.136,137

This requires close communication between the family and the medical team,
which may involve pediatricians, medical oncologists, radiation oncologists, onco-
logic surgeons, reproductive endocrinologists, reproductive biologists, geneticists,
embryologists, psychiatrists, and medical ethicists.
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SUMMARY

Assisted reproductive technologies are important tools in the clinical armamentarium
used to treat both female and male infertility disorders. Preimplantation genetic diag-
nosis offers couples at risk of having children with inheritable disorders the ability to
analyze the genetic make-up of embryos before transfer. For patients undergoing
treatment of cancer with chemotherapy or radiation therapy, these technologies offer
the potential for the preservation of future fertility. Assisted reproductive technologies
are not without risks, and it is imperative to continue to perfect treatment strategies to
increase success rates, while at the same time reducing the risk of treatment compli-
cations, higher-order multiple pregnancies, and preterm birth. Concerns regarding the
possible association of assisted reproductive technologies with congenital malforma-
tions and epigenetic modifications have been proposed in the literature. Further
research with large-scale, carefully controlled studies is necessary to analyze the
outcomes of these pregnancies. As technology evolves, it is likely the clinical applica-
tions of assisted reproduction will continue to develop and expand in the future to
enhance fertility.
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