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1  Introduction

We often take our biological functions for granted. When a natural function ceases 
to occur normally, we feel cheated, betrayed by our own bodies. This is never truer 
than when a couple finds themselves dealing with the problem of infertility.

Infertility has been defined as the failure to achieve an ongoing pregnancy within 
the course of 1 year of trying to conceive. But in fact, for couples who have decided 
to build a family, each month without an established pregnancy can feel like a little 
death. Since reproduction is commonly dependent on sexual intercourse between a 
man and woman, in the past, it was relegated to a very private sphere of discussion. 
For decades couples suffered privately with this problem, too embarrassed to dis-
cuss it with their families or even with their physicians.

A deeper understanding of reproductive processes has evolved in our lifetime to 
encompass greater control of reproduction, both in contraception and in family 
building, and has gradually brought this conversation into the open and provided 
new tools to help couples faced with these problems.

Reproductive problems that, in the past, were often surgically treated can now be 
approached with less intervention. Men and women who, in the past, would be left 
childless can now find hope to build their families. This chapter will describe some 
of the tools we now use to help couples achieve their family goals, especially those 
dealing with diminished ovarian reserve, and will look at how we expect these 
opportunities to grow in the future.
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2  Causes of Infertility

In simplest terms there are three major components in evaluating the infertile cou-
ple: (1) evaluation of normal sperm production and function, (2) evaluation of nor-
mal ovarian production of oocytes, and (3) evaluation of anatomical factors that 
might prevent the joining of these gametes.

2.1  Male Factor

Semen analysis should be one of the first evaluations undertaken. Male factor infer-
tility is present in half of all infertile couples [1]. Evaluation by means of a semen 
analysis is inexpensive and noninvasive. Today, most cases of male factor infertility 
can be addressed using assisted reproductive technologies; however, male factor 
will not be a major focus of this chapter.

2.2 Tubal Factor

Today, instead of undergoing tubal surgery, it is more likely for a patient to choose 
in-vitro fertilization to achieve pregnancy. Today’s reproductive surgeons are not 
likely to experience many tubal ligation reversals or even lysis of adhesions as part 
of their training. Surgical correction of tubal infertility has become a thing of the 
past as the generation of surgeons trained in those procedures is aging out of prac-
tice and IVF techniques and laboratories continue to improve. Instead, the surgeons 
in training are more likely to find themselves performing a salpingectomy or proxi-
mal tubal ligation in order to improve pregnancy rates with IVF [2, 3]. While such 
surgery can improve the odds of a successful IVF cycle, benefit of this improvement 
must be weighed against the risks of surgery. Women undergoing IVF after salpin-
gectomy may not respond as well to ovulation induction [4], though this change in 
response may have little clinical importance for a woman beginning with normal 
ovarian reserve, it may well have clinical importance for those who already have 
evidence of diminished ovarian reserve. In our practice, where most of our patients 
have diminished functional ovarian reserve, we rarely recommend tubal surgery 
before undergoing IVF.

2.3  Ovarian Reserve

A thorough understanding of ovarian physiology is needed to understand and treat 
problems of ovarian reserve. Women are born with all the oocytes they will ever 
have. Primordial follicles form during the first 5 months of fetal development. At 
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birth a woman may have up to four million primordial follicles; however, by 
puberty these numbers will have diminished to only 200,000–400,000. This cohort 
is further depleted each month, and, in a woman’s late 30s, when the total cohort 
has fallen below 25,000, loss of follicles continues to fall even more rapidly even-
tually reaching menopausal levels when there are fewer than 1000 follicles at 
around age 51 [5].

Throughout life primordial follicles (the oocyte surrounded by a thin layer of 
follicular epithelial cells) will represent most follicles in the ovary. As follicles 
transition from primordial to primary, secondary, tertiary, and ultimately graafian 
follicle stages, most will be lost. Over a women’s reproductive lifetime only 
400–600 of these follicles will ever achieve ovulation. Thus, for every follicle that 
achieves ovulation, thousands will have degenerated into atresia. The process of 
selection as follicles transition toward maturity can take several months and may 
be thought of in three basic stages: gonadotropin-independent pre-antral follicles, 
gonadotropin-dependent antral follicles, and growing graafian follicles. Each of 
these stages has specific characteristics and opportunities for clinical manipula-
tion, although in general only the last (graafian follicle) stage has been subject to 
treatment in the past.

The clinical index of the ability of the ovary to produce oocytes is known as 
functional ovarian reserve (FOR) which is generally dependent on the antral follicle 
pool. Age is the primary marker of ovarian reserve; however, in any given age group, 
there may be a wide range of FOR that can be estimated by other predictors in addi-
tion to age [6]. Some predictors of FOR, other than a woman’s age, are antral folli-
cle count (AFC), anti-Mullerian hormone (AMH), and cycle basal follicle-stimulating 
hormone (b-FSH) level.

2.3.1  Antral Follicle Count (AFC)

Antral follicles are those follicles variously defined as being between 4 and 10 mm 
in diameter. The antral follicle is characterized by having a fluid-filled antrum. 
Antral follicles are gonadotropin dependent, and, under influence of LH, antral the-
cal cells secrete androgens that, together with circulating androgen from the adrenal 
cortex, can then, under influence of FSH, be aromatized to estrogen by the neigh-
boring granulosa cells.

Modern sonography allows the recognition of the small developing antral folli-
cles in the ovary. Antral follicle count (AFC) may be used as an index of a woman’s 
ovarian reserve. A normal AFC is between 4 and 24 follicles between 2 and 10 mm 
in diameter [7]. Both AFC and ovarian volume decrease with age; however, AFC 
has been shown to be a better predictor of poor ovarian response than ovarian vol-
ume [8]. An AFC of less than four was associated with an almost nine times lower 
chance of achieving a pregnancy with IVF [9]. Having a higher AFC is associated 
with an increased risk of ovarian hyperstimulation syndrome [10]; this risk increases 
continuously with increased AFC, though there is no established consistent cutoff 
for risk of hyperstimulation.

Hormonal Effects in Reproductive Technology with Focus on Diminished Ovarian…



16

2.3.2  Basal Follicle-Stimulating Hormone (b-FSH)

For more than 30 years, basal follicle-stimulating hormone has been used to esti-
mate ovarian reserve and a woman’s potential to achieve pregnancy [11–13]. Basal 
FSH (b-FSH) is an indirect measure of ovarian reserve since it is measuring the 
hypothalamic-pituitary response to feedback from developing ovarian antral folli-
cles which secrete activins, inhibins, and follistatins in addition sex steroids [14]. 
The testing is done on day 2 or 3 of the menstrual cycle since the ovarian sex ste-
roids from developing follicles are at their lowest level at that time. Because of this 
the b-FSH level reflects the feedback of the other peptides more than that of the sex 
steroids. When the b-FSH testing is done, it is necessary to also measure estradiol 
simultaneously to confirm that estradiol is at a basal level, less than 60 pg/mL. As 
women age there are fewer antral follicles producing substances to inhibit FSH, and 
as a result, basal FSH will steadily rise. In general women with levels of b-FSH less 
than 10–12 mIU/mL are considered to have “normal” ovarian reserve, and those 
with higher levels are considered to be potential “poor responders” [13, 15]. The 
highest b-FSH a woman has had is a better predictor than a current b-FSH of her 
response in any treatment cycle [16, 17], and waiting for a cycle with more favor-
able lower b-FSH does not improve IVF outcomes.

The concept of age-specific testing considers that there is a specific normal range 
for b-FSH for each age group (Fig. 1). Age-specific b-FSH levels can be a useful 
guide in measuring a woman’s ovarian reserve at any age [18–20]. Age-specific test-
ing allows the adjustment of planned ovulation induction protocols appropriate for 

Fig. 1 Cycle day-3 baseline follicle-stimulating hormone mean 95% confidence interval by age. 
Shaded area superimposed on figure to illustrate patients identified with premature ovarian aging 
(diagonal lines) or diminished ovarian reserve (black). (From Barad. Age-Specific Ovarian 
Function Testing. Obstet Gynecol 2007)
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a woman’s specific ovarian reserve [21]. Too often an b-FSH greater than 12 is used 
to recommend the use of donor eggs rather than a women’s own [22]. In our practice 
we have found that women with b-FSH greater than 20 mIU/mL can still achieve 
live birth rates of up to 6% per initiated IVF cycle [23]. While such rates are still far 
lower than those that could be anticipated using eggs of a younger donor, we believe 
that couples should have a right to choose what they feel is the best option for them.

2.3.3  Anti-Mullerian Hormone (AMH)

Anti-Mullerian hormone (AMH) is a glycoprotein hormone in the transforming 
growth factor family and is a product of pre-antral and small antral follicles. Since 
AMH is produced by each pre-antral and small antral follicle, the serum AMH lev-
els can be used as an index of the functional ovarian reserve, not reflecting the entire 
ovarian cohort of follicles but only those in the antral follicle stage [24–27]. These 
follicles are, indeed, those that are about to enter competition for graafian follicle 
dominance.

As follicles approach the antral stage, they gain the ability to produce anti-Mul-
lerian hormone (AMH). AMH plays an important role in regulating follicular devel-
opment. High levels of AMH will inhibit the transition of early follicle stages to the 
antral stage and will inhibit FSH stimulation of antral follicle transition to graafian 
follicles [28]. Once follicles transition to the graafian follicle stage, they no longer 
have the capacity to produce AMH. Any factor that will influence the antral follicle 
cohort will be reflected in changes in AMH serum levels. Both recent pregnancy and 
use of strong hormonal contraception can lower AMH levels [29, 30]. Serum levels 
of AMH decrease as a woman ages, and the number of antral follicles and functional 
ovarian reserve is decreased. Consequently age-specific levels of AMH can be used 
to judge a woman’s current state of FOR relative to her peers [25, 31, 32].

3  Ovulation Induction

More than 40 years ago, the first successful IVF cycle was conducted without ovula-
tion induction [33]. It soon became clear that success in IVF could be improved by 
recruiting as many oocytes as possible [34]. Thereafter, therapeutic strategies origi-
nally used to treat an ovulatory women were transitioned to the treatment of ovula-
tory women. In nature the human ovulatory cycle allows the promotion of only one, 
or rarely two, graafian follicle to reach maturity and ovulate. Exogenous administra-
tion of gonadotropins to an ovulatory woman was used to raise the level of follicle-
stimulating hormone high enough that the full cohort of gonadotropin-dependent 
follicles was allowed to grow and mature leading to the production of multiple 
oocytes [35]. This type of controlled ovarian stimulation (COS) created a greater 
chance of conception and a parallel consequent increase in the risk of multiple preg-
nancy if conception was allowed in vivo.

Hormonal Effects in Reproductive Technology with Focus on Diminished Ovarian…
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It soon became clear that the cumulative likelihood of live birth with IVF 
increases with the number of oocytes retrieved [36–38]. Increased rates of live birth 
were even more apparent when taking cumulative pregnancy rate (fresh plus subse-
quent transfer of cryopreserved embryos) into account [37, 39].

When using COS for IVF, dosing of FSH generally ranges from 150 to 450 IU 
with the dose often adjusted according to estimated ovarian reserve based on age, 
antral follicle count (AFC), anti-Mullerian hormone (AMH), and day-3 FSH. The 
intent of such individualized COS is to produce an effective number of mature 
oocytes with minimal risk of hyperstimulation or other complications. Among 
women with good ovarian reserve, increased gonadotropin dosage will lead to 
increased recovery of oocytes [40] and a subsequent improved live birth rate, as 
noted above.

However, past experience has shown that for woman with evidence of decreased 
ovarian reserve, the use of increased gonadotropin doses alone to achieve greater 
oocyte recovery is often futile [41, 42]. One study of indicators of ovarian reserve 
found that there is great individual variation in response to COS that appears to be 
independent of these predictors [43]. Another found that while women with dimin-
ished FOR had greater risk of cancelation of their IVF cycles, those who reached 
transfer had only a small, though significant, decreased adjusted relative risk of live 
birth [44]. A meta-analysis found that IVF live birth rates with individualized COS 
did not differ significantly from live birth rates when 150 units of FSH was admin-
istered no matter what the assessed ovarian reserve [45]. Thus, the use of individual-
ized COS remains controversial. In our practice we believe that response to ovulation 
induction is most dependent on the functional ovarian reserve (FOR) which is in 
turn dependent on maintenance of the antral follicle pool.

4  Maintenance of the Antral Follicle Pool

A good antral follicle pool is essential for providing best chance of reproductive 
success [46–48]. Antral follicles are the resource from which graafian follicles will 
develop. Past approaches to ovulation induction focused on promotion of antral fol-
licles into graafian follicle growth by provision of excess gonadotropin either by 
exogenous injection of gonadotropins or by inducing production of endogenous 
gonadotropin by inhibiting normal feedback to the pituitary of hypothalamus [49].

Women lose ovarian reserve as they age through the depletion of their remaining 
follicles and consequent diminished replenishment of the antral follicle pool. With 
fewer antral follicles, fewer graafian follicles can develop. As the population of 
developing follicles is diminished, so too is the endocrine milieu of the ovary. This 
leads to a variety of other consequences for the reproductive system in general 
including progressive symptoms of sex hormone deprivation such as vaginal dry-
ness, loss of libido, hot flashes, and sleep disturbance.

Over the past decade, our group has explored various ways of helping women to 
get the most function out of their remaining follicle pool. The underlying philoso-
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phy of this approach is to foster the preservation and growth of pre-antral and antral 
follicles to provide maintenance of the antral follicle pool.

4.1  Factors Promoting Growth of Pre-antral and Antral 
Follicles

4.1.1  Androgens

In women circulating androgens are derived from both the adrenal glands and the 
ovaries [50]. The major adrenal androgens are dehydroepiandrosterone (DHEA) 
and its sulfate DHEAS which are produced in the zona reticularis of the human 
adrenal cortex [51]. With age the number of cells in the zona reticularis is known to 
decrease leading to decreased production of DHEA and DHEAS [51–53]. Androgens 
are precursors required for normal ovarian steroidogenesis [54, 55]. Thus, with loss 
of adrenal androgen production, there is a consequent loss of ovarian function.

Androgens are important growth factors for early follicle development. Support 
for the concept that androgens are necessary for normal early follicular develop-
ment comes from experiments using androgen receptor knockout mouse models 
[56, 57]. In these experiments granulosa cell-specific androgen receptor knockout 
(ARKO) mice were used to examine the role of androgens in normal follicular 
development. GC-specific ARKO mice were more likely than wild type to have 
ovarian failure and longer estrous cycles. In addition, ovaries from the GC-specific 
ARKO mice had a greater proportion of pre-antral and atretic follicles with evi-
dence of fewer antral follicles or corpora lutea [57]. In later studies androgens were 
found to decrease follicular atresia by suppression of proapoptotic protein expres-
sion and enhancement of FSH receptor expression, independent of transcription 
[58]. Similar non-genomic modulation of androgen action has been reported in 
other species [59].

In the setting of excess androgens, more follicles can develop to the antral folli-
cle stage. One consequence of this androgen excess is the typical picture of polycys-
tic ovary syndrome in which excess androgens lead to an excess number of antral 
follicles and excessively high AMH. The high AMH levels interfere with the action 
of follicle-stimulating hormone and may contribute to anovulation.

Recognition of this interaction of androgens and antral follicle growth has led to 
the use of androgens to promote greater numbers of follicles to the antral follicle 
stage in women who have diminished ovarian reserve. This approach presumes that 
there are still pre-antral follicles that could be promoted.

We first became aware of this phenomenon while treating a patient who was 
almost 43 years old and was undergoing back-to-back oocyte banking cycles. In her 
first few cycles, she produced only one or two oocytes, but then, after a few more 
cycles, her oocyte production increased markedly ultimately producing 17 oocytes 
in her eighth consecutive treatment cycle [60]. When we observed the remarkable 
increase in production of oocytes, we asked what she might be doing that was pro-
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moting this response. She told us that she had begun using dehydroepiandrosterone 
(DHEA) after her early cycles had failed to produce many oocytes. She became 
aware of the potential for DHEA to augment ovarian response to ovulation induc-
tion by reading an earlier series of case reports on the internet [61].

Following this experience, we began offering DHEA to other patients with evi-
dence of diminished ovarian reserve and found that in a remarkable number of cases 
we were able to make a significant difference in response and in pregnancy rates 
[62, 63]. Recent meta-analyses have concluded that in women reported to be poor 
responders, pre-treatment with DHEA or testosterone may be associated with 
improved IVF live birth rates [64, 65].

There are a few important caveats in using DHEA among women with poor ovar-
ian reserve. It is important not to heavily suppress gonadotropins in the preparatory 
phase of treatment. Effectiveness of androgen treatment appears to be partly depen-
dent on the interaction of androgens and the endogenous gonadotropins. This may 
be a possible explanation why some trials of DHEA in which long agonist IVF 
protocol was used have been unable to show a significant benefit of DHEA treat-
ment [66].

We do not use oral contraceptives to schedule IVF cycles. The use of oral contra-
ceptives to help schedule cycles may lead to a 20% reduction in live birth rate [67]. 
The use of oral contraceptives has been associated with reduction in the antral fol-
licle pool [68] and can reduce IVF oocyte yields [29].

In our practice the current preferred approach is for patients with diminished 
ovarian reserve to use micronized DHEA 25 mg three times a day for up to 2 months 
prior to initiation of ovulation induction. We prefer our patients to use divided doses 
because DHEA is rapidly absorbed and rapidly cleared and we would like to pro-
vide a steady blood level. We test for serum androgens and ovarian reserve param-
eters before starting DHEA and at baseline for each menstrual cycle. In general, in 
the presence of SHBG around 50–60 nmol/L, our target for total testosterone is 
between 28 and 56 ng/dL (1.0–2.0 nmol/L). We found that most of our patients with 
diminished ovarian reserve had baseline testosterone of less than 20 ng/dL and that 
only those who were able to raise testosterone to approach a minimal level of 30 ng/
dL had favorable results to treatment [69].

4.1.2  Growth Hormone

Growth hormone is a hormone secreted by the somatotroph cells of the anterior 
pituitary peptide hormone important for cell growth, normal development, and 
metabolism. Growth hormone acts on the liver to produce IGF-1, which is respon-
sible for growth hormone’s metabolic effects. IGF-1 receptors are present both in 
human oocytes and cumulus granulosa cells [70–72]. IGF-1 has been shown to have 
a role in murine granulosa cell differentiation [73], follicle recruitment [74], oocyte 
maturation and FSH receptor development [75], and inhibition of apoptosis [76]. 
IGF-1 increases the estradiol secretory response of granulosa cells to follicle-stim-
ulating hormone [77]. In women undergoing IVF, the level of follicular fluid IGF-1 
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was found to be proportional to the number of oocytes retrieved and inversely pro-
portional to the amount of gonadotropin needed for successful ovulation induction 
[78]. Co-treatment with growth hormone was found to be associated with increased 
density of FSH receptors, LH receptors, bone morphogenetic hormone receptors, 
and growth hormone receptors of granulosa cells of older women with a history of 
poor ovarian reserve [79].

Growth hormone supplementation is potentially useful in ovulation induction. 
Over the last decades as recombinant growth hormone has become commercially 
available, there have been many studies looking at the effects of growth hormone on 
ovulation induction [80–86]. Almost all these studies administered growth hormone 
along with routine fertility medication during the ovulation induction cycle. Most 
studies used GH doses between 4 and 12 units per day. A few studies started GH on 
day 21 of the previous cycle. Evidence for meta-analysis has suggested that growth 
hormone has the greatest benefit when used to treat women classed as poor respond-
ers, those with a history of fewer than four oocytes retrieved in a previous cycle.

Recent randomized trials in poor responders have confirmed a growth hormone 
benefit in increased collected oocytes; however, growth hormone had no effect on 
the primary outcome of live birth [87, 88].

A recent Cochrane review found that while GH did not improve results in routine 
IVF cycles there is “some evidence of increased pregnancy and birth rates in women 
who are considered ‘poor responders’ to in vitro fertilization.”

Growth hormone is reported to modulate the action of FSH on follicles by upreg-
ulating local synthesis of IGF-1. Interestingly a similar effect was noted by Casson 
[61, 89] in early experiments using DHEA with treated patients having increased 
IGF-1. Much of the focus on gonadotropin/IGF-1 interaction has revolved around 
the effects on granulosa cell cultures to increase aromatase activity, estradiol pro-
duction, progesterone production, and LH receptor formation. However, IGF-1 also 
has a proposed role in stimulating early follicle development and oocyte maturation 
[90, 91].

Synthetic human growth hormone was developed in 1985 and approved by the 
FDA for specific uses in children and adults. Synthetic growth hormone use as a 
supplement for ovulation induction has not been FDA approved.

We believe the greatest potential for GH would be during preparation for an 
ovulation induction cycle. Theoretically administration of GH during the 6 weeks 
before starting a cycle will influence developing antral follicles to present a better 
cohort of follicles when ovulation induction is begun.

4.1.3  Platelet-Rich Plasma

As women age oocytes are gradually depleted with a consequent progressive loss of 
ovarian function and fertility. When a woman’s follicle cohort falls below a critical 
level, she enters a transitional time of diminished ovarian reserve known as ovarian 
insufficiency. For most women this phase begins in the mid to late 30s and may last 
over 10–15 years before the onset of actual menopause. During this transition fertil-

Hormonal Effects in Reproductive Technology with Focus on Diminished Ovarian…



22

ity is continuously reduced as is the production of ovarian sex steroids leading to 
increased symptoms of estrogen deficiency. These changes naturally occur at a time 
in their lives when contemporary women may only just be beginning to think about 
having a family.

Various strategies have been applied to help women restore ovarian function or 
to maximize the utility of what function may remain. Most past approaches to treat-
ment of ovarian insufficiency have focused on maximizing induction of the cohort 
of antral follicles which constitute a women’s functional ovarian reserve. These are 
the follicles which have survived the several months of development from primor-
dial follicle to the antral follicle stage and most likely represent only a fraction of 
that original cohort.

Recently the use of platelet-rich plasma (PRP) has been proposed as an addi-
tional strategy for improving ovarian function [89]. PRP has been used in other 
medical fields to regenerate skin [90] and cartilage [91]. The rational for the use of 
PRP in these settings is that it contains growth factors which stimulate cellular 
anabolism, inflammatory modulators that create an anti-inflammatory effect, and 
fibrinogen which acts as a scaffold for regenerating tissue [92–94].

One current hypothesis regarding the possible effect of PRP in the ovary is that 
the growth factors released by activated PRP may induce the transformation of 
germline stem cells (GSCs) into primordial follicles, thus replenishing a diminished 
follicle pool [95]. Evidence in support of this hypothesis is limited [89, 96–98]. A 
few case reports of pregnancies occurring in women said to have premature ovarian 
failure have recently been reported [89, 99].

Women with POI may still have occasional irregular periods and may even occa-
sionally achieve a pregnancy. In our practice we are presently recruiting women 
with POI into a clinical trial (NCT03542708) in which one randomly selected ovary 
is treated with PRP and the other ovary remains as a control. The endpoint of this 
study is to see if there is a differential response in follicle development between the 
treated and untreated ovary.

4.1.4  Estrogen Priming

We use estrogen priming for 7–10 days before beginning ovulation induction. Once 
ovulation induction is begun, we switch the estrogen prime to ethinylestradiol, 
which does not interfere with assay reading of estradiol coming from the patient’s 
ovaries.
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5 Optimizing Oocyte Production

5.1 Individualized Egg Retrieval

Over the past 2 years, we rarely used any cycle control at all. Instead we time our 
retrievals earlier than spontaneous ovulation would be expected to occur in the pro-
tocol we have called highly individualized egg retrieval [103].

As women age, oocyte quantity [5] and quality [104] are significantly dimin-
ished. Among older women undergoing ovulation induction for in vitro fertilization, 
a large percentage of oocytes retrieved are atretic [105]. The bidirectional commu-
nication in the cumulus granulosa cells and the oocyte is critical for the oocytes 
growth and differentiation [106–108]. With aging, the number of cumulus granulosa 
cells per oocyte [109] and the competence of those cells to maintain oocyte health 
become compromised [110].

We found that granulosa cell molecular function was diminished among older 
women. FSH receptor (FSHR), aromatase (CYP19A1), and 17b-hydroxysteroid 
dehydrogenase (HSD17B) expression were downregulated, while LH receptor 
(LHCGR), P450scc (CYP11A1), and progesterone receptor (PGR) were upregu-
lated in granulosa cells collected from follicular fluid of women undergoing in vitro 
fertilization cycles. Together these findings revealed age-related changes consistent 
with premature luteinization [105] (Fig. 2).

We reasoned that loss of cumulus granulosa cell support could be a direct cause 
of the increasing incidence of oocyte atresia observed among our older patients. 
Based on this observation, we began timing retrieval at earlier stages of follicular 
development among older women [105]. This change in timing of oocyte retrieval 
resulted in a lower percentage of atretic eggs and a significantly improved preg-
nancy rate [103] (Table 1).

5.2 In Vitro Maturation of Immature Oocytes (IVM)

One consequence of moving the timing of the oocyte retrieval to earlier stages of 
follicular development is that a greater percentage of oocytes are MI or GV. We 
chose to retrieve immature oocytes rather than atretic oocytes that had no possibility 
of salvage. As expected, many of the MI oocytes progressed to MII once the cumu-
lus granulosa cells were stripped away. Although these oocytes achieve nuclear 
maturity, they may not have achieved cytoplasmic maturity, and thus embryos pro-
duced from these in vitro oocytes do not have the same potential to achieve preg-
nancy as those oocytes that were already MII at collection. Clearly, this is an area 
that will need more exploration.
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5.3 Rebound

When caring for patients with significant POI/POA with several previous failed 
cycles of ovulation induction, it is common to find women who do not respond at all 
to ovulation induction; they have no evidence of follicle growth and no estradiol 
rise. Paradoxically, we found that when we stop all medications and recheck in 
3 days about half of such patients would show evidence of follicle growth and rising 

Fig. 2 mRNA expression of genes from granulosa cells collected from follicular fluid of women 
undergoing in vitro fertilization cycles determined by real-time PCR. Values with same letters or 
without letters above the columns within each unit figure were not different significantly (PO0.05). 
White columns: group 1 (oocyte donors), n = 7; gray columns: group 2 (middle-aged infertile 
patients), n = 10; black columns: group 3 (older infertile patients), n = 10. (FSH receptor (FSHR), 
aromatase (CYP19A1), 17b-hydroxysteroid dehydrogenase (HSD17B) LH receptor (LHCGR), 
P450scc (CYP11A1), and progesterone receptor (PGR)). (Adapted from Wu, Barad et  al. J 
Endocrinol. 2015 Sep;226(3):167–80)
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Table 1 Comparison IVF parameters with early retrieval and standard retrieval among women 
with evidence of diminished ovarian reserve

IVF parameters Early retrieval Standard retrieval

Number of patients 24 13
Age (years) 39.4 ± 0.6 38.5 ± 0.6
Serum FSH (mIU/mL) 12.8 ± 1.3 11.3 ± 1.2
Serum AMH (mg/mL) 0.49 ± 0.09 0.43 ± 0.12
P4/E2 ratio on trigger day 2.49 ± 0.37 3.16 ± 0.68
Retrieved oocytes 3.4 ± 0.6 5.7 ± 1.3
Matured oocyte 2.7 ± 0.44 3.4 ± 0.9
% of mature oocytes 81.5 ± 4.5 55.8 ± 8.3a

Immature oocytes 0.45 ± 0.1 0.7 ± 0.2
% of immature oocytes 12.6 ± 3.4 14.4 ± 5.1
Atretic oocyte 0.32 ± 0.2 1.3 ± 0.3a

% of atretic oocyte 7.9 ± 3.0 28.2 ± 7.2a

Fertilized oocytes 2.2 ± 0.4 3.1 ± 0.7
% of fertilized oocytes 87.5 ± 5.2 86.8 ± 5.1
Total transferable embryos 1.6 ± 0.2 2.5 ± 0.3
High quality embryos 1.1 ± 0.2 0.9 ± 0.2
% of high quality embryos 68.2 ± 10.7 53.8 ± 9.3
Clinical pregnancy rate 41.7% (10/24) 7.7% (1/13)a

From Wu et al. Journal of Ovarian Research (2018) 11:23
aP < 0.05

estradiol. We have termed this paradoxical phenomenon “rebound.” We now rou-
tinely ask patients to return for a “rebound check” 3–4 days after stopping ovulation 
induction. When we see evidence of such response, ovulation induction is restarted, 
and many of these patients reach retrieval.

Through August 2019, 49 women with maximal levels FSH greater than 20 mIU/
mL, AMH less than 0.01 ng/mL, and failure to exhibit a rise in estradiol greater than 
60 after more than 8 days of ovulation induction have been treated in “rebound” 
cycles in our practice. Of these 24 responded and ovulation induction was restarted. 
Twenty-two patients reached retrieval and 15 patients reached embryo transfer. 
Until now, managing the “rebound” has not resulted in a pregnancy.

6 Embryo Factors

6.1 Fertilization and Implantation

In vivo fertilization occurs in the fallopian tube within 24 h of ovulation. The fertil-
ized zygote then travels down the fallopian tube over 3–4 days to the uterus, arriving 
there around the fifth day after ovulation. Implantation may not occur until 6–8 days 
following fertilization.
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6.1.1 Fertilization

Fertilization is a complex process dependent on competent sperm being transported 
to the distal fallopian tube. Tubal disease that could hinder the ability of ovum 
pickup by the distal fimbria or hinder transport of either the oocyte, sperm, or fertil-
ized zygote may all give rise to infertility. In the past tubal disease was surgically 
treated with various procedures designed to restore tubal patency. However, even in 
the best of hands, the live birth rate was often less than 25% within a year of surgery 
[111, 112]. Furthermore, after surgery to repair a damaged fallopian tube, the odds 
of ectopic pregnancy increase fourfold [113]. For these reasons, surgical approaches 
to tubal disease have fallen out of favor.

6.1.2 Ectopic Pregnancy

The incidence of ectopic pregnancy following IVF embryo transfer (ET) ranges 
from 1 to 2% [113–115]. Ectopic pregnancy following ET is more common among 
women with a history of tubal disease and less common following day-5 ET [115]. 
No one knows what happens to an embryo that has been transferred to the uterine 
cavity days before endometrial receptivity has been achieved. It may be that embryos 
move often back into the proximal fallopian tube, retracing the normal path of 
development. Since ectopic pregnancy is known to occur after ET, at least some 
embryos must migrate back into the fallopian tubes, but perhaps most do, and only 
a few unlucky embryos result in a tubal implantation. As noted above implantation 
will not begin for a few days after ET, so a day-3 ET will spend more time preim-
plantation than a day-5 embryo, increasing the risk of ectopic implantation for 
women with a history of tubal disease [114]. Women who used the contraceptive 
device known as Essure©, which creates proximal tubal occlusion, experienced 
lower pregnancy rates after IVF embryo transfer compared to those who were 
treated by laparoscopic salpingectomy before IVF [116]; perhaps the opportunity to 
migrate back into the fallopian tube improves the chance of a successful cycle? 
Thus, one may speculate that passage back to a normal tube may give embryos an 
advantage, while transit in a damaged tube creates a risk.

6.2 Embryo Selection

A typical cycle of in  vitro fertilization will produce multiple oocytes and many 
embryos. As already noted above, the major rationale for using ovulation induction 
was to produce multiple oocytes and allow formation of multiple embryos. One goal 
of producing multiple embryos was to allow selection of the most favorable embryo 
or set of embryos for transfer. Over the years, various strategies have been used to 
select embryos and decide how many embryos to transfer.
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6.2.1 Embryo Morphology

Once an egg becomes fertilized, the resulting zygote will begin to divide. Each cell 
division is an independent event based on each cell’s individual metabolic response 
to its immediate environment. After 3 days in culture, we expect that a zygote will 
have divided three times, each time doubling the number of blastomeres. For this 
reason, we expect an embryo that has undergone three normal divisions to have 
eight blastomeres. Embryos with greater or fewer numbers of blastomeres might 
represent abnormal cell division and are considered less favorably. Embryos are 
also graded based on appearance color, texture, symmetry, and on the percent of 
small cytoplasmic fragments surrounding the blastomeres [117]. The best graded 
embryos are symmetrical and have few or no fragments (Table 2).

Embryos allowed to remain in culture for 5 days will, under normal conditions, 
progress to the blastocyst stage. The typical blastocyst will have a spherical trophecto-
derm made up of 200–300 cells and a much smaller inner cell mass. The trophectoderm 
will develop into the placenta, and the inner cell mass will go on to form the embryo 
proper. Day-5 embryos are scored based on their stage of development and on the char-
acteristics of the cells in the inner cell mass and in the trophectoderm [117] (Table 2).
Since the process of embryo implantation does not occur until several days after 
fertilization, transfers could in theory occur anytime in the first 6 days after fertiliza-
tion. When embryo culture methods had improved enough to allow culture of 
embryos to blastocyst, it soon became apparent that embryos which had survived to 
the blastocyst stage had a greater chance of implanting and establishing a pregnancy 
that could result in a live birth. Although many assumed that culture to blastocyst 
resulted in a more successful embryo, this was not the case. Embryos that could 
survive in the laboratory to the blastocyst stage simply proved that they were stron-
ger, not as a result of extended culture but because they had always been the most fit 
of their cohort. One of the costs of using extended culture to identify highly success-
ful embryos is the loss of embryos that could not survive in extended culture. 
Current best evidence suggests that while blastocyst culture allows selection of a 
successful embryo for a fresh embryo transfer, because fewer embryos are cryopre-
served, there is no evidence of difference in cumulative pregnancy rates using 
embryos produced from a single oocyte retrieval [118].

Table 2 SART grading system

Growth phase Overall grade Stage

Cleavage Good, fair, poor Cell #: 1 through >8
Fragmentation: 0%, <10%, 11–25%, >25%
Symmetry: perfect, moderately asymmetric, 
severely asymmetric

Morula Good, fair, poor Compaction: complete, incomplete
Fragmentation: 0%, <10%, 11–25%, >25%

Blastocyst Good, fair, poor Expansion: early, expanding, expanded, hatched
Inner cell mass: good, fair, poor
Trophectoderm: good, fair, poor

From J Assist Reprod Genet (2010) 27:437–439
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6.2.2 Preimplantation Genetic Testing

In the 1980s preimplantation genetic testing (PGT) was developed with the goal of 
identifying genetic disease when both parents were known to be carriers for condi-
tions like cystic fibrosis, Huntington’s disease, or hemophilia. Techniques were 
soon extended to try to rule out balanced translocations and aneuploidies in embryos 
before embryo transfer.

This technique, first called preimplantation genetic diagnosis (PGD), used fluo-
rescence in situ hybridization (FISH) to identify aneuploidy in polar bodies or sin-
gle blastomere biopsies from day-3 embryos [119–121]. As evidence accumulated 
over time, it became clear that damage to the embryo from blastomere biopsy and 
the inaccuracy of the FISH technique [122] actually decreased the chance of a suc-
cessful pregnancy [123–125].

In response to these observations, new techniques were developed to test 
embryos at a later stage of development when more cells could be sampled recog-
nizing that at this later stage of development these cells would represent a smaller 
percentage of the resulting embryo and hopefully lead to less embryo damage 
[126, 127]. The resulting technique of trophectoderm biopsy would sample 4 to 6 
cells from the trophectoderm and would use new methods of genetic analysis of 
these cells that would allow reporting of the ploidy of all 24 chromosomes 
[128–130].

For young women less than 35 years old, selection of a blastocyst with a euploid 
biopsy promised an excellent chance of a successful pregnancy. However, by the 
age 40  years, almost 60% of embryos had aneuploid biopsy results, while by 
44 years the percentage of aneuploid biopsies increased to 88% and more than 40% 
of couples had no embryos with euploid biopsy for transfer [131].
Recognizing that no test is 100% accurate, we and others began offering to transfer 
embryos that had been called “aneuploid” based on their trophectoderm biopsy. We 
realized that the only way to lose all chance of a successful pregnancy was to never 
offer an embryo transfer. When these embryos were transferred, it turned out that a 
substantial number were able to achieve pregnancy and normal live birth [132, 133]. 
A recent survey found more than 400 live births after transfer of embryos deter-
mined by PGT to be abnormal [134]. It turned out that the accuracy of preimplanta-
tion testing was limited by the mosaic nature of early human embryos [135] and by 
the ability of some embryos to self-correct mitotically derived aneuploidy [136, 
137]. Today, preimplantation genetic testing (PGT) is widely practiced, though 
many still consider it to be controversial [138]. In general, we do not recommend 
PGT to our patients with diminished ovarian reserve as we believe our role is to 
promote the best chance of pregnancy and not to try to guarantee a so-called per-
fect embryo.
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