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Preface

We are fortunate to practice reproductive medicine during a time of unprecedented 
success when it comes to assisted reproductive technology. With the advent of com-
prehensive chromosomal screening, the contribution of aneuploidy to implantation 
failure has been all but eliminated. Still, though, euploid embryos fail to implant. 
Why is that? The dwindling rate of implantation failure makes the remaining cases 
a particular challenge for both practitioners and their patients. The very workup for 
recurrent implantation failure, let alone available treatment options, often remains 
elusive.

This text is unique in its multifaceted approach to thinking about these challeng-
ing cases. It starts with a foundational look at the signaling between the embryo and 
endometrium, which leads to the management of embryo and endometrial syn-
chrony. The pathologic nature of implantation failure is then explored with an eye 
toward the gamete and embryo to the maternal anatomy, immune, and hematologic 
system. The neuroendocrine system is considered as well as the psychological 
impact recurrent implantation failure has on patients. Novel theories such as the 
female reproductive tract microbiome are also discussed. The text is designed for 
clinicians and researchers in the field of reproductive endocrinology and infertility 
patients as a guide not only for clinical care but also for encouraging much needed 
research in the area.

We live in an exciting time in reproductive medicine. With ever improving 
technology that is becoming both widely available and cost-effective, there are 
more tools than ever at our fingertips to address the most challenging problems that 
confront our patients. It is incumbent upon practitioners and researchers alike to 
understand the capabilities and impact of various treatments, both proven and 
experimental, for implantation failure. We hope this book offers some answers as 
well as raises unaddressed questions as we strive to better our patient care.

Basking Ridge, NJ, USA Jason M. Franasiak, MD, HCLD 

Basking Ridge, NJ, USA Richard T. Scott Jr., MD, HCLD 
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Chapter 1
Signaling Between Embryo and Endometrium: 
Normal Implantation

Chelsea Fox and Bruce A. Lessey

Pregnancy has been one of life’s great mysteries and captivated both the scientific 
and artistic realms (Fig. 1.1). The endometrium is where life begins, and a receptive 
endometrium lies at the crossroads of menstruation and pregnancy. In a perfect 
world, the peak of receptivity of the endometrial lining is achieved synchronously 
with the arrival into the uterine cavity of a healthy blastocyst that can then adhere, 
attach and invade, and grow protected until parturition. However, for human repro-
duction in particular, it is not always a perfect world; for every successful preg-
nancy, there are many fertilized eggs that either implant and fail as clinical or 
subclinical pregnancies or never are able to interact with the endometrium, resulting 
in infertility. Issues involving embryo quality and chromosome number and dis-
eases that can impair normal endometrial receptivity have the potential to alter the 
outcome of pregnancy in devastating ways. The endometrium is a specialized, 
almost immortal, tissue that regenerates again and again with the sole purpose of 
continuing the survival of our species. In this chapter, we will review a global over-
view of normal implantation and what is known about the signaling components of 
embryo and endometrial interactions. Our current understanding of implantation 
also provides a better appreciation for why pregnancies fail.

 Timing of Implantation

Normal implantation occurs in the mid-secretory phase of the menstrual cycle and 
requires synchronous development of the endometrium, oocyte, and subsequent 
embryo. Events leading to a successful pregnancy begin several months ahead of 
time with recruitment of the cohort of oocytes that will mature and ovulate some 

C. Fox, MD • B.A. Lessey, MD, PhD (*) 
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months hence. In the month of implantation, at the time of menstruation, progester-
one levels fall with the demise of the corpus luteum. It has been suggested that 
menstruation is more than simply a decline in ovarian steroids [1]; there is evidence 
that menstruation is an active and complex process with purposeful blockade of 
progesterone action through induction of inflammatory mediators leading to pro-
gesterone resistance [2]. With an abrupt and active loss of progesterone support 
coupled with the concomitant rise in ovarian estrogen, the upper layers of the endo-
metrial (the functionalis layer) are sloughed but rapidly repaired and reconstituted 
without scarring, from underlying stroma and epithelial fragments [3]. This remark-
able process of renewal can occur up to 400 times in a woman’s lifetime.

The cessation of bleeding and repair of the endometrial lining is an estrogen- 
dependent process and occurs as the negative hypothalamic and pituitary feedback 
is released after the fall in progesterone. In response to rising follicle-stimulating 
hormone (FSH), a cohort of ovarian follicles begins to develop, releasing increasing 
amounts of estradiol into the circulation. In response to rising estrogen concentra-
tions, the endometrium produces more estrogen receptors (ER), allowing prolifera-
tion and thickening, ultimately achieving a trilaminar appearing layer by ultrasound 
by the time ovulation occurs. In natural cycles, the dominant follicle is selected as 
that follicle has adequate FSH receptors to grow despite falling gonadotropin levels 
in the mid-proliferative phase of the menstrual cycle.

Fig. 1.1 Anatomical depiction of a human pregnancy by Leonardo da Vinci, circa 1510

C. Fox and B.A. Lessey
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In response to positive feedback to rising estrogen, an ovulatory LH peak from 
the pituitary triggers release of the mature oocyte(s). As shown in Fig.  1.2, the 
release of the egg results in collapse and consolidation of the vacated follicular cyst, 
with subsequent development of the corpus luteum and a rise in serum progester-
one. Progesterone is essential for the success of a pregnancy. Unlike estrogen that 
stimulates endometrial cell proliferation, progesterone transforms the thickened 
endometrium into a secretory structure and induces a host of factors essential for 
embryonic survival, attachment, and invasion. Meanwhile, the released oocyte is 
picked up by the fimbria and transported along the fallopian tube where it is fertil-
ized by waiting sperm. The newly formed embryo undergoes progressive develop-
ment from zygote to 8-cell embryo to blastocyst during its transit down the fallopian 
tube culminating in its discharge into the uterine cavity. By the time it arrives, under 
optimal conditions, the endometrium has developed into a receptive surface with the 
appropriate glandular secretions, adhesion moieties, and vascular changes required 
to support a pregnancy.

Implantation is a complex network of events happening synchronously in the 
embryo and endometrium that culminates with the envelopment of the blastocyst 
within a decidualized endometrial stroma. The stages of early implantation have 
been divided into three phases: apposition, attachment, and invasion. When implan-
tation occurs, this process is rapid, with apposition, attachment, and invasion 
 happening within hours rather than days.

In one of the early morphologic studies on the timing of implantation, hysterec-
tomy specimens were obtained from volunteers who agreed to try and become preg-
nant prior to surgery to remove the uterus. In this remarkable and usual study, 34 
embryos were found within luteal phase hysterectomy specimens. Based on the time 
of hysterectomy relative to the last menstrual period, 8 embryos were found free-
floating within the uterine cavity, while the remaining 26 embryos were in  various 

2 cell
Stage II

Morula

Uterus

Blastocyst
Stage III

Endometrium

Apposition 
Stage IV

Invasion
Stage V

Implantation

Graafian follicle Ovulation

Fertilization
Stage I

Ovum

Fig. 1.2 Stages of implantation correspond to and are largely driven by ovarian steroids from the 
developing follicle and subsequent corpus luteum that forms. Development and progression of the 
embryo is synchronously timed to endometrial development, such that both embryo and endome-
trium become receptive toward each other at the proper time

1 Signaling Between Embryo and Endometrium: Normal Implantation
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stages of implantation and had begun to complete the invasion process [4, 5]. Based 
on these findings, the timing of implantation appeared to occur around cycle day 19 
to 20 of an idealized menstrual cycle. The timing of implantation based on assisted 
reproductive technology cycles has tended to agree with these results [6–8]. In vitro 
studies have tried to record these events as well, with mixed success [9, 10].

Implantation begins with the hatching of the embryos out of its zona pellucida 
about 1–3 days after the morula enters the uterine cavity (Fig. 1.2). Apposition of the 
hatched blastocyst to the uterine epithelium usually occurs 2–4 days after the morula 
has entered the cavity. By this point, the blastocyst, as it is now called, has differenti-
ated into an inner cell mass (ICM) that subsequently forms the embryo and the 
trophectoderm which will give rise to the placenta. Importantly, hatching from its 
protective shell exposes a variety of adhesive molecules expressed on the outer sur-
face of the embryo, complementing those on the endometrial epithelium and later 
the decidualized stroma. Penetration of the embryo through the uterine epithelium 
and basal lamina occurs quickly, allowing in the invasion of cytotrophoblast inside 
the uterine vasculature [11]. This clogging of the arterioles of the maternal endome-
trium reduces hemostatic pressure on the implanting blastocyst but also means that 
blood supply to the embryo is limited until the end of the first trimester [12].

 The Endometrium

The endometrium is composed of a mucosal layer within the myometrial layers of 
the uterus. The female reproductive tract is derived from the urogenital ridge, which 
arises from paired mesodermal (paramesonephric) tubes that form from the longitu-
dinal invaginations of the coelomic epithelium [13]. The early uterus is lined by a 
simple cuboidal epithelium that subsequently becomes columnar and pseudostrati-
fied. Beneath this epithelial layer is a dense mesenchymal layer that becomes the 
endometrial stroma as well as the surrounding myometrium. What later will become 
the glandular epithelium invaginates from buds arising in the luminal epithelium, 
growing into the underlying stroma.

By mid-gestation, the uterus has the appearance of the adult organ. After deliv-
ery, with the fall in maternal steroids, the endometrium may have an initial men-
struation event, but then regresses to an inactive state, where it will remain until 
puberty and the rise in ovarian steroid secretions. With the initiation of cyclic men-
strual cycles, the endometrium will undergo repetitive stages of development in 
response to follicular estrogen followed by ovulatory progesterone. These changes 
are predicated on the timely induction of cognate steroid receptors for both estrogen 
and progesterone, which orchestrate the genomic activation of thousands of endo-
metrial genes. In the event that pregnancy does not occur, the endometrium breaks 
down and then is rapidly rebuilt until pregnancy is established. This process of 
menstruation, proliferation, and regeneration occurs without scarring and speaks to 
the seeming immortality of the endometrium, a structure that continues to prolifer-
ate throughout the woman’s life without deterioration.

C. Fox and B.A. Lessey
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 Endometrial Receptivity

Anyone who studies the endometrial cycles and implantation, in particular, recog-
nizes that the endometrium is non-receptive through much most of its cyclic 
changes. Our understanding of endometrial function comes largely from early ani-
mal studies on implantation [14–17]. Over 65  years ago, Noyes and colleagues 
described the histological changes that the endometrium undergoes during its cyclic 
development from menses to menses [18]. Within this 28-day menstrual cycle, 
receptivity toward the embryo only occurs for 3–5 days. The endometrium is unique 
as one of the few tissues into which an embryo will not attach and grow, except for 
a narrow period of uterine receptivity [19, 20]. This putative “window” of implanta-
tion, as first suggested by Finn [16], has been demonstrated in both animal models 
[17, 21] and in humans [6, 7].

As interest in the role of the endometrium in blastocyst attachment and invasion 
has increased, a great deal of research has been done to identify biomarkers of a 
receptive endometrium. Significant progress has been made in this field although 
the majority of potential biomarkers require further randomized studies in order to 
test their validity and clinical usefulness. The ideal biomarker is accurate, reproduc-
ible, and sensitive but should be able to be obtained by noninvasive means [22]. 
Potential sources of noninvasive biomarkers may include urine, saliva, vaginal fluid, 
cervical mucus, vaginal epithelial smears, blood, ultrasound, and basal body tem-
perature measurement [23, 24].

 Histologic Dating

The traditional “gold standard” for comparison of methods assessing the quality of 
luteal function remains histologic dating described by Noyes et al. in 1950 [18]. Use 
of this method leads to the description of the luteal phase defect (LPD) in which 
infertility and early pregnancy loss were thought to occur as a consequence of 
delayed endometrial maturation secondary to inadequate corpus luteum progester-
one (P) production [25]. Since the 1950s, the clinical usefulness of histologic dating 
has been challenged off and on, due to methodological flaws noted in the original 
study as well as high inter-and intra-observer variation of histologic interpretation 
[26, 27]. The major flaw identified in the Noyes study is all of the endometrial 
samples were obtained from women with infertility, not from normally cycling par-
ous controls. A subsequent prospective, randomized observational study reexam-
ined histologic dating criteria in 130 regularly cycling, fertile women [26]. This 
landmark study concluded that endometrial dating does not have the accuracy or 
precision necessary to diagnose a luteal phase defect or guide clinical management 
of infertility. Furthermore, a prospective study of 847 subjects compared the endo-
metrial biopsies of fertile and infertile patients. The pathologists, blinded to fertility 
status and menstrual day of biopsy, were not able to reliably discriminate between 

1 Signaling Between Embryo and Endometrium: Normal Implantation
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the two patient populations, and the authors recommended against the use of histo-
logic dating in the routine evaluation of infertility [28].

 Adhesion Molecules

At implantation, the trophectoderm of the embryo and the endometrial luminal epi-
thelium acquire mutual adhesiveness [29]. Changes in cellular motility occur in 
response to adhesion and intracellular signaling. Embryos begin to exhibit a high rate 
of protrusion formation [30]. Sutherland captured the intrusive behavior of mouse 
embryos, with trophoblast cells probing out until finding a cleavage plane to intrude 
into the uterine wall [31]. The basis for this adhesion and signaling is complex and 
has been reviewed elsewhere [32–34] but represents an unsettled area of research as 
to the primary or most important adhesion molecule for embryo implantation.

Structural changes have also been found to occur on the luminal epithelium 
throughout implantation and thought to play a pivotal role in attachment. Pinopodes 
are cell membrane prominences on the apical cell membrane of the endometrial 
luminal epithelium. First identified in 1958 [35], they have since been investigated 
as potential biomarkers for endometrial receptivity. While their timing of expression 
appears to coincide with the window of implantation (WOI) [36, 37], not all studies 
agree. Pinopodes have been studied extensively by electron microscopy [37–39], 
and their appearance appears to be cycle dependent and under the control of proges-
terone [40]. They are visible by light microscopy as well [41] and are decorated 
with both endometrial integrins as well as osteopontin (OPN), two candidate 
 biomarkers of embryo/endometrial attachment (Fig. 1.3a) [42]. Bentin-Ley has cap-
tured human embryos attaching to cultured endometrium, in vitro, seeming to show 
a preference for areas containing pinopode structures (Fig. 1.3b; [43]). Aplin has 

a b

Fig. 1.3 Pinopodes or endometrial uterodomes are present at the time of implantation and sites of 
integrin and OPN expression (a). Human embryos can be seen attaching to these structures using 
in vitro culture and electron microscopy (b) (used with permission by Human Reproduction)

C. Fox and B.A. Lessey
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used similar techniques with mouse and human embryos and demonstrated the 
increased expression of OPN and integrin ανβ3 at the site of attachment [44]. They 
also showed that decreased attachment occurred if either OPN or the integrin was 
artificially downregulated. Despite the association between pinopode expression 
and the WOI, the clinical usefulness of their expression has been criticized. 
Arguments against the use of pinopodes as a biomarker of endometrial receptivity 
include their brief time of expression, the subjective nature of scoring them, and 
subsequent studies which have failed to show their temporal expression within the 
WOI [45–47].

Integrins are transmembrane glycoproteins which function as cell adhesion 
molecules (CAMs). They are formed from alpha and beta subunits which function 
as cell surface ligands between the embryo and the endometrium. Several integ-
rins have been found to be only expressed during the WOI suggesting a role a 
possible biomarker for endometrial receptivity [48–50]. In humans, low expres-
sion of certain integrins has been linked to infertility [51, 52]. Furthermore, mul-
tiple studies have described abnormally low or absent levels of integrins, 
particularly the ανβ3 integrin, in inflammatory disease states associated with 
implantation failure such as endometriosis, polycystic ovarian syndrome, and 
hydrosalpinges [52–55].

Extracellular matrix proteins such as fibronectin and laminin are secreted by the 
endometrium under progesterone control [56]. These proteins have been found to 
interact with integrins and likely play a role in limiting trophoblastic invasiveness 
[57–59]. Damsky et  al. [58, 60] have shown cells at the maternal-fetal interface 
switch their integrin phenotype expression at least twice during trophoblastic inva-
sion. Fisher went on to show the importance of the ανβ3 integrin, a fibronectin 
receptor, as part of the mimicry cytotrophoblast uses to masquerade as endothelial 
cells and invade maternal vascular during early implantation [61]. High maternal 
levels of fibronectin have been associated with fetal growth restriction, hypertensive 
disorders, and abnormal umbilical artery Doppler in the third trimester of pregnancy 
[59]. These findings not only shed light on the well-orchestrated events that must 
occur in normal implantation, but they also provide a foundation to study disease 
processes where trophoblastic invasion is either insufficient or excessive (i.e., pla-
centa accreta, preeclampsia, choriocarcinoma).

Selectins are carbohydrate-binding proteins known to mediate interactions 
between leukocytes and endothelium in the vasculature [62]. These proteins help 
facilitate leukocyte capture by L-selectin expression on the endothelial surface 
allowing “rolling adhesion” to slow the leukocyte to an eventual stop at the appro-
priate location. Genbacev et al. found selectin expression was also present at the 
maternal-fetal interface increases during the window of receptivity where it may 
play a similar role [63]. Studies suggest that L-selectin expression was increased in 
both the uterine epithelial cells and on the trophoblast cells suggesting these adhe-
sion interactions may help slow the embryo down as it approaches the site of 
implantation [64]. The loss of L-selectin has been shown to occur in women with 
infertility [65, 66] suggesting that this class of molecules remains a promising area 
of interest.

1 Signaling Between Embryo and Endometrium: Normal Implantation
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Mucin 1 (MUC-1), a glycoprotein, is found at many secretory epithelial sites 
throughout the body where it forms a mucin coating. In the endometrium, its expres-
sion is increased during the luteal phase and WOI where it is produced and secreted 
by the luminal epithelium [67]. MUC-1 has displayed both adhesive and anti- 
adhesive properties in various studies [32, 68, 69] suggesting a complex balance in 
its role in implantation. In humans, MUC-1 was found at the implantation site, but 
not at the surface of pinopodes possibly to allow the blastocyst to preferentially bind 
to these specialized structures [70].

 Growth Factors and Cytokines

Several growth factors including insulin-like growth factor (IGF), heparin-binding 
epidermal growth factor (HB-EGF), and vascular endothelial growth factor (VEGF) 
have been identified whose expression in the endometrium coincides with the win-
dow of implantation [51, 72–75].

The two subtypes of insulin-like growth factors, IGF-I and IGF-II, appear to both 
play a role in implantation and placentation. IGF expression appears to correlate 
with estrogen concentration with IGF-I expressed primarily during the proliferative 
phase and IGF-II expression seen in the secretory endometrium [51]. IGF-I has 
been implicated in a variety of functions including endometrial proliferation [51, 
71], placental function [72], and enhancement of embryo development and quality 
[73, 74]. IGF-II expression is seen at both the maternal-fetal interface in early 
human pregnancy and by the trophoblastic cells in early intrauterine pregnancies. 
The spatial expression of IGF at the decidual-trophoblastic interface suggests these 
peptides may function as mediators of trophoblastic invasion; however, the mecha-
nism of this action remains unknown [75].

Heparin-binding epidermal growth factor (HB-EGF) expression within the 
uterus has been shown in both human and mouse models to occur in a cycle- 
dependent manner with its maximal expression occurring at the window of implan-
tation [76]. Furthermore, immunohistochemistry staining for HB-EGF on 
endometrial biopsies have shown the coexistence of pinopodes with HB-EGF 
expression [77, 78]. HB-EGF is also expressed in early pregnancy on both the vil-
lous and extravillous trophoblastic tissue suggesting a role implantation and tropho-
blastic invasion [79]. Studies have shown its expression is associated with increased 
rates of embryo hatching and development and can also promote trophoblastic 
growth in  vitro [80, 81]. Thus, HB-EGF appears to function in communication 
between the early embryo and endometrium although further studies are needed to 
clarify its exact role in implantation.

Vascular endothelial growth factor (VEGF) is a key regulator of angiogenesis 
throughout the body. VEGF is produced by both the embryo and endometrium dur-
ing implantation highlighting its potential role in angiogenesis and vasodilation at 
the implantation site [78]. Interestingly, VEGF expression is increased in pre-
eclampsia [82]. It is hypothesized that this increase occurs as a result of inadequate 
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angiogenesis at the placentation site wherein VEGF is upregulated in a compensa-
tory fashion. VEGF has also been studied in assisted reproduction. Elevated levels 
of VEGF appear to be markers of follicular hypoxia and suboptimal embryo devel-
opment [83]. Dorn et al. found that higher serum concentrations of VEGF on the 
day of oocyte retrieval were correlated with IVF outcome; however, the mechanism 
behind these findings has not yet been elucidated [84].

 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) comprise a family of zinc-dependent extracel-
lular matrix (ECM)-degrading endopeptidases. MMPs, secreted by the cytotropho-
blast, appear to play a key role in matrix degradation during trophoblastic invasion 
[85]. They can be classified into four subfamilies based on their substrate specific-
ity and structure: gelatinases, collagenases, stromelysins, and a subfamily contain-
ing MMP-14, MMP-15, MMP-16, and MMP-17 [85]. Animal models suggest 
MMP-2 and MMP-9 (members of the gelatinase subfamily) have the most impor-
tant role in ECM degradation and trophoblastic invasion [86–91]. Similar to MMPs, 
ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) are 
also proteolytic enzymes that likely contribute to the invasive properties of the 
blastocyst [92]. In particular, ADAM-TS5 is highly expressed by day 7 embryos 
with decreased expression thereafter suggesting this enzyme may play a role in 
proteolytic processing during the peri-implantation phase [85, 92]. MMP and 
ADAM are modulated locally by tissue inhibitors of metalloproteinases (TIMP). 
TIMP binds to and inhibits the active forms of MMP and ADAM within the extra-
cellular space [85]. It appears the co-localization of MMP, ADAM, and TIMP at the 
maternal-fetal interface promotes implantation while also regulating the limits of 
trophoblastic invasion.

 HOX Genes

The homeobox (Hox) genes encode transcription factors which guide embryologic 
development but have also been shown to regulate gene expression within the endo-
metrium during the menstrual cycle [93]. The DNA-binding domains of these tran-
scription factors are highly conserved across divergent organisms suggesting 
communal ancestry and genetic importance [94]. There are 39 HOX genes arranged 
in four parallel clusters (termed A, B, C, and D) [95]. HOXA10 and HOXA11 are 
expressed by endometrial glands and stroma at varying levels throughout menstrua-
tion [96]. Both genes are upregulated by 17β-estradiol and progesterone which are 
maximally expressed during the mid-secretory phase at the time of implantation. 
The spatial and temporal expression of HOXA10 and HOXA11 within the endome-
trium suggests a role in endometrial development, implantation, and maintenance of 
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pregnancy [97]. Hox genes are known to mediate the expression of endometrial 
receptivity markers such as LIF, pinopodes, and integrin ανβ3. Furthermore, dis-
eases associated with subfertility such as polycystic ovarian syndrome (PCOS), 
hydrosalpinges, and endometriosis have also been associated with defects of HOX 
gene expression [98–100]. Unfortunately, much of the available research regarding 
HOX genes and endometrial receptivity involves mouse models. The possible role 
of gene therapy involving manipulation of HOX expression to enhance implantation 
is promising although further research is necessary.

 Prostaglandins

An increase in endometrial vascular permeability has been proposed as an essen-
tial requirement for trophoblastic implantation and decidualization [15, 101]. 
Prostaglandins (PGs) have been identified as important mediators of this localized 
vascular response in addition to playing a critical role in the decidualization reac-
tion in animal models [102–108].

PGs are produced from arachidonic acid through the cyclooxygenase (COX) 
pathway. The rate-limiting step in this conversion pathway is the enzyme COX 
which exists in two isoforms, COX-1 and COX-2. PG-H2 is the common precursor 
for all prostaglandins produced from this pathway [PG-E2, PG-F2, PG-D2, throm-
boxane A2 (TX-A2), and prostacyclin (PG-I2)]. Uncertainty exists regarding the 
exact site of PG production although it appears both the blastocyst and the endome-
trium are able to produce PGs. Endometrial prostaglandin production changes 
throughout the menstrual cycle with increased PG-F2 and PG-E2 concentrations seen 
during the mid-luteal phase during the WOI [109–114]. This cyclical rise in PG 
production suggests a possible role in implantation. Furthermore, multiple studies 
using animal models have shown administration of nonsteroidal anti-inflammatory 
agents, such as indomethacin, inhibits prostaglandin synthesis which leads to inhibi-
tion or delay of decidualization and implantation [105, 115–118]. Additional studies 
have shown administration of exogenous PGs can overcome the effects of indo-
methacin on implantation [119, 120]. Despite substantial evidence to support the 
role of PGs in implantation and decidualization, significant knowledge gaps exist 
regarding the specific types of PGs involved as well as their specific mode of action.

 Cytokines

Cytokines are a group of proinflammatory signaling proteins that control the 
immune response. They have also been implicated in playing an important role in 
mammalian implantation [121–123] and have been characterized as biomarkers as 
a noninvasive test of endometrial receptivity [124]. Implantation is associated with 
elevated levels of proinflammatory markers including cytokines, prostaglandins, 
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and leukocytes [125]. Clinical findings have shown improved implantation rates 
when the endometrium is mechanically disrupted prior to embryo transfer in patients 
with recurrent pregnancy loss further supporting the importance of a proinflamma-
tory environment during embryo implantation [121]. Proinflammatory cytokines 
identified at the maternal-fetal interface in early pregnancy include interleukin-1 
(IL-1), interleukin-6 (IL-6), leukemia inhibitory factor (LIF), and numerous others 
[126, 127]. IL-1 exists as two subtypes, IL-1-α and IL-1-β. Both forms of IL-1 are 
under progesterone control although the receptor antagonist is not [128]. Animal 
experiments have shown IL-1 knockout mice are able to implant successfully, 
whereas implantation is impaired when their receptor is blocked with IL-1 receptor 
antagonist (IL-1ra) [125]. It is hypothesized that administration of IL-1ra causes 
downregulation of endometrial integrins leading to implantation failure [125].

LIF, an IL-6-like cytokine, is expressed by the human endometrium in a cycle- 
dependent manner with highest expression seen during the window of implantation 
[129]. LIF was one of the first cytokines shown to be essential for implantation of 
embryos in mice [130, 131] and in humans [132]. LIF affects trophoblastic differen-
tiation, shifting the embryo toward a more adhesive phenotype [129, 133]. Studies of 
uterine flushings and endometrial biopsies of women with unexplained infertility 
and recurrent pregnancy loss have shown decreased expression of LIF when com-
pared to fertile controls suggesting its role in implantation and establishment of preg-
nancy [134, 135]. Unfortunately, a recent randomized controlled trial (n = 149) using 
recombinant human LIF in patients with recurrent implantation failure did not show 
an improvement in implantation or pregnancy rates when compared to the placebo 
group [136]. Thus, further research is needed to investigate the complex implantation 
process in order to develop possible treatments to improve reproductive outcomes.

 Theories of Endometrial Receptivity Defects

There remains much to understand about normal endometrial receptivity. The com-
plexity of the process of implantation makes it also prone to dysfunction. Indeed, for 
every successful pregnancy culminating in live birth, there are a vast number of 
miscarriages, subclinical losses, and failed implantation events that preclude estab-
lishment of pregnancy [137]. We recently published a paradigm of endometrial 
receptivity defects that is focused on inflammation as the central defect [138]. As 
shown in Fig. 1.4, the activation of STAT3 by inflammatory cytokines, as seen in 
endometriosis, has been reported to recruit and stabilize hypoxia-induced factor 
1-alpha (HIF1α) [139]. STAT3 also stabilizes a gene suppressor, BCL6 which is 
overexpressed in women with hydrosalpinges or endometriosis [140]. BCL6 appears 
to be a prime candidate as a cause of progesterone resistance along with SIRT1, 
which together have been shown to inhibit GLI1, which is involved in the 
progesterone- driven Indian Hedgehog pathway [141, 142]. Without progesterone 
working properly, progesterone-induced STAT5 [143] is not there to inhibit STAT3 
[144]. Further, protein inhibitor of STAT3 (PIAS3) is also downregulated in 
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inflammatory conditions such as endometriosis [145], which results in further 
chronic activation of STAT3. This favors estrogen action and proliferation and con-
tributes to cyclooxygenase 2 (COX2), prostaglandin production, aromatase expres-
sion, angiogenesis, and inflammation. We believe this model helps explain why 
pregnancy can be difficult in the setting of inflammation and conditions such as 
endometriosis. Finally, the oncogene KRAS is elevated in endometriosis and thought 
to drive this elevation in SIRT1, contributing to progesterone resistance [142].

 Summary and Conclusions

An understanding of embryo implantation requires an extensive emersion into 
endocrinology, physiology, and cell biology. The concept of a window of implanta-
tion is a valid construct to frame the mechanisms of implantation and appreciate the 

P4 Resistance

Progesterone

COUP-TFII,
HAND2,
HOXA10,

HBEGF, BMP2,
FGF, 17HSDΙΙ,

STRA6, CRABPΙΙ,
FOX01

Pregnancy

Endometriosis

BCL6 IL-6 and IL-10 PIAS3

pSTAT3 HIF1A

Inflammation

Angiogenesis

Immunosuppression

Cell Proliferation

E2 Dominance

COX2

PGE2

P450arom

E2

VEGF, CYR61,
Haptoglobin,
Ang-2, c-Met

Adrenomedulin

Fig. 1.4 Model of endometrial dysfunction in the setting of inflammatory conditions including 
endometriosis. Inflammatory cytokines such as interferon gamma (INFg), tumor necrosis factor 
alpha (TNFa), and interleukin-1 and interleukin-17 (IL-1 and IL-17) stimulate downstream events 
including interleukin-6 (IL-6) that activates STAT3 and HIF-1a. Mechanisms to destabilize STAT3 
are inhibited through BCL6 and progesterone resistance and by overexpression of protein inhibitor 
of stat3 (PIAS3). Together the activation of STAT3 and HIF1a promotes inflammation, angiogen-
esis, and proliferation. Further, in the setting of progesterone resistance, pregnancy and normal 
implantation does not easily occur (Used with permission from Fertility and Sterility [138]) (Used 
with permission of Elsevier Inc.)
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temporal chain of events. Synchrony and cooperation between the embryo and 
endometrium appear critical to a successful pregnancy. Failure of implantation, 
while not covered by this introductory chapter, can be examined in the context of 
normal implantation and the molecular constraints required by synchrony and com-
plex sequential events. There are multiple steps required for normal pregnancy to 
occur and conclude successfully. In the context of this book, many of those aspects 
will be discovered.
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Chapter 2
Embryo and Endometrial Synchrony 
in Implantation Failure

Jason M. Franasiak and Richard T. Scott

 Introduction

Normal embryo implantation requires synchronized interactions between the 
 endometrium and the embryo. The concept of synchrony entails both of these com-
ponents: the endometrium must be optimally receptive and it must be in that state at 
the same time that the embryo is ready to implant in order to attain optimal clinical 
outcomes. A loss of this synchrony—also termed dyssynchrony in the literature—
occurs either when the endometrium is not optimally receptive or when the embryo 
is not developed to the point of optimal implantation capacity. When either of these 
scenarios occurs, dyssynchrony can cause implantation failure. Of great impor-
tance, this failure occurs in spite of the fact that the endometrium, given optimal 
timing, is capable of receiving an embryo and the embryo, given optimal develop-
mental timing, is capable of implantation and progression to delivery of a healthy 
child. That is, dyssynchrony can cause implantation failure in the absence of true 
pathology—rather, this is a mishandling of physiology.

Much of the foundation of fundamental physiology of embryo implantation has 
been expertly reviewed elsewhere in this book—this chapter builds upon these con-
cepts. Traditionally, dyssynchrony has been classified as true pathology. Faced with 
a poor outcome—failed implantation—it seems intuitive to attribute that failure to 
either an abnormality in the embryo or an impaired endometrium. Over the last 
35 years, embryologist and endometrial physiologists have sought to isolate one 
factor or the other and identify the specific pathophysiologic changes resulting in 
failed implantation. In medicine and in science, we seek to employ Occam’s razor, 
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or lex parsimoniae—the law of parsimony, whenever possible. Indeed, many clini-
cal disorders can ultimately be attributed to a single underlying pathologic abnor-
mality with enough thought. However, while investigating implantation failures, 
one cannot anticipate that all failures will be attributed to a singular pathologic 
abnormality. Furthermore, while it is often presumed that implantation failure is due 
to some identifiable pathology, one must also consider the physiology of the cir-
cumstances—perhaps the failure is due to a misunderstanding of the physiology at 
work during embryo and endometrial development during assisted reproduction.

 Pathology or Physiology

The scientists investigating failed implantation could largely be divided into two 
groups—the embryologists and the endometrial physiologists. The embryologists 
have traditionally focused on the morphologic and temporal aspects of embryo 
development. The retrospective review of large clinical experiences allowed inves-
tigators to determine criteria for optimal embryo morphology as well as temporal 
milestones for both early cleavage events and for the timing of blastulation, which 
commonly ranged from day 5–6 and rarely even day 7 of development [1, 2]. 
Meanwhile, the endometrial physiologists have focused on abnormal endometrial 
development by evaluating endometrial sonography, histologic milestones, specific 
cytokines, and markers of inflammation and, most recently, evaluating more com-
prehensively the endometrial transcriptome [3, 4].

We have learned a great deal about the specific pathologic abnormalities which 
may impair implantation. However, a large question remains: Is it possible for a 
completely normal embryo and a completely normal endometrium which are dys-
synchronous leading to failed implantation? Might a circumstance exist when you 
have a normal endometrium and a normal embryo and these independently regu-
lated entities, which must be temporally coordinated, are not in synch? The answer 
is yes, and this physiologic change cannot be ignored when attempting to optimize 
outcomes or when evaluating patients who have implantation failure.

This concept is clearly demonstrated by considering the difference between nat-
ural conceptions and those during cycles following controlled ovarian stimulation 
during assisted reproduction. During natural cycles and conception, embryonic 
development and the window of endometrial receptivity are controlled by the 
orderly development of the follicle under the regulation of the hypothalamic- 
pituitary- gonadal axis. A meaningful rise in progesterone occurs shortly after ovula-
tion (Fig. 2.1a). This timing results in the oocyte being exposed to the spermatozoa 
at approximately the same time that secretory transformation begins in the endome-
trium. If both are normal, then development will be synchronous and implantation 
will be optimized.

In the case of controlled ovarian stimulation during an IVF cycle, this natural 
coordination is often lost. Due to stimulation parameters, the rise in progesterone 
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occurs earlier, and thus the hormonal signals which control the onset of secretory 
transformation occur earlier shifting the window of implantation. The result is that 
the endometrium is prepared for the embryo implantation event prior to the embryo 
reaching developmental maturity for optimal implantation—endometrial dyssyn-
chrony (Fig. 2.1b).

The important difference between this physiologic phenomenon which leads to 
dyssynchrony and suboptimal implantation conditions and an underlying pathology 
is that the timing of the stimulus for secretory transformation varies from cycle to 
cycle. This results in the lack of reproducibility from cycle to cycle and dictates that 
this physiologic dyssynchrony is not something that can be screened for in advance. 
The practitioner and embryologist must coordinate in real time to optimize 
synchrony.

This concept of physiologic changes leading to dyssynchrony stands in contrast 
to true pathologic changes in the endometrium. The pathologic alterations in the 
rate of secretory transformation which has been hypothesized alter the timing of the 
window of receptivity, such as those studied with the endometrial receptivity array 
(ERA) test [6] among others, which seeks to characterize reproducible changes in 
the transcriptome which results in repeatedly altered windows of implantation—this 
effect is pathology in the cascade of events after the progesterone stimulus. While 
this is clearly important, receptivity pathology impacts only a relatively small per-
centage of the population. As noted, this alteration ought to be reproducible from 
cycle to cycle. In contrast, it could be hypothesized that all patients undergoing 
superovulation during IVF are at risk for embryonic-endometrial dyssynchrony 
based on timing when a critical level of progesterone is achieved as we will discuss 
further.
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Onset of
LH

Surge Embryonic
Window of

Implantation

Endometrial
Window of

Implantation

Endometrial
Window of

Implantation

Embryonic
Window of

Implantation

timetime

Oocyte
retrieval

Synchronous Dyssynchronous

hCG
administration

a b

Fig. 2.1 Embryo and endometrial synchrony involves both the endometrium, whose window is 
determined by the progesterone stimulus, and the embryo, whose widow is relative to blastulation. 
During natural conception, a rise in progesterone follows the LH surge leading to the opening of 
the endometrial window of receptivity which overlaps with the window of embryonic blastulation 
and implantation (a). In the case of IVF, natural coordination can be lost. The rise in progesterone 
following ovulation trigger is faster and more robust, and the progesterone stimulus shifts the 
endometrial window of receptivity by 16–24 h. Additionally, blastulation may be delayed, particu-
larly in older, low responders. These two factors, either alone or together, result in physiologic 
dyssynchrony which cannot be predicted prior to cycle start and may not necessarily be reproduced 
from cycle to cycle (b). Used with permission [5]
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 The Endometrium

The focus of the physiologic window of implantation in the uterus is progesterone. 
Progesterone represents the stimulus which, once a critical threshold is achieved, 
causes a well-timed and orderly secretory transformation. One can think of this 
threshold like a trigger which activates the natural timer with the window of recep-
tivity opening several days later and then subsequently closing. Traditionally, there 
has been much emphasis placed on hormonal support. While this is required, the 
window of receptivity is more dependent on the timing of the onset of the stimulus 
than mid-luteal progesterone levels.

Traditionally, the window of endometrial receptivity had been thought of as being 
quite wide and forgiving, with implantations occurring in a 3–5-day window [7]. 
However, it is important to note that this concept was founded on data procured from 
the transfer of day 2 embryos from ovum donation cycles between days 16 and 24 
of the cycle. Initially pregnancies were reported on days 17–19 with subsequent 
pregnancies reported from days 16–20. Subsequent studies have refined this window 
from what was possible to what is optimal—a very important distinction when dis-
cussing implantation failure with patients. The optimal window is in reality smaller 
than originally proposed with the highest rates occurring during a 2-day window [8]. 
In this study investigators utilized an ovum donation model with variation in the start 
of progesterone to control the window of implantation. Embryo transfers were per-
formed following 2–6 days of progesterone. Pregnancies were achieved correspond-
ing to days 17–20 with optimal days being 18–19. Rates began to fall by half on the 
late margin of the window. Indeed, delayed implantation on the far edge of the endo-
metrial window may result in poor outcomes associated with abnormal placentation, 
reinforcing the difference between what is possible and optimal [9] (Fig. 2.2).

Given the apparent importance of the initial progesterone stimulus, it stands to 
reason that the natural question to follow would be: what is known about varied 
levels of progesterone and how these varied levels affect the secretory transforma-
tion which in turn leads to the optimal window of receptivity? Usadi et al., utilizing 
a controlled experimental design in which they varied progesterone dosing in 
healthy volunteers after controlled estrogen priming, showed that even very low 
levels of progesterone were able to cause differential expression of key genes 
known to be associated with the onset of secretory transformation leading to endo-
metrial receptivity [10, 11]. These data and others, from the same investigators, 
suggest that even low serum levels of progesterone, perhaps level as low as 2.5 ng/
mL, may initiate secretory transformation and ultimately control the window of 
time during which a reproductively competent embryo has the opportunity to 
implant.

In addition to the experimental and molecular evidence of a shift seen in response 
to the progesterone stimulus, there are several clinical studies in assisted reproduc-
tion showing that a premature rise in progesterone, and thus secretory transforma-
tion shift, causes an increase in failed implantations. Silverberg et  al. measured 
serum progesterone on the day of ovulation trigger and noted that two breakpoints, 
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0.4 ng/mL and 0.9 ng/mL, were predictors of clinical pregnancy [3]. More recently, 
Bosch et al. evaluated serum progesterone levels on the day of hCG administration 
and found that patients with levels greater than 1.5 ng/mL had significantly lower 
ongoing pregnancy rates [4] (Fig. 2.3). Other investigators have shown similar detri-
ment when there is premature progesterone elevation at levels of 1.5 ng/mL and 
2 ng/mL [12].

It is important to interpret these data with caution. They do not necessarily mean 
that the endometrial secretory transformation begins at a progesterone level of 
1.5 ng/mL. It is better to suggest that patients with that level of progesterone prior 
to the administration of the ovulation trigger are at increased risk of early-onset 
secretory transformation which would shift the window of implantation. It is impor-
tant to note that those embryos which blastulate more slowly would then be at an 
even greater risk for being dyssynchronous with the endometrium—something we 
will discuss below.

As was mentioned before, it is important to note that in stimulated IVF cycles as 
compared to natural cycles, the progesterone rise is more rapid and robust follow-
ing the ovulation stimulus. This is the result of the varied pharmacokinetics of hCG 
versus the natural LH surge. This can result in as much as a 16–24 h shift in the 
onset of the critical level of progesterone during stimulated cycles and would create 
a situation in which the endometrial window of receptivity is physiologically 
shifted in IVF. This window is of course all the more shifted if there is a premature 
rise in the progesterone prior to the administration of the ovulation trigger. This 
shift cannot be assessed prior to the cycle in question and is not reproducible from 
cycle to cycle—this must be actively managed in the current treatment cycle. 
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Furthermore, this focuses on only one half of the puzzle—the embryo’s timing is 
also important.

 The Embryo

Given that the time at which the embryo is ready to implant is the other half of the 
puzzle, it is important to look at what is known about variability in embryonic matu-
ration. At the current time, the timing of blastulation is the best surrogate marker 
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available in vitro. This physiology changes over time. It has been shown that blas-
tulation rates differ given the woman’s age. Shapiro et al. showed that patients under 
age 30 had much higher blastulation rates prior to day 6 than did patients 31–34 and 
35–40 [13]. Forman et al. have shown that patients age 35 and above have a signifi-
cantly higher proportion of embryos which have failed to blastulate by day 5 when 
compared to those patients under age 35 [14] (Fig. 2.4).

As for the clinical outcomes for these late blastulating embryos, similar to the 
shift in window seen with premature rises in progesterone in relation to the endo-
metrium, the shift in the embryonic window confers a greater risk of implantation 
failure. Implantation rates of embryos which blastulate on day 6 versus day 5 
were decreased by 15–18% [1, 2]. On first glance, one might suspect that this is 
due to some intrinsic deficit in the embryos. However, insightful studies have 
shown that cryopreservation of the late blastulating embryos and subsequent 
transfer in a synchronous programmed cycle allows for restoration of reproduc-
tive capacity [1, 14, 15]. This suggests that the decreased outcomes are due, in 
large part, to dyssynchrony and not to intrinsic deficits in embryonic reproductive 
competence.

Interestingly, these data also demonstrate why the impact of dyssynchrony may 
be greater in older women and contribute in part to the poorer outcomes in this 
population. The fact that the embryos from younger women complete blastulation 
earlier as compared to embryos in older patients may allow them to fall within the 
window of optimal endometrial receptivity even when the overall window is shifted 
16–24 h earlier.

31%

46%
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70%

<35 years old 35 years old≥

Proportion of Slow
Blastulation

Fig. 2.4 Embryos in extended culture were assessed on day 5 utilizing Gardner’s criteria for blas-
tocyst grading. Those which were morula or B1 on the morning of day 5 were considered slowly 
blastulating. Patient over age 35 were at much higher risk for slowly blastulating embryos 
(p < 0.0001)
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 Management of Embryo and Endometrial Synchrony

Management of synchrony as it relates to these physiologic shifts requires monitor-
ing and intervention in the current treatment cycle—the clinician is not able to 
anticipate it prior to initiation. Intuitively, it behooves the clinician to prevent dys-
synchrony when possible. This may include changes in patient management during 
follicular stimulation, monitoring late follicular progesterone levels to determine if 
they exceed an “at-risk” threshold value, and observation of the timing of blastula-
tion. Given the widespread availability of high-quality vitrification, it is possible to 
vitrify blastocysts and transfer them subsequently when embryo and endometrial 
synchrony may be assured.

Active management of the endometrium side of physiologic synchrony involves 
both a prevention and surveillance component. In order to prevent premature pro-
gesterone stimuli, it is necessary to keep progesterone levels low, below that stimu-
lus level. Werner et al. have shown that the addition of an LH (or low-dose hCG) 
component to the ovarian stimulation regimen may help to prevent premature rises 
in progesterone [16]. Indeed, an LH-to-FSH ratio of 0.3–0.6 decreased the inci-
dence of premature progesterone rise in all responders, both high and low (Fig. 2.5).

The second component to active management of the endometrial window is pre-
vention of an embryo transfer in the event of a premature progesterone rise. This has 
traditionally been assessed based upon serum progesterone drawn on the day of 
ovulation trigger administration. Of note, an absolute level which would trigger a 
decision to cryopreserve embryos in a given cycle is not uniform. This level will be 
dependent upon the progesterone assay utilized by the laboratory in a given pro-

0.05 0.10 0.15 0.20 0.25 0.30

Low Responder Normal Responder High Responder

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 > 0.800.00 0.01

90%
*Colors separate statistically definable groups

80%

70%

60%

50%

40%

30%

20%

10%

0%

%
 o

f c
yc

le
s 

w
ith

 a
 p

re
m

at
ur

e 
ris

e 
in

 p
ro

ge
st

er
on

e 
1.

5n
g/

m
L

Fig. 2.5 The optimal ratio of exogenous LH-to-FSH to prevent a premature increase in progester-
one according to response group (low, normal, and high). A ratio of 0.3–0.6 decreases the inci-
dence or premature rise in all response groups. Used with permission [16]
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gram and based on the clinical experiences which result at various cutoff values. Of 
note, it is important to determine if patients are on any medications which may 
interact with your progesterone assay and, as such, would alter clinical manage-
ment. For example, DHEA has been shown to alter results of the progesterone assay 
to the extent that clinical decision would change [17] (Fig. 2.6).

Active management of the embryonic window at this point includes only a pre-
vention arm as there is not a way to proactively affect blastulation rates. Prevention 
would involve extended culture of the embryos with an assessment of the embryos, 
commonly on day 5, to determine if they have begun to blastulate. There has been 
great focus on time-lapse imaging and prediction of blastulation. As present, the day 
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Fig. 2.6 Measurement of the manufacturer’s DHEA-S controls showed a linear increase in the 
progesterone detected, ranging from 0.5 ng/mL without DHEA-S (control) in the blank control to 
as high as 2.0  ng/mL in the high control where DHEA-S was 722 μg/mL (High). This linear 
increase in progesterone was seen on all platforms despite the complete absence of progesterone 
in the sample being analyzed. Mean and SE bars shown. Used with permission [17]
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of blastulation can be predicted to some extent by time-lapse monitoring but not as 
accurately as required for management of synchrony based upon the rate of  cleavage 
[15]. If the embryo begins blastulating on day 5, it can be assumed that, when trans-
ferred to an endometrium that did not receive a premature progesterone stimulus, a 
synchronous transfer will occur. If the embryos have not yet blastulated, it might be 
an indication for cryopreservation and subsequent transfer in a synchronous cycle in 
order to preserve reproductive competence capabilities [1].

It is paramount once again to note that both these factors, the embryo and the 
endometrium, must be accounted for in this active management paradigm.

 Summary

When discussing physiologic embryo and endometrial dyssynchrony, we focus on 
an embryo, when analyzed in isolation is reproductively competent, and an endome-
trium, when analyzed in isolation is capable of being receptive to an embryo. It is 
when the two are assessed together that dyssynchrony occurs, either due to prema-
ture progesterone stimulus on the endometrium or late blastulation of the embryo or 
both.

There are limitations which exist in implementation of this paradigm. From the 
embryonic component, more data and detailed assessment of the timing of blastula-
tion are needed. In terms of the endometrial window, it has been refined from a 
broad period of approximately 5 days to a more optimal time frame of approxi-
mately 2–3 days. However, more data is needed to define and refine the outer limits 
of and the most optimal time within this window of endometrial receptivity.

While all this additional physiologic data on the embryo and endometrium may 
be of great scientific interest, it is possible that another solution may preclude its 
necessity on the clinical side. Indeed, cryopreservation of the embryo after blastula-
tion, whether on day 5 or 6, followed by a synthetic programmed cycle with known 
progesterone start may ensure a much more precise alignment of these two windows 
and may be the paradigm in the future.
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 Male Gamete Factor, Why it Matters?

Sperm, contributing one-half of the genomic material to the embryo, plays an incon-
trovertible role in initiating and maintaining a successful pregnancy. However, the 
evaluation of recurrent pregnancy loss (RPL) and recurrent implantation failure 
(RIF) is mostly focused on the female partner with little attention paid to male fac-
tors other than conventional semen parameters and paternal karyotype [1]. The 
underlying cause of RPL remains unexplained in greater than 50% of cases after 
natural conception [2], and only about 30% of assisted reproductive technology 
(ART) implantations are successful, with a large proportion failing for unknown 
reasons [3]. Thorough evaluation of male factor infertility in couples with RIF and 
RPL represents an understudied and potentially high-impact area of research.

A successful implantation after in vitro fertilization (IVF) or intracytoplasmic 
sperm injection (ICSI) relies on optimal sperm, oocyte, and endometrial quality. 
Recent evidence shows that paternal DNA fidelity influences all stages of early 
embryo development, with increased importance after the embryonic genome is acti-
vated [4]. Evidence from animal studies, as well as gestational trophoblastic diseases 
in humans, highlights the specific roles of the male gamete genome and epigenome. 
For example, paternal uniparental disomy (androgenote, i.e., embryo created by two 
male gametes) leads to placental overgrowth, little or no embryo development, and 
early fetal death, while maternal uniparental disomy (gynogenote) results in placen-
tal hypoplasia [5, 6]. These findings illuminate the critical role of sperm and imprint-
ing factors in implantation, placental proliferation, and vascularization, as well as 
overall placental quality, which may affect the outcomes of conception.

There is a general agreement that conventional semen analyses fail to accurately 
discriminate between fertile and infertile men and lack the ability to predict repro-
ductive outcomes after ART [7, 8]. Although some parameters, like morphology and 
motility, might correlate with sperm quality [9, 10], more recent evidence from RIF 
cases show high rates of DNA numerical and structural damage despite normozoo-
spermic semen analyses [11, 12]. Hence, conventional semen parameters provide 
little, if any, information on sperm DNA quality and epigenetics. Thus, more sophis-
ticated and complementary tests are needed for the evaluation of complex infertility 
cases such as couples with RIF.

 Major Male Gamete Factors in Recurrent  
Implantation Failure

 Sperm Chromosomal Aneuploidy

It is accepted that chromosomal abnormalities in parents can affect fertility and lead 
to recurrent miscarriage. American Society for Reproductive Medicine (ASRM) 
recommends peripheral karyotype analysis for both parents in couples struggling 
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with RPL [2]. However, having a normal parental karyotype does not guarantee a 
euploid embryo. By investigating chromosomes in individual gametes, we can infer 
that sperm aneuploidies usually happen de novo in the presence of a normal parental 
karyotype [13]. Thus, it is crucial to directly study gametes to estimate aneuploidy 
risk during conception.

Different biological, clinical, and environmental factors may lead to chromo-
somal abnormalities by affecting meiosis during spermatogenesis. For example, 
paternal age, varicocele, radiation, toxins, smoking, alcohol consumption, and many 
medications can trigger higher rates of sperm aneuploidy [14]. Men with peripheral 
karyotypic abnormalities, severely abnormal semen analysis parameters, and those 
with nonobstructive azoospermia are at particularly high risk of having sperm aneu-
ploidy [15]. Fluorescent in situ hybridization (FISH) is the gold standard to detect 
numerical and even some structural chromosomal abnormalities in sperm.

Interestingly, several studies have shown that rates of numerical chromosomal 
abnormalities are higher in sperm of patients experiencing RIF, and a large body of 
evidence now supports using FISH for screening of sperm in this subset of patients 
[15–17]. For example, Ramasamy et al. recommend that sperm FISH is indicated 
for men who, despite normal semen parameters, are faced with RPL or RIF [18]. 
This notion is partly based on findings that up to 45% of men with RPL and normal 
semen parameters can still have high sperm aneuploidy rates [19]. Although the 
2012 ASRM committee opinion on RPL did not recommend routine use of FISH 
[2], the 2015 ASRM report for evaluation of the infertile male indicates that patients 
with RPL and RIF might benefit from screening for sperm aneuploidy [20]. This 
inconsistency may originate from limited data and uncertainty about the actual 
prognostic value of FISH regarding final pregnancy outcomes, as well as cost con-
siderations [21].

Most FISH studies are traditionally focused on a number of “high-yield” chro-
mosomes: namely, 13, 18, 21, X, and Y. The reason behind this is generally the 
higher prevalence of aneuploidies involving these chromosomes that will remain 
compatible with life [18]. A relevant and unanswered question is if this limited 
panel is sufficient for RIF and whether a more comprehensive panel would provide 
more information. For example, Neusser et al. disputed using the standard clinical 
FISH probe (i.e., 13, 18, 21, X, Y) and reported that in RPL, chromosomes 1, 2, 6, 
15, 16, and 21 are more relevant targets for sperm aneuploidy screening, with chro-
mosome 16 being the most promising diagnostic target [22]. This is somewhat intui-
tive, given that trisomy 16 is the most common trisomy identified in first trimester 
miscarriages, although it typically originates from the maternal germline [23].

In reality, current FISH chromosome sets were designed to detect clinically 
important viable aneuploidies. Thus, when the outcome of interest is shifted to 
recurrent miscarriage, it makes sense to target different chromosomes for diagnostic 
purposes. Ideally, all 23 chromosomes in sperm should be evaluated; however, the 
costs and technical issues hinder most centers from using this approach [24]. More 
sophisticated automated FISH analyzers are able to screen all chromosomes, but 
their availability is limited to some reference laboratories [25]. Newer and more 
costly techniques such as array-comparative genomic hybridization (aCGH), 
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 polymerase chain reaction (PCR), and, ultimately, whole-genome sequencing can be 
used to detect abnormalities in all chromosomes. However, the applicability of these 
methods in male infertility studies has been limited to date [16, 26, 27]. Considering 
that many chromosomal abnormalities occur concomitantly rather than in isolation, 
some would also advocate a qualitative approach using only a few selected FISH 
probes to identify “at-risk” patients [18, 28]. Proponents of this approach suggest 
including chromosome 21 and the sex chromosomes would be sufficient since most 
other autosomal aneuploidies have an accompanying sex chromosome abnormality 
[18, 28]. Regardless, the optimal screening panel in RIF patients remains unknown.

An important limitation of FISH (similar to most other genetic tests on sperm) is 
that the preparation process involves steps that eventually render the individual 
sperm unusable for ART [18]. For example, in ICSI, the final sperm used for fertil-
ization cannot be the same sperm for which FISH information is available, as this 
sperm would be damaged in the FISH process. This hampers the role of sperm 
aneuploidy testing in directly correlating with implantation success. However, hav-
ing the information obtained from FISH would help clinicians and patients to seek 
genetic counseling, use preimplantation genetic screening (PGS), and understand 
their chances of having a euploid embryo [17, 19].

 Sperm DNA Damage/Sperm DNA Fragmentation (SDF)

As sperm cells contribute half of the nuclear DNA to the zygote, sperm DNA integ-
rity is crucial for normal embryogenesis. Sperm DNA fragmentation (SDF) can be 
defined as “denatured or damaged sperm DNA that can not be repaired” [20], 
encompassing both single- and double-strand breaks. Sperm DNA damage encom-
passes a wider spectrum of abnormalities including strand breaks, base deletions or 
modifications, abnormal DNA cross-linkage, as well as defective DNA-protein 
cross-linking and protamine packaging [29]. Since not all studies discriminate 
between sperm DNA damage and SDF, these terms are used here interchangeably.

Sperm DNA damage can be present in spite of normal paternal karyotype, sperm 
FISH results, and semen parameters. In fact, low rates of SDF are a normal phenom-
enon seen in most fertile individuals [30]. Interestingly, there are now compelling 
evidence that sperm with DNA damage can successfully fertilize an egg and pro-
duce an embryo that may eventually fail or lead to an early miscarriage [31–35]. 
This might explain some cases of the so-called “unexplained” miscarriage of an 
embryo with normal karyotype, specifically when the paternal genome is activated 
during the later stages of embryonic development [12]. These facts make SDF a 
compelling subject to investigate in couples struggling with RPL and RIF.

Sperm have limited DNA repair mechanisms, rendering it vulnerable to a variety 
of factors causing DNA damage [36, 37]. Although a healthy oocyte can execute 
some limited sperm DNA repair, this is contingent on a high-quality oocyte that is 
typically found in younger, more fertile, women [38]. However, this may not always 
be the case in most ART candidates. Also, large amounts of DNA damage are not 
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readily repairable even by a healthy strong oocyte [32]. Thus, it remains challenging 
to isolate the real impact of SDF and predict how much sperm DNA damage is safe 
in regards to pregnancy and implantation outcomes [38].

Multiple factors affecting nuclear and mitochondrial DNA are thought to cause 
SDF. Spermatogenesis is a complex process involving changes in nuclear proteins, 
dense chromatin packing, and chromosomal compaction. Defects in the sperm matu-
ration process, as well as apoptosis pathways later in spermatogenesis, can lead to 
DNA damage [39]. However, reactive oxygen species (ROS) and post-testicular oxi-
dative stress also play major roles in sperm DNA damage [39, 40]. A recent meta-
analysis showed that male aging is associated with increased SDF rates, perhaps due 
to reduced replication fidelity and accumulation of de novo mutations in sperm pro-
genitor cells [41]. Thus, both paternal and maternal age (due to decreased ability of 
oocytes to repair sperm DNA) can affect fertility by propagating sperm DNA damage. 
Both immature and damaged sperm escaping apoptosis produce large amounts of 
ROS. This oxidative stress can affect mature sperm during co- migration in seminifer-
ous tubules, storage in the epididymis, and also after ejaculation [39]. Additional fac-
tors such as alcohol consumption, smoking, infections, medications, varicocele, and 
other diseases may also cause DNA damage via increased ROS production [42]. A list 
of potential environmental and clinical factors causing SDF is summarized in Fig. 3.1.

Inherent sperm factors

ART- related factors

Genital tract pathologies

Environmental &
lifestyle factors

Some medications and supplements

Advanced age

Systemic pathologies

Recurrent implantation failure

Sperm DNA Damage

Prolonged incubation period

Varicocele

Smoking

Heavy metals
Pollution
Toxins (e.g pesticides)
Obesity
Heat exposure

Prolonged fever

Systemic infections
Diabetes

Cancers (e.g. lymphoma,
leukemia, etc.)

Alcohol
Radiation

Infections
Leukocytospermia
Cryptorchidism
Testicular torsion
Testicular cancer

Chemotherapy agents
Antidepressants (e.g. some SSRIs)
Herbal medicines (e.g. St. John’s wort)
Recreational/illicit drugs (e.g. marijuana,
cocaine, opiates)

Freeze-thaw cycles

Immature/ abnormal sperm
Defective apoptosis
Prolonged stasis in epididymis

Abnormal cytoplasmic ROS to anti-oxidant ratio
Abnormal protamination

Chromosomal abnormalities

Fig. 3.1 Potential factors leading to sperm DNA damage or fragmentation. The figure depicts the 
factors that possibly can cause sperm DNA damage directly or via oxidative stress. Multiple path-
ways are possible for each of the factors listed. ROS reactive oxygen species, ART assisted repro-
ductive technology, SSRI selective serotonin reuptake inhibitor
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ROS are normally needed for a number of essential steps in sperm maturation. A 
correct balance between oxidative agents and antioxidants is thus essential for func-
tions such as chromosomal compaction, capacitation, and acrosome activation [42]. 
An imbalance between ROS and antioxidants in the sperm environment can cause 
lipid peroxidation, which damages sperm membrane integrity and sperm motility 
[43]. Different methods are available to assess ROS levels in semen. However, in the 
absence of clinically meaningful cutoffs and definitions for abnormal ROS levels, 
these tests are of little use in clinic [44]. DNA damage is also mediated by caspases 
and endonucleases after exposure to non-physiologic concentrations of ROS [39]. 
Interestingly, overnight incubation and prolonged culture times during IVF is asso-
ciated with higher SDF, possibly due to higher ROS generation and longer exposure 
of sperm to the ROS produced by immature sperm and other environmental factors 
[45, 46]. Hence, prior testing for SDF may also have some clinical significance for 
choosing the right ART protocol to minimize oxidative damage.

Different tests are available for detecting sperm DNA damage. Characteristics of 
the five most commonly used tests (terminal deoxy-nucleotide transferase-mediated 
dUTP nick end labeling [TUNEL], sperm chromatin structure assay [SCSA], sperm 
chromatin dispersion [SCD], Comet assay, and acridine orange assay) are summarized 
in Table 3.1. Other assays such as in situ nick translation assay (ISNT), aniline blue 
staining, toluidine blue, and chromomycin A3 (CMA3) are also available but less com-
monly used in the literature considering RIF and implantation outcomes. Additional 
information and comprehensive reviews on SDF tests are available elsewhere [47, 48].

Each test measures a different type of DNA damage and provides different infor-
mation that is not necessarily correlated with the results of other SDF tests. Thus, it 
is important to keep in mind that these assays are not interchangeable. For example, 
Stahl et al. reported that the correlation between SCSA and TUNEL might actually 
be weaker than what was previously assumed [49]. Most SDF tests lack a standard-
ized cutoff value, making comparison between different studies troublesome [50]. 
Currently, none of these modalities produce sperm useable for IVF/ICSI after SDF 
tests. Moreover, reliable clinical data regarding different SDF test results and the 
implantation outcomes are either missing or inconsistent.

Correlations between conventional semen parameters and sperm DNA dam-
age are equivocal. Although some studies report associations with sperm con-
centration, morphology, and motility [35, 51–53], the results are not consistent 
[54–56]. Additionally, the type of SDF test used can impact this correlation. 
For example, a recent study reported that SCSA results are negatively corre-
lated with sperm concentration and motility, while TUNEL results were inde-
pendent of conventional semen parameters [49]. However, the key concept is 
that high SDF can be present despite normal bulk semen parameters [39, 54, 
57]. Interestingly, Bareh et  al. recently showed that even with normal sperm 
parameters, male partners of women with unexplained RPL had higher rates of 
sperm DNA damage [12]. Thus, SDF testing can provide clinically actionable 
information independent of bulk seminal parameters in patients under work-up 
for RPL and RIF [58].
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During the last decade, at least eight systematic reviews and meta-analyses were 
performed to assess the effects of SDF on different outcomes, including pregnancy 
rates, live birth rates, and pregnancy loss after natural pregnancy or ART [10, 50, 
59–64]. The results are, however, inconsistent and hard to generalize. The results 
from four meta-analyses, which provided data on relationship between sperm DNA 
damage and miscarriage after IVF or ICSI, are summarized in Table 3.2. A 2008 
meta-analysis by Zini et  al. suggested that sperm DNA damage is predictive of 
 miscarriage after IVF and ICSI [62]. They also reported that their findings were 
independent of the treatment method (IVF or ICSI), as well as the testing method 
(TUNEL or SCSA). A larger meta-analysis in 2012 showed an overall 2.16-fold 
increase in the risk of miscarriage with higher SDF compared to lower SDF; they 
also reported that significant results were obtained with TUNEL and SCSA but not 
with Comet and acridine orange assays [63].

In a more recent meta-analysis, Zhao et  al. also reported a significantly 
increased miscarriage rate in patients with high sperm DNA damage; in the same 
study however, subgroup analysis for miscarriage was significant only for ICSI 
but not for IVF [10]. Also, similar to a study by Robinson et al., in a subgroup 
analysis based on SDF test type, the combined results (IVF and ICSI) were sig-
nificant for TUNEL and SCSA, but not for the Comet assay and acridine orange 
combined [10]. These findings were not reproduced in a meta-analysis by Zhang 
et  al., who reported nonsignificant results for effect of SDF on pregnancy loss 
after IVF or ICSI [64]. However, in 2015, Osman et al. performed a meta-analysis 
on the effect of SDF on live birth rate after ART and concluded that high SDF is 
associated with lower live birth rates after both IVF and ICSI, although the results 
were only marginally significant [50]. This was the first meta-analysis that 
assessed live birth rates as the outcome in relation to sperm DNA damage. High 
heterogeneity of the pooled data, using various assays and cutoffs in different 
studies, inadequate power for subgroup analyses, and variable inclusion and 
exclusion criteria are some of the obstacles in reaching a firm conclusion from 
these studies.

Despite the growing interest in DNA fragmentation and the large number of 
publications, especially during the last two decades, controversies are still ongoing 
on when and how DNA fragmentation tests should be used in current clinical prac-
tice, if at all [20, 65, 66]. Spurred by these inconsistencies, the most recent ASRM 
guideline for evaluation of infertile men refers to DNA integrity testing as “contro-
versial” and does not recommend the routine use of SDF tests for male factor infer-
tility work-up. However, the same report acknowledges that “the effect of abnormal 
sperm DNA fragmentation on the value of IUI or IVF and ICSI results may be clini-
cally significant” [20]. Based on the current evidence, using SDF testing might be a 
viable option specifically in cases of RIF. The information provided allows for more 
informed decision-making and more realistic expectations. Patients with high SDF 
values might be good candidates for genetic counseling and consideration for alter-
native sperm selection methods (see below).

There is conflicting evidence regarding IVF vs. ICSI outcomes in cases of high 
sperm DNA damage. When considering live birth rates as an outcome, patients with 

3 Spermatogenesis: Fertile Ground for Contributing to Recurrent Implantation Failure?
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higher SDF appear to have poor results with IVF but not with ICSI [50, 67]. Data is 
limited in this regard, and the underlying reason behind this difference is largely 
unknown. As proposed by Lewis et al. [65], and also Bungum et al. [68], women 
undergoing ICSI may be younger and healthier compared to those undergoing IVF, 
so their oocytes might have a higher capacity for sperm DNA repair. Additionally, 
sperm used in IVF spend more time in culture media and has higher chances of 
oxidative damage due to proximity to immature sperm and other natural substances 
in the culture media overnight [65, 67]. Thus, choosing ICSI over IVF may lead to 
higher live birth rates for cases with high sperm DNA damage, since it bypasses 
many of the natural selection barriers. However, this might not be true when consid-
ering RPL and RIF as outcomes. It is arguable that natural sperm selection in IVF 
may deselect some sperm with high DNA damage. So if ICSI is used to bypass this 
step, despite higher fertilization rates achieved, a sperm with high DNA damage can 
still cause early pregnancy loss or yet unknown abnormalities in the embryo [50, 
69]. This hypothesis can partly explain high rates of RIF encountered with both IVF 
and ICSI in those with high sperm DNA damage. Thus, current evidence does not 
indicate superiority of either IVF or ICSI when considering RPL and RIF. Also, the 
ramifications for offspring using sperm with significant DNA damage remain 
unknown.

The choice of SDF test for evaluation of RIF is also controversial. Theoretically 
SDF tests detecting double-strand DNA damage (e.g., TUNEL and alkaline Comet) 
should be more appropriate for predicting miscarriage since single-stranded DNA 
damages are usually of less significance and easier to repair by a healthy oocyte 
[39]. Data from current meta-analyses suggest that TUNEL and SCSA have better 
correlations with RIF. A DNA fragmentation index cutoff of 30% is commonly used 
for SCSA, and a threshold of 15–20% is used for TUNEL. However, the appropriate 
cutoff value to predict recurrent miscarriage after ART remains controversial and 
undetermined. Much of this stems from lack of standardized protocols with high 
interobserver and interlaboratory variations.

 Sperm Epigenetics

A burgeoning area in infertility research is the role of epigenetics in male fecundity. 
Epigenetics includes noncoding changes in the genome that do not alter the basic 
DNA sequence. These alterations might occur via different mechanisms such as 
changes in methylation, histone modification, or via microRNAs [24, 70]. The 
sperm epigenetic profile might actually encompass a “historical record” of the sper-
matogenesis process and also provide information on a variety of environmental 
factors that can affect male fertility [24, 70].

During sperm maturation, 90–95% of histones are replaced by protamines (major 
nuclear sperm proteins). This protamination allows for a more efficient packaging 
of highly compacted chromatin and also protects the sperm from oxidative stress 
[71]. Any aberrations in this epigenetic process would render the sperm vulnerable 
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to DNA damage and may have at least some diagnostic value for infertility work-up 
[70, 72]. DNA methylation is another important aspect of sperm epigenetics that 
plays a well-established role in imprinting disorders [70]. Interestingly, recent stud-
ies reported associations between differentially methylated areas in sperm DNA and 
fecundity in men [73, 74]. This underscores the diagnostic implications of sperm 
epigenetics. While the role of sperm epigenetics is currently confined to research 
and most of the diagnostic targets are not fully validated, this field holds tremendous 
promise for understanding RIF.

 Potential Therapeutic Options and Interventions

High-level evidence is lacking for many of the behavioral, lifestyle, and nutritional 
interventions, as well as diagnostic and treatment options, in regard to RIF after 
ART. However, taking into account the known associations between many of the 
modifiable factors and sperm quality or overall fecundity, some general interven-
tions or lifestyle modifications are recommended for male partners undergoing 
assessment for RIF (Table 3.3). It is noteworthy that any changes in sperm param-
eters probably need a 72-day period (a full spermatogenesis cycle) to come into full 
effect. Thus, any repeat testing or intervention, if indicated, should be performed 
with an appropriate time interval.

Alcohol: Heavy alcohol consumption is linked to systemic ROS generation and 
may negatively affect sperm parameters and create testicular pathology [75, 76]. 
Likewise, paternal alcohol consumption can specifically affect IVF outcomes and 
lead to lower rates of live birth and higher rates of miscarriage [77, 78]. Although 
the available studies are small and mostly include men with heavy alcohol con-
sumption, male partners in couples with a history of RIF undergoing IVF or ICSI 
should avoid alcohol consumption or decrease its use significantly.

Smoking: Cigarette smoke contains various toxic agents including ROS and 
heavy metals and can cause direct and indirect damage to sperm. Smoking can 
negatively affect bulk semen parameters (e.g., count, motility, morphology, etc.) 
and also leads to double-strand DNA breaks and sperm DNA damage [42, 79]. 
Additionally, it can cause a variety of genetic, epigenetic, and molecular alterations 
affecting male fertility via poorly understood mechanisms [80, 81]. There is also a 
positive association between preconception (as well as during pregnancy and after 
birth) paternal smoking and certain childhood diseases including leukemia [82, 83]. 
Thus, smoking cessation is highly recommended for patients with RIF undergoing 
ART procedures.

Varicocele: About 15% of normal men have some degree of varicocele, and this 
figure reaches up to 40% in infertile males [105]. Varicocele is associated with oxi-
dative stress and higher sperm DNA damage [90, 91]. There is now a consensus on 
surgical repair of varicoceles in infertile men, specifically when abnormal semen 
parameters are present [92, 105]. A meta-analysis in 2016 reported that treating 
varicocele increases pregnancy as well as live birth rates after ICSI [93]. Also, 
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Table 3.3 Modifiable factors causing sperm DNA damage or affecting ART outcomes

Modifiable factor Negative impacts Recommendation
Supporting 
references

Alcohol Increases ROS generation; 
affects bulk semen 
parameters; creates testicular 
pathology; negatively 
impacts reproductive 
capability, pregnancy 
outcomes, and miscarriage 
rate

Avoid alcohol 
consumption or 
significantly decrease its 
use prior and during ART

La Vignera 
[75]
Opuwari 
[76]
Klonoff-
Cohen [77]
Nicolau [78]

Smoking ROS-mediated and direct 
damage to sperm; negative 
effect on bulk semen 
parameters; strong 
association with high sperm 
DNA damage; increases risk 
of certain diseases (e.g., 
leukemia) in the offspring

Cessation of smoking Sharma [79]
Harlev [80]

Avoid second-hand 
smoke

Esakky [81]
Liu [82]

Testicular heat stress Impairs spermatogenesis; 
increases sperm DNA 
damage

Avoid prolonged wet heat 
to groin area (sauna, hot 
tubs, Jacuzzi)

Rao [84]
Rao [85]
Garolla [86]

Could consider to avoid 
wearing tightly fitted 
underwear, cycling with 
tight pants, and using 
laptop on closed legs. 
However, unconvincing 
data for these

Ahmad [87]
Sheynkin 
[88]
Southorn 
[89]

Varicocele Associated with higher 
oxidative stress and sperm 
DNA damage; increases 
testicular heat stress; 
negative impact on bulk 
semen parameters

Screen and offer 
varicocelectomy to 
patients before ART

Pathak [90]
Wang [91]
Shauer [92]
Esteves [93]

Abstinence time Prolonged abstinence may 
lead to more oxidative sperm 
DNA damage

Consider shorter 
abstinence times (e.g., 
1–2 days) before 
providing semen for ART

Agarwal 
[94]
Mayorga-
Torres [95]
Gosalvez 
[96]
Pons [97]

Environmental toxins 
(Pesticides, heavy 
metals, etc.)

Positive correlation with 
sperm DNA damage

Avoid pesticide exposure Sengupta 
[98]

Avoid occupational 
exposure to heavy metals 
and toxins if possible

Wright [42]
Wirth [99]

(continued)
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recent evidence from both observational studies and randomized controlled trials 
show that varicocelectomy before ART may decrease miscarriage rates and improve 
the pregnancy outcomes [106, 107], although controversial results are also reported 
[108]. Taken together, varicocelectomy is a feasible intervention before performing 
ART and may also benefit couples with RIF.

Testicular heat stress: Since spermatogenesis is a temperature-dependent 
 process, occurring in lower than normal body temperatures, elevation in scrotal 
temperature could cause testicular heat stress or “thermal spermatotoxicity” and is 
associated with impaired spermatogenesis, increased immature sperm, increased 
ROS formation, autophagy, and higher SDF [87, 109]. For example, in a  randomized 
clinical trial, Rao et al. showed that transient and frequent scrotal hyperthermia (by 
soaking in 43 °C water) causes severe but reversible changes in spermatogenesis 
[84, 85]. Tightly fitted underwear; moderate cycling; regular use of sauna, Jacuzzi, 
or hot tubs; as well as using laptop on closed legs all might increase scrotal tempera-
ture and potentially cause sperm DNA damage or decrease in sperm quality [42]. 
However the available evidence for most of these claims is limited. Male partners 
pursuing ART procedures may be advised to avoid these habits but must also be 
counseled that there is no conclusive evidence that anything other than exposure to 
wet heat is damaging [85, 110].

Shorter abstinence times: The World Health Organization (WHO) traditionally 
suggests 2–7  days of abstinence before providing a semen sample for analysis 
[111]. This is largely based on earlier studies reporting improved conventional 
semen parameters after this period. However, as previously discussed, conventional 
semen analysis does not take into account factors like ROS generation and sperm 

Table 3.3 (continued)

Modifiable factor Negative impacts Recommendation
Supporting 
references

Obesity and diet High BMI might be 
associated with negative 
semen quality, fertility 
outcomes, and pregnancy 
loss after ART

Eat a healthy diet Sermondade 
[100]

Exercise regularly Campbell 
[101]

Maintain a healthy BMI Barazani 
[102]

Medications 
(antidepressants, 
calcium channel 
blockers, alpha-
adrenergic blockers, 
anticonvulsants, 
antiretroviral)

Some medications may alter 
semen quality or pregnancy 
outcomes

Avoid using drugs known 
to negatively impact 
sperm quality or use 
alternatives if possible

Brezina 
[103]
Wright [42]

Recreational/illicit 
drugs

Negatively impact fertility, 
sperm function, and 
testicular structure

Avoid recreational drug 
use (e.g., marijuana, 
cocaine, opiates, anabolic 
steroids, etc.)

Fronczak 
[104]
Barazani 
[102]

ART assisted reproductive technology, ROS reactive oxygen species, BMI body mass index
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DNA damage. More recent studies indicate that shorter abstinence is not associated 
with unfavorable sperm parameters, and in fact, with longer abstinence, rates of 
ROS and SDF are increased [94, 95]. On the other hand, a 1-day abstinence instead 
of the recommended 2–7 days leads to less sperm DNA damage and may be benefi-
cial, especially for ART purposes [96, 97]. It is reasonable, although far from con-
clusive, to consider recommending shorter abstinence times to couples with RIF 
where the man has a high SDF.

Antibiotic treatment of leukocytospermia: Leukocytes in semen are a source for 
ROS generation and potentially higher sperm DNA damage [42, 112]. Although 
some reports suggest a negative impact of leukocytospermia on IVF and ICSI out-
comes, many others do not show such a correlation [113, 114]. Thus, antibiotic 
treatment of leukocytospermia in the absence of infection currently lacks sufficient 
evidence in RIF cases. However, treatment of underlying infection might be helpful 
in resolving the leukocytospermia and potentially improving ART outcomes, 
although no specific study has yet assessed this claim. Moreover, appropriate leuko-
cyte counting methods and cutoffs for clinically significant leukocytospermia 
remain controversial.

Other factors: Considering the potential detrimental effects of various environ-
mental toxins, it is recommended that patients avoid occupational or environmental 
exposure to heavy metals, pesticides, bisphenol A (used in plastic packaging), and 
xenobiotics [42, 99]. Exposure to x-ray radiation should also be discouraged. A 
healthy diet and weight loss may be recommended as additional efforts to improve 
overall health and sperm quality [42, 102]. A thorough medication history, includ-
ing supplements, herbal medicine, over-the-counter drugs, and also recreational 
drug use may also provide useful information. A number of medications such as 
some antidepressants, calcium channel blockers, opioids, and codeine may have 
detrimental effects on semen quality or fertility [42, 103].

Oral antioxidant therapy: As previously mentioned, oxidative stress is the main 
factor in SDF and can also damage the sperm membrane, causing fertility problems 
[40]. On the other hand, physiologic levels of ROS play an important role in sperm 
maturation. Therefore, using antioxidants may be considered a double-edged sword 
if consumed in excess. Semen naturally contains antioxidants such as vitamins E 
and C, selenium, zinc, folate, carnitine, and carotenoids [115, 116]. With rising 
interest in the role of ROS on semen parameters, several studies suggested that 
using antioxidants improves semen quality and sperm DNA damage. A Cochrane 
review in 2014 assessed the role of antioxidants for male subfertility and concluded 
that antioxidant supplementation might improve live birth and clinical pregnancy 
rates; however the evidence is of low quality [116]. In the same report, the authors 
analyzed results from two studies that specifically addressed the use of antioxidants 
in patients undergoing IVF or ICSI [117, 118]. Pooled data indicated antioxidants 
increase live birth rate after IVF or ICSI, when compared to placebo (OR 3.61, 95% 
CI: 1.27–10.29, from 2 randomized controlled trials, 90 men). However, the results 
were not statistically significant for clinical pregnancy (OR: 2.64, 95% CI: 0.94–
7.41) [116]. Different antioxidant supplements such as vitamins C and E, carotene, 
selenium, glutathione, etc. are studied for improving SDF [42]. One of the afore-
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mentioned randomized trials used vitamin E (300 mg, twice a day for 3 months) 
[117], and the other one used Menevit (Bayer, Sydney, Australia; each capsule con-
tains vitamin E 400 IU, vitamin C 100 mg, lycopene 6 mg, zinc 25 mg, selenium 26 
microgram, folate 0.5 mg, garlic 1000 mg, palm oil [vehicle]), one capsule daily for 
3 months prior to IVF cycle [118]. It remains difficult to make a strong recommen-
dation based on this limited evidence; however a trial of oral antioxidant supple-
mentation may be considered in RIF cases. The optimal antioxidant agent, dosing, 
and duration of treatment remains largely unknown. It is relevant to note that 
although evidence on adverse effects of antioxidants is of very low quality, miscar-
riage is included as a potential side effect [116].

Targeted sperm selection: For natural conception to occur, sperm go through a 
stringent physiologic screening process where only a few selected sperm reach the 
oocyte at the site of fertilization. Although our knowledge is limited on the physio-
logic selection of sperm in humans, it is intuitive that more “fit and fecund” sperm 
are selected in this process [119]. With advent of newer ART techniques, specifi-
cally ICSI, this natural process of sperm selection is bypassed. For example, sperm 
selection in ICSI has largely relied on gross morphology and motility characteristics 
[119]. By this circumvention, we are sometimes forcing an individual sperm, which 
would not otherwise pass the natural sperm selection challenge, to fertilize an egg. 
So it is highly likely that recurrent miscarriages could result if the selected sperm is 
not actually optimized for fertilization and early embryogenesis.

An ideal sperm selection method is noninvasive and quick, allows deselecting 
abnormal sperm and those with hidden DNA damage, selects for a “fit and fecund” 
male gamete, does not destroy the tested sperm or compromise its functional and 
structural integrity, and would eventually improve outcomes after ART.  In the 
absence of such a “magic test” in the andrology armamentarium, a number of 
approaches are currently under development in hopes of choosing sperm with less 
DNA damage. However, evidence of their efficacy in improving RIF outcomes is 
very limited.

Conventional sperm sorting methods, namely, density gradient centrifugation 
(DGC), conventional sperm swim-up (CSW), and direct sperm swim-up (DSW), 
involve multiple washing and centrifugation steps that can lead to ROS generation 
and damage to sperm DNA [40, 120]. At the turn of the twentieth century, a new 
approach named “motile sperm organelle morphology examination” or MSOME 
was introduced that utilized real-time high magnification for sperm selection [121]. 
This allowed a modification to conventional ICSI by selecting a sperm with seem-
ingly normal morphology and motility in a technique known as intracytoplasmic 
morphologically selected sperm injection (IMSI). Since then, controversies are 
ongoing on the potential benefits of IMSI over ICSI in different clinical situations. 
Although current evidence does not support superiority of IMSI for unselected 
patients [122], the data are more convincing for patients with previous ICSI failures 
or those with severe male infertility factors. For example, a recent meta-analysis 
reported a 70% decrease in miscarriage rate for IMSI, compared to ICSI, for this 
subpopulation of patients [123]. Therefore, until more sophisticated and reliable 
sperm selection techniques are more readily available, IMSI may be considered for 
cases with RIF and those with high SDF rates.
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Some newer options are also available for sperm selection: birefringence, glass 
wool filtration, microfluidic-based sperm sorting, hyaluronic acid binding, magnetic- 
activated cell sorting, zeta potential, electrophoretic sperm isolation, and microelec-
trophoresis [124–130]. However, none of these methods are currently widely 
available, and none has shown convincing clinical value in improving pregnancy 
outcomes [58, 120]. More information on individual tests is available elsewhere 
[120, 130].

Testicular sperm extraction (TESE) and aspiration (TESA): Sperm directly 
retrieved from the testis are known to have less DNA fragmentation compared to the 
ejaculated sperm [58, 131, 132]. Recently, Esteves et al. performed a prospective 
cohort study on oligozoospermic men with high SDF and reported that DNA dam-
age in sperm obtained by TESE/TESA was one-fifth of that in the ejaculated sperm; 
ICSI outcomes were also significantly better when the TESE/TESA sperm were 
used [131]. Interestingly, miscarriage rates were also significantly lower in the 
TESE/TESA group, compared to the ejaculated sperm group (OR: 0.29, 95% CI: 
0.10–0.82) [131]. Importantly, some studies suggest that testicular sperm may actu-
ally have higher levels of sperm aneuploidy [18, 133]. For example, Moskovtsev 
et al. reported that although the TESE sperm had lower SDF compared to the ejacu-
lated sperm, the rate of aneuploidy in chromosomes 13, 18, 21, X, and Y was in fact 
higher [134]. Taking these all together, using TESE/TESA may be a good option for 
some patients struggling with RIF, specifically those with higher rates of sperm 
DNA damage. Implementing preimplantation genetic screening to find aneuploidy, 
can serve as a complementary test with this approach so the potential benefits of 
TESE/TESA with ICSI would not be offset by increased rates of aneuploidy.

Preimplantation genetic screening (PGS): Generally, PGS can be recommended 
for most cases of RPL and RIF [135]. From a male factor perspective, PGS can be 
a beneficial and complementary test for patients with RIF, specifically when high 
rates of sperm DNA damage or sperm chromosomal aneuploidy are present. 
Interestingly, Rubio et al. reported that in patients with RPL, who had a sperm chro-
mosomal abnormality detected by FISH, no miscarriages were found when PGS 
was implemented. So they suggested that detection of a sperm chromosomal abnor-
mality would be a reliable indication for PGS [136]. Although costly, examination 
of the embryo using FISH, or more ideally aCGH, or newer sequencing techniques, 
aids in selecting healthier embryos for implantation and helps to avoid RIF in 
patients with known risk of low sperm quality.

 Future Directions

With the rapid advent of newer technologies and tests for evaluating male factors, 
lack of well-designed studies and randomized controlled trials to assess clinical 
impact remains an important obstacle to applying them to clinical practice. For this 
reason, the first step would be standardization of available techniques and perfor-
mance of high-quality studies to assess different pregnancy outcomes in well- 
defined and specific subpopulation of patients.
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There is a growing need for a reliable noninvasive sperm-sorting test to select 
sperm with minimal DNA damage to improve outcomes after IVF or ICSI. In addi-
tion to the sperm selection methods named above, a number of other tests are also 
under investigation for future use. For example, Raman spectroscopy uses discrete 
laser scattering to assess the genetic material in live sperm and could potentially 
select for sperm with better molecular characteristics [120, 127]. “Omics” technology 
is also an emerging field dealing with intracellular interactions at different levels. 
Transcriptomics, proteomics, and metabolomics analyses on sperm are different areas 
of interest for infertility research, and the findings may have clinical implications in 
the future [119]. Sperm epigenetics is also an interesting and growing area for future 
infertility research. Epigenetic biomarkers are developing to help in better under-
standing of sperm fecundity, and also the effect of environmental exposures [24].

With the evidence we currently have in hand, testing for sperm chromosomal 
abnormalities is essential for couples with RIF. Although it remains difficult to pre-
dict the exact risk of unfavorable outcomes in presence of sperm DNA damage or 
aneuploidy diagnosed with current tests, the results can help clinicians and patients 
in a number of ways. It allows for a more informative discussion with patients and 
helps to offer additional options such as PGS and genetic counseling. For couples 
with high degrees of abnormal sperm genetic material, a detailed discussion about 
the risks and potential impacts of these findings on final ART outcomes enables the 
parents to make more educated, although difficult, decisions about their reproduc-
tive choices and allows them to also consider alternative options.
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 Cleavage Stage Embryos

 Developmental Rate and Abnormal Kinetics in the Cleavage 
Stage Embryo

The human preimplantation embryo develops along a predictable timeline, as first 
demonstrated by Edwards et al. [1] (Fig. 4.1). Accordingly, developmental rate and 
morphologic appearance traditionally have been the two main considerations for 
noninvasive selection of embryos for transfer. Both the Society for Assisted 
Reproductive Technology [2] and the Alpha Scientists in Reproductive Medicine/
ESHRE Special Interest Group of Embryology [3] have recently described cleavage 
stage scoring systems in detail. Such scoring, whether performed once on the day of 
transfer (i.e., single parameter) or serially to generate a cumulative score (i.e., com-
bined parameter), considers cell number, fragmentation, symmetry, and other fea-
tures such as cytoplasmic granularity, multinucleation, and loss of membrane 
definition at the cleavage stage.

Two measurements of developmental rate, in particular, have been associated 
with implantation potential following day 3 transfer—early cleavage (division to 
the two-cell stage by 26–28-h post-insemination (HPI)) and total cell number at 
64–68 HPI [4, 5]. In a prospective cohort study, Sakkas et al. [6] demonstrated that 
early cleavage was predictive of implantation (early cleavage 58/219, 25.5% vs. no 
early cleavage 43/290, 14.8%; P = 0.01). This finding has been corroborated by 
several other groups [7, 8]. Regarding total cell number, numerous studies have 
shown a direct correlation between cell number and implantation potential at the 
cleavage stage [9–11]. Racowsky et al. [5] clarified the optimal cell number at the 
day 3 evaluation and showed in a retrospective analysis of 1823 embryos with 
known implantation fate that embryos containing eight cells at 64–68 HPI had the 
highest implantation potential, followed by embryos with greater than eight cells, 
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Fig. 4.1 Normal developmental kinetics of the human cleavage stage embryo. Solid line repre-
sents mean time in hours; dashed lines represent the 95% confidence intervals. Reprinted with 
permission from Edwards et al. Am J Obstet Gynecol 1981;141:408–16
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which in turn had higher implantation rates (IR) than those with seven or fewer 
cells. Of note, neither early cleavage nor blastomere number has been specifically 
evaluated in the RIF population.

With the advent of time-lapse imaging (TLI) systems, in which images are 
acquired at frequent, preset time intervals (every 5–20 min), the nature of cleavage 
kinetics has been further characterized. While many of these time-based parameters 
have been shown to predict blastocyst formation, fewer have a clear association with 
implantation (reviewed by Kaser and Racowsky [12]). TLI parameters that have 
been demonstrated to predict implantation potential include the duration of the first 
cytokinesis; the time to the two-cell, three-cell, and five-cell stages; and the duration 
of the two-cell and three-cell stages [13–16]. These time-based assessments have 
been incorporated into hierarchal ranking systems as an adjunct to selection by con-
ventional morphology alone [17]; however, no one selection algorithm has emerged 
as dominant. Indeed, the clinical utility of TLI has been called into question by the 
four randomized controlled trials (RCTs) performed to date. Three of these failed to 
demonstrate an improvement in clinical pregnancy rates (CPR) when TLI was used 
for embryo selection [18–20], and the one showing a significant improvement in IR 
[21] involved several biases in favor of the TLI group associated with differences 
between the culture systems used for the control and study groups [22]. Adjunctive 
use of TLI has not been studied in the RIF population, and it remains to be seen 
whether this selection strategy will be beneficial in this unique group of patients.

 Morphologic Features Associated with Implantation  
at the Cleavage Stage

Several morphologic features of the human preimplantation embryo have been shown 
to correlate with implantation at the cleavage stage, including fragmentation [5, 23, 
24], blastomere symmetry [5, 25], multinucleation at the four-cell stage [26–28], 
poor membrane definition/early compaction [29, 30], and zona pellucida (ZP) thick-
ness [31–33]. A comprehensive review of each of these features, along with their 
relative contributions to the likelihood of implantation following day 3 transfer, was 
written by Skiadas and Racowsky [34]. The only morphologic parameter that has 
been studied specifically in the RIF population is ZP thickness, as described below.

 Laboratory Interventions to Improve Implantation  
Potential at the Cleavage Stage

 Time-Lapse Imaging for Detection of Abnormal Cleavage Patterns, 
Abnormal Phenotypes, and Multinucleated Embryos

While TLI has not been shown in prospective studies to improve CPR when used in 
hierarchal scoring algorithms, it is capable of detecting abnormal kinetic and mor-
phologic parameters that conventional morphology cannot. Ultimately, where TLI 
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may confer an advantage over conventional morphology is not in the measurement 
of certain intervals or cell durations but rather in the identification of abnormal 
cleavage (AC) and reverse cleavage (RC) patterns. AC is defined as the division of 
one cell into three, rather than two, daughter cells; RC is defined as blastomere 
fusion (i.e., two daughter cells fusing to form one cell). Both of these cleavage pat-
terns have been shown to be highly predictive of implantation failure. Athayde 
Wirka et al. [35] reported that embryos exhibiting AC have lower IR than those that 
cleave normally (1/27, 3.7% vs. 19/105, 18.0%; P = 0.05); similarly, embryos with 
RC also have decreased implantation potential (0/22, 0% vs. 29/131, 22.1%; 
P = 0.01) [36]. The incidence of AC and RC has not been described in the RIF popu-
lation, and studies evaluating the deselection of embryos based solely on these 
parameters have not been undertaken.

Similar to these abnormal cleavage patterns, TLI is also able to detect abnormal 
morphologic features that cannot be seen with static observations. Two that deserve 
mention are abnormal syngamy and abnormal first cytokinesis. In a retrospective 
analysis of embryos with known implantation fate, Athayde Wirka et al. [35] showed 
that embryos exhibiting abnormal syngamy, defined as disordered pronuclei move-
ment within the cytoplasm accompanied by delayed dispersion of the nuclear enve-
lopes at the time of pronuclei fading, had a non-statistically significant decrease in 
implantation (0/14, 0% vs. 19/106, 17.9%; P  =  0.08). Similarly, those with an 
abnormal first cytokinesis, defined as the presence of oolemma ruffling and pseudo-
furrow formation prior to the first mitotic division, likewise may have decreased 
implantation potential (2/32, 6.2% vs. 15/91, 16.5%; P = 0.1). The impact of these 
phenotypes has not been evaluated prospectively or in the RIF population.

It should also be noted that multinucleation, while observable with conventional 
morphology, may be more readily detected with the use of TLI, particularly when 
bright-field imaging is used. Goodman et al. [19] demonstrated the utility of TLI in 
the detection of multinucleation in a randomized controlled trial (RCT) of embryo 
selection with or without adjunctive TLI-based annotation. When embryos were cul-
tured in a TLI system but selected for transfer based on conventional morphology 
alone, only 76/1080 (7.0%) were called multinucleated at the four-cell stage; in con-
trast, when the TLI videos of these same embryos were reviewed retrospectively, an 
additional 305 embryos were found to exhibit multinucleation (381/1080, 35.3%). In 
a multivariate analysis, multinucleation was independently and inversely associated 
with implantation potential (OR 0.51; 95% CI 0.30–0.86; P = 0.01) [19]. Deselection 
of multinucleated embryos has never been specifically evaluated in RIF patients.

 Assisted Hatching for Treatment of the Thick Zona Pellucida

The ZP is a tetravalent glycoprotein coat surrounding the mammalian oocyte that is 
responsible for sperm binding, the initiation of the acrosome reaction, and preven-
tion of polyspermy. In vivo the ZP is likewise important for protecting the preim-
plantation embryo as it traverses along the oviduct and into the uterus. Escapement 
of the embryo from the ZP (i.e., hatching), via both mechanical and chemical efforts, 
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is a prerequisite for interaction between the trophectoderm and the uterine epithe-
lium. Indeed, embryos that fail to hatch are not able to implant [37].

Accordingly, many studies have attempted to correlate certain morphologic fea-
tures of the ZP, including thickness, hardness, and variation, with implantation 
potential [31–33]. Both a thinner ZP and one in which there is more varied thickness 
have been associated with higher IR [38].

These observations led to the development of assisted hatching (AH), which is a 
catchall term for several different micromanipulation techniques aimed to artifi-
cially thin or breach the ZP. AH can be performed by partial zona dissection with a 
glass microneedle [39], zona drilling with acidified Tyrode’s solution [37], infrared 
laser photoablation [40], or the use of a piezoelectric pulse [41]. While studies exist 
comparing the clinical efficacy of these techniques, there is no definitive evidence 
that one method is superior to another [42].

The first RCT of AH reported higher IR following zona drilling of “poor progno-
sis” embryos, defined as those with a thickness >15 μm, a low blastomere number, 
and high degree of fragmentation [43]. Subsequent studies revealed conflicting 
results: some noted higher IR with AH [44, 45], while others showed no difference 
[46, 47], and still other showed harm [48, 49]. This heterogeneity is also apparent in 
trials that specifically evaluated the role of AH among patients with a history of 
RIF. Valojerdi et al. [50] randomized 796 RIF patients to transfer of a day 2 embryo 
with a breached or intact ZP; there was no difference in CPR or IR in the treatment 
and control group. In contrast, Stein et al. [51] randomized 154 RIF patients to par-
tial zona dissection or no intervention and observed a significantly higher CPR fol-
lowing hatching among a subgroup of patients greater than age 38 years (23.9% in 
the study group vs. 7% in the control group; P < 0.05).

A Cochrane systematic review and meta-analysis analyzed 31 RCTs on the effect 
of AH on CPR (2933 patients in the AH group vs. 2795 patients in the control 
group) and noted a slightly higher CPR in the treatment group (OR 1.13; 95% CI 
1.01–1.27) [42]. Notably, there was considerable study heterogeneity in this analy-
sis (I2 = 49%), indicating that differences in study design, patient characteristics, 
operator experience, and hatching method may render it problematic to generate 
summary statistics from these trials [52]. Subgroup analysis of patients undergoing 
their first IVF/ICSI cycle failed to show a benefit of AH (six RCTs; n = 650; OR 
0.77; 95% CI 0.54–1.10), while those who had failed at least one prior cycle had a 
modest improvement in CPR following AH (nine RCTs; n = 1365; OR 1.42; 95% 
CI 1.11–1.81). Only two of these nine studies independently demonstrated a higher 
CPR with AH ([53, 54]; Fig. 4.2), but the overall effect estimate excluded one, sug-
gesting that the intervention may be beneficial in patients with a prior failed cycle. 
Among the studies that included live birth rate (LBR) as an outcome, there was no 
difference between the control and AH groups when all cycles were considered 
(nine RCTs; n = 1921; OR 1.03; 95% CI 0.85–1.25) or after subanalyses restricted 
to only first cycles (one RCT; n = 20; OR 0.24; 95% CI 0.03–2.03) or repeat cycles 
(one RCT; n = 150; OR 1.4; 95% CI 0.62–3.13).

Thus, in summary, the requirement that an embryo hatches from the ZP in order 
to implant raises the possibility that AH may be beneficial for RIF patients. Available 

4 Embryonic Factors Associated with Recurrent Implantation Failure



64

evidence indicates that for patients with a history of at least one prior failed cycle, 
AH may, indeed, improve the CPR. However, there is no evidence that AH improves 
the LBR, regardless of treatment history.

 Co-culture of Embryos

Prior to the introduction of complex culture media, extended culture of human 
embryos to the blastocyst stage required a feeder layer of cells in order to overcome 
cleavage stage block (reviewed by Ménézo et al. [55]). Co-culture, or simultaneous 
culture of embryos with a variety of somatic cell types, including trophoblast tissue, 
oviductal or uterine epithelial cells, or even primate cell lines such as green monkey 
kidney Vero cells, proved to support in vitro development of embryos beyond the 
cleavage stage. In initial studies of unselected patient populations, co-culture sys-
tems appeared to improve embryo quality and perhaps IR when compared to simple 
media (meta-analysis by Kattal et al. [56]). Importantly, none of the included 17 
RCTs in this meta-analysis compared co-culture to complex media, and the reported 
improvement in IR following co-culture was only 3.0% in those studies (n = 6) that 
had complete data for analysis. For patients with a history of RIF, nonrandomized 
studies and those comparing co-culture systems to simple media likewise suggest a 
modest improvement in CPR with co-culture [57, 58]. Again, the comparator in 
these studies was simple, not complex, media. In the only RCT of co-culture vs. 
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complex media (G-Series, Vitrolife) among patients with RIF (defined as having 
failed at least three prior transfers), there was no improvement in IR (23.1% vs. 
19.8%, not significant) [59]. Accordingly, available evidence is insufficient to rec-
ommend the use of co-culture systems, even in the RIF population.

 Extended Culture of Embryos to the Blastocyst Stage

In contrast to the limited evidence to support the use of co-culture, extended culture 
to day 5 or day 6 with subsequent blastocyst transfer has been shown to improve IR 
both in the general infertility population and in RIF patients. In a recent Cochrane 
database meta-analysis of cleavage stage vs. blastocyst transfer, the CPR and LBR 
following fresh transfer were higher in the blastocyst group (CPR 27 RCTs; 
n = 4031; OR 1.30; 95% CI 1.14–1.47; I2 = 56%) (LBR 13 RCTs; n = 1630; OR 
1.48; 95% CI 1.2–1.82; I2 = 45%) [60]. While there were more patients in the blas-
tocyst group who had their embryo transfer canceled due to poor development (17 
RCTs; n = 2577; OR 2.50; 95% CI 1.76–3.55; I2 = 36%) and also more patients in 
the blastocyst group who had no supernumerary embryos available for cryopreser-
vation (14 RCTs; n = 2292; OR 0.48; 95% CI 0.40–0.57; I2 = 84%), there were no 
differences in the cumulative pregnancy rate following fresh and frozen-thawed 
transfer after one retrieval (five RCTs; n  =  632; OR 0.89; 95% CI 0.64–1.22; 
I2 = 71%).

In the RIF population specifically, blastocyst transfer likewise seems to be ben-
eficial. In a prospective cohort study of 276 patients who had failed at least two prior 
cleavage stage transfers, a day 5 or day 6 transfer was associated with higher rates 
of implantation (25.4% vs. 12.4%; P  <  0.05) and clinical pregnancy (34.1% vs. 
22.4%; P < 0.05) per cycle as compared to a day 2 transfer [61]. Levitas et al. [62] 
randomized 54 patients who had failed at least three prior cycles to a cleavage stage 
transfer on day 2 or day 3 or blastocyst transfer on day 5, day 6, or day 7. The IR 
was higher in the blastocyst group (21.2% vs. 6.0%; P < 0.01).

Thus, blastocyst transfer is associated with higher IR per transfer in the general 
infertility and RIF population, likely due to improved embryo selection and possi-
bly better embryo-endometrial synchrony.

 Blastocyst Stage Embryos

 Developmental Rate and Abnormal Kinetics in the Blastocyst

Embryo quality at the blastocyst stage is scored at 116–120 HPI on day 5 and 
approximately 140 HPI on day 6 according to the developmental stage  (degree of 
cavitation and expansion), along with quality of the inner cell mass (ICM) and 
trophectoderm (TE) [63]. Blastocysts with a greater degree of expansion have 
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higher IR, as first evidenced by Gardner et al. [64] in a retrospective analysis of 
double blastocyst transfer. In this study, the IR following transfer of full, expanded, 
or hatching blastocysts was 72.8% (99/136), compared to 28.1% (9/32) for early 
blastocysts (P < 0.001). This correlation between blastocyst stage and implantation 
potential has been reproduced in several other studies [5, 65–67].

Indeed, the timing of blastocyst formation may be a critical determinant of IR in 
fresh transfers (see Chap. 2 for complete discussion). Briefly, two retrospective 
studies suggested that embryos that reach the full blastocyst stage on day 5 of cul-
ture have higher implantation potential than morphologically similar embryos that 
complete blastulation on day 6 [68, 69]. In the Shapiro et al. study [68], blastocysts 
transferred on day 5 had a nearly twofold increased rate of implantation (36.3% vs. 
19.0%; P < 0.001). In the Barrenetxea et al. study [69], day 5 transfer of a cavitating 
embryo was likewise associated with a higher IR than day 6 transfer of an equiva-
lent stage embryo (23.3% vs. 4.9%; P = 0.001). Thus, delayed blastulation seems to 
be detrimental in fresh transfers, likely due, at least in part, to a shift in embryo- 
endometrial synchrony. Time-lapse studies have likewise demonstrated that the 
time to the start of cavitation and the time to blastocyst expansion are correlated 
with implantation [19, 70].

Interestingly, transfer of embryos with delayed blastulation in a subsequent fro-
zen cycle may rescue the pregnancy rate. Shapiro et al. [71] demonstrated that the 
CPR for day 5 fresh blastocyst transfer was higher than that of day 6 fresh blastocyst 
transfer (51.0 vs. 33.3%; P < 0.001); however, there was no difference following 
frozen embryo transfer according to the day of cryopreservation (day 5 63.6% vs. 
day 6 58.9%; not significant). Other retrospective studies have confirmed this find-
ing [72, 73]. These studies indicate that autologous day 6 blastocysts transferred in 
frozen cycles have significantly higher IR than morphologically equivalent embryos 
transferred in fresh cycles. This observation raises the possibility of elective cryo-
preservation of all embryos, or at least those with delayed blastulation as described 
below, as a possible intervention to improve pregnancy rates following extended 
culture.

 Morphologic Features of the Blastocyst Associated 
with Implantation

In addition to the developmental stage, the Gardner and Schoolcraft system of blas-
tocyst scoring assigns a grade to the ICM and TE, based on the number, size, and 
cohesiveness of its cells. In both fresh and frozen embryo transfers, the TE quality 
seems to be the most important morphologic parameter at this stage. Ahlstrom et al. 
[74] reported that while ICM quality was predictive of live birth in univariate analy-
ses following fresh single blastocyst transfer, after adjusting for potential confound-
ers (including female age, number of prior failed cycles, total gonadotropin dose, 
and number of good-quality embryos), the ICM grade no longer was associated 
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with live birth. TE grade, in contrast, was significantly associated with live birth in 
multivariate analyses (A, n = 234, 49.9% [Referent]; B, n = 128, 33.9% [OR 0.51; 
95% CI 0.39–0.68]; C, n = 2, 8.0% [OR 0.17, 95% CI 0.04–0.73]). Hill et al. [67] 
confirmed these findings in an analysis of 694 single blastocyst transfers: LBRs 
were 57%, 40%, and 25% for TE grades A, B, and C, respectively (P < 0.001). 
Similar to the Ahlstrom et al. [74] study, ICM quality was not associated with live 
birth in multivariate analysis. These studies established the importance of TE grade 
on clinical outcome following fresh autologous transfer at the blastocyst stage. 
Likewise, in an analysis of more than 1000 vitrified/warmed cycles, TE grade was 
significantly associated with ongoing pregnancy, while ICM was not [75]. The rela-
tive importance of ICM and TE grades has not been evaluated specifically in the RIF 
population.

 Laboratory Interventions to Improve Implantation Potential  
at the Blastocyst Stage

 Freeze-All Strategy

With improved cryosurvival following vitrification, pregnancy rates following fro-
zen embryo transfer have approached, if not surpassed, fresh transfers. Accordingly, 
the segmentation of IVF cycles into two phases (such that controlled ovarian stimu-
lation, oocyte retrieval, and freeze all are performed during one menstrual cycle, 
followed by a so-called “deferred” frozen transfer in a subsequent menstrual cycle) 
has become increasingly popular ([76]; reviewed by Kaser and Racowsky [77]). 
There have been four RCTs that allocated patients to elective cryopreservation of all 
embryos or fresh transfer [78–81]. All of these studies demonstrated an improve-
ment in pregnancy rates with the freeze-all strategy, although, of note, one study has 
since been withdrawn [78]. Two of the remaining three studies [79, 81] reported 
statistically significant results. The stage of embryo development (pronucleate vs. 
blastocyst) at the time of freeze all does not seem to affect the rates of implantation, 
clinical pregnancy, or cumulative pregnancy [82].

Whether or not these data are applicable to the RIF population remains to be 
seen. There is only one retrospective cohort study that evaluates the role of freeze- 
all cycles in RIF patients [83]. Patients who had failed at least one prior blastocyst 
transfer were given the choice of another fresh blastocyst transfer (n = 163) or freeze 
all at the pronucleate stage with subsequent warming, extended culture, and blasto-
cyst transfer (n = 106). In multivariate analyses, elective cryopreservation was asso-
ciated with a higher LBR after the first transfer (OR 3.8; 95% CI 2.1–7.2; 
P < 0.0001); notably, cumulative pregnancy rates were also higher (OR 1.9; 95% CI 
1.1–3.3; P = 0.03). Taken together, these findings suggest that cycle segmentation 
may be beneficial for RIF patients. There are no prospective studies evaluating the 
role of fresh vs. freeze-all cycles in this patient population.

4 Embryonic Factors Associated with Recurrent Implantation Failure



68

 Vitrification of Blastocysts Undergoing Delayed Expansion

Embryos that ultimately blastulate typically vary in both morphological quality and 
the timing for compaction, blastulation, and expansion (Fig.  4.3). As discussed 
above, embryos that blastulate on day 6 have lower IR than those that blastulate on 
day 5 when transferred in a fresh cycle. While such embryos were initially consid-
ered to be of lesser intrinsic quality, it is now apparent that the observed lower rates 
of implantation likely result from a shift in synchrony between the embryo and the 
endometrium, as frozen transfer of delayed embryos results in pregnancy rates 
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Fig. 4.3 Bright-field images of embryos on day 5 with varying degrees of cavitation and expan-
sion. (a) Blastocysts with expansion grades 2–3 and 4–5. (b) Delayed expanding and blastulating 
embryos. Reprinted with permission from Wirleitner et al. Hum Reprod 2016;31:1685–95
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equivalent to fresh transfer of embryos with timely blastulation (see Chap. 2 for 
complete discussion).

Accordingly, one laboratory intervention that may prove beneficial is to defer 
fresh transfer of embryos with delayed blastulation and/or expansion and transfer 
them in a subsequent warmed cycle. Wirleitner et al. [84] offered evidence in sup-
port of this practice in a large retrospective cohort study of autologous patients, in 
which IR following fresh (n  =  1010) vs. vitrified/warmed blastocyst transfer 
(n  =  1270) were compared according to their developmental stage in the same 
cohort of patients. Two important points were evident from this study: (1) while 
embryos with Gardner expansion grades of 4 or 5 had similar IR in fresh and frozen 
transfers (29.8% vs. 27.4%, P > 0.05), those earlier in development with expansion 
grades of 2 or 3 had significantly higher IR if transferred in a warmed cycle (45.0% 
vs. 24.8%; P < 0.001); and (2) early blastocysts, morulae, and compacting cleavage 
stage embryos had a very low likelihood of implanting in a fresh transfer (3.1–
8.0%), but if cultured longer and vitrified on day 6, IR were significantly higher 
(21.9–24.7%; P < 0.001). Thus, the authors concluded that prolonged culture and 
vitrification of non-top-quality blastocysts, and also those with delayed cavitation or 
blastulation, may improve IR, at least in fresh autologous IVF cycles in which the 
endometrium may be advanced relative to embryonic development. This strategy 
has, indeed, been shown to be beneficial in patients with at least one prior failed 
blastocyst transfer, highlighting the special importance of embryo-endometrial syn-
chrony for patients with a history of implantation failure [83].

 Other Emerging Treatment Options

There are several other laboratory interventions available that may have applica-
tions to improve outcomes in RIF patients, including the following:

 (a) Preimplantation genetic testing for aneuploidy
Preimplantation genetic testing for aneuploidy (PGT-A) allows the deselection of 
embryos with an abnormal chromosomal complement. While class 1 data support 
the utility of this technology in improving sustained implantation and live birth 
rates in the general infertility population [85], data are lacking for RIF patients 
specifically. There have been several important limitations to the few studies of 
PGT-A in RIF patients: all have been retrospective and have lacked appropriate 
non-PGT control groups; all have involved biopsy at the cleavage stage which is 
known to be detrimental to implantation potential [86]; and all have used outdated 
technologies such as fluorescence in situ hybridization (FISH) [87, 88]. There are 
no prospective studies of PGT-A in patients with a history of RIF.

As the paradigm for embryo biopsy continues to evolve (from day 3 biopsy 
with fresh blastocyst transfer to day 5 or day 6 biopsy with cryopreservation and 
deferred transfer), along with the platforms for genetic analysis (from FISH 
to  array comparative genomic hybridization, quantitative PCR, and now next- 
generation sequencing, NGS), it will be important to assess the role of PGT-A in 

4 Embryonic Factors Associated with Recurrent Implantation Failure



70

specific populations, such as those with RIF. Indeed, NGS may yield insight into 
why certain embryos fail to implant, as the technology is capable of detecting not 
only whole chromosomal aneuploidies but also segmental aneuploidies and mosa-
icism (see Chap. 5 for complete discussion). The clinical relevance of such micro-
duplications and deletions has recently been described in a non- selection study of 
targeted NGS in which embryos were biopsied and transferred without knowledge 
of the assay results: interestingly, embryos containing segmental aneuploidies 
were nearly half as likely to result in live birth (13/39, 33.3% vs. 141/229, 61.6%; 
P = 0.001) [89]. The incidence of these types of mitotic errors in the RIF popula-
tion as compared to the general infertility population has not been defined.

 (b) Metabolic screening of culture media and peripheral blood
Metabolic assays of both spent culture media and also peripheral blood of 
patients with RIF also have been undertaken to determine if there are signatures 
associated with implantation. In an analysis of spent media from post- 
compaction embryos, Gardner et al. [90] noted that glucose consumption was 
significantly higher in those that implanted, consistent with a preferential shift 
toward glycolysis at the blastocyst stage. Alterations in certain metabolites 
involved in lipid and arginine metabolism (e.g., adipic acid and urea) have been 
shown to be upregulated in peripheral blood samples of patients with RIF, com-
pared to other infertile controls matched on age and BMI [91].

 (c) Mitochondrial DNA copy number measurements
Another indirect measure of metabolic activity is mitochondrial DNA copy 
number, which has been studied retrospectively in 280 patients undergoing 
euploid embryo transfer with known implantation status [92]. When normalized 
to nuclear DNA content, the amount of mitochondrial DNA is inversely propor-
tional to the implantation potential of an embryo; that is, euploid embryos with 
less mitochondrial DNA had higher rates of implantation. A prospective valida-
tion of this assay is currently ongoing.

Whether these techniques will ultimately prove useful in the RIF population 
remains to be seen.

 Conclusions

RIF is a challenging clinical situation, the underlying causes of which often involve 
abnormal embryonic factors. While there are strategies in the ART laboratory that 
target these abnormalities, with the exception of assisted hatching and blastocyst 
transfer, only low- to moderate-quality evidence is available to support most of 
these strategies in this specific patient population. Laboratory interventions that 
may overcome currently identified embryonic factors involved in RIF include:

 – Assisted hatching
 – Time-lapse imaging to deselect embryos with abnormal cleavage kinetics and 

phenotypes (abnormal and reverse cleavage, abnormal syngamy and first cytoki-
nesis, and multinucleation)
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 – Extended culture with day 5 transfer of expanded blastocysts and vitrification of 
those undergoing delayed expansion

 – IVF cycle segmentation with freeze-all and deferred cryopreserved embryo 
transfer

 – Preimplantation genetic testing for detection of whole chromosomal and seg-
mental aneuploidies and mosaicism

 – Metabolic assessment through analysis of spent culture media, peripheral blood 
and/or measurement of mitochondrial DNA copy number in embryos
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Chapter 5
The Genetics of Pregnancy Failure

Eric J. Forman, Nathan Treff, and Rebekah S. Zimmerman

Having a normal genetic composition is a necessary, but not sufficient, requirement 
for an embryo to implant and progress to a healthy delivery. By testing products of 
conception, it has been known for decades that whole chromosome aneuploidy, 
primarily trisomy, is the leading cause of failure of clinically recognized pregnan-
cies. Clarifying the role of aneuploidy and other genetic abnormalities in the failure 
of embryos to implant has been more elusive but was assumed to be an important 
factor based on the strong association of advancing reproductive age and infertility. 
The development and rapid utilization of assisted reproductive technologies (ART) 
have provided invaluable insight into the genetic causes of failed embryonic implan-
tation. The application of robust genetic testing platforms—from microarrays to 
real-time polymerase chain reaction (PCR) to next-generation sequencing (NGS)—
to test the genetic status of gametes and preimplantation embryos has improved our 
understanding of the genetic contribution to an ongoing conceptus. Recent advances 
have focused on the impact of segmental imbalances and mosaicism on implanta-
tion and progression to normal deliveries. Future ART research will focus on other 
genetic causes that influence the ability of a euploid embryo to implant.
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 The Role of Genetics in Early Pregnancy Failure

 Cytogenetic Findings in POCs

Approximately 20% of clinically detected pregnancies result in a loss, with over 
50% of losses being attributed to a whole chromosome abnormality. An early study 
reported in 1975 used Giemsa staining (G-banding) to analyze the karyotypes of 
nearly 1500 miscarriage specimens and found that over 61% of samples had an 
abnormal karyotype, which included monosomies, trisomies, double trisomies, trip-
loidy, and tetraploidy [1]. As this study and many subsequent studies showed, triso-
mies are overwhelmingly responsible for first trimester pregnancy loss, most 
commonly trisomy 16 and trisomy 22. Monosomies and polyploidy account for the 
majority of the remaining abnormalities. Turner syndrome (45,X) is the most com-
mon monosomy finding in first trimester miscarriages. Although Turner syndrome 
is a viable aneuploidy, nearly 99% of 45,X fetuses spontaneously abort [2].

While G-banding is able to identify the majority of abnormalities, the method is 
not able to detect maternal cell contamination (MCC), which could cause a false- 
negative result in the case of an apparently normal female (46,XX) miscarriage. 
More recently, several studies have been published examining the utilization of 
newer molecular technologies to diagnose products of conception [3–6]. 
Microarrays using comparative genomic hybridization (CGH) and single nucleo-
tide polymorphisms (SNPs) and NGS generate higher-resolution data, allowing for 
increases in reportable results and diagnostic yield. Similar to earlier findings, 
across all four studies (Table 5.1), approximately 50% of products of conception 
had at least one whole chromosome abnormality detected. Of the remaining sam-
ples, 40–48.4% were left with a normal diagnosis, 2.3–7.5% were triploid, and 
<0.5% were tetraploid. Now with the ability to detect partial chromosomal abnor-
malities, the studies reported that 1.3–5.3% had at least one segmental aneuploidy 
detected (in the absence of a translocation history in a parent). Mosaicism was 
reported at a very low frequency (0.67%) in the 1975 study, but not in the noted 
molecular studies.

 Chromosome Rearrangement History

Chromosome rearrangements, including balanced translocations, inversions, and 
Robertsonian translocations, are often implicated in the etiology of recurrent preg-
nancy loss [7–9]. In the general population, approximately 1 in 500 individuals is 
likely to carry an apparently balanced chromosome rearrangement [10, 11]. Carriers 
of a balanced rearrangement typically are asymptomatic but present with fertility 
issues generally in the form of recurrent pregnancy loss due to the risk of a fetus 
inheriting an unbalanced derivative of the rearrangement. Thus, the recurrent 
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pregnancy loss population likely has a higher incidence of chromosome rearrange-
ments, and a recurrent pregnancy loss work-up usually includes obtaining a karyo-
type on the patient and partner, and if a rearrangement is found, miscarriage can be 
avoided by using preimplantation genetic diagnosis to select for balanced or normal 
embryos [12]. Robertsonian translocations are the products of the fusion of two 
acrocentric chromosomes (13, 14, 15, 21, and 22) and are found at an increased 
frequency in patients with recurrent pregnancy loss [13, 14].

Table 5.1 Genetic characterization of products of conception

Boue 
(1975) Levy (2014)

Maslow 
(2015) Shen (2016) Sahoo (2016)

No. of samples 1498 2392 62 436 8118a

Platform G-banding SNP 
microarray 
(ILMN)

SNP 
microarray

aCGH 
(ILMN) and 
NGS (WGS 
on PGM)

SNP microarray 
(81.6%), array 
CGH (BAC and 
oligo) (18.4%)

Fresh or paraffin 
POC?

Fresh Fresh Paraffin Fresh Fresh and FFPE

Result rate NR 99.9% 
(2389/2392)

71% (44/62) 100% 91.1% 
(7396/8118)

Resolution of 
segmental 
aneuploidy

>10 Mb 5 Mb 
(1–5 Mb 
clinically 
relevant)

~4 Mb to 
111 Mb

>2.4 Mb (BAC 
aCGH), 112 kb 
(oligo aCGH), 
20 kb (SNP array)

Genetics

Maternal cell 
contamination

NR 22% 
(528/2392)

24% (15/62) NR NR

Normal 38.5% 
(577/1498)

40.6% 
(755/1861)

43% (19/44) 48.4% 
(211/436)

44.3% 
(3272/7396)

Aneuploid 42.5% 
(636/1498)

50.8% 
(945/1861)

54.5% 
(24/44)

43.1% 
(188/436)

42.9% 
(3176/7396)

Partial 
aneuploidy (no 
hx of 
translocation)

NR 1.3% 
(24/1861)b

NR 5.3% 
(23/436)

1.7% (127/7396)

Triploid 12.2% 
(183/1498)

6.1% 
(114/1861)

2.3% (1/44) 3.2% 
(14/436)

7.5% (554/7396)c

Tetraploidy 3.8% 
(57/1498)

0.2% 
(4/1861)

NR NR 0.03% (2/7396)

Uniparental 
disomy (UPD)

NR 0.16% 
(3/1861)

NR NR 0.5% (37/7396)

Mosaicism 0.67% 
(10/1498)

NR NR NR NR

NR not reported, ILMN illumina
aIncludes 99 non-POC samples
bIncludes marker and isodicentric chromosomes
cFISH used on fresh, non-SNP array cases
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 Single Gene Disorders and Recurrent Pregnancy Loss

While relatively rare in comparison to aneuploidy in pregnancy, there are several 
single gene disorders (SGD) that are associated with recurrent pregnancy loss or 
fetal demise.

Some autosomal recessive disorders that present with multiple congenital anom-
alies can have lethal presentations in utero. Smith-Lemli-Opitz (SLO) is caused by 
deficiency in an important component of cholesterol metabolism, 
7- dehydrocholesterol (7-DHC). Mutations in the DHCR7 gene, which encodes 
7-DHC, cause SLO, and approximately 1 in 30 to 1 in 70 individuals in the general 
population are thought to be carriers of a single mutation in DHCR7. Congenital 
disorder of glycosylation type Ia (CDG-Ia) is caused by mutations in the PMM2 
gene and has a carrier frequency of approximately 1 in 70 European Caucasians.

Interestingly, the reported carrier frequencies of these disorders are much higher 
than expected if calculated using the disease incidence. For example, SLO inci-
dence in Canadian and European populations ranges from 1/60,000 to 1/20,000, 
which would suggest that the carrier frequency in these populations is approxi-
mately 1/120 to 1/70, respectively. However, laboratories performing carrier screen-
ing for SLO are finding the carrier frequency closer to 1/40 to 1/50 [15]. Keeping in 
mind that most labs screen for only common mutations, this suggests that the carrier 
frequency could be even higher and that either the disease is significantly variable 
and underreported or there is a significant amount of fetal demise associated with 
the disorder. The W151X mutation in DHCR7, when homozygous, has been reported 
in first trimester miscarriages [16]. The same can apply to CDG—the R141H muta-
tion in PMM2 is also thought to be lethal when homozygous [17], and to date, no 
homozygotes have been reported [18]. Both of these mutations can be screened for 
on most expanded carrier screening panels, and this testing could be considered dur-
ing a recurrent pregnancy loss work-up.

There are also genes involved in chromosome segregation that, when mutated, 
can be implicated in pregnancy loss. SYCP3 is a gene primarily involved in homolo-
gous chromosome pairing and recombination. Loss of SYCP3 in mice is associated 
with male infertility and decreased fertility in females. In humans, the T657C vari-
ant in SYCP3 has been very strongly associated with recurrent pregnancy loss [19].

Complete (CM) and partial (PM) hydatidiform molar pregnancies are typically 
isolated events for a patient; however, some patients have been found to have recurrent 
molar pregnancies. CM most often arise from the inheritance of all 46 paternal chro-
mosomes and no maternal chromosomes. PM have a different pathology and are typi-
cally due to triploidy (69,XXX or 69,XXY). Mutations in either NLRP7 or KHDC3L 
are associated with recessive inheritance of recurrent molar pregnancies [20].

It is well known that some losses can be attributed to mutations or polymorphisms 
in coagulation pathway genes, such as Factor V, prothrombin, and Factor II. A recent 
meta-analysis was performed and found 37 genes that have strong  associations with 
pregnancy loss due to hyperactive immune response, thrombophilia, abnormal pla-
cental function, and disruption in the regulation of metabolism [21].
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 The Role of Genetics in Implantation

Whereas the genetic contribution to pregnancy failure has been well established by 
studying miscarriage specimens, understanding the role of the genetics in the pre-
implantation embryo’s ability to successfully implant has been more elusive. 
Though challenged in recent years by animal and preliminary human studies pro-
posing the presence of oogonial stem cells [22], the established dogma of human 
oocyte physiology remains that women are born with their lifetime endowment of 
approximately 1–2 million follicles and oocytes. While the menopause and the 
complete exhaustion of the follicle pool herald an absolute barrier to successful 
pregnancy, there is a well-established age-related decline in fertility, likely related 
to the decline in oocyte quantity and quality. The gradual decline in oocyte quantity, 
which accelerates after age 37, has been documented by studying tissue specimens 
at the time of oophorectomy [23].

Although some markers, such as an elevated serum follicle-stimulating hormone 
(FSH) levels on day 3 of the menstrual cycle, have been correlated with a reduced 
chance for a viable pregnancy, there is no definitive assay for oocyte quality. A 
good-quality oocyte can be considered one of the sufficient qualities to complete 
meiosis, achieve cytoplasmic and nuclear maturity to allow for normal fertilization 
after activation by viable spermatozoa, and then develop into an embryo capable of 
implantation and progression to a normal viable neonate. Several lines of evidence 
support the proposition that oocyte quality declines with increasing age and that this 
decline accelerates in the late 30s and even more rapidly in the early 40s. In histori-
cal populations that predated contraception and family planning, there was a clear 
decline in fertility rate with increasing maternal age [24]. While compelling, this 
association does not prove that the aging oocyte, and likely chromosomal aneu-
ploidy, fully explains this decline in fecundity. Several other possible explanations 
exist, including a decline in sperm quality and function, decreased coital activity, 
increased risk of uterine abnormalities such as leiomyomas and synechiae, and 
increased risk of other medical comorbidities.

One model that could correct for several of these variables is women seeking to 
conceive with timed intrauterine insemination using thawed sperm from fertile 
donors. This population includes presumably fertile women requiring the use of 
donor sperm because they are single, are lesbian, or have a partner with azoosper-
mia. The CECOS study evaluated 2193 married French women who underwent 
donor sperm and timed insemination because their husbands were azoospermic 
[25]. This study found a significant decline in the chance for pregnancy, with 73% 
of women under age 31 conceiving within 12 cycles, compared with 54% over age 
35 (P < 0.001). The decline would likely be even sharper if women over age 40 were 
analyzed separately. This diminution in live birth rate most likely reflects an increase 
in the chance of mature oocytes being released that are not of sufficient quality to 
implant and progress to delivery. Other studies suggest that the decline in fecundity 
is primarily related to an age-related decline in oocyte quality, independent of quan-
tity. One study from Ottawa found that women using timed donor insemination had 
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a similar chance of conceiving whether they had low or high antral follicle counts, 
a marker of ovarian reserve [26]. In women attempting to conceive, a low AMH 
level—another reliable marker of ovarian reserve—does not appear to be predictive 
of natural fertility [27], indicating that the decline in oocyte quality is mostly related 
to advanced reproductive age rather than simply depletion of the follicular pool.

While the aging oocyte is less likely to result in a viable offspring, there are sev-
eral potential causes for this including genetic (increased risk of aneuploidy, mosa-
icism, de novo segmental imbalances or mutations, epigenetic changes), cytoplasmic 
(increase in mitochondrial dysfunction, perhaps due to accumulation of reactive 
oxygen species from dysfunctional recycling of organelles/autophagy), or reduced 
ability of the uterus to facilitate implantation of a viable embryo. The advent of ART 
and its clinical application has shed light on these factors, confirming the pivotal 
role of genetics in embryonic competence.

Even before there was the ability to reliably assess the chromosomal status of 
preimplantation embryos, the relationship between increased maternal age and 
decreased rates of successful implantation became apparent. The first successful 
application of in vitro fertilization performed by the late Sir Robert Edwards (Nobel 
Laureate 2010) and Patrick Steptoe was in a 29-year-old woman, at the peak of her 
fertility, who had tubal factor infertility. The early practitioners of IVF attempted to 
compensate for diminished oocyte and embryo quality by stimulating multiple fol-
licles to mature with the use of exogenous gonadotropins extracted from human 
menopausal urine. Since the average embryo was not capable of progressing to 
delivery, multiple embryos would routinely be transferred to the uterus. Even still, 
pregnancy rates in women of advanced reproductive age remained dismal, and mis-
carriage rates increased with increasing age. Schieve et al. found that miscarriage 
rates after IVF increased from 10.1% among women in their 20s to 39.3% for 
women older than 43 [28]. Similar to the prior spontaneous abortion literature, the 
most common cause of clinical miscarriage after ART appears to be aneuploidy, 
accounting for more than half of the losses in most reviews of products of concep-
tion after ART [33, 29–33]. The rate of aneuploid losses after ART does not appear 
to differ from natural conceptions, though one review reported a higher risk from 
intracytoplasmic sperm injection (ICSI) as compared to conventional insemination 
to achieve assisted fertilization [34]. Similar to natural conceptions, autosomal tri-
somy accounts for most of the aneuploid miscarriages after ART [35].

The introduction of donor oocyte programs further proved the primary role of the 
aging oocyte’s contribution to the age-related decline in fertility. When transferred 
to the uterus of women of advanced reproductive age, even into the late 40s, embryos 
created from oocytes donated by women typically in their 20s resulted in successful 
implantations at rates commensurate with the oocyte donor rather than the recipient 
age [36]. Thus, it appears unlikely that there is an intrinsic decline in uterine recep-
tivity with increasing maternal age, at least through the mid-40s. Unlike the 
 well- established increase in miscarriage risk with increasing age, pregnancies con-
ceived after oocyte donation had a 13.1% miscarriage risk that did not significantly 
vary with the age of the recipient. Similarly, delivery rates from egg donation 
remained high independent of paternal age, mitigating the causative role of sperm 
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in the age- related decline in fertility [37]. The risk of de novo autosomal dominant 
mutations, however, appears to increase with increasing paternal age [38], a finding 
thought to relate to exposure of the paternal genome to reactive oxygen species 
over time.

Still, while the decline in oocyte quality with age is now well established, the 
ability to reliably test the genetics of preimplantation embryos was required to 
determine the relative contribution of genetics to implantation failure.

 Preimplantation Genetic Screening (PGS): First Generation, 
Limited by Suboptimal Biopsy and Testing Methodology

Given the decreased implantation rates from transferred embryos in older women 
and the higher risk of aneuploid miscarriages, it seemed reasonable that testing 
embryos and selecting against aneuploid embryos would enhance IVF success rates. 
The first attempt at this strategy, given the technology available at the time, relied on 
biopsy of a single blastomere at the cleavage stage (day 3) of embryo development 
with subsequent fixation for fluorescence in situ hybridization (FISH) analysis [39]. 
While intriguing, there were several limitations of this approach. To facilitate biopsy 
of a single blastomere, embryos had to be placed in a magnesium-calcium-free 
media that could impact their further development into competent blastocysts. Next 
removal of one or two out of an embryo with typically six to ten cells was required, 
representing a substantial portion of the embryo that could impact its developmental 
competence. Furthermore, the accuracy of FISH, though proven in other clinical 
settings such as after chorionic villus sampling, was not reliably validated on single 
blastomeres since there is not a gold standard to retest the same blastomere. Finally, 
only the chromosomes most often found in clinically recognized abnormal pregnan-
cies (including 13, 16, 18, 21, X, Y) were probed for. It is now known that errors can 
occur on any chromosome and, therefore, some embryos may have been misdiag-
nosed as normal. In addition, a reanalysis of embryos predicted to be abnormal by 
FISH found that 58% were euploid when analyzed by a more robust microarray 
platform at the blastocyst stage [40], indicating a high false-positive rate.

Retrospective, nonrandomized studies of the application of FISH-based preim-
plantation genetic screening (PGS) appeared to show benefit, especially for women 
of advanced reproductive age. However, several randomized trials failed to show 
benefit, and some even showed a detrimental effect. A meta-analysis reviewed nine 
randomized trials, five limited to women of advanced reproductive age, and con-
cluded that FISH-based PGS resulted in a lower chance for delivery after IVF (26% 
vs. 18% per cycle) [41]. The most significant trial was led by Mastenbroek et al. and 
effectively dealt the death knell to FISH use in clinical ART [42]. In this trial of 408 
women who underwent 836 total IVF cycles, those randomized to PGS had a lower 
live birth rate (24% vs. 35%). A later trial by the group at Instituto Valenciano de 
Infertilidad (IVI) used day three biopsy and nine chromosome FISH (13, 15, 17, 16, 
18, 21, 22, X, Y) and found benefit in women of advanced reproductive age, but not 
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in those with recurrent implantation failure (≥3 IVF failures) [43]. By the time this 
trial was published, the field had already advanced to employ a different biopsy 
technique and more robust genetic screening technologies.

 Preimplantation Genetic Screening: Second Generation, 
Improved Biopsy, and Comprehensive Testing Platforms

While FISH-based PGS was unable to improve IVF success, it did not invalidate the 
general principle that selecting chromosomally normal embryos could improve the 
chance of live birth after IVF.  Efforts then focused on using more sophisticated 
methodologies including SNP microarrays, array CGH, real-time PCR, and then 
NGS, to better diagnose embryos with aneuploidy by using a new method of PGS, 
called comprehensive chromosome screening (CCS), to detect the copy number 
status of all 22 autosomes and the sex chromosomes.

Many CCS platforms begin with whole genome amplification (WGA), which 
can be performed with any number of commercially available kits such as REPLI-g, 
GenomiPhi, GenomePlex, SurePlex, or MALBAC.  The basic concept is random 
amplification of the genome such that the resulting product represents the relative 
quantity and genotypes present in the original sample. Of course, none of the meth-
ods of WGA provide a perfect representation, and thus downstream methods of 
analysis with highly parallel testing of the genome, such as SNP array or array 
CGH, have been applied in order to help overcome WGA inaccuracies. NGS has 
also been developed as a downstream analysis method that along with molecular 
barcoding has helped reduce the costs associated with CCS.

Preclinical studies showed that these technologies could reliably detect chromo-
some imbalance in samples from cell lines and then from embryos. Given the expe-
rience with FISH, the SNP array platform was validated with a “nonselection” trial 
in which embryos were biopsied and transferred with the clinicians not being privy 
to the PGS prediction [44]. The biopsies were then analyzed and the result corre-
lated with the clinical outcome of the transferred embryo (using DNA fingerprinting 
in the case of multiple embryo transfer). The result clearly demonstrated that euploid 
embryos had a higher chance of implanting successfully than unselected and aneu-
ploid embryos (41.4% vs. 28.2% vs. 4%, P < 0.001). The low false-positive rate was 
low enough to justify discarding abnormal embryos in an effort to enhance out-
comes with the selective transfer of euploid embryos. The predictive value of 
euploid blastocyst implanting was significantly higher than a euploid day 3 cleavage 
stage embryo (48.2% vs. 29.2%, P < 0.01).

A paired randomized trial from the same group was performed to assess the 
safety of embryo biopsy at the cleavage vs. blastocyst stage. A double embryo trans-
fer was performed in 116 women with one embryo undergoing biopsy and one not 
biopsied. The biopsy was used to later perform DNA fingerprinting to confirm 
which embryo is implanted in the case of a singleton delivery. The removal of a 
single cell on day 3 of development resulted in a significant 39% decrease in implan-
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tation potential, whereas removal of approximately five cells from the outer troph-
ectoderm layer of the blastocyst did not significantly impair the chance of the 
embryo implanting and progressing to delivery [45]. Clinical studies of embryo 
biopsy for PGD evaluation of a monogenic disorder (beta-thalassemia) found that 
significantly more blastomere biopsies did not yield a result (25%) compared with 
trophectoderm biopsy (4%) [46] and the embryos undergoing trophectoderm biopsy 
were more likely to implant. Polar body biopsy has been proposed as a less invasive 
form of biopsy [47] since the polar bodies are naturally extruded during oocyte 
maturation and fertilization. When applied to preimplantation screening for aneu-
ploidy using the SNP arrays, however, analysis of both polar bodies was found to 
disagree with the subsequent embryo biopsy 30% of the time and was less predic-
tive of implantation potential [48]. Since premature separation of sister chromatids 
has been shown to be the predominant cause of meiotic errors in the oocyte, an 
embryo originating from an oocyte with reciprocal errors in the polar bodies often 
is actually euploid [49, 50]. Thus, it appears that trophectoderm biopsy at the blas-
tocyst stage is the optimal stage for preimplantation analysis [51].

Given the high predictive values of these tests, the next step was to demonstrate 
clinical benefit in a randomized controlled trial. A trial comparing transfer of a single 
untested blastocyst vs. a biopsied euploid blastocyst by array CGH demonstrated 
improved success in a relatively young (<35 years old) patient population [52], with 
ongoing pregnancy rates of 41.7% vs. 69.1% (P = 0.009). Another study compared 
the transfer of two untested vs. two euploid blastocysts as determined by a validated 
real-time PCR assay [53]. This randomized trial also showed significant improvement 
in delivery rates with 84.7% of cycles delivering after transfer of euploid embryos 
compared with 67.5% of cycles transferring untested embryos [54]. Finally, the 
Blastocyst Euploid Selective Transfer (BEST) trial demonstrated that in women with 
normal ovarian reserve up to age 42, transferring one euploid blastocyst was not infe-
rior to transferring two untested blastocysts (60.7% vs. 65.1% ongoing pregnancy rate 
to 24 weeks gestation) but had a much lower risk of multiples (0% vs. 53.4%) [55]. A 
follow-up study determined that those women randomized to transfer of a single 
euploid blastocyst had a much lower risk of having a baby with low birth weight and 
preterm delivery or requiring NICU admission [56]. A meta-analysis [57] and sys-
tematic review [58] both conclude that trophectoderm biopsy and comprehensive 
chromosome screening to select euploid blastocysts for transfer result in improved 
outcomes, particularly in good-prognosis patients with normal ovarian reserve.

The increased utilization of PGS clinically has provided a large body of data 
providing insight into the origins and prevalence of aneuploidy in preimplantation 
embryos. Retrospective analysis of outcomes using array CGH to screen for 
 aneuploidy found that transferring euploid embryos corrected for the expected age- 
related decline in IVF pregnancy rates, at least up until age 42 [59]. An analysis of 
247 blastomere biopsies from cleavage stage embryos using microarray and paren-
tal genotyping confirmed that the origin of aneuploidy can mostly be traced to errors 
in maternal meiosis [60].

A large clinical experience of the real-time, quantitative PCR CCS platform by 
Franasiak et al. evaluated 15,169 consecutive trophectoderm biopsies from blastocysts 
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and found that the rate of aneuploidy remained stable in the low 30% range in the early 
30s age group, rising rapidly in the late 30s and reaching 75% by age 42 [61]. The 
majority of errors in women in their 30s involved a single chromosome error, with the 
proportion of monosomies and trisomies being roughly equivalent. However, the inci-
dence of multiple chromosome errors increased with age, and more than two-thirds of 
affected embryos in women over age 43 had more than one abnormal chromosome. In 
addition, the relative proportion of trisomies increased with advancing maternal age. 
Another study using the same dataset found an increase in the incidence of abnormali-
ties involving chromosomes that are known to be found in clinically recognized preg-
nancies resulting in miscarriage [62].

While the array-based and PCR platforms demonstrated benefit in prospective 
trials, there are limitations. An analysis of 2354 clinically recognized pregnancies 
achieved after the transfer of euploid embryo testing with PCR found that there was 
a 0.13% error rate with resulting aneuploid pregnancies [63]. Follow-up testing 
revealed some of these pregnancies exhibited mosaicism, which is a known limita-
tion of PGS since a prediction of the whole embryo has to be made from a small 
biopsy. A similar evaluation of pregnancies achieved after aCGH PGS found an 
error rate of 1.5% in clinical pregnancies [64].

Improvements in massive parallel sequencing technology allowed for the devel-
opment of NGS at lower cost with the ability to barcode embryos and run dozens of 
samples on one sequencing chip [65]. A nonselection study of a targeted NGS 
approach again demonstrated high predictive values with euploid embryos implant-
ing ~58% of the time and none of the predicted aneuploid embryos implanting. The 
development of NGS also led to the identification of segmental aneuploidy and 
mosaicism, i.e., a predicted mix of normal and abnormal cells. A nonselection trial 
for segmental aneuploidy demonstrated a significantly lower implantation rate for 
embryos harboring a >5  Mb deletion or duplication. Clinical studies have also 
shown lower chance of ongoing pregnancy from predicted mosaic range embryos 
and a higher risk of miscarriage [66].

Clinical CCS studies have also demonstrated reduced miscarriage rates. For 
example, Forman et al. found a significant decrease in clinical pregnancies resulting 
in a miscarriage when embryos were first screened by CCS (10.5%) compared to 
untested embryos (24.8%), Sher et al. found a significant reduction from 12% to 4% 
when incorporating CCS [67], and Keltz et al. found an 11% miscarriage rate in 
CCS tested embryos compared to 26% in untested embryos [68].

Interestingly, there remains a subset of cases where miscarriage occurred despite 
the transfer of a chromosomally normal embryo. While there are many possible 
explanations for this observation, there may be additional genetic causes other than 
whole chromosome uniform aneuploidy to consider. For example, mosaicism may 
contribute to some extent. Mosaicism originates from mitotic nondisjunction errors 
resulting in an embryo with cell lines with differing chromosomal makeup. Some 
evidence suggests that embryos predicted to be mosaic from a trophectoderm biopsy 
may possess reduced reproductive potential.

In addition, segmental aneuploidy may also represent a genetic factor that 
reduces reproductive potential. Many CCS methods have demonstrated the ability 
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to detect segmental aneuploidy associated with inheritance of unbalanced chromo-
somes from carriers of a balanced translocation. These same methods may be capa-
ble of detecting de novo segmental imbalances. Preliminary data suggests that the 
majority of de novo segmental aneuploidies are of mitotic origin, making it impor-
tant to demonstrate the ability to detect mosaic range segmental imbalances in a 
trophectoderm biopsy.

While these factors are among the most obvious targets for selection of compe-
tent embryos, there remains an enormous amount of uncharacterized molecular 
biology. For example, the preimplantation stage of embryo development represents 
the most dynamic period of time with respect to epigenetic modification of the 
embryonic genome. Characterizing the methylome during preimplantation develop-
ment will undoubtedly improve our understanding of normal embryogenesis and 
potentially lead to new biomarkers of reproductive potential.

 Conclusion

The evidence is clear that genetics plays an essential role in the ability of a fertilized 
embryo to progress to delivery of a healthy newborn. Decades worth of data study-
ing products of conception from clinical miscarriages proved that chromosomal 
aneuploidy is the single largest factor contributing to the failure of established preg-
nancies to progress to delivery. Historical data also demonstrated that the aging 
oocyte is the major cause of the age-related decline in fertility, in large part due to 
the rapid increase in aneuploidy. The development of ART has provided valuable 
insight, conclusively demonstrating that aneuploidy increases dramatically with 
age. By using a safe biopsy technique, embryos can be selected for transfer that are 
chromosomally normal, resulting in a higher chance of delivery and lower risk of 
miscarriage and ongoing aneuploid gestation. Still, these testing platforms are not 
perfect, and there are other causes of failed implantation beyond whole chromo-
some aneuploidy. In addition, there are no proven interventions to reduce the preva-
lence of age-related aneuploidy in oocytes and embryos. Future developments will 
likely focus on improved methods of embryo selection to optimize the outcomes 
with transfer of genetically normal, competent embryos.
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Abbreviations

ART Assisted reproductive treatments
DET Double embryo transfer
EVT Invading extravillous trophoblast
HLA Human leukocyte antigen
IVF In vitro fertilization
KIR Killer immunoglobulin-like receptor
NK cells Natural killer cells
Pb Peripheral blood
RIF Recurrent implantation failure
RM Recurrent miscarriage
SET Single embryo transfer
uNK cells Uterine natural killer cells

In the last decades, substantial progress has been made to improve the outcome of 
the assisted reproductive treatments (ART). Our knowledge about folliculogenesis, 
in vitro embryo culture and their chromosomal composition, as well as endometrial 
receptivity has undergone a huge improvement during the last few years. Despite 
this, a high percentage of embryos are still lost right after being transferred (50%) 
or a bit later, as early miscarriage or clinical miscarriage. A recent study [1] reported 
a 52% cumulative live birth rate (LBR) after transferring up to five embryos and 
79% after 15 embryos had been transferred; but what happens to the rest of the 
embryos? There might be other factors that contribute to implantation failure or 
miscarriage, not just embryo aneuploidies—by far, the main contributor to implan-
tation failure, such as endometrial factors, hydrosalpinges, infections or abnormal 
karyotypes, or even maternal tolerance to pregnancy. At the same time, due to 
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repeated failed cycles even after gamete donation, we all have witnessed an increas-
ing demand for immune tests and “immune treatments” from our patients. Although 
this patient’s demand may be unjustified, we need to understand if there is a ratio-
nale behind to use it, or not, to explain them why not use it. The role of the immune 
system in recurrent miscarriage (RM) and recurrent implantation failure (RIF) is 
one of the most controversial issues in assisted reproduction [2]. The controversy, in 
part, is due to the fact that most of the previous studies about immune system impli-
cation in reproduction were focused on finding markers on peripheral blood [3, 4] 
and quick solutions using different lines of immunomodulation [5, 6]. The main 
reason that immune treatments have failed so far and immune tests (pbNK or uNK 
cell testing) have shown very weak or no predictive value is due to poor study 
design and great patient heterogeneity [2, 7].

Maternal tolerance, as we know, begins at the uterine level, and successful adap-
tation to the semiallogeneic fetus is more complicated than the initial concept 
suggested.

 Natural Killer Cells

Peripheral blood natural killer (pbNK) cells have become an “immune study core” 
for women with recurrent miscarriage or RIF, based on the mistaken notion that 
they are causing reproductive failure by killing or “rejecting” the embryo.

Some reports had a general view [3] as natural killer (NK) cells from the periph-
eral blood (pbNK) and uterus (uNK) are merged together with the simple marker 
“NK cells” as the “main immune cells at the maternal–fetal interface.” This is, from 
immunological point of view, an erroneous judgment as pbNK and uNK cells are 
completely different types of immune cells [8]. pbNK cells are cytotoxic and repre-
sent the first line of defense against viruses, tumors, and damaged cells, and they are 
not trained to “reject” or kill a healthy embryo(s).

In peripheral blood, there are two major types of NK cells [9]; 90% are CD56dim, 
CD16+, and 10% are CD56bright, CD162 [9, 10]. In contrast, uNK cells are 
CD56superbright, CD162 and differ radically from pbNK in other phenotype mark-
ers and functional assays [8, 11]. uNK killing in vitro assays is very weak compared 
with pbNK [12]. The uNK cells acquire their functional properties in utero as 
CD56+ cells do proliferate and differentiate in the specialized progesterone- 
dominated microenvironment of the secretory endometrium and early deciduas and 
seem to play an important role in controlling trophoblast invasion and the develop-
ment of a healthy placenta [10].

Uterine NK (uNK) cells are small and sparse before ovulation, but rapidly pro-
liferate and differentiate into large cells with prominent cytoplasmic granules soon 
after ovulation. uNK cells are the dominant immune cells in the uterine mucosa and 
account for 30% of cells in the stroma in the late secretory endometrium in humans 
[13]. During pregnancy uNK cells are abundant throughout deciduas, and they 
accumulate particularly at the site of placentation around the infiltrating trophoblast 
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cells in the decidua basalis [14]. They are also particularly prominent around spiral 
arteries and abundant early in gestation when the placenta is established.

The number of pbNK and uNK cells shows great variability depending on the 
patient’s clinical condition as infections, autoimmunity or tumors, day of the men-
strual cycle, treatment condition (ovarian stimulation), stress, time of day, exercise, 
etc., and previous studies about NK cells and reproductive issues did not take this 
NK cell physiological variation into consideration.

Using “NK cells” to describe these two contrasting subsets of NK cells, pbNK 
and uNK, as a unique marker in women with infertility or disorders of pregnancy, 
contribute only to add more confusion about immune tests in ART.

The fetal cells in direct contact with the mother’s immune system in the uterus 
are trophoblast cells, the layer surrounding the blastocyst [15, 16], and the mother’s 
uterine immune system is dominated by uterine NK (uNK) cells [17], CD56bright 
CD16dim, which are distinct from peripheral blood NK cells and are the most abun-
dant leukocyte population during the first trimester of human pregnancy [18].

The maternal and fetal circulations do not mix, although transient exchange of 
cells occurs, particularly during the trauma of delivery [10].

The successful maternal adaptation to the semiallogeneic fetus occurs in the 
uterus at the site of placentation. The key of the maternofetal tolerance process is 
the remodeling of the spiral arteries, with destruction of the media by invading 
extravillous trophoblast (EVT) cells. The EVT cells express major histocompatibil-
ity complex molecules: human leukocyte antigen (HLA), class I HLA-C and non-
classical HLA-G and HLA-E antigens, whereas the class I antigens HLA-A and 
HLA-B and class II antigens are absent [19, 20]. Although, HLA-E and HLA-G are 
oligomorphic, the HLA-C molecules expressed by EVT cells are polymorphic, and 
ligands for killer immunoglobulin-like receptors (KIRs) are expressed by uNK cells 
[21]. The EVT invading into the maternal decidua are of fetal not maternal origin, 
and they express high levels of HLA-C, which is recognized by uterine NK (uNK) 
cells receptors, also known as KIR.  Both polymorphic maternal KIRs and fetal 
HLA-C molecules are variable and specific to a particular pregnancy [10]. In any 
pregnancy, the maternal KIR genotype could be AA (non-activating KIRs), AB, BB, 
or Bx (1–10 activating KIRs) [22]; and the HLA-C ligands for KIRs are divided into 
two groups: HLA-C1 and HLA-C2. Of the two, C2 is a stronger ligand than C1 
[23]. The A haplotypes contain mainly genes for inhibitory KIR, and B haplotypes 
have additional genes encoding activating KIR. The presence of activating KIR2DS1 
(B haplotype) confers protection from pregnancy disorders [24], and its absence (A 
haplotype) increases the risk of pregnancy complications [14, 25].

Placentation is regulated by interactions (Fig.  6.1) between maternal killer 
immunoglobulin-like receptors (KIRs) expressed by the uNK and fetal HLA-C 
molecules expressed by EVT [26, 27]. Hiby et al. showed that invading EVTs are 
the principal site of HLA-C expression in the decidua basalis and that both maternal 
and paternal HLA-C allotypes are presented to KIRs [24, 28]. Insufficient invasion 
of the uterine lining by trophoblasts and vascular conversion in the decidua are 
thought to be the primary defect in disorders such as recurrent miscarriage (RM), 
preeclampsia, and fetal growth restriction (FGR) [29], and this process is regulated 
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by interaction between maternal KIRs expressed by the uNK and their ligand 
HLA-C expressed by EVT.

Pregnancies are at increased risk of recurrent miscarriage, preeclampsia, or FGR 
in mothers who are homozygous for KIR haplotype A (KIR AA) when the fetus has 
more HLA-C2 genes than the mother and the additional fetal HLA-C2 alleles are of 
paternal origin [24]. Protection from preeclampsia is likely to be mediated by the 
activating KIR2DS1 (B haplotype), which also binds HLA-C2.

Thus, depending on the particular KIR-HLA-C interactions, the trophoblast cell 
invasion will be regulated.

Hiby et al. [27] and Faridi and Agrawal [30] have reported differences in out-
comes of medically unassisted pregnancies, increased risk of RM, preeclampsia, 
and FGR, in mothers with KIR AA carrying a fetus with paternal HLA-C2, and this 
finding suggests that placentation is deficient when there is a very strong inhibitory 
signal to uNK cells mediated via the KIR A haplotype gene. Hiby et al. [24, 26, 27, 
31, 32] performed larger cohort studies that analyzed both maternal and paternal 
genotypes, with a large control group, and demonstrated a clear difference between 
the KIR and HLA-C genotypes in patients with disorders such as RM, preeclamp-
sia, and FGR.  Epidemiological studies provide clear evidence that selection for 
human reproductive success has adapted to the KIR and HLA-C genes and could be 
responsible for maintaining balanced polymorphisms between the HLA-C1 and 
HLA-C2 groups and the A and B KIR haplotypes [17, 28, 33, 34].

uNK

uNK

uNK

HLA-Cm

HLA-Cp

uNKEVT

uNK-KIR EVT-HLA-C

Correct placentation 

HLA-Cm

HLA-Cp-

Compromised placentation 

Fig. 6.1 KIR and fetal HLA-C interaction on own oocyte pregnancies. HLA-Cm maternal HLA- 
C; HLA-Cp paternal HLA-C. Red color: nonself HLA-C (own oocytes), EVT invading extravillous 
trophoblast, uNK uterine NK cells
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 But What Happens in ART?

Assisted pregnancies differ from medically unassisted pregnancies, in those patients 
who receive sometimes more than one embryo per transfer, and also donor oocytes, 
sperm donor or embryo donation, are often used.

After double embryo transfer (DET), the expression of more than one paternal 
HLA-C per trophoblast cell is induced. In oocyte donor cycles, an increasingly 
demanded treatment due to advanced maternal age, the oocyte maternal HLA-C, 
which is genetically different from the mother’s receptor, behaves as a paternal 
HLA-C, and this induces that more nonself HLA antigens are presented to the 
mother’s KIR (per transfer) compared with “normal” pregnancies. After DET in an 
oocyte donor cycle, the expression of two nonself or “paternal” HLA-C in the EVT 
(per embryo) is present in the decidua basalis. The trophoblast antigen presentation 
(HLA-C) to uNK KIRs happens much more frequently than in natural pregnancy, 
because the embryo transfer is performed even monthly in RIF patients.

In human populations, pregnancy disorders are predicted to reduce the frequency 
of group A KIR, HLA-C2, or both, and this selection is thought to have originated 
during human evolution [21, 33, 34]. An inverse correlation between the frequen-
cies of the KIR AA haplotype and HLA-C2 has been observed. Populations with the 
highest frequency of KIR AA (Japanese and Koreans) have the lowest HLA-C2 
frequencies, whereas populations with the lowest frequency of KIR AA (Aboriginal 
Australians and Asian Indians) have the highest HLA-C2 frequencies. Natural 
selection seems to have driven an allele-level group A KIR haplotype and HLA-C1 
ligand to an unusually high frequency in the Japanese, such that the detrimental KIR 
AA-HLA-C2 combination does not significantly affect pregnancy outcomes in 
Japanese and Korean populations [35].

This correlation provides evidence that selection for human reproductive success 
has adapted to the KIR and HLA-C genes and could be responsible for maintaining 
balanced polymorphisms between the HLA-C1 and HLA-C2 groups and the A and 
B KIR haplotypes [21, 28, 33, 34] However, this natural human evolution is not 
taken into consideration nowadays during ART.  Furthermore, donor oocytes are 
often used in ART, and the literature describes higher maternal morbidity in egg 
donation pregnancies (pregnancy-induced hypertension, preeclampsia, FGR) [36] 
and preterm birth compared with pregnancies with own oocyte ART [37–39]. 
Although part of this increased frequency of complications may be due to the main 
indication for oocyte donation, which is advanced maternal age, recent age-matched 
data confirmed this higher frequency of unwanted events, and immunology malad-
aptation could be the reason [38, 40].

The increased expression of paternal HLA-C after DET could be associated with 
more pregnancy disorders than single embryo transfer (SET) in mothers with an 
inhibitory KIR haplotype (AA). A recent study [41] analyzed pregnancy, miscar-
riage, and LBR/cycle according to KIR haplotype and categorized by DET or 
SET. A higher rate of early miscarriage after DET when the patient’s own oocytes 
were used occurred in those with the KIR AA (22.8%), followed by those with a 
KIR AB (16.7%), when compared with mothers with a KIR BB (11.1%) (p = 0.03). 
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A significantly decreased LBR/cycle after DET of donated oocytes was observed in 
mothers with a KIR AA haplotype (7.5%) compared with those with a KIR AB 
(26.4%) and KIR BB (21.5%)(p = 0.006) [41].

The decreased LBR after DET in donor oocyte cycles in mothers KIR AA may 
be due to increased expression of nonself HLA-C (paternal and oocyte donor HLA- 
C). In this case, four “paternal” HLA-C would exist per trophoblast cells after DET: 
one coming from the father and another one coming from the donor, per embryo 
transferred, as the oocyte donor HLA-C behaves as “paternal” or non-self HLA-C. 
Expressing four “paternal” HLA-C is more likely to find at least one paternal or 
oocyte donor HLA-C2 than in own oocytes and SET, and probably implantation or 
placentation failure occurs in mothers who are KIR AA.

No other report has studied the impact of KIR-HLA-C on donor oocyte cycles. 
The authors speculate that completing a normal pregnancy was possible only for 
mothers with the KIR AA haplotype who carry a baby with a least one nonself 
HLA-C1 (nonself HLA-C1). Recently, they performed a prospective study [42] 
including 30 women with unknown etiology of RIF and RM and their oocyte donor- 
assisted reproductive cycles. All women had KIR AA genotype and their partners 
HLA-C2 genes. They had 54 embryo transfer cycles (82.76% DET; 17.24% SET) 
with unknown HLA-C oocyte donors and 28  cycles with HLA-C1C1 donors 
(21.05% DET; 78.95% SET). Pregnancy, miscarriage, and LBR/cycle after embryo 
transfer (ET) with unknown oocyte donor HLA-C and after transfers with HLA- 
C1C1 oocyte donor were studied.

Higher pregnancy rate per cycle after HLA-C1C1 oocyte donor transfer (85.71%) 
compared with unknown HLA-C oocyte donor cycles (31.48%) was observed in the 
same patients KIR AA with HLA-C2 partners (p < 0.0001). Higher miscarriage rate 
per cycle after unknown HLA-C oocyte donor transfer (94.44%) compared with 
HLA-C1C1 oocyte donor transfer (8.33%) was observed (p < 0.0001).

Significantly increased LBR per cycle was observed after ET with HLA-C1C1 
oocyte donor (82.14%) compared with the LBR in the same KIR AA patients and 
HLA-C2 partners after cycles with unknown HLA-C oocyte donor (0%) (p < 0.0001).

This new findings show that the maternal KIR haplotype and fetal HLA-C have 
an impact on the live birth rate after IVF cycles, especially when donor oocyte and 
DET are used. Expressing four paternal HLA-C in the EVT cells after DET with 
donor oocytes is more likely to result in at least one nonself HLA-C2 (even by 
HLA-C2 allelic frequency on Caucasian population) than with one’s own oocyte 
after SET, and implantation or placentation failure probably occurs in mothers with 
the KIR AA haplotype. Therefore, selecting HLA-C1, among oocyte and/or sperm 
donors for patients undergoing egg donation and who express inhibitory KIR hap-
lotypes, could be more efficient and safer. The authors assume that it is a small 
sample and that is the first report observing differences in LBR by oocyte donor 
HLA-C in mothers KIR AA with HLA C2 partners. Apart from the statistical sig-
nificance, the association strength is noticeably high, allowing greater confidence in 
the findings; however, larger studies are needed and should be replicated by other 
groups prior to final acceptance of this theory into clinical practice.
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The new concept is emerging, and the evidence points to important physiological 
roles for uNK cells in healthy placentation as well as to abnormal uNK cell function 
in pregnancy disorders.

The combination of maternal KIR haplotype and parental donor HLA-C could 
predict which couple can benefit for the selection of SET/DET, or donor selection 
by HLA-C in ART, in order to increase the LBR/cycle, and it would facilitate the 
reduction of embryos that are being transferred, facilitating the increase of 
SET. Therefore, selecting HLA-C1, among oocyte and/or sperm donors for patients 
undergoing egg donation ART and inhibitory KIR, could be more efficient and safer 
as identified by epidemiological studies [10, 24, 43]

 Other Immune Maternal Cells

The uterine mucosa is the major site where fetal placental cells are directly in con-
tact with maternal tissues, rich in uNK cells, but also contains maternal T cells, 
effector T cells, and regulatory T cells. The trophoblast cells invading maternal 
decidua are allogeneic and could be potential targets for T cells. Although the inter-
actions between uNK cells and EVT are clear, how effector T cells might interact 
with the trophoblast cells is still unclear [44].

Maternal T cells are not immunologically inert, as shown by the presence of 
fetal-specific T cells and T-cell-dependent humoral responses specific for the rhesus 
D antigen in rhesus-negative women or for paternally derived allogeneic HLA mol-
ecules in multiparous women [27, 45, 46]. Moreover, many studies in mice and 
humans have described mechanisms that favor T-cell tolerance in the deciduas, 
among which the expression of receptors that bind the trophoblast HLA-G on decid-
ual antigen-presenting cells, preventing them from being immunogenic [27, 47].

The previous studies have been performed on mice and human spontaneous 
pregnancies, and questions also remain regarding the mechanisms by which effector 
T cells cause fetal loss especially in ART in which the fetal antigen presentation 
happens much more frequently than in natural pregnancy (even monthly), espe-
cially in recurrent miscarriage and RIF patients.

 Conclusions

A new concept is emerging that the uterine immune system uses NK cell allorecog-
nition to regulate placentation and control the maternofetal interface. In ART, these 
new insights [41, 42] could have an impact on the selection of SET in patients with 
recurrent miscarriage or RIF and a KIR AA haplotype. Also, although data are still 
premature and need to be validated, they may have clinical significance, helping 
with oocyte and/or sperm donor selection according to HLA-C in patients with 
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recurrent miscarriage or RIF and a KIR AA haplotype as HLA-C1/C1 donors are 
predicted to be safer and C2/C2 males or oocyte donors may be more “dangerous” 
as identified by epidemiological studies [24, 43].

This is a new concept and, based on it, it is reasonable to think that the use of dif-
ferent lines of immune therapies (such as prednisolone, intravenous immunoglobu-
lin, intralipid, tumor necrosis factor-a blockers), given in different fertility clinics to 
decrease the NK cells’ activity in infertile women, has to be reconsidered because 
the scientific principle of the maternofetal tolerance has been misunderstood.
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OS Oxidative stress
POMC-related peptides Pro-opiomelanocortin-related peptides
PRL Prolactin
RCT Randomized controlled trial
RFRP3 RF-amide-related peptide-3
ROS Reactive oxygen species
TNF Tumor necrosis factor
TPO Thyroid peroxidase antibody
TSH Thyroid-stimulating hormone
VOC Volatile organic compound

 Stress-Induced Suppression of Folliculogenesis as a Cause 
of Implantation Failure

Synchronization of the HPO-endometrial axis is crucial for normal human repro-
duction. Even minimal aberrations compromise fertility. Specifically, factors that 
alter hypothalamic gonadotropin-releasing hormone (GnRH) drive disrupt HPO 
functioning, alter the secretion of estradiol and progesterone, and impair endome-
trial development. Factors that reduce GnRH drive include both insufficient and 
excessive energy balance and emotional challenges due to acute and chronic psy-
chological stressors. The term functional hypothalamic amenorrhea (FHA), often 
defined as the absence of menses for 6 or more months without evidence of organic 
disease, encompasses a myriad of disorders resulting from nonorganic and poten-
tially reversible reductions in GnRH drive. Impaired folliculogenesis is directly 
attributable to reduced GnRH drive, but FHA is more than insufficient central 
GnRH drive; FHA is also accompanied by a constellation of other neuroendocrine 
aberrations that include increased cortisol, reduced thyroxine, and amplified noctur-
nal melatonin [1, 2]. The behaviors associated with FHA include severe caloric 
imbalance, excessive exercise, and psychological challenges [3]. Often FHA results 
from a combination of stressors [4].

GnRH, a decapeptide secreted into the portal vasculature, is absolutely necessary 
for reproductive function. Approximately 4000 neurons located in the arcuate 
nucleus of the hypothalamus comprise the GnRH “pulse generator.” Both GnRH 
pulse frequency and amplitude are critical for appropriate HPO function. GnRH 
pulses occur once every 60–90 min in the follicular phase and about 120–360 min 
in the luteal phase of the menstrual cycle [5]. GnRH pulsatility is modulated by a 
multitude of neurotransmitters and neuromodulators emanating from the cerebral 
cortex, suprahypothalamic centers, other hypothalamic nuclei, and hypothalamic 
vasculature as well as by metabolic signals that are actively transported by neuro-
vascular cells across the blood-brain barrier [6, 7]. GnRH neurons are endogenously 
pulsatile, and neurotransmitters and metabolic factors either synchronize or desyn-
chronize the GnRH neuronal cohort [8]. Neurons that release gamma-aminobutyric 
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acid (GABA) primarily inhibit GnRH activity via the kisspeptin-neurokinin 
B-dynorphin (KNDy) neurons [9]. Kisspeptin, the product of the KiSS-1 gene and 
its G-protein-coupled receptor GPR54, are the proximate regulators of GnRH 
release and play a key role in the modulation of the GnRH pulse generator [10]. 
Administration of exogenous kisspeptin causes transient increase of serum LH and 
FSH in healthy women [11] and women with FHA [12].

Animal studies have demonstrated that other neurotransmitter systems including 
dopamine, norepinephrine, and serotonin regulate GnRH secretion. Activation of the 
noradrenergic system is associated with increased GnRH drive, whereas dopaminer-
gic or serotonergic activation can either inhibit or stimulate GnRH release [13, 14]. 
These observations may explain the CNS-associated disruption of normal menstrual 
cycles in patients who take stimulants, antidepressants, and sedatives on a chronic 
basis. Excitatory amino acids, including aspartate and glutamate, have been found in 
large concentrations in presynaptic boutons of the arcuate nucleus and appear to 
activate GnRH secretion [15]. Alternatively, endogenous opiate peptides such as 
endorphins, enkephalins, and dynorphins appear to inhibit GnRH and LH secretion. 
KNDy neurons in the arcuate nucleus influence both the GnRH cell body and the 
neurosecretory terminals [16]. Since KNDy neurons express both neurokinin B 
receptors and kappa opioid receptors, it has been postulated that the reciprocating 
interplay of stimulatory neurokinin B and inhibitory dynorphin causes pulsatile 
release of kisspeptin, which then triggers GnRH pulsatile release [17] (Fig. 7.1).

FHA implies both anovulation and amenorrhea. However, lesser degrees of inhi-
bition of GnRH may result in luteal insufficiency or anovulatory cycling [13]. 
Persistently low concentrations of gonadotropins in the presence of low estradiol 
concentrations (<60 pg/mL) suggest hypothalamic hypogonadism.

Given the metabolic demands of reproduction, it is not surprising that nutritional 
intake regulates reproduction. Identification of neuropeptides that alter feeding 
behaviors has provided a physiological mechanism to explain alterations in the 
HPO-endometrial axis of individuals who experience significant changes in nutri-
tional status. Three key peptides, neuropeptide Y (NPY), leptin, and ghrelin, regu-
late feeding behavior and mediate the link between nutrition and reproduction.

Leptin, the product of the ob gene, is a 167 amino acid polypeptide that is pri-
marily synthesized by adipocytes but also by the skeletal muscle, heart, stomach, 
and the placental-fetal unit. A member of the cytokine family, leptin, is classified as 
an anorexigenic peptide. In contrast, orexigenic peptides such as neuropeptide Y 
and the agouti-related peptide antagonize the actions of leptin. Patients suffering 
from hypothalamic amenorrhea display lower serum leptin concentrations com-
pared with age-, weight-, and body fat-matched eumenorrheic controls. Recovery 
from FHA is associated with an increase in leptin independent of an increase in 
body weight [19]. Leptin likely plays a significant role in communicating nutritional 
status to the cascade that regulates HPO activity. Studies have demonstrated that 
ultradian fluctuations in leptin levels show pattern synchrony with those of both LH 
and estradiol [20].

Ghrelin is a polypeptide that stimulates appetite but conversely reduces fat utili-
zation [21]. Additionally, ghrelin inhibits the HPO axis and is the primary peptide 
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responsible for the prolongation of amenorrhea in subjects who have regained nor-
mal weight [22]. Women with FHA are characterized by elevated ghrelin levels 
compared with eumenorrheic women [23]. Furthermore, heavily exercising or 
underweight amenorrheic patients have a tendency to exhibit a significantly greater 
serum ghrelin elevation than those who remain at a stable and healthy weight [24]. 
Miljic et  al. demonstrated that women with anorexia nervosa are resistant to the 
orexigenic properties of ghrelin [25]. NPY affects the appetite center in the hypo-
thalamus and can stimulate feeding behavior [26] and also directly stimulates GnRH 
secretion when estradiol levels are high. Conversely, NPY can inhibit GnRH secre-
tion in hypoestrogenic states [27]. Meczekalski et al. observed lower basal serum 
NPY levels in amenorrheic hypoestrogenic women compared to their eumenorrheic 
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Fig. 7.1 Hormonal changes seen in women with functional hypothalamic amenorrhea (FHA). 
Three major classes of FHA exist, namely, stress, exercise, or weight loss induced. In addition to a 
loss of GnRH pulsatility, other changes include an overactive hypothalamic-pituitary-adrenal axis 
and a thyroid pattern similar to the one seen in chronic illness or starvation [2, 18]
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counterparts [28]. Neuropeptides reflect ongoing nutritional status, body habitus, 
and physical stress and through direct and indirect mechanisms modulate reproduc-
tive function including GnRH drive. Further, neuropeptides that regulate the hypo-
thalamus may also directly impact endometrium. Identifying direct endometrial 
effects will require in vitro models.

 Stress and FHA

Physical and emotional stressors result in multiple neuroendocrine adaptations 
including activation of the hypothalamic-pituitary-adrenal axis (HPA), which mani-
fests as increased circulating and cerebrospinal fluid levels of glucocorticoids [2, 
29]. While appropriate levels of cortisol are critical for health, including establish-
ment and maintenance of fertility, stress-induced excess can be detrimental [30]. 
During stress, the increase in cortisol occurs primarily at night during sleep [2, 19], 
making it difficult to detect elevated cortisol with a single blood, urine, or salivary 
sample [29, 31].

Stress alters central GABAergic function [32]; GABA modulates the neuroendo-
crine cascade that regulates GnRH pulsatility [9, 33]. Figure 7.2 illustrates the anat-
omy of the regulation of GnRH neurons [9]. Glucocorticoids also have direct effects 
on hypothalamic function. For instance, Kiss1 neurons in the anteroventral periven-
tricular nucleus and periventricular nucleus continuum of the preoptic area of the 
hypothalamus express glucocorticoid receptors at relatively robust concentrations 
in rats, suggesting that glucocorticoids can act directly on these neurons [34]. In 

POA

GnRH

GnRH

LH / FSH

Kiss1r
IR

ME

Pituitary

LepR
GHSR
MC3/4R
unknown

3V AgRP
NPY

?

KNDy

GABAer PMV

Reproductive
action

Metabolic
action

Peripheral
metabolic

cues

POMC
CART

ARC

Fig. 7.2 Schematic representation of the neural interactions between metabolic and reproductive 
functions depicting the likely sites of action of leptin, insulin, and ghrelin to control gonadotropin- 
releasing hormone (GnRH) release. 3V third ventricle, ARC arcuate nucleus, ME median emi-
nence, PMV ventral pre-mammillary nucleus, POA preoptic area [9]

7 Stress and Implantation Failure



108

mice, in situ hybridization analyses revealed that corticosterone treatment dimin-
ishes both the absolute number of Kiss1 neurons as well as the levels of Kiss1 
mRNA per cell [35]. Furthermore, corticosterone treatment blunts pituitary expres-
sion of the genes encoding the GnRH receptor and LHβ, indicating a direct inhibi-
tion of gonadotropes. This represents a novel mechanism by which stress-induced 
increases in glucocorticoids may alter GnRH pulsatility. A newly discovered mam-
malian neuropeptide, RF-amide-related peptide-3 (RFRP3), may inhibit GnRH 
secretion and gonadotrope responsiveness through direct effects on GnRH and 
Kiss1 neurons [36]. Neuronal pathways secreting this hormone, also known as 
gonadotropin-inhibitory hormone (GnIH), may directly affect GnRH and Kiss1 
neurons. Recent data demonstrate that acute and chronic stressors in sheep increase 
the function of GnIH neurons [37]. In mice, immobilization stress-induced upregu-
lation of GnIH and inhibited LH releases from the pituitary. Adrenalectomy blocked 
the expression of GnIH [38].

Stress does more than inhibit GnRH drive. The “stress response complex” 
includes CRH, ACTH, GH, PRL, oxytocin, vasopressin, norepinephrine, and epi-
nephrine [39]. Physical or mental stress causes acute release of CRH secretion cen-
trally, leading to pituitary secretion of ACTH and other pro-opiomelanocortin 
(POMC)-related peptides such as beta-endorphin [40]. Both animal models and 
human studies demonstrate a direct antagonistic effect of CRH on GnRH pulsatility 
[41]. In one study, prolonged and intermittent infusion of CRH into the third cere-
bral ventricle of follicular phase ewes resulted in a significant decrease in GnRH 
mRNA levels in the hypothalamus. Conversely, institution of a CRH signaling 
blockade through administration of CRH receptor antagonists results in an increase 
in GnRH transcriptional activity. Michopoulos et al. showed that administration of 
a CRH antagonist to monkeys reversed the GABAergic activation caused by the 
stress of subordination [32]. Modification of the stress response may restore physi-
ologic HPO activity and is associated with restoration of other neuroendocrine and 
metabolic aberrations. A randomized controlled trial of 16 women treated with cog-
nitive behavior therapy (CBT) versus observation showed that CBT not only 
restored normal ovulatory function but also simultaneously reduced nocturnal cor-
tisol secretion [32, 42]; this RCT provides additional validation of the notion that 
FHA is caused by stress. Additionally, other neuroendocrine and metabolic compo-
nents such as TSH and leptin levels were increased in CBT-treated women com-
pared to controls. This study not only underscores the effect of stress on reproductive 
function, it also highlights the therapeutic importance of active stress management 
for stress-induced infertility.

 Endometrial Exposure to Glucocorticoids as a Model 
to Explore Causes of Implantation Failure

The detrimental effects of psychological and physical stress on endometrial func-
tion are increasingly recognized and can occur via direct or indirect pathways. 
Partial or complete suppression of the HPO axis results in lower estradiol and 
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progesterone secretion which, in turn, alters endometrial development. Subtle alter-
ations may diminish endometrial receptivity. For instance, restraint stress for as lit-
tle as 2 h causes significant decreases in estradiol and progesterone levels in murine 
models [43]. As a consequence, the psychogenic stress caused by restraint results in 
decreased endometrial receptivity, and thereby pregnancy rates, in mice. However, 
the story is likely much more complex than exposure of the endometrium to lower 
estradiol and progesterone levels.

Direct, local, uterine mediators include reactive oxygen species [44], endoplas-
mic reticulum stress [45], catecholamines, and glucocorticoid hormones [46]. 
Cytotoxic cytokines, such as IL-1β and TNF-α, predominantly derived from infil-
trating uterine macrophages, also can interfere with the epithelioid differentiation of 
decidualized endometrium as a result of inflammatory stress [47]. Alternatively, 
stress can indirectly impact the uterus via the HPO axis, inhibiting gonadotropins 
and perturbing physiological patterns of estradiol and progesterone secretion 
required for endometrial receptivity [48].

In the early days of assisted reproductive technologies, a number of practitioners 
postulated that local endometrial inflammation in the peri-implantation environ-
ment might compromise uterine receptivity and early pregnancy establishment. 
Immunosuppressive doses of glucocorticoids (e.g., 60 mg/day of methylpredniso-
lone for 4 days) became a standard of care and were advocated, initially, based on a 
nonrandomized study of women undergoing IVF-ET [49]. However, subsequent 
randomized, prospective, double-blinded clinical trials [50, 51] failed to show either 
a benefit or risk of a short course of peri-implantation glucocorticoids. Despite these 
findings, the habit of routine corticosteroid administration during the peri- 
implantation persists in some practices. A recent report from a single, large center 
compared a historical cohort of 442 subjects from 2014, when methylprednisolone 
and doxycycline were routinely given for 4 days, to a cohort of 434 women treated 
the following year without the supplemental medications. Their findings showed a 
nonsignificant trend (P = 0.10) for higher clinical pregnancy rates (56.1 vs. 61.5%) 
in the unmedicated cohort, but blastocyst stage embryos, frozen transfers, and lower 
age at transfer were all more prevalent in the latter group [52].

As biochemical mediators of chronic stress have long been suspected to reduce 
embryonic implantation success in women, and glucocorticoids are known to antag-
onize estrogen-regulated genes in endometrial cell lines [53], we undertook a study 
in our translational model of decidualized human endometrial stromal cells (ESC). 
Human ESC cultures were treated for 7 days with 10 nM estradiol, 100 nM proges-
terone, and 0.5 mM dibutyryl cAMP (E/P/c) to induce decidualization [54]. Some 
cultures were co-incubated with cortisol (1 μM) or methylprednisolone (267 nM) 
for up to 7 days. Cortisol alone increased the secretion of IL-11 and the combination 
of E/P/c and glucocorticoids resulted in a small (~50%) increase in prolactin secre-
tion. As IL-11 and prolactin are markers of decidual differentiation, these results 
suggest that supplementation of glucocorticoids in the in  vitro paradigm might 
accelerate ESC decidualization.

Given that the extant molecular and in vitro data are divergent and the clinical data 
show no benefit of methylprednisolone treatment, we believe that the prudent prac-
tice currently is to avoid the use of glucocorticoid exposure to the peri- implantation 

7 Stress and Implantation Failure



110

endometrium. One limitation of the cellular studies is that they do not necessarily 
mimic stress per se. Thus, one can conclude that understanding the effects of chronic 
stress and its myriad mediators will require more sophisticated in vitro and in vivo 
models of endometrial function.

 Obesity as a Reproductive Stressor and Contributor 
to Implantation Failure

Obesity may result from psychogenic stress and simultaneously can cause meta-
bolic stress. Obesity is common among women of reproductive age and has many 
reproductive consequences including anovulation, infertility, menorrhagia, and 
adverse pregnancy outcomes. Significant debate exists as to which components of 
the reproductive process are affected most by obesity. While some investigators 
have focused on the adverse effects of obesity on oocyte quality, others have delin-
eated the impact upon endometrium [55]. However, obesity is not uniformly adverse 
and may represent adaption to low fuel environments that thereby allows pregnancy 
to occur in more extreme environments.

Obesity is typically assessed by body mass index (BMI), but the type of obesity 
plays a role in determining its health effects. In general, abdominal adiposity is 
associated with greater risks of diabetes and cardiovascular disease than is gynecoid 
obesity. In most modern societies, consumption of refined sugars drives obesity. 
Evaluation of the effect of consumption of refined sugars on oocyte and embryo 
quality was studied in rhesus monkeys. Monkeys fed a low-dose sucrose diet were 
compared to those fed a standard high protein biscuit diet for 6 months followed by 
controlled ovarian stimulation. The ability of oocytes to resume meiosis was signifi-
cantly impaired in the high-sucrose group [56], although the differentiation of the 
somatic component of the ovarian follicle into progesterone-producing cells was 
not altered. While a small subset of oocytes in the high-sucrose group were fertil-
ized in  vitro and developed into preimplantation blastocysts, there were >1100 
changes in blastocyst gene expression. Because sucrose treatment ended before fer-
tilization, the effects of sugar intake by healthy primates were attributed to epigen-
etic modifications in the immature oocyte that are manifest in the preimplantation 
embryo [56].

Obesity may be an easily recognized marker of stress. For instance, subordinated 
monkeys ate more food than the dominant monkeys if they had access to high-fat, 
high-sugar chow [57]. Michopoulos and Wilson found that subordinated monkeys 
not only ate more high-fat, high-sugar chow but also displayed higher cortisol reac-
tions to stressors; this coupling has been termed “emotional feeding.” Antagonism 
of stress with the CRH receptor antagonist antalarmin attenuated the caloric intake 
of subordinated rhesus monkeys [58]. Further, higher cortisol levels after dexameth-
asone suppression predicted increased consumption of a high-fat, high-sugar diet 
over the low-fat, high-fiber diet. Surprisingly, a choice of diets amplified the cortisol 
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response to the stress of social separation [59]. When stressed monkeys have ready 
access to energy dense foods, overeating and weight gain result. Taken together, the 
above observations suggest that stress causes overeating of high-calorie foods and 
that obesity may be an easily recognized marker of stress in fuel-replete 
environments.

The effect of elevated BMI on oocyte quality was investigated in women under-
going in vitro fertilization (IVF). A higher percentage of oocytes with granular cyto-
plasm, which is typically a marker of poor quality, was found in women with BMI 
≥25 (p = 0.04). However, percentages of mature, immature oocytes and germinal 
vesicles were similar in overweight and normal weight patients. No differences 
were found in fertilization and cleavage rates and percentages of embryo quality. 
The implantation rate (p  <  0.001) was significantly lower in the overweight group 
than in the normal weight group. The amount of gonadotropins used was signifi-
cantly higher in the overweight group (p  = 0.003). These findings suggest that the 
poor reproductive outcome of obese women is influenced by the release of ova with 
reduced fertilization potential [60].

 Impact of Stress on Oocyte Epigenetics and Impaired 
Implantation

 Normal Oocyte Development and Epigenetics

Epigenetics was first introduced by Conrad Waddington [61] as “the branch of biol-
ogy which studies the causal interactions between genes and their products which 
bring phenotypes into being.” Epigenetic regulation of the oocyte has implications 
for both its health and the success of the future pregnancy. In essence, oocyte gene 
products (e.g., mRNAs, proteins) can linger for indefinite amounts of time, only to 
be activated at a precise moment, often at fertilization, to sustain embryonic health. 
These entities are called effector genes and are critical for the success of the oocyte, 
embryo, and pregnancy.

Successful folliculogenesis and oocyte growth, necessary components of normal 
fertilization and early embryo development, have fascinated biologists for centuries. 
The interplay between the ovarian somatic components and the oocyte is carefully 
mediated by hormones and growth factors in the HPO axis [62]. There appears to be 
a complex bidirectional communication, under control of the oocyte [63], Via local 
factors exchanged between the oocyte and its surrounding somatic cells that is 
essential for the future health of a pregnancy (Fig. 7.3).

The process of oocyte growth, taking up to 150 days, begins as primordial folli-
cles emerge from quiescence. Early morphologic changes in the follicle are marked 
by proliferation of the granulosa cells, growth of the oocyte, and initial formation of 
the zona pellucida. Secondary oocytes (e.g., pre-antral follicles) form with the 
emergence of theca cells as well as the development of FSH and steroid receptors 
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on the granulosa cells. The growth of these early primordial and pre-antral follicles 
is FSH independent but represents the pool from which FSH recruitment and ulti-
mate oocyte dominance occur [64]. In hypophysectomized animals, early oocyte 
growth and development occurs without FSH, but perhaps at a slower rate [65].

While there is often a focus on improper meiotic segregation which can lead to 
aneuploidy, especially in the older woman [66], the early pre-antral oocyte is a 
metabolically active and dynamic cell, forming most of the cytoplasm, nuclear com-
ponents, and organelles that will be relayed to the embryo at fertilization. The epi-
genetic modifications essential for fetal development, such as the cytoplasmic 
skeleton and the intracellular distribution of organelles, begin to be established dur-
ing the pre-antral stage [67].

For many of these epigenetic regulators, the oocyte gene products as proteins are 
often selectively localized in the cytoplasm and protected from degradation, thereby 
leading to their function at the precise time in early embryo development. This 
appears to be an important principle in epigenetics; namely, oocyte protein products 
are better regulators than mRNA due to the ability of the oocyte and embryo to 
selectively localize and protect proteins until their use as well as the depletion of 
maternal mRNA at embryo gene activation.
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Ratnam et al. demonstrated the importance of protein localization during embryo 
development [68]. An important methylation enzyme, DMNT1, is translated during 
oogenesis but is localized in the oocyte cortex where it remains inactive. At specifi-
cally the 8-cell embryo stage, Dmnt1 moves into the nucleus to cause its effect on 
the dimethyl-transferase gene. Knocking out the Dnmt1 gene leads to embryo arrest 
at the morula stage. This protein is produced during oocyte maturation but remains 
inactive until the eight-cell stage of the embryo, when it moves into the nucleus to 
effect remethylation of the genome. This is a prime example of how ovarian health, 
more than just having the correct chromosome complement, is vital to the success 
of the pregnancy.

The transition from secondary follicle to an antral follicle and resultant FSH 
dependence is an important and vital step in the maturation of the oocyte and sub-
sequent successful development of the embryo. Promoted by FSH, the process 
involves influx of fluid and development of the antrum which appears to be an 
important factor in growth and maturation of the oocyte-cumulus complex and its 
subsequent release at ovulation [69]. A few days prior to ovulation, granulosa cells 
proliferate in combination with a rapid accumulation of antral fluid, turning the 
complex into a preovulatory Graafian follicle.

Final oocyte maturation is a complex process involving both the cumulus cells 
and the actual oocyte. Both the nuclear changes and the cytoplasmic changes are 
critical in the development of an egg that can be fertilized and develop to a healthy 
blastocyst. While the focus of this section involves epigenetic changes, a brief over-
view of nuclear developments is in order. First, the preovulatory oocyte is arrested 
in prophase of meiosis I. Following development of LH receptors on the granulosa 
cells of the dominant follicle, an LH surge (in response to a critical level and dura-
tion of estrogen from the follicle) leads to three important events. First, there is the 
resumption of meiosis I with subsequent arrest in metaphase of meiosis II. Second, 
there is luteinization of the granulosa cells with subsequent production of progester-
one. Third, there is the proteolytic release of the egg from the ovary in response to 
the LH surge.

Furthermore, the LH surge leads to an important cytoplasmic maturation that 
occurs in concert with the genetic changes noted above. Specific genes, oocyte 
mRNAs, and subsequent proteins reorder the cytoskeleton to promote successful 
early embryo development and implantation. The endoplasmic reticulum and mito-
chondria move toward the oocyte cortex [70], while the egg loses its ability to syn-
thesize new proteins. By moving between active and quiescent, maternal mRNAs 
provide important proteins at key times in the life of the individual.

The journey from a primordial follicle to an embryo involves a precise interplay 
of cytoplasmic and genetic events, involving both critical timing and critical pro-
teins. While the overall time frame from primordial follicle to egg maturity is 
important, there are also key moments in the life of the egg that are vital for success-
ful fertilization. For example, knockout mice lacking oocyte zona pellucida protein 
3 show defective follicle development and cumulus-oocyte complex formation [71]. 
Essential trophic factors appear to be important in preventing atresia [72], and sev-
eral cytoplasmic proteins have been implicated in the process of atresia, including 
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sphingomyelinase, Fas, and Caspase-12 [73–75]. Fertilization is also under epigen-
etic control, as evidenced by knockout of the cMOS gene which leads to partheno-
genetic activation of the egg [76].

While epigenetics are critical for successful ovulation and fertilization, this is not 
the end of the story. There are also multiple maternal effector genes that are acti-
vated at critical moments in the life of the early embryo. In addition to DMNT1 
noted above, the absence of nucleoplasmin 2 (NMP2) leads to arrest at the one cell 
stage [77], and E-cadherin and gamma tubulin have been shown to be important in 
the compaction of the embryo at the morula stage [78]. It certainly appears to be a 
continuum from primordial follicle to healthy individual, with the actual number of 
chromosomes representing only a small part of the story. As shown above, the pre-
cise timing of key oocyte effector genes is critical in the life and health of the 
individual.

 Environment, Stress, and Epigenetics

Since Waddington first introduced the concept of epigenetics, there are increasing 
data suggesting that the egg and embryo environment are important factors in the 
later health of the individual. Barker et al. laid the groundwork for a fetal basis of 
adult disease in 1992 [79]. Perera and Herbstman provided evidence that prenatal 
exposure to environmental chemicals can lead to both developmental disorders and 
disease that present in childhood or later in adulthood [80]. Several retrospective 
studies have linked periods of caloric restriction during early pregnancy to disease 
states in the adult, providing some of the earliest evidence for epigenetic effects 
during the postfertilization period [81, 82]. These studies demonstrate the ability of 
the fetus to adjust its metabolic pathways based on its environment within its mother, 
thereby preparing itself for its future survival.

Evidence continues to mount revealing the importance of the maternal diet to the 
health of the oocyte and the embryo. During the peri-implantation window, even a 
modest reduction in maternal protein consumption can lead to hypertension in the 
adult [83]. Furthermore, enzymes important in methylation of the genome are 
known to be regulated by maternal folate intake [84]. As discussed earlier, Chaffin 
et  al. showed that increased dietary sugar inhibits oocyte maturation and early 
embryo development even though the oocytes were removed and fertilized under 
euglycemic conditions [56]. In addition, higher BMI is associated with lower IVF 
success rates, but this effect is reversed with the use of donor oocytes, suggesting an 
important impact of obesity on the developing egg [85]. Since obesity may be a 
marker of stress, it is unclear whether the detrimental effect on oocytes is due pri-
marily to stress or some other underlying metabolic conditions.

There is also increasing evidence linking the important role of thyroid function 
in the success of both natural conceptions and those conceived via IVF. With regard 
to thyroid antibodies, Weghofer et al. correlated rising TSH levels and possibly TPO 
antibodies to impaired embryo quality [86], while Scoccia et al. showed that despite 
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levothyroxine treatment, women with hypothyroidism have a decreased chance of 
achieving pregnancy following IVF [87]. Furthermore, a recent meta-analysis cor-
related thyroid supplementation to improved clinical outcome in women with sub-
clinical hypothyroidism [88]. While further studies are needed to elucidate the 
mechanism, many authors support lowering TSH levels to below 2.5 to optimize 
pregnancy rates in IVF as well as term delivery rates and birthweight [89, 90]. 
While the mechanism may remain unclear, it appears that the thyroid has an impor-
tant epigenetic role in the health of the embryo and future pregnancy.

The impact of stress on the oocyte and early embryo is becoming increasingly 
important due in part to the emerging role of IVF in our society. In 2015, there were 
72,913 live born infants in the USA alone from IVF, accounting for roughly 1.8% 
of all babies born [91]. This number continues to increase year by year. Babies born 
from IVF have been shown to have an increased incidence of preterm birth and low 
birth weight for gestational age. In 2015, roughly 21.9% of the births from IVF were 
preterm, compared to only 9.6% in the general population [92]. While unproven, 
preterm births and low birth weight remain as possible predictors of the onset of 
adult metabolic diseases. While studies are conflicting, there is also the suggestion 
of an increased incidence of birth defects in babies born from IVF, namely, imprint-
ing disorders such as Beckwith-Wiedemann and Prader-Willi syndromes [93]. 
Epigenetic dysregulation of the methylation silencing of the genome is theorized as 
a possible cause of these imprinting disorders.

In vitro produced embryos show clear effects of the culture medium on gene 
expression [94]. Also, methylation of the embryo genome is impacted by the culture 
media ingredients, revealing a susceptibility of the early embryo to epigenetic pro-
gramming [95]. Embryo growth factors can also be used in culture media to aid 
embryonic survival and health [96]. Embryo culture conditions have also been 
shown to alter blastomere allocation between the inner cell mass and trophectoderm 
[97] as well as placental morphology and function [98], leading to adverse fetal 
development and the onset of adult diseases [99]. Whether these alterations which 
lead to low birth weight and future disease states are purely the result of embryo 
culture versus abnormal oocyte epigenetics remains to be seen. But in either regard, 
gene expression in the preimplantation embryo is vital to the future health of the 
pregnancy and offspring. Which critical epigenetic factors in oocytes and embryos 
are important remain to be identified.

In 2002, Leese postulated that an embryo with a “calm” metabolic state is more 
viable than the embryo with an overactive metabolism [100]. Mitochondrial DNA 
levels have been proposed as a marker of a stressed embryo, such that conditions 
which deviate from normal (i.e., aneuploidy, chemical stress, maternal age) tend to 
show higher mitochondrial DNA levels and lower frequency of a live birth [101]. 
Since distressed embryos may be prone to a higher energy level as a compensatory 
mechanism, mitochondrial DNA has been proposed as a biomarker for embryo via-
bility [102]. However, a recent report questioned the current technology of deter-
mining mitochondrial DNA content and found an equal amount of mitochondrial 
DNA between blastocysts stratified by age and implantation potential [103]. In addi-
tion to possible use in determining embryo viability, there are also data suggesting 
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that stressed oocytes show a marked alteration in mitochondrial function and distri-
bution, once again revealing the epigenetic importance of a healthy oocyte to the 
viability of the pregnancy [104]. More studies are needed to determine the useful-
ness of mitochondrial DNA as a marker of embryo viability.

There is further evidence that stress plays an epigenetic role in the process from 
early oocyte to healthy embryo. Information can be transmitted from parent to off-
spring through epigenetic marks in germ cells, including microRNA. Rodgers et al. 
demonstrated that sperm microRNAs, identified in a stress model, functionally 
reduce maternal mRNA stores in early embryos, thereby altering gene expression in 
the offspring [105]. Furthermore, stress in the form of heat shock has been shown to 
disrupt nuclear maturation through cytoskeletal defects, leading to either failed fer-
tilization or abnormal embryo development [106]. Other authors have proposed that 
stress-related epigenetic modifications work through disruption of heterochromatin 
structure [107].

Other epigenetic effects are expressed through corticosteroids. Their action in 
target organs is regulated by relative activities of enzymes responsible for conver-
sion of cortisone to cortisol or inactivation of cortisol. A recent study showed that 
the bovine cumulus ovarian complex can modulate the level of cortisol through rela-
tive activities of these enzymes, thereby creating an environment conducive to fer-
tilization and subsequent embryo development [108]. Furthermore, the enzyme 
responsible for cortisol degradation appears to increase activity during oocyte matu-
ration, leading to lower levels of functional corticosteroids in the early embryo 
[109]. In chickens, corticosteroids have been shown to reduce the length of erythro-
cyte telomeres [110].

Finally, Nesan and Vijayan showed that in the zebrafish model, cortisol plays an 
important role in corticosteroid receptors that in turn are transcription factors able 
to modulate downstream gene expression in a host of developmental events [111]. 
For example, increased cortisol in the newly fertilized embryo causes a disruption 
in cardiogenesis. They further postulate that this epigenetic modification in early 
embryos is due to maternal cortisol, since the embryo begins synthesizing cortisol 
only at the hatching stage. If glucocorticoids are developmental regulators, then 
maternal stress during folliculogenesis could disrupt the normal development of the 
early embryo through impaired organogenesis and growth. They also argue that 
proper regulation of embryo cortisol levels is important for a normal stress response 
in the adult. An appropriate level of cortisol, the key stress hormone in women, 
appears crucial for both normal fertilization and subsequent normal development in 
the early embryo. In other words, an abnormal stress pattern in women can lead to 
ovulation disorders as well as faulty early embryo development.

In summary, oocyte epigenetics play a key role in the future health of the preim-
plantation embryo, and environmental conditions surrounding the early embryo 
influence the health of the future offspring. The oocyte and the preimplantation 
embryo need to sequester maternal effector genes and, at the right moment, express 
proteins for successful health and development. This is accomplished through 
timely cytoskeletal remodeling and gene activation. Stress likely impacts many if 
not all of the processes delineated above.
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Reproductive aging is an increasing problem in the field of infertility, and stress 
has been shown to accelerate the aging process. Most research in the field of repro-
ductive aging centers on the oocyte DNA during oogenesis and the impact of chro-
mosome segregation both before and after fertilization. Many steps in oogenesis are 
at risk for epigenetic alterations that can have long-lasting impact on the offspring. 
In addition to aneuploidy, we need to also consider the effects of hormonal imbal-
ance, lifestyle modifications, and culture conditions on the developmental compe-
tence of the oocyte and preimplantation embryo. The health of the offspring is not 
only dependent on the right number of chromosomes but also on the appropriate 
expression of genes at critical moments of oocyte and embryo maturation. These 
critical moments in the life of the oocyte and embryo can be greatly affected by 
epigenetic imprinting which in turn reflects the sum of exposures including environ-
mental toxins and behavioral stressors of all types.

 Impact of Lab Stress upon Embryo Health and Implantation

Healthy embryos have a higher probability of implantation, and many of the 
advances in IVF relate to minimizing the stress of embryo culture. The IVF process, 
including embryo culture, not only distorts the innate physiological processes that 
promote embryo health, but it also introduces many additional stressors. Oocytes 
and embryos are always exposed to oxidative stress (OS), but antioxidants present 
in the reproductive tissues protect embryos in vivo. Oxidative stress has been impli-
cated as one of the factors responsible for unsatisfactory outcomes in ART. During 
in vitro culture, there are several sources of oxidative stress including:

• High oxygen tension
• Composition and pH of the culture media
• Exposure to light
• Air quality

 Oxygen Concentration

In ART laboratories, embryos are either cultured in an atmospheric oxygen concen-
tration of 20% or reduced oxygen concentration of 5–6%. Oxygen plays an essential 
role in cell growth and differentiation, but the presence of high concentrations of 
oxygen during incubation activates various cellular oxidase enzymes. Multiple 
reports have demonstrated that compared to embryos cultured under atmospheric 
oxygen conditions, those cultured at 5% oxygen yielded better embryo quality dur-
ing IVF cycles. Production of reactive oxygen species (ROS) during embryo culture 
has been attributed to atmospheric oxygen conditions and also has been implicated 
as a main contributor to poor embryo development. However, cause and effect have 
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not been demonstrated. While an increase in antioxidant gene expression under 
20% oxygen has not been observed, reducing oxygen tension promotes better 
embryo development in vitro than treatment with detoxifying enzymes [112].

 Culture Media

The high energy demands of the mammalian preimplantation embryo are critical to 
creating vulnerability to preimplantation metabolic stressors. In vitro, the accumu-
lation of metabolic derivatives, including carbohydrate substrates or toxic byprod-
ucts, may contaminate culture media and affect energy usage by embryos. In vitro 
culture is a closed system compared with the metabolic waste dissipation capacities 
provided by the oviduct (which to an embryo are essentially infinite [113]. Variations 
in nutrient availability alter developmental competence [114], implying that culture 
in  vitro is a source of great stress. The pH of culture media is also a source of 
in vitro stress. The pH of culture conditions is often unstable, and pH is a powerful 
modulator of metabolic activity. Changes to pH (or lack thereof) could perturb met-
abolic homeostasis, stimulate or prevent induction of specific molecular pathways, 
and facilitate potentially irreversible metabolic changes.

 Exposure to Light

There are several ways that light might affect a cell. There may be a direct effect 
where light “stresses” the cell, activates stress genes, or even damages DNA directly 
via ionization. Light has been linked to increased production of ROS and to DNA 
damage. Light has also been implicated in the oxidation of oil used in the culture of 
human embryos [115]. Embryology laboratories should not be located in areas 
where direct sunlight might damage them. Care should be taken with hood lights, 
ambient lights, headlamps, and microscope lamps [116]. It is important to continue 
to evaluate the role light might play in the production and growth of human embryos.

 Air Quality

Volatile organic compounds (VOCs) are a major stressor to the development of 
embryos in vitro. Their removal should be an integral element of air cleanliness in 
IVF. Removal of VOCs is achieved by potassium permanganate-impregnated, acti-
vated carbon filters. In vitro fertilization laboratories aiming to control air pollution 
should integrate both air particle and VOC filtration. Better air quality conditions 
are associated with higher embryo development, implantation, and live birth rates 
[117].

J.L. Deaton et al.



119

 Summary

Stress is the product of a complex integration of physiological reactions that seek to 
promote survival of the individual. The panoply of biological consequences initi-
ated by stress, only some of which are delineated above, may compromise not only 
acute reproductive function but also future reproductive potential. Identification and 
management of stressors have the potential to improve reproductive outcomes.
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Chapter 8
Hematologic Disease in Implantation Failure

Shelby A. Neal, Jason M. Franasiak, and Richard T. Scott

 Introduction

As treatment strategies in assisted reproduction have evolved over time, success 
rates have progressively increased. Nevertheless, a substantial number of embryos, 
even those determined to be chromosomally normal, fail to implant. The process of 
embryo implantation is complex and involves a number of events that occur at the 
microvascular level. Hematologic pathology, specifically inherited and acquired 
thrombophilias, has been proposed as a potential etiology for implantation failure. 
This idea has largely evolved from the robust body of literature surrounding throm-
bophilias and obstetric outcomes. The underlying pathophysiology behind this 
association relates to the concept that thrombophilic conditions create a predisposi-
tion to thrombosis beyond that which already exists during pregnancy. 
Microthromboses can result in reduced uteroplacental blood flow, leading to a myr-
iad of obstetric complications.

The most prominent connection between hematologic pathology and decreased 
reproductive success is antiphospholipid antibody syndrome, an acquired thrombo-
philia. The presence of these antibodies has been associated with an increased risk 
of recurrent pregnancy loss (RPL) [1–4]. Women with RPL are three times more 
likely to test positive for antiphospholipid antibodies than the general obstetric 
population [5]. The proposed mechanism involves the binding of antiphospholipid 
antibodies to trophoblast cells, resulting in abnormal endovascular trophoblastic 
invasion in early pregnancy. In addition, antiphospholipid antibodies have been 
noted to reduce production of vascular endothelial growth factor (VEGF), thereby 
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limiting the formation of blood vessels [6]. In addition to recurrent pregnancy loss, 
several obstetric complications including preeclampsia and intrauterine growth 
restriction (IUGR) have an established association with antiphospholipid antibod-
ies [7, 8]. Women with antiphospholipid antibodies have a fivefold increased risk 
of developing preeclampsia [9] and 1.5–3-fold risk of developing IUGR [7, 8]. 
Thrombosis in the placental circulation is the most plausible mechanism in 
these cases.

Once antiphospholipid antibodies were established as a cause of RPL, inherited 
thrombophilias were explored as an etiology with a similar underlying mechanism 
in mind. While some studies have reported an association between inherited throm-
bophilias and RPL with an approximately threefold increased risk of loss [10–12], 
multiple other studies have failed to establish a link [13, 14]. Additionally, there is 
conflicting evidence regarding their impact on adverse obstetric outcomes such as 
preeclampsia, intrauterine growth restriction, and placental abruption. Some stud-
ies report an association [15–17], while others do not [14, 18]. These conflicting 
data make this topic a challenging one for both patients and providers. We will 
discuss what evidence exists for and against their contribution to reproductive fail-
ure and what, if anything, can or should be done if a hematologic abnormality is 
present.

Despite the prevalence of literature surrounding thrombophilias and recurrent 
pregnancy loss, their impact on implantation failure is less clear. The proposed 
mechanism is similar to that underlying RPL, namely, that microthrombosis causes 
disturbed blood flow to the endometrium and, in the case of recurrent implantation 
failure, impairs the initial vascularization process that is necessary for successful 
implantation to occur [19]. Some data in the literature support this association; 
however, they are mostly in the form of case-control studies, and a number of 
cohort studies have found conflicting results. Large randomized controlled trials 
are needed despite the fact they are challenging to implement in this setting. In this 
chapter, the available literature regarding the potential role of thrombophilias in 
implantation failure and the evidence for possible therapeutic options will be 
reviewed.

 Physiology and Pathophysiology of Hemostasis

Hemostasis is the physiologic mechanism that curtails bleeding following vascular 
injury. Normal hemostasis depends upon the presence of tissue factor and activation of 
the coagulation cascade, which involves a number of critical clotting factors and 
cofactors. Inappropriate activation of this system is prevented by the anticoagulant 
system. Thrombophilic states can occur when there is an alteration in one of these 
processes.
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 Inherited Thrombophilias

Thrombophilias can be classified as either inherited or acquired. Inherited thrombo-
philias are due to genetic mutations in various components of the coagulation cas-
cade, the majority of which are inherited in an autosomal dominant fashion. Each 
one has its own unique effect on the coagulation cascade (Fig. 8.1).

Factor V Leiden is the most common known mutation, resulting from a substitu-
tion of guanine by adenine at nucleotide 1691. As a result of this mutation, factor V 
is rendered resistant to cleavage by activated protein C. Although a case-control 
study did identify factor V Leiden as a risk factor for pregnancy loss [10], a larger 
prospective study found no association [14].

Other frequently studied mutations include mutations in the prothrombin gene 
(substitution of guanine by adenine at nucleotide 20210) and methylenetetrahydro-
folate reductase (MTHFR) (cytosine to thymine substitution at nucleotide 677). In 
the setting of a prothrombin gene mutation, there is increased translation resulting 
in increased circulating levels of prothrombin. The same case-control study that 
identified factor V Leiden as a risk factor for pregnancy loss also implicated pro-
thrombin gene mutation G20210A as a risk factor [10]; however, a larger prospec-
tive study found no association [13].

Mutant forms of MTHFR are the most common cause of hyperhomocystein-
emia. There are conflicting data on the association of hyperhomocysteinemia and 
pregnancy loss. A meta-analysis suggested the possibility of an increased risk with 

Prothrombin

Factor V

Protein S

Activated protein C

Protein C

ThrombinAntithrombin

Coagulation

Prothrombin gene
G20210A mutation

increase prothrombin
levels

Factor V Leiden mutation
renders Factor V

resistant to inactivation

Protein S deficiency
reduces inactivation

of Factor V

MTHFR mutation
can lead to

hyperhomocysteinemia
which inhibits activation

of Protein CProtein C deficiency
diminishes

anticoagulant activity

Antithrombin
deficiency

decreases thrombin
neutralization

Fig. 8.1 Overview of the inherited thrombophilias and their effects on the coagulation cascade

8 Hematologic Disease in Implantation Failure



128

OR 1.4 (95% CI 1.0–2.0) [20]. However, subsequent meta-analyses have concluded 
that MTHFR mutations are not associated with pregnancy loss [12, 21].

Deficiencies in natural anticoagulants, such as antithrombin III, protein C, and 
protein S, also result in a thrombophilic state. Data regarding the association with 
anticoagulant deficiencies and recurrent pregnancy loss is lacking, but a meta- 
analysis of the few studies available only revealed an increased risk of recurrent 
pregnancy loss in the setting of protein S deficiency (OR 14.72) [12].

 Acquired Thrombophilias

In contrast, antiphospholipid antibody syndrome (APAS) is considered an acquired 
thrombophilia. Diagnosis requires at least one clinical criterion (either obstetric or 
thrombotic) and one laboratory criterion. Acceptable laboratory criteria include the 
presence of certain antiphospholipid antibodies (APAs), namely, anticardiolipin 
antibody, anti-β2 glycoprotein I antibody, or lupus anticoagulant. At least one of 
these antibodies must be preset on two separate occasions, at least 12 weeks apart 
[22]. A number of mechanisms by which antiphospholipid antibodies activate coag-
ulation have been proposed including resistance to natural anticoagulants, impair-
ment of fibrinolysis, and activation of endothelial cells, platelets, and the coagulation 
cascade [23]. Many studies support an association between antiphospholipid anti-
bodies and recurrent pregnancy loss [1–4]. In patients with APAs, 50% of preg-
nancy losses occur after the tenth week [24].

 Embryo Implantation and Vascular Invasion

Understanding the process of embryo implantation, specifically as it relates to inva-
sion of the microvasculature, is fundamental to understanding the possible mecha-
nisms by which hematologic abnormalities may influence implantation. Normal 
implantation occurs approximately 7 days after fertilization and is comprised of 
three distinct stages [25]. The first stage involves the initial apposition of the embryo 
to the uterine wall via interdigitation of microvilli on the syncytiotrophoblasts and 
uterine epithelium. In the second stage, the embryo becomes more stably adhered to 
the uterine epithelium. The final stage is characterized by invasion of the syncytio-
trophoblasts into the uterine wall and vasculature. Alterations in this process may 
result in a wide spectrum of pathology, from failed implantation or placental insuf-
ficiency (secondary to inadequate trophoblastic invasion) to morbidly adherent pla-
centa (due to excessive trophoblastic invasion).
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 Recurrent Implantation Failure

Although there is a robust body of knowledge regarding the association of thrombo-
philias with recurrent pregnancy loss and obstetric outcomes, less is known with 
respect to recurrent implantation failure. Furthermore, most of the available data 
comes from case-control studies, and the results have been conflicting.

 Inherited Thrombophilias

Several investigators have proposed an association between inherited thrombophilic 
conditions and recurrent implantation failure. In a case-control study, examining the 
prevalence of prothrombotic mutations among 18 women who underwent at least 
three IVF cycles with subsequent fetal loss or implantation failure compared to 24 
randomly selected women undergoing their first or second IVF cycle at the same 
center, the first group had more mutation carriers (27.7 versus 0%, p = 0.010) [26]. 
Another case-control study had similar results when comparing 45 women with >4 
failed IVF cycles to 44 age-matched controls, with thrombophilic mutations identi-
fied in 26.7% of the study group versus 9.1% of the controls (p = 0.003) [27]. Yet 
another case-control study revealed that women with >3 failed IVF cycles were 
more likely to have at least one inherited or acquired thrombophilia when compared 
to women with successful pregnancy after their first IVF cycle and women who 
conceived spontaneously (68.9 versus 25% and 25.6%, p  <  0.01) [28]. A more 
recent systematic review and meta-analysis examined eight case-control studies and 
two cohort studies and concluded that factor V Leiden is more prevalent among 
women with ART failure (OR 3.08, 95% CI 1.77–5.36) [29].

Equally compelling is the evidence from studies that have found no difference in 
the prevalence of inherited thrombophilia in women who experience recurrent 
implantation failure when compared to control groups [30–33]. The previously 
mentioned meta-analysis did not find a significant association between ART failure 
and prothrombin gene mutation, MTHFR mutation, or deficiencies in protein C, 
protein S, or antithrombin [29].

 Acquired Thrombophilias

Given the association of antiphospholipid antibodies with recurrent pregnancy loss 
and obstetric complications, it is not unexpected that there are data to support an 
association with implantation failure as well. Multiple case-control studies have 
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noted a higher prevalence of antiphospholipid antibodies in women with implanta-
tion failure when compared to controls [2, 28, 33–36]. In addition, a prospective 
cohort study found that patients with antiphospholipid antibodies had a lower preg-
nancy rates than those without, although this difference was not statistically signifi-
cant (5.4 versus 26.1%, p = 0.07) [37]. Lastly, a systematic review and meta- analysis 
of the literature involving 29 studies concluded that antiphospholipid antibodies are 
more prevalent among women with ART failure (OR 3.33, 95% CI 1.77–6.26) [29]. 
However, the majority of the studies were case-control designs, and the authors 
concluded that the overall methodologic quality was poor secondary to inappropri-
ate control group selection.

There are also ample data to suggest that antiphospholipid antibodies do not have 
an association with implantation failure. These include a number of case-control 
studies [30, 38], retrospective cohort studies [39, 40], and prospective cohort studies 
[41, 42]. In 2006, the Practice Committee of the American Society for Reproductive 
Medicine published a committee opinion entitled “Anti-phospholipid antibodies do 
not affect IVF success,” in which they reviewed seven studies with over 2000 
patients in total, all of which concluded that there is no statistically significant 
impact of the presence of APAs on IVF outcomes [43]. The authors conclude that 
assessment of antiphospholipid antibodies is not indicated in couples undergoing 
IVF and therapy is not justified on the basis of the existing data. However, many of 
these studies did not specifically examine patients with recurrent IVF failure but 
rather failure in one cycle. Perhaps the studies examining those with recurrent fail-
ure enrich the population and make the effect more readily apparent.

 Therapeutic Options

Despite the conflicting data available regarding the association of inherited and 
acquired thrombophilias with implantation failure, testing for these conditions 
remains an important consideration when evaluating these patients as potential ther-
apeutic options exist. When identified, therapeutic interventions for these condi-
tions are aimed at altering the coagulation cascade in hopes of correcting the 
perturbation.

Both aspirin and heparin have been explored as treatment for antiphospholipid 
antibodies in the setting of recurrent implantation failure, based largely on the data 
that support their use for patients with RPL [44–48]. Aspirin inhibits platelet aggre-
gation via antithromboxane effects and may counteract antiphospholipid antibody- 
mediated hypercoagulability in the choriodecidual space (Fig. 8.2) [49]. Heparin is 
theorized to exert its protective effects by inhibiting the binding of phospholipid 
antibodies, thereby protecting the trophoblast from injury [50].

Mixed evidence exists to suggest that treatment may be beneficial for patients 
with both recurrent implantation failure and diagnosed thrombophilia. One random-
ized controlled trial found that implantation rates were doubled in patients treated 

S.A. Neal et al.



131

with low molecular weight heparin (LMWH) in comparison with placebo [51]. In 
this particular study, recurrent implantation failure was defined as >3 failed IVF 
cycles, and patients had at least one inherited or acquired thrombophilia. However, 
another randomized controlled trial found no difference in pregnancy, implantation, 
or live birth rates following treatment with aspirin and heparin [52]. This study only 
examined patients with antiphospholipid antibodies, and the authors defined recur-
rent implantation failure as >10 embryos transferred without pregnancy.

Although treatment with heparin and aspirin may be associated with increased 
implantation rates in patients with known thrombophilia, there is currently no evi-
dence to suggest empiric treatment for patients without diagnosed thrombophilia. 
Multiple prospective randomized controlled trials have found that treatment with 
LMWH in patients with >2 failed IVF cycles did not improve live birth rates [53, 
54]. It is possible that patients with >3 failed IVF cycles may benefit from empiric 
LMWH; however, the improvement in pregnancy rates did not reach statistical sig-
nificance in the study that evaluated this subgroup [54].

 Summary

The relationship between thrombophilia and implantation failure remains largely 
inconclusive. The idea that there is an association is largely based on the literature for 
recurrent pregnancy loss. This association has been supported by a number of small 
case-control and cohort studies but refuted by many others. Until larger prospective 
studies are undertaken, it is difficult to make a strong recommendation for routine 
screening of IVF patients or empiric treatment in the setting of thrombophilia. 
However, there is some evidence to suggest that treatment of individuals with a known 
thrombophilic condition and recurrent implantation failure may benefit from treat-
ment. It is therefore reasonable to test for thrombophilia in patients with recurrent 
implantation failure and consider treatment if a thrombophilic disorder is identified.
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Chapter 9
Endocrine Causes of Implantation Failure

Scott Morin, Baris Ata, and Emre Seli

 Introduction

Successful implantation is dependent upon a highly coordinated sequence of 
 hormonal stimuli to prepare the endometrium for pregnancy. In the natural setting, 
this complex but logical process is beautifully designed to mirror the progress of the 
preimplantation embryo as it traverses the oviduct and uterotubal junction and 
approaches the endometrium. However, given the reliance of this delicate system on 
endocrine signaling, inadequate support or disturbed timing of hormonal stimuli 
may cause the endometrium to become inhospitable to the preimplantation embryo. 
Furthermore, alterations in these signals as a result of exogenous gonadotropin 
administration in modern infertility treatment can have major implications on the 
receptivity of the endometrium. Additionally, other endocrine processes separate 
from the hypothalamo-pituitary-ovarian (HPO) axis are involved in optimizing this 
process, and pathology in these systems can also negatively impact implantation.

While considerable progress has been made in elucidating the mechanisms 
underlying this complex system, many questions still remain. This chapter seeks to 
(1) describe the normal coordination of endocrine stimuli required to achieve 
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implantation, (2) review our current understanding of how this system is affected by 
modern infertility treatment, (3) discuss how pathological endocrine processes dis-
rupt implantation, and (4) discuss treatment options for optimizing the chance for 
successful implantation.

 Endocrine Regulation of Endometrial Growth 
and Regeneration

For the vast majority of women, the menstrual cycle demonstrates little variability 
from cycle to cycle, with a normal range of 25–35 days [1]. In the absence of preg-
nancy, this cycle is repeated approximately 400 times during the adult life of a nor-
mally menstruating female. This consistency reflects a predictable cascade of events 
originating in the hypothalamus and resulting in ovarian sex steroid production. A 
foundational understanding of the processes coordinating each step is required when 
attempting to optimize each patient’s chance for successful pregnancy.

 Neuroendocrine Control of Menstrual Cycle

Any discussion of the menstrual cycle must begin with an understanding of the 
neuroendocrine mechanisms underlying its function. This system begins with pul-
satile secretion of GnRH from the arcuate nucleus of the hypothalamus under the 
regulation of kisspeptin. Both pulse frequency and amplitude vary significantly over 
the course of the menstrual cycle. Early in follicular phase, GnRH pulses slow to 
every 90–100 min. This period is marked by pituitary FSH production and secre-
tion, which supports follicular recruitment. In the midfollicular phase, GnRH pulse 
frequency increases to every 60 min. While amplitude is initially low, it increases in 
parallel with increased estradiol secretion from the follicular unit. The rising estra-
diol level also induces an increase in pituitary gonadotrope responsiveness to GnRH 
in the midfollicular phase. At midcycle, this increased responsiveness ultimately 
facilitates the LH surge, followed by ovulation approximately 36 h later. Following 
ovulation, progesterone secretion from the corpus luteum slows GnRH pulse fre-
quency to every 4–8 h. Pulse amplitude increases, however, resulting in the persis-
tence of adequate LH levels to support corpus luteum function.

 Two-Cell Theory of Ovarian Sex Steroid Production

There is compelling evidence for a cooperative relationship between theca and 
granulosa cells that is based on specialization of androgen substrate production in 
the theca for eventual aromatization in the granulosa cells. This process begins in 
the preceding luteal phase, as FSH levels begin to rise. A slight increase in FSH 
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rescues a cohort of preantral follicles from atresia and initiates growth. As levels 
continue to rise during the early follicular phase, FSH stimulates granulosa cell 
proliferation and increases gap junction formation producing a syncytium of granu-
losa cells in the developing follicle. This mitogenic activity of FSH on granulosa 
cells works in combination with an FSH-induced increase in aromatase activity to 
facilitate an increased capacity for estrogen production. Simultaneously, as follicu-
lar growth proceeds, theca cells begin to produce an increasing number of LH 
receptors. In the theca cells, LH binding facilitates cholesterol uptake and conver-
sion into androgens. Preovulatory granulosa cells are unable to complete conversion 
of the 21-carbon substrates into androgens, and as a result ovarian steroidogenesis 
is largely dependent on this LH activity in the theca cells. Thus, as follicular devel-
opment progresses, increasing amounts of androgen substrate are produced as a 
result of increasing LH activity. These substrates diffuse into adjacent granulosa 
cells where they are aromatized to estradiol. As the follicular phase advances, 
increasing LH levels result in additional androgen substrate and ultimately increas-
ing estradiol secretion from the follicular unit. Throughout this process, FSH also 
increases the number of LH receptors present on the granulosa cells preparing the 
follicular unit for ovulation.

 Ovulation

Ovulation is ultimately facilitated by the increased estradiol produced by the domi-
nant follicle. This increased estradiol causes increased pituitary responsiveness to 
GnRH and induces the LH surge. The LH surge not only triggers resumption of 
meiosis in the oocyte and induces ovulation but also induces a significant shift in the 
activity of the follicular unit. Prior to ovulation, granulosa cell activity is dominated 
by estradiol production. While progesterone production is initiated in the hours 
leading up to ovulation, its secretion is significantly increased following  ovulation—
reaching a peak at approximately 8 h after the LH surge. Progesterone levels remain 
elevated as long as the corpus luteum is supported by LH stimulus. Meanwhile, 
estradiol levels decrease to a steady but reduced level following ovulation.

 Luteinization and Postovulation Steroid Secretion

The process of luteinization is facilitated by a wide array of mechanisms. The previ-
ously avascular follicular unit is transformed into a highly vascular tissue which 
allows increased exposure to cholesterol substrate for progesterone production. This 
process is further facilitated by an increased expression of steroidogenic acute regula-
tory protein (StAR) and side-chain cleavage enzyme which regulate cholesterol trans-
fer into the inner mitochondrial membrane and eventual conversion to pregnenolone. 
Increased progesterone production is the result of increased 3-beta- hydroxysteroid 
dehydrogenase activity in the granulosa cells. All of these processes require 
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continued tonic secretion of LH from the anterior pituitary. Thus, the efficiency of the 
corpus luteum is determined by the extent to which LH receptor accumulation 
occurred prior to ovulation. An inefficient follicular unit prior to ovulation forebodes 
a poorly functioning corpus luteum following ovulation. Whether this can be over-
come by exogenous support of corpus luteum function or progesterone supplementa-
tion is discussed in detail later in this chapter.

Because progesterone secretion is dependent upon the pulsatile release of LH, 
levels vary throughout the luteal phase. Thus, attempts at correlating progesterone 
levels with luteal function are limited by the frequent changes in progesterone levels 
relative to its episodic production from the corpus luteum. This reality has limited 
the applicability of progesterone measurements in predicting the chance of ongoing 
gestation. Instead, it appears as though as long as progesterone levels reach a thresh-
old for inducing secretory change in the endometrium, increasing levels due not 
improve chances at implantation. The more clinically relevant measure of proges-
terone’s impact on the chance of successful implantation involves determining 
when progesterone crosses this threshold in relation to when the embryo approaches 
the endometrium. This concept of endometrial-embryo synchrony is discussed in 
great detail in Chap. 2 and will also be considered briefly below.

 Endometrial Response to Sex Hormone Secretion in the Normal 
Menstrual Cycle

In the clinical setting, the dynamic changes of ovarian sex steroid production receive 
the majority of focus when considering the physiology of the menstrual cycle. 
Providers are prone to focusing on the HPO axis because measuring hormones pro-
vides data with which to base treatment decisions during treatment cycles. In con-
trast, the endometrium provides relatively less information in a given cycle. However, 
when considering the effect of the endocrine system on implantation, the endome-
trium must be considered the final recipient of the cascade of messages produced 
during the menstrual cycle. Without a coordinated endometrial response to the cyclic 
changes in sex steroid production by the follicular unit, pregnancy will not ensue.

The endometrial cycle is the result of three stages of development in response to 
ovarian estrogen and progesterone exposure—proliferation, differentiation, and tis-
sue breakdown. At the molecular level, these sex steroids act via cognate receptors 
to initiate expression of specific cascades of genes and to induce shifts in autocrine, 
paracrine, and intracrine communication in the endometrium. Estrogen is respon-
sible for the proliferative changes during the follicular phase of the ovarian cycle. 
Progesterone is required for the establishment and maintenance of pregnancy con-
sequent upon the transformation of the estrogen-primed endometrium into the 
secretory phase. Menstruation results from withdrawal of both hormones upon 
demise of the corpus luteum.
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 Endometrial Structure

A full appreciation of endometrial preparations for implantation requires an under-
standing of the structure and function of the endometrium. The endometrium is 
comprised of two major layers: the functionalis and the basalis. The functionalis is 
a transient and proliferative layer that comprises the upper two-thirds of the endo-
metrium. The basalis is the bottom one-third of the endometrium directly adjacent 
to the myometrium and is responsible for regenerating the functionalis after men-
strual shedding. The basalis contains the basal arteries, which are branches of the 
radial arteries and are unresponsive to the hormonal changes of follicular unit. The 
spiral arteries are separate branches of the radial arteries which extend into the func-
tionalis layer and are responsive to cyclic hormonal changes. The other major struc-
tural feature of the endometrium is its rich and dynamic endowment of glands. 
These glands originate in the basalis and extend to the luminal surface of the endo-
metrium. Their presence indicates an important functional component of the endo-
metrium, in that their secretory products serve to communicate with the 
preimplantation embryo to promote the events leading up to implantation.

A significant body of literature exists for describing the histologic changes that 
accompany shifts in hormonal stimuli in the endometrium. These morphological 
changes have been reviewed in detail in classical experiments [2]. The proliferative 
phase is characterized by a transition from cuboidal, ragged surface epithelium fol-
lowing menstruation to a columnar, pseudostratified luminal epithelium. Gland 
morphology also develops in the proliferative endometrium from short and narrow 
in shape to more undulant surfaces with increasing tortuosity. The stromal compo-
nent demonstrates active mitoses, and its density begins to increase throughout this 
phase of the cycle.

Due to the fact that most investigations of endometrial histology were primarily 
carried out in infertile patients in an effort to describe alterations in the timing of 
endometrial structural changes, more attention has been paid to the subtle, daily 
changes in the secretory endometrium. In a classic paper, Noyes et al. [3] argued 
that an increased rate of structural change in the secretory endometrium allowed 
assignment of specific endometrial dating based on histologic assessment. The 
first, easily identifiable morphologic change due to progesterone exposure occurs 
on day 3 following ovulation. Prominent subnuclear vacuoles appear and increase 
in size resulting in loss of pseudostratification and generation of an orderly row of 
nuclei in the luminal epithelium. On day 4 following ovulation, these vacuoles slip 
past the nuclei and localize near the luminal surface of the endometrial glands. By 
day 5 postovulation, few vacuoles are evident indicating intraluminal secretion of 
their contents. By this time, nuclei are impressively aligned at the basal portion of 
the glandular epithelium. During this process, gland diameter and tortuosity 
increases.

The primary morphologic feature at the time of implantation is an appreciable 
increase in stromal edema, which begins on day 6 postovulation. This feature is 
responsible for the familiar uniformly echogenic appearance of the endometrium on 
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ultrasound in the secretory phase. Stromal edema reaches its height on days 7 and 8 
after ovulation and is accompanied by increased coiling of spiral arterioles. Soon 
after, polymorphonuclear leukocytes—primarily uterine natural killer cells and 
macrophages—infiltrate the stroma. A process of pseudodecidualization under the 
influence of progesterone is also established around the time of implantation. 
So-called predecidual cells characterized by cytonuclear enlargement, increased 
mitotic activity, and development of a basement membrane can initially be identi-
fied surrounding blood vessels. These cells act in concert with decidual leukocytes 
to control trophoblastic invasion. At this time, the secretory endometrium is orga-
nized into three distinct layers—the unchanged basalis, the lace-like stratum spon-
giosum (composed of edematous stroma, tightly coiled spiral vessels, and dilated 
glands), and the superficial stratum compactum (resulting from predecidual 
transformation).

In the absence of pregnancy and the sustaining actions of human chorionic 
gonadotropin, the corpus luteum ultimately reaches the end of its predetermined life 
span. The resulting withdrawal of progesterone and estrogen results in a series of 
events leading up to menstruation. The primary mechanism responsible for this phe-
nomenon is vasospasm of the spiral arterioles resulting in endometrial ischemia. 
Furthermore, lytic enzymes including matrix metalloproteinases previously con-
fined to lysosomes under the control of progesterone are released upon progesterone 
withdrawal. This leads to enzymatic autodigestion of the cellular components, 
extracellular matrix, and basement membrane of the functionalis. Menstrual slough-
ing results.

 Limitations in Endometrial Dating as a Clinical Tool

Despite significant progress in describing the histologic changes that accompany 
the sequential hormonal shifts in the menstrual cycle, the utility of endometrial 
dating as a tool to optimize timing in fertility treatments has been questioned on 
multiple grounds. First, significant inter- and intra-observer variability on the dat-
ing of a given endometrial biopsy sample has been described in multiple papers 
[4–6]. Much of these discrepancies result from difficulties assigning accurate 
endometrial dating in the case of glandular-stromal dyssynchrony [7]. Furthermore, 
the utility of endometrial dating as part of the infertility work up was significantly 
challenged when Coutifaris et al. [8] demonstrated in a large, multicentered pro-
spective trial that out-of-phase biopsy results failed to discriminate between fertile 
and infertile couples. Thus, while description of endometrial dating has proven a 
useful framework for studying the effect of modern treatments on endometrial 
progression, it provides very little clinical value as a screening tool for infertility. 
As a result, these efforts are not recommended as part of the modern infertility 
work up.
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 The Impact of the Supraphysiologic Hormonal Milieu 
on Endometrial Development in Controlled Ovarian 
Hyperstimulation

Multifollicular development is the goal of exogenous gonadotropin treatment in an 
IVF cycle. However, multifollicular development results in supraphysiologic con-
centrations of estradiol and progesterone. Thus, the endocrine stimuli responsible 
for the chronologic changes in endometrial histology over the course of the physi-
ologic menstrual cycle are inherently different following administration of exoge-
nous gonadotropins. Not surprisingly, endometrial histology is often also altered. 
This phenomenon has been extensively described, and the changes in endometrial 
structure in stimulated cycles are generally divided into two categories: (1) acceler-
ated transition to the secretory changes of the endometrium associated with 
premature progesterone rise and (2) lack of synchrony of development between the 
different cellular and structural compartments of the endometrium [9] (Fig. 9.1).

a b

c d

Fig. 9.1 Morphology of the endometrium showing variable stages of glandular and stromal devel-
opment in the natural cycles and ovarian stimulation cycles of moderate responders and high 
responders. (a) Natural cycle endometrial biopsy showing in-phase glandular development and 
lowest amounts of stromal edema (asterisk). (b) Moderate responder: in-phase endometrium show-
ing coordinated development of glands and stroma (asterisk) after ovarian stimulated. (c, d) High 
responders demonstrating glands stromal dyssynchrony: delayed glandular development and 
edematous stromal features (asterisk). This arrows show spiral arterial maturation appropriate to 
the late secretory phase. Bar = 100 μm
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The effect of COH on endometrial development has also been demonstrated by 
identifying aberrations in the endometrial transcriptome following stimulation [10, 
11]. Of the identified altered genes, those with known roles in implantation such as 
leukemia inhibition factor (LIF) and glycodelin have been demonstrated to be 
downregulated following stimulation. Additional alterations, including microRNA 
dysregulation have also been described [12]. Most studies attribute these issues to 
premature progesterone exposure following COH. Indeed, advancement in endome-
trial histology of >2 days has been reported in 45–100% of cycles with premature 
progesterone elevations [13, 14]. This advancement in endometrial structure and 
function has a significant impact on the likelihood of achieving implantation. This 
conclusion is supported by clinical data that demonstrate a restoration of normal 
pregnancy rates when embryos created in cycles with prematurely elevated proges-
terone levels are vitrified and transferred in a subsequent cycle [15, 16]. This issue 
is explored in much greater detail in Chap. 2.

The question of whether or not supraphysiologic estradiol levels alone following 
exogenous gonadotropin administration affect endometrial receptivity has also 
been debated. Marchini et al. [17] performed biopsies prior to oocyte retrieval and 
described accentuated proliferative characteristics and early secretory changes 
even prior to premature progesterone rise. Furthermore, some have suggested that 
although estradiol levels at different concentrations can support implantation, the 
window of uterine receptivity can be narrowed by supraphysiologic estradiol lev-
els. Using a mouse model, Ma et  al. [18] demonstrated that LIF, PTGS2, and 
HEGFL were downregulated sooner when the endometrium was exposed to a 
higher level of circulating estradiol levels. These authors suggested that this aber-
rant expression of key genes associated with implantation in the presence of supra-
physiologic estradiol levels indicate an accelerated endometrial refractoriness to 
implantation [18].

This logic has been applied to the clinical setting as well. Paulson et al. initially 
postulated that higher implantation rates noted in oocyte donation cycles were in 
part a product of a more physiologic hormonal milieu present in cycles involving 
recipients of donated oocytes. Supraphysiologic estradiol levels in fresh non-donor 
IVF cycles were suggested as a potential culprit. This argument was corroborated to 
some degree by recent data that demonstrated superior live birth rates for frozen 
transfer compared to fresh embryo transfer in patients with polycystic ovarian 
 syndrome (PCOS) [19]. Patients in the fresh embryo transfer arm in this study had 
an average maximum estradiol level of 4288 pg/mL [20]. However, it is unclear in 
this study whether the decrement in pregnancy rates following fresh embryo trans-
fer is solely due to elevated estradiol levels or partially due to the chronic inflamma-
tion or aberrant hormonal milieu in PCOS patients. Other studies have failed to 
demonstrate an association between peak estradiol levels and pregnancy outcomes 
in fresh IVF cycles. One compelling study comparing implantation rates between 
patients utilizing autologous oocytes produced in cycles with peak estradiol levels 
>3000 pg/mL against recipients of donated oocytes produced in cycles with similar 
peak estradiol levels demonstrated no improvement in implantation rates for recipi-
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ents of donated oocytes, despite their more physiologic estradiol levels [21]. 
Multiple additional studies subsequently produced similar findings [19, 20, 22].

Thus, while there exists some evidence of alterations in endometrial histology in 
the presence of supraphysiologic estradiol levels alone, it is still unclear that this is 
the primary cause of implantation failure in the most patients. Instead, the primary 
mechanism by which controlled ovarian hyperstimulation impacts implantation 
rates in IVF cycles appears to be premature elevation in progesterone and a shift in 
the window of endometrial receptivity prior to embryo transfer. However, no well- 
designed studies have been performed by controlling for premature progesterone 
elevations to isolate the impact of supraphysiologic estradiol levels alone on the 
incidence of recurrent implantation failure. Thus, more data is needed to definitively 
answer this question.

 Estrogen Administration in Frozen Embryo Transfer Cycles

If supraphysiologic estradiol levels and an increased risk of premature progesterone 
rise do impact the chance of implantation in fresh cycle following exogenous 
gonadotropin administration, this can be avoided by proceeding with a frozen 
embryo transfer. However, a similar debate regarding the optimal endometrial prep-
aration for embryo transfer exists. If the goal is to avoid supraphysiologic estradiol 
levels, then replacement in a natural cycle would be the ideal choice. Indeed, estra-
diol levels do tend to be higher in so-called artificial FET cycles than unmedicated 
cycles [23, 24].

Multiple studies have compared clinical outcomes between natural FET cycles, 
modified natural FET cycles (with hCG trigger and/or progesterone supplementa-
tion), and artificial FET cycles. These studies have been combined into a systematic 
review [25], and a meta-analysis [26]—neither of which revealed a significant advan-
tage of one specific approach over another. It is important to note that the vast major-
ity of data on this subject comes from retrospective studies, and thus there is still a 
significant need for more high-quality data. Only two prospective randomized trials 
on artificial versus natural cycle FET have been performed, and no difference in preg-
nancy rates was observed in either [27, 28]. One additional prospective trial compared 
modified natural cycle with an artificial cycle with GnRH agonist  downregulation. 
Similarly, no difference in pregnancy rates was found between the groups [29].

Thus, the available evidence suggests that the typically higher levels of estradiol 
seen in artificial FET cycles do not result in detrimental outcomes. Furthermore, 
there is no evidence to support the notion that changing the strategy for endometrial 
preparation should be expected to improve implantation efficiency. It is also impor-
tant to note that none of the above studies have focused specifically on patients with 
recurrent implantation failure. It is possible that RIF represents a unique population 
of patients that require more specific optimization of the endometrium to achieve 
pregnancy. This is not clear at the current time, however.
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 Luteal Phase Deficiency

Given the importance of progesterone production in preparing the endometrium for 
implantation, it seems logical that suboptimal corpus luteum function may be 
responsible for some instances of implantation failure. This conclusion is supported 
by observations that cycles that lead to normal early pregnancy development tend to 
have higher midluteal progesterone levels than those that result in failed implanta-
tion or loss [30]. These lines of thinking have helped generate the concept of luteal 
phase deficiency (LPD) as cause of infertility in some patients. However, despite 
being first described in 1949 [31], there is still a lack of high-quality data to support 
LPD as a plausible and common cause of implantation failure. This section will 
review the available evidence for LPD and discuss the utility of progesterone sup-
plementation as a therapeutic strategy.

 Pathophysiology of LPD

Given that ovarian progesterone secretion follows a cascade of signaling originating 
in the central nervous system, many authors have proposed that some instances of 
inadequate luteal progesterone secretion originates with disorders in the neuroendo-
crine support of the corpus luteum. These mechanisms include disorders associated 
with altered GnRH pulsatility (including hypothalamic amenorrhea, thyroid dis-
ease, and hyperprolactinemia) and dysregulated LH secretion (obesity). Others have 
suggested that ovarian aging alone may result in suboptimal luteal function. 
However, while the mechanistic changes associated with these pathologies have 
biologic plausibility, the pulsatile secretion of progesterone and associated chal-
lenges of obtaining accurate measurements makes direct evidence of luteal defi-
ciency as the primary mechanism of poor outcomes in these patients difficult to 
establish.

Furthermore, there is not a widely accepted profile of ideal progesterone secre-
tion required for implantation. While it is well established that progesterone levels 
peak 6–8 days after ovulation, these levels demonstrate rapid and significant vari-
ability according to LH pulsatility in the luteal phase [32]. Levels as low as 2.3 and 
as high as 40.1 ng/mL have been observed in the same patient in a 90-min interval 
[33]. This presents challenges for determining peak progesterone concentrations in 
the luteal phase in any given cycle. In addition, low progesterone levels early in 
pregnancy may be more reflective of poor hCG secretion from an abnormal early 
pregnancy than poor corpus luteum function.

The other logical strategy for evaluating luteal phase function is an assessment of 
luteal dating via endometrial biopsy. However, the same shortcomings for endome-
trial histology described above apply for diagnosing LPD. These include (1) high 
intercycle variability in dating for individual patients [34], (2) high interobserver 
diagnostic variability among pathologists [4], and (3) no difference in the incidence 
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of delayed endometrial maturation between infertile patients and fertile controls [8]. 
Furthermore, once progesterone levels cross a given threshold for inducing secre-
tory changes, it is unclear whether low normal and high normal levels have different 
impact on endometrial histology [35].

 Therapeutic Strategies for Optimizing the Luteal Phase

In the absence of evidence for the above noted pathologies’ association with poor 
central support of corpus luteal function, all strategies for enhancing luteal function 
are empiric in nature. Multiple different therapeutic approaches have been exam-
ined in many different clinical contexts. One approach is to increase progesterone 
and/or estrogen exposure of the endometrium by directly supplying these hormones 
exogenously during the luteal phase. One study demonstrated that increasing serum 
progesterone levels in the luteal phase after controlled ovarian hyperstimulation 
were associated with an increased clinical pregnancy rate. In this study [36], higher 
serum levels were achieved with vaginal progesterone. While the overall pregnancy 
rates between the routes of administration were no different, higher levels were 
associated with an increase in pregnancy rates. Another strategy is to artificially 
augment corpus luteum function by administering hCG. Some practitioners argue 
that tailoring the route of administration of progesterone or enhancing endogenous 
progesterone may be a consideration in patients with recurrent implantation failure 
to achieve high levels of progesterone due to the limited downside. However, there 
is limited data to suggest improvement in outcomes.

Direct progesterone supplementation is often utilized in COH cycles. While sup-
plementation can be administered in multiple ways, vaginal progesterone is the 
most commonly utilized strategy. However, while there is little downside to admin-
istering supplemental progesterone, there is also no evidence to suggest that luteal 
phase progesterone supplementation is beneficial in increasing COH cycle implan-
tation rates, though this is common practice due to the presumption that increased 
sex steroid production associated with multifollicular growth may suppress LH sup-
port of luteal function [37]. The only clinical scenario with high-quality evidence 
for progesterone supplementation is for use in ART cycles utilizing GnRH agonists 
[38] and antagonists [39] due to their strong association with premature luteolysis. 
Use in these cycles significantly improves clinical pregnancy rates.

Administration of hCG to support endogenous production of progesterone from 
the corpus luteum is another strategy for improving luteal function. Many programs 
measure progesterone levels following ovulation in COH cycles and administer an 
additional dose of hCG if progesterone remains below a predefined threshold. This 
is physiologically sound but again has not been demonstrated outside of ART to 
improve the chances of pregnancy. Like exogenous progesterone supplementation, 
hCG administration has been demonstrated to improve success rates in IVF cycles 
utilizing GnRH analogues. However, the increased risk of OHSS makes this a less 
desirable strategy than direct progesterone supplementation in ART cycles [40].
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 Thyroid

 Physiology of Thyroid Signaling and Implantation

There is substantial experimental and clinical evidence that implicate thyroid hor-
mones (TH) in the implantation process. While it is unclear whether these actions 
are mediated through classical endocrine regulation of the hypothalamic-pituitary- 
thyroid axis, or through paracrine and intracrine signaling at the implantation site, 
there is little doubt that thyroid hormones help regulate the cascade of events culmi-
nating in implantation. Interestingly, there is convincing evidence that TH influ-
ences both embryonic and endometrial activity. The following will review the 
physiology of thyroid hormone actions at the implantation site and discuss recom-
mendations for clinical thyroid management in the infertile patient.

The best evidence for thyroid regulation of implantation is the variation in endo-
metrial expression of nuclear thyroid hormone receptors (TR) and G protein- 
coupled thyroid stimulating hormone receptors (TSHR) across the menstrual cycle 
[41]. TRα1, TRβ1, and TSHR are present in the glandular and luminal epithelium of 
the endometrium, and all demonstrate an increase in expression during the secretory 
phase followed by a subsequent decrease. Each receptor reaches peak expression at 
the same time that endometrial pinopodes appear and receptivity is established. 
Whether these receptors respond primarily to hormones secreted by the thyroid 
gland or to locally produced TH is still up for debate as evidence exists for TH pro-
duction in the endometrium. Transcripts encoding deiodinases, thyroglobulin, and 
thyroid peroxidase are all expressed in the endometrium [42]. Additionally, there is 
strong evidence suggesting that the endometrium serves as a target tissue of pitu-
itary TSH. During the window of implantation, TSH increases leukemia inhibitory 
factor (LIF) and LIF receptor expression—both of which are essential components 
in the implantation cascade. TSH also regulates glucose transport by increasing 
expression of glucose transporter-1 (GLUT-1) [43]. This biosynthetic activity in the 
endometrium appears to be partially regulated by the presence of progesterone, as 
mifepristone administration reduces expression of TR and thyroglobulin. This the-
ory may also explain, in part, menstrual irregularity experienced by patients with 
thyroid dysfunction [44].

Experimental evidence also suggests that the embryo responds to thyroid hor-
mone both prior to and during implantation. Oocytes, cleavage-stage embryos, and 
blastocysts all possess TRα mRNA. The preimplantation blastocyst expresses deio-
dinases and thyroid hormone transporters, such as monocarboxylate transporter 8 
(MCT8). Multiple studies have suggested that TH exposure augments early embryo 
development. Experiments in bovine embryo culture have reported improved 
embryo cleavage, blastulation rates, and hatching rates when culture media is sup-
plemented with TH [45, 46] Others have theorized that thyroid hormone utilization 
may result in blastocyst secretion of human chorionic gonadotropin (hCG), thus 
facilitating embryo-endometrial communication during the time of implantation 
[43] (Fig.  9.2). After implantation, TH promotes normal placental growth and 
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 invasion by inhibiting expression of pro-apoptotic factors Fas, Fas ligand, and Bcl-2 
and preventing cleavage of caspase-3 in the trophoblast [47].

 Clinical Management of Thyroid Dysfunction

A substantial body of literature has developed to address the optimal clinical man-
agement of thyroid dysfunction in the context of reproduction. This literature has 
been challenging to interpret due to disagreements in definitions of thyroid patholo-
gies and discrepancies in recommendations for clinical management among national 
and international professional organizations. However, there is little doubt that 
gross abnormalities in thyroid function negatively impacts implantation and that 
treatment improves outcomes. The controversy lies in the more subtle interruptions 
in thyroid homeostasis.

Overt hypothyroidism is associated with a number of reproductive pathologies. 
Abnormal thyroid homeostasis can interfere with normal LH pulsatility and can 
cause hyperprolactinemia [48]. Furthermore, hypothyroidism is associated with an 
increased risk of miscarriage, preterm birth, gestational hypertension, placental 
abruption, fetal growth restriction, and impaired neuropsychological development 
of the offspring [49]. Thus, there is no debate regarding the utility of levothyroxine 
replacement in patients with overt hypothyroidism.

There is less clarity, however, regarding the proper management subclinical 
hypothyroidism (SCH) in the context of reproduction. Much of the confusion has 
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Fig. 9.2 During the window of implantation, TSH increases LIF and LIFR expression and regu-
lates glucose transport by increasing GLUT-1 expression. Low oxygen tension at the implantation 
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stemmed from a disagreement regarding the proper definition of subclinical hypo-
thyroidism. The upper limit of the reference range for TSH levels was established 
by the National Health and Nutritional Examination Survey (NHANES III) to be 
4.5–5 mIU/L [50]. Thus, the classical definition of subclinical hypothyroidism is a 
TSH level >4.5  mIU/L, with normal free thyroxine (T4) levels. However, the 
National Academy of Clinical Biochemistry suggested in 2002 that the normal ref-
erence range for TSH be reduced to 2.5 mIU/L after reporting that 95% of rigor-
ously screened euthyroid individuals had serum TSH values between 0.4 and 
2.5 mIU/L [51]. In addition, the Endocrine Society and the American Society for 
Reproductive Medicine recommend that 2.5 mIU/L be used as the upper limit of 
normal for the first trimester of pregnancy [52, 53]. As a result, most IVF programs 
treat patients with levothyroxine if they demonstrate a TSH value above this range 
prior to initiating treatment.

The best data in support improved implantation rates in levothyroxine treated SCH 
patients comes from two randomized controlled trials. Using a cutoff of >4.5 mIU/L, 
Kim et al. [54] randomized patients with SCH to either levothyroxine (50 micrograms 
daily) versus no treatment. The implantation rate was significantly higher in the treat-
ment arm than in the control group (26.9 vs. 14.9%, p = 0.044). A similar study by 
Abdel Rahman et al. [55] used a TSH cutoff of 4.2 mIU/L to diagnose SCH and ran-
domized 70 patients to levothyroxine or placebo. In this study, the clinical pregnancy 
rate was also significantly higher in the treatment group (35 vs. 10%, p = 0.02). Thus, 
there is high-quality data demonstrating that untreated SCH negatively impacts 
implantation rate after IVF. However, no studies have evaluated whether this effect 
persists at TSH levels >2.5 mIU/L but <4.2 mIU/L. Furthermore, tighter control of 
TSH levels below 2.5 do not appear to impact implantation or live birth rates.

One study did evaluate IVF outcomes according to TSH levels in the first 
11 weeks of pregnancy. In this study, levels between 2.5 and 5 mIU/L were associ-
ated with a significant increase in pregnancy loss (6.1 vs. 3.6%, p = 0.006) [56]. 
However, this study did not control for the chromosomal status of the embryo. Thus, 
it is possible that the lower hCG levels associated with aneuploid gestations may 
have contributed to the failure of TSH to fall below 2.5 mIU/L in this cohort. Thus, 
the ideal TSH level within the normal range for optimizing implantation success is 
unclear, but levels about 2.5 mIU/L during early pregnancy may increase miscar-
riage risk.

Multiple studies have addressed whether the evidence of thyroid autoimmunity 
(anti-thyroperoxidase or antithyroglobulin antibodies) impacts IVF success. A 
meta-analysis of seven studies including 330 thyroid antibody-positive patients and 
1430 controls demonstrated no difference in implantation rate after IVF (odds ratio 
0.67, 95% confidence interval 0.36–1.4, p = 0.67) [57]. One prospective, random-
ized controlled trial evaluated empiric treatment with levothyroxine in euthyroid 
patients with evidence of thyroid autoimmunity. In that study, there was a trend to 
improvement in clinical pregnancy rates between the treated and untreated patients 
(56 vs. 49%); however, transfer order was not reported in each group, limiting the 
conclusion [58]. Furthermore, this data has not been replicated in other trials, and 
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thus further evaluation is merited. However, both the meta-analysis and prospective 
trials listed above suggested that thyroid autoimmunity increased the risk of miscar-
riage and preterm delivery, which could be prevented by replacement therapy. Thus, 
if a decision is made to not treat women with TSH levels between 2.5 and 5.0 mIU/L, 
it may be prudent to measure thyroid peroxidase antibodies and treat if positive [59].

 Summary

A proper endocrine stimulus is required to allow the endometrium to accept and 
support pregnancy. A significant body of literature has contributed to our under-
standing of how this complex system coordinates endometrial development and pre-
pares the uterus for implantation. However, many of the current tools for improving 
the efficiency of a given cycle, such as exogenous gonadotropins, may negatively 
impact endometrial receptivity. Thus, special attention is required in patients with 
recurrent implantation failure to ensure that modern therapies are not inadvertently 
decreasing their chances of achieving sustained implantation. More data is needed 
in this regard.

Furthermore, our tools for assessing the health of the endocrine system in rela-
tion to implantation remain limited. Many new and exciting diagnostic methods are 
currently in development that may help elucidate the effect of endocrine stimuli on 
the endometrial receptivity. As with many aspects of modern infertility care, it is 
likely that a strong understanding of the physiologic basis of normal implantation, 
combined with state of the art molecular technologies, will help develop treatments 
strategies that mimic the natural setting while harnessing the power of modern 
assisted reproductive techniques. These advanced diagnostics are needed as we 
push to optimize outcomes.
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Chapter 10
Anatomic Abnormalities and Recurrent 
Implantation Failure

Jeffrey M. Goldberg, Julian Gingold, and Natalia Llarena

 Fibroids

Uterine myomas are the most common uterine abnormality with a lifetime inci-
dence of up to 70% among white women and 80% in black women and an annual 
incidence that increases with age up to menopause [1]. They have been classified by 
International Federation of Gynecology and Obstetrics (FIGO) stage as submuco-
sal, intramural, subserosal, and cervical [2–4] (Fig. 10.1).

Fibroids arise as benign monoclonal tumors of the smooth muscle cells of the 
myometrium, frequently due to a single event involving multiple chromosomal 
breaks with random reassembly [5]. Myoma origin has also been traced to point 
mutations in the mediator complex subunit MED12 [6]. In addition to causing ana-
tomical distortions of the uterine cavity, leiomyomas are known to express higher 
levels of TGF-β mRNA [7]. Stro-1/CD44 has been proposed as a putative human 
fibroid (as well as myometrial) stem cell marker based on formation of fibroid-like 
lesions in xenotransplantation mouse models [8].

 Infertility Associated with Fibroids

It is clear based on multiple prospective trials and systematic reviews that submuco-
sal myomas adversely impact fertility, decreasing successful IVF outcomes by 
approximately 70%, whereas subserosal myomas appear to have minimal impact on 
fertility [9–11]. Although some early data on intramural myomas showed no adverse 
effect on fertility [9, 12, 13], several systematic reviews have since revealed a 
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reduction in IVF success rates of 20–30% associated with intramural fibroids [10, 
11, 14]. A 2009 meta-analysis of 23 studies evaluated IVF outcomes among patients 
with and without uterine fibroids. Significantly decreased clinical pregnancy (RR, 
0.363; 95% CI, 0.179–0.737) and live birth rates (RR, 0.283; 95% CI, 0.123–0.649) 
as well as an increased miscarriage rate (RR, 1.678; 95% CI, 1.373–2.051) were 
observed in patients with submucosal fibroids compared to controls [10]. There was 
no significant difference in clinical pregnancy, live birth, or miscarriage rates among 
patients with subserosal fibroids [10]. In patients with intramural myomas, the 
review reported decreased pregnancy (RR, 0.810; 95% CI, 0.696–0.941) and live 
birth (RR, 0.684; 95% CI, 0.587–0.796) rates, as well as an increased miscarriage 
rate (RR, 1.747; 95% CI, 1.226–2.489) [10]. Other systematic reviews reported 
similar findings [11, 14].

Intramural

fibroid

Intracavitary
fibroid 

Pedunculated
fibroid

Submucosal 

fibroid, 

<50% intracavitary
Subserosal

fibroid

Fig. 10.1 Uterine fibroids. Fibroids may be present as submucosal, intramural, or subserosal 
lesions and may be located anywhere in the uterus, including the cervix. Myomectomy for fibroids 
distorting the endometrial cavity is recommended to improve fertility and reduce recurrent preg-
nancy loss. ©ML Sabo CCF 2016

J.M. Goldberg et al.



155

 Pathophysiology

Infertility associated with fibroids has been attributed to a number of mechanisms, 
but the most significant effects of fibroids on fertility are thought to result from 
impaired implantation. Mechanical distortion of the uterine cavity may adversely 
affect implantation by obstructing fallopian tubes, increasing the presence of blood 
and clots in the uterine cavity, and disturbing normal uterine contractility [15–17]. 
Increased uterine contractility may prevent sperm migration, embryo transport, and 
ovum capture [18–21]. MRI studies show altered uterine contractility during the 
mid-luteal phase among infertile patients with intramural fibroids [17]. In a follow-
 up study, this increased contractility improved after myomectomy and was associ-
ated with improved pregnancy rates [22]. In addition to causing mechanical 
endometrial distortion, there is also evidence that fibroids may impair implantation 
at the histologic and molecular levels. Glandular atrophy, hypertrophy, adenomyo-
sis, and the separation of glands from the basal layer of the endometrium have all 
been observed surrounding myomas in otherwise normal endometrium [23]. Studies 
have shown altered expression of the HOXA-10 and HOXA-11 genes, which are 
hypothesized to be involved in the molecular events leading to implantation, in 
fibroids [24]. These changes, together with focal endometrial inflammation [19, 21], 
may impair implantation. Finally, vascular disturbances such as venous congestion 
and diminished endometrial perfusion may compromise nidation [25–27].

 Medical Interventions

Until the recent introduction of selective progesterone receptor modulators, 
gonadotropin- releasing hormone (GnRH) agonists such as leuprolide acetate were 
considered the most effective medical option for management of symptomatic 
fibroids [28, 29]. In vitro studies show that GnRH agonists lead to increased expres-
sion of GnRHR1, COL1A1, fibronectin, and versican variant V0  in leiomyoma 
cells [30]. In addition, GnRH agonists inhibit the production of extracellular matrix 
proteins despite the presence of gonadal hormones [31]. A RCT comparing leupro-
lide plus iron with iron alone found a significant reduction in uterine and myoma 
volume with leuprolide treatment [29]. This finding is consistent across multiple 
similar studies [32–34] and confirmed by a Cochrane meta-analysis [35]. 
Unfortunately, menopausal side effects related to hypoestrogenism have been 
widely reported in the majority of leuprolide-treated patients in all studies and gen-
erally preclude long- term treatment [28, 29, 32–34]. Because this therapy is typi-
cally limited to short- term symptomatic treatment prior to surgery, it has not been 
explored as an alternative to surgery [36]. While the fertility outcomes of leuprolide 
therapy in management of myomas have never been tested, many have advocated 
for its use as an adjunct to surgical myomectomy in women who desire further 
fertility because of the decreased uterine trauma involved in excising smaller lesions 
[34, 37].
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Selective progesterone receptor modulators, most notably ulipristal, have been 
evaluated as a nonsurgical option for fibroids [38]. A landmark double-blind non- 
inferiority study found that ulipristal was non-inferior to leuprolide in controlling 
bleeding from symptomatic fibroids, and significantly fewer (10 vs 40%) moderate 
to severe hot flashes were observed in the ulipristal group [28]. Although never 
studied as an intervention for infertility, multiple studies have demonstrated regres-
sion of fibroids after treatment with ulipristal with improvement of anemia and pel-
vic pain [28, 39, 40], suggesting that that medical management may reverse some of 
the endomyometrial changes that are hypothesized to diminish fertility. Ulipristal 
downregulates angiogenic factors and cell proliferation in leiomyoma cells but not 
normal myometrial cells by increasing the expression of caspase-3 and decreasing 
the expression of Bcl-2 [36, 41, 42]. Case series of pregnancies resulting from ulip-
ristal treatment in infertile patients also have been reported, including two patients 
whose fibroid regression was significant enough to resolve previous cavitary distor-
tion and permit a pregnancy without the need for surgery [43, 44].

Danazol is also frequently used to control bleeding from fibroids [36], but this 
therapy currently lacks reliable supporting evidence [45].

 Surgical Intervention

The role of myomectomy for infertility varies based on the type, number, and size 
of fibroids, as well as other factors that affect a patient’s fertility, including ovarian 
reserve and age [15]. Weak mechanistic evidence supporting the benefits of surgical 
intervention comes from a study of infertile patients with intramural leiomyomas 
(IM) not distorting the endometrial cavity that found that mRNA expression of 
HOXA-10 and HOXA-11 from mid-luteal endometrial biopsies had a trend toward 
decreased levels compared with fertile patients and that this expression significantly 
increased 3 months after myomectomy [46].

There is clear evidence that myomectomy for submucosal fibroids significantly 
improves fertility outcomes associated with both spontaneous conception and 
IVF. A meta-analysis reported that myomectomy doubled clinical IVF pregnancy 
rates compared with patients who did not undergo myomectomy (RR: 2.034, 95% 
CI: 1.081–3.826) [10]. Similarly, a prospective study evaluating 181 women with 
fibroids showed improved pregnancy rates in the year following myomectomy with-
out additional fertility interventions [47]. Among patients with submucosal fibroids, 
43.3% who underwent abdominal or hysteroscopic myomectomy achieved preg-
nancy, compared to 27.2% among patients who did not undergo surgery [47]. 
Overall, these data suggest an important role for myomectomy to improve fertility 
outcomes in patients planning to undergo IVF or pursue natural conception. The 
Society of Obstetricians and Gynecologists of Canada has issued clinical practice 
guidelines recommending the removal of submucosal fibroids to improve preg-
nancy rates in patients with otherwise unexplained infertility [48]. The benefits of 
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myomectomy appear to be most pronounced in patients under the age of 35 with 
less than 3 years of infertility [49].

Although intramural fibroids appear to have a negative impact on fertility as 
well, there is no clear consensus on whether myomectomy for intramural myomas 
improves fertility outcomes. A prospective study evaluating spontaneous concep-
tion rates in 181 patients with fibroids showed improved pregnancy rates in patients 
with intramural fibroids in the year after myomectomy compared to patients who 
declined myomectomy (from 40.9 to 56.5%); however, this improvement did not 
reach statistical significance [47]. Another prospective cohort study evaluated IVF 
outcomes in patients with intramural or subserosal fibroids with at least one fibroid 
measuring >5 cm in diameter. These investigators showed significantly increased 
rates of clinical pregnancy and delivery across three IVF cycles among patients with 
fibroids who underwent myomectomy prior to IVF, as compared to those who did 
not [50]. Conversely, a 2012 Cochrane review including three randomized con-
trolled trials found insufficient evidence to support an improvement in fertility out-
comes after myomectomy for patients with intramural fibroids [51]. Given the lack 
of clear fertility benefit to myomectomy for intramural fibroids, decisions about 
when to pursue myomectomy can be challenging. The uncertain benefits of myo-
mectomy must be balanced with the risks of surgery, including postoperative 
adnexal adhesions and uterine rupture during subsequent pregnancy [15]. The 
Society of Obstetricians and Gynecologists of Canada recommends against the 
removal of intramural fibroids in patients with unexplained infertility who have 
hysteroscopically confirmed normal endometrial cavity endometrium, regardless of 
the size of the fibroids [48]. However, large intramural myomas may increase the 
risk of pregnancy complications such as miscarriage, preterm delivery, malpresenta-
tion, outlet obstruction, postpartum hemorrhage, and pain from degeneration.

As there is no evidence for reduced fertility associated with subserosal fibroids, 
unless fibroids are large enough to obstruct the fallopian tubes or affect uterine 
growth, they should not be removed to optimize fertility outcomes [15, 48].

When myomectomy is indicated, there is little available data to suggest a benefit 
of one surgical approach over another. Resection of submucosal fibroids should be 
performed hysteroscopically when ≥50% of the myoma is intracavitary, as this is 
the least invasive mode of myomectomy. Expert opinion suggests that fibroids 
≤5 cm in diameter can typically be resected hysteroscopically, though larger fibroids 
have successfully been removed using a hysteroscopic approach [48]. Two random-
ized trials compared reproductive outcomes after laparoscopic versus abdominal 
myomectomy. One study of 131 patients who underwent myomectomy showed no 
significant differences in the rates of pregnancy, miscarriage, cesarean delivery, or 
preterm delivery in the laparoscopic versus abdominal myomectomy groups [52]. 
Not surprisingly, the investigators reported a shorter hospital stay and a smaller 
postoperative hemoglobin drop in the laparoscopic compared with the abdominal 
group [52]. Another study of reproductive outcomes after minilaparotomy and lapa-
roscopic myomectomy showed similar cumulative pregnancy, live birth, and mis-
carriage rates at 12  months [53]. Laparoscopic myomectomy is typically 
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recommended for myomas <10–12  cm in size, less than 4  in number and for 
 intramural myomas >3–5 cm in size with cavity distortion in cases of infertility [18, 
38, 54]. Robotic-assisted laparoscopic myomectomy offers similar outcomes to 
laparoscopic myomectomy, but operative times and costs are increased [55].

 Other Interventions

Uterine artery embolization (UAE) has been studied and effectively used to improve 
bulk symptoms and menorrhagia [56–59]. However, desire for future fertility is a 
contraindication to UAE given the poor reproductive and obstetric outcomes 
observed following the procedure. In an average follow-up of 33.4 months, only 
1  in 31 women became pregnant after UAE [60]. A randomized controlled trial 
comparing UAE to myomectomy in 121 patients with intramural fibroids >4 cm 
revealed a significantly increased rate of miscarriage and a decreased rate of preg-
nancy in the UAE group compared to the myomectomy cohort [61]. Similarly, a 
cohort of 53 pregnancies after UAE and 139 pregnancies after laparoscopic myo-
mectomy showed a higher rate of preterm delivery, fetal malpresentation, and cesar-
ean section in the UAE group [62]. The most common complication reported in 
pregnancies after UAE is postpartum hemorrhage; however, cases of abnormal pla-
centation have also been reported [63]. In addition, UAE may decrease ovarian 
reserve by compromising the ovarian blood supply through the utero-ovarian liga-
ment, leading to a detectable increase in FSH and decrease in AMH compared with 
expected age-related changes [64]. Although pregnancy is possible following uter-
ine artery embolization, the procedure should not be offered to patients seeking 
future fertility.

Magnetic resonance-guided focused ultrasound surgery (MRgFUS) has also 
been explored as an intervention for fibroids [65]. MRgFUS permits thermal abla-
tion of fibroids while minimizing damage to nearby structures using mapping from 
T2-weighted MRI. Preliminary experience of fertility outcomes from this technique 
has been most extensively described by Rabinovici, who reported 54 pregnancies in 
51 women after MRgFUS [66].

Preliminary studies of a recently approved laparoscopic radiofrequency volu-
metric thermal ablation device [67] have observed a significantly shorter hospital 
stay, and less intraoperative blood loss with this treatment than with laparoscopic 
myomectomy, although fertility outcomes are still unknown [68].

 Polyps

Endometrial polyps are focal overgrowths of endometrial glands and stroma within 
the uterine cavity supplied by a single blood vessel [69]. The functional layer of the 
polyp endometrium may be asynchronous with the surrounding endometrium, 
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predisposing patients to symptoms of abnormal uterine bleeding [70]. Polyps are 
classified as sessile or pedunculated and can be found anywhere in the uterine cav-
ity, but are particularly common near the fundus [71] (Fig. 10.2).

The overall prevalence of polyps in asymptomatic women undergoing treatment 
for infertility has ranged across studies from 6 to 32% [72, 73]. Polyps are more 
prevalent in women with unexplained infertility (15.6%) compared with those with 
a history of tubal ligation (3.2%) [70].

 Pathophysiology

As with fibroids, mechanical distortion of the cavity impeding sperm or ovum trans-
port is thought to play a role in reducing fertility [70]. Elevated nuclear factor 
kappa-B (NF-κB) expression and p65 immunoreactivity were observed in the endo-
metrium of women with polyps compared with unexplained infertile and fertile 
controls [74]. In addition, elevated expression of progesterone receptor (PR) in the 
polyp stromal compartment and elevated Cox-2 and Bcl-2 in the glandular compart-
ment were noted in obese females whose polyps were examined following resection 
[75]. Decreased LIF mRNA expression has been reported in women with abnormal 

Sessile 
polyp

Pedunculated 
polyp

Fig. 10.2 Uterine polyps. Hysteroscopic resection of both pedunculated and sessile polyps is both 
technically straightforward and highly effective in improving IVF outcomes. ©ML Sabo CCF 
2016
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uterine cavities (uterine submucosal myoma or an endometrial polyp) during the 
mid-secretory phase [76], and the presence of endometrial polyps is associated with 
decreased mid-secretory concentrations of IGFBP-1, TNF-α, and osteopontin [77]. 
These expression changes are reversed following surgical polypectomy [77]. These 
findings collectively suggest that inflammatory changes may contribute to polyp- 
associated infertility.

 Surgical Intervention

In contrast to fibroids, there is consensus on the role of surgical intervention for 
endometrial polyps in the management of infertility. A systematic review reported 
that hysteroscopic polypectomy prior to IUI can increase clinical pregnancy rate 
compared with diagnostic hysteroscopy alone [78]. These findings are largely based 
on a single RCT of patients with polyps comparing hysteroscopic polypectomy with 
diagnostic hysteroscopy that found significantly higher pregnancy rates in the treat-
ment group after up to four IUI cycles [79].

Expert opinion suggests that hysteroscopic polypectomy should be performed 
prior to IVF to optimize chances of successful implantation [80]. There remains 
some controversy about the true benefit of operative hysteroscopy in light of a meta- 
analysis of routine hysteroscopy prior to IVF that noted a benefit to hysteroscopy on 
pregnancy rates (RR, 1.44, 95% CI 1.08–1.92) that was not related to the degree of 
uterine pathology noted [81]. Nonetheless, evaluation of the uterine cavity and 
removal of any polyps remains the standard of care.

 Intrauterine Adhesions

Intrauterine adhesions vary in extent from a single filmy adhesion to complete oblit-
eration of the endometrial cavity [82, 83] (Fig. 10.3). They are most commonly the 
result of uterine instrumentation, particularly postpartum curettage [84]. Although 
the term Asherman syndrome is often used interchangeably with intrauterine adhe-
sions, a distinction should be made between asymptomatic intrauterine adhesions 
and hysteroscopically confirmed adhesions associated with amenorrhea, hypomen-
orrhea, subfertility, recurrent pregnancy loss, or abnormal placentation including 
previa and accreta. The latter category is defined as Asherman syndrome [85].

Given a reported prevalence of adhesions of up to 38% in patients with early preg-
nancy loss [86] and 8% in infertile women [87], clinicians must be aware of the possi-
bility of an adhesion among patients seeking infertility treatment even in the absence of 
secondary amenorrhea, a diagnosis associated with a 3% prevalence of adhesions [87].

Although hysteroscopy is the gold standard for diagnosis, hysterosalpingography 
and saline sonohysterography can also be used to evaluate for adhesions. However, 
hysteroscopy is required to determine the extent and location of adhesions [85].
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 Pathophysiology

In a review of 1856 cases of intrauterine adhesions, over 90% were associated with 
a previous pregnancy [84]. Of the patients with a pregnancy-related adhesion, two 
thirds had undergone a post-abortion/miscarriage curettage [84]. A possible expla-
nation for the susceptibility of the gravid uterus to Asherman is the low estrogen 
status at the time of instrumentation, given that the endometrium requires estrogen 
for regeneration [85]. Other rare causes in a non-gravid uterus were traced to a diag-
nostic curettage, myomectomy, polypectomy, placement of an IUD, exposure to 
radiation, and genital tuberculosis [84, 88]. In addition, intrauterine adhesions are 
widely reported to form following endometrial ablation procedures [89, 90], contra-
indicating use of this treatment modality in women desiring fertility [91].

Intrauterine adhesions are characterized by multiple histologic changes, includ-
ing replacement of endometrial stroma with fibrous tissue, replacement of the func-
tionalis and basalis layers with cubo-columnar epithelium, and adherence of 
opposing endometrial surfaces, obliterating the cavity [85, 92]. The epithelial 
monolayer that replaces the functional endometrial layer is not responsive to hor-
monal stimulation, and synechiae form across the cavity. The tissue is typically 
avascular. Calcification or ossification may occur in the stroma, and glands may be 
either inactive or cystically dilated [88]. Alterations to the vascularity of the endo-
metrium have been shown using angiography, with a significant reduction in myo-
metrial blood flow and vascular occlusion in patients with hypomenorrhea [93]. 
These changes are likely to adversely affect implantation, as hypotrophic endome-
trium is unreceptive to an embryo [88, 93]. While inflammation is thought to play a 

Fig. 10.3 Uterine 
adhesions may completely 
obliterate the uterine cavity 
and replace functional 
endometrium. Clinical 
success in terms of 
restoring normal menstrual 
and reproductive function 
is based on the degree of 
cavity scarring and the 
ability of the remaining 
endometrium to cover the 
raw surfaces following 
adhesiolysis. ©ML Sabo 
CCF 2016
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role, a study of women who underwent cesarean sections found that endometritis 
alone does not play a significant role in adhesion formation [94].

An evaluation of 2151 cases of Asherman syndrome showed an infertility rate of 
43% [84]. This infertility may be a result of obstruction of the fallopian tubes, uter-
ine cavity, or cervical canal due to adhesions [85]. The synechiae may negatively 
affect sperm transport and implantation [85]. Elevated rates of pregnancy loss 
among patients with Asherman syndrome may be secondary to insufficient endome-
trial tissue to support implantation and placental development and abnormal vascu-
larization of remaining endometrial tissue due to fibrosis [85].

 Treatment

No high-quality RCTs exist to support surgical correction of intrauterine adhesions 
to treat infertility [78, 82]. Nonetheless cohort studies strongly support hystero-
scopic adhesiolysis for patients found to have intrauterine adhesions. Hysteroscopic 
lysis of adhesions has become the standard of care for treating Asherman syndrome 
and pregnancy rates after intervention range from 33 to 80% [85]. In a study of 187 
patients treated surgically, 80% subsequently achieved a term pregnancy [95], while 
another study of 90 patients with recurrent pregnancy loss found that intervention 
improved the newborn delivery rate of treated patients from 18.3 to 64% [96]. 
Patients with Asherman syndrome who become pregnant after treatment remain at 
increased risk of miscarriage, preterm delivery, abnormal placentation, intrauterine 
growth restriction, and uterine rupture [85].

A number of methods have been evaluated to prevent the recurrence of adhesions 
after surgery. Among these are unmedicated IUDs, balloon catheters, exogenous 
estrogens, and hyaluronic acid [82, 85]. With the exception of hyaluronic acid gel, 
which is not available in the US, the other adjuvant treatments were ineffective.

 Female Genital Tract Malformations

Congenital uterine malformations represent a broad range of developmental disor-
ders and syndromes. Isolated uterine malformations are typically the result of fail-
ure of the mullerian ducts to fuse in the midline, resulting in arcuate, didelphic, 
bicornuate, or unicornuate uteri, or failure of resorption of the fused medial walls, 
leading to a uterine septum (Fig. 10.4). There are numerous classification systems 
for this spectrum of disorders. The American Fertility Society classification system 
from 1988 is perhaps the most popular [97].

Uterine malformations have been estimated to be present in 6.7% of the general 
population and 7.3% of the infertile population, suggesting an overall limited role 
for these factors in contributing to infertility [98]. The arcuate uterus is the most 
common anomaly in the general population, while a septate uterus is the most 
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 common in the infertile population, suggesting that certain anomalies may intro-
duce barriers to achieving fertility [98].

Congenital uterine anomalies have been most widely reported to occur in the 
recurrent miscarriage population, with an estimated prevalence of 13–17% [98–
103]. Poor IVF and reproductive outcomes have been reported in patients with 
untreated uterine anomalies [104] (Table  10.1). An abnormal uterine cavity is 
thought to impair fertility by anatomical means, motivating surgery for restoration 
of normal anatomy [100]. Pregnancies resulting from anatomically distorted  cavities 
are much more likely to result in breech presentation and necessitate Cesarean 
delivery than those in normal cavities [105]. A history of recurrent pregnancy losses 
is the primary indication for treatment of patients with uterine malformations [98, 
106, 107]. Because no high-quality randomized controlled trials exist to support 
surgical correction of these anomalies in patients with recurrent pregnancy loss or 
infertility [78], there remains considerable debate in the field regarding appropriate 
management [108–110].

a b

Fig. 10.4 Uterine anomalies including septate, arcuate, bicornuate, unicornuate, and didelphic 
uteri affect reproductive outcomes. (a) Bicornuate uterus. (b) Septate uterus. ©ML Sabo CCF 
2016

Table 10.1 Effect of mullerian anomalies on reproduction

Pregnancy SAB PTD Malpresentation

Arcuate 1.0 1.4 1.5 2.5*
Septate 0.9* 2.9* 2.1* 6.2*
Bicornuate 0.9 3.4* 2.6* 5.4*
Unicornuate 0.7 2.2* 3.5* 2.7*
Didelphys 0.9 1.1 3.6* 3.7*

Meta-analysis of 9 controlled studies with 3805 patients
Relative risk compared to normal uterus, *p < 0.05
SAB spontaneous abortion, PTD preterm delivery
Modified from Chan et al. Ultrasound Obstet Gynecol 2011;38:31–82
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 Uterine Septum

The septate uterus is the most common of the uterine anomalies and is the anomaly 
associated with the highest rates of pregnancy complications, including early abor-
tion (44.3%), fetal malpresentation, intrauterine growth restriction, and preterm 
delivery (22.4%) [100]. A meta-analysis comparing women with septate uteri to 
normal controls noted reduced clinical pregnancy rates (RR 0.86), increased first- 
trimester miscarriage rates (RR 2.89), increased rates of preterm birth (RR 2.14), 
and an elevated risk of fetal malpresentation at delivery (RR 6.24) [111].

The association between the uterine septum and poor obstetric outcomes is not 
well understood. Several mechanisms are thought to underlie this association, 
including alterations in vascularity of the septum and changes in tissue composition 
and receptivity of the septum to steroids hormones [112–114]. A small study com-
paring the septal endometrium with endometrium from the lateral uterine wall 
showed altered differentiation and estrogenic maturation of septal endometrium, 
suggesting that the septum may be an unfit location for implantation [112]. A histo-
pathologic study found increased muscular fibers in uterine septa compared to nor-
mal myometrium, leading the authors to theorize that irregular contractility from 
septum muscle fibers contributed to an increased spontaneous miscarriage rate 
[113]. mRNA expression of VEGF receptors was significantly lower in the endome-
trium lining the septum compared with the endometrium lining the walls of the 
normal uterus, suggesting that alterations in septum vascularity may contribute to 
poor obstetric outcomes [114].

Fortunately, the uterine septum is highly amenable to correction by hystero-
scopic septoplasty. Abdominal metroplasty, i.e., Jones and Tomkins procedures, is 
of historic interest only [107]. Surgical intervention has been shown to improve 
reproductive outcomes in patients with uterine septa. A review of patients treated 
with hysteroscopic metroplasty found a significant decrease in abortion (16.4%) 
and preterm delivery rates (6.8%) compared with untreated controls [100]. Another 
study reported that the miscarriage rate decreased from 88% before metroplasty to 
14% after, with an 80% live birth rate compared with a 4% preoperative rate [101]. 
Improved IVF implantation rates were reported following metroplasty [104], lead-
ing to the recommendation that it be performed prior to an embryo transfer [115]. A 
prospective trial comparing metroplasty in infertile patients with a septate uterus to 
expectant management in patients with unexplained infertility found a significantly 
higher pregnancy rate following surgical intervention (38.6 vs 20.4%), supporting 
the notion that a septum adversely impacts fertility [116]. These findings are sup-
ported by a meta-analysis noting that hysteroscopic resection of a uterine septum 
substantially reduced the probability of a spontaneous abortion (RR 0.37) compared 
with untreated patients [117]. A 2011 Cochrane review attempted to evaluate the 
impact of metroplasty in patients with recurrent pregnancy loss; however, no ran-
domized controlled trials could be identified for inclusion [118]. A multicenter ran-
domized trial known as the Randomized Uterine Septum Transection Trial (TRUST) 
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is currently underway to evaluate reproductive outcomes after septoplasty in women 
with a history of recurrent miscarriage, infertility, or preterm birth.

 Arcuate Uterus

Patients with an arcuate uterus have an 82.7% reported live birth rate [119], essen-
tially comparable to unaffected patients. Early abortion (25.7%) and preterm deliv-
ery (7.5%) are relatively uncommon complications [100]. Existing literature has to 
date largely failed to demonstrate a significant association between an arcuate uterus 
and adverse fertility outcomes, and hysteroscopic intervention is not generally rec-
ommended [120]. However a recent meta-analysis finding increased rates of second- 
trimester miscarriage (RR 2.39) and fetal malpresentation at delivery (RR 2.53) in 
patients with arcuate uterus compared with normal controls may lead to a reevalua-
tion of this question [111]. These latter findings may be due to inclusion of septate 
uteri as arcuate in the study classification.

 Unicornuate Uterus

The live birth rate in patients with a unicornuate uterus has been reported to be 
approximately 54.2% [119]. Early abortion (36.5%) and preterm delivery (16.2%) 
are more common in this population compared with the arcuate uterus population 
[100]. Complications associated with a unicornuate uterus are more typically related 
to sustaining a pregnancy than to achieving one [121]. However, a 33% reduced 
implantation rate compared with normal anatomy controls has been observed in 
IVF transfers, suggesting that implantation may also be affected by unicornuate 
anatomy [104]. Because 13% of pregnancies in patients with a unicornuate uterus 
occur in a “noncommunicating” rudimentary horn due to sperm transmigration 
[103], surgical removal of a rudimentary horn has been recommended to prevent 
uterine rupture as well as address likely symptoms of dysmenorrhea [98, 115]. 
However, there is no evidence that such intervention improves reproductive out-
comes [115].

 Didelphic Uterus

A 40% live birth rate has been reported in patients with a didelphic uterus [119]. 
Early abortion (32.2%) and preterm delivery (28.3%) are also common [100]. In 
reproductive terms, the didelphic uterus is considered to have similar pregnancy 
outcomes to the unicornuate uterus because it can be viewed as a duplicated 
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unicornuate uterus [100, 122]. However, a long-term follow-up of 49 cases of didel-
phic uterus did not find significant impairment in fertility (94% pregnancy rate, 75% 
fetal survival), although 84% ultimately delivered by cesarean section [123]. Highly 
unusual pregnancy outcomes have been reported in patients with didelphic uteri, 
including a multi-fetal gestation in separate uterine horns with a 72-day lapse 
between the delivery of one fetus and the other [124]. While surgical procedures to 
repair a didelphic uterus have been developed, none have been shown to improve 
reproductive outcome, and all carry risk of cervical incompetence [115].

 Bicornuate Uterus

A 62.5% live birth rate has been reported in patients with a bicornuate uterus [119], 
and early abortion (36.0%) and preterm delivery (23%) rates are elevated compared 
with arcuate controls [100]. These adverse outcomes are related more to gestation 
than conception, leading many to reserve metroplasty (performed transabdomi-
nally) for patients who experience recurrent pregnancy loss or infertility [115]. 
However, in those treated with abdominal metroplasty for bicornuate uterus, fetal 
survival and term gestation rates approach 90% [125].

 Hydrosalpinges

Hydrosalpinges are characterized by distal blockage of the fallopian tubes with fluid 
accumulation [126] (Fig. 10.5). The disease most commonly follows an ascending 
sexually transmitted infection [127]. Two large meta-analyses with approximately 
6700 and 5600 patients undergoing fresh and frozen IVF cycles showed that the live 
birth rates were halved in women with uni- or bilateral hydrosalpinges [128, 129]. 
Implantation and pregnancy rates were also significantly reduced, and miscarriage 
rates significantly increased, in the presence of hydrosalpinges [128, 129].

Fig. 10.5 Hydrosalpinx is 
characterized by distal 
blockage with fluid 
accumulation. It is 
treatable by salpingectomy, 
proximal tubal occlusion, 
or neosalpingostomy 
depending on the extent of 
the tubal damage. ©ML 
Sabo CCF 2016
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 Pathophysiology

Three potential mechanisms have been proposed to explain the detrimental effects 
of hydrosalpingeal fluid on embryo implantation. The mechanical factor suggests 
that reflux of the hydrosalpingeal fluid into the uterine cavity may flush out the 
embryo [130, 131] or create a fluid barrier to implantation [132]. Other mechanical 
effects are increased uterine peristalsis [133] and decreased endometrial perfusion 
[134].

The second mechanism is diminished endometrial receptivity through the altera-
tion of various factors which may promote implantation. Leukemia inhibitory 
 factor, integrin 3, and mucin 1 (MUC1) are significantly reduced in patients with 
hydrosalpinges [135]. Endometrial NF-κB is increased, and cystic fibrosis trans-
membrane conductance regulator and MUC1 are decreased with hydrosalpinges 
[136]. HOXA10 mRNA expression in endometrial cells is decreased when cultured 
with hydrosalpingeal fluid [137]. Some of these changes have been demonstrated to 
revert to normal following salpingectomy [138, 139].

The third mechanism is embryotoxicity which has been demonstrated in multiple 
studies in a mouse model but not in humans [133]. The adverse effects may be 
mediated by increased oxidative stress [140] or altered cytokine concentrations 
[141]. It is also possible that the embryotoxic effect is due to dilution of essential 
nutrients.

 Treatment

A Cochrane review of prospective randomized studies concluded that salpingec-
tomy for hydrosalpinges prior to IVF doubled the clinical pregnancy rate compared 
to untreated hydrosalpinges (OR 2.3, 95% CI 1.48–2.62), effectively negating the 
detrimental effects of hydrosalpinges on IVF success rates [142]. A randomized 
control trial comparing laparoscopic salpingectomy or tubal ligation with expectant 
management reported significant benefits with surgical intervention compared with 
the untreated control group [143]. There were no significant differences between the 
two treatment groups for ovarian response to stimulation, number of oocytes 
retrieved or embryos produced, clinical pregnancy rates, or live birth rates.

A retrospective study found that laparoscopic neosalpingostomy yielded compa-
rable clinical pregnancy rates to salpingectomy for treating hydrosalpinges prior to 
IVF [144]. In patients who are poor candidates for laparoscopic treatment of hydro-
salpinges, hysteroscopic placement of the Essure (Bayer, Whippany, NJ) device for 
proximal tubal occlusion may be considered. However, a randomized clinical trial 
comparing it to laparoscopic tubal ligation noted a significant reduction in implanta-
tion, clinical pregnancy, and live birth rates in the Essure group [145]. The sponta-
neous abortion rate was also doubled in the Essure group, though it did not reach 
statistical significance.
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Ultrasound-guided aspiration of the hydrosalpinges fluid prior to IVF was also 
evaluated as a nonsurgical option. Unfortunately, the fluid rapidly reaccumulated, 
and no significant difference in clinical pregnancy rates compared with untreated 
controls was found in a randomized trial [146]. A subsequent study performed 
sclerotherapy by injecting 98% ethanol into the aspirated hydrosalpinges for 
5–10 min, eliminating the problem of recurrence [134]. In this prospective nonran-
domized trial comparing sclerotherapy to untreated hydrosalpinges, sclerotherapy 
significantly increased both the implantation and clinical pregnancy rates. In addi-
tion, the non-treated hydrosalpinges group had decreased endometrial perfusion 
based on Doppler ultrasound parameters. While it can be concluded from all of the 
above that hydrosalpinges impair implantation and that treating them by various 
means restores IVF success rates, it remains uncertain whether all hydrosalpinges 
behave the same. Specifically, it remains unknown if small hydrosalpinges that are 
not visible by transvaginal ultrasonography are a clinical concern and warrant treat-
ment prior to initiating an IVF cycle.

 Conclusions

Recurrent implantation failure with IVF may be due to anatomic disorders such as 
myomas, endometrial polyps, intrauterine adhesions, mullerian anomalies, and 
hydrosalpinges. In most cases, a detailed mechanistic understanding of how these 
conditions impair implantation remains elusive. Furthermore, evidence to support 
the effectiveness of surgical treatment on improving IVF outcomes is often limited 
by few studies with small sample sizes, inconsistent classification of the condition, 
lack of an appropriate control group, and variable follow-up intervals. Clearly, there 
is a need for research to address these knowledge deficiencies. In the meantime, the 
best available evidence favors myomectomy for myomas distorting the endometrial 
cavity. Hysteroscopic polypectomy, adhesiolysis, and septoplasty are also recom-
mended prior to initiating an IVF cycle. In addition, salpingectomy, proximal tubal 
occlusion, or neosalpingostomy, in selected cases, should be performed for hydro-
salpinges in order to restore optimal IVF success rates.
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Chapter 11
Microbiome in Embryonic Implantation 
and Implantation Failure

Jason M. Franasiak, Inmaculada Moreno, and Carlos Simon

 Introduction

 The Human Microbiome

The human microbiome is the sum of microorganisms, together with their genomes, 
which inhabit the human body, and represents a large entity. In fact, the human body 
is colonized with an order of magnitude more bacteria than human cells in the body 
[1]. Its impact and influence on the reproductive process existed even prior to a full 
understanding of its existence in the nineteenth century. The Hungarian physician 
Ignaz Semmelweis who lived from 1818 to 1865 intently studied “puerperal child-
bed fever”—a disease we know of today as postpartum endometritis. At the time, 
maternal mortality from the disease ranged from 7 to 15%. These studies led to his 
proposal in 1847 that hand washing in a hypochlorite solution could nearly 
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eliminate the risk of puerperal fever. This along with germ theory findings proposed 
by Pasteur forever entwined reproductive health with the human microbiome.

However, the progression of our understanding of the role of the microbiome in both 
physiologic and pathophysiologic reproductive processes has been somewhat pro-
tracted. The advent of culture and microscopy were of great importance to a more com-
plete characterization; however, the limits of these technologies have become apparent. 
Indeed, many microorganisms are not readily detected by traditional cultivation tech-
niques, and thus their role in physiologic and pathophysiologic processes remains 
incompletely understood. A recent study in the surgical literature shows that more than 
50% of the dominant pathogens and 85% of major pathogens in wound infections will 
not be identified by standard culture techniques [2]. However, new technologies and 
techniques have begun to revolutionize the way that we think of our microbiome.

The majority of published medical literature focuses on the subset of the microbi-
ome which is involved in pathogenesis, while only a subset focuses on the physiologic 
role the microbiome plays. The importance of this physiologic role was prominently 
recognized as the human genome project was published in 2001 [3]. The scientists 
involved called for a “second human genome project” that would investigate the nor-
mal microbiome colonies at various sites in order to understand the synergistic inter-
actions between the microbiome and its host [4, 5]. Several initiatives commenced 
worldwide, and in the United States the Human Microbiome Project (HMP) led by 
the National Institutes of Health (NIH) was launched in 2007 which utilized high-
throughput sequencing technologies to characterize the human microbiome in nor-
mal, healthy volunteers at several different body sites which included the vagina [1].

This scientific revolution has been initiated by implementing new technologies 
such as DNA fingerprinting, microarrays, and targeted or whole genome sequencing 
that have in turn empowered the field of metagenomics—the study of genetic mate-
rial recovered directly from environmental samples, in this case, the human repro-
ductive tract. Indeed, work through the HMP and other investigators utilizing this 
technology have revealed that sites in the body traditionally thoughts to be sterile, 
such as the uterine cavity and the placenta, are in fact colonized with their own 
unique microbiome [6, 7]. These molecular techniques take advantage of the 16S 
rRNA gene which is unique to bacterial and contains a number of hypervariable 
regions which act like “fingerprints.” These fingerprint sequences can then be used 
to identify genus and species based on a reference sequence. In addition to the 
sequencing technology, the field has seen great improvement in the bioinformatics 
that process this data. Indeed, bioinformatics research in the microbiome is at this 
point evolving faster than the molecular techniques which generate the data.

 The Human Microbiome in Reproduction

Much of the data surrounding the normal or healthy microbiome of the reproductive 
tract comes from the gynecology literature which characterized the vaginal micro-
biome as it changed through puberty, during the menstrual cycle, and in menopause 
[8]. There was further characterization of dysbiosis as seen in a number of 
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reproductive tract pathologies, as is seen in pelvic inflammatory disease caused by 
organisms such as C. trachomatis. The reproductive tract is dominated by 
Lactobacilli species, and this dominance is often altered in disease. These altera-
tions in the microbiome may also be impactful on the reproductive potential of 
patients with implantation failure. Further, the physiologic alterations of the micro-
biome due to fluctuating estrogen levels have implications on controlled ovarian 
hyperstimulation in which supraphysiologic estrogen levels are achieved followed 
by a fresh embryo transfer. A greater understanding of this fluctuation in assisted 
reproduction may lead to more personalized treatment strategies.

It is important to note that the physiologic role of the microbiome in reproduc-
tion extends beyond the important implantation phase and into the health of the 
gestational phase as well. Thus, since our goal is healthy, full-term live birth, the 
role of the microbiome and its alteration in the pre- and peri-implantation phase 
may have much more wide-reaching implications. Indeed, dysbiosis in obstetrics 
has been linked to inflammatory states which result in spontaneous preterm birth, 
among other adverse obstetric outcomes [9].

As excitement for exploration of the “second human genome” has increased, our 
understanding of how the microbiome affects reproductive competence and implanta-
tion has evolved [6]. Data has been gathered on the microbiome at every stage of human 
reproduction from the ovary, follicle, and oocyte, to the testes and semen/spermatozoa, 
to the fallopian tube, uterus, cervix, and vagina. Both the male and female reproductive 
tracts exhibit complexity and diversity only realized within the last decade, and the 
microbiome is integrally involved in the process of human reproduction (Fig. 11.1).

ALTERED IMMUNE MILIEU

INCREASED LATE
PREGNANCY LOSS

IMPAIRED FERTILIZATION

INTRAAMNIOTIC INFECTION

PRETERM BIRTH
INTRAUTERINE GROWTH RESTRICTION

ALTERED EMBRYO MIGRATION

IMPAIRED FOLLICULOGENESIS

ALTERED GONADOTROPIN
RESPONSE

DECREASED IMPLANTATION

INCREASED EARLY
PREGNANCY LOSS

ASTHENOSPERMIA
OLIGOSPERMIA
LEUKOSPERMIA

PUERPERAL INFECTION
NEONATAL COLONIZATION

The Microbiome in Human Reproduction

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

Fig. 11.1 The microbiome’s involvement in human reproduction. Used with permission [10]
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 Characterization of the Reproductive Tract Microbiome

The human microbiome’s definition—the totality of microorganisms and their col-
lective genetic material present in or on the human body—was attributed to the 
American molecular biologist Joshua Lederberg in 2001 [11]. Of great importance 
to this definition is how the metagenomics data is procured. It is important to recog-
nize that microbiome data are procured in one of two ways: culture-based or 
sequencing-based technology. Much of the early work describing the human micro-
biome comes from culture-based approaches utilizing the 16S rRNA analysis of 
highly conserved genes as a way to identify organisms in mixtures [12, 13].

However, data from cultivation-independent techniques suggests that many 
organisms cannot be identified utilizing culture-based techniques which results in 
an underestimate of the diversity of the ecosystem as well as failing to identify 
potentially important organisms when describing their relation to health and disease 
[14, 15]. Indeed, work which has followed in the wake of the HMP has utilized the 
advances of culture-independent approaches in order to confirm that places tradi-
tionally thoughts to be sterile, such as the uterine cavity and the placenta, are in fact 
colonized with their own unique microbiome. Thus, culture-based data, while still 
foundational and informative, must be interpreted within the limits of the 
technology.

The major goal of the HMP launched in 2007 by the NIH was to investigate the 
relationship between disease and changes in the human microbiome. It utilized 
high-throughput sequencing of the 16S rRNA gene. Specifically, the sequencing 
focuses on hypervariable regions within the gene which serves as a molecular fin-
gerprint down to the genus and species level [16, 17]. Although data in regards to 
the microbiome of the reproductive tract has not utilized it extensively to date, 
metagenomics has also become an increasingly widespread approach to describing 
the microbiome [18]. Using this method, also termed community genomics, analy-
sis of microorganisms occurs by direct extraction and cloning of DNA from a 
grouping of organisms. It allows for analysis which extends beyond phylogenetic 
descriptions and makes attempts as studying the physiology and ecology of the 
microbiome.

For the purpose of metagenomic analysis with high-throughput sequencing, bio-
logic specimens can be simply collected. There is no need for complex care leading 
to specific culture conditions. DNA extraction and microbial DNA purification steps 
are performed. Subsequently, one of several molecular genetics techniques is then 
applied. The most common are fingerprinting, DNA microarrays, targeted sequenc-
ing, and whole genome sequencing (Fig. 11.2).

The various techniques available in metagenomics supply both strengths and 
weaknesses depending upon the primary purpose of the analysis. For example, fin-
gerprinting, which utilizes the 16S rRNA gene to cluster bacterial communities, is 
relatively inexpensive, but lacks specificity. Targeted sequencing and microarray 
data focus on the hypervariable regions of the 16S rRNA and allow for greater 
specificity down to the genus and species level. However, this technique relies on 
bioinformatics processing which maps reads to a known or reference genome. Thus, 
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they are reliant upon mapping to previously identified sequences or species. 
Although costly, whole genome sequencing allows for full discovery of an organ-
isms genome and may yield information about functional differences of bacteria in 
a community.

Metagenomic sample sequencing produces read lengths of 200–300 bp paired- 
end reads up to 1000 bp reads depending on what sequencing platform is utilized. 
Read lengths and read depths—the number of reads per colony—are important in 
accurate characterization. The data generated by the sequencing must be processed 
and organized into clusters termed operational taxonomic units (OTUs). This is 
accomplished by mapping the 16S sequence to publically available taxonomic data-
bases. OTUs are then utilized to determine sample composition and diversity. 
Several open-source software packages, for example, QIIME (Quantitative Insight 
Into Microbial Ecology), assist with the bioinformatics processing and analysis.

 Microbiome Characterization: Limitations

We have discussed the limitations of cultivation-dependent techniques as compared 
to cultivation-independent techniques in terms of accurate characterization of biodi-
versity. However, it is important to note some of the limitations of the technologies 
described above which are unique to the high-throughput sequencing approach.

Sequencing metagenomics samples allows the investigator to determine pres-
ence or absence of microbial genetic material. There is not data provided regarding 
the vitality of the microorganisms. Further, although read counts can be helpful in 
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this regard, quantification of a particular organism in a sample can be challenging. 
This read count clustering, also known as “binning,” can be performed when known 
sequences exit; however it becomes much more challenging and less accurate when 
analyzing novel species [19].

Further limitations relate to clinical functionality. For example, while sequencing 
can give insight into the makeup of the microbiome, it does not give information 
about its biologic function, like resistance or susceptibility to antibiotics. Further 
there is a growing body of data which suggest that these microorganisms are not 
simply free- floating on the surface of tissue but form their own three-dimensional 
biofilms with inner and outer layers. This adds an additional complexity which could 
be of great importance but has been explored very little. The fact that these biofilms 
exist from the vagina to the fallopian tubes allows complex and dynamic interactions 
between the gametes and embryo as well as the maternal tissue interface [20, 21].

 The Female Reproductive Tract Microbiome in Health 
and Disease

 The Microbiome in the Vagina and Uterus in Health

The vast majority of data reporting the characterization of the normal state of the 
reproductive tract microbiome come from studies analyzing vaginal samples, due to 
the outdated belief that the uterine cavity was a sterile site. In this line, it has been 
widely reported that the normal vaginal microbiome in healthy women is generally 
dominated by Lactobacilli species [22], although it is subject to important variations 
along women’s lifetime depending on age, changes in hormonal levels, as well as 
sexual activity and hygiene habits [23]. The vaginal microbiota during the infancy is 
characterized by a mixture of aerobic and anaerobic bacterial populations  including 
Prevotella, Peptostreptococcus, Enterobacteria, Streptococcus, and Staphylococcus 
species [24]. In the pubertal period, the pH of the vagina decreases, and glycogen 
production increases in response to the estrogen rise, promoting the colonization of 
Lactobacilli species which are able to grow in acidic environments and displace other 
kinds of bacteria. A vaginal microbiota dominated by Lactobacillus genus has tradi-
tionally been associated with vaginal health during the woman’s reproductive life, as 
the production of lactic acid by these bacteria would prevent the growth of potential 
pathogens that could produce vaginal or urinary infections, as well as sexually trans-
mitted infections [25–27]. During menopause, estrogens levels decrease again 
together with the dominance of Lactobacillus, while high percentage of Lactobacillus 
is recovered in women receiving hormone replacement therapy [28, 29].

The analysis of the vaginal microbiome using molecular techniques has revealed 
that five vaginal community state types (CSTs) can be found in healthy reproductive- 
age women based on their bacterial composition. More than 70% of the women 
demonstrated vaginal microbiota dominated by L. crispatus, L. gasseri, L. iners, or 
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L. jensenii, corresponding to CST-I, CST-II, CST-III, and CST-V, respectively. A 
small but yet important proportion of women presented CST-IV vaginal microbiota, 
characterized by lower percentage of Lactobacilli and dominance of anaerobic bac-
teria including Aerococcus, Atopobium, Dialister, Gardnerella, Megasphaera, 
Prevotella, and Sneathia species [22].

Interestingly, the vaginal microbiome is influenced by myriad factors and is 
dependent on its relationship with the host. One example is the influence of the 
ethnic background on the vaginal microbiota (Fig. 11.3); while Caucasian and Asian 
populations present a higher prevalence for Lactobacilli-dominated CST-I and CST- 
III, respectively, the non-Lactobacilli-dominated CST-IV microbiota is much more 
prevalent in Hispanic and African-American women [22].

Knowledge about the normal upper genital tract microbiome is much more 
scarce, as the uterine cavity has been historically considered to be sterile [30], and 
the isolation of bacteria from endometrial samples had been long considered to 
come from patients suffering overt uterine infections or through contamination of 
the sample [31, 32]. The existence of bacterial communities in the upper genital tract 
has been corroborated by qPCR detection of bacteria in 95% of endometrial samples 
obtained from asymptomatic women undergoing hysterectomy for benign indica-
tions [33]. Due to the limited number of targeted bacteria analyzed, no comprehen-
sive endometrial microbiota data was available from these women, but it shows that 
the uterine cavity presents bacterial colonization that is quantitatively and qualita-
tively different from that of the vaginal microbiome from the same women [33].

Recently, a study conducted using next-generation sequencing of the 16S rRNA 
gene has compared the vaginal and endometrial microbiota of asymptomatic and 
fertile nonpregnant women [34]. Consistent with the work by Mitchell and cowork-
ers, bacterial communities were detected in 100% of the subjects analyzed, showing 
that Lactobacillus was the most represented genus in endometrial fluid samples 
followed by Gardnerella, Prevotella, Atopobium, and Sneathia, which have been 
also identified in vagina. However, in approximately 20% of the women analyzed, 
the bacteria community identified in the vagina was dramatically different from the 
one in the endometrium, showing that, although closely related, endometrial and 
vaginal microbiota are not identical in each woman [34].
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 Pathological Shifts of the Female Reproductive Tract 
Microbiome

The comprehensive understanding of the human microbiota in the reproductive 
tract, as well as other body sites, has revolutionized the traditional concept of bacte-
rial pathogens. As mentioned above, Lactobacillus-deficient communities domi-
nated by anaerobic bacteria, usually associated with a disease state, have been 
identified in the genital tract of otherwise healthy and asymptomatic women. In this 
scenario, the definition of a pathogenic microbiota should be revisited to evaluate 
not only the intrinsic virulence of a specific microorganism by itself but also its 
impact in the surrounding bacterial community and finally the impact on the host 
[35]. In this case, in the absence of symptoms, a non-Lactobacillus-dominated 
microbiota would be considered as “normal” even if it is made up of bacteria classi-
cally associated with human genital infections. Despite this, dysbiotic deviation 
from the “normal/healthy” Lactobacillus-dominated microbiota may produce imbal-
ances in the homeostasis of the reproductive tract that may increase the  susceptibility 
for acquiring bacterial or viral infections and other gynecological  diseases [36].

 Bacterial Vaginosis

Bacterial vaginosis (BV) is a clinical microbiological syndrome caused by the shift 
from a Lactobacillus-dominated vaginal microbiota to a polymicrobial population 
including Atopobium vaginalis, Gardnerella vaginalis, Dialister spp., Megasphaera 
spp., Prevotella spp., Sneathia spp., and/or the so-called BV-associated bacteria 
(BVAB), among others. The prevalence of BV in the USA has been estimated to be 
29.2% in the last decade [37]. Oral metronidazole in combination with vaginal 
clindamycin is the current treatment for BV, but relapse infection within a year is 
observed in 50% of the treated patients due to resistant bacterial strains [38].

BV has been associated with a higher risk of pelvic inflammatory disease [39], 
HIV-1 [40], and obstetrical complications such as late miscarriage and preterm 
delivery [41–43]. The implications of BV on infertility and IVF success remain 
unclear [44]. Of note, there is a high prevalence of BV in infertile patients occurring 
in as many as 40% of women receiving assisted reproductive treatment [42].

 Chronic Endometritis

Chronic endometritis (CE) is a persistent inflammatory condition of the endometrial 
mucosa produced by infection of the uterine cavity with common bacteria such as 
Corynebacterium, Enterococcus faecalis, Escherichia coli, Gardnerella vaginalis, 
Klebsiella pneumoniae, Proteus spp., Pseudomonas aeruginosa, Staphylococcus 
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spp., and Streptococcus spp.; genital pathogens as Neisseria gonorrhoeae, 
Chlamydia trachomatis, and Ureaplasma urealyticum; and yeasts like Saccharomyces 
cerevisiae and Candida spp. [45–47]. The general prevalence of CE is 19%, but this 
percentage can be underestimated as it is often asymptomatic and thus, rarely sus-
pected or diagnosed [48]. The current treatment for CE consists of a combination of 
ceftriaxone, metronidazole, and doxycycline (according to the Center for Disease 
Control), but relapse is a common feature in patients. Because of the frequent lack 
of symptoms and the fact that CE is not detectable through transvaginal ultrasound, 
the diagnosis is the most challenging feature its assessment. Traditional diagnosis 
methods include the histological observation of infiltrated plasma cells in endome-
trial stromal compartment, followed by classical microbiological culture, while 
observation of micropolyps, edema, and hyperemia through hysteroscopy has been 
lately accepted as a reliable method for the diagnosis of CE [49].

The prevalence of CE ranges from 2.8 to 29% in IVF patients depending on the 
diagnostic method used [49–56]. Although the impact of CE on IVF outcomes has 
been described to be minimal [50], retrospective studies have pointed out to an 
implication in repeated implantation failure (RIF) [55, 57, 58] and recurrent miscar-
riage (RM) [59]. These correlations have been corroborated in asymptomatic 
patients diagnosed by hysteroscopy that significantly improved their reproductive 
outcomes after receiving antibiotic treatment for CE [57, 59].

 Microbiome in Assisted Reproductive Technology

In order to give a full picture of the microbiome in reproduction, we have discussed 
the importance of the role of the microbiome in the physiology and pathophysiology 
of the gynecologic tract and will discuss its importance during gestation. Indeed, 
these areas have been foremost in the research to date. However, given the connec-
tions between the microbiome, host immunity, and infertility, it is quite clear that 
the vaginal and uterine microbiomes play a role in the physiology and pathophysiol-
ogy of human reproduction.

 Vaginal Microbiome in ART

The vaginal microbiome has been characterized to a great degree through the 
HMP. Perhaps some of the most interesting data which came from this analysis was 
the analysis of diversity. The vaginal tract exhibited some of the lowest alpha (within 
samples from the same subject) and beta (comparison between subjects) diversity 
when classified using phylotypes compared to other sites such as the mouth or the 
skin [60] (Fig.  11.4). Indeed, when samples were taken at the vaginal introitus, 
midpoint, and posterior fornix, the variation of species was not great, and 
Lactobacillus spp. dominated all sites. The fact that vaginal communities is normal, 
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healthy volunteers is relatively simple as compared to other sites of the body means 
that characterization of health and disease states could be informative in clearly 
defining shifts in the microbiome—in other words, simplicity of normality allows 
for easier identification of abnormality.

The vaginal microbiome as it pertains to ART has been investigated several ways. 
Utilizing culture-based technology, certain bacteria, such as Enterobacteriaceae and 
Staphylococcus, found at the time of embryo transfer on the transfer catheter were 
associated with poorer outcomes [61]. More robust studies utilizing sequencing 
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Fig. 11.4 The Human Microbiome Project utilized 16S rRNA sequencing to identify diversity at 
various body sites. The alpha and beta diversity of the female reproductive tract is low when com-
pared to other body sites. Used with permission [60]
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techniques and analyzing diversity indices found that lower diversity indices had 
better outcomes—as one would hypothesize given the fact the “normal state” has 
low diversity with Lactobacilli dominance [62].

Of note regarding stimulation, the vaginal microbiome has been shown to change 
during the normal menstrual cycle with varied estrogen levels in the physiologic 
range [17]. It is thus reasonable to assume the controlled ovarian stimulation 
required to achieve success in IVF would also impact the vaginal microbiome. This 
may represent yet another reason, in addition to embryo and endometrial synchrony 
and implantation failure discussed elsewhere in this book, that certain circumstances 
may dictate improved outcomes in terms of implantation when a physiologic state 
which more approximates nature is procured.

 Endometrial Microbiome and Embryonic Implantation

Although in present day the revelation is not so profound, it was only recently that 
the upper genital tract colonization could be deemed anything but pathologic [63–
67]. There are a number of barriers in terms of cervical mucus and alterations of 
inflammatory milieu which may dictate that the microbiome in the upper tract 
would differ from the lower tract, but to think it was sterile would be difficult given 
that spermatozoa must traverse the same path. Indeed, studies which employed 
radiolabeled albumin spheres placed in the vagina found they ascended into the 
uterus in as little as 2 min [68].

The microbiological state of the endometrium at the time of embryo transfer has 
been long considered of particular interest as it could impact embryo implantation. 
Accumulated evidence from studies reporting bacterial isolates recovered upon 
microbiological culture of the embryo transfer catheter tip have linked the presence 
of endometrial pathogens to poor reproductive outcomes in IVF patients. Concretely, 
the isolation of Enterobacteriaceae, Streptococcus spp., Staphylococcus spp., E. 
coli, and Gram-negative bacteria from the transfer catheter tip is associated with 
significantly reduced implantation and pregnancy rates [61, 69–73].

In the “microbiome era,” the attribution of negative IVF outcome to a specific 
isolated bacterium is not suitable anymore. The entire microbial community needs 
to be addressed in order to draw conclusions. To do so, all the efforts are now 
focused on the identification of an endometrial microbiome signature responsible 
for reproductive failure or success. In this regard, only few studies have been under-
taken to characterize the endometrial microbiome in infertile patients.

Verstraelen and collaborators have reported the endometrial microbiome of 19 
Caucasian patients with RIF, recurrent miscarriage (RM), or both [74]. The endome-
trial microbiota in those patients was formed by 183 bacterial phylotypes, being the 
Bacteroides and Proteobacteria phyla the most represented, although they found 
one patient with endometrial microbiota dominated by Lactobacillus crispatus 
and  one patient presenting a polymicrobial community including Prevotella 
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spp.,   A.  vaginae, Mobiluncus curtisii, Porphyromonas, Dialister spp., and 
Peptostreptococcus spp. phylotypes [74]. The results of this work are consistent 
with previous evidences showing dysbiotic shifts from a Lactobacillus-dominated 
microbiome in the reproductive tract are more frequent in subfertile population [44].

The endometrial microbiome of infertile patients and its functional impact on 
reproductive outcome have been recently assessed in two different studies. In the 
first study, 33 patients of different ethnicities (26 Caucasian, 5 Asian, 1 African- 
American, and 1 Hispanic) were interrogated for their endometrial microbiota at the 
time of embryo transfer of a single euploid embryo, and these results were correlated 
with their IVF outcomes [7]. The core endometrial microbiota in this patients was 
made of 278 genera, being Flavobacterium and Lactobacillus the most abundant 
genera in both patients with ongoing and non-ongoing pregnancies, and no other 
taxa was significantly identified as differential between women with or without 
ongoing pregnancies, mainly due to the large number of variables in the study that 
was not able to survive correction for multiple comparison in the statistical analysis 
[7]. The latest work has analyzed the impact of endometrial microbiome on repro-
ductive outcome in endometrial fluid from 35 infertile Caucasian patients presenting 
RIF despite of having receptive endometrium assessed by molecular analysis [34]. 
The endometrial microbiota was made of 108 components being Lactobacillus spp. 
the most abundant bacteria detected. The results of this study show that endometrial 
microbiota profile can be classified according to the structure and relative abundance 
of the bacteria identified in endometrial fluid, as Lactobacillus dominated or non-
Lactobacillus dominated with a cutoff value of Lactobacillus relative abundance 
≥90% as the only significant variable able to predict reproductive success. Thus, a 
non-Lactobacillus-dominated (<90%) endometrial microbiota significantly corre-
lates with adverse reproductive outcomes—measured as implantation, pregnancy, 
ongoing pregnancy, and miscarriage rates—when compared to subjects presenting a 
Lactobacillus-dominated (≥90%) endometrial microbiota (Fig. 11.5) pointing to the 
importance of endometrial bacteria in reproductive health [34].

 The Immune System, the Microbiome, and Implantation

A full detail of the immune systems interaction with implantation physiology and 
pathophysiology is discussed elsewhere in this book. It is important to note here 
however that the microbiome is integrally involved with the immune systems and 
thus the permissive environment required for successful implantation. Indeed, a 
complex microenvironment is created by the cytokines involved in both endometrial 
receptivity as well as embryo development and is influenced by nutrition, stress, 
injury, and infection and inflammation [75].

In addition to direct inhibition, production of H2O2 and bacteriocins, and modu-
lation of epithelial receptivity, the microbiome has been implicated in directly mod-
ulating the immune system, in particular T lymphocytes [76]. T helper (Th) cells 
have also been shown to influence ART outcomes. In particular, there is a focus on 
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the ratio of Th1 cells, which produce interferon-gamma (IFN) and lymphotoxin, 
and Th2 cells, which produce IL-4, IL-5, IL-13, IL-25, and GM-CSF. Both cells 
produce GM-CSF, TNF, IL-2, and IL-3 [77]. The Th2 cells predominate during 
normal pregnancy, whereas Th1 is more predominate in women with pregnancy 
losses [78–81]. The Th1/Th2 ratio construct has been expanded to the Th1/Th2 as 
well as the Th17 and regulatory T cell construct. The Th17 cells secrete IL-17 which 
is pro-inflammatory and the T regulatory cells work to induce immune tolerance 
[82, 83]. Similar to Th1/Th2 ratios, studies have shown increased rates of unex-
plained spontaneous abortion with an increase in Th17 and decrease in regulatory T 
cells [84, 85].

The complex interaction between the microbiome, immune modulators, and 
implantation and reproductive competence is evolving rapidly. Once the physio-
logic state of the reproductive tract microbiome is better characterized, we will be 
able to determine more concretely how this microbiome changes the immune milieu 
and affects the process of immune tolerance.

 Antimicrobials and ART

Although the vaginal and uterine microbiome is incompletely understood in terms 
of its relationship to reproductive outcomes, there is a long history of attempting to 
influence it using prophylactic antibiotics at the time of procedures during 
ART.  Given that antiseptics are often toxic, antibiotics have been utilized as a 
method of manipulating the microbiome since the studies in the late 1970s which 
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showed that contamination during ART procedures could negatively impact out-
comes [86, 87]. Indeed, given concern for embryo transfer catheter tip contamina-
tion and inoculating of the upper tract, antibiotics are often prescribed leading up to 
the embryo transfer. This is of concern as wide-spectrum prophylactic antibiotics 
have the potential to interfere with the “healthy” microbiome which exists at the 
time of embryo transfer as well as impact those bacteria which are pathologic.

A recent Cochrane Database Systematic Review analyzed randomized controlled 
trials in the literature which investigated antibiotics at embryo transfer [88]. Only 
four potential studies were identified, of which three were excluded. The remaining 
study reported on clinical pregnancy rates as the primary outcome. Although admin-
istration reduced microbial contamination as defined by culture of embryo transfer 
catheter tips, the clinical pregnancy rate in those receiving antibiotics was 36%, and 
those not receiving was 35.5% (OR 1.02, 95% CI 0.66 to 1.58) [89]. The reviewers 
concluded more evidence is needed with live birth as the primary outcome [88].

One possible explanation for the lack of clear benefit of antimicrobial use at the 
time of embryo transfer is that, while the antibiotics successfully decrease the load 
of bacteria which are alive and can be cultured, it does not decrease the burden of 
bacterial remnants which still serve to modulate the immune system [89, 90]. This 
modulation of the immune system by the microbiome may indeed play the most 
critical role in the connection with ART outcomes.

Although at the present time, data on antimicrobial use has not shown clear ben-
efit, there are other ways in which the microbiome might be altered. Rather than 
eliminating pathogenic bacteria, perhaps bacteria with beneficial profiles could be 
replaced. Probiotics have been investigated as a way to treat vaginal infections such 
as bacterial vaginosis with success [91]. This same approach may be a way to posi-
tively affect ART outcomes in the future, although more metagenomic data is 
needed to more fully characterize the physiologic state prior to intervention attempts.

 The Impact of the Microbiome on Pregnancy Outcomes

 Non-gravid vs. Gravid Vaginal Microbiome

The vaginal microbiome has been shown to be distinct in pregnant versus nonpreg-
nant women in terms of structure and stability. Contrary to that observed in non-
pregnant women, vaginal microbiota of pregnant women is very stable, and shifts in 
endometrial microbiota only occur between Lactobacillus-dominated CSTs. As a 
result gravid vaginal microbiota is most often dominated by L. crispatus, L. jense-
nii, and L. gasseri in women delivering at term, while taxa associated to CST-IV are 
very rarely observed in pregnant women regardless of their ethnicity [92]. When the 
spatiotemporal dynamics of the vaginal microbiota has been interrogated, results 
have shown that the diversity and richness of this microbiota decrease with gesta-
tional age and proximity to the uterus [93]. However, a destabilization of the vaginal 
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microbiota is commonly observed within few weeks preceding delivery and remains 
altered for approximately 1 year after delivery, showing certain similarities to the 
communities typically colonizing the gut [93, 94]. The relevance of Lactobacillus 
spp. in the vaginal microbiota during pregnancy and the mechanisms leading to this 
dominance remain unknown. However, some hypothesis points to the protective 
role that Lactobacilli could play in the reproductive tract against potential ascending 
infection which represents a risk factor for many obstetrical conditions [95].

 Placental Microbiome

The isolation of bacteria from placentas of healthy women delivering at term was 
reported for the first time in 1988 [96], challenging the general believe of a sterile 
onset of life. Nowadays, it is well accepted that the placenta harbors a low abun-
dance but unique microbiome that is not the result of uterine infections or chorio-
amnionitis. The placental microbiome is composed of commensal bacteria belonging 
to Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, Tenericutes, and 
Fusobacteria phyla [97]. Only a small set of taxa as Burkholderia, Streptosporangium, 
and Roseovarius are increased in placentas of women delivering preterm. Many dif-
ferent models have been proposed to explain the bacterial seeding of the placenta, 
from ascension from the lower genital tract to the contamination during delivery. 
However, the vast similarity observed between the community population of the 
placenta and the oral microbiome of nonpregnant women suggests that these bacte-
ria may reach the placenta through hematogenous spread early in pregnancy, at the 
time of vascularization and placentation [97].

 Preterm Birth

Preterm birth (PTB) is defined as an early birth before 37 weeks of gestation. This 
very prevalent obstetrical complication has been linked to intrauterine infection 
with pathogenic microorganisms colonizing the fetal membranes, amniotic fluid, 
cord blood, placental, and fetus [98]. It is generally believed that this intrauterine 
infection could be originated in the lower genital tract by ascension of the patho-
genic microorganisms producing the preterm premature rupture of membranes lead-
ing to PTB. This hypothesis is supported by evidences showing an association of 
BV with PTB [99]. Another hypothesis, given the placental microbiome’s similarity 
to the oral cavity microbiome, is the hematogenous spread from periodontal infec-
tions. This would explain the high correlation observed between PTB and periodon-
tal disease [100]. However, despite the mechanism of infection, the microorganisms 
causing PTB are well defined and include Ureaplasma urealyticum, Ureaplasma 
parvum, Mycoplasma hominis, E. coli, Bacteroides spp., G. vaginalis, Sneathia 
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sanguinegens, Streptococcus spp., and Fusobacterium nucleatum [101, 102] as well 
as with a decrease or lack of L. crispatus in the urogenital tract [94, 103].

 Summary

The microbiome in health and human disease, in particular in relation to the success 
or failure of human reproduction, is beginning to be unraveled. Given the abilities 
of new technologies and techniques for sampling and analyzing the microbiome in 
the reproductive tract, this knowledge is now growing at an unprecedented rate. As 
the reproductive tract dysbiosis is better characterized and understood, we may be 
better equipped to manipulate it more expertly and depart from the practice of 
broad-spectrum, indiscriminant antibiotic use which has been the mainstay of 
therapy.
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Chapter 12
Psychosocial Implications of Recurrent 
Implantation Failure

Andrea Mechanick Braverman and Keren Sofer

 Introduction

Infertility has often been described as an emotional roller coaster as intended  parents 
have sought medical treatment to resolve their fertility problems. Concerns that  
infertility problems are rooted in psychological issues are reflected in the oft- heard 
advice of “just relax and you’ll get pregnant.” Historically, psychological theories 
were developed as models to explain infertility [1]. Sigmund Freud posited a theory 
of infertility as a consequence of a fear of impregnation. Later on, Berg and Wilson 
addressed this psychogenic model more broadly, looking at psychopathology as 
contributing to or causing infertility [2]. Thus the investigation of psychopathology 
as contributing to or causing infertility has reflected the lay belief that stress or other 
psychogenic difficulties are implicated in infertility.

In the past several decades, these psychogenic models have been challenged by 
the increased ability to diagnose the physiological causes for male and female infer-
tility. Scientific methods and diagnostic means have led to a dramatic change in the 
understanding of infertility as doctors can now identify many of the physical factors 
that cause infertility. As a result of this shift, psychosocial research began to focus 
on the relationship between various aspects of psychosocial functioning on overall 
success rates in infertility treatment. The hope was that if psychosocial functioning 
was associated with implantation or endometrial development, it would create 
opportunities to improve pregnancy outcomes. This research has faced the formi-
dable challenge of controlling for the myriad of intervening variables that could 
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contribute to findings of significance or non-significance, resulting in a body of 
contradictory results.

Psychosocial research has since expanded in breadth, with studies seeking to 
uncover not only potential links between various psychological factors and preg-
nancy outcomes but also ways in which psychosocial challenges impact the course 
of infertility treatment, compliance with treatment protocols, and treatment dropout. 
These links become all the more relevant with repeated implantation failure, as 
patients undergo multiple cycles of in vitro fertilization (IVF) and must contend 
with the stress of IVF on a prolonged basis along with the distress of failure.

This chapter will review the research focused on the scope of psychosocial chal-
lenges that infertility patients may experience before, during, and following inter-
ventions such as IVF, factors that increase an infertile couple’s risk for psychosocial 
difficulties and the potential impact of psychosocial functioning on pregnancy out-
comes. Additionally, an overview of researched psychosocial and psychotropic 
interventions will provide an examination of treatments which can decrease the 
psychological burden and prevent poor psychosocial outcomes for infertile 
couples.

 Psychosocial Functioning of Infertility Patients

Researchers and clinicians continue to show interest in the psychosocial functioning 
of infertility patients for a multitude of reasons. Psychosocial functioning encom-
passes management of stress, attributions of sources of difficulties, and utilization 
of relationships in dealing with stress. Understanding an individual’s level of psy-
chosocial functioning can assist medical teams in determining which psychosocial 
interventions would be most pertinent and effective at a given time. Additionally, 
awareness of infertility patients’ coping strategies can help clinicians predict which 
individuals are more likely to discontinue treatment, adjust poorly, display inconsis-
tent compliance to medication or monitoring, and develop contentious relationships 
with medical staff.

The stress-diathesis model is useful in understanding the course of psychosocial 
functioning with infertility. Infertility patient undergo enormous emotional, physi-
cal, relational, and sometimes spiritual stressors, putting strain on their coping abili-
ties. The core assertion of this model is that individuals are influenced by both stress 
and diathesis, the former referring to difficult life events and traumatic experiences 
and the latter referring to genetics, personality traits, or other qualities that are 
largely fixed during one’s lifetime. As the quantity and significance of stressors 
increase, in combination with genetic predisposition to mental illness, certain per-
sonality traits, and prior losses or adverse experiences, one becomes more vulnera-
ble to mental health setbacks [3]. Infertility can present a perfect storm of many 
stressors which, coupled with certain predispositions, can leave the individual more 
vulnerable to an emotional or mental health challenge during treatment.
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 Functioning of Infertility Patients Before and During 
Treatment

As the stress-diathesis model would assert, pretreatment functioning can influence 
an infertility patient’s coping and psychosocial adjustment as she begins treatment. 
Her functioning at the commencement of treatment, however, may not reflect how 
she functioned before her infertility diagnosis or attempts to conceive. Prior to a 
diagnosis of infertility, a patient may have contended with fertility issues for years 
[4], and as such her infertility can be seen as a chronic stressor that has already been 
present for some time [5].

Even in the absence of information on functioning prior to the infertility diagno-
sis, assessment of infertility patients’ functioning as they are about to begin treatment 
is valuable for a few reasons. First, this information can shed light on what increased 
vulnerability one may have to developing a psychiatric disorder or other adverse 
responses during and after interventions. Additionally, an examination of how an 
infertility patient continues to adjust during and after treatment can assist in well-
timed referrals for mental health treatment or referrals for other coping resources.

 Prevalence of Psychiatric Disorders Prior to Commencing 
Medical Interventions

A number of studies have examined pretreatment functioning of infertility patients 
and its impact on their adjustment throughout and beyond infertility treatment. In 
their review of 25 years of research, Verhaak et al. [6] found nine studies among 
those accepted into the review that considered the impact of pretreatment function-
ing. One area of investigation in these studies was of state anxiety which develops 
due to stress and threats, in contrast to trait anxiety which reflects ongoing high 
anxiety that is embedded in one’s personality. The levels of state anxiety among the 
infertility patients differed between studies, which the researchers hypothesized 
may have been due to cultural differences based on the countries where the various 
studies were conducted.

The Verhaak review [6] found, perhaps surprisingly, that overall women did not 
appear to have levels of depression higher than control groups prior to treatment in 
most studies. They suggested that the lack of elevated rates of depression pretreat-
ment might be indicative of the hopefulness of starting treatment and taking action 
to solve the problem. However, this finding is contradicted in other research. For 
example, one study, not included in this review, found that prior to beginning treat-
ment, 33% of infertile Chinese women endorsed depressive symptoms according to 
the General Health Questionnaire, a self-report measure [7].

Studies included in the review differed in their methodologies, which could help 
explain the varying prevalence rates of psychiatric disorders or symptoms prior to 

12 Psychosocial Implications of Recurrent Implantation Failure



200

beginning interventions [6]. Approaches to determining pretreatment functioning 
differed between studies included in the review; some studies only looked at anxiety 
[8, 9], while others looked at both anxiety and depression [10–12]. Researchers 
were selective regarding the types of psychiatric difficulties they looked for, typi-
cally focusing on anxiety and depression and excluding diagnostic categories such 
as substance abuse and other conditions such as bipolar disorder.

An additional obstacle to determining rates of psychiatric difficulties in infertil-
ity patients was addressed by Williams et al. [13]. They determined in their review 
examining mood disorders among infertility patients that “only a few studies that 
investigate depressive symptoms in newly diagnosed infertility patients actually use 
diagnostically valid and reliable criteria for confirming a mood disorder.” Many 
studies employ methodologies which lack a rigorous diagnostic element, limiting 
the ability to confirm the presence of diagnosable conditions and more details 
regarding participants’ psychosocial functioning.

In fact, only three studies using more diagnostically valid criteria to determine 
rates of depression in infertility patients before commencing treatment were identi-
fied in the review by Williams et al. [13]. However, those studies’ results lack con-
sistency  [14, 15]. One study did not find a difference between infertility patients 
and controls on measures of mood disorders, while another study did find a signifi-
cant difference, with infertility patients scoring higher on a depression scale as com-
pared with healthy controls.

A study conducted in Taiwan also used more in-depth methodology for diagno-
sis. Their approach encompassed administration of the Mini International 
Neuropsychiatric Interview and the Hospital Anxiety and Depression Scale by a 
board-certified psychiatrist, rather than a more general self-report questionnaire 
[16]. The overall rate of psychiatric disorders among 112 infertile women who were 
attending a reproductive health clinic prior to beginning treatment was 40.2%. The 
conditions that comprised the highest proportion were anxiety disorders, followed 
closely by depressive disorders. The high rate of generalized anxiety disorder 
(26.2%) found in the Chen study is consistent with the Verhaak [6] review’s finding 
that state anxiety was higher than control groups in most of the studies they 
examined.

While the studies and reviews detailed above reveal a mixed picture regarding 
prevalence of pretreatment psychosocial difficulties among infertility patients, 
taken together they illustrate that the presence of such difficulties in some infertility 
patients is undeniable. These difficulties have the potential to intensify throughout 
treatment and impact the course of treatment.

 Prevalence of Psychiatric Disorders During Treatment

A number of studies have been conducted to determine how infertility patients man-
age psychologically during treatment. Swedish couples undergoing IVF were found 
to exhibit high rates of psychiatric disorders at the onset of one round of IVF 
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treatment [17]. The researchers administered an initial screening measure followed 
up by a comprehensive telephone assessment for those who showed psychological 
distress on the initial screening. Their findings showed that full criteria were met for 
DSM IV diagnoses in almost 20% of women and over 7% of men, with major 
depressive disorder being the most common diagnosis, while another 11% of 
women and 2.9% of men met a subthreshold diagnosis. Similarly, [18],  using two 
standardized depression scales, found 37% of infertile women undergoing treat-
ment had symptoms of depression, as compared to healthy controls, who had about 
half that rate.

Another study found that both men and women undergoing IVF who met criteria 
for a psychiatric diagnosis were more likely to report physical symptoms, with 
women reporting higher rates of “fatigue, headache, nausea and abdominal pain 
whereas fatigue and insomnia were the physical symptoms most commonly reported 
by men with a psychiatric diagnosis [17].” This demonstrates the intersecting nature 
of mind and body, with both reciprocally influencing the other, sometimes in ways 
that are difficult to disentangle. As such, psychiatric and physical symptoms can 
manifest in a variety of ways during treatment, impacting treatment compliance and 
even willingness to continue treatment.

 Factors Influencing Psychosocial Adjustment During 
and Following Treatment

Investigation into the risk factors that may increase the likelihood of an infertility 
patient developing psychosocial difficulties has important implications for timely 
mental health interventions. Not surprisingly, there is evidence that infertility 
patients who have had major depressive disorder (MDD) in their lifetime are at risk 
for developing MDD during infertility treatment. A 2016 study, and the only one to 
date to examine this issue, demonstrated that a diagnosis of MDD prior to com-
mencing treatment was found to be the single largest predictor of MDD during 
infertility treatment, while controlling for other factors such as partner support, and 
baseline levels of anxiety and depression [19]. It is clear that some symptoms of 
MDD, such as sad or irritable mood, poor concentration, decreased motivation, dis-
rupted sleep, and decreased energy levels, have the potential to seriously impact the 
course of infertility treatment for some patients.

Other variables such as age of woman, amount of time dealing with infertility, 
the diagnosis itself, and number of IVF or intracytoplasm sperm injection (ICSI) 
treatments may not present as risk factors for the development of psychosocial dif-
ficulties [20]. In this same study, which was conducted among patients in the United 
States, it was demonstrated that demographic factors such as age and years married 
were not related to infertility patients’ experience of stress. Factors that do appear to 
impact stress included attitudes, number of tests received, and treatment cost [20].

Van den Broeck et  al. [21] investigated factors that contribute to the distress 
experienced by male and female infertility patients. The factors they found that 
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played a role in exacerbation of distress were those that would also contribute to the 
development of psychiatric disorders in the general population. More specifically, 
they identified the personality dimensions of dependency and self-criticism, poor 
quality of attachment in their spousal relationship, and poor social support, as hav-
ing greater significance than specific infertility concerns and characteristics related 
to the infertility experience. They write that “in this way, the infertility-specific 
concerns and characteristics might only be secondary expressions of basic psycho-
logical dimensions.”

Volgsten et al. [22] studied a range of demographic variables and risk factors for 
the development of psychiatric disorders in infertile couples. They concluded that, 
for the development of a mood disorder, a previous pregnancy and obesity were 
independent risk factors for women, while unexplained infertility was a risk factor 
for men. Interestingly, for women, there were no independent risk factors associated 
with anxiety disorders, and the sample size for men was too small to draw any con-
clusions. Despite looking at a very broad range of potential risk factors—age, smok-
ing status, native language, socioeconomic status, economic status, and fertility 
history—none were significantly related to psychiatric diagnosis, with the excep-
tion of previous pregnancy. The researchers noted some surprise at the dearth of 
identified risk factors, as many of the ones they investigated have been identified as 
risk factors for the development of psychiatric conditions in the general population. 
With regard to the socioeconomic and economic factors, these infertility patients 
were receiving free treatment, as Sweden has universal healthcare that covers up to 
three IVF cycles. In this context, the particular factors related to finances did not 
impact the development of depressive or anxiety disorders.

Lack of success in giving birth following infertility treatment may present as a 
risk factor for poor adjustment in the long term. While there is a dearth of longitu-
dinal studies looking at long-term adjustment to failure to conceive after IVF, 
researchers have found some evidence of increased depressive symptoms in those 
patients that fail to conceive, while patients who were successful experienced a 
resolution in psychiatric symptoms [6].

One large Swedish cohort study by Baldur-Felskov et al. [23] looked at rates of 
psychiatric hospitalization for women following successful versus failed infertility 
treatment. They found that those who did not give birth were more likely to have 
been hospitalized for certain mental disorders including alcohol or drug abuse, psy-
chotic disorders, and other diagnoses, in years to come. An obvious limitation of 
this study is that it only examined hospitalizations, which represent the most severe 
manifestation of mental illnesses, but even so, it demonstrates a possibility of ele-
vated risk following treatment failure.

 Impact of Psychosocial Functioning on Pregnancy Outcomes

Reproductive doctors and patients want to understand how psychosocial function-
ing may influence pregnancy outcomes. A 2004 study examined hypotheses for 
ways in which a patient’s experience of stress might influence her reproductive 
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functioning (Cwikel et al.). For example, they reviewed research showing how vari-
ous neurochemical pathways related to stress intertwine with the function of the 
gonadal axis, possibly impacting fertility outcomes. Cortisol, a hormone released in 
response to stress, was demonstrated to not impact pregnancy outcome in IVF in 
one study they reviewed, but anticipatory cortisol, the cortisol released right before 
IVF, appeared to have an impact.

Overall, they indicated that while there appear to be some possible links between 
the ways in which the physiology of stress may interfere with reproductive pro-
cesses, researchers have not yet identified clear pathways. However, it is not unrea-
sonable to conclude that the experience of stress has an impact on one’s physiology 
in ways that may impact the outcome of fertility treatment. The study posited a 
theory based on the research that psychological distress (i.e., depression and anxi-
ety) impacts various physiological systems which in turn may decrease the chances 
of a successful outcome from IVF or other treatments.

 Treatment Burden and Dropout

Repeated implantation failure is a significant part of the treatment burden. Research 
has shown that undergoing multiple cycles of IVF is associated with negative effects 
such as depression, hopelessness, and stress and has demonstrated that the waiting 
period post-embryo transfer is perceived as the time of greatest distress for many, if 
not most, patients [24]. With repeated implantation failure, it is easy to see that the 
waiting period, referred to on patient Internet discussion groups as the “two weeks 
waiting,” has the potential to become a time of greatest distress.

Does treatment burden or psychopathology lead to treatment dropout? A 2012 
meta-analysis reviewed 22 studies that included 21,453 patients from eight coun-
tries [24]. The three most frequently cited reasons for treatment dropout among the 
studies were postponement of treatment, physical and psychological burden, and 
relationship and personal problems. Reasons varied across stages of treatment 
although some were stage-specific. Psychological burden was found to be common 
across treatment stages and found to be the main reason for discontinuation of treat-
ment across all treatment stages.

 Interventions for Managing the Burden of Treatment

 Screening Tools

Several tools have been developed to screen for patient distress. SCREEN IVF was 
developed to specifically screen for infertility distress and successfully identified 
75% of patients at risk for depression and anxiety [25]. At their pretreatment and 
again at 3–4 weeks post-pregnancy test, 279 women were administered the SCREEN 
IVF instrument comprised of 34 items on general and infertility-specific 
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psychological factors. The purpose of the tool was to give clinicians a way to 
 identify patients in distress or with a vulnerability to emotional distress so that inter-
ventions or referrals could be offered.

The Fertility Quality of Life (FertiQoL) questionnaire is the only internationally 
developed questionnaire which evaluates the quality of life for men and women 
experiencing infertility [26]. The self-administered questionnaire has 36 items that 
assess core (24 items) and treatment-related quality of life (QoL) (10 items) and 
overall life and physical health (2 items); the reliability measures were satisfactory. 
Overall, it covers four domains: emotional, mind-body, social, and relational. It is 
currently available for free in 39 languages. FertiQoL is becoming the gold standard 
for infertility screening, and the relational factor scores are shown to be useful in 
assessing relationship adjustment to identify patients undergoing ART who are 
more likely to report poor or good relationship quality [27]. FertiQoL may be a use-
ful tool in measuring and understanding the impact of repeated implantation failure 
both in individuals and for couples.

To date other measures that have been developed have had local or convenience 
samples. One of the more widely used instruments, the Fertility Problem Inventory, 
was developed on primarily Caucasian Canadians who were involved in infertility 
treatment [28]. Other instruments available have also had other limitations that limit 
their general utility. None has been developed to look at neither the specific stress of 
repeated implantation failure nor specifics of treatment such as the waiting period 
between embryo transfer and pregnancy test.

 Pursuit of Mental Health Treatment by Infertility Patients

Although treatment, such as repeated implantation, create many demands and bur-
dens on patients, most women and men experiencing infertility do not seek psycho-
social professional support, even those who are showing psychosocial distress. 
Verhaak et al. [5] found that though over 30% of women undergoing IVF and 10% 
of men in their study met criteria for at least one psychiatric disorder or subthresh-
old diagnoses, only about 11% of them participated in counseling at that time. This 
low rate surprised the researchers, as counseling was offered and available to all 
participants at the initial appointment. A low rate of mental health treatment was 
also noted by Chen et al. [16], in which only 6.7% of those with a psychiatric diag-
nosis had sought psychiatric treatment in the past. This puts patients at risk for an 
exacerbation of symptoms, poor treatment compliance, potential disruptions in their 
relationships, as well as overall decline in their quality of life.

Several hypotheses exist as to why, despite endorsement of symptoms, infertility 
patients do not pursue psychological support in high numbers even when it is offered 
to them. One reason is that they are so focused on their fertility needs and thus per-
ceive their emotional needs as beyond the scope of treatment. Patients do not neces-
sarily connect their psychological well-being with their ability to comply with 
medical treatment protocols and ability to function in other domains in their lives. 
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Some might fear judgment by medical professionals who may deem them incapable 
of tolerating treatment or, ultimately, handling parenthood. Chen et al. [16] wrote 
that “the effort to be a good patient, although a proper way to cope with the stress of 
an assisted reproduction treatment, may prevent participants from revealing psycho-
logical distress to their clinicians” (p 5). A theme that emerges from these hypoth-
eses is that of secrecy, one that still shrouds those struggling with infertility. In a 
sense, then, the secrecy of a couple’s emotional struggles due to infertility becomes 
yet another dimension of their perceived inadequacy and the accompanying shame.

Chen et al. [16] suggest that some patients may lack an awareness of their own 
emotional functioning and that “it is possible that estimation based on the subjects’ 
self-assessment of whether or not they are depressed may underestimate these psy-
chiatric disorders” (p 5). Patients may view their suffering as “normal” and thus 
believe there is nothing that can be done to improve their quality of life or coping. 
This can pose a risk because in the face of deteriorating psychological health, one 
may begin to make poor decisions and suffer consequences in relationships. Some 
researchers have suggested that patients do not seek out psychological counseling 
because they feel they can handle their stress and view that distress asinherent in the 
infertility process rather than a pathology that needs intervention [29]. A patient 
may perceive a referral to psychological counseling as a belief on the part of the 
medical provider that he or she has “failed” to cope adequately, rather than as an 
opportunity to increase coping strategies while undergoing treatment.

It should not be understated that acknowledging psychological difficulties con-
tinues to carry enormous stigma [30]. For some fertility patients, who are already 
likely carrying the burden of frustration, shame, and grief, acknowledging psycho-
logical problems in a direct way to their doctors may prove to be too much for them 
to bear, particularly when doctors do not directly ask about this domain of their 
lives. Patients may be concerned that any stigma attached to the need for psycho-
logical support has the potential to limit or deny access to infertility treatment.

Uptake of psychological services was found to be most heavily influenced by 
three factors: comfort level with consulting with a mental health professional, cop-
ing resources, and practical concerns about arranging a meeting with a psycholo-
gist/counselor [31]. Patients indicated that their distress level needed to exceed their 
coping resources, such as social support from family and friends, in order to seek 
out counseling services. In other words, just because many infertility patients 
 experience distress, it may be a small but distinct porportion whose distress levels 
tax their coping to the point of pursuing counseling.

Boivin et al. [31] cited two models they believed explained the findings of their 
study looking at low rates of counseling among infertility patients: the hierarchical- 
compensatory model [32] and the health belief model [33]. The hierarchical- 
compensatory model proposes that individuals seek out support in a hierarchical 
fashion, first seeking it from those close to them, then from professionals; this is 
consistent with the findings in this study, in that participants tended to seek social 
support first and the majority found it sufficient for their needs and so did not seek 
out professional support. The health belief model puts forth the hypothesis that 
individuals determine the extent of their distress that would warrant them seeking 
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out professional services. In other words, patients may only seek help if they feel 
their distress is intense enough. The most highly distressed patients in this study 
tended to cite logistical concerns as a barrier to obtaining treatment, even though 
services had been offered to them and had been advertised through the clinic where 
they were being treated.

This introduces questions around why these high-distress patients struggled to 
obtain the professional support they needed despite it being made available to them. 
The researchers suggest some possible reasons, such as high levels of distress mak-
ing it difficult for patients to take in practical information about initiating services 
[34] and the need in those cases for counseling staff to do more to facilitate the 
provision of services to those high-distress patients.

 Psychosocial Interventions

Myriad behavioral and cognitive interventions for coping with treatment burden 
have been explored in various studies. Early studies looked at the impact of group 
psychological interventions [35] and found that group interventions made a signifi-
cant difference in pregnancy rates, but later studies have not replicated those find-
ings [36]. Further studies looked at mind-body approaches for managing the burden 
of treatment and found them effective at reducing symptoms of depression and 
stress and increasing a sense of social support [37] in contrast to the earlier studies 
which focused on whether interventions increased pregnancy rates.

A recent meta-analysis reviewed 14 different types of interventions that were 
included in 20 randomized controlled studies [38]. The interventions were classified 
into five categories: cognitive behavioral therapy (CBT) (n = 3), mind-body inter-
vention (MBI) (n  =  3), counseling (n  =  4), positive reappraisal coping therapy 
(n  =  2), and other psychosocial interventions (n  =  8) which included hypnosis, 
Internet-based interventions, crisis interventions, expressive writing, harp therapy, 
written emotional disclosure, telephone emotional support, and group psychother-
apy. The genre of skills taught involved psychoeducation, skill training, emotional 
support, and cognitive restructuring. This review found that cognitive behavioral 
therapy, mind-body interventions, counseling, and coping therapy are the most 
 frequently adopted psychological interventions for infertile women and men. 
However, the review did not find that counseling interventions showed positive 
effects. The authors recommend that new therapeutic approaches with proven effi-
cacy be the focus to support individuals and couples going through infertility with 
particular attention to the “two weeks waiting” time prior to the pregnancy test, an 
area which has been inadequately researched.

Cognitive approaches with positive cognitive reappraisal have been found to lead 
to modest gains in easing the psychological burden but have not been found to 
increase pregnancy rates [39]. Patients were randomized into either a control or 
treatment group prior to the start of their IVF cycle. The treatment group was given 
a set of ten statements which facilitate positive thinking and diminish dwelling on 
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negative aspects. Researchers found that the exercise did not diminish treatment 
dropout or increase pregnancy rates, though it was perceived as helpful.

As patients are getting more information and support online, online interventions 
have been developed for psychoeducational support [40]. A total of 190 women were 
randomized into two experimental and two no-treatment control groups. After the 
e-health module, trends were observed for utility in several psychological domains: 
decreased global stress (P = 0.10), sexual concerns (P = 0.059), distress related to 
child-free living (P = 0.063), increased infertility self-efficacy (P = 0.067), and deci-
sion-making clarity (P = 0.079). Easy access to online e-health modules could be 
adapted for patients experiencing repeated implantation failure. Sub- modules could 
address managing the specific burden of repeated implantation failure.

 Psychotropic Medication Management

A more recent area of investigation is the use of antidepressants or anxiolytics and 
pregnancy outcome [41]. Although there is an existing and emerging body of litera-
ture on pharmacological interventions with pregnant and postpartum women, very 
few studies have examined the relationship of pharmacological interventions with 
the infertile population. Estimates are that more than half of women pursuing infer-
tility treatment take antidepressants [42]. In a recent analysis of a Swedish birth 
registry from 2007 to 2012 of women who went through IVF, researchers found that 
women who were using antidepressants before IVF were found to have slightly 
reduced odds of pregnancy and live birth [42]. Women with depression and/or anxi-
ety who were not taking antidepressants had a more pronounced reduction in odds 
for pregnancy. The analysis was unable to identify or speculate what the mechanism 
might be for the reduction, e.g., is it the underlying disease impacting on egg or 
embryo quality, mechanisms for implantation, or some other factor?

Research has explored whether psychotropic medication such as antidepressants 
is effective in the treatment of depression, and many studies conclude that the effi-
cacy and risk do not warrant their use [43]. However, other reviews have concluded 
that the use of antidepressants is relatively safe and their use is warranted for both 
maternal and fetal health [44].

As a result of the controversy around psychotropic medication’s efficacy and 
whether it may decrease chances of success for pregnancy, along with the potential 
for risks during pregnancy to the developing fetus, there has been a call for a reduc-
tion or a cessation of use for infertility patients [45]. Clinicians were urged to refer 
to known effective treatments for depression and anxiety such as cognitive behav-
ioral therapy which has none of the medication risks. Those researchers who have 
not concluded that there is a significant risk do endorse using medication during 
treatment and pregnancy citing that that there are significant risks from the depres-
sion that must be taken into consideration.

Reducing treatment burden is argued to enhance infertility treatment care for 
both patients and providers [46]. Patient distress can impact and contribute to the 
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stress load for staff which can impact treatment. It is easy to see how additive cycles 
of implantation failure can be mitigated if staff are aware of and responsive to 
patient distress.

 Conclusion

The literature around the psychosocial impact of infertility and repeated implanta-
tion failure is full of inconsistencies and methodological challenges. There is not a 
clear consensus regarding the role of interventions for coping with the emotional 
challenges and its impact on treatment outcome. However, research is showing 
promising strategies for coping with the emotional impact which may help foster 
resilience, thus allowing patients to remain in treatment to maximize their biologi-
cal potential. Certainly, repeated implantation can impact expectations and hope 
which can influence treatment compliance. These promising strategies yield 
increased quality of life for individuals and couples pursuing treatment. Collaborative 
care for the infertile patient remains the gold standard for best practices for patient 
care.
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