Peter N. Schlegel - Bart C. Fauser
Douglas T. Carrell - Catherine Racowsky
Editors

Biennial Review
of Infertility

Volume 3
2013

@ Springer



Biennial Review of Infertility






Peter N.Schlegel « Bart C. Fauser
Douglas T. Carrell » Catherine Racowsky
Editors

Biennial Review
of Infertility

Volume 3

@ Springer



Editors

Peter N. Schlegel

Department of Urology

Weill Cornell Medical Center
New York Presbyterian Hospital
New York, NY, USA

Douglas T. Carrell
University of Utah School of Medicine
Salt Lake City, UT, USA

Bart C. Fauser

Department of Reproductive Medicine
University Medical Center Utrecht
Utrecht, The Netherlands

Catherine Racowsky

Department of Obstetrics and Gynecology

Division of Reproductive Endocrinlogy
and Infertility

Brigham and Women’s Hospital
Boston, MA, USA

ISBN 978-1-4614-7186-8
DOI 10.1007/978-1-4614-7187-5
Springer New York Heidelberg Dordrecht London

ISBN 978-1-4614-7187-5 (eBook)

Library of Congress Control Number: 2013938378

© Springer Science+Business Media New York 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed. Exempted from this
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material
supplied specifically for the purpose of being entered and executed on a computer system, for
exclusive use by the purchaser of the work. Duplication of this publication or parts thereof is
permitted only under the provisions of the Copyright Law of the Publisher’s location, in its
current version, and permission for use must always be obtained from Springer. Permissions for
use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable
to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility
for any errors or omissions that may be made. The publisher makes no warranty, express or
implied, with respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Volume 3 of Biennial Review of Infertility is dedicated to the
spirit of lifelong service to patients, trainees, and colleagues
exemplified by Dr. Arnold Belker.






Preface

This third edition of Biennial Reviews of Fertility continues to build on a
reputation of overviewing evolving fields that are important for the field of
Reproductive Medicine. Each chapter is written by a leader in the field, who
provides critical analysis of the developing subject for readers interested in
staying on top of each area. Although books are typically viewed as having a
longer “publication lag,” limiting how timely the subject matter can be, the
compilation of expert-reviewed cutting edge topics in this book is unique. For
this reason, our reviews are updated biennially.

Since the “jury is still out” on a number of cutting edge topics, we have
expanded our section of “Controversies.” This portion of the book aims to
provide critical insights on newer areas of investigation or treatment by hav-
ing two different experts provide point—counterpoint evaluation of important
topical subjects. In this issue, we are fortunate to have a balanced discussion
of the issue of the safety of the ICSI procedure by its inventor, Dr. Gianpiero
Palermo, with balanced inputs from both Doug Carrell and Kurt Barnhart.
The role of IUI in modern reproductive medicine is debated by senior authors
Erica Johnstone and Fulco van der Veen. Dr. Juergen Liebermann addresses
the role of vitrification of human oocytes. The provocative topic of another
chapter is, “Should we eliminate fresh embryo transfer from ART,” addressed
by Catherine Racowsky, Dan Kaser, and Maria Assens.

The role of aging in reproduction is addressed for both male and females
by Kenneth Aston and Stephanie Sherman, respectively. Other topics include
the role of sperm retrieval for couples with prior failed ART attempts, thought-
fully reviewed by Robert Oates, with an overview of the most recent meta-
analyses of supplements for male infertility by Peter Schlegel. Dr. Raphi
Ron-El covers the ethical issues and extent of Reproductive Tourism, a grow-
ing topic of special significance in European countries where substantial
restrictions on reproductive options have been introduced.

Not only do our chapters cover every area from female reproduction to
genetics to male reproduction to assisted reproduction, but we have also
added a section on study design to help our readers better interpret published
literature in reproductive medicine. In this volume, the role of prospective
cohort study design for trials in reproductive health is discussed by Stacey
Missmer and Germaine Buck-Louis.
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Preface

Each topic is obviously presented by a leader in the field of reproductive
medicine. We thank our authors for the very short time line that is required
for production of a timely set of reviews and the obvious other commitments
that these authors have in our field. We appreciate the thoughtful and critical
insights provided by our authors and hope that you recognize the value of
these efforts as well.

New York, NY, USA Peter N. Schlegel, M.D.
Utrecht, The Netherlands Bart C. Fauser, M.D.
Salt Lake City, UT, USA Douglas T. Carrell, Ph.D.

Boston, MA, USA Catherine Racowsky, Ph.D.
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Supplements to Enhance Male

Fertility

Peter N. Schlegel

1.1  Introduction

Nutritional supplements are not regulated by the
Food and Drug Administration and are distributed
from a wide variety of different manufacturers.
Because sperm are known to be highly susceptible
to oxidation, it is possible that antioxidant materials
could protect sperm, limit sperm DNA damage,
or enhance sperm function, including motility [1, 2].
Unfortunately, limited studies have evaluated the
role of nutritional supplements in male fertility.
Because such limited studies have been published,
it is possible, and quite likely, that a publication
bias exists towards positive studies. A recent
Cochran meta-analysis reported the benefit of
nutritional supplements for male fertility based
on only 20 live births [3]. In addition, most studies
on male supplements involve combination agents,
making the benefit of any individual agent difficult
to determine. In this analysis, we will discuss some
of the in vitro effects of nutritional agents on
sperm, as well as clinical trials for male infertility
patients who are attempting to conceive naturally,
and emphasize clinical trials of treatment prior to
assisted reproduction. The antioxidant agents that
have been described for potential use will be
reviewed as well.

PN. Schlegel, M.D. (><)

Department of Urology, Weill Cornell Medical Center,
New York Presbyterian Hospital, 525 East 68th Street,
Starr 900, New York, NY 10065, USA

e-mail: pnschleg@med.cornell.edu

1.2  Antioxidant Agents

The following agents have been described as being
nutritional supplements and represent vitamins,
minerals, and other substances that may have a
role in protecting sperm, enhancing sperm func-
tion, or potentially improving fertility both natu-
rally and/or after assisted reproduction [4]. Each
of these agents will be reviewed in terms of its
mode of action and studies involving these agents
presented.

1.2.1 VitaminC

Vitamin C is a high potency water-soluble reactive
oxygen species scavenger. It has been shown to
neutralize superoxide, hydroxyl, and hydrogen per-
oxide radicals. It is naturally concentrated in semen
at levels that are tenfold higher than that seen in
serum. Systemic therapy with vitamin C decreases
sperm DNA fragmentation, as measured by the
presence of DNA adducts in sperm. It may also
influence the expression of genes involved in intra-
cellular redox pathways [5]. Of note, vitamin C can
act as a pro-oxidant at high doses.

1.2.2 VitaminE

Vitamin E is known to be a lipid-soluble antioxi-
dant that is present in cell membranes. The pres-
ence of vitamin E protects the integrity of the
phospholipid bilayer of the cell membrane as

PN. Schlegel et al. (eds.), Biennial Review of Infertility: Volume 3, 3
DOI 10.1007/978-1-4614-7187-5_1, © Springer Science+Business Media New York 2013



well as the mitochondrial sheath. In part, it acts as
an antioxidant by interrupting the chain reaction
of lipid peroxidation. Vitamin E can increase pro-
duction of scavenger antioxidant enzymes, and it
enhances the antioxidant activity of other agents.
In vitro, it is known to protect sperm during cryo-
preservation [6].

1.2.3 Zinc

Zinc is a necessary mineral for optimal function-
ing of antioxidant enzymes, including superoxide
dismutase. It inhibits membrane oxidative enzymes,
such as NADP oxidase. It may also have a role in
supporting the immunological system. It is well
documented that lower zinc levels are present in
the semen of infertile males and zinc deficiency
has been associated with abnormal flagellae and
microtubular defects in sperm. It is not clear, since
zinc levels are so high in semen to begin with,
whether the relative zinc deficiency seen in infer-
tile males is enough to affect the natural function
of this mineral. Systemic therapy is associated
with reduced seminal fluid oxidative activity,
apoptotic markers, and DNA fragmentation with a
trend towards semen parameters [7].

1.2.4 Selenium

Selenium is a mineral that is required for normal
testicular development, spermatogenesis, sperm
motility, and function [8]. It reduces antioxidative
stress by an unknown mechanism. Enzymes require
selenium for normal function, including those that
are involved in antioxidative pathways, such as
phospholipid, hydroperoxide, glutathione peroxi-
dase. Selenium administration increases glutathione
peroxidation-1 expression, which destroys hydro-
gen peroxide, a potent oxidative agent.

1.2.5 Folate

Folate reduces homocysteine concentrations by its
free radical scavenging properties. It may work
synergistically with zinc to improve semen quality.

P.N. Schlegel

It is known that defects in folate synthesis, such as
defects in MTHF reductase or PEMT enzymes, are
associated with male infertility. There is limited
evidence for a role of folate deficiency in idiopathic
male infertility [9].

1.2.6 Carnitine

Carnitine is a water-soluble antioxidant that is also
our primary fuel for sperm motility. Carnitine is
involved in the transport of long chain fatty acids
into the mitochondrial matrix, possibly explaining
its role in supporting sperm motility. Carnitine
increases expression of antioxidant enzymes,
including heme oxygenase-l and endothelial nitric
oxide synthase (eNOS). Carnitine enhances cellu-
lar energetics in mitochondria by facilitating the
free fatty acid entry into that organelle. Carnitines
are thought to protect sperm DNA and cell mem-
branes from reactive oxygen species induced DNA
damage and apoptosis [10].

1.2.7 Carotenoids

Carotenoids work synergistically with selenium
and vitamin E as antioxidants. The most com-
monly studied carotenoid is lycopene that is natu-
rally derived from fruits and vegetables and found
in especially high concentration in tomatoes.
Carotenoids have a high reactive oxygen species
quenching rate and are found in higher plasma lev-
els than beta-carotene. High lycopene concentra-
tions are found in the testes and seminal plasma.
An additional carotenoid has been described
recently, astaxanthin, a carotenoid extracted from
algae. This agent has a high number of conjugated
double bonds, making it a potent antioxidant. It is
a more potent antioxidant than vitamin E or carni-
tine. Its role in male fertility has only recently been
explored [11].

1.2.8 Coenzyme Q10 (Ubiquinone)

Coenzyme Q10 functions in electron transport
and is an antioxidant. It is thought to be important
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in mitochondrial function. It is found at high levels
in metabolically active tissues. The semen level
of coenzyme Q10 correlates with sperm concen-
tration and motility, suggesting an intrinsic role
in the production of sperm and sperm motility.
Treatment of patients with coenzyme Q10 was
associated with improved sperm concentration
(OR=1.6-5.5) after 6-9 months of treatment. It is
also associated with improved sperm motility
(OR=1.4-4.5). In a small trial, couples where the
male was treated with coenzyme Q10 resulted in
nine pregnancies versus no pregnancies in the
control group (OR=2.2, p=0.24) [12, 13].
Coenzyme Q10 is suggested to have a benefit on
sperm production.

1.3  Quality of Antioxidant Trials
Most antioxidant trials have not been performed
in a rigorous, randomized, controlled fashion.
The scientific quality of antioxidant trials to-date
has been relatively poor, as summarized by Ross
et al. [4]. In most studies, the randomization
method was not clear and allocation conceal-
ment was not clear as well. Double blinding was
done for most of the studies, and no intention to
treat analysis was done in the majority of the
studies. Follow-up was typically strong with
most studies reporting 90—-100 % follow-up rate.
Interpretation of these studies was often difficult
because multiple agents were used and in some
cases no placebo was applied. For example, in
one study by Omu et al. [7], vitamin C, vitamin
E, zinc, and other combinations of agents were
used together. Similarly, Scott et al. [14] used
vitamin A, vitamin C, vitamin E, and selenium,
many of which have not been demonstrated to
have antioxidant activities. Although most stud-
ies have suggested an odds ratio for effect of
agents that was >1, the exact benefit, if any, of
antioxidant therapies is not clear, in large part
because of likely potential publication bias. In
other words, studies were most likely to have
been published if they demonstrated a benefit of
intervention.

1.4 Results of Trials

1.4.1 Menevit

One of the most interesting interventional studies
was a randomized controlled trial of antioxidants
prior to IVF in a series of patients where the man
had abnormal sperm DNA fragmentation. A total
of 60 couples were enrolled. The men were
treated with lycopene 6 mg, vitamin E 400 IU,
vitamin C 100 mg, zinc 25 mg, selenium 26 mcg,
folate 0.5 mg, and garlic 1,000 mg in palm oil
vehicle. The placebo arm received palm oil vehi-
cle alone. There was a 2:1 randomization of drug
versus placebo and treatment was provided for
3 months before IVF-ICSI. Couples had to have
had a prior failed IVF attempt and abnormal
semen parameters, suggesting oxidative stress
with abnormal sperm DNA fragmentation. The
mean pre-treatment DFI was 39 % and female
age was less than 39. The primary outcome was
reported to be embryo quality.

Unfortunately, no difference was seen in
embryo quality, and the pregnancy rate was not
statistically different (per embryo transfer).
However, the “viable pregnancy rate” differed
between treatment and placebo groups, defined
as ongoing pregnancy per embryo transferred,
46 % versus 24 %. Interestingly, the raw implan-
tation rate in the treatment and control groups
was not different (p=0.06), and the raw biochem-
ical pregnancy rate was not different (p=0.08).
Although the treatment was presumed to affect
sperm DNA fragmentation, there was actually no
repeat evaluation of sperm DNA fragmentation
during treatment, raising a question as to whether
any benefits or treatment were modulated by a
direct effect on sperm [15].

1.4.2 Vitamin E and Zinc

The Cochran collaboration reported an evaluation
of antioxidants on ART outcome. Any dose or
type of antioxidant could be compared to placebo



or no treatment. The primary outcomes were ana-
lyzed in only three studies for live births. A sec-
ondary outcome, pregnancy rate, was evaluable
in 15 studies. The Cochran meta-analysis demon-
strated an odds ratio (OR) of 4.85, benefiting the
use of oral antioxidants (95 % confidence inter-
val 1.9-12.2) for a beneficial effect on live birth
rates. The pregnancy rate was improved by an
OR of 4.8 (2.6-6.6) in favor of antioxidant use.
Interestingly, each of the studies looking at live
birth had a positive result with comparisons
involving vitamin E versus placebo [16, 17] and
oral zinc versus no treatment [7]. Overall, only
18 out of 116 experimental arm patients achieved
a live birth with 2 out of 98 in the control arm.
Despite analysis of 34 trials involving 2,876
couples undergoing ART, the primary outcome
for this meta-analysis could be determined by
only three trials. A total of 20 live births occurred
in these three trials. Both zinc and vitamin E were
used. Of note, there is significant concern about
high dose of vitamin E use and its cardiovascular
risk [18]. Interestingly, in two of the trials, there
were no pregnancies in the control arm. It is quite
unusual for an ART intervention trial to have no
pregnancies in a control arm. Using pregnancy rate
as an outcome, a larger number of studies were
involved but the antioxidants used ranged from
multiple agents, to vitamin E, to L-acetylcarnitine
plus L-carnitine, L-carnitine alone, vitamin C and
vitamin E, magnesium, coenzyme Q10, and zinc.
In the meta-analysis for pregnancy rates, a total
of 53 pregnancies were analyzed.

When the pregnancy rate was evaluated as an
outcome (admittedly, a secondary outcome for
this planned Cochran analysis) the magnitude of
benefit appeared to be greater than the effect that
would be expected by improving sperm DNA
fragmentation. Antioxidants are thought to func-
tion by decreasing sperm DNA fragmentation,
and the magnitude of benefit (OR for pregnancy
with treatment) was 4.18. One meta-analysis of
the effect of DNA fragmentation on pregnancy
rates during ART reported a diagnostic OR of
1.44 [19]. Therefore, the magnitude of benefit
(400 %) appeared to greatly outweigh the magni-
tude of benefit that would be suggested from
DNA fragmentation alone (44 %). Of note, the
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pregnancy rate in the control group was 0-11 %
in most of the trials with 3 % as a mean value
(versus 16 % in the treatment group). This very
low pregnancy rate after assisted reproduction
suggests some concern with the type of ART per-
formed or the site for these trials.

Taken together, only 20 pregnancies were
involved in demonstrating the treatment effect
that is proposed in the Cochran meta-analysis,
from a total of three trials. The risk of publication
bias appears to substantially affect the purported
benefit of this intervention. Multiple agents were
considered together to evaluate this effect. Even
though the magnitude of benefit (OR=4.8) for
live births suggests benefit, it is not clear how to
interpret these results.

1.5 Summary

Antioxidants appear to have some promise as
agents that could provide a benefit of improving
fertility potential for men with abnormal sperm
DNA fragmentation, and possibly men with idio-
pathic infertility. The most promising agents appear
to be vitamin E, carnitines, astaxanthin, vitamin C,
zinc, and possibly coenzyme Q10. Unfortunately,
based on published data, it is impossible to make
evidence-based recommendations of a specific
agent, dose, or concoction of supplements for a
couple with male factor infertility. What dose
should be used, what combination of agents, and
the actual mechanism of action is impossible to
determine from published data. All that one can say
at this point is that antioxidants might have benefit
in the treatment of male infertility, especially for
men with abnormal sperm DNA fragmentation or
idiopathic infertility. Unfortunately, the magnitude
of benefit and treatment regimen to be recom-
mended is yet to be determined.
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Poor Quality Ejaculate Sperm:
Do the Data Support the Use
of Testis Sperm?

Robert D. Oates

2.1 Introduction

Many cases of male factor infertility result from
quantitative deficiencies in spermatogenesis,
aberrations in spermatozoal ultramorphology, or
defects in spermatozoal nuclear/DNA health.
When intracytoplasmic sperm injection (ICSI) is
the only sensible strategy to help effect preg-
nancy and live birth, rare circumstances occur
when the question arises as to whether sperm
from the testis may offer benefit over sperm in
the ejaculate. In most cases, if ejaculated sper-
matozoa are available, testicular sperm would
not be necessary. Comparison studies, therefore,
that address this dilemma are not all “random-
ized” but simply relate and contrast harvested
sperm and ejaculated sperm in regards to a num-
ber of outcome variables. This chapter will try to
determine if there are clear situations or indica-
tions to employ retrieved testicular spermatozoa
in place of available ejaculated spermatozoa in
the couple undergoing ICSI to maximize their
chances of a pregnancy and healthy offspring.
To this end, a series of possible scenarios will be
investigated.
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2.2  IsTestis Sperm as Genetically
Safe and Competent as
Ejaculated Sperm and Vice
Versa When Used as the Sperm
Source for Intracytoplasmic

Sperm Injection?

Before deciding upon whether testis sperm should
be harvested in certain situations when ejaculated
sperm are available, it may be helpful to look at
the general data when testis sperm was used in
cases of azoospermia and ejaculate sperm was
used in cases of severe oligospermia. Was one
better than the other—a bidirectional question?
It is known that ultimate ICSI success seems
lower in men with spermatogenic compromise
as compared to men with normal spermatogene-
sis [1-3]. Furthermore, Amirjannati et al. com-
pared ICSI outcomes in isolated cases of severe
spermatogenic compromise (cryptozoospermia—
ejaculate sperm vs. nonobstructive azoo-
spermia—testis sperm) and concluded that there
was no difference in fertilization rate or embryo
quality [4]. If spermatozoa were found, they
were used as the sperm source. This is a similar
conclusion to that of Bendikson et al. [5]. To
shed some light on events at both the beginning
and at the much later stages of a long continuum,
Tsai et al. specifically compared the clinical
and developmental outcomes in cases where
either ejaculated sperm from men with extreme
oligo-astheno-teratospermia (OAT) or surgically
retrieved testicular sperm from men with azoo-
spermia was used as the sperm source for ICSI

PN. Schlegel et al. (eds.), Biennial Review of Infertility: Volume 3, 9
DOI 10.1007/978-1-4614-7187-5_2, © Springer Science+Business Media New York 2013
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[6]. No DNA fragmentation assays were per-
formed beforehand, nor any other “selection”
type testing was applied to move the investiga-
tors from use of ejaculate sperm in any individ-
ual to testis sperm. In a way then, this is a raw
comparison of the two sperm sources in the
absence of any biological/genetic characteriza-
tion of the ejaculate sperm other than it was
available and useful. Results showed no differ-
ence in rates of fertilization, number of embryos
generated, embryo implantation rate, clinical
pregnancy rate per embryo transfer, live birth
rate, or miscarriage rate. Rates of congenital
anomalies and developmental disorders were the
same between the two groups. So even without
“pre-ICSI testing” of the sperm in any other way
than just making sure that viable, morphologi-
cally adequate sperm could be retrieved from the
ejaculate of men with severe OAT, rates of suc-
cess in every measurable parameter and rates of
congenital/developmental anomalies were the
same. Their data suggest that the ejaculate sperm
of men with severe OAT and harvested testis
sperm have the same potential vis-a-vis ICSI
outcome and offspring health and that there may
not be an overall benefit of moving from ejacu-
late to testis as the source. Of course, this is not
a comparison within an individual but more a
comparison between groups of men, depending
upon sperm source, which is encouraging and
informative.

Fedder et al. expanded upon these findings in
a comprehensive study of their own. The authors
compared the neonatal outcome of 8,967 children
born via ICSI with ejaculated sperm, 17,592
children born via IVF with ejaculated sperm, and
63,854 children born via natural conception
(the three control groups) with 466 children born
after the use of harvested sperm from the
epididymis or testis coupled with ICSI [7]. No
testing was performed on ejaculate sperm that
would have led the investigators to employ testis
sperm instead [8]. When isolating results from
ICSI with ejaculated sperm and ICSI with testis/
epididymal sperm, there was no statistical differ-
ence in the sex ratio, mean birth weight for sin-
gletons, mean gestational age, rate of stillbirths,
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perinatal and neonatal mortality, congenital
anomalies, or cardiac malformations. Studies
supporting these data, especially as they relate to
congenital and cardiac abnormalities, are few.
However, Belva et al. speak to this point and
concluded in their study comparing 530 children
conceived with testis sperm and ICSI, 194 chil-
dren conceived with epididymal sperm and ICSI,
and 2,516 children conceived with ejaculated
sperm and ICSI, “Overall neonatal health in terms
of birth parameters, major anomalies, and chro-
mosomal aberrations in our large cohort of chil-
dren born by the use of non-ejaculated sperm
seems reassuring in comparison to the outcome
of children born after the use of ejaculated sperm”
[9]. The authors are looking at their data with a
question of whether testis sperm is as safe as
ejaculate sperm, but it may also be concluded that
ejaculate sperm is as safe as testis sperm.
Parenthetically, in their elegant review, Pinborg
et al. do show that there is a slightly higher con-
genital anomaly rate in babies born after ART,
but conclude that it is difficult to identify the rea-
sons behind that [10]. Additionally, Belva et al.
have also shown that there is reassuring normal
sexual maturation and pubertal development in a
cohort of adolescent boys born to fathers via ICSI
with male factor infertility (while not explicitly
stated, this group of men probably was comprised
of men with both severe oligo and nonobstruc-
tive azoospermics) [11]. Finally, Woldringh et al.
concluded that there is no increased anomaly
rate in children born after the use of nonejacu-
lated sperm (testis and epididymal) as compared
to ejaculated sperm [12, 13]. These data, similar
to those cited above, were really comparing tes-
tis sperm (the variable) with ejaculate sperm
(the control), but for the purposes of this chapter,
the reverse can be inferred as well —there was no
increased risk in the use of ejaculate sperm when
compared to testis sperm. Again, these data sug-
gest that as a general approach, there is no benefit
in terms of ICSI success or offspring health of
using testis sperm instead of ejaculate sperm or
ejaculate sperm in preference to testis sperm—
when viable, morphologically normal ejaculate
sperm is available.
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2.3 Is Testis Sperm the Answer
When There Are Gross
Morphological Abnormalities

Seen In the Ejaculate Sperm?

There may be a temptation to extract testis sperm in
hopes that it is morphologically superior to what is
present in the ejaculate when the spermatozoa have
severe and extremely abnormal morphological
aberrations [14]. This may not necessarily be advan-
tageous as there are so many components of the
sperm head, neck, and midpiece (e.g., the cen-
trosome), which are critically important for fertil-
ization and the early stages of embryo development,
beautifully reviewed by Schatten and Sun (cen-
trosomes and centrosomal pathology) [15] and
Chemes and Sedo (general sperm morphological
pathologies) [16]. For example, globozoospermia,
also known as round-headed sperm syndrome, is a
condition in which the acrosomal cap does not form
properly and, as a consequence, the sperm head
assumes a spherical shape (seen as “round” on
profile under the microscope). It occurs rarely (<1 %
of the infertile male population), and men are other-
wise phenotypically normal [17]. It is easily recog-
nized upon formal semen analysis. These sperm
lack the ability to fertilize, resulting in the infertility
the couple experiences, but, in general, the sperm
density and motility are adequate. There are three
reported genetic etiologies. A homozygous deletion
of DPYI9L2 has been described by Harbuz et al.
and Koscinski et al. [18, 19]. DPYI9L2 is located
on chromosome 12 and is expressed in the testis and
must be necessary for proper acrosomal construc-
tion during spermiogenesis. Homozygous muta-
tions in SPATAI6 and PICKI have also been
described [20, 21]. There have been ICSI preg-
nancies reported using ejaculate globozoosper-
mic spermatozoa. The importance of realizing
that there is a well-known genetic basis predicts
that the spermatozoa found at their origins in the
seminiferous epithelium will be no different—
better or worse—than the spermatozoa found
floating in the ejaculate. This is a spermatozoal
developmental disorder and not a morphological
abnormality “acquired” after the sperm leave the
protected confines of the seminiferous tubules.

A similar situation exists for spermatozoa
affected by dysplasia of the fibrous sheath. The
sperm have stubby, truncated, malformed tails,
resulting from hypertrophy and hyperplasia of
the fibrous sheath, abnormal midpiece assembly,
and absent or malpositioned mitochondria [22].
Although the genetic basis has not yet been fully
elucidated, this is, as above, a micro-develop-
mental abnormality of sperm morphogenesis
which occurs during the latter stages of sper-
matogenesis and the sperm derived by testicular
extraction will offer no advantage to the patient
[23] over that obtained in the ejaculate, unless
there is no observable motility (vide infra).

Likewise, macrocephalic sperm head syndrome,
a rare anomaly but one easily recognized on light
microscopy (large irregular heads, abnormal
midpieces, and multiple tails), is another develop-
mental disorder in which one of the most impor-
tant aspects is the polyploidy of the nucleus [24,
25]. Homozygous mutations of the aurora kinase
C gene (AURKC) have been described [26]. When
faced with these bizarre sperm in the ejaculate,
there will be no advantage to harvesting testis
sperm—this is not an acquired defect during
spermatozoal transport.

24 Is Testis Sperm the Answer
When There Is Extremely
Limited Motility In the

Ejaculate Sperm?

When assessing a semen sample’s suitability for
ICSI, motility is used as an appropriate surrogate
for viability. Even if the sperm is just twitching
(as it might be when derived from testis tissue), it
must be viable. But is sperm in the ejaculate that is
“just barely twitching” still functionally compe-
tent? If that sperm were completely normal in all
respects, why would it be “just barely twitching”
when drifting along in the ejaculate fluid? There
are a few circumstances when testis sperm may be
a better choice than this type of ejaculate sperm:
subsequent to microsurgical ductal reconstruction
(vasovasostomy or vasoepididymostomy), when the
patient has had long-standing diabetes mellitus,
and in cases of primary ciliary dyskinesia.



Occasionally, a post-reconstruction semen
analysis will show excellent counts and motilities
but then, over time, show a significant and steady
drop in motility—occasionally to 0 % —due to
anastomotic stricture formation [27, 28]. The sperm
that eventually make their way into the ejaculate
through the partial blockage at the site of the recon-
struction may be senescent and not as active and
capable as they once were. The key is the mor-
phology of the entire sperm group within the
sample—the tail of deceased sperm degenerate
first (the reason that sperm heads without tails are
often found in fluid proximal to the obstructed
point) and so many of the sperm in these types of
stricture cases show partial tails or no tails at all.
This is a clue as to the nature of the cohort of
sperm in the ejaculate—it is an admixture of sper-
matozoa that have finally been pushed through an
anastomotic stricture and are aged, dead, or dying.
In this circumstance, sperm that are barely twitch-
ing are not equivalent to those barely twitching
sperm harvested from testis tissue, which are
young and healthy but just have not yet gained
the capacity for vigorous, progressive motility.
These two types of trembling cells are on the
opposite ends of the sperm life spectrum. If it is a
difficult task to find visibly viable sperm for use
as the sperm source for ICSI in these types of
cases, the use of harvested testis sperm may be
appropriate [29]. The same holds true for men
with longstanding diabetes mellitus [30-32]. Due
to micro-neuropathic and vascular disease, the
vasa and seminal vesicles become dysfunctional,
to the point in some men where they do not con-
tract at all leading to failure of emission. Prior to
complete failure, however, poorly motile and
aged sperm may be found in the low volume ejac-
ulate. If the sperm found in the seminal fluid are
particularly deficient in motility and forward pro-
gression and oral alpha-sympathomimetic agents
do not result in any improvement, testis sperm
may be a better source of spermatozoa for ICSI.
Even though alternative mechanisms to explain
the infertility seen in some diabetic men have
been postulated, the anatomical changes and per-
istaltic deficiency in the ductal system must be
kept in mind [33]. The choice to pursue harvest-
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ing testis sperm must be based upon individual
considerations as there are limited data address-
ing the above clinical situations.

Immotile cilia syndromes, aka primary ciliary
dyskinesia, come in a variety of forms but, in
many, spermatozoa have an absolute lack of
motility [34]. Kartagener Syndrome is one such
subtype. Spermatozoal axonemes display various
types of ultrastructural defects, typically involving
the inner and outer dynein arms [35]. Three of the
ten genes that have definitely been implicated
include: DNAIl (chromosome 9p), DNAHS
(chromosome 5p), and DNAHI11 (chromosome
7p) [36-39]. However, there may be well over
300 potential candidate genes related to cilia and,
possibly, the ciliopathies [40]. Pregnancies have
been reported with both ejaculate sperm (viability
determined by hypoosmotic swelling) and testis
sperm [41-44]. Therefore, since this is a genetic
aberration that, essentially, limits the determina-
tion of viability by associating it with motility,
either ejaculate sperm can be chosen for ICSI by
a surrogate viability assessment (hypoosmotic
swelling) or testis sperm can be utilized —both
should have the same potential [45]. Most impor-
tantly, the patient should have the correct diagno-
sismade based upon the phenotypic characteristics
of the disorder such as sinusitis, bronchiectasis,
and situs inversus. This concept holds true for
sperm afflicted with dysplasia of the fibrous
sheath—if no motility can be observed in the
deformed ejaculate sperm, testis sperm may offer
an advantage as the chance of actually choosing
viable sperm would likely be higher.

2.5 Is Testis Sperm the Answer
When There Is Increased DNA
Fragmentation In the Ejaculate
Sperm or Repeated ICSI Failure

for Unknown Reasons?

Sperm DNA damage can be measured in several
different ways utilizing the Sperm Chromatin
Structure Assay (SCSA) [46], the single-cell gel
electrophoresis assay (COMET) [47], the Sperm
Chromatin Dispersion test (SCD) [48], and the
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deoxynucleotidyl Transferase-mediated dUTP
Nick End Labeling assay (TUNEL) [49], as
reviewed by Tamburrino et al. [50]. There exist
abundant data supporting an association between
spermatozoal DNA damage and fertility out-
comes but not to the level where they, as a group
or as individual tests, are useful prior to inter-
vention [50, 51]. Although in agreement with
that statement, Collins et al. do wonder whether
there are subgroups of infertile couples that may
indeed derive clinical and prognostic benefit
from DNA integrity testing [52]. However, the
question to be addressed here is twofold. First, is
there evidence that sperm DNA damage affects
the outcome of ICSI, when ICSI is the only treat-
ment strategy available, as would be the case for
severe oligospermia or nonobstructive azoo-
spermia? Second, would the use of testicular
sperm be advantageous in the circumstance when
the ejaculate sperm is shown to have a high level
of DNA damage? In regards to the first query,
Zini et al. performed an elegant systematic
review looking at studies that evaluated sperm
DNA damage and embryo quality and develop-
ment after IVF or ICSI [53]. They concluded
that there is “no consistent relationship between
sperm DNA damage and embryo quality and/or
development”. This probably has many reasons,
of which one is the oocyte’s ability, limited to a
degree, for repair and restoration of damaged
spermatozoal DNA (reviewed by Menezo et al.
[54]). In regards to the second inquiry, Sakkas
and Alvarez detail the many mechanisms and
locations that DNA damage may occur, including
several that are post-testicular [55]. Therefore,
would testis sperm, in certain cases, provide
“less-damaged” sperm for ICSI? Moskovtsev
et al. do demonstrate that in men who showed no
decrease in the levels of ejaculate DNA damage
following oral antioxidant therapy, “retrieved
testicular sperm had a lower degree of DNA dam-
age compared with ejaculate sperm collected on
the same day” [56]. Counter to this putative reason
to harvest testis sperm in these cases, however, is
the observation that testicular sperm may have a
higher incidence of chromosomal anomalies than
ejaculate sperm [57]. This was also seen in men

who had high sperm DNA damage in simultaneous
assessment of both their testicular and ejaculate
sperm [58]. So, in referring to their own ongo-
ing work, Moskovtsev et al. succinctly caution,
“as TESE may be an invasive and expansive
procedure, it should not be standard of care for
patients with high sperm DNA damage until the
randomized controlled trial has shown clear
benefits in terms of pregnancy rates for these
couples” [56].

Finally, even though there may be increased
DNA fragmentation of ejaculate sperm in some
men following vasectomy reversal, it has no
prognostic value in terms of predicting pregnancy
and so a move to harvest testis tissue if ejaculate
sperm were available would not be indicated
[59]. For those couples with repeated implanta-
tion failure, there is limited data available that
supports a more invasive approach of harvesting
testicular sperm in lieu of ejaculate sperm and
some accumulating data suggesting that perhaps
using the intracytoplasmic morphologically
selected sperm injection (IMSI) technique may
improve results [60, 61].

2.6 Conclusion

There is little evidence to support the contention
that testis sperm may be a better gamete choice
for ICSI than ejaculate sperm. This holds true in
a variety of plausible circumstances but there is a
paucity of data for very specific, perhaps indi-
vidualized, situations. For example, in those men
who have strictured anastomoses after microsur-
gical ductal reconstruction and just a few barely
visibly viable sperm in a morass of degenerated
and decaying spermatozoa, it may be better to
harvest fresh and capable testis sperm. In those
many cases of unexplained fertilization failure,
poor embryo morphology, or deficient embryo
implantation, future studies may provide some
direction and information on which couples, if
any, will benefit from changing the sperm source
from ejaculate to testis. But for now, couples
must be informed that a move to testis may be
empirical and not a guaranteed solution.
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The Aging Male and Impact
on Offspring

Timothy G. Jenkins, Kenneth I. Aston,
and Douglas T. Carrell

3.1 Introduction

Advanced paternal age has become a heavily
investigated topic recently as a result of multiple
studies demonstrating ties between advanced
paternal age and various offspring abnormalities.
Further contributing to the increasing interest in
the role of advanced paternal age in reproduction
is the trend of delayed parentage believed to be a
result of socioeconomic pressures in developed
countries [1]. Though this trend is justified by
increasing life expectancies in both sexes,
advanced paternal age significantly affects gen-
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eral semen parameters and sperm quality that
ultimately alters fecundity and may additionally
affect offspring health. While many couples con-
sider the risks associated with advanced maternal
age in family planning decisions, very little
thought is given to the age of male partners. As a
result, it is important that physicians consulting
couples with an aged male partner have the avail-
able data to help patients make well-informed
family planning decisions based on the risks
associated with advanced paternal age. This
chapter will outline what is currently known
regarding the effects of paternal age on fecundity
and will also discuss the associations between
advanced paternal age and the offspring’s disease
risk. These effects, based on current data are
summarized in Table 3.1.

3.2 Delayed Parenthood

In recent history, the age of parenthood for both
males and females has steadily increased in many
developed countries. This trend is believed to be
associated with increased life expectancy, socio-
economic pressures, and divorce rates with subse-
quent remarriage at older ages [2]. During a
10-year span (1993-2003) in Great Britain, the
percent of fathers who were in the age range of
35-54 increased from 25 % of total births to 40 %.
Associated with this trend was a decrease in the
number of births to fathers less than 35 years of
age from 74 % of total births to only 60 % [3]. In
Australia, over two decades (1988-2008), the
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Table 3.1 The effects of advanced paternal age on semen
parameters and offspring disease risk
Parameter Effect
Semen parameters
Semen volume 2
Sperm count %
Sperm motility 2
Sperm morphology l
Genetic/epigenetic
DNA damage
Aneuploidy rates
Sex chromosomes

—

Autosomes
Mutations
Telomere length
Chromatin packaging
Global methylation

D e

Pregnancy rate
Natural conception
Insemenation
IVF 12

Offspring disease risk
Autosomal dominant disorders
Trinucleotide repeat disorders
Cancer

Hematologic
Brain tumors

—
B

Breast
Prostate
Neuropsychiatric disorders

L Y

1, decline; T, increase; A, change; ~, no change; ?, data
are ambiguous

average age of fathers has increased by approxi-
mately 3 years [4]. Similarly, the average age of
fathers in Germany increased by 2 years over a
10-year period [2]. Similar trends can be found in
the United States and many other developed coun-
tries. As average paternal age continues to increase
in many countries it is becoming increasingly
important to characterize the potential conse-
quences of advanced paternal age on fertility and
offspring health.

3.3 Age-Related Changesin Sperm

Quality

With advancing male age, a number of changes
occur to sperm and semen that can impact fertility
status or increase the risk of disease transmission

T.G. Jenkins et al.

to offspring. These changes include declines in
some semen parameters, increased sperm DNA
damage, genetic changes in sperm resulting from
mitotic or meiotic errors or errors that arise dur-
ing DNA replication, and epigenetic changes to
sperm DNA. These changes are discussed below.

3.3.1 Changes in Semen Parameters
Unlike females, who are born with a finite number
of gametes that are generally exhausted between
the age of 45 and 55 years, coincident with meno-
pause, men continue to produce sperm through-
out their lives. While spermatogenesis continues
well into old age, some semen parameters do
decline as men age. Numerous studies have eval-
uated the effects of male age on semen parame-
ters, but shortcomings of some of the individual
studies include small sample size and failure to
control for potentially confounding factors. For
this reason there exists a significant degree of dis-
cordance between studies, making the reliable
estimate of age effects difficult to quantify.
However, a thorough review of the literature from
1980 to 1999 by Kidd et al. evaluated the effect
of age on semen parameters and concluded that
there is general agreement among studies that
semen volume, sperm motility, and proportion of
morphologically normal sperm all decline with
advancing age [5]. These conclusions were cor-
roborated by more recent literature reviews and
carefully controlled primary research [6-8].
From the available literature, it can be inferred
that semen volume significantly decreases with
age, with a decline of 3-22 % from age 30 to age
50 [5, 8]. Similarly, a 3-37 % decrease in sperm
motility is estimated to occur over the same
period, as indicated in several studies [5, 8].
Finally, the best estimates for declines in normal
sperm morphology indicate a decrease of 4-22 %
between the ages of 30 and 50 [5, 8]. The data
regarding changes in sperm concentration with
age are less conclusive, and total sperm count has
rarely been evaluated. Of more than 20 studies
that evaluated the effect of male age on sperm
concentration, there is essentially an even split
between studies that report a decline, those that
report no age effect, and those that report increased
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sperm concentrations with advancing age [5, 8].
As semen volume significantly declines with age,
if spermatogenic output remained constant, then
sperm concentration would necessarily increase
in older men. A recent study of 1,174 men age 45
and older reported a non-significant increase in
sperm concentration with age, and a significant
decline in total sperm count with advancing age
in men between the ages of 45 and 80 [9].

While the consensus based on large datasets is
that semen volume, sperm motility, and normal
sperm morphology decrease with advancing age,
the decreases are generally modest. Moreover,
the number of confounding variables such as life-
style factors, environmental influences, health
status, abstinence periods, and others make it
nearly impossible to identify the age-associated
causes that are directly responsible for these
declines.

3.3.2 Genetic Changes

The molecular hallmarks of aging throughout the
body include increased oxidative damage,
increased aneuploidy rates and chromosomal rear-
rangements, the accumulation of mutations within
the genome, and telomere shortening [10, 11].
Sperm are particularly prone to many of these
changes due to the high rate of cell division rela-
tive to most other cells types in the body. However,
unlike telomere attrition that occurs in the majority
of other cell types, the telomeres length in sperm
actually increases with age. Genetic changes to
sperm are discussed in the following section.

3.3.2.1 DNA Damage

Numerous studies have reported an age-related
increase in sperm DNA damage [12-16]. The
increase in DNA fragmentation index (DFI) is
marked, with a nearly fourfold increase in men
age 60-80 compared with men age 20-29
reported in one study [14]. In a large study of
1,125 men from infertile couples, DFI more than
doubled in men over the age of 45 compared with
men aged 30 and younger [16]. The mechanisms
responsible for increased sperm DNA damage in
older men are not completely characterized, but
increased reactive oxygen species (ROS) [17],
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coupled with the insufficiency of DNA repair and
apoptotic machinery, have been proposed [18].

3.3.2.2 Aneuploidy Rates

The increase in gamete aneuploidy rates in
women with advancing age is well documented
and dramatic. It is estimated that about 20 % of
human oocytes are aneuploid, and the incidence
has been reported to be as high as 60 %, with a
sharp increase in the decade preceding meno-
pause [19-21]. In contrast, sperm aneuploidy
rates are much lower with an estimated average
incidence of 1-2 % [20], and the effect of male age
on sperm aneuploidy rate remains unclear. Some
studies have failed to find an effect of male age on
sperm aneuploidy frequency [14, 22], while others
have reported a modest increase in aneuploidy
rates related to age, particularly increased diso-
mies of the sex chromosomes [23-25].

While there is no consensus on the effect of
male age on sperm aneuploidy rates, the major-
ity of evidence suggests a slight increase in sex
chromosome disomy rates in older men and a
general lack of an effect or a weak effect in the
autosomes [8].

3.3.2.3 Increased Mutations

The introduction of de novo mutations into the
genome is the basis for heritable genetic variation,
and the number of mutations per genome is related
to the number of replication cycles that a cell
undergoes, as there is an error rate inherent in rep-
lication machinery. Based on family-based
sequencing and single sperm sequencing as well
as evolutionary measures, the de novo mutation
rate of sperm is estimated to be between 1 and 4
changes per 100 million bases per generation
[26, 27], while the mutation rate per cell division
is almost three orders of magnitude lower than the
per generation mutation rate [28]. The more cycles
of DNA replication and cell division a cell under-
goes, the greater the chance for mutations to occur
in that cell. In women, from the primordial germ
cell stage to ovulation, an oocyte will have under-
gone approximately 24 cell divisions [29]. In men
that number is estimated to be approximately 30
cell divisions at puberty, with one spermatocyte
cell division every 16 days, or 23 divisions per
year after puberty (see Fig. 3.1) [29].
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Fig. 3.1 Illustration of the estimated number of male germ cell divisions as a function of age

Clearly there is a greater opportunity for muta-
tions to arise in sperm than in oocytes, and male
age is predicted to be a strong contributing factor.
Lionel Penrose was the first to propose a relation-
ship between male age and mutations in offspring
[30]. While the mutation load of individual sperm
as a function of male age has not been directly
measured, molecular genetics predicts that sperm
from older men will, on average, harbor more
mutations than sperm from younger men. This pre-
diction is substantiated by a recent study of genomic
sequence in parent—offspring trios that estimated
an increase of approximately two mutations per
year of paternal age [31]. In addition, the increased
rates of specific autosomal dominant diseases and
disease-specific mutation analysis also support an
age effect on sperm mutation frequency [14], as
will be discussed in detail below.

3.3.2.4 Changes in Telomeres

While the consequences of advanced paternal age
on the genetics of sperm are generally negative,
the age-related changes to sperm telomeres might
confer some advantage to offspring. Telomeres
are composed of long tracts of TTAGGG repeats
located at the ends of each chromosome and serve
as a buffer to the loss of important genetic material
due to the inability of DNA replication machinery

to replicate DNA at the very end of each chromo-
some. In addition, the telomere cap at the end of
each chromosome distinguishes chromosome
ends from double strand breaks and thus serves to
protect against spurious chromosomal fusion [32].
While in most tissues, telomeres progressively
shorten with age, ultimately resulting in cell cycle
arrest or apoptosis, the telomeres in sperm are
longer in older men [33], and children of older
fathers have longer leukocyte telomeres than do
children of younger fathers [34, 35]. Telomere
inheritance may represent an example of a genetic
advantage of delayed reproduction in men as
longer leukocyte telomere length is associated
with decreased risk of atherosclerosis and
increased lifespan [36].

3.3.3 Epigenetic Changes

The effect of advanced paternal age on offspring
has begun to receive much attention. Recent
studies have linked paternal aging and the preva-
lence of well-known neuropsychiatric disorders
in offspring [37-39]. Large retrospective studies
demonstrate the effect of paternal age on various
birth outcomes, including weight, premature
deliveries, and various offspring abnormalities
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[40, 41]. Additionally, recent research has begun
to elucidate associations between aged fathers
and increased incidence of obesity in offspring.
These findings were independent of maternal
age and other outside factors [42]. However, the
etiology of the increased frequency of various
disorders in the offspring of aged males remains
poorly defined, though there are likely
candidates.

In both sexes, aging alters DNA methylation
marks in most somatic tissues throughout the
body [43, 44]. Because of its prevalence in other
cell types, aging-associated DNA methylation
alteration is likely to occur in sperm as well. In
fact, Oakes et al. have described age-associated
hypermethylation at specific genomic loci in both
sperm and liver tissue in male rats [44]. Similarly,
our laboratory has identified increased global
DNA methylation associated with age in human
sperm from fertile donors (unpublished data). In
further support of this idea is work demonstrating
that frequently dividing cells have more striking
methylation changes associated with age than do
cells which divide less often [45]. Additionally, a
recent study also indicates that, at specific gene
promoters, there is increased DNA methylation
in the offspring of older fathers [46]. These data
further suggest the possibility of heritable DNA
methylation alterations associated with advanced
paternal age.

In addition to DNA methylation alterations
there are data to suggest alterations in chromatin
packing that occur with age as well. It has been
suggested that chromatin remodeling plays a key
role in cellular senescence, organismal aging, and
age-associated disease and thus could play a role
in age-associated sperm alterations that may ulti-
mately affect the offspring [47]. In fact, Nijs et al.
described altered chromatin packing associated
with age as assessed by the sperm chromatin
structure assay [48]. The subtle nature of the
effect and, in some cases, the absence of well-
characterized genetic factors, in addition to the
aging-associated somatic cell methylation altera-
tions, suggest that a major contributing factor to
the increased prevalence of various diseases
among the offspring of aged fathers is the sperm
epigenome.
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3.4 Reproductive Consequences of
Age-Related Changes in Sperm
3.4.1 Fecundity

Among the consequences of delayed paternity,
and likely the most dramatic alteration that occurs
with increased paternal age, is that of decreased
fecundity. Though very different from the univer-
sal and abrupt age-associated cessation of fertility
seen in females, there is a significant decline in a
male’s capacity to produce viable offspring that is
correlated with age. However, the age at which an
individual male’s reproductive capacity declines
and even the frequency of this decline among a
population of men remains controversial. Despite
this, there are many studies that demonstrate an
age effect on male fecundity with study groups,
including natural conception, artificial insemina-
tion, and in vitro fertilization.

In an observational study performed in the
United Kingdom in 2003, Hassan et al. found that
men >45 years of age had a fivefold increase in
their time to pregnancy in comparison to individ-
uals <25 years of age [49]. Interestingly, when
compared to males <25, men 45 and older were
also 12.5 times more likely to have a time to preg-
nancy of greater than 2 years [49]. As expected,
this effect is amplified when the female member
of a couple is of advanced reproductive age as
well (35-39). In these couples, men >40 were
more than two times more likely to fail to con-
ceive during a 12 month period in comparison to
men <40 [50]. Additionally, when taken into
account unsuccessful pregnancies in the same
groups men over 40 were three times less likely to
produce viable offspring than do the younger
cohort [50]. Other studies support these data by
suggesting an increased frequency of fetal loss
to those fathered by older men, increased time to
pregnancy, and decreased probability of concep-
tion [51-53]. However, there are conflicting data
which suggest little to no effect of paternal age on
fertility in natural conception [54].

Research has also described effects of paternal
age on the outcomes of assisted reproductive tech-
niques. A total of 17,000 intrauterine insemination
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(IUD) cycles analyzed in a French study revealed
that the pregnancy rate for couples whose male
partner was less than 30 years of age had a preg-
nancy rate of 12.3 % where couples whose male
partner was over 30 years of age had a significantly
lower pregnancy rate of 9.3 % after adjusting for
female age [55]. Similarly, in 1995, Mathieu et al.
showed that increasing male age (=35 years of
age) was associated with decreased rates of con-
ception [56]. However, these data are controver-
sial. Additional studies have failed to find a
paternal age effect on IUI pregnancy rates [57].
Other studies have analyzed the paternal age
effect on in vitro fertilization (IVF) success with
a similar controversy. Many studies suggested
that there is a paternal age effect in achieving
viable pregnancy outcomes in IVF cycles [58]
and also have suggested that this effect is amplified
with partners of advanced maternal age [59].
In large studies involving the use of donor eggs
in an IVF cycle showed a significant effect of
paternal age on pregnancy outcome [60]. However,
an even more recent study that corrected for age
of the egg donor found no effect of paternal age
on pregnancy outcome [61].

3.4.2 Disease Risk in Offspring

As would be expected, the numerous genetic and
epigenetic changes that occur to sperm through the
aging process are associated with elevated risk of
some diseases in the offspring of older fathers.
These include several rare, autosomal disorders,
disorders involving expanded trinucleotide repeats,
offspring aneuploidy, certain cancers, and several
neuropsychiatric disorders. These diseases and
associated risks will be discussed below. While
risks of these disorders are demonstrably elevated
in offspring of older fathers, it is important to
emphasize that the paternal age contribution to
the increased risk is generally quite low (with the
exception of the autosomal dominant and triplet
repeat disorders) and absolute risk for any of
these disorders remains quite low.

3.4.2.1 Autosomal Dominant Disorders
Rare autosomal disorders, including Apert syn-
drome and achondroplasia, are among the most
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striking and earliest characterized examples of
increased disease risk as a consequence of
advanced paternal age. As early as 1912, it was
observed that sporadic cases of achondroplasia,
a dominantly inherited form of dwarfism, was
most often found in the last-born children of a
family [29]. More recently, a number of other
diseases have been shown to display similar
paternal age effects.

A dozen diseases showing a significant paternal
age effect were described in a paper more than
three decades ago, and several others have been
described since that time [62]. In addition to achon-
droplasia and Apert syndrome, the list of autosomal
dominant disorders that display a paternal age
effect includes acrodysostosis, fibrodysplasia
ossificans progressive, neurofibromatosis, multi-
ple endocrine neoplasia 2A (MEN 2A) and MEN
2B, and syndromes including Marfan, Treacher-
Collins, Crouzon, Noonan, and Pfeiffer, among
others [62].

Remarkably, many of these -conditions,
including Apert syndrome, achondroplasia,
Crouzon syndrome, Pfeiffer syndrome, MEN
2A, and MEN 2B, involve mutations in three
genes, FGF3R, FGFR2, and RET [29, 63].
Moreover, in almost every case where parental
origin of the de novo, disease-causing mutation
in these genes was assessed, the mutation was
paternally derived [29, 63—68]. In addition, the
mutated loci linked to many of these disorders
are among the most frequently mutated nucle-
otides in the entire genome [29]. These observa-
tions led to the hypothesis of selfish
spermatogonial selection, the idea that some
spermatogonial mutations confer some advan-
tage, leading to clonal expansion of mutant
sperm over time [63, 69]. This mechanism may
explain, at least in part, the molecular basis for
the increased incidence of these disorders with
advanced paternal age.

While it is well established that increasing
paternal age does increase the risk for numerous
autosomal dominant disorders, it is important to
note that the absolute risk for these diseases
remains quite low. Additional research is required
to fully characterize the mechanisms involved in
increased transmission of these diseases by older
fathers.
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3.4.2.2 Trinucleotide Repeat Disorders

In addition to the association between point muta-
tions in the male germline and male age, there is
also evidence to suggest that other genomic
changes, namely changes in trinucleotide repeat
length, are also more frequent in the germline of
older men. The cause of Huntington’s disease has
been traced to an expanded block of CAG tandem
repeats within the Huntingtin (HTT) gene [70].
Longer triplet repeats in HTT result in altered
protein function and Huntington’s symptoms. It
was demonstrated that repeat expansion is almost
entirely driven through the male germline [71],
and the extent of repeat expansion is significantly
associated with paternal age [72].

Myotonic dystrophy (DM) is another disease
associated with trinucleotide repeat expansion.
Like Huntington’s disease, expanded CTG
repeats are more frequently transmitted from the
father [73], and paternal age appears to be a risk
factor for transmission of the disease [74]. One
large study of 3,419 cases of Down syndrome did
find a significant paternal age effect after adjust-
ing for maternal age when mothers were older
than 35, and the paternal age effect was most
significant when maternal age was over 40 [75].

3.4.2.3 Offspring Aneuploidy
The majority of aneuploidies are embryonic lethal,
however trisomies 13, 18, and 21 along with sex
chromosome aneuploidies (XXY, XYY, XXX,
XO, etc.) are compatible with life. The great
majority of somatic aneuploidies are maternally
derived. For example in a cohort of 352 cases of
Down syndrome, approximately 91 % were of
maternal origin, and a maternal contribution to
other cases of trisomy involving chromosomes 13,
14, 15, and 22 were similar, ranging from 83 to
89 % [76]. Interestingly, the story is different for
sex chromosome aneuploidies, with a little more
than half of cases being paternally derived [20].
Given the relatively minor effect of paternal
age on sperm aneuploidy rates, it is not surpris-
ing that epidemiologic data for the paternal con-
tribution to trisomic offspring generally do not
support a paternal age effect [8, 77, 78]. A recent
study based on 22 EUROCAT congenital anomaly
registers identified a marginally significant asso-
ciation between paternal age and Klinefelter
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syndrome [79]. Several studies have evaluated
the relationship between paternal age and inci-
dence of Down syndrome, and in general have
reported a weak paternal age effect [80] or no
effect at all [81]. Based on available data, clearly
the paternal age effect on offspring aneuploidy is
relatively small and is eclipsed by the significant
maternal age effect.

3.4.2.4 Cancer

Based on the current literature, it appears that
paternal age may have an effect on incidence of
various types of cancers in offspring. These data
are intriguing but remain quite controversial.
One of the most heavily studied classes of dis-
ease in these studies is hematological cancers.
A recent epidemiological study has described a
decreased risk of acute myeloid leukemia in
firstborn children, indirectly suggesting that
maternal and paternal age may play a role in the
frequency of cancer incidence in the offspring.
The same study was able to directly detect an
increased risk of being diagnosed with any form
of childhood leukemia in children sired by fathers
of between 35 and 45 years of age when com-
pared to fathers <25 years of age [82]. In agree-
ment with these data is research by Murray et al.
which suggests that children born to fathers >35
years of age are 50 % more likely (relative
risk=1.5) to receive a diagnosis of a childhood
leukemia [83]. However, a Swedish epidemio-
logical study published in 1999 detected no
significant impact of paternal age on hematologic
cancers [84].

The impact of paternal age on offspring cancer
incidence is not limited to hematologic metasta-
ses. There also appears to be an increased risk of
developing childhood central nervous system
tumors in the offspring of older fathers. One ret-
rospective study showed that children born to a
father >30 years of age were at a 25 % increased
risk of developing a childhood brain tumor com-
pared to children of fathers <25 years [84].
Similarly, Yip et al. demonstrated that the off-
spring of fathers >40 had an increased relative
risk (approximately 1.7) of developing a central
nervous system cancer [85].

Advanced paternal age also appears to affect
the incidence of adult onset cancers in offspring.
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The incidence of breast cancer has been shown to
increase in the daughters of fathers who are >40
compared to fathers <30 [86]. Similarly, prostate
cancer risk increases by approximately 70 % in
the offspring of fathers >38 years of age compared
to the children of fathers <27 years of age [87].

The mechanism behind this effect is likely
multifactorial and may additionally vary by race.
However, there are some candidates that likely
play at least some role in the etiology of increased
incidence of multiple cancers seen in the off-
spring of aged fathers. Environmental exposures
that accumulate throughout the life of a male are
one of the most likely effectors, as this may affect
subtle DNA mutations and epigenetic alterations
that are capable of being inherited. In fact, as
mentioned earlier, there are some data that suggest
that the offspring of older fathers have increased
levels of DNA methylation at specific loci [46].
If any of these alterations (gene mutations or epi-
genetic modifications) occur at tumor suppressor
genes or other important genes in the etiology of
various cancers, the result would be increased can-
cer incidence as is seen in the current literature.
Though this correlation is intriguing, it should be
noted that much work is still required to further
define the effects of paternal aging on the inci-
dence of cancer in offspring.

3.4.2.5 Neuropsychiatric Disorders

In recent years, with the application of genomic
tools, the genetic complexity of neuropsychiatric
disorders is becoming increasingly apparent.
However, ithas long been suggested that advanced
paternal age is a risk factor for schizophrenia
[88], and more recently, advanced paternal age
has been implicated in risk for autism, bipolar
disorder, behavioral disorders, and reduced cog-
nitive ability.

The paternal age effects on schizophrenia risk
have been widely studied [89-91]. A recent
meta-analysis representing 24 qualifying studies
confirmed advanced paternal age to be a significant
risk factor for schizophrenia [89]. In this study,
the authors reported a slight but significant
increase in the risk of developing schizophrenia in
offspring from fathers >30 years of age, with rela-
tive risk (RR) increasing in older fathers. At the
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extreme, a combined RR for schizophrenia in the
offspring of fathers >50 years of age compared
with fathers age 25-29 was 1.66 [89]. Interestingly,
there also appears to be a slight but significant risk
of schizophrenia in offspring of fathers < 25 years
(RR=1.08) only in male offspring [89].

Associations between paternal age and risk of
autism spectrum disorders (ASD) have also been
thoroughly investigated, with two meta-analyses
confirming a significant association [92, 93]. In
the most recent population-based study and meta-
analysis, it was estimated that fathers >50 years
of age had a 2.2-fold increased risk of autism in
offspring compared with men aged 29 years or
less [93].

The data regarding the association between
paternal age and other neuropsychiatric and
behavioral disorders are less clear, but there does
seem to be an increase in bipolar disorder [94,
95] and behavioral issues [96, 97] in children of
older fathers. In addition, some studies indicate
that children of older fathers display slightly
reduced IQ compared with children of younger
fathers [98, 99], although the differences are
small, and conflicting reports exist [100].

While evidence clearly suggests that paternal
age does have some impact on neurological devel-
opment and the incidence of neuropsychiatric dis-
orders, the mechanisms for neurodevelopmental
changes have not been elucidated. It has been
suggested that increased risk may be related to
increased mutations [101], changes in gene dos-
age as a result of copy number changes in the
genome [102], or epigenetic changes associated
with age [103]. It is also likely that behavioral
factors in the fathers that result in delayed mar-
riage also contribute [88], as these factors are
very difficult to quantify and correct for in epide-
miological studies.

3.4.3 Consequences in Context

From the available data, it is clear that advanced
paternal age affects sperm quality, fecundity, and
offspring health. However, this topic is only begin-
ning to be thoroughly explored partially due to the
recently growing trend of delayed parenthood that
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appears to have driven increased media attention
toward to the study of advanced paternal age and
offspring health. This has placed many physicians
in the difficult position of consulting concerned
patients regarding their capacity to produce healthy
offspring with only scant amounts of data from a
field of study in its relative infancy. This discus-
sion is fascinating and extremely complex as a
result of the socioeconomic, emotional, and gen-
eral health issues involved. Physicians should be
prepared to address many questions from their
patients, but should specifically be able to address
two main concerns in this discussion. The first are
patients who request to preemptively store sperm
at relatively young ages as an alternative to natural
conception at an advanced age. The second are
male patients who seek advice on the “risks” of
having children at advanced age. In either case, the
patients must be well informed and comfortable in
making their decisions.

Are cryopreserved sperm from a young healthy
individual more capable of producing healthy
offspring than fresh sperm from the same indi-
vidual collected at an advanced age? This central
question in the paternal aging debate is not easily
addressed. In fact, the most accurate answer
would be that we simply do not know. It is clear
that advanced paternal age has been associated
with increased incidence of many disease states
in the offspring as has been previously outlined.
It is also known that there is a slightly increased
risk of birth defects in children conceived through
in vitro fertilization (the advanced reproductive
technology that would most likely be used in
these cases). Additionally, though still contro-
versial, it has been demonstrated that the cryo-
preservation of sperm, even in the presence of
cryomedium, can result in DNA damage thus
compounding the problem of using stored samples
as an alternative to natural conception at an
advanced age [104]. Despite this, because of the
low risk in cryopreservation of male gametes, if a
patient desires to store sperm at a young age with
the intent of future use, it would not be unreason-
able to support this decision if the patient has
been well educated on the available data.

Patients of advanced age who are considering
having children but have not previously stored
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sperm may also seek medical advice on whether
or not they should attempt parenthood based on
the recent data that demonstrates increased rela-
tive risk to the offspring. Would they be placing
their offspring at a significant risk/disadvantage?
In response to this question it is important to
understand that while the data do suggest a rela-
tive increase in the risk of offspring of aged
fathers developing many disorders and diseases
including, but not limited to schizophrenia,
autism and even cancer, the absolute risk of these
are still very low. For example, the risk of devel-
oping childhood leukemia is approximately 1 in
25,000 in the general public, and in the offspring
of older fathers that risk climbs to 1 in 17,000,
approximately a 50 % increase [83]. Though the
relative risk in this case is statistically significant,
the absolute risk to the offspring of an aged father
actually developing leukemia remains very low.
It will be important for physicians to additionally
encourage patients to consider their familial rela-
tionships and the emotional benefits of having
children and weigh these with the subtle increases
in risk of having children at an older age. In con-
sulting male patients of an advanced age, the data
do not support the recommendation of halting
attempts at conception because of the risks to the
offspring as it does in advanced maternal age.
Despite this it is important to consider these risks
and understand that the cumulative data on the
disorders that have relatively increased prevalence in
the offspring of older fathers may dissuade some
from having children at an older age.

3.5 Conclusions

In recent years, we have learned a great deal
regarding the effect of aging on male fertility.
Advanced paternal age is negatively associated
with many semen parameters, and these negative
effects likely drive the general decrease in fertility
and fecundity seen in males of advanced age.
Though not an abrupt and complete loss of fertil-
ity as seen in advanced maternal aging, there is a
gradual decrease in gamete quality associated
with aging in males. This decrease in quality
includes DNA damage, various genetic mutations,
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and epigenetic alterations that appear to be capable
of causing abnormalities in the offspring. Though
we currently have evidence to support the pater-
nal age associated increase in offspring disease
susceptibility, the absolute risk remains quite
low. Despite this, couples with an aged male
partner should consider these risks and discuss
them with their health care provider to determine
their best course of action in their desire to con-
ceive a child.
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Testosterone Replacement Therapy
in Men: Effects on Fertility and

Health

Peter T.K. Chan

4.1 Introduction

A rising volume of the current literature has dem-
onstrated the safety and health benefits of testos-
terone replacement therapy for late-onset
hypogonadism in men. The simultaneous increase
in the coverage both by the lay media and the
internet has allowed public awareness of the
notion of “andropause” to growth tremendously.
As aresult of this growing demand from patients
for evaluation, counseling and treatment of late-
onset hypogonadism along with the increased
knowledge, comfort levels, and willingness of
healthcare professionals in managing the condi-
tion [1], the number of prescriptions of testoster-
one replacement therapy (TRT) has exploded in
the past decade. The levels of sales of TRT
products were estimated to have increased by
500 % from 1993 [2]. In a comprehensive global
report on TRT market, Global Industry Analysts
projected the global TRT market to reach $5.0
billion in 2017. In response to such a paradigm
shift of late-onset hypogonadism management
resulting in a rapidly growing consumer mar-
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ket, the pharmaceutical products available for
testosterone replacement therapy not only have
increased in their varieties but, more importantly,
have also undergone significant modifications on
various aspects such as the improvement of
safety, bioavailability, and cost-effectiveness. A
growing volume of the adult male population is
expected to be on testosterone replacement, pos-
sibly as a life-long therapy for hypogonadism.
The focus of this chapter is on the use of testos-
terone replacement therapy for late-onset hypog-
onadism in men and its potential impact on the
general and reproductive health.

4.2 Hypogonadism in Adult Male
Clinically, male hypogonadism refers to the state
of health where there is a deficiency of androgen
activity. Male hypogonadism may be due to
intrinsic testicular failure in testosterone produc-
tion and spermatogenesis, a condition commonly
referred to as primary hypogonadism. On the
other hand, when hypogonadism is caused by
inadequate gonadal stimulation from the hypo-
thalamus—pituitary axis production and release of
gonadotropins luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), it is referred
to as secondary (or central) hypogonadism. Other
medical conditions such as hemochromatosis,
diabetes, severe malnutrition, and febrile illnesses
may also interfere with normal gonadal function
leading to hypogonadism [3].
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Table 4.1 Presentations of late-onset hypogonadism in
men

Erectile dysfunction

Decreased sexual desire

Mood changes

Cognition/memory impairment

Lack of energy/motivation

Sleep disturbances

Quality of life

Anemia

Dyslipidemia

Sarcopenia

Loss of body hair (axillary and pubic)
Loss of height
Osteopenia/osteoporosis

Low-impact fracture

Loss of muscle mass

Decrease in physical strength and performance
Hot flushes

Testicular hypotrophy

Central obesity

Of note, secondary hypogonadism may be
congenital and iatrogenic. Idiopathic hypogonad-
otropic hypogonadism (IHH) with normal sense
of smell (normosmic) or with anosmia (Kallmann
syndrome) is a rare genetic disorder caused by an
isolated defect in the secretion of GnRH (gonad-
otropin-releasing hormone) by the hypothalamus,
or, less frequently, by a defect in the action of
GnRH on pituitary gonadoropes [4]. latrogenic
causes of secondary hypogonadism include sur-
gical removal of the pituitary gland for treatment
of tumors such as craniopharyngioma and pitu-
itary adenoma. Traumatic damage to the pituitary
gland is another cause of secondary hypogonad-
ism. In these cases where the direct cause of
hypogonadism is specifically secondary to
gonadotropins deficiency, replacement therapy
with gonadotropins or GnRH (for IHH) is an
established effective therapy to resume gonadal
function for both spermatogeneis and testoster-
one production.

Our focus of discussion, however, will be on
late-onset hypogonadism (LOH) for which the
common choice of pharmacological management
is replacement therapy with testosterone or tes-
tosterone-based products. LOH refers specifically
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to a cluster of presentations (Table 4.1) that
appeared in adulthood secondary to a decline in
androgen activity. Various studies have indicated
a gradual decline in serum testosterone levels in
men with increasing age. In the media, this con-
dition is often referred to with the laymen’s terms
“andropause” or “man-opause” (as an anology
menopause in female). Other more precise terms
used to describe this syndrome include testoster-
one deficiency syndrome (TDS) and partial
androgen deficiency in aging men (PADAM).

4.2.1 Insulin Resistance

Serum testosterone levels decline 1-1.5 % per
year after age 30 years [5]. At the level of the
hypothalamus, pulsatile release of GnRH is
thought to be reduced in quantity with old age
with possible loss of the circadian rhythm. At the
testicular level, Leydig cell response to GnRH is
also blunted with aging. This, combined with
increase of the levels of sex hormone binding
globulin, results in decrease in the free level of
testosterone. The true prevalence of hypogonad-
ism varies in different reports depending on the
age group, health status, ethnicity, and other fac-
tors [6]. The Massachusetts Male Aging Study
demonstrated that the prevalence of hypogonad-
ism in men ranges from 6.0 to 12.3 % between
the ages of 40 and 69 years and estimated that 2.4
million men in the USA have androgen deficiency
[7]. A more recent report estimated the preva-
lence of low testosterone (serum total testoster-
one <300 ng/dL or 10.4 nmol/L) to be as high as
38.7 % in males over the age of 45 in outpatient
primary care populations [8].

Hypogonadism has also been linked to general
health conditions such as dyslipidemias [9], type
IT diabetes [10-12], metabolic syndrome [13],
and even increased mortality. Shores et al. [14]
followed over 800 male veterans for an average
of 4.3 years and found that low serum testoster-
one was associated with higher all-cause mortal-
ity. Similar conclusions was drawn by Khaw
et al. [15] who followed over 11,000 men aged
40-70 year for 10 years and reported the
associated risks of low endogenous testosterone
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with elevated risks of all-cause mortality,
cardiovascular-related mortality, and cancer-
related mortality. Men in the highest quartile tes-
tosterone levels were found to have 30 %
reduction in mortality compared with those in the
lowest quartile. In an epidemiologic model devel-
oped to quantify the impact of hypogonadism
(using a prevalence of 13.4 %) as a predisposing
factor for men’s health, Moskovic et al. [16]
determined that, over a 20-year period, hypogo-
nadism is projected to be involved in the devel-
opment of approximately 1.3 million new cases
of cardiovascular disease, 1.1 million new cases
of diabetes mellitus, and over 600,000 of osteo-
porosis-related fracture, with an attributed cost
burden of these diseases estimated to be $190—
$525 billion in inflation-adjusted healthcare
expenditures in the USA.

Benefits of Testosterone
Replacement Therapy
on General Health

4.3

Since the first published case in Lancet in 1889
by Dr. Charles Brown-Sequard on self-injection
of testicular extracts from animals resulting in
increased energy, muscle strength, stamina, and
mental agility [17], a wealth of literature, particu-
larly from the past three decades, has reported
various general health benefits of various forms
of testosterone replacement therapy (TRT) on
men with hypogonadism. Controversies do exist
on whether TRT is efficacious in providing
benefits to men with late-onset hypogonadism on
various health issues. Since most of the current
interventional studies are short term and non-
placebo controlled with heterogenous baseline
parameters and different designs in the outcome
measured and analyzed, it is challenging to delin-
eate what subgroups of patients will have the
maximal benefits of TRT to have long-lasting
improvement on the various aspects of their gen-
eral health. Ideally, large-scale, multicentered,
long-termed randomized, placebo-controlled tri-
als are needed to fully establish not only the long-
termed efficacy but also the potential health risks
of TRT. A new multicentered clinical trial, spon-

sored by The National Institute on Aging of the
National Institutes of Health of the United States,
is expected to complete by mid-2015 (http:/
www.clinicaltrials.gov/ct2/show/NCT00799617?
term=testosterone+aging&rank=40) and should
provide more definitive answers to potential
benefits of TRT in aging men. However, it is not
powered to assess all potential risks such as pros-
tate cancer and cardiovascular events [18]. Thus,
clinicians should be cautious in drawing their
conclusions using the evidence-based results
available from the current literature. Various clin-
ical recommendations and guidelines have
recently been published by reputable societies of
interest on the evaluation, counseling, manage-
ment, and monitoring for men with late-onset
hypogonadism [19-21].

4.3.1 Fatand Muscle Composition
Increase in lean muscle mass, particularly in the
trunk, along with decrease in fat mass in the
extremities, have been reported with TRT in
elderly men [22, 23]. The translation of these
positive effects of TRT on muscle strength, motor
performance, and fall prevention, however, is
controversial [24]. In men with significant comor-
bidity such as chronic obstructive pulmonary dis-
ease [25], men receiving glucocorticoids [26],
and frail and elderly men in rehabilitation [23,
27-29], improvement in muscle strength or phys-
ical function after TRT has been reported. In
healthy elderly men, on the other hand, three ran-
domized, placebo-controlled trials with 6 [30]
and 36 months [22] of treatment failed to demon-
strate improvement in muscle strength.

4.3.2 Bone Composition

Hypogonadism is a known cause of osteoporosis
and osteopenia. Rapid bone loss is observed after
castration and androgen deprivation therapy [31].
Bone microarchitecture and cortical and trabecu-
lar bone mineral density are impaired in men with
hypogonadism [32], resulting in increased risks
of bone fractures [33, 34]. The prevalence of
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hypogonadism was found to be ~60-70 % in men
with hip fractures [35-37] and up to 20 % in men
with vertebral fracture [38]. Several interven-
tional studies, including placebo-controlled stud-
ies and meta-analyses, reported increase in bone
mineral density after TRT for hypogonadism,
with greater increase in the lumbar spine than in
the hip [24, 39—43]. However, there is currently
insufficient data to determine the efficacy of TRT
on reducing the risk of bone fracture.

4.3.3 Sexual Function

Reduced libido or sex drive has been associated
with hypogonadism [44, 45]. The association of
erectile function with serum testosterone levels,
on the other hand, is less clear [45—47]. It appears
that when it is clearly subnormal (<320 ng/dL or
11 nmol/L), there is a syndromic association with
decreased serum total testosterone levels with
sexual symptoms such as morning erection, low
sexual desire, and erectile function [48]. A recent
6-month randomized controlled trial on TRT in
men with testosterone level <395 ng/dL or
13.7 nmol/L failed to demonstrate a benefit on
sexual functioning [30]. However, three meta-
analyses of published studies including random-
ized placebo-controlled trials [48-51] revealed
improvement on male sexual function with testos-
terone replacement therapy. The meta-regression
analysis [51] demonstrated that the effect of TRT
on erectile function was inversely related to the
baseline testosterone concentration. Hence, the
more severe the hypogonadism, the more
significant or impressive are the results obtained
with TRT. Minimal or no effect was observed for
baseline testosterone levels above 345 ng/dL or
12 nmol/L. Age appears to be another important
moderator in evaluating the effect of TRT on sex-
ual function. Bolofia [50] reported a sizable and
significant effect of TRT on erectile function in
trials including young patients and a minimal and
nonsignificant effect in those including older ones
(mean age > 50 years). One presumable explana-
tion for this observation is that hypogonadism in
younger patients may be a main cause of sexual
dysfunction while for older men it may be one
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element of a multifactorial sexual dysfunction.
The beneficial effects of TRT on sexual function
are also seen in studies on the combined used of
testosterone and phostphodiesterase-5 inhibitors
(PDESI’s) for erectile dysfunction. These studies
[52-56] demonstrated that the addition of TRT
can salvaged 37.5-92 % of subjects who failed to
respond to PDESI’s alone.

4.3.4 Mood and Quality of Life

Hypogonadism is associated with depressive symp-
toms, impaired cognitive function, and symptoms
of dementia [19, 57-59], though such an associa-
tion is weak. In a recent systemic meta-analysis
evaluated seven placebo-controlled, randomized
trials (n=364) comparing testosterone replacement
with placebo in depressed men, Zarrouf et al. [60]
reported a significant positive response to TRT in
hypogonadal patients. TRT is beneficial on mood
only in men with clear subnormal testosterone lev-
els [61]. But for hypogonadal with severe depres-
sion, the benefits of TRT on depressive symptoms
seem less significant. In a recent placebo-controlled
trial, Pope et al. [62] failed to show any benefit of
TRT in depressed hypogonadal men (serum total
testosterone<350 ng/dL. or 12.1 nmol/mL) who
were resistant to selective serotonin reuptake inhib-
itor as a standard antidepressant treatment.

The results of randomized controlled trials on
the effects of TRT on quality of life, as assessed by
various questionnaires, yield mixed results. In a
6-month TRT trial with 1 % testosterone gel fol-
lowed by 12 months of open-label follow-up,
Behre et al. [63] reported a significant benefit on
the health-related quality of life in the TRT group
over the controlled group, particularly in the psy-
chological and sexual subscale scores. In another
trial from China using 6 months of oral testoster-
one undecanoate, quality of life measured by the
Short Form Health Survey-12 significantly
improved in the TRT group [64]. Similar findings
were confirmed by in a 12-month trial with intra-
muscular testosterone undecanoate in Malaysian
subjects [65, 66]. Other trials [27, 30] failed to
demonstrate a significant improvement in the qual-
ity of life of hypogonadal men treated with TRT.
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4.3.5 Components of Metabolic
Syndrome

Metabolic syndrome, previously also known as
syndrome X, has several components as described
by the International Diabetes Federation in a con-
sensus worldwide definition in 2006 [67]. These
components include: increased triglyceride levels
(>150 mg/dL or 1.7 mmol/L), reduced high-den-
sity lipid (HDL) levels (<40 mg/dL or 1.03 mmol/L
in males), elevated blood pressure (systolic>130
or diastolic > 85 mmHg), glucose intolerance (fast-
ing plasma glucose>100 mg/dL or 5.6 mmol/L),
and central obesity. Hypogonadism is common in
men with type II diabetes or metabolic syndrome.
Men with hypogonadism seem to have an increased
risk of subsequent development of type II diabetes
and metabolic syndrome. Various studies have
reported an inverse relationship between testoster-
one levels and insulin resistance, dyslipidemia,
and central obesity [68, 69]. However, it is uncer-
tain if hypogonadism is a cause or a consequence
of metabolic syndrome. Studies have reported that
visceral obesity can be a potential cause of hypog-
onadism but hypogonadism may well be a cause
of obesity and insulin resistance [69]. The associ-
ation of these various components of metabolic
syndrome clearly establishes a vicious cycle lead-
ing to disease progression.

Several interventional studies demonstrated
the beneficial effects of TRT on various meta-
bolic parameters including blood pressure, insu-
lin resistance, lipid profile, body composition,
and glycosylated hemoglobin (HbAlc) levels.
Isidori et al. [42] reported that TRT in middle-
aged men leads to reduction in fat mass and total
cholesterol. In a meta-analysis, Whitsel et al. [70]
showed a dose-dependent decrease in total cho-
lesterol, low- and high-density lipoprotein-
cholesterol. In patients with type II diabetes, TRT
was associated with a significant reduction of
fasting plasma glucose, HbAlc, fat mass, and
triglycerides [71]. For patients with established
metabolic syndrome, TRT appears to significantly
reduce fasting plasma glucose, Homeostatic
Model Assessment (HOMA) index, triglycerides
and waist circumference, as well as with an
increase of HDL-Cholesterol [69].

4.3.6 Cognitive Function

Barrett-Connor et al. [57] reported high endoge-
nous testosterone, and low estradiol levels pre-
dicted improved performance on cognitive
function. In short-term interventional studies
with TRT, Cherrier et al. [72-74] demonstrated
improvements in verbal and spatial memory in
healthy men and also in men with Alzheimer dis-
ease or mild cognitive impairment. Conflicting
results, however, were reported by longer trials
[30, 75].

4.3.7 Cardiovascular Function

Current studies by various investigators suggested
a link between hypogonadism and increased risks
of cardiovascular diseases [76-80]. However, it
remains uncertain if low T plays a direct
pathogenic role in increasing cardiovascular risks.
Hypogonadism may well be a marker of preexist-
ing cardiovascular disease rather than an indepen-
dent risk factor. The suppressing effects of various
chronic diseases including metabolic syndrome
and type II diabetes on testosterone levels lead
Corona et al. [81] to hypothesize that low T during
chronic diseases represents a protective or adap-
tive mechanism to turn off testosterone-dependent
function such as reproduction and physical labor
that are less desired when the general physical
condition is ailing.

With regard to the effects of TRT on cardio-
vascular risks, a recent double-blinded placebo-
controlled study on men with metabolic syndrome
showed that TRT may delay the progression of
atherosclerosis, as detected by carotid intima
media thickness, and the level of high-sensitivity
C-reactive protein [82]. Three meta-analyses
[83—85] found no significant benefit of TRT for
cardiovascular events. However, the statistical
power of these analyses is significantly limited
by the small sample series and short duration of
study duration. In recent reviews [86, 87], there
are over a dozen of recent studies that demon-
strated the beneficial effects of TRT on angina
with positive effects such as decrease frequency
of angina, increase in exercise tolerance, and time
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to ischemia. A recent randomized controlled trial
[27] of TRT on frail elderly men at the maximum
recommended dose of TRT (with 10 mg per day
of 1 % testosterone gel) reported a high rate of
TRT-associated CV adverse events. This trial,
however, was criticized by Morgentaler [88] that:
(1) there was no rigorous cardiovascular assess-
ment in the trial where nearly half of the cardio-
vascular events were self-reported or obtained
from outside medical sources; (2) the TRT group
had more cardiovascular risk factors at baseline
than the placebo group; (3) the cardiovascular
events consisted of a wide variety of symptoms
and findings that are not specific for cardiovascu-
lar diseases such as peripheral edema and syn-
cope. Additional studies are thus required to
further evaluate if TRT can truly benefit hypogo-
nadal men in reducing not only cardiovascular
risks but also the event-specific mortality rate.

4.4 Side Effects of TRT

4.4.1 Prostate Health

The most significant concern amongst all TRT
adverse events is on prostate health. Prostate tis-
sues are androgen responsive. In a case series,
Favilla et al. [89] reported that age and total
serum testosterone correlate with LUTS as mea-
sured by International Prostate Symptom Score
(IPSS). But after adjusting for various confound-
ing factors, other studies [90-92] failed to confirm
an association between higher serum testosterone
levels with worse lower urinary tract symptoms
(LUTS). On the contrary, more recent studies
demonstrated an inverse relationship between
total testosterone, DHT, and the development of
LUTS [93, 94]. With regard to TRT, an early
meta-analysis in 2005 of randomized, placebo-
controlled studies on TRT [84] showed a higher
risk in the TRT groups of detection of all prostate
events, defined as incidence of prostate cancer,
increase in IPSS, increase in prostate-specific
antigen (PSA), and acute urinary retention.
Subsequently, however, a number of short-term
(<1 year) studies demonstrated little negative
effect on urinary function or prostate volume
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(reviewed by Shigehara & Namiki [95]). In fact,
several studies, including one randomized con-
trolled trial, demonstrated that TRT may actually
improve LUTS [96-102]. It should, however, be
kept in mind that most of these studies focused
on men with mild to moderate degree of LUTS.
For men with severe LUTS (e.g., with high IPSS
score above 19 points), TRT remains contraindi-
cated as there exists a risks of increase in prostate
volume [99] that may theoretically increase the
risks of urinary retention. Further studies includ-
ing long-term observations and many patients
with a wide range of severities of LUTS are
required to reach more definitive conclusions of
TRT on LUTS.

Prostate cancer represents one of the most
commonly diagnosed cancers in men over the
age of 40 years. Like normal prostate tissues,
prostate adenocarcinoma is also androgen respon-
sive. With the initial report by Huggins in 1941
[103] on androgen ablation therapy causing
regression of metastatic prostate cancer, a work
for which he was awarded the Nobel Prize for
Physiology and Medicine in 1966, it was once
thought that TRT would lead to development and
progression of prostate cancer. However, an
extensive review of the current literature, includ-
ing several large longitudinal studies of up to 20
years of duration, with over 400,000 men stud-
ied, failed to establish a direct link between
prostate cancer and high testosterone levels [104].
The most recent placebo-controlled randomized
trial of TRT revealed no increase in prostate vol-
ume, no change in biomarkers of cell proliferation
and angiogenesis, and no increase in prostate
cancer cases [105]. A longer trial of TRT for
3 years showed no significant changes in PSA
levels beyond 6 months of treatment [22]. A recent
trial of over 6 years of TRT showed no relevant
changes in PSA concentration, PSA velocity, or
any significant prostate cancer risks [106].

For men received TRT with localized pros-
tate cancer treated with radical prostatectomy
[107-109], radiation therapy [110, 111], or
brachytherapy [112], the risk of biochemical
recurrence, as indicated by a significant increase
in serum PSA level, was estimated to be 2 of 111
men (1.8 %) [113], not as high as one would
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expect should TRT really increase the risks of
prostate cancer recurrence. Even for men with
untreated low grade localized prostate cancer
(Gleason score 6 or 7 out of 10 at initial biopsy),
TRT for a median of 2.5 years (range
1.0-8.1 years) was not associated with prostate
cancer progression. As Morgentaler [113] stated,
although there are as yet no large-scale, long-
term controlled studies of T therapy to provide a
definitive assessment of risk, numerous smaller
clinical trials as well as population-based longi-
tudinal studies consistently failed to support the
historical idea that T therapy poses an increased
risk of prostate cancer or exacerbation of symp-
toms due to benign prostatic hyperplasia.

Currently manufacturers for all products for
TRT have included statements in product inserts
that TRT is contraindicated for men with or sus-
pected prostate cancer. Indeed for men with
advanced or metastatic prostate cancer that
require androgen ablation, TRT should remain an
absolute contraindication (consistent with the
conclusion of the original report by Huggins in
1941 [103]). Likewise for men with prostate
cancer demonstrating factors of high risk of
biochemical recurrence (such as extraprostatic
extension, positive margins, or lymph nodes at
surgery, Gleason scores of 8 or more on biopsy
and invasion of the seminal vesicles), clinician
must exercise caution when considering the use
of TRT.

4.4.2 Polycythemia

Polycythemia, as indicated by an elevation of
hematocrit above 50 %, is the most frequent TRT-
related adverse event in most clinical trials. In a
meta-analysis of 19 randomized controlled trials
with 651 subjects on TRT and 433 on placebo
[85], TRT increased the risk of polycythemia
over placebo by four times. In a more recent
meta-analysis of adverse events, Ferndndez-
Balsells et al. [83] reported that TRT was associ-
ated with a significant increase in hematocrit
(3.18 %; 95 % CI 1.35-5.01), hemoglobin
(0.80 g/dL; 95 % CI 0.45-1.14), and a decrease
in high-density lipoprotein (HDL) cholesterol

(—=0.49 mg/dL; 95 % CI —0.85 to 0.13). Thus,
careful monitoring of this parameter to allow
dosage reduction or treatment discontinuation is
important for all men on TRT.

4.4.3 Gynecomastia

Gynecomastia with or without breast tenderness
is a potential side effect of TRT secondary to aro-
matization of androgens to estradiol which stim-
ulate breast tissue development. Gynecomastia is
more commonly seen in elderly men on TRT,
probably related to elevated SHBG levels. Though
usually transient and may resolves despite con-
tinuation of treatment, gynecomastia with breast
tenderness can be managed with the addition of
antiestrogen such as tamoxifen [114].

4.4.4 Sleep Apnea

Development or worsening of sleep apnea, par-
ticularly in obese men or men with chronic
obstructive pulmonary disease or smoking his-
tory, has been associated with TRT, though most
data were from studies using TRT at supraphysi-
ologic doses [115]. Central blunting of CO, or
increased collapsibility of the upper airway dur-
ing sleep are some of the suggested mechanisms
of sleep apnea exacerbation with TRT [116].
Dose adjustment or discontinuation of TRT or
treatment with CPAP for sleep apnea may be
considered in managing this complication.

4.4.5 Dermatological Adverse Events

Skin irritation, more commonly with testosterone
patch but may rarely occur with other transder-
mal form, is usually due to skin reaction to the
chemicals used for drug delivery. Acne, more
common in younger men on TRT, is another der-
matological complication secondary to increase
secretion of sebum. Management of TRT-induced
acne can be managed by good personal hygiene
with antiseptic soap. Topical retinoid, benzoyl
peroxide, sulfacetamide, or azelaic acid can be
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used in more severe cases. Another adverse event
of TRT is male pattern baldness that occurs
mostly in genetically prone men due to the effects
of DHT causing miniaturization on the hair
follicles.

4.4.6 Other Adverse Events

Though known breast cancer is an absolute con-
traindication of TRT, new cases of breast cancer
in men treated with TRT remain rare [117].
Flushing of upper body may be due to the action
of DHT on the skin and are usually tolerable.
Liver toxicity is associated with old testosterone
preparation (oral 17-alkylated testosterone
derivatives) that is no longer recommended for
TRT [19].

4,5 Impact of TRT on Male

Reproductive Health

The focus of this section will be on the impact of
TRT on male reproductive health through sup-
pression of spermatogenesis. Production of tes-
tosterone for clinical use has begun in late 1930s
and soon after its effect on male fertility impair-
ment has been recognized [118]. It is thus inter-
esting to see that, in the vast volume of recent
publications on hypogonadism management, the
negative impact of TRT on male reproductive
health is rarely mentioned. Four factors may con-
tribute to this.

First, as mentioned above, testosterone has the
effects to enhance sexual function through ame-
lioration of libido or erectile function. Indeed,
treatment of sexual dysfunction secondary
hypogonadism may lead to increase in frequency
of intercourse that is needed for natural fertility.
Thus, neither the patients nor treating physicians
would intuitively suspect any negative impacts of
TRT on male fertility.

Second, many healthcare professionals mis-
understood that since testosterone is required for
spermatogenesis [119, 120], “extra” testosterone
from an exogenous source can only help to fur-
ther enhance male fertility. Indeed, it is not
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uncommon to see primary care physicians and
gynecologists managing a couple with infertility
with low sperm concentration or hypogonadism
in the male partners to mistakenly prescribe tes-
tosterone hoping to improve their chance of con-
ception. In reality, through negative feedback
mechanism, exogenous testosterone will inhibit
the release of gonadotropin stimulating hormone
and gonadotropins, leading to lack of stimulation
of spermatogenesis (and Leydig cells for endog-
enous androgen production), resulting in impaired
fertility and testicular hypo- or atrophy.

Third, there has been a so-called testosterone
rebound therapy used since the 1950s for the treat-
ment of idiopathic male infertility [121] in which
after testosterone injection therapy resulting in
azoospermia, its discontinuation led to increase in
semen parameters above baseline with resulting
pregnancies. This therapy had misled some clini-
cians thinking that testosterone is a legitimate
treatment option for low sperm concentration.
These data, however, did not survive critical
assessment and such form of therapy is no longer
used since 1980. The observations were likely due
to spontaneous fluctuations in semen parameters
which, if positive, were wrongly attributed to this
“testosterone rebound therapy” [122].

Finally, since the risk of hypogonadism
increases with age, most men who are placed on
TRT have presumably passed the reproductive
age and thus the impact of TRT on spermatogen-
esis and fertility is considered irrelevant. Indeed,
in most interventional studies, even those includ-
ing subjects below the age of 50 years, semen
parameters are generally not part of the outcomes
measured. We must, however, keep in mind that
in most developed countries, with many couples
postponing childbearing until their mid-30s to
mid-40s, there is a significant increase in paternal
age [123]. Indeed, the birth rates for men aged
20-29 years reached all-time lows in 2009 in the
USA while for men aged 40-54 years there has
been a steady increase in paternity. Thus, more
men who are at risks to develop late-onset hypog-
onadism and receive TRT will also desire unim-
paired fertility, making any potential negative
impact of TRT on male reproductive health a
timely and relevant health issue.
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With the lack of sperm parameters in most
interventional studies of TRT on men, our knowl-
edge on the extent of the impact of exogenous
testosterone on spermatogenesis is mainly derived
from studies on hormonal male contraceptives
[124]. The two main functions of testis of testos-
terone production and spermatogenesis are SO
closely associated physiologically that it is chal-
lenging to interrupt spermatogenesis by hormonal
strategies without induction of concomitant
hypogonadism with resulting derangement on
desirable functions such as libido, potency, and
various metabolic processes as described earlier.
Exogenous testosterone is, thus, an attractive pro-
totype of hormonal male contraceptive as it can
simultaneously suppress gonadotropins to arrest
spermatogenesis while maintaining androgenicity.

When extrapolating the results of the various
contraceptive studies with native testosterone or
other testosterone derivatives to understand their
spermatogenic suppression effects, four impor-
tant points should be kept in mind. First, since
native testosterone is rapidly degraded by first-
pass metabolism, most of the contraceptive trials
relevant to our discussion (i.e., the use of a single
testosterone-based drug without combination
with other agents such as progestogens) were on
chemically modified androgen preparations to
achieve a prolonged half-life for a convenient
dosing frequency for male contraceptive use.
Thus, few studies are done on native testosterone.
Second, dosage and/or frequency of the use of
these products in these studies may be higher
than for general TRT use. Though most contra-
ceptive studies have serum testosterone level
monitoring and most subjects had levels within
the “normal” range, it is well known that the
“normal” serum testosterone range is wide, and
most subjects in the trial may be in the higher end
of the “normal” range. Third, subjects in these
trials tend to be healthy men at younger repro-
ductive ages than typical patients with late-onset
hypogonadism requiring TRT. Finally, the avail-
ability, contents, and packaging of the various
formulations evaluated may vary depending on
the legislations of the countries and not all prod-
ucts are necessarily first-line choices of testoster-
one replacement therapy.

4.5.1 Testosterone Enanthate
Testosterone enanthate was the first testosterone-
based product used in large-scale hormonal male
contraceptive efficacy study, sponsored by the
World Health Organization [125]. An important
aspect of many potential male contraceptive
methods is that, from the start time of interven-
tion, there is a time lag before a decrease in semen
parameters is seen. This lag time occurs for two
reasons. First, sperm that have been produced
must exit from the testes to the excurrent ductal
system and passed by ejaculation. Mechanical
contraceptive method like vasectomy is subjected
to this lag time. Second, human spermatogenesis
cycle of stages may take 2-3 months and there-
fore, following gonadotropin suppression, a com-
parable post-intervention lag time is necessary to
reach complete spermatogenic suppression.
When healthy fertile men were given intramuscu-
larly 200 mg of testosterone enanthate weekly,
70 % reached azoospermia after 6 months. In a
subsequent study using 250 mg of testosterone
enanthate weekly [126], 98 % of the participants
achieved sperm concentration below 3 x 10%mL
(taking up to 1 year). For these patients, the con-
traceptive effect was better than that offered by
barrier contraceptive with condoms, with less
than two pregnancies per 100 person-year.

4.5.2 Testosterone Buciclate

The World Health Organization’s Special Program
of Research, Development, and Research Training
in Human Reproduction has initiated a testoster-
one ester synthesis program and identified testos-
terone buciclate (TB) as the most promising
approach to suppression of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH).
Though rarely used for the treatment of hypogo-
nadism at the present time, TB, a long-acting tes-
tosterone ester (with a half-life of 29.5 days
compared to 4.5 days of testosterone enanthate),
can suppress spermatogenesis, reaching azoo-
spermia in three out of eight subjects 10 weeks
after a single 1,200 mg injection. Azoospermia
has been shown to persist up to 22 weeks [127].
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4.,5.3 Testosterone Undecanoate

A popular choice of oral formulation for TRT in
many countries, testosterone undecanoate was
found to suppress spermatogenesis to azoo-
spermia in one out of eight Caucasian subjects at
a daily dose of 240 mg over a period of 12 weeks
[128]. Due to its short half-life, testosterone
undecanoate generally is used orally at multiple
daily doses. In a small study with five subjects at
80 mg three times a day for 10-12 weeks, one
man became azoospermic, two became oligosper-
mic with sperm concentration below 10x 10
mL, one had milder degree of sperm concentra-
tion decrease, and one showed no change.
Testosterone undecanoate can also be given as
1,000 mg as a depot injection as a TRT. The fre-
quency of dosing is 10-14 week injection intra-
muscularly. This preparation has been tested as a
male hormonal contraceptive at a higher fre-
quency of dosing at 4-8 weeks. In a study on
Chinese men with monthly injection of testoster-
one undeconoate, 11 of the 12 subjects received
500 mg and all 12 subjects of 1,000 mg became
azoospermic after 4—6 months of treatment [129].
In a subsequent multicenter efficacy study with
over 300 healthy men, 97 % of men achieved
azoospermia or severe oligospermia (<3 x 10/
mL) with an initial loading dose of 1,000 mg fol-
lowed by monthly 500 mg of testosterone unde-
canoate injection for 6 months. During another
6 months of efficacy study with continuing
monthly 500 mg of testosterone undecanoate
injection, only 2 % (6 out of 296) of these sub-
jects had sperm reappear in semen and no preg-
nancy was achieved. A subsequent 12-month
recovery study demonstrated that all subjects had
semen parameters returned within the reference
range [130]. Though the strong effect of testos-
terone undecanoate depot injection on suppress-
ing spermatogenesis was further demonstrated in
a subsequent phase III clinical trial among
Chinese men [131], among Caucasian subject,
there appears to be a higher rate of “escape” of
complete spermatogenic arrest. Indeed, in an
integrated analysis, Liu et al. [132] showed that
up to 80 % of Caucasian men vs. up to 90 % of
East Asian men suppress sperm output to <10
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mL with androgens, though Caucasian ethnicity
predicted faster rates of suppression.

The reasons for the ethnic differences in sper-
matogenic suppression by testosterone remain
speculative [133] and may include: (1) ethnic dif-
ferences in testicular histomorphometry [134,
135] affecting the intrinsic efficiency of spermato-
gensis and the response to agents that interfere
with the physiological process; (2) differences in
hormone concentrations and metabolism of andro-
gen, as demonstrated in various studies [136—146];
(3) differences in CAG- and GGC-polymorphism
of the androgen receptor, affecting its activity
upon androgen binding [147-150]; and (4) differ-
ences in gonadotropin suppressibility [151].

Using 1,000 mg of testosterone undecanoate
injection at 6-week interval, 8 of 14 Caucasian
subjects achieved azoospermia and an additional
4 of 14 subjects severe oligospermia (<3 x 10°/
mL) at 24 weeks [152]. The authors noted that
the extent and kinetics of spermatogenic suppres-
sion with injection of 1,000 mg testosterone
undecanoate at 6-week intervals is comparable to
weekly injection of 200 mg testosterone enan-
thate. A later pharmacokinetic study concluded
that 8-week intervals of 1,000 mg injection would
be sufficient for contraceptive purposes [153].

4.5.4 Native Testosterone Pellet

Beside its ester from such as enanthate and unde-
canoate, native testosterone can also be used as
implants inserted surgically under the abdominal
skin as a form of TRT to achieve physiological
serum testosterone profile with low side effects.
McLachlan et al. [154] demonstrated that testos-
terone implants (800-1,200 mg inserted every
3 months) resulted in suppression of sperm con-
centration below 1x10%mL in 70 % of subjects
with no pregnancies ensued over 214 months.

4.5.5 19-Nortestosterone

19-Nortestosterone-hexoxyphenylpropionate
represents yet another example of testosterone
derivative with longer half-life than testosterone
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enanthate as a potential hormonal male contra-
ceptive. Used as anabolic steroid since the 1960s,
this 19-nortestosterone ester injected every 3 weeks
enabled 10 out of 12 healthy young men to reach
azoospermia or severe oligospermia (total sperm
count less than 5x 10°) [155], comparable to the
effects by testosterone enanthate.

4,56 70-Methyl-19-Nortestosterone

7a-Methyl-19-nortestosterone (MENT) was once
considered an ideal option for TRT [156] as it
does not undergo Sa-reduction, hence with much
lower effect on prostate than on other target
organs such as muscle and the pituitary. MENT
has tenfold higher potency than testosterone to
suppress gonadotropins. In a clinical trial con-
ducted by The Population Council [157] with
MENT implant inserted subdermally (each releas-
ing 200400 pg/day), it was found at 6 months
that with two implants inserted, 2 out of 11 sub-
jects became azoospermic and another 2 out of 11
became oligospermic (<3 % 10%mL) (none of 12
men with one implant exhibited sperm concen-
tration below 3 x 10%mL). With four implants, 8
of 11 subjects reached azoospermia with one
additional subject becoming oligospermic. Upon
discontinuation of the drug, subjects with one
implant had sperm concentration at or above
20x 10%mL at 30 days. Recovery time increased
at higher doses with a median time to recovery
(sperm concentration >20x 10%mL) about 3
months in the four-implant group.

Evidently, there is a considerable risk of sper-
matogenic suppression with TRT leading to
azoospermia, oligospermia, and testicular atro-
phy, a picture similar to hypogonadotropic
hypogonadism. Even for spermatozoa that
remain, anomalies in sperm morphology in head
and center pieces have been reported in studies
on anabolic steroid abuse [158—162]. According
to studies on male hormonal contraceptives and
anabolic steroid abuse, recovery of spermato-
genic function is possible, taking 4-6 months
after cessation of TRT but may take up to 3 years
or longer [132, 160, 163]. The overall proportion
of men recovering spermatogenic function is

estimated to be 90 % by 12 months, 96 % by 16
months, and 100 % by 24 months, with East
Asian ethnicity predicting a more rapid rate of
recovery [132]. Longer treatment studies with
more ethnically diverse population (e.g., inclu-
sion of African and Hispanic subjects) are
required to fully evaluate the impact of TRT on
spermatogenic suppression. For men who clearly
desire fertility, treatment of symptomatic hypog-
onadism with testosterone products should be
delayed or avoided. If assisted reproduction is
needed, fertility preservation with cryopreserva-
tion may be considered before using TRT.
Otherwise, various alternative management strat-
egies for late-onset hypogonadism, including
lifestyle modification, correction of clinical vari-
coceles [164], elimination of exposure to drugs
and other gonadotoxins, use of antiestrogen or
selective estrogen receptor modulator [165, 166],
aromatase inhibitors [167], gonadotropin injec-
tion [168], or other medical empirical therapies,
should be considered when counseling these
patients.

4.6 Conclusions

Late-onset hypogonadism is an important men’s
health issue that has significant negative impact
on various aspects of the general health and the
quality of life. As the volume of the literature on
the various aspects of late-onset hypogonadism
and TRT grows, more and more healthcare pro-
fessionals will adopt an evidence-based approach
to diagnose and manage men with the condition.
Evidently, questions and controversies do remain
on many important aspects of TRT for late-onset
hypogonadism, particularly with regard to the
various efficacy and safety issues such as the
long-term impact of TRT on strength and motor
function, prostate cancer risks, improvement in
cardiac function, reduction in cardiovascular
mortality, and bone fracture rate. Though not fre-
quently included as a point of discussion in most
recently published studies on TRT, impairment of
male reproductive health through spermatogenic
suppression is a timely and relevant issue as
men continuing to delay having children until
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such age when they are at risk to develop
late-onset hypogonadism. Healthcare profession-
als should, thus, be fully aware of the potential
negative health impacts of TRT, in addition to its
efficacy, when counseling men presenting with
late-onset hypogonadism for the various manage-
ment options.
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A Practical Approach to Recent
Advances in Ovarian Reserve

Testing

Benjamin Leader and Valerie L. Baker

“It was the best of times, it was the worst of times, it was the age of wisdom,
it was the age of foolishness, it was the epoch of belief, it was the epoch of incredulity...”
Charles Dickens, A Tale of Two Cities

5.1 Introduction

5.1.1 Progress

For pre and perimenopausal women, current
clinically available ORTs provide important new
benefits (Table 5.1) which primarily has been
driven for the last decade by advancements in
clinical research, much of which incorporates
the use of antral follicle count (AFC) and serum
biomarkers such as anti-mullerian hormone
(AMH). In the field of assisted reproductive
technologies (ART), progress with ORT clinical
research has led to improved clinical practice
with respect to prediction of ovulatory response
[1-6] and optimization of oocyte retrieval using
ORTs that can help more efficiently dose medi-
cations [7] and minimize side effects such as
ovarian hyperstimulation syndrome (OHSS)
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[8, 9]. Although not ready for routine, general
use, under appropriate guidance by a fertility
specialist, women can now obtain noninvasive,
widely accessible ORTs that provide clinically
useful general information regarding their egg
supply and likelihood of menopause being ear-
lier relative to the population average [10-13].
The recent advances with ORTs have far reaching
implications for improvements in medical care
by earlier detection of primary ovarian
insufficiency (POI) and polycystic ovary syn-
drome (PCOS), counseling regarding use of fer-
tility preservation, assessment of ovarian injury
via surgery or medications such as chemother-
apy, and monitoring of ovarian-related cancers
[14]. These advances can, therefore, directly
improve the quality of life for many women and
their partners through better medical manage-
ment as well as more informed decision making
across a wide spectrum of medical topics.

5.1.2 Challenges

Although correctly interpreted ORT results cur-
rently have great potential to benefit patients,
there remains a significant risk that the results
may be misinterpreted either by the clinician or
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Table 5.1 Overview of clinical applications of ORTs

ORT clinical Clinical outcomes
application  assessed Current clinical uses
Predict Follicular response,  Used to modify COS

response to
COS

# of oocyte retrieved,
cycle cancelation,
excessive response/
OHSS

medication/protocol to
reduce incidence of
hyper-response, counsel
poor responders

Oocyte Rates of fertilization, Counsel patients about
quality, ART blastocyst formation, likelihood of success,
success implantation, live which is program specific
birth
Natural Live birth after At best, inform women of
fertility attempts at natural possible increased risk of
conception infertility
PCOS risk/  PCOS diagnosis via  Further PCOS eval for
diagnosis Rotterdam criteria high risk, used by some in
diagnosis if APC
unavailable
Primary Menstrual If abnormal proactive
Ovarian irregularities or fertility assessments,
insufficiency absence, infertility, planning of future
poor response to COs reproductive attempts
Menopause  Last menstrual Qualitative information
Prediction period, menopausal  only regarding possibly

staging criteria

increased risk of menopause

Limitations

No consensus,
Site-specific cut
points, protocols

Variable approaches,
strong disagreement
as to clinical value
of ORT use
Thresholds not
available for routine
clinical use

No agreed upon
thresholds

Thresholds not
available for routine
screening

Specific time
estimates not ready
for clinical use
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Research applications
Optimize number of
oocytes retrieved and
medication dosing, improve
cost effectiveness, and
reduce adverse reactions
Algorithms to establish
individualized probability
estimates and improve
success

Identifying who is at risk
for being infertile, predict
current fertility, and
fertility window
PCOS-specific treatment
protocols

Establish screening
protocol with associated
medical care algorithms

Establish accurate and
specific predication of time
to perimenopause and last

earlier than average

the patient. Furthermore, the medical community
remains far from reaching consensus regarding
the use of ORTs [15]. The causes for this con-
cerning lack of consensus can be grouped into
two major areas: (1) lack of standardization and
(2) lack of tests that can assess egg quality. In the
generation and application of ORT results, major
challenges exist in standardizing testing materi-
als and methods and in widespread definitional
differences used in research and clinical care with
respect to the phenotypes of patients tested,
medical indications, clinical outcomes managed,
and selected diagnostic cut points. Overcoming
these challenges is further hampered by the testing
technology itself which currently only demonstrates
strong prediction of oocyte quantity not oocyte
quality, both of which are needed for full assess-
ment of ovarian reserve and chances of preg-
nancy. Underlying the difficulty in connecting
ORT results to oocyte quality is that oocyte qual-
ity ultimately is proven by the success of an
oocyte to develop into a healthy baby which is a
process that requires many other factors in addi-
tion to oocyte quality.

menstrual period

5.2 Definitions

5.2.1 Ovarian Reserve

A woman’s reproductive potential, as determined
by her oocyte quantity and quality, is often
defined as her ovarian reserve. Although multiple
factors contribute to a woman’s ability to have a
baby, an assessment of ovarian reserve allows
approximation of a woman’s fertility potential as
it relates to the contribution from her oocytes.
However, currently, no test can definitively
determine how many oocytes a woman has and/
or which oocytes are capable of conceiving
an embryo that can become a healthy baby.
Therefore, ovarian reserve functionally is defined
in the literature by those clinical outcomes that
can be measured. The advent of the ART field has
provided an artificial circumstance that allows
measurement of a wide variety of clinical out-
come parameters not available for measure in
natural reproduction. In fact, until recently
[16, 17], available tests of ovarian reserve were
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not validated to any natural fertility parameter but
were mainly calibrated to surrogates of only
ovarian quantity obtained from ART treatment
outcomes, such as oocytes retrieved through con-
trolled ovarian stimulation (COS). Although
future studies may prove otherwise, when com-
pared to age alone, ORTs have not consistently
demonstrated a substantially superior ability to
predict chance of spontaneous conception or live
birth rate with fertility treatment.

5.2.2 Oocyte Quantity

Although recently a question has been raised as to
whether human oocytes may be regenerated later in
life [18], most data support the concept that oocyte
supply is set at birth and is depleted over time [19].
Ironically, as the number of oocytes is not actually
measurable directly without removing and dissect-
ing the ovaries, clinical measurements of oocyte
quantity are defined qualitatively. Sonographic
assessment of the number of growing follicles
appears to correlate with the total number of
oocytes as quantified histologically [20]. Another
quantifiable, clinically available measure of oocyte
quantity is the number of oocytes retrieved through
COS. In order for response to COS to provide a rea-
sonable assessment of ovarian reserve, gonadotro-
pins must be administered at doses chosen to achieve
an oocyte number that maximizes live birth rate
without undue risk of OHSS. The number of oocytes
retrieved during an IVF attempt functions as a sur-
rogate to approximate the number of remaining
oocytes in woman [4, 6, 21-24].

5.2.3 Oocyte Quality

Oocyte quality generally refers to the ability of
an oocyte to perform its primary function: to pro-
duce a healthy baby in conjunction with the
genetic material supplied by a sperm. However,
the creation of a healthy baby involves a multi-
tude of factors such that the oocyte plays the clas-
sic scientific “necessary but not sufficient” role. It
is currently difficult to independently measure
and accurately quantify the non-oocyte contribu-
tions that are required to have a healthy baby such

as sperm or endometrial quality. Furthermore,
when fewer live births occur than embryos trans-
ferred to the recipient woman, it has historically
not been possible to definitively link an individual
oocyte to the individual baby born. Recently,
however, the increased use of elective single
embryo transfer and “genetic fingerprinting” of
each embryo prior to transfer, allows individual
assessments of oocytes or embryos to be linked to
their outcome [25-27]. Currently, oocyte quality
for a woman is not assessed at the individual
oocyte level but generally is inferred from calcu-
lated rates or averages from clinical endpoints
such as fertilization rate, blastocyst formation
rate, morphologic assessment of embryo quality,
implantation rate, and live birth rate.

5.2.4 Cumulative Live Birth Rate/Total
Reproductive Potential

As a concept, the number of oocytes avialable
that are capable of producing a healthy baby can
be further larger concepts such as cumulative
live birth rate or total reproductive potential.
There is a growing sentiment that the live birth
rate per cycle has perhaps been overemphasized
as a measure of fertility treatment success, and
instead perhaps more focus should be placed on
the cumulative chance of live birth rate over a
course of treatment which may include multiple
cycles of intrauterine insemination or multiple
fresh and frozen cycles of IVF [28]. The term
“total reproductive potential” has been intro-
duced and is defined as the chance of live birth
from one ovarian stimulation and oocyte
retrieval, including the pregnancies from all
fresh and all frozen embryo transfers associated
with this ovarian stimulation [29]. Nearly all
publications to date which have examined the
prognostic value of ORTs for IVF cycles have
focused on the live birth rate from one fresh
transfer, not the cumulative live birth rate over
multiple fresh and frozen cycles, nor the total
reproductive potential from a single cycle. It
would be valuable that future studies examining
the prognostic value of ORTs also assess cumu-
lative live birth rate and/or total reproductive
potential as outcomes of interest.



54

B. Leader and V.L. Baker

Table 5.2 Qualitative overview of ORT correlation strength to various clinical outcomes

ORT Modality
AFC Imaging
AMH Biomarker
FSH Biomarker
Inhibin B Biomarker
CCCT/ Patient
EFFORT (rise response
in FSH/Inh B)

Outcome of  Patient
Prior ART response
cycle

Response
to COS

++

++

+/—

++

++

Combinations Multivariate +

Live
birth
rate

+

++

Natural
fertility
+

PCOS POI Menopause Comment

++ ++ + Widely available in ART centers.
Highly user dependent, although
automated systems may reduce
user variability. Obesity may
limit use

++ ++  ++ Measure across menstrual cycle.
Can vary significantly within
individuals, although less than
other ORTs. Multiple charging
diagnostic platforms in past and in
future with no reference materials

+ ++ o+t High cut points identify poor
response or success in a small
percentage of patients but with
poor sensitivity

- + o+ Confirmatory of other markers.
Recent change in available
diagnostic platforms associated
with poor performance in many
studies

- + - Can increase predictive
performance of FSH and Inhibin
B. Requires two measurements
and medication dose with modest
additive information to single
marker such as AMH or AFC.
Infrequently used

- ++  + Not possible to use in initial
assessment. Stronger data in
older patients

- - ++ Heterogeneity of study design
and ORTs prevent meaningful
comparisons. Published studies
show at best modest improvements
currently but with continuing
improvement

++ multiple published studies from multiple sources supporting strong correlation; + some evidence establishing a cor-
relation with possible contradictory results in other studies; +/— recent studies not supportive of association; — insufficient
evidence to support association

5.3.1 Imaging

53 Modalities of Ovarian Reserve

Testing

Ultrasonography is the imaging modality of
choice for testing ovarian reserve generally via a

Broadly speaking, in conjunction with a proper transvaginal ultrasound probe which can provide
history and physical exam, there are at least three  ovarian volume measurements or antral follicle
common modalities of ORTs: imaging, biomarker counts (AFC). AFC is the more commonly used

testing, and ovarian response itself (Table 5.2).

metric in the literature and identifies follicles
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generally from 2 to 10 mm in diameter [30].
Although AFC is most frequently obtained manu-
ally counting follicle diameter, there are efforts to
automate the processing of the images to provide
count and volume measurements with the thought
there would be less user-dependent variability
[31, 32]. Ovarian volume has also been consid-
ered as a potential ORT, but studies demonstrate
it not to be as predictive of ovarian response as
AFC [5, 30, 33]

5.3.2 Biomarkers

Biomarker testing primary involves biochemical
evaluation of the hypothalamic pituitary ovarian
(HPO). A frequently used biomarker historically
and currently is follicle stimulating hormone
(FSH) which is secreted by the pituitary and is
well known to begin to rise early in the menstrual
cycle to stimulate follicles to mature and become
candidates for ovulation [34]. Excess FSH secre-
tion and follicle stimulation is prevented through
subsequent FSH suppression by rising levels of
estradiol from oocytes, as well as by the glycopro-
tein hormone, inhibin B, which is produced by
granulosa cells of pre-antral and antral follicles
[35]. FSH secretion may vary widely from cycle
to cycle (perhaps warranting the nickname
“Fluctuating Severely Hormone”), with the prog-
nostic value of the test being most accurate with
the highest values [36, 37]. This fluctuation cre-
ates the problem that FSH may often be falsely
reassuring regarding the status of ovarian reserve
[38]. Antimullerian hormone (AMH) is also a gly-
coprotein secreted by granulosa cells like inhibin
B but from early stage follicles and acts to inhibit
FSH effects on the follicle [39]. AMH is different
from FSH and inhibin b in that levels during the
menstrual cycle remain fairly constant when aver-
aged across a population [40-44]. However, it
should be emphasized that within individuals,
there can be significant changes in AMH levels
within a cycle [45]. While AMH variability is
clinically significant (perhaps also deserving a
nickname, “Also Meandering Hormone”) it shows
less variability than most other ORTs when remea-
sured. Lastly, AMH has been shown at a popula-
tion level to decline gradually in an almost linear

fashion [46-49], while FSH is known to remain
relatively constant or rise slowly until a rapid rise
is observed in the perimenopausal stage [19]. An
important area of research is to determine within
individuals what patterns of AMH decline exist
which underlie the gradual age-dependent decline
in average AMH values observed at a population
level. It also is possible that at some point in the
future, genetic markers such as FMR1 will also be
tested more routinely to help predict whether a
woman is at risk for development of premature
depletion of oocyte supply [50, 51].

5.3.3 Ovarian Response

Incorporation of the patient response to the diag-
nostic process can be assessed with a mixture of
medication and multiple biomarker measure-
ments, referred to as dynamic or provocative test-
ing. In addition, the actual outcome of an ART
cycle itself has been reported to predict future
response in certain patient populations. Commonly
cited dynamic tests include the clomiphene citrate
challenge test (CCCT) which measures serum
FSH just prior and after 5 days of clomiphene
treatment beginning on cycle day 5; the exoge-
nous FSH ovarian reserve test (EFORT) which
measures serum FSH and/or inhibin B just prior
to administration FSH on cycle day 3, then mea-
sured again 24 h later [1, 5, 52-54]. Attempting to
incorporate patient response into the diagnostic
assessment is expensive and logistically difficult
which likely has decreased the prevalence of the
use of this modality. However, ultimately, the
number of high quality oocytes retrieved in COS
may be considered one of the major clinical out-
comes of interest and closest surrogate for quanti-
tative aspects of ovarian reserve. Thus, the patient’s
response to COS itself serves as a helpful modality
to assess ovarian reserve [55, 56].

5.3.4 Multivariate Approaches

As more ORTs become available and more patient
subphenotypes are defined, the clinician is faced
with an increasing number of variables. This
presents the challenges of answering which tests



56

are most predictive of the outcome of interest, are
several tests better than one test, and how should
the tests be weighted? The reality is each clini-
cian uses a multivariate approach when making
daily decisions, often referred to as the “art of
medicine.” The clinician must intuitively weight
dozens of variables contained in the past medical
history, age, and physical exam with the ORT
results but without clear data about how many of
these inputs change accuracy. Attempts are now
being made to potentially improve the perfor-
mance of ORTs by combining them mathemati-
cally in algorithms to allow optimized weighting
and produce clinically usable information [31,
57-61]. The same issues that prevent consensus
with single ORT use are magnified with use of
index scores and multivariate approaches —which
makes it even more difficult to compare studies.
Currently, the gains shown by published studies
are modest at best for use of ORTs and age at pre-
dicting COS response and success of ART treat-
ments and have conflicting conclusions. Meta
analyses that seek to combine data from multiple
centers and laboratories can be problematic given
the heterogeneity of the testing methods, patients,
and treatment protocols and it is not surprising
that they obtain results that show poor associa-
tions [62-64]. Yet, if multivariate models are
used to synthesize consistent ORT methodology,
patient populations, and treatments, it is quite
possible that the information obtained from com-
bining biomarkers, imaging techniques, and
genetic variants, will be more informative and
easier to apply clinically.

5.4  Current Clinical Applications

of Ovarian Reserve Tests

Descriptions regarding the current clinical appli-

cations of ORTs (Table 5.2) are provided below

but there are certain caveats that apply almost

uniformly to these applications:

 First, the wide variety of definitions used for
patient populations, exposures, ORT selec-
tion, and methodology, prevents any actual cut
points from being generally recommended
without first defining the aforementioned vari-
ables precisely.
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e Secondly, ORT values exist on a continuum
and can fluctuate within individuals due to
inherent biological variability, such that single
measurements can be misleading with fre-
quencies that depend upon the ORT and patient
population. Thus, cut points for ORTs, which
are useful to compare assays or establish clinical
algorithms, should be used cautiously and the
reliance on one ORT modality should be
avoided for definitive management decisions.
The consequence of these caveats is that prac-

tical approaches may require more effort by the

clinician when initially establishing a clinical
strategy to navigating the use of ORTs including

(a) gaining an understand from where cut points

and value ranges were derived for a chosen ORT

source and (b) if that relates appropriately to the
clinical outcomes and patient population being
managed.

5.4.1 ORTs for Predicting Response To

Controlled Ovarian Stimulation

Although additional applications of ORTs are
developing and in clinical practice, identifying
low and high responders to COS may be the most
well-established use. The term “low” rather than
“poor” and “high” rather than “good” is selected
here to emphasize and focus on the quantitative
aspect of response to COS separately from oocyte
quality and ART cycle success.

5.4.2 Low Responders

The literature can be confusing as most of the
ORTs have studies demonstrating cut points
which can yield sensitivities and/or specificities
above 80-90 %. There now have been a number
of studies that have compared the performance
characteristics of most ORTs together, including
basal FSH, inhibin B, estradiol, AMH, and AFC.
AMH and AFC perform fairly consistently with
greater overall correlation to low response than
age or other single ORTs, which, given the hetero-
geneity of study designs, attests to their strong
correlation to response to COS [1, 3, 6,21-23, 31,
54, 65]. Although some studies have tried to
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determine which performs better, AFC or AMH,
results have shown fairly similar performances
when both ORTs are performed well although
some may believe AFC to be slightly better than
AMH when in the hands of experienced clini-
cians [66, 67]. It should be noted, however, that
none of the ORTs have demonstrated, through
multiple publications from several groups,
sufficient sensitivity or specificity to predict with
certainty the outcome in ART, even for oocyte
quantity.

Some studies have shown basal serum FSH to
have clinically helpful specificity for poor
response [36, 68], with one study showing of up
to 100 % specificity but only when a high cut
point for normal is utilized and with sensitivity
too low to be used alone as an ORT [68]. Basal
Inhibin B, initially showed promise as an ORT in
studies using the inhibin B system from Serotec,
LTD [69, 70]. However, subsequent studies [1, 6]
failed to reproduce similar accuracy for inhibin
B, commensurate, interestingly, with the lack of
availability of the Serotec platform. Dynamic or
provocative tests such as CCCT and EFORT
(using both FSH and inhibin B) [2, 71-73] have
consistently shown clinically useful sensitivity
and/or specificity often superior to other single
ORTs. However, the requirement for two mea-
surements and medication has likely led to mini-
mal use, especially when evidence exists that a
single measurement of a single ORT may have
sufficiently similar accuracy [54].

5.4.3 High Responders

Certain ORTs consistently demonstrate the
significant ability to predict, independently of age,
which women will likely be high responders to
COS which has important benefits to reduce com-
plications of excessive response (e.g., OHSS and
cycle cancelation) and also to reduce consumption
of gonadoptropins. There are now numerous
studies demonstrating clinical utility of ORTs
with respect to a wide variety of definitions of
excessive response including high estradiol levels,
withdrawal of stimulation (“coasting”), cycle can-
celation, high number of oocytes retrieved, and
more severe conditions associated with OHSS

such as accumulation of ascites and hospitalization
[8, 54, 62, 74-76]. For example, in a study of 110
patients with excessive response defined as greater
than 20 oocytes retrieved, investigators could
demonstrate that an AFC cut point could select
11 % of patients and identify hyper-response with
50 % and 96 % sensitivity and specificity, respec-
tively [54]. Using moderate and severe OHSS as a
clinical outcome, in a study of 262 patients, an
AMH cut point which identified 25 % of the
patients also performed with 91 % sensitivity and
81 % specificity, respectively for OHSS [8].
However, despite the variation in the definition of
excessive response outcome and also variation
with cut point selection, AFC and AMH showed
across multiple studies clinical helpful perfor-
mance characteristics and frequently performed
better than most other ORTs for both sensitivity
and specificity. As both AMH and AFC measure-
ments exist along a continuum, for practical imple-
mentation, one must chose the definition of
excessive response and identify internal thresholds
for management changes.

5.4.4 Oocyte Quality, Live Birth Rate
in ART

With respect to ART treatments, the studies per-
formed to date have not demonstrated with
sufficient consistency or robust predictive power
a clinically helpful relationship between ORT
results and oocyte quality or pregnancy success
that is widely applicable with specific cut points
[19]. That said there have been studies which
demonstrate remarkable results in specific cir-
cumstances that could dramatically help guide
care. For example, in a study of serum basal FSH
measurements in over 8,000 cycles from one cen-
ter with a single FSH measurement source, FSH
thresholds could make clinically helpful, age
group specific, robust predictions of chances of
live delivery per ART cycle start along a contin-
uum of values [68]. Values above certain thresh-
olds demonstrated 100 % specificity for failed
cycles although those thresholds only identified
about 1 in 30 women tested above 40 years of age
and 1in 324 women tested under age 35. However,
other differently structured studies arrive at dif-
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ferent conclusions such as FSH being valuable
predicting live birth only in certain age groups
[77] versus no ability to predict live birth better
than age alone as concluded by a recent
meta-analysis which used 28 databases to
aggregate data from 5,705 IVF patients and mul-
tiple FSH diagnostic platforms [64]. A number of
studies indicate that AMH or AFC levels do not
predict treatment success [21, 78]. This conflicts
with the findings other published findings [60,
76, 79] including a recent study externally vali-
dated an AMH-based live birth prediction model
to, independent of age, predict live birth in 822
patients with statistical significance, although the
confidence intervals were wider than some may
view as clinically helpful [59].

The lack of consensus and conflicting medical
literature is not surprising given the multifacto-
rial nature of embryo development into a healthy
baby. However, the heterogeneity of study
designs, an inability to control for confounding
variables, and insufficiently robust biological
association of ORTs to live birth rate, presents
serious hurdles to overcome in the quest for con-
sensus. Thus, applications of ORTs in predicting
live birth currently must remain a user-defined,
site-specific approach. Future studies that examine
the prognostic value of AMH, AFC, or other tests
on cumulative live birth rate or total reproductive
potential as described above are needed. It is quite
plausible that any measure that predicts oocyte
number of retrieval may be a better predictor of
the success of fresh and frozen embryo transfer
combined, than it would be of fresh cycles only
because more embryos are likely to be frozen if a
greater number of oocytes are retrieved.

5.4.5 Overall Fertility and Recurrent
Pregnancy Loss

Clinical justification for ORT use in the general
population to assess fertility is beginning to
appear. Evidence is mounting that infertility is
associated with lower ORT values as demon-
strated by lower AFC in 881 infertile women
without PCOS compared to 771 women without
the diagnosis of infertility [16]. In another pro-
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spective study of 100 general population women
attempting to conceive, early follicular phase
AMH was shown to predict fertility rates [17].
Thus, it appears promising that ORT results will
play a future role in fertility assessment of the
general population.

Data on miscarriage and ORTs are scant and
primarily derive from patients receiving ART
treatment. One retrospective study showed no
association with highest serum basal FSH and
fetal aneuploidy [80] in 177 spontaneous miscar-
riages associated with 70 euploid and 107 aneu-
ploid offspring. No association with AFC, FSH,
and CCCT was demonstrated prospectively com-
paring values in 77 women with pregnancy loss
versus 233 with ongoing pregnancy [52].
However, AFC was shown to be predictive of only
first trimester loss in 67 patients with miscarriage
compared to 247 controls with ongoing preg-
nancy, although the overall association was weak
with an ROC curve AUC of 0.588 [81]. Recently,
in a study of women undergoing aneuploidy
screening of embryos followed by IVF of 279
women, those with reassuring FSH and AMH
values generated lower rate of all aneuploid blas-
tocysts compared to 93 women with concerning
FSH and/or AMH (35 % vs. 14%, P<0.001)
[82]. It was further noted that when both FSH and
AMH were concerning, the highest percentage of
aneuploid blastocysts was observed (77 %) com-
pared to only one being concerning (58.5 %,
58.8 %) and both reassuring (51.7 %). Thus, it
appears that ORTs may be useful in predicting
increased risk of miscarriage.

5.4.6 PCOS, POl, and Menopause

As research has advanced and ORTs such as AFC
and AMH have become more widely used, help-
ful clinical information for patients can be applied
to help identify, diagnose, and manage other dis-
eases and processes not strictly related to attempts
to have a child.

AMH is now also being proposed by some as an
alternative criterion to diagnose women with PCOS
or to identify women at high risk for PCOS [83]. One
recent study, which included by 66 women without
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PCOS or polycystic ovaries and 62 confirmed PCOS
by hyperandrogenism and oligomenorrhea, identified
an optimized AMH cut point demonstrating 92 %
sensitivity and 97 % specificity for PCOS [84].
However, the use of AMH in this context remains
controversial and has not been adopted in official cri-
teria for PCOS diagnosis.

Perhaps the most exciting developments relate
to early detection of POI and long-term prediction
of the menopausal transition and menopause. As
AMH and AFC levels, at a population level, dem-
onstrate a gradual almost linear decline [46—49],
these ORTs have applications in both early detec-
tion of POI prior to symptoms and long-term pre-
diction of menopause onset. Earlier identification
of women at risk of POI may help them avoid the
most severe consequences of this disease such as
missing the opportunity to have children with
their own eggs as well as other complications
associated with early menopause such as bone
loss and increased cardiovascular events [14].

Although AMH, AFC, FSH, and Inhibin B
have all been published as being able to add
significantly more predictive power to prediction
of menopause than age alone, AMH and AFC
appear to show the better performance character-
istics [11-13, 85]. Furthermore, it may be rates of
change are more predictive than single measure-
ments [85, 86]. As increasing amounts of indi-
vidualized longitudinal data are becoming
available, the confidence intervals around age of
the predicted last menstrual period are becoming
narrower [87]. Subphenotypes may be further
defined that can increase predictive information,
such as genetic interactions with ovarian reserve.
For example, one study of 240 women indicated
that FMR1 repeat length was associated with a
54 % difference in AMH level [50]. Another
recent study identified several genetic markers in
450 women that were associated with ovarian
follicle number and menopause [88]. At this junc-
ture, the published literature on menopause pre-
diction appears sufficiently consistent such that,
if a women has an AMH or AFC value very low
for her age using a well-calibrated testing source,
it would be questionable not to alert her at least
about the increased possibility of earlier than
average menopause. This knowledge can allow a
woman to proactively address her desired plan

for future childbearing. In addition, a woman
with ORT results substantially low for her age
can proactively address the risk of long-term
medical issues such as osteoporosis, cardiovas-
cular disease, and certain forms of cancer which
are more prevalent in women with early meno-
pause [14].

With the availability of clinically validated
egg preservation technologies, there is now the
ability to dramatically increase the length of time
a woman has to have a child with her own eggs
[89]. This significant advancement has clear
immediate application to preserve eggs, for
example, prior to receiving ovarian toxic treat-
ments such as chemotherapy [90]. However, the
combination of egg preservation and the develop-
ing predictive power of ORTs, presents society
with the double-edged sword of providing a
safety net for possible future ovarian reserve-
related infertility, but the risk of encouraging
women to delay natural attempts at conception.

5.4.7 Exogenous Hormone Use

Influence on AMH levels by exogenous hor-
mones has been clearly demonstrated [91]. While
some publications suggest that oral contraceptive
pills (OCPs) do not affect AMH or AFC levels
[92], it now is becoming clear that OCPs such as
monophasic estrogens can lower AMH and AFC
levels [93, 94]. In one study of 25 women on
OCPs for more than 3 months significant improve-
ment in AMH and AFC parameters were observed
after the second menstrual cycle without OCPs
[95]. This was confirmed in a complementary
study with 44 women off OCPs for at least 3
months who showed an average reduction of
approximately 50 % in AMH by week 9 of OCP
use [96]. This indicates that if a woman has a
concerning AMH or AFC while on an estrogen
OCP, it may be helpful to retest after stopping the
OCP use for two cycles if the retesting would
change management. However, if the AMH level
is reassuring while on estrogen OCPs, the above
recently published studies indicate it will likely
remain reassuring off OCPs. While there may be
logical ways to extract clinically helpful informa-
tion in certain scenarios with patients taking
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OCPs, careful attention should be paid to the use
of exogenous hormones when interpreting ORTs.

5.5 Current Challenges

5.5.1 Biology
One of the biggest barriers for current ORTs in
achieving the desired narrowness of confidence
intervals for predicting clinical outcomes is the
inherent biological flux associated with biomark-
ers of the HPO axis. If ORT results can fluctuate
in clinically significant amounts with some fre-
quency, there is an intrinsic limit to the accuracy
of the test regardless of study design, sample size,
and uniformity of patient population. It has long
been recognized that FSH levels fluctuate dra-
matically between from cycle to cycle [36, 37].
The recently more popular ORTs, AFC and
AMH, receive much focus in part because the
average value in the population does not show the
same dramatic dependence on the stage of the
menstrual cycle as FSH, inhibin B, LH, or estra-
diol [44, 97]. While this has important logistical
benefits by not requiring measurement at a par-
ticular time of the menstrual cycle, especially in
those women who do not regularly menstruate or
have had a hysterectomy, this does not address
the larger issue of values being clinically
significantly different in the same individual
when retested even within the same menstrual
cycle. For example, Sowers et al. measured AMH
every day of the menstrual cycle, demonstrating a
consistent AMH average throughout the men-
strual cycle in five groups of five women with
similar AMH values [44]. However, closer exam-
ination of the data points showed two of five
women with similar average AMH values having
daily values of approximately 0.6 and 0.75 ng/ml
for half the cycle and nearly 2 ng/ml for the other
half of the menstrual cycle. This finding was
recently observed again in a population of 44
women retested within a menstrual cycle [45].
The other major biologic barrier for ORTs to
assess accurately the ability of a woman’s oocytes
to produce a healthy baby, is that from fertilization
onward, numerous other confounding variables

B. Leader and V.L. Baker

are required in the process. A successful pregnancy
depends upon many factors such as a sufficiently
healthy sperm and a receptive endometrium.
This presents a significant challenge both in the
current ability to diagnostically assess these vari-
ables accurately and separately, and, statistically,
in the number of patients needed to appropriately
power studies that would seek to perform the
extensive subset analysis required.

5.5.2 Standardization

While the biology of the human reproductive sys-
tem is difficult to control, the fertility field is
challenged with lack of consistency in almost
every aspect of ORT study design to the point
that the latest American Society for Reproductive
Medicine practice guideline concluded that there
is no consensus as to the definition of ovarian
reserve and the evidence for the tests which mea-
sure it is at best “fair” [19]. Substantial variation
can be seen in study population phenotypes, treat-
ment regimes, clinical outcomes assessed, choice
of ORT(s), and method of analysis, and use of
cut points.

When it comes to performance of the ORTs,
dramatic differences can exist in the reported
value and clinical performance for the same
sample depending upon the diagnostic platform
chosen (Fig. 5.1). The best example perhaps of
this is the history of inhibin B which showed
clinically useful performance with the Serotec
kit [69, 70] and not with the DSL kit that replaced
it, leading to the likely unrepairable clinical dis-
trust of this biomarker [1, 6]. One misconception
is that automation and FDA clearance resolve
issues with consensus. While FDA clearance and
automation improved the assay performance and
ease of measurement for serum FSH, this has not
led to establishment of consensus regarding FSH
testing despite over 20 years of publications
regarding its use [19]. Differences in diagnostic
platforms are not clear on reports provided to
clinicians frequently. These differences can be
substantial as in the recent College of American
Pathology Surveys 2011 Y-B Ligand publication
demonstrated that 434 laboratories produced an
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Affect of Variability by Source | Range of
“True” possible
ORT Value | Biological Exogenous TestingSource reported
Fluctuation Hormones Methodology ORT Values
Examplel: one source ofvanabmty
AMH A 2.0ng/ml
1.5ng/ml 1.5ng/ml
1 1.0 ng/ml
3 sources of variability combined
2.5ng/ml
Example2: //
AMH /
4
1.5ng/ml & - & = - 1.5ng/ml
\\\\
N
0.5 ng/ml

Fig. 5.1 Effect on reported ORT value by three different
sources of variability. When retesting the same patient with
an ORT, a minority, but significant fraction of the time one
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value is clinically different from a patient’s “true” or most
representative value. At least three factors can affect this.
(1) Biological flux of ORTSs can be substantial. (2) Exposures
to medications such as oral contraceptive are now known to

acceptable mean FSH value of 34 IU/L while,
with the same reference sample, 151 other labo-
ratories produced an acceptable mean value of
19 TU/L, the difference being the FSH analyzer
platform.

Unfortunately, for the two ORTs currently
receiving the most attention, AFC and AMH, ref-
erence standards don’t even exist. AFC is a highly
user-dependent modality and, despite attempts at
international standardization, there remains some
inconsistency in the size of follicle to include in
the AFC with obesity further complicating inter-
pretation or rending it impossible [30]. The mea-
surement of AMH has undergone three kit
changes (Immunotech, DSL “Genl,” Beckman/
DSL “GenlI”) in the past 3 years, with a new one
arriving on the market shortly along with auto-
mated platforms and blood spot tests on the way
[98-100]. Although the clinical correlations
observed with different AMH kits are consistent,
different AMH kits often have inconsistent con-

affect results of ORTs such as AMH and AFC. (3) Although
testing methods may have minimal variability within a cho-
sen source, the between source assay differences may be
substantial. The affect of any single source of variability
can be clinically significant (example 1) and even more so
if multiple sources of variability are present and combine I
the same direction (example 2)

version equations published between the others.
This makes extrapolation of results from one kit
to another risky to interpret a clinical report for a
patient without conducting careful validation
experiments. It is also very important for clinicians
to be aware that values in the literature may have
been performed using a different assay and thus
may not be readily applicable to the results of
their patients. Additionally, the use of the same
AMH kit can produce dramatically different val-
ues depending on a variety of factors including
the treatment of sample and the laboratory meth-
odology. Furthermore, as previously discussed,
the influence of exogenous medications such as
OCPs were once considered of no consequence
now are recognized as significantly affecting
ORT results. However, most importantly clinical
value ranges, which determine the treatment, are
frequently set by the laboratory based upon CLIA
requirements to establish a general mean and dis-
tribution in a general population and not upon the
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Table 5.3 Practical steps to optimize the use of ORTs

6 Steps to optimize ORT use

Recognize lack of
consensus for ORT use
purpose
Identify at least two
ORTs
Establish how ORT
clinical value ranges
were generated
ranges for any source of ORT
Verify no changes in
calibration on a regular
basis
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Recognize consensus does not currently exist regarding ORT interpretation and that utility
but depends upon your chosen ORT, clinical parameters, patient population, and clinical

Choose at least two ORTs from preferably two different modalities if available (e.g., AFC
and AMH). Minimizes impact of variability of an individual ORT fluctuation

Identify a consistent source of ORTs if possible and understand how value ranges relate to
clinical outcomes being manages. Avoid applying thresholds used in publications which
utilize ORT sources with no link to your current source. Ideally establish internal value

Unfortunately, there are frequent changes in assay materials, lab methodologies, treatment
modalities that can change the interpretation of results. Verify if practical once every 6
months to a year with the laboratory director of any consistently used sources of ORTs

Be aware estrogen-based Recent data suggest estrogen-based OCPs can lower AMH and AFC results. However,

OCPs may lower AMH
and AFC

if a patient already has reassuring values on OCPs, it is likely they would remain
reassuring off OCPs. If consider retesting on the second natural cycle off OCPs if a

different ORT result would change management

Avoid definitive
predictions based

clinical outcomes being managed by the test. For
example, a “normal range” for AMH can be 0 ng/
ml to 6.9 ng/ml which spans the gamut of ovarian
failure (depleted ovarian reserve) to high risk for
OHSS or PCOS (high ovarian reserve).

The above challenges can unfortunately be
additive and pose a significant risk of clinically
miscategorizing a patient if careful steps are not
taken to avoid this (Fig 5.1). Fortunately, there
are practical ways to minimize the chance of mis-
guiding care with ORT use.

5.6 Practically Optimizing
the Use Of ORTs
5.6.1 It's The Approach, Not Just the

Test

The pattern that consistently emerges from liter-
ature assessing ORTs is that performance and
utility depend upon the user’s decisions regard-
ing patient populations, treatments, ORT selec-
tion, and methodology. Furthermore, the value
of a particular ORT’s PPV and NPV depends
upon prevalence of the clinical outcome in the
intended use population, which can vary dramat-

ORT information should refine, not define clinical management

ically, for example, with diminished ovarian

reserve in an oocyte donor screening program as

compared to counseling a woman about IVF
using her own oocytes. Thus, minimizing the
risk of misinterpretation of ORT values requires

a methodical approach, which may involve some

initial effort to establish (Table 5.3). One

approach is described below:

e The first recommended practical step is to
recognize that consensus does not currently
exist regarding ORT interpretation and utility
and expend the effort necessary to establish
one’s desired approach.

e Second, the fluctuation of ORT results and
possible sources of error makes important uti-
lizing at least two different ORTs when evalu-
ating a patient. Frequently, this is possible as
other ORTs, such as FSH and estradiol, have
other utilities in the initial assessment of a
patient, and therefore to combine this with
AFC and/or AMH is logistically reasonable.
The use of different modalities such as imag-
ing and serum testing has the added benefit of
it being less likely to have an error, such as
improper specimen handling, affect both
modalities.
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Third, it would be ideal, but frequently not
possible, to establish a consistent source of
ORTs and obtain an understanding of how the
clinical value ranges are determined. The ideal
scenario is that each practitioner ultimately
clinically calibrates his/her ORTs against his/
her own outcome data, but this is often times
not feasible. Practically speaking, as it is not
possible to track down the source of every
outside laboratory result, judicious use of
retesting at a familiar source should be consid-
ered if retesting could significantly change
clinical management.

Although perhaps an unpleasant truth, the
materials and methods change, not infre-
quently, for ORTs and vigilance with respect
to the affect this change would have on inter-
pretation is important. If one uses regularly
one or two sources for ORT results it would
not be unreasonable to perform a brief inquiry
of the laboratory director once or twice per
year as to if there were any changes with a
chosen source of ORT that could affect value
ranges.

Fifth, as many women use OCPs and it is
difficult at times to stop taking them, a practi-
cal method for tests such as AMH or AFC is to
obtain the values and if reassuring consider it
sufficient to use this value as recent data indi-
cates it is likely that the ORT result remain
reassuring if not more so off estrogen OCPs. If
AMH and AFC are concerning while on an
estrogen-based OCP, one can consider then
retesting off OCPs if management decisions
would change.

Sixth, overall, one should be very cautious
and avoid, if possible, counseling a patient
solely based upon ORT values since the cer-
tainty of outcome for these tests is not
definitive. Ultimately, it is advisable to use
ORTs to influence rather than direct clinical
management.

Case 1

A healthy 28-year-old female with no prior
attempts at conception is considering
attending medical school and presents to
fertility specialist, referred by general
practitioner with an AMH value of 2.0 ng/ml
by an outside laboratory with normal range
reported as 0-6.9 ng/ml.

Patient: “Will I still be able to have children
in 8 years after I finish medical school and
residency?”

Clinician: “With no family or medical
history concerning for early loss of fertility,
it would be wise to recheck this lab value
before drawing any conclusions. In the
meantime, let’s obtain an antral follicle
count today by ultrasound”

AFC shows a total of ten follicles between 2
and 10 mm. Rechecking of the AMH at a
different laboratory regularly used by the
clinician with well-established value ranges
returns value of 0.6 ng/ml which fell into a
range that was consistent with the patient
already being at high risk for poor egg supply.
Discussion at next visit:

Clinician: “Rechecking your AMH shows
you have a value that is low for your age
and that you already are at risk for low egg
supply. There are now several studies from
several sources that show women with low
AMHs are more likely to go into menopause
sooner than women with high AMHs of the
same age. While we can’t give you any
specific prediction about your fertility
window, you are at likely at higher risk than
the average to have menopause earlier and
thereby have a shorter fertility window. If
having children right now is not want you
want or are able to do, you may want to
consider egg cryopreservation. While long
term follow up data isn’t yet available we

5.6.2 Clinical Example are cautiously optimistic about there not
being significant difference between babies
Given the especially ambiguous nature of ORT born through natural conception versus

results and lack of consensus, a short case sce-
(continued)
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Case 1 (continued)

babies born through IVF using preserved
oocytes.”

Patient: “Why was my AMH lab value so
different when you retested it?”

Clinician: “It could be natural fluctuation
or differences in the methods of
measurement. Let’s revaluate in the next
several months and also try to figure out
what you would like to do about planning
your future family building goals.”

nario is presented with possible responses to bet-
ter illustrate use of the recommendations. This
scenario is not intended to represent consensus
views or incontrovertible information.

5.7 Conclusion

Research over the past 10 years has demonstrated
a wide variety of clinical utility for ORTs such as
improving COS management, risk stratification
for ART treatment success, identification of
women at risk for infertility, more sensitive detec-
tion of diminished ovarian reserve, prediction of
time until menopause, and adjunctive use to iden-
tify and/or diagnose PCOS. The ORTs, AMH and
AFC, have each emerged as the two most predic-
tive individual ORTs for responsiveness to COS
for retrieval of oocytes as well as sensitive
identifiers of diminished oocyte supply, proxim-
ity to menopause, and likelihood of PCOS. Many
of these research findings are currently applied
with clinical benefit.

While the potential advantages of ORT use in
clinical medicine is clear, with the biological
fluctuations in ORT results, the complexity of
fertility assessment, and lack of standardization,
consensus is not possible regarding most of the
above utilities, and the risk of misguiding clinical
care using an ORT result is high if appropriate
steps are not taken by clinicians. This risk can be
minimized by (1) recognizing that performance
of an ORT is specific to the source of ORT and
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the clinical environment in which it is applied,
(2) identifying at least two different ORTs for
use, (3) use a consistent source of ORT results
where possible with an understanding of how the
values relate to the clinical outcomes being man-
aged, (4) inquiring periodically about assay
change at a chosen ORT source which could
change interpretation, (5) avoiding use cut points
from publications without understanding how
they apply to your source of ORT, (6) paying
attention to exogenous hormone use, and (7)
avoiding the use ORTs alone to make clinical
decisions. This approach likely will reduce the
risk of misinterpretation of results while simulta-
neously harnessing the information ORTs can
provide to improve clinical care.

References

1. Broekmans FJ, Kwee J, Hendriks DJ, et al. A sys-
tematic review of tests predicting ovarian reserve
and IVF outcome. Hum Reprod Update. 2006;12(6):
685-718.

2. Dzik A, Lambert-Messerlian G, Izzo VM, et al.
Inhibin B response to EFORT is associated with the
outcome of oocyte retrieval in the subsequent in vitro
fertilization cycle. Fertil Steril. 2000;74(6):1114-7.

3. Gnoth C, Schuring AN, Friol K, et al. Relevance of
anti-Mullerian hormone measurement in a routine
IVF program. Hum Reprod. 2008;23(6):1359-65.

4. Jee BC, Ku SY, Suh CS, et al. Serum anti-Mullerian
hormone and inhibin B levels at ovulation triggering
day can predict the number of immature oocytes
retrieved in in vitro fertilization cycles. J Korean
Med Sci. 2008;23(4):657-61.

5. Kwee J, Elting ME, Schats R, et al. Ovarian volume
and antral follicle count for the prediction of low and
hyper responders with in vitro fertilization. Reprod
Biol Endocrinol. 2007;5:9.

6. Riggs RM, Duran EH, Baker MW, et al. Assessment
of ovarian reserve with anti-Mullerian hormone: a
comparison of the predictive value of anti-Mullerian
hormone, follicle-stimulating hormone, inhibin B,
and age. Am J Obstet Gynecol. 2008;199(2):202.
el-8.

7. van Tilborg TC, Eijkemans MJ, Laven JS, Koks CA,
de Bruin JP, Scheffer GJ, et al. The OPTIMIST
study: optimisation of cost effectiveness through
individualised FSH stimulation dosages for IVF
treatment. A randomised controlled trial. BMC
‘Womens Health. 2012;12:29.

8. Lee TH, Liu CH, Huang CC, et al. Serum anti-Mul-
lerian hormone and estradiol levels as predictors of
ovarian hyperstimulation syndrome in assisted



5 APractical Approach to Recent Advances in Ovarian Reserve Testing 65

10.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

reproduction technology cycles.
2008;23(1):160-7.

Hum Reprod.

. Yates AP, Rustamov O, Roberts SA, et al. Anti-

Mullerian hormone-tailored stimulation protocols
improve outcomes whilst reducing adverse effects
and costs of IVE. Hum Reprod. 2011;26(9):2353-62.
Freeman EW, Sammel MD, Lin H, et al. Anti-
Mullerian hormone as a predictor of time to
menopause in late reproductive age women. J Clin
Endocrinol Metab. 2012;97(5):1673-80.

. Sowers MR, Eyvazzadeh AD, McConnell D, et al.

Anti-Mullerian hormone and inhibin B in the
definition of ovarian aging and the menopause transi-
tion. J Clin Endocrinol Metab. 2008;93(9):3478-83.
Tehrani FR, Shakeri N, Solaymani-Dodaran M, et al.
Predicting age at menopause from serum antimulle-
rian hormone concentration. Menopause. 2011;
18(7):766-70.

Tehrani FR, Solaymani-Dodaran M, Azizi F. A sin-
gle test of antimullerian hormone in late reproduc-
tive-aged women is a good predictor of menopause.
Menopause. 2009;16(4):797-802.

. Nelson LM. Clinical practice. Primary ovarian

insufficiency. N Engl J Med. 2009;360(6):606—14.
Practice Committee of the American Society for
Reproductive Medicine. Testing and interpreting
measures of ovarian reserve: a committee opinion.
Fertil Steril. 2012;98(6):1407-15.

Rosen MP, Johnstone E, Addauan-Andersen C, et al.
A lower antral follicle count is associated with infer-
tility. Fertil Steril. 2011;95(6):1950-4. 4 el.

Steiner AZ, Herring AH, Kesner JS, et al.
Antimullerian hormone as a predictor of natural
fecundability in women aged 30—42 years. Obstet
Gynecol. 2011;117(4):798-804.

White YA, Woods DC, Takai Y, et al. Oocyte forma-
tion by mitotically active germ cells purified from
ovaries of reproductive-age women. Nat Med. 2012;
18(3):413-21.

Harlow SD, Gass M, Hall JE, et al. Executive sum-
mary of the Stages of Reproductive Aging Workshop
+ 10: addressing the unfinished agenda of staging
reproductive aging. Fertil Steril. 2012;97(4):
843-51.

Hansen KR, Knowlton NS, Thyer AC, et al. A new
model of reproductive aging: the decline in ovarian
non-growing follicle number from birth to meno-
pause. Hum Reprod. 2008;23(3):699-708.

Riggs R, Kimble T, Oehninger S, et al. Anti-
Mullerian hormone serum levels predict response to
controlled ovarian hyperstimulation but not embryo
quality or pregnancy outcome in oocyte donation.
Fertil Steril. 2011;95(1):410-2.

Hazout A, Bouchard P, Seifer DB, et al. Serum anti-
mullerian hormone/mullerian-inhibiting substance
appears to be a more discriminatory marker of
assisted reproductive technology outcome than folli-
cle-stimulating hormone, inhibin B, or estradiol.
Fertil Steril. 2004;82(5):1323-9.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

3s.

36.

Knauff EA, Eijkemans MJ, Lambalk CB, et al. Anti-
Mullerian hormone, inhibin B, and antral follicle
count in young women with ovarian failure. J Clin
Endocrinol Metab. 2009;94(3):786-92.

Kunt C, Ozaksit G, Keskin Kurt R, et al. Anti-Mullerian
hormone is a better marker than inhibin B, follicle
stimulating hormone, estradiol or antral follicle count
in predicting the outcome of in vitro fertilization.
Arch Gynecol Obstet. 2011;283(6):1415-21.

Forman EJ, Hong KH, Treff NR, et al. Comprehensive
chromosome screening and embryo selection: mov-
ing toward single euploid blastocyst transfer. Semin
Reprod Med. 2012;30(3):236-42.

Forman EJ, Tao X, Ferry KM, et al. Single embryo
transfer with comprehensive chromosome screening
results in improved ongoing pregnancy rates and
decreased miscarriage rates. Hum Reprod. 2012;
27(4):1217-22.

Treff NR, Su J, Kasabwala N, et al. Robust embryo
identification using first polar body single nucleotide
polymorphismmicroarray-based DNAfingerprinting.
Fertil Steril. 2010;93(7):2453-5.

Luke B, Brown MB, Wantman E, et al. Cumulative
birth rates with linked assisted reproductive technol-
ogy cycles. N Engl J Med. 2012;366(26):2483-91.
Stern JE, Hickman TN, Kinzer D, et al. Can the
Society for Assisted Reproductive Technology Clinic
Outcome Reporting System (SART CORS) be used
to accurately report clinic total reproductive poten-
tial (TRP)? Fertil Steril. 2012;97(4):886-9.
Broekmans FJ, de Ziegler D, Howles CM, et al. The
antral follicle count: practical recommendations for
better standardization. Fertil Steril. 2010;94(3):
1044-51.

Nelson SM. Biomarkers of ovarian response: current
and future applications. Fertil Steril. 2013 Jan 8.
Jayaprakasan K, Campbell B, Hopkisson J, et al. A
prospective, comparative analysis of anti-Mullerian
hormone, inhibin-B, and three-dimensional ultra-
sound determinants of ovarian reserve in the predic-
tion of poor response to controlled ovarian
stimulation. Fertil Steril. 2010;93(3):855-64.
Johnson NP, Bagrie EM, Coomarasamy A, et al.
Ovarian reserve tests for predicting fertility out-
comes for assisted reproductive technology: the
International Systematic Collaboration of Ovarian
Reserve Evaluation protocol for a systematic review
of ovarian reserve test accuracy. BJOG. 2006;
113(12):1472-80.

Broekmans FJ, Soules MR, Fauser BC. Ovarian
aging: mechanisms and clinical consequences.
Endocr Rev. 2009;30(5):465-93.

Klein NA, Houmard BS, Hansen KR, et al. Age-
related analysis of inhibin A, inhibin B, and activin a
relative to the intercycle monotropic follicle-stimu-
lating hormone rise in normal ovulatory women.
J Clin Endocrinol Metab. 2004;89(6):2977-81.
Scott RT, Toner JP, Muasher SJ, et al. Follicle-
stimulating hormone levels on cycle day 3 are pre-



66

B. Leader and V.L. Baker

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48

49.

50.

dictive of in vitro fertilization outcome. Fertil Steril.
1989;51(4):651-4.

Sharif K, Elgendy M, Lashen H, et al. Age and basal
follicle stimulating hormone as predictors of in vitro
fertilisation outcome. Br J Obstet Gynaecol.
1998;105(1):107-12.

Leader B, Hegde A, Baca Q, et al. High frequency of
discordance between antimullerian hormone and
follicle-stimulating hormone levels in serum from
estradiol-confirmed days 2 to 4 of the menstrual
cycle from 5,354 women in U.S. fertility centers.
Fertil Steril. 2012;98(4):1037-42.

Nilsson EE, Schindler R, Savenkova MI, Skinner
MK. Inhibitory Actions of Anti-Mullerian Hormone
(AMH) on Ovarian Primordial Follicle Assembly.
PLoS One. 2011;6(5):¢20087.

Hehenkamp WJ, Looman CW, Themmen AP, et al.
Anti-Mullerian hormone levels in the spontaneous
menstrual cycle do not show substantial fluctuation.
J Clin Endocrinol Metab. 2006;91(10):4057-63.
LaMarcaA, Giulini S, Tirelli A, et al. Anti-Mullerian
hormone measurement on any day of the menstrual
cycle strongly predicts ovarian response in assisted
reproductive technology. Hum Reprod. 2007;22(3):
766-71.

La Marca A, Sighinolfi G, Giulini S, et al. Normal
serum concentrations of anti-Mullerian hormone in
women with regular menstrual cycles. Reprod
Biomed Online. 2010;21(4):463-9.

La Marca A, Stabile G, Artenisio AC, et al. Serum
anti-Mullerian hormone throughout the human men-
strual cycle. Hum Reprod. 2006;21(12):3103-7.
Sowers M, McConnell D, Gast K, et al. Anti-
Mullerian hormone and inhibin B variability during
normal menstrual cycles. Fertil Steril. 2010;94(4):
1482-6.

Overbeek A, Broekmans FJ, Hehenkamp W1J, et al.
Intra-cycle fluctuations of anti-Mullerian hormone
in normal women with a regular cycle: a re-analysis.
Reprod Biomed Online. 2012;24(6):664-9.

Seifer DB, Baker VL, Leader B. Age-specific serum
anti-Mullerian hormone values for 17,120 women
presenting to fertility centers within the United
States. Fertil Steril. 2011;95(2):747-50.

Almog B, Shehata F, Suissa S, et al. Age-related nor-
mograms of serum antimullerian hormone levels in a
population of infertile women: a multicenter study.
Fertil Steril. 2011;95(7):2359-63. 63 el.

. Nelson SM, Messow MC, McConnachie A, et al.

External validation of nomogram for the decline in
serum anti-Mullerian hormone in women: a popula-
tion study of 15,834 infertility patients. Reprod
Biomed Online. 2011;23(2):204-6.

Nelson SM, Messow MC, Wallace AM, et al.
Nomogram for the decline in serum antimullerian
hormone: a population study of 9,601 infertility
patients. Fertil Steril. 2011;95(2):736-41. e1-3.
Spath MA, Feuth TB, Allen EG, et al. Intra-individual
stability over time of standardized anti-Mullerian
hormone in FMRI1 premutation carriers. Hum
Reprod. 2011;26(8):2185-91.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Gleicher N, Weghofer A, Kim A, et al. The impact in
older women of ovarian FMR1 genotypes and sub-
genotypes on ovarian reserve. PLoS One. 2012;7(3):
e33638.

Haadsma ML, Groen H, Fidler V, et al. The predic-
tive value of ovarian reserve tests for miscarriage in
a population of subfertile ovulatory women. Hum
Reprod. 2009;24(3):546-52.

Kwee J, Schats R, McDonnell J, et al. The clomiphene
citrate challenge test versus the exogenous follicle-
stimulating hormone ovarian reserve test as a single
test for identification of low responders and hyper-
responders to in vitro fertilization. Fertil Steril.
2006;85(6):1714-22.

Kwee J, Schats R, McDonnell J, et al. Evaluation of
anti-Mullerian hormone as a test for the prediction of
ovarian reserve. Fertil Steril. 2008;90(3):737-43.
Nelson SM, Lawlor DA. Predicting live birth, preterm
delivery, and low birth weight in infants born from
in vitro fertilisation: a prospective study of 144,018
treatment cycles. PLoS Med. 2011;8:e1000386.
Oudendijk JF, Yarde F, Eijkemans MJ, et al. The
poor responder in IVF: is the prognosis always
poor?: a systematic review. Hum Reprod Update.
2012;18(1):1-11.

Al-Azemi M, Killick SR, Duffy S, et al. Multi-
marker assessment of ovarian reserve predicts oocyte
yield after ovulation induction. Hum Reprod.
2011;26(2):414-22.

Kelsey TW, Wright P, Nelson SM, Anderson RA,
Wallace WH. A validated model of serum anti-
Mullerian hormone from conception to menopause.
PLoS One. 2011;6(7):e22024.

Khader A, Lloyd SM, McConnachie A, et al. External
validation of anti-Mullerian hormone based predic-
tion of live birth in assisted conception. J Ovarian
Res. 2013;6(1):3.

La Marca A, Nelson SM, Sighinolfi G, et al. Anti-
Mullerian hormone-based prediction model for a
live birth in assisted reproduction. Reprod Biomed
Online. 2011;22(4):341-9.

Nelson SM, Yates RW, Fleming R. Serum anti-
Mullerian hormone and FSH: prediction of live birth
and extremes of response in stimulated cycles—
implications for individualization of therapy. Hum
Reprod. 2007;22(9):2414-21.

Broer SL, Dolleman M, Opmeer BC, et al. AMH and
AFC as predictors of excessive response in con-
trolled ovarian hyperstimulation: a meta-analysis.
Hum Reprod Update. 2011;17(1):46-54.

Broer SL, Mol BW, Hendriks D, et al. The role of
antimullerian hormone in prediction of outcome
after IVF: comparison with the antral follicle count.
Fertil Steril. 2009;91(3):705-14.

Broer SL, van Disseldorp J, Broeze KA, et al. Added
value of ovarian reserve testing on patient character-
istics in the prediction of ovarian response and ongo-
ing pregnancy: an individual patient data approach.
Hum Reprod Update. 2013;19(1):26-36.

Nelson SM, Anderson RA, Broekmans FJ, Raine-
Fenning N, Fleming R, La Marca A. Hum Reprod.



5 APractical Approach to Recent Advances in Ovarian Reserve Testing 67

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

2012;27(3):631-6. doi: 10.1093/humrep/der446. Epub
2012 Jan 11.

van Disseldorp J, Lambalk CB, Kwee J, et al.
Comparison of inter- and intra-cycle variability of
anti-Mullerian hormone and antral follicle counts.
Hum Reprod. 2010;25(1):221-7.

Majumder K, Gelbaya T, Laing I, Nardo LG. The use
of anti-Miillerian hormone and antral follicle count to
predict the potential of oocytes and embryos. Eur J
Obstet Gynecol Reprod Biol. 2010;150:166-70.
Scott Jr RT, Elkind-Hirsch KE, Styne-Gross A, et al.
The predictive value for in vitro fertility delivery
rates is greatly impacted by the method used to select
the threshold between normal and elevated basal
follicle-stimulating hormone. Fertil Steril. 2008;
89(4):868-78.

Seifer DB, Lambert-Messerlian G, Hogan JW,
Gardiner AC, Blazar AS, Berk CA. Day 3 serum
inhibin-B is predictive of assisted reproductive tech-
nologies outcome. Fertil Steril. 1997;67(1):110-4.
Seifer DB, Scott Jr RT, Bergh PA, et al. Women with
declining ovarian reserve may demonstrate a
decrease in day 3 serum inhibin B before a rise in
day 3 follicle-stimulating hormone. Fertil Steril.
1999;72(1):63-5.

Eldar-Geva T, Ben-Chetrit A, Spitz IM, Rabinowitz
R, Markowitz E, Mimoni T, et al. Dynamic assays of
inhibin B, anti-Mullerian hormone and estradiol fol-
lowing FSH stimulation and ovarian ultrasonogra-
phy as predictors of IVF outcome. Hum Reprod.
2005;20:3178-83.

Fanchin R, de Ziegler D, Olivennes F, et al.
Exogenous follicle stimulating hormone ovarian
reserve test (EFORT): a simple and reliable screen-
ing test for detecting ‘poor responders’ in in-vitro
fertilization. Hum Reprod. 1994;9(9):1607-11.
Elting MW, Kwee J, Schats R, et al. The rise of estra-
diol and inhibin B after acute stimulation with folli-
cle-stimulating hormone predict the follicle cohort
size in women with polycystic ovary syndrome,
regularly menstruating women with polycystic ova-
ries, and regularly menstruating women with normal
ovaries. J Clin Endocrinol Metab. 2001;86(4):
1589-95.

Jayaprakasan K, Chan Y, Islam R, et al. Prediction of
in vitro fertilization outcome at different antral fol-
licle count thresholds in a prospective cohort of
1,012 women. Fertil Steril. 2012;98(3):657-63.
Nardo LG, Gelbaya TA, Wilkinson H, et al.
Circulating basal anti-Mullerian hormone levels as
predictor of ovarian response in women undergoing
ovarian stimulation for in vitro fertilization. Fertil
Steril. 2009;92(5):1586-93.

Ebner T, Sommergruber M, Moser M, et al. Basal
level of anti-Mullerian hormone is associated with
oocyte quality in stimulated cycles. Hum Reprod.
2006;21(8):2022-6.

Sabatini L, Zosmer A, Hennessy EM, et al. Relevance
of basal serum FSH to IVF outcome varies with patient
age. Reprod Biomed Online. 2008;17(1):10-9.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Tremellen K, Kolo M. Serum anti-Mullerian hormone
is a useful measure of quantitative ovarian reserve but
does not predict the chances of live-birth pregnancy.
Aust N Z J Obstet Gynaecol. 2010;50(6):568-72.
Gleicher N, Weghofer A, Barad DH. Anti-Mullerian
hormone (AMH) defines, independent of age, low
versus good live-birth chances in women with
severely diminished ovarian reserve. Fertil Steril.
2010;94(7):2824-7.

Massie JA, Burney RO, Milki AA, et al. Basal folli-
cle-stimulating hormone as a predictor of fetal aneu-
ploidy. Fertil Steril. 2008;90(6):2351-5.

Sahu B, Oztutrk O, Serhal P, Jayaprakasan K. Do
ovarian reserve tests predict miscarriage in women
undergoing assisted reproduction treatment? Eur J
Obstet Gynecol Reprod Biol. 2010;153(2):181-4.
Katz-Jaffe MG, Surrey ES, Minjarez DA, et al.
Association of abnormal ovarian reserve parameters
with a higher incidence of aneuploid blastocysts.
Obstet Gynecol. 2013;121(1):71-7.

Pigny P, Jonard S, Robert Y, et al. Serum anti-Mulle-
rian hormone as a surrogate for antral follicle count
for definition of the polycystic ovary syndrome. J Clin
Endocrinol Metab. 2006;91(3):941-5.

Dewailly D, Gronier H, Poncelet E, et al. Diagnosis
of polycystic ovary syndrome (PCOS): revisiting the
threshold values of follicle count on ultrasound and
of the serum AMH level for the definition of poly-
cystic ovaries. Hum Reprod. 2011;26(11):3123-9.
Freeman EW, Sammel MD, Lin H, et al. Contribution
of the rate of change of antimullerian hormone in
estimating time to menopause for late reproductive-
age women. Fertil Steril. 2012;98(5):1254-9.
Sowers MR, Zheng H, McConnell D, et al. Follicle
stimulating hormone and its rate of change in defining
menopause transition stages. J Clin Endocrinol Metab.
2008;93(10):3958-64.

Tehrani FR, Solaymani-Dodaran M, Tohidi M, et al.
Modeling age at menopause using serum concentra-
tion of anti-Mullerian hormone. J Clin Endocrinol
Metab. 2013;98:729-35.

Schuh-Huerta SM, Johnson NA, Rosen MP, et al.
Genetic variants and environmental factors associ-
ated with hormonal markers of ovarian reserve in
Caucasian and African American women. Hum
Reprod. 2012;27(2):594-608.

The Practice Committees of the American Society
for Reproductive Medicine, The Society for Assisted
Reproductive Technology. Mature oocyte cryopreser-
vation: a guideline. Fertil Steril. 2013;99(1):37-43.
Hill KA, Nadler T, Mandel R, et al. Experience of
young women diagnosed with breast cancer who
undergo fertility preservation consultation. Clin
Breast Cancer. 2012;12(2):127-32.

Fanchin R, Schonauer LM, Righini C, et al. Serum
anti-Mullerian hormone dynamics during controlled
ovarian hyperstimulation. Hum Reprod. 2003;18(2):
328-32.

Li HW, Wong CY, Yeung WS, et al. Serum anti-mul-
lerian hormone level is not altered in women using


http://dx.doi.org/10.1093/humrep/der446

68

B. Leader and V.L. Baker

93.

94.

95.

hormonal contraceptives. Contraception. 2011;83(6):
582-5.

Deb S, Campbell BK, Pincott-Allen C, Clewes JS,
Cumberpatch G, Raine-Fenning NJ. Quantifying
effect of combined oral contraceptive pill on func-
tional ovarian reserve as measured by serum anti-
Miillerian hormone and small antral follicle count
using three-dimensional ultrasound. Ultrasound
Obstet Gynecol. 2012;39(5):574-80.

Fabregues F, Castelo-Branco C, Carmona F, et al.
The effect of different hormone therapies on anti-
mullerian hormone serum levels in anovulatory
women of reproductive age. Gynecol Endocrinol.
2011;27(4):216-24.

van den Berg MH, van Dulmen-den BE, Overbeek
A, et al. Comparison of ovarian function markers in
users of hormonal contraceptives during the hormone-
free interval and subsequent natural early follicular
phases. Hum Reprod. 2010;25(6):1520-7.

96.

97.

98.

99.

100.

Kallio S, Puurunen J, Ruokonen A, Vaskivuo T,
Piltonen T, Tapanainen JS. Fertil Steril. 2012. doi:
pii: S0015-0282(12)02446-6.

Deb S, Campbell BK, Clewes JS, Pincott-Allen C,
Raine-Fenning NJ. The intra-cycle variation in the
number of antral follicles stratified by size and in the
endocrine markers of ovarian reserve in women with
normal ovulatory menstrual cycles. Ultrasound
Obstet Gynecol. 2012;41:216-22.

Nelson SM, La Marca A. The journey from the old to
the new AMH assay: how to avoid getting lost in the
values. Reprod Biomed Online. 2011;23:411-20.
Rustamov O, Smith A, Roberts SA, et al. Anti-
Mullerian hormone: poor assay reproducibility in a
large cohort of subjects suggests sample instability.
Hum Reprod. 2012;27(10):3085-91.

Streuli I, Fraisse T, Chapron C, et al. Clinical uses of
anti-Mullerian hormone assays: pitfalls and promises.
Fertil Steril. 2009;91(1):226-30.


http://dx.doi.org/pii: S0015-0282(12)02446-6

Maternal Age and Oocyte
Aneuploidy: Lessons Learned
from Trisomy 21

Stephanie L. Sherman, Emily G. Allen,

and Lora J.H. Bean

6.1 Introduction

In 1954, Penrose noted that the causes of Down
syndrome (DS) must be heterogeneous due to the
observed pattern of the maternal age association
[1, 2]. Clearly, mothers of infants with DS were,
on average, born to older mothers. However,
about one-third of the individuals with DS in his
series were not associated with maternal age [3].
He also observed that the mean maternal age was
lower in families with two children with DS when
compared with the general sample of children
with DS. Based on his keen observations, he pro-
posed several plausible causes of DS: genetic
susceptibility, unbalanced chromosomes caused
by translocation, and factors associated with
fluctuating endocrine disturbance.

With the introduction of karyotyping, the eti-
ology of DS was shown to be due to an extra
chromosome 21, either standard trisomy 21 with
three independent chromosomes 21 or a translo-
cation chromosome with all or part of chromo-
some 21 translocated to another chromosome
[4-7]. Tt is now estimated that approximately
95 % of individuals with DS have an extra chro-
mosome 21 as a result of meiotic nondisjunction,
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or the abnormal segregation of chromosomes
during gamete formation. Of the remaining 5 %,
less than 1 % is due to somatic mosaicism (a por-
tion of cells with the normal 46 chromosomes
and the other line with 47 chromosomes) and the
rest to chromosome 21 translocations [8].

Standard trisomy 21 has become an important
model to understand meiotic nondisjunction in
humans, as it is one of the few aneuploid condi-
tions (having too many or too few chromosomes)
that survives to term and can be relatively easily
diagnosed at birth. The vast majority of fetuses
with aneuploidy are lost during pregnancy. Even
those with trisomy 21, the smallest human chro-
mosomes containing approximately 1.5 % of the
genome, are estimated to be lost about 50-80 %
of the time [9, 10]. Infants born with trisomy
21have significant developmental and intellectual
disabilities, birth defects, and later onset medical
conditions associated with the extra dosage of
chromosome 21 genes. Taken together, meiotic
nondisjunction in humans is the leading cause of
pregnancy loss and birth defects. It can be argued
that meiotic nondisjunction is an important limit-
ing factor in women’s reproductive life span.

The association of advanced maternal age with
trisomy has been noted for almost all human
chromosomes. Clear evidence shows that this
age effect is limited to nondisjunction errors
that occur in the oocyte [11-14]. This conclu-
sion is based on the following evidence. The age
of the mother is not associated with: (1) a non-
disjunction error in spermatogenesis (paternal
errors [14-16]), (2) a post-zygotic mitotic error
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[14, 17], or (3) a translocation (inherited or
de novo) [18]. Furthermore, in vitro fertilization
procedures show that oocytes donated from a
young woman to an older recipient result in
embryo implantation and pregnancy rates expected
for the donor’s age. Thus, the aging oocyte, and
not the aging uterine environment, is implicated as
the risk factor for maternal nondisjunction [19].

There are critical differences between the pro-
cess of oocyte and sperm development that
influence susceptibility for meiotic nondisjunc-
tion. To start, meiosis including the two special-
ized cell divisions that lead to the haploid
complement in gametes works on a very different
timeline in oogenesis compared with spermato-
genesis. Meiosis starts with an initial step of
DNA replication and the formation of sister chro-
matid cohesion complex. In prophase I, homolo-
gous chromosomes synapse and recombination
occurs. Recombination helps to tether chromo-
some pairs together along with sister chromatid
cohesion. These pairs of homologous chromo-
somes then separate at the end of meiosis I (MI),
whereas sister chromatids separate in meiosis 11
(MII). In men, spermatogenesis begins after
puberty and cells entering meiosis move from
one stage to the other without delay. In contrast,
meiosis in women begins during fetal develop-
ment and is arrested in prophase I after chromo-
somes synapse and recombine. MI resumes in the
woman’s adult life just before the ovulation of an
oocyte. At this point, MI is completed and the
first polar body is extruded. MII begins but arrests
for a short period as the oocyte travels down the
fallopian tubes. MII is completed after fertiliza-
tion and the second polar body is extruded. Thus,
meiosis in a woman extends over a 10- to 50-year
period; the age of the woman at conception
reflects that age of the oocyte, and primarily the
period of arrest in ML

Given the mechanistic differences and tempo-
ral separation of MI and MII, many have hypoth-
esized that the risk factors for MI and MII
nondisjunction errors are different. The ability to
classify errors by parental and stage of origin of
the meiotic event allowed the potential to test this
hypothesis. This was first done using chromo-
some heteromorphic markers [20]. With the
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advent of DNA variant markers, this classification
became more accurate and also allowed the
potential to examine recombination profiles [21].
We took advantage of this technology and con-
ducted two population-based case/controls stud-
ies whose aims were to understand the causes and
consequences of trisomy 21: Atlanta Down
Syndrome Project (ASDP) and National Down
Syndrome Project (NDSP).

Data for ADSP was collected from 1989 to
1999 in cooperation with the Centers for Disease
Control and Prevention (CDC) [16]. Cases were
identified through a birth defect surveillance sys-
tem and included liveborn infants with docu-
mented trisomy 21 or mosaic trisomy 21 born to
women in the five-county Atlanta metropolitan
area. Controls were randomly selected from new-
borns without birth defects in the same popula-
tion. In 2000, we expanded the ADSP to five
additional sites with established birth surveil-
lance systems supported by CDC in the creation
of the NDSP. For this population-based case/con-
trol series, birth years included 2000-2004 [22].
Through ADSP, we enrolled 308 infants with DS
and their parents (77 % participation rate) along
with 398 controls (60 % participation). Through
NDSP, we recruited 907 infants identified with
DS and their parents (61 % participation rate).
For controls, 977 were enrolled (57 % participa-
tion rate). Additional convenient samples have
also been collected to ask specific questions about
recombination profiles.

Currently, studies that use genetic markers to
separate maternal meiosis I (MI) and maternal
meiosis I (MII) nondisjunction errors only vary
in the genetic markers used; the basic assay is the
same [22]. Although this classification is not per-
fect, it does begin to provide a way to examine
less heterogeneous etiologic-based groups. A
brief review of the method used in our studies
will help show the limitation of the classification.
First, the parental origin of the meiotic error is
determined by establishing the contribution of
parental alleles to the proband with trisomy 21.
Once maternal origin of the meiotic error is estab-
lished, markers located in the pericentromeric
region (for our studies, ~13.6 to ~16.8 Mb) of
21q are used to infer the type of the meiotic error,
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Fig.6.1 Example of the method to determine type of non-
disjunction errors and recombination profile. For the father,
mother, and offspring with trisomy, a list of genotypes
(alleles a, b, ¢, and d) from four small tandem repeat (STR)
markers ordered from the centromere (-cen-) to the telom-

MI or MII. As shown in Fig. 6.1, if maternal
heterozygosity is retained in the trisomic off-
spring, we assign an MI error. If maternal
heterozygosity is reduced to homozygosity, we
assign an MII error. When all informative mark-
ers along chromosome 21 are reduced to homozy-
gosity, the origin of nondisjunction is most likely
due to a post-zygotic, mitotic error. We have
excluded these from our studies. This genetic
assay cannot distinguish between the different
types of underlying errors that might lead to an
MI or MII error (Fig. 6.2). For example, sister
chromatids that fail to separate during anaphase
of MII or an error that is initiated in MI and not
resolved properly in MII both lead to the contri-
bution of sister chromatids to the oocyte. Also, if
sister chromatids prematurely separate in MI and
randomly segregate in MII, some configurations
will lead to both sister chromatids segregating to
the same pole in MII. Despite the limitations of

Proximal recombination

mitotic error

ere (-tel-) are provided. Three examples are shown: (a)
maternal meiosis I (MI) error with a recombinant between
the third and fourth marker (arrow); (b) maternal meiosis
II (MII) error with a recombinant between the first and sec-
ond marker (arrow); and (¢) a post-zygotic mitotic error

assigning nondisjunction events as MI or MII
errors, we and others have shown that this
classification system can provide insight into the
heterogeneous causes of nondisjunction during
oocytes formation and allow us to test whether
MI- or MII-specific modifiable factors could be
targets of intervention.

6.2 Advanced Maternal Age
is Associated with Both Mi

and MIl Nondisjunction Errors

The link between DS and maternal age was first
reported by Penrose et al. in 1933 [1]. Once it
was possible to separate MI and MII using chro-
mosome 21 specific genetic variants, it was clear
that both types of errors were associated with
maternal age [11, 12, 16, 22, 23]. Data from the
combined ADSP and NDSP population-based
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Classification of nondisjunction errors

Fig. 6.2 Classification of meiosis I (MI) and meiosis II
(MII) nondisjunction errors. Various types of nondisjunc-
tion errors are shown for a single pair of homologous
chromosomes with a single exchange. Colors represent

studies of 1,215 mothers with an infant with DS
compared to 1,375 control mothers illustrate this
finding [23]. First, compared to mothers of con-
trols, mothers with an MI error were 8.5 times
more likely to be >40 years old than 20-24 years
old at the birth of the index case (95 % CI = 5.6—
12.9). Where nondisjunction was classified as an
MII error, mothers were 15.1 times more likely to
be >40 years (95 % CI = 8.4-27.3). As a conse-
quence, the ratio of MI to MII errors differed by
maternal age among women with a nondisjunc-
tion event: the ratio was lower among women
<19 years of age and those >40 years (2.1, 2.3,
respectively) and higher in the middle age group
(3.6). Figure 6.3 shows the age distribution
among mothers at the time of the birth of their

genetic markers that are used to classify the error and the
recombination profile. The crook in the chromatid arm
represents the centromeric/pericentromeric region which
is used to classify the MI or MII error

infant with DS stratified by MI and MII errors to
illustrate these findings. These data demonstrate
that maternal age is the dominant risk factor for
nondisjunction and all other investigations of
nondisjunction risk factors must be carried out in
the context of maternal age.

6.3 Nondisjunction-Associated
Recombination Patterns Differ
Significantly Among MI

and MIl Errors

Along with sister chromatid cohesion, the
physical structure surrounding an exchange of
chromosome material, a chiasma, provides the
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tion errors

physical connection necessary for accurate chro-
mosome segregation during MI [24]. Studies in
model organisms have provided the basis to
examine recombination as a risk factor for non-
disjunction. These studies indicated that absent
or reduced levels of recombination, along with
suboptimally placed recombinant events (those
too close to the centromere or too close to the
telomere), increase the likelihood of nondisjunc-
tion [25-31]. Now, altered meiotic recombination
patterns have been associated with nondisjunc-
tion of almost all human chromosomes studied to
date [32]. Importantly, we found MI- and MII-
specific recombination patterns associated with
chromosome 21 nondisjunction. For maternal
Ml-derived trisomy 21, we estimated from
recombination profiles along the nondisjoined
chromosome that 40-47 % of MI cases are
derived from oocytes with no meiotic exchange
[33-35]. Furthermore, of those maternally
derived MI cases with a single exchange, the
majority of exchanges occur in the distal 6.5 Mb
of chromosome 21. Intriguingly, MII errors are
highly associated with pericentromeric exchanges
[33, 34]. This apparent effect of an MI process—
recombination—on MII nondisjunction suggests
that at least a portion of so-called MII errors may
have their origin in ML

The link between recombination and human
nondisjunction prompts the obvious question:
what insight can be gained about the mechanism
of nondisjunction by examining altered recombi-
nation patterns by maternal age? At first blush, we
would hypothesize that altered recombination
patterns would be independent of maternal age, as
recombination occurs during the fetal stage of a
woman. However, we and others have found that
only some patterns of recombination along the
nondisjoined chromosome are independent of the
age of the oocyte, while others are not [35-38].

Prior to describing results, we will provide the
framework for our approach and the interpreta-
tion of potential risk factors for nondisjunction
(e.g., recombination pattern, genetic factors,
environmental factors) in the context of maternal
age. First, we and others have stratified by mater-
nal age group using either two age groups (moth-
ers <35 years at time of birth of their infant with
trisomy 21 and those >35) or three age groups
(<29, 29-34, >34 years). This is necessary as we
hypothesize that nondisjunction mechanisms dif-
fer among younger and older women. When we
consider a second risk factor, such as recombina-
tion pattern, in addition to maternal age, the inter-
pretation is sometimes not intuitive as pointed
out by Ghosh et al. [39]. When a second risk
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factor is negatively associated with maternal age
group, it suggests that second risk factor’s effect
on nondisjunction is independent of age. A factor
that is positively correlated with maternal age
group implies that there is a causal relationship
between the factors or an interaction that exacer-
bates each effect. Both these interpretations
assume that there is independence between
maternal age and the risk factor in controls.
Studies below will help to clarify this point.

We hypothesized that the lack of an exchange
would increase the risk for nondisjunction, regard-
less of maternal age. However, results are more
complex. Oliver et al. [35] found that the propor-
tion of MI errors with no exchange was the highest
among the youngest maternal age group (<29
years) compared with the other two age groups
(29-34 and >34 years), indicating a maternal-age
independent mechanism. However, the proportions
did not decrease linearly with age as expected for
an age-independent mechanism: the older age
group had a nonsignificantly higher frequency
compared with the middle age group. Ghosh et al.
[38] found that the middle age group, not the
youngest, had the highest proportion of nondis-
joined chromosomes with no recombination.
Perhaps these results provide preliminary evidence
for a secondary backup mechanism that helps to
distribute non-exchange bivalents and which is age
dependent. There is evidence for such systems in
Drosophila [40] and yeast [41]. Proteins in humans
that appear to have a similar function as those in
yeast that are involved in the proper segregation of
non-exchange homologues have been shown to be
downregulated with increasing ovarian age
[42, 43]. Thus, the age-dependent down-regulation
of essential proteins may lead to the decreased abil-
ity to properly segregate non-exchange chromo-
somes in aging oocytes. However, this is only
speculation at this point and sampling variation is
always a possibility. More data are needed to deter-
mine significance of these findings.

This complex pattern for non-exchange chro-
mosomes is in contrast to those with a susceptible
single distal exchange during MI. Studies show a
clear decreasing frequency of distal recombinants
along the nondisjoined chromosomes 21 with
maternal age [34, 36, 38]. Thus, this chiasma
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configuration appears to confer the same risk for
nondisjunction regardless of age. Susceptibility
is most likely related to the minimal amount of
the sister chromatid cohesion complex remaining
distal to the exchange event [29, 44-48].

For MII errors, a maternal age-association
pattern is apparent: susceptible pericentromeric
exchanges, whether in the context of a single
recombinant or multiple recombinants, occur at
higher frequency in older oocytes compared with
younger ones [34, 36, 38]. This observation could
be explained in two ways: (1) a pericentromeric
exchange initiates or exacerbates the susceptibil-
ity to maternal age risk factors or (2) a pericen-
tromeric exchange protects the bivalent against
age-related risk factors allowing proper segrega-
tion of homologues at MI, but not segregation of
sisters at MII. We think that the former explana-
tion is more consistent with the observed data.
Our thought is based on the assumption that biva-
lents with multiple recombinants should be more
resistant to age-related degradation; however,
those with a pericentromeric exchange are not.

Genetic Risk Factors:
Genome-Wide Recombination
Difference Provides
Preliminary Evidence for Genes
Influencing Nondisjunction

6.4

Given the importance of chiasmata, the physical
structure related to recombination and proper
segregation, we would expect the number and
location of exchanges to be tightly regulated in
normal meiotic events in humans. However, stud-
ies using direct and indirect approaches reveal
significant interindividual variation in genome-
wide recombination rates, a phenomenon coined
the “mother” effect [49-52]. In addition, data
from Kong et al. [51] uncovered a “gamete”
effect; in other words, they found that the number
of recombinants was positively correlated among
chromosomes within the same oocyte, even after
adjusting for the “mother” effect. Although the
basis for this variation is unclear, it points to a
factor with global influence on recombination
rates among most chromosomes simultaneously.
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Findings from Brown et al. [53] provided
preliminary data to support a gamete effect in
oocytes with a nondisjoined chromosome 21.
They found reduced recombination in the total
genome of an oocyte with a MI-derived nondis-
joined chromosome 21 and no detectable recom-
bination. This reduction appeared to be consistent
with the normal variation in recombination
observed among oocytes. That is, there was a lin-
ear increase in the mean genome-wide recombi-
nation counts depending on the inferred number
of exchanges along the chromosome 21. This
observed pattern suggested that specific chromo-
somes may be at higher risk for nondisjunction
when the number of genome-wide recombination
events is less than some threshold.

The findings of Brown et al. [53] were based
on limited number of oocytes with MI nondis-
junction errors (n=15). Thus, we have recently
followed up these preliminary findings in a larger
sample of 94 MI nondisjunction events
(Middlebrooks et al., in preparation). We used
the Golden Gate linkage panel on our extended
DS proband families (trios, maternal grandpar-
ents, and siblings) to obtain genome-wide recom-
bination profiles. We examined both the gamete
effect, or the effect leading to a correlation of the
number or placement of recombinants among
chromosomes within a gamete, and the mother
effect, or the effect that leads to a correlation of
recombination patterns among oocytes from a
single mother. Based on 94 proband families with
an MI error and our preliminary analysis, we
found evidence for overall reduced genome-wide
recombination counts, irrespective of the number
of chromosome 21 recombinants (i.e., lack of a
gamete effect). Although data are limited, we
find no evidence for a “mother effect” when com-
paring oocytes with a nondisjoined chromosome
to those with normal disjunction. Although we
are cautious with our interpretation of the data at
this point, we speculate that there may be dys-
regulation of genome-wide recombination in the
oocytes with a nondisjoined chromosome.

Could this dysregulation be due to genetic
effects? Certainly, variations in genes involved in
regulation of recombination patterns in normal
meiotic events are prime candidates. Perhaps

variants in genes that control recombination
number (RNF212 [54-56] and the inversion on
17q [55, 57]) and those involved in preference of
recombination location (PRDM?9 [58-60]) would
be the first to explore.

Environmental Risk Factors:
Associations with Specific
Types of Nondisjunction Errors

6.5

Many potential genetic and environmental risk
factors have been and continue to be investigated
for chromosome nondisjunction. Nagaoka et al.
[61] provide an excellent review of potential bio-
logical mechanisms behind the increased risk of
nondisjunction with increasing maternal age.
One potential factor involved in the reduction of
oocyte quality over time is the accumulation of
toxic elements from the environment that could
damage the meiotic machinery [62—64]. Oocytes
are exposed to toxic influences that depend on the
chronological age of the oocyte, lifestyle, and
environment. Along with the intrinsic aging pro-
cess of the oocyte, diminished oocyte quality
could result from damage by reactive oxygen
species (ROS) from metabolism [65]. Given the
timeline of oogenesis, exposures impacting
oocyte quality could occur during the fetal period
of the woman (grandmaternal effect) or at any
point in her lifetime before fertilization.
Environmental risk factors other than mater-
nal age have been difficult to identify. Some of
this is due to the inherent problem of defining
exposures, pinpointing the timing of their effect,
and capturing accurate information. In the case of
nondisjunction, this may also be due, in part, to
the heterogeneous types of errors that occur.
Different components of the meiotic machinery
or the specific processes involved in segregating
homologues in MI and sister chromatids in MII
may be more or less vulnerable to different insults
or exposures. Recent studies have provided evi-
dence to support this idea. We will review factors
that have been explored as potential environmen-
tal risks for the different types of chromosome 21
nondisjunction errors, starting with the complex
construct of social economic status (SES), and
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then presenting data on specific exposures includ-
ing use of tobacco products, oral contraceptives,
and folic acid supplementation. Results are still
preliminary, but begin to provide insight into the
next steps that should be taken to hone in on
causes of nondisjunction and identification of
possible modifiable factors.

6.5.1 Social Economic Status

Torfs and Christianson [66] were the first to con-
sider maternal socioeconomic status (SES) as a
proxy for environmental exposures to predict the
risk of a clinically recognized pregnancy with
DS. The SES level of the mother was assessed
both during her fetal development (e.g., the
mother’s father’s occupation at the time of her
birth) and during her lifetime before conception
(e.g., the mother’s level of education). They
found an association between a clinically recog-
nized pregnancy with DS and low maternal SES,
after adjusting for race/ethnicity, gravidity, and
maternal age. Specifically, the association with
DS was significantly higher when the mother had
less than a high school education, the father was
employed as a laborer or unemployed, and the
household income was less than $20,000. In a
follow-up study, the impact of these SES risk fac-
tors differed by the type of maternal meiotic
error: mothers who had a MII nondisjunction
error were more likely to have a history of low
SES [67].

To further study this effect, we used our data
on 1,691 families ascertained through the NDSP
[68]. We assessed MI and MII nondisjunction
errors in the presence of three low SES factors:
both parents had not completed high school, both
maternal grandparents had not completed high
school, and an annual household income of
<$25,000. Using logistic regression models,
adjusting for maternal age and race/ethnicity, an
association was found with MII errors only, thus
confirming the findings of Christianson and Torfs
[67]. More specifically, MII chromosome 21
nondisjunction was more common among moth-
ers with one low SES factor (OR=1.81, 95 %
CI=1.07-3.05) and >2 low SES factors
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(OR=2.17,95 % CI=1.02—-4.63) compared to no
low SES factors. This association was driven pri-
marily by having a low household income
(OR=1.79, 95 % CI=1.14-2.73). No difference
was found in the ORs when mothers were
stratified by maternal age (<35 or 235 years).
Again, no association was detected among mater-
nal MI errors. This significant association of low
maternal SES, primarily driven by household
income, being limited to MII cases suggests that
SES factors associated with access to prenatal
healthcare, prenatal diagnosis, and differential
use of diagnostic information by the healthcare
professionals or mothers cannot explain these
results. If these were involved, the association
would be significant among both types of mater-
nal meiotic errors. However, the biological mech-
anism underlying the effect of low maternal SES
exposure on MII nondisjunction is unclear. As
SES is a proxy for environmental exposures, our
results suggest that some environmental factors
may influence only specific stages of meiosis.

6.5.2 Use of Tobacco Products and
Oral Contraceptives Around
the Time of Conception

Over the past years, researchers have been exam-
ining more specific environmental exposures to
determine their influence on nondisjunction in
the context of maternal age. A number of studies
reported a nonsignificant negative association
between maternal smoking around the time of
conception and the risk for DS [69-74]. One pos-
sible explanation for the negative association was
that smoking created an unfavorable intrauterine
environment and trisomic conceptuses were
selectively lost prenatally among women who
smoke [70, 71]. However, other studies concluded
that there is no association between DS and peri-
conceptional smoking [75-77].

Using our ADSP cohort, Yang et al. [78] ana-
lyzed periconceptional smoking among women
with MI and MII errors separately. They found
that current smoking showed a nonsignificant
negative association among mothers with MI
errors (OR=0.72; 95 % CI=0.40-1.29) and
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nonsignificant positive association among moth-
ers with MII errors (OR=1.55; 95 % CI=0.64—
3.76). Restricting the study to younger mothers
(<35 years) led to stronger associations: MI
OR=0.69 (95 % CI=0.35-1.37) and MII
OR=298 (95 % CI=1.01-8.87). Our unpub-
lished data from a later NDSP cohort showed a
similar pattern, but ORs were also nonsignificant.
Specifically for young mothers with MI and MII
errors, the OR adjusted for maternal age, race/
ethnicity, ascertainment site, and education was
0.746 (95 % CI=0.425-1.311) and 1.361 (95 %
CI=0.537-3.454), respectively.

In Yang et al., we also examined use of oral
contraceptives (OC) around the time of concep-
tion as another possible factor that compromises
the environment of the follicle. We did not find an
association in any of the meiotic groups [78].
However, a significant interaction of OC use and
smoking was observed, but again limited to moth-
ers with MII errors leading to an OR of 5.82
(95 % CI=1.28-26.4). As with smoking, this
effect was most marked among mothers <35
years (OR=7.62; 95 % CI=1.63-35.6). Data
from mothers of MI errors did not show a
significant association with OC use or with its
interaction with smoking. Using our unpublished
data from NDSP, the same pattern was observed:
among young mothers with MII errors, the inter-
action between smoking and oral contraception
use around the time of conception was the stron-
gest, although not statistically significant
(OR=8.72; 95 % CI=0.969-78.384).

Overall, data from both cohorts showed the
same patterns of associations for smoking and
oral contraceptive use around the time of concep-
tion; however, sample sizes of these unique set of
women (i.e., those who smoked and used OCs
around the time of conception) were small. Thus,
it was important to confirm these results in an
independent study. Recently, a study was con-
ducted in the surrounding region of Kolkata,
India. Ghosh et al. [39] used a similar design and
similar environmental exposures: they studied
smokeless chewing tobacco and oral contracep-
tive use around the time of conception. Oral con-
traceptive use was usually described as a
short-term, irregular dose of pills on interview.

They studied the interaction of these risk factors
with maternal age and also examined recombina-
tion patterns. Here we will only present their
findings comparing MI vs. MII cases, but we
refer the reader to their paper for other interesting
findings.

Briefly, they found a borderline significant
association of smokeless tobacco use with MII
(vs. MI) (p=0.08), and this association was
strongest in the young age group (p=0.006 for
age by smokeless chewing tobacco interaction).
There was a gradual decrease in the proportion of
smokeless chewing tobacco users among women
with MII errors with increasing age (0.93, 0.64,
and 0.5, respectively, for young, middle, and old
users), while controls frequencies did not differ
by age group (~40 %).

For the OC use, the pattern was different.
There was a gradual increase in the proportion of
oral contraceptive users with age of mothers with
MI errors (0.15, 0.33, and 0.5 for younger (<28
years), middle (29-34 years), and older (>35
years) users, respectively) and for MII errors
(0.29, 0.35, and 0.67, respectively). Again, for
controls the OC use was constant with age.

Lastly, Ghosh et al. [39] found an increase in
the proportions of women who used both smoke-
less chewing tobacco and OCs with increasing
age in each meiotic outcome group (with fre-
quencies of risk-positive cases of 0.11, 0.18, and
0.33, respectively, for young, middle, and old
users for MI and of 0.21, 0.29, and 0.5, respec-
tively, for MII).

Taken together, the combined results from
Yang et al. and Ghosh et al. suggest that chewing
or smoking tobacco is an age-independent risk
factor for MII errors. Although there was no evi-
dence for an association of nondisjunction and
OC use in Yang et al., there was a strong maternal
age-dependent association in both MI and MII
errors in the study of Ghosh et al. for OC use.
They suggest that the intermittent use of the hor-
mone medication may be more toxic than regular
use. Nevertheless, when both risk factors were
present, they showed a strong interaction effect
although data are mixed with respect to the action
being age independent or dependent. We think
further study is warranted to resolve the conflicting
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findings and to better understand the related
mechanisms.

Ghosh et al. took the next important step and
put their data in the context of recombination pat-
tern. Briefly, use of smokeless chewing tobacco
was associated with lack of recombination
(»p=0.007) among younger and middle-aged
mothers with MI errors (p=0.009 for interac-
tion). No association was observed with OC use
and lack of recombination. For location of recom-
bination, no associations were observed for either
risk factor in either meiotic outcome group.

6.5.3 Folic Acid

Folic acid is a vital nutrient that supplies the sin-
gle carbon molecules critical for basic cellular
functions such as synthesis and methylation of
both DNA and proteins [79]. Methylation of his-
tones and pericentromeric DNA is critical for
centromeric function [80]. Mutations in human
genes critical for proper centromeric methylation
such as the methylatransferase gene DNMT3B
and the transcription factor ZBTB24 are associ-
ated with centromere instability [8§1-84].
Numerous studies have associated maternal
polymorphisms in the folate pathway genes with
the risk of having a child with DS. In 1999 James
et al. first observed an increase in the MTHFR
c.677C>T allele in mothers of children with DS
in a US population [85]. Studies conducted in a
wide range of North American, South American,
European, and Asian populations found significant
associations with either MTHFR c.677C>T,
c.1298A>C, MTR c.2756C>G, MTRR c.66A>G,
CBS 844ins68, and/or SLCI19A1 (also known as
RFC-1) ¢.80A>G and the risk of having a child
with DS. These studies were extensively reviewed
in [86] and can be combined with more recent
studies [87-91]. For example, a recent study on
another folate pathway-related gene, the DNA
methyltransferase gene DNMT3B, found an asso-
ciation between maternal promoter polymor-
phisms and DS [87]. However, some studies have
reported no significant association between
maternal folate pathway polymorphisms and the
risk of having a child with DS [92-96]. In many
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studies with positive findings, statistical
significance was either attained or enhanced by
analysis of combinations of poylmorphisms.
These data suggest that multiple hits to the folate
pathway increase the risk of nondisjunction,
including gene—environment interactions. For
example, Chango et al. suggest that the folate-
rich French diet may ameliorate the effects of
folate gene polymorphisms. Clearly the mecha-
nisms governing efficiency of folate metabolism
are complex and depend upon both genetic and
environmental factors.

In 1992 the US Public Health Service
(USPHS) issued a recommendation that all
women who may become pregnant take a folic
acid supplement [97]. The USPHS went on to
mandate fortification of enriched cereal-grain
products, which was optional in 1996 and 1997
and required in 1998 [98, 99]. If maternal folic
acid supplementation lowers the risk for chromo-
some 21 nondisjunction, one would expect the
prevalence of DS in the USA to drop after the 1998
mandate for folic acid fortification; however, this
has not happened to date [100-103]. There are
several competing factors that make the design
and interpretation of these studies difficult.

The use of noninvasive prenatal screening for
trisomy and other aneuploidies increased through
the 1990s. Collins et al. report no change in the
proportion of trisomy 21 cases and a slight
increase in other aneuploidies in cases referred
for cytogenetic testing in South Carolina from
1990 to 1999. However, other factors are chang-
ing that can mask any potential effect. For exam-
ple, maternal age at delivery is steadily increasing
[104, 105]. With the implementation of maternal
serum screening, a noninvasive test offered to all
pregnant women, more women are being tested
for a fetus with DS. The former predicts an
increase in conceptions with DS and the latter a
decrease in live births with DS.

Another way to examine the effect of the
folate pathway is to study the use of folic acid
supplementation during pregnancy. Only a few
studies have done so. It is important to note that
although some of the population-based studies
corrected for maternal age [100, 103, 106] none
of these studies stratified their population by
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maternal age and, therefore, did not examine the
effect of folic acid supplementation on older ver-
sus younger mothers. In addition, the longest any
of these studies extend is to births in 1999 or
2000, capturing at most 2 or 3 years post-
fortification. The length of exposure to folic acid
that would be needed to see a biological effort on
chromosome segregation is, at this time,
unknown. Of particular note, none of these stud-
ies differentiate trisomy 21 resulting from mater-
nal MI, maternal MII, or paternal errors.

Using data from the NDSP, we compared the
use of folic acid-containing supplements among
mothers of infants with full trisomy 21 due to
maternal nondisjunction (n=702) and mothers of
infants born with no major birth defects (n=983)
[107]. Adjusting for maternal age, race/ethnicity,
and infant age at maternal interview, we found no
evidence of an association between lack of folic
acid supplementation and maternal nondisjunc-
tion among all case mothers (OR=1.16; 95 % CI:
0.90-1.48). In analyses stratified by meiotic stage
and maternal age (<35 years or 235 years), we
found an association among older mothers expe-
riencing MII nondisjunction errors (OR=2.00;
95 % CI: 1.08-3.71). These data suggest that lack
of folic acid supplementation may be associated
specifically with MII errors in the aging oocyte.
If confirmed, these results could account for
inconsistencies among previous studies, as each
study sample may vary by maternal age structure
and proportion of meiotic errors.

As an exploratory analysis, we also examined
the effect of limiting the MII case sample to those
with a single pericentromeric recombination
event, or those events associated with MII older
oocytes (described above). Perhaps such pericen-
tromeric recombination events are dependent
upon centromeric proteins that degrade with age
and are sensitive to environmental exposures. To
test this, we examined MII cases with a single
pericentromeric recombination event, irrespec-
tive of the age of the mother (n=90). The asso-
ciation between lack of maternal folic acid
supplementation and a MII nondisjunction error
in the presence of a single pericentromeric recom-
binant event was marginally significant
(OR=1.77; 95 % CI: 1.02-3.06; p=0.02). We

further grouped cases by age of the mother. The
OR was higher among older mothers (OR =2.06;
95 % CI: 1.00-4.23; p=0.02; n=63) compared to
younger mothers (OR=1.14; 95 % CI: 0.46-2.82;
p=0.39; n=27). These preliminary data suggest
that the risk for improper segregation of bivalents
with at risk recombination patterns could be
exacerbated by environmental exposures such as
lack of folic acid supplementation.

6.6 Telomerelengthasa
Surrogate Marker for the

Aging Ovary

Replicative shortening of telomeres is a marker
of biological aging. It may be true that it also
serves as a marker for the biological age of ovary.
Many hypotheses for the maternal age effect on
nondisjunction are focused on the degraded prop-
erties of the aged ovary [108]. If true, we may
expect to observe shorter telomeres among moth-
ers with nondisjunction events compared to
mothers without observed nondisjunction. Based
on this prediction, Ghosh et al. [109] compared
the telomere lengths of mothers of trisomic off-
spring (case mothers) to mothers with normal
offspring (control mothers). They measured
telomere length in peripheral blood lymphocytes
among age-matched mothers of children with DS
(cases: n=75) and mothers of children without
DS (controls: n=75) in an age range of 18-42
years. They stratified cases by MI (n=48) and
MII errors (n=27) and performed linear regres-
sion to compare telomere length as a function of
age in the three meiotic outcome groups. They
showed that all three groups had similar telomere
lengths on average for younger mothers and all
three groups declined with age. Interestingly,
telomere loss was greatest in the MII case group
and smallest in the control group, with the MI
case group in between. These results do not sup-
port the hypothesis that young mothers with non-
disjunction events have biologically older ovaries
than their chronological age. However, the
increased telomeres loss in later years may be
a surrogate for (or parallel) an increase in
age-related exposures that affect the ovarian
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environment. The increased telomere loss in MII
vs. MI errors is consistent with the findings above
where maternal-age dependent exposures appear
to play a larger role in MII nondisjunction.

6.7  Conclusions

It is of vital importance to understand the context
of the studies reviewed here. First, all studies
reviewed here are based on live born infants with
standard trisomy 21, those conceptuses that sur-
vive to term. As noted above, this only provides a
picture of the “tip of the iceberg.” Second, only
one oocyte from the case and control women is
examined. Events related an index case “oocyte”
that resulted in a live born infant with standard
trisomy 21 are compared to an index control
“oocyte” that resulted in a live born infant with-
out trisomy or major birth defect. We speculate
that the vast majority of women including “con-
trols” have had at least one oocyte that harbored
an extra chromosome 21 because of a nondis-
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junction event. Considering these caveats, it is
impressive that risk factors still come to the
forefront.

Maternal age remains the most significant risk
factor associated with human chromosome non-
disjunction—this effect is not restricted to chro-
mosome 21 [110]. Clearly progress is being made
to understand its targets using advanced technol-
ogy and direct study of gametes [61]. In the stud-
ies reviewed here, we interpret risk factors as
being maternal age independent or dependent.
We have to appreciate that the oocytes we exam-
ine have already aged over some 15 years prior to
entering the study. Nonetheless, patterns emerge
when we separate nondisjunction errors into
more homogeneous groups (Figs. 6.1 and 6.2). In
addition to maternal age, it appears that environ-
mental factors, including SES, use of tobacco
products and oral contraceptives, and use of folic
acid supplements, are more strongly associated
with MII errors than MI errors as summarized in
Table 6.1. Among cases of trisomy 21, MII errors
are less common than M1 errors; therefore, results

Table 6.1 Summary of possible environmental risk factors for MI and MII nondisjunction of chromosome 21 errors

in the context of maternal age

Exposure MI error

Low social economic No association

status

Tobacco use:
Maternal smoking .

maternal age independent

Smokeless tobacco use ¢ Positive association

* Increased in mothers <28 years ; .

maternal age independent
Oral contraceptive use: No association
Around conception

Intermittent OC use ¢ Positive association

¢ Increased in older mothers; maternal .

age dependent

Interaction between No interaction
tobacco use and OC use:
Smoking and OC use

Smokeless tobacco and ¢ Positive interaction

intermittent OC use .

age dependent

Lack of folic acid No association

supplementation

Nonsignificant negative association .
e Increased in mothers <35 years; .

Increased in older mothers; maternal .

MII error

¢ Positive association
* No difference when stratified by maternal
age

Nonsignificant positive association
Increased in mothers <35 years; maternal
age independent

¢ Positive association

Increased in mothers <28 years ;
maternal age independent

No association

» Positive association

Increased in older mothers; maternal age

dependent

» Positive interaction

* Increased in mothers <35 years; maternal
age independent

» Positive interaction

Increased in older mothers; maternal age

dependent

* Positive association

* Increased in mothers >35 years old;
maternal age dependent
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are often based on small numbers. Some associa-
tions are replicated in two independent popula-
tions suggesting that they are robust. We must
still remain cautious, as the biological mecha-
nism for the associations is not known (e.g.,
whether they are independent of the age of the
oocyte or exacerbated by age).

It is striking that environmental risk factors
are disproportionately associated with MII errors.
This could be an artifact that results from our
ability to collect accurate data on environment
risk periods that affect MII versus MI errors. That
is, exposures occurring around the time of ovula-
tion and fertilization are more accurately defined
and reported compared with exposures that may
be important during the initiation of MI, which
occur in the fetal life of the woman. The latter
time period would depend on the environment of
the grandmother of the infant with trisomy 21.
However, it is important to remember that
resumption of MI occurs around ovulation, and
this process may also be vulnerable to the moth-
er’s environmental exposures

A next important step is to ask about environ-
mental risk factors and their possible interaction
with chiasma configurations. This important
work has been initiated by Ghosh et al. [39] and
Hollis et al. [107]. These studies will be compli-
cated by classification errors related to using
observed recombination profiles. For example,
the group defined as having no observed recom-
binants includes bivalents with no exchanges
(about 40 % of the sample) and those with unde-
tectable exchanges. This particular group may be
the one with the greatest misclassification, or
“noise,” compared with those classified by the
closest proximal event. Irrespective, this group of
MI errors with no recombination is extremely
valuable to study and will take large samples to
overcome the noise. The biological mechanism
to segregate non-exchange chromosomes in
humans has not been studied. Risk factors may
play a different role if there is a unique mecha-
nism for distributing these non-exchange biva-
lents, as there is in other organisms [40, 41].
Ghosh et al. found that younger oocytes with MI
errors and no detectable recombinants were

associated with use of tobacco products, indicting
a maternal age-independent factor. This needs to
be confirmed, but points to an important direction
of study to examine risk factors by chiasma
configuration.

As noted in the beginning of this discussion,
the studies reviewed are those based on concep-
tuses that survived to term. We need to keep this
in mind when interpreting associations as risk or
as protective factors. Ideally, a study of women
with conceptuses with trisomy 21 identified early
in pregnancy should be conducted. This type of
study could be performed given the noninvasive
prenatal screening and diagnostic tools that are
now available. However, such studies would
incur significant emotional burden on women
and would need to be considered carefully by the
community prior to approval. Irrespective,
important progress is being made using the cur-
rent strategy.
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Fertility Preservation for Cancer

Patients
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7.1 Introduction

Over 100,000 reproductive-aged women and men
are diagnosed with cancer in the USA annually
[1]. In females, the most common malignancies
include cancer of the breast, cervix, uterus, thy-
roid, skin, and hematopoietic system. Testicular
and hematologic malignancies most often affect
reproductive age males. Cancers are now often
treated with a combination of surgery, chemother-
apy and radiotherapy. In addition to malignancies,
there are several nonmalignant disorders that
affect both females and males, which may require
potentially gonadotoxic treatments including sys-
temic lupus erythematosus, refractory sickle cell
disease, and thalassemia [2—4].

Innovations in treatment regimens over time
have led to longer survival in patients with these
disorders with a resulting increased interest in
long-term quality of life. One of the important
quality of life issues that has emerged is the desire
to have biological children. Therefore, more
attention has been focused on the preservation of
fertility and reproductive needs of cancer survi-
vors [5]. Indeed, both the American Society of
Reproductive Medicine and the American Society
of Clinical Oncology have encouraged clinicians
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to educate their patient about the risks of cancer
treatments and options for fertility preservation
[6, 7]. Unfortunately, numerous barriers hamper
the implementation of these recommendations,
and there is a need to educate clinicians about the
reproductive risks and fertility preservation options
available for females and males facing fertility
threatening treatments. This chapter will review
the reproductive risks associated with cancer treat-
ments, available fertility preservation techniques,
safety of pregnancy, and family planning methods
for reproductive age cancer patients.

7.2 Reproductive Risks Associated
with Cancer and Cancer

Treatments

Gonadal failure is well recognized as a possible
sequela of cancer treatment in both sexes, as both
chemotherapy and radiation therapy can impact
reproductive potential as well as endocrine func-
tion. However, one of the challenges in studying
the reproductive risks of cancer therapy is that
outcomes such as fertility are difficult to study.
In particular, prospective time to pregnancy stud-
ies are generally not possible when the exposure,
cancer, is relatively rare. Therefore, most studies
have assessed other related outcomes such as
menstrual function, reported pregnancy after
cancer treatment, measures of ovarian reserve, or
semen parameters. Most of the information on
reproductive risks for males and females stems
epidemiologic data from the childhood cancer

P.N. Schlegel et al. (eds.), Biennial Review of Infertility: Volume 3, 87
DOI 10.1007/978-1-4614-7187-5_7, © Springer Science+Business Media New York 2013
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Table 7.1 Risk of ovarian failure and chemotherapeutic regimens

High risk > 80 % Intermediate risk

Cyclophosphamide + methotrexate/
epirubicin/doxorubicin +
S-fluorocuracil x 6 cycles in women
>40 years (CMF, CEF, CAF)

doxorubicin +
5-fluorocuracil x

6 cycles in women 30-39

Cyclophosphamide +
methotrexate/epirubicin/

years (CMF, CEF, CAF)

Pretreatment for hematopoetic stem Doxorubicin +
cell transplant with cyclophosph-
amide/total body irradiation/busulfan
Protocols containing procarbazine
(MOPP, MVPP, COPP, BEACOPP,
MOPP/ABVD, COPP/ABVD,
ChlVPP, ChlVPP/EVA

cyclophosphamide in
women >40 years (AC)

Minimal to
Low risk < 20 % no risk
Cyclophosphamide + methotrex- ~ Radioactive
ate/epirubicin/doxorubicin + iodine
5-fluorocuracil x 6 cycles in
women <30 years (CMF, CEF,
CAF)
Doxorubicin + cyclophosph- Vincristine
amide in women <40 years (AC)
Adriamycin + Bleomycin + Methotrexate
Vinblastine + Dacarbazine
(ABVD)
Cyclophoshamide + Doxorubicin  Fluorouracil

+ oncovin + prednisone x 4—-6
cycles (CHOP)

Cyclophoshamide + oncovin +
prednisone (COP)

Anthracycline + cytrabine

Unknown risk: tyrosine kinase inhibitors, monoclonal antibodies, taxanes, oxaliplatin, irinotecan
Reprinted and modified Table 2 from Lee SJ, Schover LR, Partridge AH, Patrizio P, Wallace WH, Hagerty K, et al.
American Society of Clinical Oncology recommendations on fertility preservation in cancer patients. J Clin Oncol.

2006 Jun 20;24(18):2917-31

survivorship study (CCSS), a large retrospective
cohort study of over 20,000 cancer survivors
assessing a variety of late effects of childhood
cancer.

7.2.1 Females

In women, accelerated gamete depletion related
to chemotherapy and radiotherapy is nested in the
dogma of a finite follicular pool. While the con-
cept that the size of the follicular pool is defined
in fetal life has recently been challenged [8], it is
generally accepted that the pool of immature fol-
licles peaks in size around 20 weeks of fetal life
and is depleted through ovulation or atresia until
menopause [9]. In women who undergo cancer
treatments, atresia may be accelerated due to the
gonadotoxic effects of certain treatment modali-
ties. The effect on future fertility can be difficult
to predict, as it is dependent upon a variety of fac-
tors including the dose and duration of chemo-
therapy or radiation exposure, the patient’s age at

time of exposure, genetics, and other factors
(Table 7.1). Alkylating agents in particular, such
as cyclophosphamide and busulfan, have a 3.98-
fold increased age-adjusted risk of ovarian failure
compared to other antineoplastic agents [10] and
exert their gonadotoxic effects in a dose-depen-
dent fashion [11, 12]. Combined chemotherapy
regimens for breast cancer typically include
cyclophosphamide, and the risk of amenorrhea is
age dependent. For example, amenorrhea occurs
in approximately 10 % of women <35, 40 % of
women between 35 and 40 years of age, and 70 %
of women over 40 treated with multi-agent che-
motherapy for breast cancer [13]. Studies of ovar-
ian reserve in menstruating women have shown
that ovarian measures are impaired in cancer sur-
vivors’ exposed to alkylating agents in a dose-
dependent fashion [14].

Cranial, spinal, total body, abdominal, pelvic,
and total body irradiation can damage the gonadal
tissues, or the neuroendocrine pathways critical
to normal reproductive function. In terms of tar-
geted pelvic radiation, the degree of gonadotoxic
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effect is both dose and age dependent. A mathe-
matical model to predict age of ovarian failure
according to radiation exposure suggested that
the effective sterilizing dose needed for a 20-year-
old patient is 16.5 Gray (Gy) and 14.3 Gy is
sufficient for women at 30 years [15]. Recent
data from the CCSS demonstrated that the rela-
tive risk of achieving pregnancy at least 5 years
posttreatment in female childhood cancer survi-
vors exposed to 5-10 Gy of radiation to the pelvis
was 0.56 and dropped to 0.18 for exposure greater
than 10 Gy compared to a similar-age sibling
cohort [11]. Furthermore, patients receiving pel-
vic radiation should be counseled regarding the
possible need for gestational surrogacy in the set-
ting of premenarchal pelvic radiation greater than
1 Gy or postmenarchal pelvic radiation greater
than 10 Gy as both have been associated with an
increased risk of stillbirth or neonatal death [16].

7.2.2 Males

While the exact mechanism of damage to sper-
matogenesis from cancer therapies is unclear,
both chemotherapy and radiotherapy can result in
damage to the seminiferous tubules, including
spermatogonial cells and Sertoli cells [17]. In
males, chemotherapy also causes significant
damage to testicular tissue in an agent-specific
and dose-dependent manner. Alkylating agents
have been shown to be the most toxic (Table 7.2).
In the CCSS study, males with higher cumulative
alkylator exposure were less likely to have
fathered a child (HR 0.16 for an AAD score of 2
and a HR 0.16 for an AAD score of 6-11 [18].
Antimetabolite therapy such as methotrexate and
mercaptopurine appear to have no effect on male
fertility, while cisplatin-based regimens tempo-
rarily impair spermatogenesis with recovery
shown in a significant number of patients [19].
The testes are exquisitely sensitive to radiother-
apy with doses as low as 0.1 Gy resulting in tem-
porary arrest of spermatogenesis (Pryant). Higher
doses have been shown to cause azoospermia
with doses of <1 Gy, 2-3 Gy, and 4-6 Gy, result-
ing in azoospermia lasting 30 months, 5 years,
and permanently, respectively [20-23].

89

Table 7.2 Effects of cancer treatment on sperm production

Agent

Radiation (2.5 Gy to testis)

Chlorambucil (1.4 g/m?)

Cyclophosphamide (19 g/m?)

Proocarbazine (4 g/m?)
Melphalan (140 mg/m?)
Cisplatin (500 mg/m?)
Carmustine (1 g/m?)
Lomustine (500 mg/m?)

Cyclophosphamide 10-19 g/m?)

Busulfan (600mg/m?)
Ifosfamide (42 g/m?)
Carmustine 300 mg/m?)
Nitrogen mustard
Actinomycin D
Carboplatin (2 g/m?)

Adriamycin (770 mg/m?)
Thiotepa (400 mg/m?)

Cytosine arbinoside (1 g/m?)

Vinblastine (50 g/m?)
Vincristine (8 g/m?)

Amsacrine, bleomycin,

dacarbazine, daunorubicin,

epirubicin, etoposide,
fludarabine, fluorouracil,

Effect

Prolonged
azoospermia

Azoospermia in
adulthood with
prepubertal treatment

Azoospermia likely

Prolonged azoospermia
not often observed
Temporary reductions
alone; additive risk for
prolonged azoo-
spermia in combina-
tion with high risk
agents

Temporary reductions
alone; additive risk for
prolonged azoo-
spermia possible

6-mercaptopurine, methotrexate,

mitoxantrone, thioguanine

Little to no risk of
azoospermia

Prednisone, interferon-ou

Unknown risk: tyrosine kinase inhibitors, monoclonal
antibodies, taxanes, oxaliplatin, irinotecan

Reprinted and modified Table 1 from Lee SJ, Schover LR,
Partridge AH, Patrizio P, Wallace WH, Hagerty K, et al.
American Society of Clinical Oncology recommendations
on fertility preservation in cancer patients. J Clin Oncol.
2006 Jun 20;24(18):2917-31

7.2.3 Surgery

Surgical treatment for malignancy is another
potential cause of infertility. In females, removal
of the ovaries or uterus may be necessary to treat
gynecologic malignancies. For males, orchiec-
tomy is often recommended for the treatment of
testicular cancers. In addition, pelvic surgery
may alter the ability to conceive through natural
ejaculation by damaging the neurologic or func-
tional mechanisms of sperm delivery.
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7.2.4 Cancer and Infertility

In addition to cancer treatments, there is specula-
tion that the cancer disease process itself may
impair fertility. In male patients, a cancer diagno-
sis is associated with decreased semen parameters
and decreased fertility, particularly in patients with
testicular malignancies and lymphoma [24-27].
Similarly, female patients with lymphoma have
been noted to have lower estradiol levels during
controlled ovarian stimulation even before gonad-
otoxic treatment suggesting possible impaired
ovarian reserve [28]. In addition, patients with
BRCA-1 mutations have been noted to have lower
oocyte yield and a higher likelihood of poor
response to control ovarian hyperstimulation than
patients with BRCA-2 mutations or patients with
breast cancer and unknown BRCA-mutation sta-
tus [29]. While cancers themselves may be associ-
ated with some decreased fertility, the major effects
on reproductive function are from the associated
treatments. More data are needed to help predict
the impact of cancer therapies on reproductive
function. Prospective studies evaluating the
predictive value of individual and treatment char-
acteristics would be very useful to provide indi-
vidualized counseling to patients regarding the
reproductive risks and for targeting fertility pres-
ervation strategies to those at highest risk. For
example, a recent study has demonstrated that
pretreatment levels of AMH are predictive of
posttreatment ovarian reserve in reproductive age
women undergoing chemotherapy [30].

7.3  Approach to Fertility

Preservation Consultation

In 2006 the American Society of Clinical Oncology
released recommendations for fertility preserva-
tion in cancer patients encouraging oncologists to
address the possibility of infertility with patients
and either be prepared to discuss options or refer
patients to reproductive specialists for fertility
preservation counseling [6]. The consultation
should include all available methods including
those considered experimental, as well as those
involving donor gametes, embryos, or adoption.
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This discussion must also take into consideration
the disease process involved, the current health of
the patient, and safety of pregnancy in the future.
Some malignancies may present in acute crises
such that fertility preservation options prior to
gonadotoxic treatments may be limited. Those
cases in which there is a window between diag-
nosis and treatment may allow patients to pursue
a spectrum of options including gamete or embryo
cryopreservation. Some patients may benefit
from multiple modalities of fertility preservation
techniques; for example, it may be feasible for a
patient to pursue both oocyte cryopreservation
and ovarian tissue cryopreservation, or embryo
cryopreservation followed by gonadotropin releas-
ing hormone analog treatment [31].

One of the challenges of the fertility preserva-
tion consultation is weighing the potential risks
and benefits of fertility preservation strategies
when treatment protocols may change over time.
For example, sometimes the initial planned che-
motherapy may be low risk for gonadal failure,
but may become more gonadotoxic in the event
of relapse. Thus, the options that are likely to be
most successful may change over time depending
upon the patient’s disease status. Also, it is imper-
ative to discuss the possibility that gametes,
embryos, or tissues cryopreserved may never be
utilized in the future. This situation may arise if
the patient is able to conceive without assisted
reproductive technologies, or if the patient dies.
Thus, a discussion of disposition of any gametes,
embryos, or gonadal tissue is a necessity. Moreover,
some women may survive the disease process and
treatment, but be unable to carry a pregnancy due
to obstetric risks of treatment sequelae or their
health status. The possible need for a gestational
carrier should be addressed at the time of any fertil-
ity preservation treatment to ensure that the appro-
priate infectious disease testing and screening is
performed so that tissue, gametes, or embryos may
be safely used in the future.

The appropriate fertility preservation consul-
tation should be timely and include a discussion
of all techniques available (Table 7.3). Having an
easily accessible point of contact for fertility
preservation services such as a patient navigator
can facilitate the efficiency of this process, as
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many of these patients may have limited time
between diagnosis and impending gonadotoxic
treatment. In breast cancer patients, it has been
shown that fertility preservation does not prolong
the time interval between diagnosis and chemo-
therapy [32]. Thus, this consultation should not
be viewed as an addition, but rather, a necessary
component in the setting of a newly diagnosed
malignancy or recurrence in a reproductive-aged
patient. A multidisciplinary approach is critical,
as the input of and collaboration between oncolo-
gists, radiation oncologists, urologists, genetic
counselors, mental health professionals, patient
navigators, and financial counselors are key to
providing comprehensive care.

7.3.1 Fertility Preservation Options

for Females

7.3.1.1 Embryo Cryopreservation

Embryo cryopreservation is one of the most
established assisted reproductive technologies
available to female cancer patients for fertility

Table 7.3 Fertility preservation options

Male Female
Prepubertal ~ Germ cell Ovarian tissue
extraction” cryopreservation
Ovarian transposition
Postpubertal Sperm Embryo
cryopreservation cryopreservation
Surgical sperm  Oocyte
extraction cryopreservation
Gonadotropin
releasing hormone
analogues
Ovarian transposition
In vitro maturation
Ovarian tissue
cryopreservation
“Experimental
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preservation. This technique typically requires
controlled ovarian hyperstimulation with retrieval
of mature oocytes followed by insemination of
sperm from a committed partner or donor. Much
of the data used to counsel these patients is cur-
rently derived from cryopreservation cycles of
infertility populations and donor populations
(Table 7.4). US national statistics from the
Society for Assisted Reproductive Technologies
indicate a live birth rate of 38.7 % per thawed
embryo transfer for women less than 35 years of
age. These rates decline with age and should be
adjusted as per individual center-specific ongo-
ing pregnancy and live birth data. Prospective
data regarding ongoing pregnancy and live birth
rates from embryos cryopreserved after cancer
diagnosis and treatment are limited.

7.3.1.2 Mature Oocyte Cryopreservation

Mature oocyte cryopreservation may be an excel-
lent option for postpubertal females without a
committed partner who do not wish to use donor
sperm. This technique is now considered an
established technique by the American Society
for Reproductive Medicine [33]. Oocyte cryo-
preservation was originally described using slow
freezing techniques. However, oocyte vitrification
has now emerged as the preferred technology
with two randomized controlled trials suggesting
improved oocyte survival with vitrification com-
pared to slow freezing techniques (OR 2.46, 95 %
CI [1.82-3.32]) [34-36]. The first live birth from
slow frozen oocytes was described in 1986 and
the first live birth from a vitrified oocyte in 1999
[37, 38]. Data on the success rates of oocyte cryo-
preservation are principally from egg donor/
recipient cycles or infertile couples with supernu-
merary oocytes available. Four randomized con-
trolled trials comparing outcomes with vitrified
and fresh oocytes in IVF/ICSI cycles demonstrate

Table 7.4 Age-stratified live birth rates per embryo transfer, SART 2010

Oocyte

donors <35years  35-37 years  38-40 years 41-42 years >42 years
Fresh cycle: Live birth/ET ~ 55.6 47.8 38.4 28.1 16.8 6.3
Thawed: Live birth/ET 34.8 38.7 35.1 28.5 21.4 15.3
Ave No. ET 2.0 1.9 1.9 2.1 22 2.1

Based on 146,693 cycles
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that oocyte survival after vitrification and warm-
ing ranged between 90 and 97 %, fertilization
rates were between 71 and 79 %, implantation
rates were 17—41 %, and clinical pregnancy rates
per transfer ranged from 36 to 61 % [39-41].
Indeed, with the improvement of laboratory tech-
niques, oocyte cryopreservation success approaches
the success of fresh IVF in some clinics. A meta-
analysis including three randomized controlled tri-
als of fresh and vitrified oocytes indicated that
fertilization rates, cleavage rates, and ongoing
pregnancy rates are comparable [35, 42].

7.3.1.3 Controlled Ovarian
Hyperstimulation in Cancer
Patients
Selecting a protocol for controlled ovarian hyper-
stimulation for either mature oocyte or embryo
cryopreservation in cancer patients is challeng-
ing, as response can be highly variable. There is
conflicting data regarding the degree of differ-
ence in response to stimulation in women with
malignancy compared to the general population.
A meta-analysis of seven retrospective studies on
the ovarian response in cancer patients to age-
matched healthy controls suggested that women
with cancer have a significantly lower oocyte
yield but with comparable fertilization rates [43].

Most ovarian hyperstimulation protocols were
established for infertile populations or oocyte
donors. However, the response in these popula-
tions may not be predictive of patients pursuing
fertility preservation since many of them have
untested fertility. While some patients may have
poor oocyte yield due to their age, disease state,
and possible underlying infertility, others may
have a very robust response. Therefore, the use of
antagonist protocols provide flexibility and are
safer since gonadotropin releasing hormone
agonists may be used to induce oocyte matura-
tion in order to prevent ovarian hyperstimulation
syndrome [44].

There is a theoretical concern regarding the
impact of elevated estradiol levels during ovarian
stimulation in hormonally responsive malignancies.
As such, protocols aimed at reducing the estradiol
levels with aromatase inhibitors have been sug-
gested to minimize this potential risk [45, 46].
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These protocols have been shown to result in
acceptable oocyte and embryo yields.

Data are limited in patients who present outside
of the early follicular phase and whose treatment
must be expedited. However, several small
studies suggest that stimulation with a GnRH
antagonist in conjunction with exogenous gonad-
otropins results in acceptable numbers of oocyte/
embryo to cryopreserve [47, 48].

7.3.1.4 In Vitro Oocyte Maturation

In vitro maturation involves the retrieval of imma-
ture oocytes with minimal or no ovarian stimula-
tion and maturation of oocytes in the laboratory.
For the purpose of fertility preservation, mature
oocytes may then be cryopreserved or fertilized
for embryo cryopreservation. This strategy may
be particularly attractive in situations where can-
cer therapy must be initiated urgently. While live
births have been reported with this technique in
the setting of polycystic ovarian syndrome [49],
live births are estimated to be lower than with
traditional ovarian stimulation [50, 51]. There
are limited data about the success of this strategy
in cancer patients. This option may also be used
in the setting of oocytes retrieved from ovarian
biopsy for tissue cryopreservation although, simi-
larly, obstetric outcome data is currently unavail-
able. This methodology remains an important area
of research in fertility preservation.

7.3.1.5 Ovarian Tissue Cryopreservation
and Transplantation

Ovarian tissue cryopreservation involves removal
of the whole ovary or a portion of the ovarian
cortical tissue, typically via laparoscopy, fol-
lowed by cryopreservation with the intent of
orthotopic or heterotopic autologous transplanta-
tion in the future. The process involves isolating
the follicle-rich ovarian cortex and cutting it into
1 mm thick fragments, and cryopreservation
either by vitrification or slow-freeze techniques
[52]. Unlike embryo and oocyte cryopreserva-
tion, which typically require a 2 week period for
controlled ovarian hyperstimulation, ovarian tis-
sue can be removed and cryopreserved without
gonadotropin or other hormonal preparation.
Therefore, it is a strategy typically used for
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females who need urgent therapy. In addition, it
is the only technique available for fertility preser-
vation in prepubescent females whose ovaries do
not respond to gonadotropin stimulation. As the
success of this method of fertility preservation is
dependent upon an adequate follicular pool prior
to tissue biopsy, it is not recommended in women
over 40 years old [53]. At the time of this publi-
cation, 22 healthy live births have been reported
after orthotopic tissue transplantation with a wide
range of conditions including lymphoma, breast
cancer, Ewing sarcoma, neuroectodermic tumor,
microscopic polyangitis, thalassemia, sickle dis-
ease, and idiopathic premature ovarian failure
[54-65]. The transplant viability typically ranges
from 60 days to 3 years; thus, patients interested
in this option should undergo transplantation when
they are ready to conceive [65]. Care should be
taken to counsel patients with hematologic malig-
nancies as to the theoretical risk of reseeding
malignant cells with transplantation of ovarian
tissue [66—70]. In addition, transplantation is not
recommended in other situations where cancer
cells may be present in ovarian tissue. Alternative
methods of utilizing ovarian tissue, including
oocytes/follicular maturation in vivo to achieve a
pregnancy, has not been successful to date. While
still considered experimental, ovarian tissue cryo-
preservation remains a promising option for both
prepubertal and reproductive-aged female patients
desiring future fertility.

7.3.1.6 Ovarian Transposition

In the setting of anticipated pelvic irradiation,
ovarian transposition, or oophoropexy, may be
appropriate. This involves surgically moving the
ovaries away from the path of radiation, typi-
cally to the pelvic sidewall or into the posterior
cul de sac. This was first described in a case
series of women planning for pelvic irradiation
for Hodgkin’s Disease [71] and has since been
used for pelvic malignancies, medulloblastoma
and other cases that require pelvic irradiation
[72, 73]. In cases in which the uterus or uterine
vasculature has been damaged and patients are
unable to carry a pregnancy, patients may be able
to pursue in vitro fertilization with a gestational
carrier.
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7.3.1.7 Gonadotropin Hormone
Releasing Analogues

Ovarian suppression during chemotherapy with
gonadotropin releasing hormone (GnRH) ago-
nists or GnRH antagonists may also be an option
for patients who do not have the desire or an ade-
quate time window for gamete/embryo cryo-
preservation. The theoretical effectiveness of this
strategy is extrapolated from the observation that
prepubertal cancer patients who are exposed to
gonadotoxic therapy are less likely to have
impairment of gonadal function [74]. Thus, it is
hypothesized that temporary suppression of the
pituitary—gonadal axis, decreased gonadal perfu-
sion, and possibly a direct gonadal effect may
reduce germ cell apoptosis. Moreover, these
agents may confer an added benefit of prevention
of menorrhagia, particularly in patients who
develop severe thrombocytopenia from the myelo-
suppressive effects of chemotherapy [75]. Studies
of the efficacy of GnRH analogues in preserving
fertility have had mixed results. Two separate
meta-analyses of the use of gonadotropin releas-
ing hormone analogues for downregulation
administered prior to start of gonadotoxic treat-
ment suggest a benefit with respect to resumption
of menses after chemotherapy and ovulation, but
no difference in pregnancy rates or live birth rates
[76,77]. Additional studies are needed to evaluate
whether GnRH agonists are associated with
improved long-term fertility.

7.3.2 Male Fertility Preservation
Techniques

7.3.2.1 Sperm Cryopreservation

Sperm cryopreservation remains the standard
method for fertility preservation in postpubertal
males. Sperm is typically collected by masturbation
prior to the initiation of chemotherapy or radiation
therapy. Depending on the semen analysis, multiple
samples may be collected, which can be used for
intrauterine insemination or IVF in the future.
Patients with ejaculatory dysfunction may benefit
from phosphodiesterase inhibitors, vibratory stimu-
lation, or electroejaculation in order to obtain
adequate samples for cryopreservation [78, 79].
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7.3.2.2 Surgical Sperm Extraction

Surgical sperm extraction may also be an option
for those patients from whom an ejaculated spec-
imen cannot be obtained or for those with azoo-
spermia. These techniques include percutaneous
epididymal sperm aspiration (PESA), testicular
sperm extraction (TESE), testicular sperm aspi-
ration (TESA), and microsurgical epididymal
sperm aspiration (MESA). In the setting of surgi-
cal sperm extraction, or severe abnormalities in
ejaculated sperm, the patient should be counseled
that using that sperm in the future will require
in vitro fertilization with intracytoplasmic sperm
injection. Isolation of germ cells from testicular tis-
sue biopsy has also been studied and may be an
option for prepubertal male cancer patients [80, 81].
At this time, there is no data on human transplanta-
tion of these germ cells and thus this remains a
purely investigational technique.

7.4  Pregnancy and Survivorship
Care for Cancer Patients
7.4.1 Contraception

A discussion of contraceptive needs for cancer
patients is often overlooked in the setting of a new
cancer diagnosis and is a critical component of a
fertility preservation consultation. While a patient’s
anxiety and distress regarding the prospect of infer-
tility may be substantial, an unintended pregnancy
in the setting of a cancer diagnosis can be emotion-
ally devastating and could place the female patient
at considerable obstetric-related risk. While popu-
lation-based data regarding the incidence of unin-
tended pregnancy in the USA are currently
unavailable, case—control studies in US and Danish
populations suggest that cancer survivors are more
likely to terminate a pregnancy compared to con-
trols [82, 83].

Cancer survivors present unique challenges for
family planning. Cancer diagnosis including hor-
mone receptivity, history of thromboembolic dis-
ease, liver dysfunction, hypertension, and other
comorbidities must all be considered in recom-
mendations for contraceptive therapy. The Society
for Family Planning issued contraception guide-
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lines in 2012 for patients with cancer that included
avoiding combination estrogen—progestin therapy
for active cancer or those treated with the past 6
months, encouraging copper-containing intrauter-
ine device use in patients with breast cancer and
consider levonorgestrel-containing intrauterine
systems for patients with anemia to minimize
menstrual blood loss [84]. Issues for which evi-
dence remains limited include combined estrogen—
progestin therapy for patients with prior chest
radiation, levonorgestrel-containing intrauterine
devices for breast cancer patients on tamoxifen,
optimal contraception in cancer survivors with
osteopenia or osteoporosis, and emergency con-
traception use in patients with breast cancer who
decline other methods.

7.4.2 Preconception Counseling

Preconception counseling for cancer survivors
should include age-appropriate recommendations
regarding prenatal screening, immunization, and
genetic and nutrition counseling. Additionally,
cancer diagnosis, stage, prognosis, cumulative che-
motherapy and/or radiation exposures, and surveil-
lance needs must all be considered in determining
the expected obstetric risks. Patients who are
known or suspected to have developed a malig-
nancy as a result of a genetic or hereditary syn-
drome may benefit from meeting with a genetics
specialist. Preimplantation genetic diagnosis and
prenatal diagnosis should be discussed as options.
Prior exposure to anthracycline agents such as
doxorubicin and daunorubicin is associated with
left ventricular dysfunction in a dose dependent
fashion [85]. Thus, the Children’s Oncology
Group Long-Term Follow-up Guidelines for
Survivors of Childhood, Adolescent, and Young
Adult Cancer has recommended that women who
have received a cumulative anthracycline dose of
300 mg/m? or greater, who have received 30 Gy
or more of radiation directed towards the thoracic
tissues, or who have received the combination of
any dose of radiation to the thoracic tissues with
chemotherapy including anthracyclines at any
dose or high doses of cyclophosphamide should
have preconception cardiac evaluation [86].
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While the overall incidence of peripartum cardio-
myopathy is suggested to be low in retrospective
cohort studies of childhood cancer survivors [87],
these patients should be managed in collabora-
tion with a high risk obstetrics team and a cardi-
ology team.

Patients who have had prior exposure to bleo-
mycin, carmustine, or thoracic radiation, are a risk
for pneumonitis [85, 88]. The rates of chronic
pulmonary disease after these exposure range from
1 to 15 %. While there are no specific recommen-
dations regarding preconception or prenatal moni-
toring in these patients, baseline pulmonary
function testing should be considered.

In addition, exposures to chemotherapy, gluco-
corticoids, and radiation may damage other organ
systems subclinically. The physiologic changes
of pregnancy may unmask organ dysfunction
and lead to significant pregnancy complications.
In addition, cancer treatments can put patients at
risk for a secondary malignancy during pregnancy.
Thus, it is imperative that patients considering
pregnancy be up to date regarding their surveil-
lance with respect to recurrence, secondary malig-
nancies, and late effects of prior treatment that
could impact obstetric management.

7.4.3 Obstetric Outcomes in Cancer
Survivors

Many patients and practitioners will have con-
cerns about the risks of recurrence associated
with pregnancy, and possible adverse obstetric
and neonatal outcomes due to prior cancer treat-
ments. Unassisted pregnancy after breast cancer
is not associated with an increased risk of recur-
rence or reduction in survival [89], and data from
childhood cancer survivors remote from therapy
indicate that while women exposed to pelvic irra-
diation had a higher incidence of small for gesta-
tional age infants, there were no other differences
in adverse obstetric outcomes compared to
healthy controls [82]. There is little known about
pregnancy outcomes after recent gonadotoxic
exposure, the optimal duration of time from
chemotherapy exposure to conception to minimize
these risks. However, animal studies suggest that
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miscarriage and rates of birth defects are higher
in mice that conceive during chemotherapy expo-
sure [12] but the optimal duration of time from
chemotherapy exposure to conception to minimize
these risks is unknown. In addition, childhood
cancer survivors remote from treatment do not
appear to have an increased risk of congenital
anomalies in their offspring [90]. It is generally
recommended to wait 6 months to 1 year to con-
ceive after a cancer diagnosis.

7.4.4 Additional Survivorship Care

For patients who have experienced acute or pre-
mature ovarian failure, their counseling should
include a discussion of the effects of a hypoestro-
genic state and options for management. Some of
these patients will experience menopausal symp-
toms transiently during treatment that will resolve
with the resumption of menses, while others may
continue to have hot flashes, night sweats, and
vaginal dryness for years after treatment. There
are no guidelines with respect to recommendations
for hormone replacement therapy in this patient
population. However, due to clear differences with
respect to age and risk modifiers, data from large
population studies such as the Women’s Health
Initiative are unfortunately not generalizable to
this population. Certainly, there are concerns with
respect to the risks of recurrence in hormonally
responsive malignancies as well as the risk of
thromboembolic events. Nonetheless, in nonhor-
monally sensitive tumors, the benefits of hormone
replacement therapy outweigh the risks in repro-
ductive-aged women. In addition to hormone
replacement therapy, selective serotonin reuptake
inhibitors, venlaxafine, and gabapentin, and
lifestyle modification may also be recommended
to management of vasomotor symptoms [91].
Vaginal estrogen and lubricants may be effective
for dyspareunia related to vaginal atrophy and
appears to be safe in patients who are not eligible
for systemic estrogen or combined hormonal
therapy [92]. Additionally, patients with prema-
ture gonadal failure will be at risk of developing
osteoporosis. While there are no data with respect
to incidence and optimal treatment in this patient
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population, calcium and vitamin D supplementa-
tion, weight bearing exercises, and bisphospho-
natetherapy mayallbeconsidered; bisphosphonate
therapy should be reserved for those who have no
plans for childbearing in the future. Hormone
replacement therapy has been suggested to
increase bone mineral density in female patients
after bone marrow transplantation with minimal
risk [93]. As with therapy for menopausal symp-
toms, the risks and benefits should be discussed
with the patient and decisions should be made in
collaboration with the oncology team.

Finally, both male and female cancer survivors
may experience sexual dysfunction. While all
phases of the sexual response cycle may be
impacted, in particular men are more likely to
experience erectile dysfunction, and women are
more likely to experience decreased libido and
vaginal dryness [94]. Counseling regarding
cancer-specific sexual issues as well as sexual
rehabilitation has been suggested to decrease psy-
chological distress and improve quality of life in
cancer patients [95, 96]. While the study of sexual
function in this patient population continues to
evolve, at a minimum, ascertainment of sexual
dysfunction is important to survivorship care.

7.5  Conclusion

The management of reproductive issues in the
setting of a malignancy is complex and requires
diligence from all providers involved. Clinicians
should discuss the reproductive risks, fertility pres-
ervation methods, and contraceptive needs of
patients at the time of diagnosis in order to maxi-
mize the reproductive health and options for having
a family in the future. With increasing awareness
and ongoing research in the area of Oncofertility,
we hope that this field will continue to advance to
meet the needs of this unique patient population.
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Reproductive Surgery

and Computer-Assisted
Laparoscopy: The New Age of
Subspecialty Surgery Is Here

Shane T. Lipskind and Antonio R. Gargiulo

8.1 Computer-Assisted
Reproductive Surgery:

A Vision Fulfilled

Professor Ricardo Aziz, in his heartfelt Fertility and
Sterility editorial of 2002, addressed the delicate
topic of the role of reproductive surgeons in the
age of in vitro fertilization [1]. It was a somber
commentary that identified two main factors
responsible for the epochal shift of many fertility
specialists away from the surgical arena: on one
side, the development of highly effective assisted
reproductive technologies that rendered most
tubal microsurgery obsolete; on the other, the
success of advanced minimally invasive surgery,
which changed the parameters by which the qual-
ity of reproductive surgery would be defined.
However, the editorial’s appeal to reproductive
endocrinologists to continue to take responsibility
for their patients’ surgical needs was loud and
clear: “The American Society for Reproductive
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Medicine (ASRM) and the Society of Reproductive
Surgeons (SRS) should not be timid in asserting
their position as the homes of the world’s finest
reproductive surgeons. The efforts of the SRS to
establish itself as the custodian of quality repro-
ductive-organ surgery in women and men fits
well with the very successful public campaign
regarding ‘prevention of infertility, currently
being undertaken by the ASRM. Reproductive
surgeons and the SRS not only should serve as
experts in the treatment of pelvic-factor infertility
but should and will begin to take an activist and
front-line role in improving the surgical care of
men and women everywhere.” To this end, one
of the initiatives of the SRS was to partner with
the American Association for Gynecologic
Laparoscopists (AAGL) to sponsor the creation
of postgraduate training opportunities in mini-
mally invasive gynecologic surgery with a stan-
dardized minimal curriculum and a requirement
for research. The AAGL/SRS Fellowship in
Minimally Invasive Gynecologic Surgery initia-
tive, inaugurated in 2001, has thrived over the past
decade to graduate over 150 preceptees who have
contributed in many ways to the advancement of
minimally invasive surgery in this country and
abroad. Thanks to such bold academic catalysts,
general gynecologists with excellent technical
skills in minimally invasive surgery are now pres-
ent in most urban areas of this country, and access
to this superior level of surgical care has improved.
A regrettable shortcoming of this overall positive
development is that the focus of most of these
preceptorships has remained outside of the
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gynecologic subspecialties. As a consequence, at
more than 10 years from Professor Azziz’s appeal
for the need of a strong and vocal reproductive
surgery contingent in our health system, the num-
ber of reproductive endocrinologists offering the
full range of endoscopic reproductive surgery to
their patients is probably no higher than in 2002.
Indeed, in spite of renewed appeals to promote
the specialized role of reproductive surgeons in
modern fertility care [2], a culture of discon-
nected care has somehow seeped into our subspe-
cialty, whereby it is currently acceptable for
complex reproductive surgery cases to be referred
to minimally invasive general gynecology prac-
tices so they can have their procedures done lap-
aroscopically. While the intention may be noble,
the action is not always in the best interests of
patients. Only a reproductive endocrinology sub-
specialist can effectively tailor the timing and
extent of all medical, surgical, and ART interven-
tions to each patient’s unique reproductive
endeavor. Take the common example of a 40-year-
old nulligravida with borderline ovarian reserve, a
new radiologic diagnosis of bilateral endometri-
omas, hydrosalpinges, and a sizable subserosal
myoma. She is likely to receive two very different
operations at the hand of a general gynecologist
and of a reproductive endocrinologist. While lap-
aroscopic excision of hydrosalpinges, stripping of
endometriomas, and myomectomy would be rea-
sonable procedures to consider, they would be the
wrong choice in this particular case. Reproductive
subspecialists epitomize the minimalist approach
to gynecologic surgery: they would favor tubal
interruption with biopsy and partial coagulation of
the endometrioma and would avoid a myomec-
tomy unless absolutely necessary. The aim of such
an operation should not be complete eradication of
all detectable pelvic pathology but rather preserva-
tion of ovarian reserve and swift triage to ART.
When the ultimate goal is to potentiate the con-
ception and birth of a healthy child, a deep knowl-
edge of reproductive endocrinology and infertility
is fundamental to effective reproductive surgery.
It would therefore be hypocritical to pretend that
the status quo of reproductive surgery in our
country is adequate and sustainable.

Alas, we are a subspecialty on the verge of
relinquishing an essential aspect of our expertise

S.T.Lipskind and A.R. Gargiulo

in order to remain true to our values. That is to
say that, as a subspecialty, we have long rejected
open pelvic surgery and the unacceptable burden
of adhesions that it entails [3, 4], yet the majority
of us struggle to adopt advanced laparoscopy.
Loss of three-dimensional (3D) vision, dimin-
ished haptic feedback, counterintuitive motion of
the operative instruments, loss of wristed move-
ments, tremor amplification, and unfavorable
surgical ergonomics render advanced laparo-
scopic procedures difficulttomaster. Reproductive
surgery entails extensive and precise suturing
(as in myomectomy and tubal reconstructive sur-
gery) and complex anatomical dissection (as in
excision of advanced-stage endometriosis). Both
tasks tend to be particularly challenging in a con-
ventional laparoscopic environment. An uncom-
promised laparoscopic approach that replicates
open microsurgical technique may be virtually
impossible for all but the most skilled and prac-
ticed minimally invasive surgeons. The available
ethical choices for reproductive specialists until
recently were to learn and maintain expert con-
ventional laparoscopic skills or to refer patients
to minimally invasive gynecologists. The advent
of computer-assisted laparoscopy has ushered in
a new and appealing solution to this ethical and
professional dilemma.

Advanced reproductive surgeries demand a
sophisticated level of medical knowledge, sur-
gical judgment, and technical skill. Computer-
assisted laparoscopy, commonly known as
robotic surgery, combines the intuitive opera-
tive environment of open surgery with the mini-
malinvasiveness of laparoscopy. This technology
may therefore enable willing reproductive sur-
geons to apply their specialized knowledge and
microsurgical training toward advanced lap-
aroscopic procedures. Reproductive surgeons
were, in fact, the first in gynecology to recognize
the benefits of robot-assisted surgery, while early
prototypes were still in development, using the
now discontinued Zeus platform to demonstrate
the feasibility of robot-assisted laparoscopic tubal
reanastomosis in 1999 [5]. The United States
Food and Drug Administration (FDA) subse-
quently approved the da Vinci Surgical System
(Intuitive Surgical, Sunnyvale, CA) for use in
gynecologic surgery in 2005. This system and
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Fig. 8.1 Port placement for robot-assisted reproductive
surgery. (1) Standard two-arm configuration with assistant
port in the right lower quadrant. Lower assistant port makes
needle exchange safer and allows conventional laparoscopic
operation in the “vertical zone” if needed. (2) Standard two-
arm configuration for large pathology: this is what we use

its newer variations (da Vinci S, Si and Si-e)
remain the only currently approved robotic sur-
gical platforms for laparoscopic surgery avail-
able in the USA, although it is hard to imagine
that competing technology will not become
available soon.

Current robotic surgical systems consist of
three main elements: a single or double remote
surgeon’s console, a three- or four-arm patient-
side robotic cart, and a vision cart. The surgeon
employs a computer-aided interface to remotely
control specially designed instruments through
the passive bedside robot. Following standard
abdominal insufflation, a primary cannula is
inserted at or above the umbilicus. Subsequently,
two or three dedicated 5-mm or 8-mm robotic
instrument trocars plus an assistant port are
placed as necessary for the planned procedure
(Fig. 8.1). The arms of the patient-side robotic
cart are connected to the cannulas. The primary
surgeon controls an 8.5-mm or 12-mm binocular

for our hybrid procedure (see Fig. 8.4); a third robotic arm is
placed through a left side port in some of these cases. (3)
Cosmetic configuration with suprapubic assistant port and
low positioning of the bilateral robotic trocars. (4) Umbilical
incision for single-port procedures. (Key: red=camera port,
yellow=assistant port, blue =robotic ports)

laparoscope and up to three interchangeable
robotic instruments while seated at the remote
console. Any of the robotic arms can be reas-
signed to the secondary console for training pur-
poses or to allow the independent movement of
all four arms for more sophisticated techniques.
Most robotic instruments feature articulated tips,
enabling 7 degrees of freedom in motion: grip,
insertion, rotation, and pitch and yaw at both the
elbow and the wrist. Floating hand controls at
the remote console accommodate the surgeon’s
thumbs and forefingers. These surgical systems use
computer technology to overcome the fulcrum
effect: they automatically reverse the pitch and
yaw, such that the surgeon’s natural hand move-
ments are translated into the precise, scaled
movements of the robotic instruments. Pedals for
activation of energy instruments are also inte-
grated with the console.

Together, the full impact of these technological
innovations is greater than the sum of its parts:
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computer-assisted laparoscopy allows inexperi-
enced users to complete complex laparoscopic
tasks with less training, greater efficiency, and
reduced operator workload compared to conven-
tional laparoscopy [6-9]. In a seminal study by
Stefanidis et al., medical students were tested
on intracorporeal suturing in porcine Nissen
fundoplication models [8]. The subjects were
asked to place sutures using conventional laparo-
scopic instruments in one model and robotic
assistance in the other (in random order). Robotic
assistance significantly improved intracorporeal
suturing performance and operating room safety
and significantly shortened the learning curve.
In addition, robotic assistance significantly reduced
operator workload, as assessed by a validated
National Aeronautics and Space Administration
Task Load Index (NASA-TLX) questionnaire.
This decrease in subjective mental and physical
demand could improve physician performance
and safety in challenging situations and release
mental resources for unfamiliar tasks.

Studies comparing the learning curves for
actual procedures using conventional computer-
assisted laparoscopy will never be available. That
is because such studies, in order to be meaning-
ful, would have to replicate many conditions of
the above work by Stefanidis on human subjects
for entire operations. This would constitute a
bioethical nightmare even in the most permissive
of health systems. Several robotic surgery teams
have reported their learning curves for specific
operations. Not surprisingly, the results vary con-
siderably by procedure and by the surgical expe-
rience of the team under study. Lenihan et al.
showed that the operative time in robotic benign
gynecologic cases (mostly hysterectomies) stabi-
lized after a learning curve of 50 cases [10].
Payne et al. confirmed this finding, showing
stabilization of operative time for robotic hyster-
ectomy after 75 cases [11]. In contrast, a subspe-
cialty gynecologic oncology team showed that
proficiency for robotic hysterectomy with pelvic—
aortic lymphadenectomy was achieved after 20
cases [12], and our own study on a high-volume
team of reproductive surgeons could not identify
any significant learning curve for robotic myo-
mectomy [13]. Importantly, the prevailing success
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of these robotic teams and the relatively short
learning curves identified suggest that the rapid
rise to proficiency afforded by computer-assisted
laparoscopy in training tasks may also translate to
real operations, where safety and reproducibility
are paramount.

Computer-assisted laparoscopy brings two
additional features that make it uniquely geared
toward operating room safety and surgical educa-
tion (1) enhanced ergonomy and (2) highly
sophisticated simulation with objective evalua-
tion. The field of surgical ergonomics has boomed
following the introduction of advanced laparos-
copy because the extreme ergonomic challenges
it creates pose a threat to the health of both sur-
geons and patients alike. Surgeons may suffer
from occupational injury due to musculoskeletal
strain due to the physical maneuvers and unfa-
vorable positioning required for laparoscopic
pelvic surgery, whereas patient safety may be
compromised by the high level of complexity
found in advanced laparoscopic cases and a pro-
pensity toward distraction in the form of gaze
disruption. These important themes will be
explored in detail next.

To understand why the dangerous epidemic of
musculoskeletal injury caused by laparoscopic
surgery has remained relatively silent until
recently, we must place it in the right cultural
prospective. Physicians have historically thrived
in their deus ex machina role, no matter how
unfavorable the circumstances. From the carnage
of battlefield hospitals throughout history, to the
heroic fights against the Black Death, leprosy,
and smallpox, to the sacrifices of radiation medi-
cine pioneers, we are the cavalry and we know it.
However, it seems this cavalry is not faring too
well in laparoscopy.

Park and colleagues polled laparoscopic spe-
cialists in North America and reported that 86.7 %
of them had symptoms associated with musculo-
skeletal occupational injury [14]. The main pre-
dictor of symptoms was high case volume,
whereas age, years in practice, and surgeon’s
height did not have an impact. A separate study
by the same group reported that surgical assis-
tants in laparoscopic surgery were also at risk
for musculoskeletal occupational hazard [15].
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These recent reports highlight the alarming
prevalence of a well-known ergonomic flaw in
the musculoskeletal requirements of conventional
laparoscopy [16].

Computerized surgical platforms are a prom-
ising solution to the ergonomic challenges of lap-
aroscopy because they eliminate the unbalanced
posture and the neck and shoulder strain of the
remote operators. While long-term benefits con-
veyed by the improved ergonomics of computer-
assisted laparoscopy may be speculative for the
time being, the need for a form of laparoscopy
that is not crippling to the operator is self-evident.
Furthermore, prolongation of surgical careers
due to decreased occupational injury could per-
mit more experienced senior surgeons to remain
in the lead of their teams, to the advantage of
patients and disciples alike. Absence of strain on
the operator is also likely to allow a more homo-
geneous and predictable performance in the
course of a long operative day or of a busy opera-
tive week.

Aside from the already-mentioned improve-
ment of fundamental operative ergonomics,
robotic technology eliminates the problem of
gaze disruption. Gaze disruption, looking away
from the immediate operating field, is a concept
that is alien to classic surgery but implicit in the
laparoscopic operating environment, where the
visual and motor axes are no longer aligned.
Advanced laparoscopy accepts gaze disruptions
as a necessity, due to frequent instrument
exchange, extracorporeal work, and occasional
equipment troubleshooting. Such disruptions are
more frequent than most realize: during laparo-
scopic cholecystectomy, 40 gaze disruptions
occur in the main operator for every 15 min of
operating time [17]. High-frequency gaze disrup-
tions, a necessity introduced by laparoscopic
surgery, constitute an interruption of task perfor-
mance and can lead to surgical errors. A recent
study in open cardiac surgery reported an average
of 8.1 surgical flow disruptions per hour (about
20 times less than what was reported for laparo-
scopic cholecystectomy) and still found that they
were associated with surgical errors [18]. Current
computer-assisted laparoscopy is performed in a
visually immersive environment where expert
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surgeons can complete an entire procedure with-
out ever taking their eyes out of the visor: gaze
disruption in robotic surgery is practically
nonexistent.

This last comment cautiously introduces unre-
solved bioethical issues in laparoscopic surgery
that may become relevant to the diffusion of
computer-assisted laparoscopy. Although digital
simulation for laparoscopic surgery has been
available for some time, the level of technologi-
cal innovation and the amount of research and
development that is going into simulation for
computer-assisted laparoscopy is understandably
much higher, given the computerized nature of
the platform. Currently, virtual reality simulators
are focused on replicating specific repetitive tasks
that prepare the surgeon to achieve optimal econ-
omy of motion and safe remote handling of the
surgical robotic cart. Because current computer-
assisted surgical systems involve simultaneous
use of all four limbs, achieving and maintaining
the seamless integration of the surgeon’s body
with the remote console’s multiple operating
interfaces requires time, much like driving a car.
Simulators not only facilitate and optimize this
stage of training by eliminating the need for a dry
lab or an animal facility (and certainly, live
patients) but also provide an incredible variety of
skill exercises and a fully objective and detailed
technical feedback for the benefit of the trainee
and the teacher (Fig. 8.2). Full-procedure virtual
reality simulation for computer-assisted laparos-
copy is an area of active research and develop-
ment that is sure to provide useful products in the
very near future. However, even current skill-
focused simulation for computer-assisted surgi-
cal systems has been so remarkably impactful
that it is considered by most experts to be essen-
tial for the future of robotic surgery training [19,
20]. Thanks to the reality, and promising future,
of digital surgical simulation many of us prog-
nosticate the obsolescence of that scary adage
that summarizes the tired dogma of surgical edu-
cation: ‘“see one, do one, teach one.” We believe
that the new adage “see ome, digitally simulate
until you can replicate what you saw—only then
do one, teach one” is more in keeping with modern
surgical ethics and just plain smarter.
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Fig. 8.2 Integrated digital simulation for computer-
assisted surgical system. Clockwise from left to right:
original surgical console with computer “backpack”

In summary, it is critical to realize that
computer-assisted laparoscopy is still laparos-
copy but with a powerful user-interface that
enhances safety and reproducibility. If the main
reason for the quasi-demise of reproductive sur-
gery was the impracticality of universally trans-
posing microsurgical quality to the minimally
invasive arena, then the entry of robotic technol-
ogy into our operating rooms should mean a
rebirth of our subspecialty surgery. In the next
sections of this chapter, we analyze the literature
calling for a shift away from laparotomy for
virtually all fertility-sparing operations and will
highlight the applications of computer-assisted
surgical platforms in this critical movement.

8.2 Robot-Assisted Laparoscopic

Myomectomy

Uterine fibroids, though not always problematic,
are a common finding in women of reproductive
age. Women frequently seek treatment for fibroids
due to abnormal uterine bleeding, bulk-related
symptoms, or poor reproductive outcomes.
Indeed, submucous and intramural fibroids have
been associated with subfertility, implantation
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installed, frame of actual digital simulation and final score
screen with itemized performance commentary.
(Photographs courtesy of Intuitive Surgical, Inc.)

failure, and miscarriage [21]. Fibroids have also
been associated with later obstetrical complica-
tions such as increased risk of preterm delivery,
fetal malpresentation, and labor dystocia [22, 23].
Evidence supporting hysteroscopic resection of
submucosal myomas to improve fecundity or
ART outcome is limited to small retrospective
studies and uncontrolled trials, but the results are
compellingly in favor of this treatment [22].
Prospective randomized trials supporting the
excision of intramural fibroids for reproductive
indications alone, however, are lacking. This
amplifies the challenge of determining whether
or not myomectomy could benefit a patient’s path
toward conception and healthy childbirth and
makes it all more important to involve a repro-
ductive endocrinologist in such decisions. When
surgery is deemed advantageous, reproductive
specialists should naturally favor a minimally
invasive approach to myomectomy whenever
possible.

Fortunately, both traditional laparoscopic
myomectomy (LM) and robot-assisted laparo-
scopic myomectomy (RM) offer a safe and effec-
tive minimally invasive option for the treatment
of symptomatic uterine fibroids in women who
desire future childbearing. Compared to abdominal
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myomectomy (AM), LM is associated with lower
estimated blood loss and hemoglobin drop,
decreased postoperative pain, shorter hospital
stay, quicker return to normal activities, and
fewer overall complications [24]. Three random-
ized trials additionally suggest improved fertility
following LM compared to AM [25-27]. Despite
early concerns regarding the integrity of the myo-
metrial repair, the risk of uterine rupture follow-
ing LM is quite low—between 0.0 % and 0.25 %
[26, 27]—and compares favorably to the rate of
rupture following AM, which ranges from 0.0 %
to 4 % depending on the series [28-30]. The rate
of uterine rupture following RM was similarly
reassuring (1.1 %; 95 % CI 0.3, 4.7) in a recent
multicenter study involving 127 pregnancies and
92 deliveries in 107 women [31].

Unfortunately, conventional LM is a techni-
cally demanding procedure, and despite the many
compelling statistics in favor of minimally invasive
myomectomy, the procedure remains largely under-
utilized. A recent survey of Canadian gynecologists
reported that only 12.7 % of those performing myo-
mectomy in their practice used LM more than 50 %
of the time [32]. While not all myomectomies can
be laparoscopic, we predict that robotic myomec-
tomy (RM) will reset the modern standard of care
such that most women requiring myomectomy
will eventually benefit from a minimally invasive
approach to the procedure.

The first series on RM was reported by
Advincula and colleagues in 2004 [33].
Since then, multiple studies have demonstrated
the safety and efficacy of the procedure.
Perioperative outcomes are excellent and mirror
those of traditional LM [34]. Case-matched
comparisons between patients undergoing AM
or RM show that RM is associated with lower
mean blood loss, fewer complications, and
shorter hospital stay [35-37]. In general, RM
takes longer than AM and costs more than LM.
An important finding across multiple centers,
however, is that reproductive surgeons trained
in RM are capable of addressing difficult fibroid
cases with a tumor burden that would typically
call for laparotomy.

A representative study from the Cleveland
Clinic compared perioperative outcomes for 393
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abdominal myomectomies, 93 laparoscopic myo-
mectomies, and 89 robotic myomectomies and
found no significant differences between LM
and RM in terms of blood loss, operative time, or
hospital stay despite a significantly larger tumor
load in the RM group (223 vs. 97 g, p<0.001)
[37]. Compared to AM, RM required significantly
longer operative time (181 vs. 126 min, p=0.003),
but hospital stay, blood loss, and hemoglobin
drop were all significantly reduced despite a
similar tumor load (226 vs. 263 g, p=0.360).
The authors remarked that robotic assistance
allowed many would-be abdominal myomecto-
mies to be performed laparoscopically and con-
cluded that RM might improve utilization of a
minimally invasive approach to myomectomy.

Our own experience with RM has been similarly
transforming. There is no question that expert lap-
aroscopists can complete complex multiple myo-
mectomies without resorting to laparotomy, but it
is noteworthy that reproductive endocrinologists
can reproduce such results with the aid of com-
puter-assisted laparoscopy. This was illustrated in
our study comparing short-term outcomes from
174 RM and 115 LM performed by separate
reproductive endocrinology and minimally inva-
sive gynecology teams [13]. Tumor load was sub-
stantial in both groups. The median number of
fibroids removed was 2 (range, 1-21) in the LM
group compared with 3 (range, 1-16) for RM.
Median weight of the fibroid specimens was 201
(range, 1-1,473 g) vs. 159 (range, 8780 g).
Median diameter of the largest fibroid was 7.5
(2.2-16.5) vs. 7.3 (3.1-13.8 c¢m) in the LM and
RM groups, respectively. Perioperative outcomes
were excellent for both techniques, but median
operative time was significantly longer for RM
(191 min vs. 115 min). Barbed suture was used in
most LM cases but only in 5 % of RM and may
have contributed to the observed difference in
operative time. More importantly, this study illus-
trated that an experienced reproductive endocri-
nology team could address complex laparoscopic
myomectomies with computer assistance and
achieve perioperative results comparable to those
of an experienced minimally invasive gynecology
team. This feat deserves serious consideration
despite the increase in operative time.
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Since the inception of the gynecologic robotic
surgery program at Brigham and Women’s
Hospital in 2006, our team has performed over
500 robotic myomectomies with no conversions
to laparotomy. Most of these are performed as
same-day surgery with only a small minority of
patients requiring overnight observation or inpa-
tient admission. We strongly believe that our fas-
tidious preoperative evaluation has promoted and
upheld our 0 % conversion rate to laparotomy.

High-quality preoperative imaging for fibroid
mapping is essential to preoperative and intraop-
erative planning. The main goals of preoperative
imaging are to (1) assess the size and location of
all myomata relative to the endometrial cavity,
(2) rule out diffuse adenomyosis, and (3) identify
lesions suspicious for sarcoma. Pelvic ultrasound
is just as useful as magnetic resonance imaging
(MRI) in the mapping of smaller uterine masses
[38]. However, ultrasound is less useful for larger
uteri because this modality often fails to ade-
quately define the relationship between fibroids
and the endometrial cavity or other important
anatomic landmarks. This information is critical
for optimizing uterine incisions during the case
and for avoiding unintended entry into the cavity
or cornual regions. MRI with and without gado-
linium enhancement is therefore preferred in such
situations. MRI also has a high specificity for
identifying adenomyosis and, together with
serum LDH, for predicting the presence of leio-
myosarcoma [39, 40]. It is essential to identify
both of these conditions preoperatively because
neither diffuse adenomyosis nor sarcoma would
be amendable to conservative excisional therapy
by laparoscopy.

In general, candidates for RM at our program
are patients with a largest fibroid dimension under
15 cm and with fewer than 15 total fibroids
(Fig. 8.3a, b). RM is not offered to patients with
diffuse adenomyosis or with an endometrial cavity
obscured by fibroids on MRI or to most women
whose uterine fundus extends above the umbilicus
on physical exam (this depends on adequate space
for trocar placement, uterine mobility, and the per-
ceived ability to debulk the uterus laparoscopically
before docking the robot).

Our surgical protocols for RM transpose classic
AM technique to the laparoscopic environment.
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This concept is appealing from a reproductive
specialist’s perspective where accurate myome-
trial repair and uncompromising microsurgical
technique may conceivably lead to superior
reproductive and obstetrical outcomes. While we
acknowledge that other centers” RM techniques
may vary subtly from ours, we offer here a step-
by-step description of our RM technique from
the moment the patient is in the operating room.
This explanation and the accompanying figures
are also intended to serve as a general guide for
robotic operating room procedures and port
placement strategies, which may be applied other
robot-assisted reproductive surgeries in addition
to RM.

Once in the operating room, the patient is
positioned in dorsal lithotomy with both arms
tucked parallel to the body in surgical toboggans.
Protective foam padding is secured over the face,
arms, and thighs. A pelvic examination is per-
formed under anesthesia for final planning of the
best surgical approach and trocar placement.
An oral-gastric tube is placed to drain the stom-
ach. After the vagina and abdomen are sterilely
prepared, a Foley catheter is inserted to drain the
urinary bladder and a uterine manipulator with a
channel for chromopertubation is placed.

Port placement configuration is estimated pre-
operatively but may be finally determined after
abdominal insufflation. Initial entry can be gained
in the left upper quadrant or umbilicus before
determining the final placement for the camera
arm, which may be placed several centimeters
cephalad to the umbilicus or even just inferior to
the xiphoid process for very large uteri. Either a
3- or 4-arm configuration may be used depending
on whether a third robotic instrument will be
needed for uterine positioning (Fig. 8.1, sec. 1).
Dilute vasopressin (20 units vasopressin in
40-60 mL normal saline) is injected into the
myometrium overlying the first fibroid targeted
for enucleation. The robotic patient-side cart is
then “docked” at a 30-degree angle to the left side
of the operating table, and all robotic trocars and
instruments are correctly positioned and inserted
under laparoscopic guidance.

After the vasopressin has taken its effect, we
create a transverse incision over the myoma using
either robotic harmonic shears or a flexible CO,
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Fig. 8.3 The laparoscopic threshold. (a): (1) and (2) show
MRI images (T2-weighted sagittal projections) of typical
surgical candidates for RM variant at our center. Myomas
in the 1-10 cm range are effectively enucleated with this
technique in our experience. (b): MRI images (T2-weighted

laser fiber, which have minimal thermal spread,
and restrict the use of monopolar robotic shears
to postreproductive patients desiring uterine pres-
ervation. We prefer transverse uterine incisions
when possible because they are more easily
repaired than longitudinal incisions and are less
likely to transect the arcuate vessels providing
blood flow to and from the fibroid and its sur-
rounding myometrium. Robotic tenaculum for-
ceps are used to grasp the fibroid for stabilization,
positioning, and traction during the enucleation.
A robotic Maryland or other bipolar fenestrated
grasper may provide counter-traction if needed,

sagittal projections) from patients who are not currently
considered good candidates for RM at our center. (1) The
tumor (22x 15 cm) is too large to be safely addressed. (2)
The uterus is studded with too many myomata to address
laparoscopically (“bag of marbles” appearance)

and robotic instruments may be interchanged
between arms if this will facilitate dissection
around challenging angles.

The bedside assistant has access to the field
via a 5 mm or 12 mm port. The smaller port size
may be used if the surgeon and assistant feel
comfortable passing sutures (and morcellating)
through the primary camera port. Enucleated
fibroids are placed into the anterior or posterior
cul-de-sac or in the paracolic gutter if very large.
A running count of the free fibroids is maintained
throughout the case. If multiple small fibroids are
removed, there we secure them by passing a
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suture (polyglactin 910 or polypropylene) on a
Keith needle through each of them so that they
are not lost in the abdomen before morcellation.

Suturing is performed with a mega or large
robotic needle driver in Instrument Arm 1 and a
large needle driver in Instrument Arm 2. We strive
to remove as many fibroids as possible through
each myometrial incision so as to minimize the
extent of trauma to the uterus as a whole. Careful
preoperative review of the MRI is essential to
maximizing the benefitof each incision. Immediate
repair of the uterine incisions after fibroid enucle-
ation minimizes blood loss. Chromopertubation
may be performed to test for entry into the endo-
metrial cavity. We repair any visible endometrial
defect with a running suture of 3-0 poligle-
caprone 25 to decrease the risk for intrauterine
synechiae or fistula formation. We currently use
self-retaining barbed suture, namely Quill
(Angiotech, Vancouver, BC) or V-Loc (Covidien,
Mansfield, MA), for almost all RM repairs—
especially those involving very large myomata.
The robotic platform also facilitates intracorporeal
knot tying when using conventional suture (polyg-
lactin 910): we still prefer this technique for deli-
cate repairs, such as those of retroperitoneal or
cervical myomata. We close the uterine serosa
with a baseball stitch using barbed suture or 3-0
poliglecaprone 25. If using a 4-arm configuration,
the robotic tenaculum may be used to optimally
position or stabilize the uterus during the repair.

The robot is then undocked, and the fibroids are
morcellated through either the assistant port site
(suprapubic or right lower quadrant) or the umbili-
cal port site. The latter avoids enlargement of
assistant port site when a 5-mm trocar is in place,
and a standard 5-mm laparoscope can be used
through one of the 8-mm robotic ports. We rarely
morcellate with the robot docked. After complete
hemostasis is assured, Interceed (Ethicon,
Somerville, NJ) is placed over the serosal repairs
as an adhesion barrier.

Several variations in our RM technique allow
for an added degree of individualization toward the
patient and pathology at hand. Hybrid (conven-
tional plus robotic) laparoscopic myomectomy
consists of conventional laparoscopic enucleation
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of the largest one or two fibroids followed by
swift docking of the patient-side robotic cart for
repair of the defect and subsequent enucleation
and repair of the smaller fibroids (Fig. 8.4). The
hybrid technique works best for myomata >10 cm
in diameter, as conventional laparoscopy allows
for easier operation in the upper abdomen, which
is required for some large myomata (Fig. 8.1, sec. 2).
A rigid 10-mm laparoscopic tenaculum also
allows the operator to exert more traction than
the articulated robotic tenaculum and provides a
degree of tactile feedback during the enucleation.
Hybrid RM should only be performed by surgical
teams that are comfortable with conventional
laparoscopic myomectomy techniques and seam-
less docking of the robot (Fig. 8.1, sec. 2.).

Though our standard port configuration for
RM wuses small abdominal incisions, many
patients find the resulting upper abdominal scars
to be less desirable than those which may be
more readily concealed below the waist line [41].
We have therefore developed a “cosmetic
approach,” which allows us to respect this patient
preference in women with a smaller tumor load
(Fig. 8.5). This technique wuses a 3-arm
configuration with lower placement of the operat-
ing ports and the use of a suprapubic assistant port
(5 mm or 12 mm) as discussed above (Fig. 8.1,
sec. 3). Incisions for the 8-mm robotic trocars are
placed about 3 cm medial and just cephalad of the
iliac spines. Of note, the lower and more lateral
placement of the robotic arm ports changes the
angle of the instruments with respect to the target
anatomy and consequently makes the necessary
surgical maneuvers more challenging than with
conventional (higher) port placement. Use of a
15-cm primary trocar elevates the camera arm an
extra 3 cm away from the abdomen and adjacent
instrument arms. Assistance from the suprapubic
port is facilitated by the use of 25-cm minilap-
aroscopy instruments to reduce external collisions
with the robotic camera arm.

Finally, advanced robotic teams may be able
to offer an even more cosmetic approach with
robotic single incision laparoscopic robotic myo-
mectomy SIL-RM (Figs. 8.6 and 8.1, sec. 4).
We recently reported on two successful cases
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Fig. 8.4 Hybrid robotic myomectomy. (1) and (2) show
MRI images (T2-weighted sagittal projections) of typical
surgical candidates for the hybrid RM variant at our cen-
ter. Myomas in the 10-15 cm range are more effectively
enucleated with this technique in our experience. (3)
Standard laparoscopic camera is used to guide enucle-
ation. (4) The surgeon creates a transverse incision over
the myoma using a harmonic scalpel; the 10-mm laparo-
scopic tenaculum is used to manipulate the fibroid during

enucleation. (5) The robot is docked onto the patient and
the repair of deep defects is swiftly carried out with barbed
suture. (6) This case had two incisions performed during
the conventional laparoscopy phase: the smaller one is
quickly closed. (7) Attention is brought to the second inci-
sion and closure in layer is performed. (8) Suturing the
serosal layer with barbed suture is safe provided that an
infolding suture line is created (baseball stitch). Smaller
myomata are addressed later in the operation



Fig. 8.5 Cosmetic robotic myomectomy. (1) MRI image
(T2-weighted sagittal projection) of typical surgical candi-
dates for cosmetic RM variant at our center. Myomas in
the 1-8 cm range are effectively enucleated with this tech-
nique in our experience. (2) The bedside assistant has

access to the operative field via a suprapubic assistant port.
(3) The suprapubic assistant port is adequate for assistance,
passage of needles and passage of the laser fiber. (4) When
the abdomen is desufflated all three lower incisions fall
below the level of the anterior-superior iliac spines

Fig. 8.6 Single incision robotic myomectomy. (1) MRI
image (T2-weighted sagittal projection) of typical surgi-
cal candidates for single incision RM variant at our center.
Myomas in the 1-6 cm range are effectively enucleated
with this technique in our experience. (2) The GelPOINT
device allows placement of four laparoscopic channels,

including an assistant port (most cephalad). (3) The coaxial
technique is made possible by the wide yaw of the 8 mm
robotic instruments. (4) At 2 weeks from surgery results
are already cosmetically remarkable. The best cosmetic
results are certainly obtained in women with a significant
abdominal pannus and deep umbilicus
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utilizing this ultra-minimally invasive technique
[42]. Apart from reducing the number of visible
incisions, clinical advantages of robotic SIL-RM
may include decreased postoperative pain and
reduced risk of herniation and superficial vessel
and nerve injury. Successful application of the
SIL-RM technique involves (1) use of Instrument
Arms 1 and 3 with Arm 2 folded around the main
column of the patient-side cart and (2) a periscopic
“up” approach with a 30-degree robotic laparo-
scope to allow room for a 5-mm assistant port in
the GelPOINT Advanced Access Platform
(Applied Medical, Rancho Santa Margarita, CA).

Regardless of the type of RM performed, we
prefer to see patients for a postoperative visit
approximately 2 weeks after surgery to ensure
that their recovery has been uneventful. Patients
may resume intercourse as early as 2 weeks post-
operatively but are specifically counseled to use
contraception for a minimum of 3 months to allow
the myometrium time to heal prior to pregnancy.
We recommend that patients with a large intramu-
ral myomectomy or with a myomectomy that has
reached the endometrium (even without entering
it) undergo a cesarean delivery. In patients of
reproductive age whose endometrial cavity was
entered during RM, we recommend a follow-up
outpatient hysteroscopy to rule out intrauterine
synechiae.

In conclusion, while the choice of AM raises
ethical questions when LM is feasible, a techni-
cally uncompromised LM that is the exact replica
of an open microsurgical myomectomy is arguably
one of the most technically demanding pelvic
operations ever conceived and is likely to remain
out of the practical reach of most subspecialists.
Several studies now indicate that RM is as safe
and effective as conventional LM. Ultimately,
every laparoscopic surgeon—advanced or basic—
has a personal threshold for open surgery. With
proper case selection, however, RM may be able
to replace AM in most instances and should offer
an appealing alternative to LM for most repro-
ductive surgeons. As reviewed here, RM gener-
ally requires additional operating room time
compared to AM and additional resources com-
pared to conventional LM. However, we find it
likely that many reproductive endocrinologists

would accept these as reasonable investments
toward a quality surgical procedure that raises
their laparotomy threshold, adheres to classic
microsurgical principles, and facilitates seamless
subspecialty-level reproductive care for their
patients.

8.3  Tubal Reanastomosis

One in five women under the age of 30 at the time
of tubal sterilization later regrets her decision
[43], Even so, tubal reanastomosis in the age of
assisted reproduction appears to be going the way
of the dodo [44]. This is most unfortunate.
Reproductive endocrinology and infertility prac-
tices should be able to offer this technique as an
option for women with no other apparent cause
of infertility and for whom multiple gestations
are not acceptable or assisted reproduction is
otherwise not desired, ethically acceptable or
attainable. In a cost-conscious environment where
neonatal intensive care costs related to multiple
premature deliveries vex our health system, our
conscience—or  third-party  payers—should
prompt more of us to offer surgical sterilization
reversal over in vitro fertilization when appropriate.
In order to compete with assisted reproduction,
this operation should be minimally invasive,
effective, and competitively priced.

Tubal reanastomosis generally aims to
reestablish the patency of a 1-2 mm lumen.
Classic microsurgical techniques employ an
operative microscope and ultrafine sutures to
produce an anatomically correct, tension-free
anastomosis. A select group of reproductive sur-
geons have been able to replicate this microsurgi-
cal technique laparoscopically and have reported
clinical results comparable to those of open
microsurgery [45]. Still, most reproductive sur-
geons would agree that the technical challenges
posed by laparoscopic tubal reanastomosis are
formidable. The rate of conversion to laparotomy
was 5 % even at one high-volume center [46].
Surgical case volume is an issue while develop-
ing and maintaining one’s laparoscopic skill set
for tubal reanastomosis—and perhaps even more
so when teaching this relatively rare procedure.
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Table 8.1 Pregnancy and delivery rates within 2 years of RTR

Number and % with at least one
pregnancy (95 % CI)

Patient age (and number)

<35 (n=33) n=30;91 % (76-98 %)
36-39 (n=32) n=24;75 % (57-89 %)
40-42 (n=16) n=38; 50 % (25-75 %)
>43 (n=12) n=4; 33 % (10-65 %)

Total (n=93)

n=66; 71 % (61-80 %)

Number and % with at least one
delivery (95 % CI)

n=29;87.9 % (72-97 %)
n=21; 65.6 % (47-81 %)
n=17;43.8 % (20~70 %)
n=1;8.3 % (<1-38 %)
n=58; 62.4 % (52-72 %)

Age stratification according to the Belgian Register for Assisted Procreation
Note: 4/97 patients were lost did not complete the 24 month follow-up and were not included in the final analysis
Redrawn from Caillet et al. Fertil Steril. 2010, with permission

Computer assistance could help to improve the
practicality and diffusion of this valuable laparo-
scopic technique.

Several teams have published on the safety,
feasibility, and effectiveness of robotic tubal rea-
nastomosis (RTR). Surgeons at the Cleveland
Clinic first described the procedure on the now
discontinued Zeus robotic system [47] and later
compared RTR with the Da Vinci robotic system
(n=26) to microsurgical reanastomosis via out-
patient minilaparotomy (n=41) [5]. Pregnancy
rates (61 % robotic vs. 79 % minilaparotomy),
ectopic rates, and hospitalization times were not
significantly different, but operative times were
longer and direct procedure costs were higher in
the RTR group. Return to work however was
shorter by 1 week in the RTR group. Dharia-Patel
et al. performed a similar prospective cohort
study (RTR vs. open reanastomosis) with compa-
rable results [48].

Although most surgeons counsel patients
based on data from their practice, we find that the
best published data to counsel women regarding
their age-dependent chance for success following
RTR is from Caillet et al. [49]. This large retro-
spective cohort study analyzed pregnancy out-
comes for 97 women aged 24-47 years (median
age 37 years) who underwent RTR. It should be
noted that all women had normal follicular phase
FSH levels and normal male partners’ semen
analyses. The overall pregnancy and live birth
rates at 2 years after surgery were 71 % and 62 %,
respectively. Nearly 88 % of women <35 years
old and 44 % of women aged 40-42 years deliv-
ered at least one child during the follow-up period
(Table 8.1).

We perform RTLR by a modified version of
the procedure described by Degueldre et al. [50].
The basic steps of this technique, illustrated in
Fig. 8.7, have been published elsewhere [51].
Briefly, a uterine positioning system with chro-
mopertubation capability is placed. Laparoscopic
port placement follows the same scheme illus-
trated above for our cosmetic RM. Placement of
a third robotic arm is not possible in this
configuration: when more complex anatomy or a
less experienced team are involved, a more
conventional robotic port placement is recom-
mended. This way Prograsp robotic forceps can
be operated through the third instrument arm for
improved exposure and tissue stabilization. Side
docking of the robotic patient-side cart allows
easier access to the suprapubic assistant port and
the uterine positioning system. Robotic instru-
ments include Potts Scissors and MicroBipolar
forceps during the initial step of tubal stump
preparation and two Black Diamond Micro
Forceps during suturing. Ultrafine (1:5) down-
scaling is recommended for da Vinci S and fine
downscaling (1:3) for da Vinci Si. Dilute vaso-
pressin is injected into the proximal and distal
segments of the mesosalpinx to allow optimal
hemostasis. Following mobilization and partial
amputation of the tubal stumps, patency of the
proximal stump is confirmed by chromopertuba-
tion. We employ a graduated 3-5 French endo-
scopic retrograde cholangiopancreatography
(ERCP) cannula as a tubal stent to provide ana-
tomic orientation and to help identify the tubal
lumen during suture placement. The mesosalpinx
is approximated with 1-2 sutures of 6-0 Vicryl in
order to take the tension off the reanastomosis line.
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Fig. 8.7 Robotic tubal reanastomosis (RTR). (1) The
proximal and distal tubal segments are identified and
mobilized with microbipolar forceps and Potts scissors.
(2) The tubal segments are cannulated and stabilized with
a graduated ERCP catheter. (3) The tubal segments are
reanastomosed with interrupted sutures of 8-0 Prolene

The tubal stumps are then approximated next
with four interrupted 8-0 Prolene sutures placed
at 3, 6, 9, and 12 o’clock in the muscularis and
mucosa, with great care to place the knots on the

using Black Diamond forceps. (4) Needles are passed on
surgical patties under complete visualization to avoid
needle loss. (5) Sutures are serially tied over the guide
catheter, resulting in an anatomically correct, tension-free
anastomosis as shown in (6). (7) Tubal patency is demon-
strated by chromopertubation

outside of the lumen. The serosa is reapproxi-
mated with interrupted 8-0 Prolene sutures if
needed. Chromopertubation must confirm tubal
patency at the completion of the procedure.
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In conclusion, laparoscopic tubal reanastomo-
sis, with or without computer assistance, is a
highly specialized surgery. The ASRM advises
that it should only be attempted by those who are
very facile with laparoscopic suturing and have
extensive training in conventional tubal micro-
surgery [52]. Several authors have demonstrated
that RTR is safe, effective, and reproducible. Our
unpublished experience with conventional and
RTR techniques over the past 15 years indicates
that robotic surgery greatly facilitates the learn-
ing and successful completion of this challenging
operation on the part of our trainees. Well-
designed studies addressing this specific question
may never become available, due to the fact that
advanced laparoscopic surgeons with access to
robotic technology are unlikely to continue train-
ing future generations of surgeons on conven-
tional laparoscopic reanastomosis. Moreover, the
popularity of long-acting reversible contraception,
hysteroscopic sterilization, and assisted reproduc-
tion will likely diminish the opportunities for indi-
vidual surgeons to acquire and maintain expertise
in tubal reanastomosis. Therefore, the use of com-
puter-assisted technology could gain even greater
importance for the future of this minimally inva-
sive procedure.

8.4  Surgical Management

of Endometriosis

Nowhere is the direct involvement of reproduc-
tive endocrinologists in the operating room likely
to be more impactful as in the management of
severe pelvic endometriosis in women who desire
future childbearing. Indeed, this is one of the
most controversial areas of reproductive surgery.
While laparoscopic destruction of minimal to mild
endometriosis may improve fecundity [53-55],
benefits are less clear for advanced stage endo-
metriosis [56-61]. Reproductive endocrinologists
must carefully weigh the benefits of every surgical
act against the risks of iatrogenic harm in the con-
text of the patient’s specific symptoms and her
immediate and future reproductive plans.

By far the most complex aspect of the surgical
management of this condition is the special case
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of cystic ovarian endometriosis (endometrioma).
Depending on the presentation, fertility status,
and age of the patient, excision of an endometri-
oma can be mandated or contraindicated. A
stubbornly radical approach to recurrent endo-
metriomas in a nulligravida in advanced maternal
age may only temporarily improve the symptoms
of this chronic inflammatory condition, but at the
same time condemn her to procreate with donor
oocytes. On the other hand, the assumption that a
persistent 5-cm complex cyst in a young IVF
patient is a benign endometrioma may cause
delayed diagnosis and dissemination of an ovar-
ian malignancy. For these reasons, reproductive
endocrinologists must be able to deliver expert
first-line surgical treatment for endometriomata
in women of reproductive age, from indication to
execution.

Ovarian cystectomy involves “stripping” of the
cyst wall from the normal ovarian tissue while
causing minimal trauma. Dissection of the cyst wall
away from normal ovarian cortex can be technically
challenging at laparoscopy, particularly for endo-
metriomas. These cysts lack a true cyst wall but
have instead a pseudocapsule derived from stretch-
ing and inflammation of a portion of ovarian cortex.
As such, stripping of an endometrioma always
causes a loss of primordial follicles. Moreover, the
deepest portion of the pseudocyst is often found in
close association with the vascular hilum of the
ovary. This can contribute to more serious func-
tional ovarian loss if thermal energy is employed to
achieve hemostasis [57, 58, 60].

There are no published studies specifically
describing the use of computer-assisted surgery
in the management of endometriomas. In our
experience, computer assistance facilitates ovar-
ian cystectomy by offering 3D visualization of
tissue planes and by facilitating the precise appli-
cation of traction vectors during stripping proce-
dures. We preferentially use cold sheers or CO,
laser to incise the ovarian cortex overlying the
tumor when necessary [62]. Robotic excision of
endometriomas is performed by careful use of
opposing forceps. In cases where preservation of
ovarian reserve is essential, we employ a recently
described technique of partial stripping (remov-
ing approximately 85 % of the pseudocapsule



8 Reproductive Surgery and Computer-Assisted Laparoscopy... 17

area) followed by ablation of the deepest area of
the endometrioma, overlying the hilar vessels.
Donnez and colleagues found that this hybrid
excision—ablation technique was not associated
with a postoperative decrease in antral follicle
count and rarely resulted in the finding of normal
ovarian follicles at histologic evaluation of the
excised cyst wall (2 %) [63]. Similar results were
reported by Muzii and Benedetti Panici in their
version of this technique employing electrocau-
tery [64]. This group likewise modified their
technique for surgical management of endometri-
omas after finding that normal primordial ovarian
follicles are most concentrated at the base of the
endometriotic pseudocyst, overlying the ovarian
hilum [65]. They also histologically mapped the
inner wall of the endometrioma and found that it
is covered by endometriotic tissue on 60 % of the
surface, with a mean value of maximal depth of
endometriosis penetration of only 0.6 mm [66].
Given the distribution of normal and pathologic
ovarian tissue and the reassuring reports on
postoperative ovarian reserve described above,
we agree that a conservative excision—ablation
approach to benign ovarian cystectomy is con-
ceptually ideal.

Our version of this technique—adapted for the
robotic system—involves the use of a flexible hol-
low fiber CO, laser device (Fig. 8.8). The flexible
fiber allows full use of the 7 degrees of freedom
of the robotic system, which results in highly pre-
cise and very safe use of this energy form [62].
An 8-mm assistant port delivers the flexible fiber
(contained within an armored introducer) into the
abdominal cavity and still allows use of 5-mm
assistant instruments through the same port.
A robotic needle driver is locked into the tip of the
fiber introducer. When necessary, photonic energy
or cold shears are used to create a primary incision
in ovarian cortex until the endometrioma is
exposed. Precise plane dissection between the
pseudocyst wall and the ovarian stroma is mostly
achieved by blunt technique providing appropriate
traction. Occasional areas of adhesion are lysed by
utilizing low energy setting of the laser. Following
excision, the ovarian bed is irrigated and hemosta-
sis is established. Small bleeders can be coagulated
with the help of the divergent laser beam, which

Fig. 8.8 Robotic excision of endometrioma with partial
stripping and coagulation of the base. (1) A cosmetic port
setup as the one described in Fig. 8.1, sec. 3 is adequate for
this operation: the assistant can help during the stripping by
immobilizing the pseudocyst. (2) A flexible CO, laser fiber
is used to precisely excise the large portion of the endo-
metrioma cleaved off of the ovarian stroma. (3) The base of
the endometrioma, overlying the ovarian hilum, is left in
place: its internal surface is ablated with CO, laser

provides a superficial coagulative effect when held
at a distance from the target. If necessary, localized
figure of eight sutures of 6.0 Vicryl or similar
absorbable suture are used to control focal bleed-
ing. Hemostatic matrix or other local hemostatic
agents should also be considered as a worthwhile
alternative to electrocoagulation in cases of more
persistent bleeding. In general, no other form of
energy is needed to secure hemostasis, thus aiding
in ovarian tissue preservation. The ovarian defect
can be gently approximated with 3-0 Vicryl in a
continuous, unlocked, baseball-stitch. We wrap
the completely hemostatic ovary in an adhesion
barrier at the end of this procedure.
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In summary, standard laparoscopic techniques
for ovarian cystectomy carry inherent reproduc-
tive risks and this is particularly true for endo-
metrioma, where surgical technique and level of
execution can make a big difference [67]. Thus, a
search for alternative methods to effectively
remove these ovarian cysts while minimizing
risks of recurrence and ovarian failure seems rea-
sonable. Research on clinical outcomes following
computer-assisted conservative adnexal surgery
is needed.

Reproductive surgeons are well aware that
endometriomas are often found in the context of
other features of advanced-stage endometriosis,
such as dense adhesions distorting peritoneal and
even retroperitoneal anatomy, as well as deep
infiltrating endometriosis. Several case series
describe the successful application of robotic sur-
gery to severe endometriotic disease involving
the bladder, bowel, and ureters [68, 69]. A retro-
spective study published by a team of high-vol-
ume minimally invasive surgery experts compared
robotic and conventional laparoscopic treatment
of endometriosis [70]. Both methods were equally
safe. Although operative times were longer in the
robotic group (191 vs. 159 min), the authors were
positively impressed with the overall value of
robotic assistance in managing advanced-stage
endometriosis: they reported no conversions to
laparotomy in nine cases of stage III-IV endo-
metriosis. Computer-assisted surgery may enable
more reproductive endocrinologists to offer
advanced endoscopic procedures to their patients
in instances when the alternatives might have
been laparotomy or referral to a nonreproductive
specialist. The caveat with severe endometriosis
is that no degree of computer assistance can ever
substitute for strong fundamentals of surgical
anatomy, technique, and judgment.

8.5  Surgical Fertility Preservation:
Ovarian Transposition, Ovarian
Tissue Cryopreservation, and

Transplantation

It is now well documented that treatment for malig-
nancy and certain benign medical conditions may
threaten a woman’s fertility. Reproductive tract
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tumors may require removal of the uterus with or
without the ovaries, while many other conditions
may require gonadotoxic radiation or chemother-
apy, which can damage a woman’s ovaries or
uterus and place her at risk for infertility and
premature ovarian failure. Reproductive endocri-
nologists have a critical role to play in the
pretreatment counseling of women facing gonad-
otoxic therapies and should work diligently with
oncologists and other medical providers to ensure
that these patients are fully aware of their options
for fertility preservation. Some—but not all—
women will be candidates for oocytes or embryo
cryopreservation. When feasible and successful,
these techniques provide a reasonable level of
hope for patients to produce genetic offspring
following gonadotoxic therapies. The advantages
of these techniques are that they take advantage
of established assisted reproductive technologies.
The disadvantages are the time required for con-
trolled ovarian hyperstimulation and oocyte
retrieval (and possible delay in cancer treatment),
the direct cost to the patient, the possibility that
no pregnancy is achieved with the finite number
of gametes or embryos cryopreserved, the fact that
ovarian steroidogenic function is not preserved,
and the exclusion of prepubertal girls. Surgical fer-
tility preservation techniques, both proven and
experimental, may address some of these prob-
lems. In this section, we address fertility-sparing
surgery from the perspective of a reproductive sur-
geon. We believe that providers should be aware
of these options, their indications, and limitations.
This brief overview of surgical fertility preserva-
tion illustrates the feasibility of laparoscopic
techniques and highlights the potential applica-
tion of computer-assisted laparoscopy in fertility-
sparing surgery.

Women who will receive pelvic radiation for
malignancy, such as lymphoma, cervical, anal,
rectal, and urinary tract cancers, may benefit from
ovarian transposition. Ovarian transposition
aims to spare the ovaries from sterilizing doses of
radiation by suspending them away from the
radiation field. The utero-ovarian ligaments are
transected, allowing the ovaries to be moved out
of the pelvis and fixed to the abdominal wall
peritoneum [71-73]. Either a high lateral suspen-
sion to the paracolic gutters or an anteromedial
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suspension (3—4 cm above the umbilical line)
may be performed, depending on the planned
radiation field [71, 74]. When necessary, the
proximal fallopian tube may also be transected to
facilitate a high transposition. However, many
surgeons prefer to leave the fallopian tubes
intact whenever possible because spontaneous
pregnancies may still be achieved [51, 71]. If
patients should later need ART, transabdominal
oocyte retrieval is an effective option for patients
whose ovaries can no longer be accessed trans-
vaginally [75].

Ovarian transposition is a relatively straight-
forward procedure, which can be performed by
laparotomy or by laparoscopy. However, the lap-
aroscopic approach conveys obvious advantages
in terms of immediate recovery and healing.
Standard laparoscopic oophoropexy requires
endoscopic suturing or the use of endoscopic
tacks to fix the ovary to the peritoneum. A robot-
assisted approach may be used to facilitate the
laparoscopic suturing needed for this procedure.
Molpus and colleagues were the first to describe
a case of robotic laparoscopic ovarian transposi-
tion in a 32-year-old woman requiring pelvic
radiation for cervical cancer after radical hyster-
ectomy and pelvic lymphadenectomy [76]. A key
aspect to their approach was that they introduced
the robotic laparoscope through a suprapubic
trocar in order to facilitate visualization of the
adnexa and upper pelvis. Their patient had
significant pelvic adhesions following her prior
surgery. Computer-assisted laparoscopic adhesi-
olysis, retroperitoneal dissection, and ureteral dis-
section allowed them to safely achieve a high
lateral transposition in which the ovaries were sus-
pended to the ipsilateral paracolic gutters without
dividing the fallopian tubes. This case and others
like it demonstrate that robotic ovarian transposi-
tion is feasible and would be an obvious choice
when the robot is already in use for concurrent
procedures and a high resuspension of the ovaries
is required [76, 77]. As in the case presented by
Molpus, robot-assistance may also prove advanta-
geous when the need for retroperitoneal dissection
or extensive adhesiolysis is encountered.

Computer-assisted laparoscopy may also find
use in the key steps of ovarian tissue harvesting and
transplantation for women undergoing ovarian

119

tissue cryopreservation. This experimental fertility-
sparing technique involves the harvesting of
whole ovaries, ovarian wedges, or strips of ovar-
ian cortex for cryopreservation and eventual
reimplantation and/or in vitro maturation and
fertilization of oocytes [78]. Currently, ovarian
tissue harvesting is one of the only fertility pres-
ervation methods available to prepubertal girls. It
may also be useful for women who cannot
undergo controlled ovarian hyperstimulation to
bank oocytes or embryos prior to gonadotoxic
chemotherapy and, unlike these ART options,
adds the possibility to restore native ovarian
endocrine function, as well as fertility.

Except in instances where laparotomy is
necessary for other indications, ovarian tissue har-
vesting and reimplantation should be performed
laparoscopically. The feasibility of laparoscopic
ovarian tissue harvesting was well demonstrated
by Oktay and colleagues, who harvested ovarian
tissue from 52 women without conversion to lapa-
rotomy [79]. Mayerhofer and colleagues similarly
retrieved ovarian tissue laparoscopically from 81
out of 85 women with no adverse events and con-
cluded that laparoscopy should be the gold stan-
dard for the procedure [80].

When patients have been cleared by their
oncologists to resume attempts at reproduction,
strips of ovarian tissue can be thawed and reim-
planted orthotopically (back to the ovary or ovar-
ian fossa) or heterotopically (e.g., under the skin
of the arm or the abdomen) [79]. For orthotopic
transplantation, most prepare a transplant site on
the recipient ovary by removing some of the
existing ovarian cortex or by creating a tunnel
beneath the cortex so that the tissue grafts can be
sutured to decorticated ovarian medulla [79].
Alternatively, strips of preserved ovarian tissue
can be sutured to a pocket created in the nearby
peritoneum. Graft-site preparation and orthotopic
transplantation can be accomplished by an
advanced laparoscopic team, but most have
resorted to an open approach [81, 82]. Additionally,
those reporting laparoscopic variations of the pro-
cedure used oxygenated cellulose products as
scaffolds to help secure the strips of tissue to the
recipient ovary or peritoneum. It remains to be
seen whether open or laparoscopic techniques
result in better graft survival and function.
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However, robotic assistance might resolve the
potential difficulties of laparoscopic ovarian tissue
transplantation without the need for technical
compromises. One case study demonstrated that
open techniques for orthotopic ovarian tissue
transplantation could be faithfully replicated with
robotic assistance [83]. In this example, the
robotic surgical team successfully transplanted
strips of thawed ovarian tissue on ovarian and
peritoneal sites in a 38-year-old woman with ovar-
ian failure following treatment for non-Hodgkin’s
lymphoma. The patient subsequently experienced
return of ovarian function and relief of hot flashes
within 6 months.

Ovarian graft function and longevity are gener-
ally temporary and appear to depend on ischemic
injury and neovascularization. Whole ovary
cryopreservation and transplantation have been
proposed as a means to circumvent these issues.
The concept of ovarian transplantation has been
tested and proven in animal models and in a fresh
human ovarian transplantation between monozy-
gotic twin sisters [84—87]. In this method, an
entire ovary is transplanted to an orthotopic or
heterotopic recipient site by microsurgical vascu-
lar anastomosis. While no cases of laparoscopic
or computer-assisted ovarian transplantation have
yet been reported, robotic surgery has already
been successfully applied to other procedures
requiring vascular anastomoses, including renal
transplantation and coronary artery bypass grafting
[88, 89]. We thus foresee the possibility of apply-
ing this technology to ovarian transplantation in
the future.

8.6 Conclusions
Reproductive endocrinology and infertility sub-
specialists must remain fully engaged in the man-
agement of patients seeking fertility preservation
and enhancement of natural fecundity or ART
success. Such engagement is incomplete when
these highly trained providers relinquish their
role as reproductive surgeons.

There is no doubt that assisted reproductive
technologies and advanced laparoscopic tech-
niques have transformed the role of surgery in the
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practice of reproductive medicine. In particular,
the development of advanced laparoscopy has set
high technical standards in fertility-sparing and
fertility-enhancing surgery. Laparotomy no lon-
ger has a role in reproductive surgery, with rare
exceptions.

In fairness to all of us, we should recognize
that a technological tsunami has overwhelmed
our field in the course of the past generation,
broadening our armamentarium to previously
unimaginable levels. Reproductive specialists
must remain focused to achieve excellence in
their high-specialty field: there is no question that
a great number of us have chosen to focus on
assisted reproduction rather than surgery. Our
review explains the possible reasons for the silent
retreat of reproductive endocrinologists from the
field of reproductive surgery and particularly
from the discipline of laparoscopy, which had
been synonymous with our field for good part of
its early years [90]. We have covered in detail the
many levels of ergonomic challenge implicit in
laparoscopic surgery: from mechanical limita-
tions due to the fulcrum effect, to musculoskele-
tal occupational injury, to safety concerns related
to gaze disruption in the operating room. We have
also highlighted how the retreat of many REI
subspecialists from the front line of advanced
laparoscopy has created a culture of disconnected
care for infertility patients with surgically treat-
able conditions.

Computer-assisted laparoscopy, a readily
available and accessible reality in most medical
centers in the USA, represents a practical solu-
tion for reproductive endocrinology and infertil-
ity specialists to reclaim reproductive surgery as
a high-specialty field. As demonstrated in the
technical sections of this review, safety and non-
inferiority studies of robotic surgery compared to
conventional laparoscopic surgery are available
for every type of reproductive surgery. The AAGL
recently proposed that computer-assisted lap-
aroscopy and conventional laparoscopy are to be
seen as clinically equivalent [91]. At the same
time, the association raises the question of price
versus value when considering the higher direct
costs of robotic technology compared to conven-
tional laparoscopy. Some caveats come to mind,
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however, when interpreting the current evidence
related to costs introduced by a widespread utili-
zation of computer-assisted surgery.

First, computer-assisted surgery is a practical
ergonomical laparoscopic alternative to open sur-
gery. Because of this, a meaningful cost analysis
must consider all societal costs related to open
surgery. These include cost related to complica-
tions of open surgery and cost of lost productivity
of individuals removed from the workforce for
extended periods of time. Elimination, or quasie-
limination, of open gynecologic surgery is some-
thing that conventional laparoscopy has failed to
achieve in the course of an entire generation.
Computer-assisted surgery has a realistic poten-
tial to change the demographics of surgery on a
large scale and to therefore induce substantial
savings for society. To date, a study of this scope
has not been produced.

Second, the economics of robotic technology
are expected to follow trends established by high-
end electronic products in the same class—that is
to say, a rapid upgrade of technology and an
increased affordability over time. The recent
AAGL Statement is based on evidence that has
accumulated over the first 7 years of gynecologic
surgery experience with one specific device whose
concept and overall mechanics are over 10 years
old. In contrast, those of us with a special interest
in the field of surgical robotics can easily predict a
different scenario, possibly just around the corner,
in which diverse and more advanced robotic prod-
ucts will be competing in an exponentially recep-
tive market. After all, we are merely witnessing
the dawn of surgical robotics and computer-
assisted laparoscopy. Current detractors of this
technology appear to be shortsighted and risk to
be eventually marginalized in their surgical pro-
fession by failing to recognize the start of a new
surgical age. Reproductive endocrinology and
infertility specialists in particular should be eager
to take advantage of computer assistance to
reclaim their place in the surgical arena as the
champions of microsurgery, reconstructive sur-
gery, and conservative surgery for all appropriate
indications in women of reproductive age.

As highlighted in this review, reproductive
surgeons are minimalists: they exercise restraint in

the operating room, strong in their deep knowledge
of reproductive pathophysiology and in their
extensive pharmacological and technological
armamentarium. As such, they are likely to
remain relatively low-volume, high-specialty
operators. They need to provide focused, high-
precision, minimally invasive surgical care to the
select patients that truly need it. Computer-
assisted surgery has the potential to shorten or
eliminate learning curves for advanced laparo-
scopic operations and can maintain surgical skills
through easily accessible integrated digital simu-
lation. Therefore, its introduction in a relatively
low-volume surgical practice makes even more
sense. In terms of its potential to further advance
the field of minimally invasive surgery, this
rapidly developing technology will soon allow
surgeons to bring multiple operative instruments
in a patient’s abdomen through a single incision
that fits within the average umbilicus without the
hyperbolic ergonomic challenges of standard
single-site laparoscopy. Finally, a combination of
computer-assisted laparoscopy and natural orifice
transluminal endoscopy promises to provide an
ultra-minimally invasive avenue to certain repro-
ductive surgeries.

If REI subspecialists were awaiting a techno-
logical quantum leap to empower their leadership
in high-specialty reproductive surgery, the time
has now come. The obituary of open surgery for
benign gynecology has been written, and com-
puter-assisted laparoscopy meets our stringent
surgical principles while overcoming the limita-
tions of conventional laparoscopy. In spite, yet
because, of the success of ART, the need for
highly specialized operators has never been
greater. It is only up to us to decide if, as repro-
ductive endocrinologists, we want to be surgeons
to our patients. As we say here in Boston: “Fish,
or cut bait!”

References

1. Azziz R. Role of reproductive surgeons and the soci-
ety of reproductive surgeons. Fertil Steril. 2002;78(5):
916-17.

2. Adamson GD. The modern role of reproductive surgery.
Clin Obstet Gynecol. 2011;54(4):710-9.



122

S.T.Lipskind and A.R. Gargiulo

3.

10.

11.

12.

13.

14.

15.

16.

17.

Practice Committee of American Society for
Reproductive Medicine in collaboration with Society of
Reproductive Surgeons et al. Pathogenesis, conse-
quences, and control of peritoneal adhesions in gyneco-
logic surgery. Fertil Steril. 2008;90(5 Suppl):S144-9.

. Gutt CN, Oniu T, Schemmer P, et al. Fewer adhesions

induced by laparoscopic surgery? Surg Endosc.
2004;18(6):898-906.

. Rodgers AK, Goldberg JM, Goldberg JM, Hammel

JP, Falcone T, et al. Tubal anastomosis by robotic
compared with outpatient minilaparotomy. Obstet
Gynecol. 2007;109(6):1375-80.

. Chandra V, Nehra D, Parent R, et al. A comparison of

laparoscopic and robotic assisted suturing perfor-
mance by experts and novices. Surgery. 2010;147(6):
830-9.

. Passerotti CC, Passerotti AM, Dall’Oglio MF, Leite

KR, et al. Comparing the quality of the suture anasto-
mosis and the learning curves associated with per-
forming open, freehand, and robotic-assisted
laparoscopic pyeloplasty in a swine animal model. J Am
Coll Surg. 2009;208:576-86.

. Stefanidis D, Wang F, Korndorffer Jr JR, et al.

Robotic assistance improves intracorporeal suturing
performance and safety in the operating room while
decreasing operator workload. Surg Endosc. 2010;
24(2):377-82.

. Yohannes P, Rotariu P, Pinto P, et al. Comparison of

robotic versus laparoscopic skills: is there a difference
in the learning curve? Urology. 2002;60(1):39-45;
discussion

Lenihan Jr JP, Kovanda C, Seshadri-Kreaden U. What
is the learning curve for robotic assisted gynecologic
surgery? J Minim Invasive Gynecol. 2008;15(5):
589-94.

Payne TN, Dauterive FR. A comparison of total lap-
aroscopic hysterectomy to robotically assisted hyster-
ectomy: surgical outcomes in a community practice.
J Minim Invasive Gynecol. 2008;15(3):286-91.
Seamon LG, Fowler JM, Richardson DL, et al. A
detailed analysis of the learning curve: robotic hys-
terectomy and pelvic-aortic lymphadenectomy for
endometrial cancer. Gynecol Oncol. 2009;114(2):
162-7.

Gargiulo AR, Srouji SS, Missmer SA, et al. Robot-
assisted laparoscopic myomectomy compared with
standard laparoscopic myomectomy. Obstet Gynecol.
2012;120(2 Pt 1):284-91.

Park A, Lee G, Seagull FJ, et al. Patients benefit while
surgeons suffer: an impending epidemic. J Am Coll
Surg. 2010;210(3):306-13.

Lee G, Lee T, Dexter D, et al. Ergonomic risk associ-
ated with assisting in minimally invasive surgery.
Surg Endosc. 2009;23(1):182-8.

van Det MJ, Meijerink WJ, Hoff C, et al. Optimal
ergonomics for laparoscopic surgery in minimally
invasive surgery suites: a review and guidelines. Surg
Endosc. 2009;23(6):1279-85.

Sutton E, Youssef Y, Meenaghan N, et al. Gaze dis-
ruptions experienced by the laparoscopic operating
surgeon. Surg Endosc. 2010;24(6):1240-4.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Wiegmann DA, ElBardissi AW, Dearani JA, et al.
Disruptions in surgical flow and their relationship to
surgical errors: an exploratory investigation. Surgery.
2007;142(5):658-65.

Lallas CD, Davis and Members of the Society of
Urologic Robotic Surgeons JW. Robotic surgery train-
ing with commercially available simulation systems in
2011: a current review and practice pattern survey from
the society of urologic robotic surgeons. J Endourol.
2012;26(3):283-93.

Abboudi H, Khan MS, Aboumarzouk O, et al.
Current status of validation for robotic surgery simu-
lators — a systematic review. BJU Int. 2013;111(2):
194-205.

. Sunkara SK, Khairy M, El-Toukhy T, et al. The effect of

intramural fibroids without uterine cavity involvement
on the outcome of IVF treatment: a systematic review
and meta-analysis. Hum Reprod. 2010;25(2):418-29.
Klatsky PC, Tran ND, Caughey AB, et al. Fibroids
and reproductive outcomes: a systematic literature
review from conception to delivery. Am J Obstet
Gynecol. 2008;198(4):357-66.

Shavell VI, Thakur M, Sawant A, et al. Adverse
obstetric outcomes associated with sonographically
identified large uterine fibroids. Fertil Steril. 2012;
97(1):107-10.

Jin C, Hu Y, Chen XC, et al. Laparoscopic versus
open myomectomy—a meta-analysis of randomized
controlled trials. Eur J Obstet Gynecol Reprod Biol.
2009;145(1):14-21.

Bulletti C, Polli V, Negrini V, et al. Adhesion forma-
tion after laparoscopic myomectomy. J Am Assoc
Gynecol Laparosc. 1996;3(4):533-6.

Palomba S, Zupi E, Russo T, et al. A multicenter
randomized, controlled study comparing laparoscopic
versus minilaparotomic myomectomy: short-term
outcomes. Fertil Steril. 2007;88(4):942-51.

Takeuchi H, Kinoshita K. Evaluation of adhesion for-
mation after laparoscopic myomectomy by systematic
second-look microlaparoscopy. J Am Assoc Gynecol
Laparosc. 2002;9(4):442-6.

Garnet JD. Uterine rupture during pregnancy. An
analysis of 133 patients. Obstet Gynecol. 1964;23:
898-905.

Parker WH, Einarsson J, Istre O, et al. Risk factors
for uterine rupture after laparoscopic myomectomy.
J Minim Invasive Gynecol. 2010;17(5):551-4.

Spong CY, Landon MB, Gilbert S, et al. Risk of uter-
ine rupture and adverse perinatal outcome at term
after cesarean delivery. Obstet Gynecol. 2007;110(4):
801-7.

. Pitter MC, Gargiulo AR, Bonaventura LM, et al.

Pregnancy outcomes following robot-assisted myo-
mectomy. Hum Reprod. 2013;28(1):99-108.

Liu G, Zolis L, Kung R, et al. The laparoscopic myo-
mectomy: a survey of Canadian gynaecologists. J Obstet
Gynaecol Can. 2010;32(2):139-48.

Advincula AP, Song A, Burke W, et al. Preliminary
experience with robot-assisted laparoscopic myomec-
tomy. J Am Assoc Gynecol Laparosc. 2004;11(4):
511-8.



Reproductive Surgery and Computer-Assisted Laparoscopy...

123

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

Bedient CE, Magrina JF, Noble BN, et al. Comparison
of robotic and laparoscopic myomectomy. Am J Obstet
Gynecol. 2009;201(6):566.e1-5.

Advincula AP, Xu X, Goudeau S, et al. Robot-assisted
laparoscopic myomectomy versus abdominal myo-
mectomy: a comparison of short-term surgical out-
comes and immediate costs. J Minim Invasive
Gynecol. 2007;14(6):698-705.

Mais V, Ajossa S, Guerriero S, et al. Laparoscopic
versus abdominal myomectomy: a prospective, ran-
domized trial to evaluate benefits in early outcome.
Am J Obstet Gynecol. 1996;174(2):654-8.

Barakat EE, Bedaiwy MA, Zimberg S, et al. Robotic-
assisted, laparoscopic, and abdominal myomectomy:
a comparison of surgical outcomes. Obstet Gynecol.
2011;117(2 Pt 1):256-65.

Meredith SM, Sanchez-Ramos L, Kaunitz AM.
Diagnostic accuracy of transvaginal sonography for
the diagnosis of adenomyosis: systematic review and
metaanalysis. Am J Obstet Gynecol. 2009;201(1):107.
el-6.

Moghadam R, Lathi RB, Shahmohamady B, et al.
Predictive value of magnetic resonance imaging in
differentiating between leiomyoma and adenomyosis.
JSLS. 2006;10(2):216-9.

Goto A, Takeuchi S, Sugimura K, et al. Usefulness of
Gd-DTPA contrast-enhanced dynamic MRI and serum
determination of LDH and its isozymes in the differ-
ential diagnosis of leiomyosarcoma from degenerated
leiomyoma of the uterus. Int J Gynecol Cancer.
2002;12(4):354-61.

Bush AJ, Morris SN, Millham FH, et al. Women’s
preferences for minimally invasive incisions. J Minim
Invasive Gynecol. 2011;18(5):640-3.

Gargiulo AR, Bailey AP, Srouji SS. Robot-assisted
single-incision laparoscopic myomectomy: initial
report and technique. J Robot Surg. 2012. doi:
10.1007/s11701-012-0356-1.

Hillis SD, Marchbanks PA, Tylor LR, et al.
Poststerilization regret: findings from the United
States collaborative review of sterilization. Obstet
Gynecol. 1999;93(6):889-95.

. Roberts DL, Solow AR. Flightless birds: when did

the dodo become extinct? Nature. 2003;426(6964):
245.

Deffieux X, Morin Surroca M, Faivre E, et al. Tubal
anastomosis after tubal sterilization: a review. Arch
Gynecol Obstet. 2011;283(5):1149-58.

Yoon TK, Sung HR, Kang HG, et al. Laparoscopic
tubal anastomosis: fertility outcome in 202 cases.
Fertil Steril. 1999;72(6):1121-6.

Falcone T, Goldberg J, Garcia-Ruiz A, et al. Full
robotic assistance for laparoscopic tubal anastomosis:
a case report. J Laparoendosc Adv Surg Tech A.
1999;9(1):107-13.

Dharia Patel SP, Steinkampf MP, Whitten SJ, Whitten
SJ, Malizia BA, et al. Robotic tubal anastomosis:
surgical technique and cost effectiveness. Fertil Steril.
2008;90(4):1175-9.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Caillet M, Vandromme J, Rozenberg S, Paesmans M,
et al. Robotically assisted laparoscopic microsurgical
tubal reanastomosis: a retrospective study. Fertil
Steril. 2010;94(5):1844-7.

Degueldre M, Vandromme J, Huong PT, et al.
Robotically assisted laparoscopic microsurgical tubal
reanastomosis: a feasibility study. Fertil Steril. 2000;
74(5):1020-3.

Gargiulo AR. Fertility preservation and the role of
robotics. Clin Obstet Gynecol. 2011;54(3):431-48.
Practice Committee of the American Society for
Reproductive Medicine. Committee opinion: role of
tubal surgery in the era of assisted reproductive tech-
nology. Fertil Steril. 2012;97(3):539-45.

Jacobson TZ, Duffy JM, Barlow D, etal. Laparoscopic
surgery for subfertility associated with endometrio-
sis. Cochrane Database Syst Rev. 2010;1:
CD001398.

Marcoux S, Maheux R, Berube S. Laparoscopic sur-
gery in infertile women with minimal or mild endo-
metriosis.  Canadian  collaborative  group on
endometriosis. N Engl J Med. 1997;337(4):217-22.
Parazzini F. Ablation of lesions or no treatment in
minimal-mild endometriosis in infertile women: a
randomized trial. Gruppo Italiano per lo Studio
dell’Endometriosi. Hum  Reprod. 1999;14(5):
1332-4.

Practice Committee of the American Society for
Reproductive Medicine. Endometriosis and infertility:
a committee opinion. Fertil Steril. 2012;98(3):591-8.
Celik HG, Dogan E, Okyay E, et al. Effect of laparo-
scopic excision of endometriomas on ovarian reserve:
serial changes in the serum antimullerian hormone
levels. Fertil Steril. 2012;97(6):1472-8.

Coccia ME, Rizzello F, Mariani G, et al. Ovarian sur-
gery for bilateral endometriomas influences age at
menopause. Hum Reprod. 2011;26(11):3000-7.
Crosignani PG, Vercellini P, Biffignandi F, et al.
Laparoscopy versus laparotomy in conservative sur-
gical treatment for severe endometriosis. Fertil Steril.
1996;66(5):706-11.

Kuroda M, Kuroda K, Arakawa A, et al. Histological
assessment of impact of ovarian endometrioma and
laparoscopic cystectomy on ovarian reserve. J Obstet
Gynaecol Res. 2012;38(9):1187-93.

Li CZ, Liu B, Wen ZQ, et al. The impact of electroco-
agulation on ovarian reserve after laparoscopic excision
of ovarian cysts: a prospective clinical study of 191
patients. Fertil Steril. 2009;92(4):1428-35.

Barton SE, Gargiulo AR. Robot-assisted laparoscopic
myomectomy and adenomyomectomy with a flexible
CO, laser device. J Robot Surg. 2012. doi: 10.1007/
s11701-012-0360-5.

Donnez J, Lousse JC, Jadoul P, et al. Laparoscopic
management of endometriomas using a combined
technique of excisional (cystectomy) and ablative sur-
gery. Fertil Steril. 2010;94(1):28-32.

Muzii L, Panici PB. Combined technique of excision
and ablation for the surgical treatment of ovarian


http://dx.doi.org/10.1007/s11701-012-0356-1
http://dx.doi.org/10.1007/s11701-012-0360-5
http://dx.doi.org/10.1007/s11701-012-0360-5

124

S.T.Lipskind and A.R. Gargiulo

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

endometriomas: the way forward? Reprod Biomed
Online. 2010;20(2):300-2.

Muzii L, Bellati F, Bianchi A, et al. Laparoscopic
stripping of endometriomas: a randomized trial on
different surgical techniques. Part II: Pathological
results. Hum Reprod. 2005;20(7):1987-92.

Muzii L, Bianchi A, Bellati F, et al. Histologic analysis
of endometriomas: what the surgeon needs to know.
Fertil Steril. 2007;87(2):362-6.

Muzii L, Miller CE. The singer, not the song. J] Minim
Invasive Gynecol. 2011;18(5):666-7.

Carvalho L, Abrao MS, Deshpande A, Falcone T, et al.
Robotics as a new surgical minimally invasive approach
to treatment of endometriosis: a systematic review. Int
J Med Robot. 2012;8(2):160-5. doi:10.1002/rcs.451.
Nezhat C, Hajhosseini B, King LP. Robotic-assisted
laparoscopic treatment of bowel, bladder, and ureteral
endometriosis. JSLS. 2011;15(3):387-92.

Nezhat C, Lewis M, Kotikela S, Veeraswamy A, et al.
Robotic versus standard laparoscopy for the treatment
of endometriosis. Fertil Steril. 2010;94(7):2758-60.
Bisharah M, Tulandi T. Laparoscopic preservation
of ovarian function: an underused procedure. Am J
Obstet Gynecol. 2003;188(2):367-70.

Morice P, Thiam-Ba R, Castaigne D, et al. Fertility
results after ovarian transposition for pelvic malig-
nancies treated by external irradiation or brachytherapy.
Hum Reprod. 1998;13(3):660-3.

Terenziani M, Piva L, Meazza C, et al. Oophoropexy:
a relevant role in preservation of ovarian function
after pelvic irradiation. Fertil Steril. 2009;91(3):31.
Hwang JH, Yoo HJ, Park SH, et al. Association
between the location of transposed ovary and ovarian
function in patients with uterine cervical cancer
treated with (postoperative or primary) pelvic radio-
therapy. Fertil Steril. 2012;97(6):1387-93.e1-2.
Barton SE, Politch JA, Benson CB, et al
Transabdominal follicular aspiration for oocyte
retrieval in patients with ovaries inaccessible by trans-
vaginal ultrasound. Fertil Steril. 2011;95(5):1773-6.
Molpus KL, Wedergren JS, Carlson MA. Robotically
assisted endoscopic ovarian transposition. JSLS.
2003;7(1):59-62.

Al-Badawi I, Al-Aker M, Tulandi T. Robotic-assisted
ovarian transposition before radiation. Surg Technol
Int. 2010;19:141-3.

Grynberg M, Poulain M, Sebag-Peyrelevade S, le
Parco S, et al. Ovarian tissue and follicle transplantation

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

as an option for fertility preservation. Fertil Steril.
2012;97(6):1260-8.

Oktay K, Oktem O. Ovarian cryopreservation and
transplantation for fertility preservation for medical
indications: report of an ongoing experience. Fertil
Steril. 2010;93(3):762-8.

Mayerhofer K, Ott J, Nouri K, et al. Laparoscopic
ovarian tissue harvesting for cryopreservation: an
effective and safe procedure for fertility preservation.
Eur J Obstet Gynecol Reprod Biol. 2010;152(1):
68-72.

Donnez J, Jadoul P, Pirard C, et al. Live birth after
transplantation of frozen-thawed ovarian tissue after
bilateral oophorectomy for benign disease. Fertil
Steril. 2012;98(3):720-5.

Sonmezer M, Oktay K. Orthotopic and heterotopic
ovarian tissue transplantation. Best Pract Res Clin
Obstet Gynaecol. 2010;24(1):113-26.

Akar ME, Carrillo AJ, Jennell JL, Yalcinkaya TM,
et al. Robotic-assisted laparoscopic ovarian tissue
transplantation. Fertil Steril. 2011;95(3):1120.e5-8
Bedaiwy MA, Falcone T. Whole ovary transplanta-
tion. Clin Obstet Gynecol. 2010;53(4):797-803.
Silber SJ. Ovary cryopreservation and transplantation
for fertility preservation. Mol Hum Reprod. 2012;
18(2):59-67.

Silber SJ, DeRosa M, Pineda J, et al. A series of
monozygotic twins discordant for ovarian failure: ovary
transplantation (cortical versus microvascular) and cry-
opreservation. Hum Reprod. 2008;23(7):1531-7.
Silber SJ, Grudzinskas G, Gosden RG. Successful
pregnancy after microsurgical transplantation of an
intact ovary. N Engl J Med. 2008;359(24):2617-8.
Boggi U, Vistoli F, Signori S, et al. Robotic renal
transplantation: first European case. Transpl Int.
2011;24(2):213-8.  doi:10.1111/j.1432-2277.2010.
01191.x.

Falk V, Jacobs S, Gummert JF, et al. Computer-
enhanced endoscopic coronary artery bypass grafting:
the da Vinci experience. Semin Thorac Cardiovasc
Surg. 2003;15(2):104-11.

Semm K, Mettler L. Technical progress in pelvic sur-
gery via operative laparoscopy. Am J Obstet Gynecol.
1980;138(2):121-7.

AAGL Advancing Minimally Invasive Gynecology
Worldwide. AAGL position statement: robotic-
assisted laparoscopic surgery in benign gynecology.
J Minim Invasive Gynecol. 2013;20(1):2-9.


http://dx.doi.org/10.1002/rcs.451
http://dx.doi.org/10.1111/j.1432-2277.2010.01191.x
http://dx.doi.org/10.1111/j.1432-2277.2010.01191.x

Part il

Assisted Reproduction Techniques



Advances in Systems for Embryo

Culture

Roberta Maggiulli, Lisa Dovere, Filippo Ubaldi,

and Laura Rienzi

9.1 Introduction

In the last decade, several efforts have pointed to
a better awareness of the embryo physiology and
biochemistry, leading to significant advances in
systems for embryo culture.

It is well known that a short in vitro culture
does not allow for a reliable embryo evaluation,
requiring the transfer of more than one embryo
and thus increasing the risk for multiple pregnan-
cies. However, only up to half of human embryos
conceived in vitro develop to the blastocyst stage
and ~18 % of them arrest at or prior to the 4-cell
stage [1, 2]. Beyond the substantial genetic
defects that are intrinsic to the embryos, subopti-
mal culture media composition or physical cul-
ture parameters (or a combination of them) may
be responsible for these observed rates of devel-
opment arrest.

The preimplantation embryo is a free-living
organism that can regulate its own cell division
and differentiation using transcripts accumulated
during oogenesis [3] and produced after the acti-
vation of the embryonic genome [4]. Additionally,
this autonomous organism produces embry-
otrophic factors such as platelet-activating factor
and interleukin-1 regulating the early events of
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embryo development [5]. The first crucial steps of
mammalian development such as first cleavage,
activation of maternal genome, compaction, and
differentiation are the result of precisely pro-
grammed and orchestrated events. The embryo is
also endowed with the ability to adapt to changing
environmental conditions that maintains cellular
homeostasis and preserves viability. Despite this
embryonic plasticity, the exposure to suboptimal
environmental conditions that can exceed its
adaptive capacity may cause change in epigenetics,
transcription, metabolism, and cell allocation with
potential long-term consequences [6, 7].

In the recent years, many researches pointed
to improve embryo culture conditions and to
introduce novel devices and platforms to pro-
vide a more appropriate microenvironment for
the embryos. The majority of acquired knowl-
edge has led to enrich media formulation,
refining them by introducing salts, amino acids,
energy substrates, growth factors, and other
supplements. Overall, these advances have
made feasible to extend embryo culture to the
blastocyst stage, allowing single embryo trans-
fer while accomplishing consistent pregnancy
and live birth rates, thus increasing significantly
the efficiency of human-assisted reproduction
procedures.

However, not only the chemical supplies of
the developing embryo need to be considered but
also potential physical requirements (mechanical
and surface interactions, cell movement) may
influence embryo development and may be
important factors in the continuing pursuit of
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improved in vitro conditions. To this end, very
recently novel culture and surface platforms have
been developed, allowing dynamic culture
through the employment of media flows.

Despite several aspects remain to be analyzed,
these new approaches and emerging technologies
may optimize the efficiency of embryo produc-
tion, creating a more appropriate microenviron-
ment for gamete function and support embryo
developmental competence.

9.2  Embryo Culture Platforms

9.2.1 Static Culture Platforms

Until now, human embryos have been commonly
cultured on inert plastic supports that create a
“static microenvironment” as these platforms do
not produce any active movements and limited
cell surface contact [8]. During routine IVF pro-
cedure, culture media are conventionally placed
in disposable polystyrene multiwell or Petri
dishes, in 10-80 pl drops of media covered with
oil and equilibrated overnight in the proper gas
mixture at 37 °C to stabilize the pH, temperature,
and achieve proper gas saturation. Generally, the
embryos are cultured individually or in small
groups and incubated for days, in either single or
sequential medium [7, 9, 10]. However, in vivo,
embryos are exposed to a more dynamic environ-
ment, developing in the virtual space of oviduct.
As previously underlined [9], considerable dif-
ferences exist between the conventional culture
system and the natural environment of the ovi-
duct. The female reproductive tract is surrounded
by ciliated epithelia that sustain embryo move-
ment; moreover, during this progression embryos
are exposed to several unknown constituents of
oviductal fluids that fulfill the metabolic needs of
the embryo.

This is in sharp contrast with the in vitro envi-
ronment, where embryos are cultured on artificial
surface and no dynamic movements are ensured
and where autocrine factors are often diluted and
diffused into the oil layer.

R. Maggiulli et al.
9.2.2 Enhanced Static Platforms

Recently, novel devices and new culture
approaches are being developed in order to han-
dle physical parameters and to improve the
in vitro microenvironment, exploiting different
potential beneficial aspects of embryo culture
such as increased embryo density, decreased
media volume, and retention of autocrine/para-
crine factors.

Embryo density, expressed as the embryo-to-
volume ratio, is the number of embryos in a defined
volume of culture medium. The same density can
be achieved by manipulating either the number of
embryos in a given volume of medium, or manipu-
lating the volume of the medium for a given num-
ber of embryos. In different animal models, it has
been observed that increased embryo density may
improve developmental competence, probably
through the production and secretion of various
factors able to affect embryo homeostasis [11-14].
Recently it has been shown that group culture
improves rates of human blastocyst development,
when compared to individual culture [15, 16].

Embryo culture may be successfully per-
formed in small volume to effectively benefit of
retention of autocrine factors. In fact, the mixture
of compounds embryo-secreted is challenging to
be replaced by exogenous biomolecules.

Moreover, utilization of exogenous growth
factors may be inadvisable since an appropriate
spatial or temporal exposure may lead to devel-
opmental abnormalities such as large offspring
syndrome [17, 18].

In order to confine embryos to a small area,
microdrop systems have long been used.
Generally, these drops varied from 10 to 50 pl of
volume and can be used with group or individual
embryo culture, although most embryologists
prefer individual culture for easily identification
and follow up. A limitation of this approach is
related to the potential drop flattening or coalesc-
ing, entailing a variation in the amount of media
where embryos are cultured and hampering the
embryo tracking during handling and evaluation.
Specialized dishes are now available, specifically
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designed for embryo culture and employing small
round bottom wells inside a traditional Petri dish
that allows for retention of putative embry-
otrophic factors while preserving the individual-
ity of each single embryo.

Another variation of this approach utilizes
ultralow volumes of media, the “ultramicrodrop
system”. The volume of these drops ranges from
1.5 to 2 pl and allows to culture and confine groups
of embryos in a small area and to concentrate auto-
crine/paracrine factors. This approach has resulted
in improved embryo development, although tested
only with very few embryos. However, further and
detailed analysis including pregnancy and implan-
tation rates are necessary to investigate the poten-
tial risk of using very small volumes of media,
where rapid evaporation with dangerous increase
in osmolality can occur [8].

New culture platforms have been developed
utilizing extremely low volume of media with a
limited surface area. The submicroliters platforms
are composed of a culture chip of polydimethylsi-
loxane (PDMS) containing a small vertical chan-
nel. During the culture, 2-cell embryos in the
vertical channel are surrounded by submicroliters
volume (100 nl) [19]. Rates of blastocyst devel-
opment obtained using this culture system were
comparable with 20-ul culture systems, but
significantly greater than 5-ul microdrop cultures.
Thus, this novel device allows embryos to take
advantages from reduced culture volume and
spacing while avoiding issues correlated with
small microdrop volume; however, it is limited by
a complicate embryo recovery [8].

A novel solution is represented by the Well-
of-the-Well (WOW) system, a culture device
where embryos are confined in small area while
sharing a larger reservoir of media. Basically, it
consists of small microwells of conical shape cre-
ated inside of a well of a 4-well dish or in a Petri
dish. First described by Vajta [14], this approach
has been successfully used with embryos from
several species such as mouse, pig, and human.
The advantage of this system is that embryos can
be cultured individually in each microwell while
sharing the same overlying medium; this creates a
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microenvironment around the embryos, increasing
the point of contact between them. According to
an initial human trial, higher blastocyst rates were
observed when embryos were cultured in WOW
devices compared to microdrop system (56 vs.
37 %) [20]. Although this system appears very
promising, data regarding pregnancy and birth
rates are still preliminary and further investigations
are required.

The “glass oviduct (GO) system” was pro-
posed by Thouas et al. in 2003 [12] as alternative
solution. This culture system is composed of 2-ul
sterile open-ended capillary with 200-um inner
diameter. Embryos are loaded by immersing one
end of the capillary in a standard microdrop
system. Initially, a small oil column enters into
the glass capillary, followed by the medium with
the embryos, finally upon retraction, oil enters
again into the column and closes the solution.
Then the capillary is cultured in vertical position
in a carbon dioxide incubator and the medium
surrounding embryos is approximately 1 pl; this
allows creating concentration gradients for sev-
eral factors selected or discarded by the embryos.
Although blastocyst rates obtained in mouse
model were similar to those achieved by tradi-
tional culture methods, culturing embryos in the
GO system has allowed to improve others param-
eters such as blastocyst total cell number and
hatching rates [21].

The GO system can be considered as an
extremely simplified and static version of the
microchannel system. More sophisticated and pur-
pose-designed versions of microchannels have
been regarded as the greatest promise to establish
a multipurpose automated system for in vitro pro-
duction of preimplantation embryos.

9.2.2.1 Specialized Surface Coating
Enhancing culture conditions entails also the
revision of the surface of the devices where
embryos are cultured.

Several synthetic polymers have been tested
on mouse embryos to investigate the potential
toxicity due to contaminants or different additives.
Generally, conventional devices are made by
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polystyrene and glass, materials that are heat-
stable and tolerate the temperature and humidity of
the incubator without interfering with media [8].
The use of PMDS as IVF device is particularly
critical, since it could modify media composition
or cause detrimental osmolality shifts [22, 23].
However, the static inert devices used for embryo
culture are extremely different from the dynamic
interactive surfaces to which embryos are exposed
in the uterine cavity. In vivo, embryos are sur-
rounded by several macromolecules and compo-
nents of extracellular matrix that are thought to
support embryo cellular homeostatic mechanisms,
imparting responsiveness or plasticity to the
embryo [24-26]. These macromolecules are sup-
posed to act in a physical sense to stabilize the
chemical environments along the oviduct, inter-
acting with biological fluids and inducing
significant modifications of the fluid surrounding
the embryos. The inclusion of constituents, such
as glycosaminoglycans, could improve embryo
culture, altering surface properties such as hydro-
philicity and aiming to reproduce more closely
the female reproductive tract. Equally, glycopro-
teins are believed to act as carrier molecules to
present cations and metabolic substrates at appro-
priate concentration to the embryo [24].
Figueiredo and collaborators found that laminin
added to culture media was detrimental to embryo
development decreasing cell number in mouse
blastocyst, whereas fibronectin was compatible
with mouse embryo development, even if no pos-
itive effect was observed compared to controls.
Other investigations found that fibronectin and
laminin could improve human blastocyst hatch-
ing rates if used at 50 pg/ml [27], underlying the
different species-specific actions and the impor-
tance of concentration. Also, Heparin, hyaluronic
acid, and chondroitin sulfate have been added to
culture media improving blastocyst development
in bovine embryos [28]. These macromolecules
can act as anchor for different growth factors,
thus their proper orientation is important to
influence embryo development. It has been
demonstrated that the employment of matrigel
(a solubilized basement membrane preparation,
rich in Ecm protein) as plate coating increased
rate of mouse blastocyst hatching at 96 and 120 h,
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even if other authors have shown a detrimental
effect of the same coating on mouse blastocyst
development, probably due to a different mouse
strain used [29, 30].

Conflicting data exist regarding the use of
hyaluronic acid, since after preliminary encour-
aging results in mouse and bovine models, the
use of hyaluronic-coated culture surface has
significantly reduced mouse blastocyst cell number
[31]. A different approach utilizing agarose-made
microwells did not display any benefits during
embryo culture.

In 1965, Cole and Paule [32], in the attempt to
more closely mimic the in vivo microenvironment,
provided the proof of concept that mouse embryos
could benefit from coculture with somatic cells.
The use of feeder cell lines was then investigated
in human in vitro culture, with conflicting clinical
results. Initial studies in human IVF, using bovine
uterine epithelial cells and human oviductal cells
[33], showed promising results and led to a great
deal of optimism that coculture may improve
embryo development. The observed benefits in
terms of improved embryo quality were due both
to the secretion of embryotrophic factors and the
detoxification of the culture medium [34-37].
Limited studies in this field have been per-
formed; a systematic review of randomized con-
trolled trials was performed by Kattal et al. [38]
in order to objectively determine the potential
benefits of coculture in human IVF, revealing a
statistically significant improvement in embryo
morphology and clinical outcome when cocul-
ture is performed.

However, the use of biological materials has
been complicated by the potential risk of con-
tamination or transmission of disease from feeder
layers to the developing embryos. As a conse-
quence of the limitations introduced by the U.S.
Food and Drug Administration in 2002 (limiting
the use of nonhuman coculture cell lines for
human IVF), autologous endometrial cells have
been introduced for coculture.

Currently, there is still a lack of information
regarding these novel culture platforms and
human embryos. Although several proteoglycans
and oviductal-specific proteins have been
identified, the comprehension of the real impact
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of these biomolecules on human embryo devel-
opment requires more exhaustive studies. Because
of these controversial results, the use of coated
platforms is not as widespread as expected, yet.

9.2.3 Dynamic Culture Platforms

As discussed above, static embryo culture has
been the mainly employed method so far.
Although these platforms are not completely
static, because of convection currents and move-
ment of dishes that can shake media during the
observations, they are not fully proper to satisfy
the ever-changing needs of preimplantation
embryos. In vivo, embryos are exposed to a
dynamic and gradually changing microenviron-
ment sustained by peristaltic contraction of the
smooth muscle of the fallopian tube and kinetic
friction forces with ciliated epithelia. During its
journey alongside the reproductive tract, the
embryo is exposed to constant vibrations of around
6 Hz with the periodically repeating increase to
20 Hz that stimulate embryonic mechanoreceptors
and induce the cell-to-cell communication [39].

Conversely, conventional static embryo cul-
ture systems require several washing and chang-
ing of media during the preimplantation period
and expose embryos to suboptimal atmosphere
and sudden changes in microenvironment condi-
tions. Furthermore, the accumulation of toxic
substances, such as oxygen-derived radicals [40]
and ammonia [41], may have a detrimental effect
on embryo development. Moreover, studies mon-
itoring the mouse embryo physiology have mea-
sured gradients of potassium, calcium, and
oxygen around unperturbed embryos [42], due to
the secretion or depletion of media components
by the developing embryo.

Therefore, new dynamic platforms, specifically
assembled in order to produce flow of media,
have been proposed to disrupt these gradients and
to create a more homogenous environment around
the embryo, thus mimicking closely the in vivo
conditions.

Although providing mechanical stimuli may
improve embryo developmental ability, several
limitations characterize these promising novel
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culture systems; first of all their complexity and
lab compatibility with respect to static culture
platforms. Besides biocompatibility, that is of
utmost importance, other factors such as friction
and flow rate have to be carefully considered.
Excess mechanical stimuli or overhandling of
embryos can induce transient changes in embryo
homeostasis and significantly impair embryo
viability [43, 44]. Moreover, a continuous rough
refreshment of medium may lead also to the
elimination of beneficial auto- and paracrine
factors [45].

To sum up, there are different hypotheses that
explain the potential benefits of dynamic culture
systems: the gentle agitation of media that remove
waste products around the embryos with replen-
ishment of fresh substrates, the disruption of
environmental gradient and the physical stimula-
tion able to activate mechanoreceptors, or signal-
ing pathways involved in embryo development.
Unfortunately, not all dynamic culture platforms
can have all the characteristics mentioned above;
thus, several approaches to generate dynamic
culture have been examined.

One of the first approaches to perform a
dynamic embryo culture is the use of an orbital
shaker placed inside the incubator [46]. Using
this culture system, embryos were agitated at
60 rev/min, cultured in a volume of 0.5 ml over-
laid with oil. The first promising results came
from mouse embryos and ovarian tissue culture
[47]. Higher rates of blastocyst development
(98.5 %) have been obtained using orbital rota-
tion on flat surface with respect to static culture
platform (86.3 %) [31].

While different volumes of media and times
of agitation do not have a significant effect on
embryo viability, instead the rate of rotation
seems to have an impact on embryo development,
having detrimental effect when rates of orbital
movement arrived at 60 rev/min [8].

Another easy-to-implement alternative to con-
ventional static platforms is represented by the
tilting embryo culture system (TECS). A motor-
ized tilting platform is composed of a control unit
to set the speed, the angle, and the period of tilt-
ing and of a motor unit to drive stage tilting and
to place conventional culture dish. While embryos
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are tilted, the rolling and media agitation try to
mimic the movement through the reproductive
tract. Mouse and human embryos have been suc-
cessfully cultured in TECS, showing an enhanced
cell division and blastocyst quality compared to
controls [48]. A benefit of this system relies on its
lab compatibility that may allow a widespread
utilization; however, additional clinical investi-
gations are required to analyze the potential
benefits and the limitation of TECS.

To induce dynamic culture conditions, a sim-
ple vibration may be sufficient. Initially, pulsatile
mechanical microvibration has been successfully
used to mature porcine oocytes improving devel-
opmental competence and subsequently embryo
growth [49]. Also, human zygotes were cultured
using gentle vibration of 20 Hz for 5 s [50].
Although the introduction of microvibration did
not influence fertilization rates compared to static
controls, a significantly higher percentage of high-
quality cleavage stage embryos was observed
compared with static culture system (90.1 vs.
779 %, p<0.05). Moreover, the percentage of
embryos that reached the blastocyst stage was
10 % higher than that recorded for the static cul-
ture system. This enhanced in vitro embryo devel-
opment in vitro resulted in a significantly higher
pregnancy rate regardless of the day of embryo
transfer, highlighting the benefits of gentle vibra-
tion during embryo culture.

Microchannel Microfluidic
System

9.3

The replenishment of culture media and removal
of harmful factors produced by embryos is not
accomplished with novel culture devices men-
tioned above. Moreover, embryos are exposed to
suboptimal conditions during handling and the
great amount of media to which are exposed may
temper the presence of embryotrophic factor.
The great advantage of microfluidic system is
that all the requisites to obtain an optimized
embryo culture can be accomplished at once.
This system allowed performing culture of
embryos in precisely defined, submicroliter
volumes minimizing the risk of evaporation and
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to maintain the surface area-to-volume (SA/V)
ratios in a physiological range. The spacing theory
is already supported by several investigations
demonstrating that improved embryo develop-
ment can be achieved using ultramicrodrops [51],
glass capillary tubes [12, 13], and WOW tech-
nologies [14].

Others benefits may arise from the gradual
replenishment of media around the embryo and
from the mechanical induction of cellular path-
ways involved in embryo development.

The microchannel microfluidic system is not a
recent technique since it has been developed
during the 1980s of the last century with multi-
disciplinary purpose and applications in different
fields from physics and chemistry to micro- and
biotechnology. The approach of dynamic media
flow obtained with microfluidic platforms varied
greatly in design and are used for various aspect of
ART such as in vitro oocyte maturation [52, 53]
and sperm selection [54, 55] and recently also as
platform for embryo culture [56, 57].

The microchannel system is essentially com-
posed of the following parts: a glass microscopic
slide base and plastic layer with the channels and
valves connected with automatic or mechanical
pumps.

A critical aspect of microfluidic system is the
flow rate that must be finely regulated to deter-
mine the range for beneficial effects, since shear
stress can influence negatively embryo develop-
ment, causing damage to blastomeres and embryo
degeneration [44].

The early devices used in ART employed pas-
sive flow driven by gravity; others used manually
applied pressure created by syringes connected
externally or programmable syringe infusion
pump [55, 58-60]. However, these approaches
require constant and difficult regulation of the
flow; thus, they are not of easy employment [61].
Very recently, a new Braille pumping system
using electric piezo actuators has been success-
fully introduced, aiming to create a peristaltic
movement of media along microchannels. This
system assures computerized regulation of the
flow without constant supervision and allows
gradual variation of media flowing toward the
embryos [61].
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Glasgow and coauthors are first to demonstrate
that embryo manipulation and movement in a
microfluidic system is feasible at low flow rates
without injuring the embryos [62]. Once the safety
of microfluidic system was proved, some authors
[56] have shown that 2-cell mouse embryos could
be cultured using microchannel system with sub-
microliter culture volume, with significantly higher
blastocyst rate at 48 h and at 72 h (17.6 vs. 2.4 %
and 72.9 vs. 42.9 %, respectively) and hatching
blastocyst rate at 72 h and 96 h (4.1 vs. 0 % and
26.5 vs. 8.8 %, respectively). Although the effec-
tive volume surrounding the embryos was 250 pl,
the employment of very tiny channels (from
100 nm to several hundred micrometers) avoids
the occurrence of turbulence and maintains a lami-
nar flow. This microfluidic system, however, has
not yet been shown to enhance pregnancy rates.
Heo and coworkers established a dynamic micro-
funnel embryo culture system to better mimicking
the fluid-mechanical and biochemical stimulation
that embryo experienced in vivo [63]. Blastocyst
developmental rate was significantly enhanced
under dynamic microfunnel culture conditions as
evidenced by an increased percentage of hatching
or hatched blastocysts and significantly higher
average number of cells per blastocyst. Most
importantly, preimplantation developmental kinet-
ics and clinical performances of embryos devel-
oped in dynamic conditions more closely resemble

Bar code for identification of the samples

those of the in vivo counterparts. Compared to
microchannel culture, dynamic microfunnel sys-
tem allows to benefit either from fluid mechani-
cal stimulation to the embryo or from retention of
a significant amount of embryotrophic factors
simultaneously.

These encouraging data, although preliminary,
indicate that the microfluidic technology has great
potential for improving clinical ART and may rep-
resent a solution to meet the mutable needs of
embryos, while maintaining an optimal microenvi-
ronment during the preimplantation culture.

Taken together, these novel approaches could
potentially revolutionize the concept of embryo
culture; unfortunately, most of the data discussed
above arise from animal models, whereas there
are little evidences that these approaches truly
benefit also human embryos. Moreover, the
implementation of the IVF laboratories with
these new technologies would require significant
economical efforts.

9.4 Integrated Automated System

for Embryo Production

Once established, the enhanced culture system
can also be integrated with other equipment as a
video camera to monitor all steps of the embryo
development (Fig. 9.1). Such purpose-designed

Media sampling: Metabolomic,
| Respiration, Amino acid and Sugar
{ uptake, Gene expression, .....

Dinamic morphological evaluation
(light and polarized microscopy)

Fig. 9.1 Integrated automated system for embryo production
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instruments are already available and provided
their value in embryo selection [64, 65]. Further
extensions may include various sensors measuring
parameters such as embryo-derived biomarkers
(metabolomics) or gene expression profiles
(transcriptomics). The enormous amount of infor-
mation derived from the time-lapse imaging
together with the biochemical parameters may
provide a significant support to select the best
embryo(s) to transfer and to compare the efficiency
various culture methods.

Eventually, the microchannel system may also
be useful to personalize embryo culture according
to the individual needs of each embryo to compen-
sate deviations in metabolism [9]. However, caution
is suggested while using this approach. It should be
considered that embryos are autonomous living
beings with proven ability to establish their proper
microenvironment even under compromised
conditions. On the other hand, their adaptation
ability to the ever-changing environment may be
limited, and continuous or frequently repeated
flushing even with the most sophisticated solutions
may cause more problems than benefits. A proper
use of the enormous possibilities offered by the
microchannel system may help to find the right
compromise and to bridge the existing gap between
the technology level of laboratory embryology and
that of other prominent branches of science.

An ideal system should also reduce risk of
mistakes providing secure identification of the
biological material during each stage of a patient’s
cycle. Measures, such as labeling of all lab ware
and double-witnessing protocols, are currently
employed in IVF laboratory worldwide. Recently,
innovative solutions for electronic witnessing that
allow automatic recognition and confirmation of
sample identity and matching have been devel-
oped as an alternative to double witnessing
(Fig. 9.2). This is already possible by using Radio
Frequency Identification (RFID) technology to
track and record patient samples monitoring all
critical steps carried out in the laboratory (RI
Witness™ Research Instruments, UK). In future,
direct tagging of embryos through the microinjec-
tion of silicon-based barcodes in the perivitelline
space could be considered to minimize mismatching
errors during ART procedures.

Fig. 9.2 Electronic witnessing using Radio Frequency
Identification (RFID) technology

”&’“
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Introduction to Assisted
Reproductive Technology

10.1

The International Committee for Monitoring
Assisted Reproductive Technology (ICMART)
and the World Health Organization (WHO) have
defined infertility as a disease of the reproductive
system by failure to achieve a clinical pregnancy
after at least 12 months of regular unprotected
sexual intercourse [1]. Of couples trying to conceive,
85-90 % conceives spontaneously within 12
months with most pregnancies occurring within
the first 6 months [2]. Approximately 10—17 % of
all couples need specialised fertility care once in
their lives [2, 3].

Interventions to improve chances of a live
birth for subfertile couples consist of fertility
enhancing drug therapy, tubal, ovarian and uter-
ine surgery or procedures such as intrauterine
insemination (IUI) or in vitro fertilisation (IVF),
where the latter is considered to be the treatment
of last resort. IVF treatment consists of controlled
ovarian stimulation to create multifollicular
growth (COS), ovum pickup, in vitro fertilisa-
tion, embryo selection and embryo transfer.
Medication used for ovarian stimulation for IVF
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has evolved from clomiphene citrate (CC), human
menopausal gonadotropins (hMG), purified uri-
nary follicle stimulating hormone (uFSH) to
human recombinant FSH (rFSH). Recently, the
efficacy and safety of a long-acting rFSH agonist
has also been established [4, 5]. Today, gonado-
tropins are the principal agents for COS with
starting doses varying between 100 and 600 IU/
day [6]. Midcycle dose adjustments depending
on the ovarian response are often performed
despite the fact that solid evidence confirming
positive effects of these dose adjustments is still
lacking [5, 7].

Over the years, additional interventions have
been developed to optimise IVF, including
gonadotropin releasing hormone (GnRH) ana-
logue co-treatment to reduce the chance of spon-
taneous ovulation during COS and human
chorionic gonadotropin (hCG) administration
before ovum pickup in order to increase the
amount of mature oocytes [5]. In current practice,
conventional maximal stimulation protocols,
using GnRH agonists in a long suppression
scheme, with high dosages of FSH, are still the
standard treatment, based on the view that “more
is better”. Mild ovarian stimulation, using the
spontaneous cycle as starting point, has focussed
on a more moderate ovarian response. It aims to
reduce side effects, complications [including
ovarian hyperstimulation syndrome (OHSS)],
patient burden and dropout rates [8]. Milder stim-
ulation also intends to obtain better quality
oocytes from the cohort of follicles sensitive to
exogenous FSH, with the objective that in vivo

137

DOI 10.1007/978-1-4614-7187-5_10, © Springer Science+Business Media New York 2013



138

T.C.van Tilborg et al.

selection will enable more efficient in in vitro
identification of the embryos with the best
implantation potential.

Despite all these developments, the implanta-
tion rate per embryo transferred is still disap-
pointing with a maximum implantation rate of
approximately 30 % [9]. This low efficiency
seems in a large part due to embryo quality per
se. However, endometrium receptivity may also
contribute, as evidence exists that secretory endo-
metrium development is often disrupted after
COS in comparison to a natural cycle [10].
Improved embryo quality may be achieved
through increasing the quality of the retrieved
oocytes. This means the focus of ovarian stimula-
tion should move away from quantity and become
directed at quality. With the current limitations in
effective embryo selection, even for high-tech-
nology chromosome assessment on blastocysts
[11, 12], aiming for a number of oocytes that rep-
resents the optimal range for the chance of obtain-
ing a live birth seems a best way to go.

10.2 Ovarian Physiology

Ovarian function in the female adult is both
autonomous and directed by the hypothalamic—
pituitary axis. The continuous recruitment of

primordial follicles to develop towards the
antral stages and the elimination of the vast
majority of these developing follicles along the
way are fully under control of local factors
including bone morphogenetic protein-15 (BMP-
15) and anti-Miillerian hormone (AMH) [13, 14].
It is from the small antral stage of follicular
development onwards, that pituitary gonadotro-
pin hormones dictate the cyclic follicle recruit-
ment that enables the occurrence of the menstrual
cycle (Fig. 10.1) [15].

The attainment of FSH sensitivity in antral
follicles from the 1-2 mm stages onwards results
from increasing numbers of membrane receptors
on the granulosa cells. Up to a follicle diameter
of 5 mm only minute amounts of gonadotropins
are sufficient for follicle development [16, 17].
For the development into a dominant pre-ovulatory
follicle, exposure to higher levels of FSH is neces-
sary. During that development, which takes about 2
weeks, the follicle will increase in size from 5 to
about 20-25 mm just before ovulation [18].

Although the number of follicles that are pres-
ent in the ovary in the small antral stage (2—-5 mm)
can amount to 25, only one follicle is selected to
become the dominant follicle that will subse-
quently ovulate. The mechanism underlying this
single dominant follicle selection has become
known as the threshold/window concept. Corpus
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Fig. 10.1 Schematic representation of life history of ovarian follicles: endowment and maintenance, initial recruitment,
ovulation and exhaustion (Broekmans et al. [19], permission requested) [15]
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Fig. 10.2 The intercycle rise
in FSH concentrations

exceeds the threshold for §
recruitment of a cohort of o
follicles for further develop- %
ment. The number of follicles [T
recruited is determined by the

time (“window”) for which —
the serum FSH is above the €
threshold at which recruit- g—
ment occurs. FSH follicle 3
stimulating hormone @
(Macklon and Fauser [20], %
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luteum demise at the end of the previous menstrual
cycle and the resulting decrease in oestradiol
(E2) and inhibin A levels [21, 22] will cause FSH
levels to rise [23]. By surpassing a threshold
[23-25], the cohort of FSH-sensitive antral folli-
cles will start to grow and thereby is initially res-
cued from atresia. Rising FSH levels will however
soon become suppressed by negative feedback
from E2 [26] and inhibin B [27] produced by the
cohort of developing antral follicles. Decreasing
FSH levels provide the occurrence of a window
or time period in which the individual follicle
FSH threshold can be surpassed [15, 28]. The
length of the time window and the hierarchy of
FSH sensitivity of the various follicles in the
cohort will determine the number of follicles that
are allowed to begin pre-ovulatory development
(dominant follicle growth). In normal physiol-
ogy, only one or sometimes two follicles will
develop and ovulate. Increasing the FSH window
by exogenous manipulation will therefore allow
the development of several or all of the available
antral follicles (Fig. 10.2) [29, 30].

10.3 Mechanism of Controlled
Ovarian Stimulation

During COS, normal ovarian physiology is dis-
rupted by follicular phase exogenous gonadotro-
pin administration. By administering compounds
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that increase the FSH serum concentration, the
period in which the FSH threshold is exceeded
will become extended [31]. Although differences
may exist in FSH sensitivity within the cohort of
follicles, overriding the endogenous FSH pattern
by for instance exogenous FSH administration
will easily lead to the growth of several follicles
into dominance [25, 32].

10.3.1 Ovarian Stimulation Agents

The first IVF baby was born after natural cycle IVF
[33]. Soon after this ground breaking event, IVF
was carried out with ovarian stimulation by CC
and/or gonadotropin co-treatment [5]. The avail-
ability of more oocytes and embryos for transfer
rapidly resulted in higher pregnancy rates after IVF
treatment [34, 35]. In current clinical practice,
gonadotropins administered in doses ranging from
100 to 600 IU/day combined with GnRH analogue
co-treatment are the principal regimen for COS in
IVFE[5, 6,36, 37]. This combination is used because
exogenous ovarian stimulation by gonadotropins
causes a premature luteinizing hormone (LH) surge
in 20-25 % of the stimulation cycles [5], leading to
high cancellation rates, untimely ovum pickup
planning and lower pregnancy rates. This problem
is largely solved by GnRH analogue co-treatment
[38]. We will discuss two types of GnRH analogues
(GnRH agonists and GnRH antagonists) below.
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10.3.2 GnRH Analogues

The GnRH decapeptide is intermittently secreted
into the portal circulation by the hypothalamus,
thereby stimulating pituitary secretion of LH and
FSH [39]. Repeated administration of GnRH
agonists leads to desensitisation of the pituitary
GnRH receptors, resulting in falling LH and FSH
levels [40] after an initial stimulation phase
(“flare-up”) [41]. Pituitary down-regulation start-
ing in the cycle prior to starting COS has been
standard practice since 1988 and is known as
the “long protocol” [41]. Although highly suc-
cessful, this protocol also has undesirable side
effects, mainly related to oestrogen deprivation
and length of treatment [42, 43].

In 2001, two third-generation GnRH ana-
logues (ganirelix and cetrorelix) were registered
for use in IVF treatment. Administration of these
GnRH antagonists leads to a direct suppression
of the pituitary function, along with a rapid recov-
ery after cessation, thereby making this protocol
appropriate for starting the GnRH analogue
administration during COS. Furthermore, the
use of ovarian stimulation during the normal
menstrual cycle may enable more IVF cycles to
be carried out in a given time period [44]. The
reported disadvantages of this protocol include
less flexibility regarding cycle planning, and a
trend towards lower pregnancy chances per cycle
[45, 46].

The long GnRH agonist protocol, in which
agonist administration is started on cycle day 21,
will prevent the luteo-follicular rise in FSH levels
that dictates the antral follicle cohort behaviour
towards monofollicular growth. Subsequent
exposure to exogenous FSH will lead to a syn-
chronised development of as many follicles as
present at the start of stimulation. In contrast, the
GnRH antagonist protocol does not suppress
endogenous FSH levels during the transition to
the follicular phase and normal antral follicle
cohort behaviour will be maintained. After exog-
enous FSH administration is initiated, the FSH
window will be extended and additional follicles
will be stimulated to grow but in a more asyn-
chronised fashion and leaving some of the follicles
unresponsive [47].

T.C.van Tilborg et al.

10.3.3 FSH Dose Response Relation

From studies on FSH serum levels during ovarian
hyperstimulation in conventional protocols, it has
been suggested that differences in ovarian
response may at least in part be explained by dif-
ferences in FSH serum levels [48]. However,
when using stimulation dosages of 225 IU of
hMG, threshold FSH serum levels are highly sur-
passed, irrespective of response magnitude (FSH
serum levels >20 IU/1) [48]. This indicates that
maximal stimulation may have been applied in
all response types, implicating that other factors,
such as the available number of FSH-sensitive
follicles, play an important role. Indeed, studies
on the relationship between baseline FSH, as
indicator of antral follicle number, and response
to standard doses of exogenous FSH have indi-
cated a dominant role for cohort size [49]. In
addition, small increments in exposure to FSH
may produce some degree of a dose-response
relation, but use of dosages of over 150-225 U
of FSH daily will hardly elicit higher numbers of
oocytes [36]. Sterrenburg et al. stated in a sys-
tematic review that the optimal daily rFSH dose
is 150 IU in presumed normal responders younger
than 39 years. This dose resulted in a slightly
more modest oocyte yield, but an equal preg-
nancy rate compared to doses of 225-250 IU/day.
Additionally, the number of frozen embryos
available for transfer did not improve from dos-
ages over 150 IU/day, suggesting that the cumu-
lative pregnancy rate may not improve by using a
higher rFSH dose.

All this means that the number of antral folli-
cles that will respond to ovarian hyperstimulation
mainly depends on what the ovaries have in stock
at the time of initiation of the stimulation. This
number may vary in individuals from cycle to
cycle and possibly even from day to day [50]. It
may explain why patients with a poor response
may seemingly respond better to higher FSH
dosages in a subsequent treatment cycle, while
those who do not will easily remain “unnoticed”.
This is especially true as studies proving a benefit
from using higher dosages in predicted or actual
poor responders are virtually lacking [51-53] or
urgently need confirmation [54].
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10.4 Types of Ovarian Response

In the available literature, no universally accepted
definition of normal, poor or excessive response
to ovarian stimulation is used, making it difficult
to compare treatment outcomes [55, 56].

10.4.1 Poor Response

The prevalence of a poor response is reported to
vary between 5.6 % and 35.1 % [57]. This large
variation may stem from differences in the
definition of poor response. Recently, the follow-
ing definition for poor ovarian response (POR) in
clinical research has been stated by the European
Society of Human Reproduction and Embryology
[58]: at least two of the following three features
must be present (1) advanced maternal age (=40
years) or any other risk factor for POR; (2) a pre-
vious POR (<3 oocytes with a conventional stim-
ulation protocol) and (3) an abnormal ovarian
reserve test. It is of note that a poor responder can
be identified without being stimulated by gonad-
otropins. It is preferable to refer to these patients
as predicted poor ovarian responders.

In general, the prevalence of a POR increases
with age [58], although even young women can
respond poorly to COS [59]. Overall, poor
responders have a lower pregnancy chance in com-
parison to normal responders, with female age
and the exact number of oocytes obtained serving
as modifiers of this reduced chance [57]. POR is
mainly caused by a diminished ovarian reserve,
with suboptimal exposure to gonadotropins or the
presence of low-sensitive FSH receptor subtypes
being more rare explanations. Also, as explained in
the previous paragraph, the type of stimulation
regime used must be taken into account when
judging the type of ovarian response.

10.4.2 Excessive Response

In most literature an excessive response is stated as
the retrieval of more than 14-21 oocytes [60]; nev-
ertheless, a uniform definition is lacking. Patients
with such a high response to ovarian stimulation

have long been viewed as the optimal outcome
group. However, from older literature [61], but
recently reinforced from large datasets, an exces-
sive response will not automatically lead to optimal
pregnancy prospects. Yields over 15-20 oocytes
are even associated with reduced live birth rates
[62, 63]. These findings are consistent with the
assumption that only the most sensitive follicles in
stock are likely to yield high-quality oocytes lead-
ing to high-quality embryos. The additional oocytes
retrieved after maximal stimulation are unlikely to
be of such quality that they will lead to implanta-
tion. In line with this, increased proportions of
low-quality oocyte have been reported in excessive
responders [64, 65]. Further explanations for
reduced live birth rate in excessive responders are
that the excessive E2 levels may directly influence
oocyte quality [63, 66, 67] or lead to a reduction
in endometrium receptivity [63, 66, 68—70].

Importantly, the high responder patient may
experience more discomfort and higher risks
for developing OHSS. Up to 30 % of IVF cycles
in excessive responders are accompanied by
mild-to-moderate OHSS. In 3-8 a severe form
of OHSS will develop [71].

10.4.3 Normal Response

If we take into account the definitions of poor
response and excessive response stated above, a
response leading to 4-21 oocytes may be
classified as normal. However, inconsistency in
this definition remains. The prevalence of a nor-
mal ovarian response defined as >4 or <15 oocytes
in over 2,400 cycles in a fertility clinic in Denmark
has been reported to be 70 % [54]. The desired
response and the number of oocytes retrieved in
the context of the optimal balance between costs,
burden of treatment and pregnancy rates remain
to be established.

10.5 How to Predict Ovarian
Response

From our knowledge on the variability in the tim-
ing of reproductive decline, the loose connection
between a woman’s chronological age and her
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Fig. 10.3 Serum AMH is produced from the cohort of
ultrasonically visible antral follicles up to 7mm. Moreover,
follicles below the sensitivity limits of ultrasonography
may also contribute to serum levels. This is based on the
observation that serum AMH levels do not fall to zero
when FSH-sensitive antral follicles (2-5 mm) are stimu-
lated into larger, dominant follicles during ovarian hyper-

reproductive capacity has become apparent [72].
Young women with advanced ovarian ageing
may produce a poor response to stimulation and
have pregnancy prospects that are below the norm
for their age. In contrast, older women with
delayed ageing will still produce many oocytes
and show quite adequate fertility. Assessment of
the biological ovarian age would be necessary to
provide information regarding the status of each
woman’s ovarian reserve and consequently may
lead to individualised patient counselling and
treatment. To this purpose, ovarian reserve assess-
ment tests (ORTs) have been studied extensively
over the last decades. An ideal ORT must reliably
measure the quantity of the primordial follicle
pool and the overall quality of the oocytes.
Unfortunately, it is currently impossible to estab-
lish these desired parameters directly [13, 73].
In current practice, ORTs provide an impression
of the cohort of recruited antral follicles at the
start of each menstrual cycle [13, 15]. The pre-
dictive values of ORTs for ovarian response after
COS have been analysed on single performance
but also in a combination with other tests.

stimulation for IVF and interrupt their AMH production.
The black line and dots represent the stages of antral
follicles that contribute to serum AMH. The grey line rep-
resents the ultrasonically visible antral follicles. AMH
anti-Miillerian hormone, FSH follicle stimulating hor-
mone, IVF in vitro fertilisation (Broer et al. COOG [85],
permission requested) [21]

Currently, AMH and the Antral Follicle Count
(AFC) must be considered as the most practical,
reliable and accurate markers of the ovarian
reserve and will therefore be discussed in detail
below [74-76] (Fig. 10.3).

10.5.1 Anti-Mullerian Hormone

AMH is a member of the transforming growth
factor superfamily [77] and is produced in the
ovaries, specifically by the granulosa cells in
follicles up to 8 mm in diameter [78]. In larger
antral follicles (6-8 mm in diameter), AMH
expression declines and it becomes undetectable
in the pre-ovulatory stage [78, 79]. AMH produc-
tion in granulosa cells is independent of FSH
exposure and it is considered to exert its biological
actions mainly in the initial and cyclic recruitment
stages of folliculogenesis [13, 80].

It is generally assumed that serum AMH is
correlated to a steady pool of small antral folli-
cles, most of which are visible at transvaginal
ultrasound [50]. Serum AMH levels are considered
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the earliest endocrine marker of the ovarian age-
ing process [87, 82] and will become undetectable
a few years before menopause [83, 84]. A single
measurement currently has shown to be highly
correlated with the ovarian response to COS,
making the test useful for prior response predic-
tion [60, 85].

There is much debate regarding AMH serum
cut-off levels for clinical practice. As stated in the
ESHRE consensus of defining POR, the best
AMH cut-off levels for predicting a poor response
range from 0.5 to 1.1 ng/ml [58]. On the other
end of the spectrum, it seems that basal AMH
levels >3.5 ng/ml are good predictors of hyper-
response and OHSS [86, 87]. Still, there is debate
ongoing regarding the reliability of currently
available assay systems and improvement of the
assay is urgently needed [88-91].

10.5.2 Antral Follicle Count

The AFC is assessed by transvaginal ultrasound
examination, counting all the small follicles (2-5
or 2—-10 mm in diameter) during the early follicu-
lar phase. It is the most commonly used ultra-
sound marker of ovarian reserve, due to its ease
of measurement and reliability [92, 93]. There is
considerable variation in AFC between women,
whereby age alone mostly explains the decline
over time [94]. Besides the intersubject variabil-
ity in AFC, van Disseldorp et al. [50] reported a
higher intra- and intercycle variability within one
woman for the AFC compared to AMH. Despite
this finding, a low (AFC<5-7) [58] or high
AFC (>15) [60] has been associated with an
increased risk for poor or hyperresponse to COS,
respectively. Overall, the AFC therefore seems to
be a reliable marker for predicting the ovarian
response to COS.

It is difficult to compare the available individ-
ual studies on the predictive values of ORTs due
to the large heterogeneity in the reported studies.
Broer et al. [95] recently published an individual
patient data meta-analysis, which estimates the
added value of ORTs in women undergoing IVE.
This study showed that both AMH and AFC had
a high accuracy in predicting poor response

(AUC 0.78 and 0.76, respectively). A multivari-
able prediction model consisting of AMH, AFC
and age did not lead to a significantly better pre-
diction model than AMH or AFC alone (Fig. 10.4).
Also, AMH and AFC have an equal level of accu-
racy in the prediction of excessive ovarian
response without statistical significant differ-
ences between those tests [60] (Fig. 10.5).

As stated before, the ovarian decline varies
within age groups. Therefore, it can be of added
value to identify the ovarian reserve and establish
the chance of an ongoing pregnancy and a live
birth within specific age groups. AMH and AFC
are the most promising markers for predicting
ovarian response, and these ORTs can be inte-
grated in individualised COS protocols in order
to achieve an appropriate response.

10.6 How to Predict Ongoing
Pregnancy

As mentioned above, the definition of IVF suc-
cess should be shifted from single cycle outcome
towards a healthy singleton live birth achieved
from a 1-year treatment horizon. It is therefore
important to evaluate the predictive value of
ORTs for live birth in consecutive treatment
cycles. Van Disseldorp et al. [96] showed that
selection of women with a favourable ovarian
reserve status in the female age group 41-43
years led to disappointing results in terms of
cumulative live birth rates after IVF. With respect
to the outcome ongoing pregnancy, of which
available evidence is also scarce, one study
reported the predictive value of ORTs in consecu-
tive treatment cycles and reported that age was
the only predictive factor [97]. Broer et al. [95]
recently confirmed that age is the strongest
predictor for ongoing pregnancy (AUC 0.57).
In their individual patient data meta-analysis, no
single or combined ORT added significant
predictive power to the parameter age. These
findings confirm results of previous research [74,
76, 98]. In contrast to these studies, La Marca
et al. [99] constructed a formula containing both
AMH and age, which can be used to calculate the
probability of a live birth following the first IVF
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Fig. 10.4 ROC curves of age and ORT(s) in the prediction
of poor response and ongoing pregnancy. (a) Poor response
prediction based on age and ORT. The ROC curves of age or
age combined with a single or multiple ORT(s) are depicted.
The ROC curves for “Age+AMH”, “Age+AMH+AFC”
and “Age+AMH+AFC+FSH” run towards the upper left
corner, indicating a good capacity to discriminate between
normal and poor responders at certain cut-off levels.

(b) Ongoing pregnancy prediction based on age and ORT(s).
The ROC curves age or age combined with one or more
ORTs run almost parallel to or even cross the X=Y line,
indicating that the tests are useless for pregnancy prediction.
ROC receiver operating characteristic, ORTs ovarian reserve
assessment tests, AMH anti-Miillerian hormone, AFC antral
follicle count, FSH follicle stimulating hormone (Broer
et al. [95], permission requested) [23]
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Fig. 10.5 ROC curves of AMH and AFC in the predic-
tion of an excessive response. Note: regardless of the
number of cut-offs mentioned per study, only one cut-off
was taken into analysis. For the observed values of

sensitivity-specificity points, all cut-offs are displayed.
ROC receiver operating characteristic, AMH anti-Miille-
rian hormone, AFC antral follicle count (Broer et al. [60],
permission requested) [17]
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treatment cycle. They concluded that moderate
distinction (ROC,_ 0.66) at all female ages can
be made between couples with a good or poor
prognosis. However, confirmation and validation
of this model needs to be awaited.

Currently, clear cut-off values for clinical
practice in order to predict ongoing pregnancy or
live birth are not available. Pregnancies in IVF
patients may even occur in women with undetect-
able AMH levels.

10.7 How to Influence Ovarian
Response and Ongoing
Pregnancy Rates

Although the prediction of ovarian response cat-
egories using AMH and/or the AFC is accurate,
the clinical value of this finding depends on the
consequences these tests have for patient man-
agement. Both the questions of which manage-
ment options should be chosen based on the test
result, as well as to what extent cost-effectiveness
will increase by this policy need to be evaluated.
Clinical implications of abnormal test results
could vary from counselling the patient regarding
the expected response to ovarian hyperstimula-
tion to changing patient management by for
example FSH dose adjustments or the use of a
specific stimulation protocol.

To date, studies addressing individualised
regimens based on ovarian reserve testing have
provided contradictory results [51, 53, 54, 100,
101]. In a randomised study, doubling the start-
ing dose of gonadotropins from 150 to 300 ITU/
day in predicted poor responders (defined as an
AFC<5) did not lead to improvement of the
response to stimulation or pregnancy prospects
[53]. In a comparable, but pseudo-randomised
design, it was demonstrated that increasing the
starting dose of FSH stimulation in potential
poor responders based on low AMH values did
not alter response or pregnancy rates [100]. Also,
the effect of two high dose FSH treatment arms
(300 versus 400 IU daily) in predicted poor
responders based on basal FSH levels was stud-
ied. Despite a sufficient ovarian response in both
dosage arms, the outcome at all stages of the
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IVF treatment was still equally poor and clearly
poorer than in women with normal FSH levels
(Fig. 10.6) [51]. In remarkable contrast to these
three studies, an individualised starting dose
based on a response predicting algorithm did in
fact narrow the distribution of ovarian response
and did reduce the incidence of patients with a
poor or excessive response [54]. These results
were confirmed by a study demonstrating that
an individual dose resulted in fewer cancella-
tions for excessive response [101, 102]. Popovic-
Todorovic et al. [54] also showed that
individualised dosing may lead to improved
pregnancy rates, a finding that still needs to be
confirmed in other studies.

In addition to these randomised comparative
studies, a few non-randomised trials have been
carried out in order to demonstrate the improved
efficacy or cost-efficacy of individualised patient
management. Yates et al. [103] conducted a retro-
spective comparison study with a historical con-
trol group on first IVF cycles in women with an
AFC=8 and AMH>2.2 pmol/l. Conventional
stimulation based on basal FSH measurements
was compared to AMH based tailored protocols.
A significant increase in embryo transfer rate,
pregnancy rate per cycle started, and live birth
rate, and a lower incidence of OHSS and lower
costs per patient in favour of AMH-tailored pro-
tocols was demonstrated. Additionally, Nelson
et al. [104] conducted a prospective centre com-
parison study in which 538 patients undergoing
their first IVF treatment were classified based on
their AMH serum levels. They reported that the
use of a GnRH antagonist led to a significant
reduction in the rate of excessive response,
defined as >21 oocytes yielded, compared to a
GnRH agonist scheme in predicted hyperre-
sponders (AMH 215 pmol/l). The need for com-
plete cryopreservation was clearly reduced, as
was the cancellation rate, with also a significant
increase in clinical pregnancy rate per started
cycle[21/34 (61.7 %) and 47/148 (31.8 %), respec-
tively]. It appears that the GnRH antagonist pro-
tocol indeed may have a better safety profile,
evidenced by a significant reduction in the chance
of developing OHSS, related to a modest reduc-
tion in ovarian response [46, 105].
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Fig. 10.6 IVF outcome according to FSH dose from
RCTs. The IVF outcome is represented by the mean num-
ber of oocytes yielded and pregnancy rate per cycle, in
predicted normal and poor responders. Data were extracted
from the following articles: Harrison et al. [51],
Jayaprakasan et al. [52], Lekamge et al. [100] and Klinkert
et al. [53]. (a) IVF outcome in predicted normal respond-
ers. No significant differences on oocyte yield and clinical
pregnancy rate (Harrison et al. [51]) or live birth rate

(Jayaprakasan et al. [52]) per started cycle was found
between the different FSH doses. (b) IVF outcome in pre-
dicted poor responders. No significant differences on
oocyte yield and clinical pregnancy rate (Harrison et al.
[51]) or ongoing pregnancy rate (Lekamge et al. [100],
Klinkert et al. [53]) per started cycle were found between
the different FSH doses. RCTs randomised controlled
trials, /VF in vitro fertilisation, F'SH follicle stimulating
hormone
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On the other hand, in patients older than 40
years, in which a diminished ovarian reserve
can be expected, it seems that the long agonist
protocol performed better than the GnRH antago-
nist protocol [106]. These studies demonstrate
the possible power of individualised manage-
ment, by means of FSH dose adjustment and/or
GnRH agonist or antagonist administration,
based on ovarian reserve testing (Fig. 10.7), but
need confirmation in well-designed randomised
controlled trials.

Currently, the OPTIMIST trial (OPTIMisation
of cost-effectiveness through Individualised FSH
Stimulation dosages of IVF Treatment: a ran-
domised trial, registration nr: NTR2657) and the
CONSORT study (CONSistency in r-FSH starting
dOses for individualised tReatmenT, registration
nr: NCT00829244) are being performed or have

been finalised and will help to answer the
questions stated above by determining whether
individualised dosing based on ORTs prior to
IVF treatment have indeed clinical value.

Next to adjustments in dosage of FSH or stimu-
lation regime applied, other adjunctive therapies
have been studied specifically focusing on improv-
ing a poor ovarian response to COS and subse-
quently pregnancy rates. These therapies include
growth hormone (GH) supplements, androgen sup-
plements and recombinant LH (rLH) and are
mainly studied in cases with a first cycle poor
response. The underlying hypothesis for adding
GH in order to improve pregnancy rates in poor
responders is that GH plays an important role in
ovarian steroidogenesis and follicular development
[107]. A Cochrane review has shown that GH
co-treatment may in fact increase pregnancy rates
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Fig. 10.7 IVF outcome in standard versus individualised
FSH dosing protocols. Yates et al. [103] used an AMH-
tailored approach, in a non-randomised historical control
group design. Popovic-Todorovic et al. [54] used an algo-
rithm based on AFC, total ovarian volume, total Doppler
score, age and smoking habits in a RCT design. The IVF
outcome is represented by the mean number of oocytes
yielded and ongoing pregnancy rate (Popovic-Todorovic

et al. [54]) or live birth rate per cycle (Yates et al. [103]).
A significant difference in favour of using an individual-
ised approach was found in both studies with respect to the
pregnancy or live birth rate. A significant difference with
respect to the oocyte yield was only found in Yates et al.
[103]. IVF in vitro fertilisation, FSH follicle stimulating
hormone, AMH anti-Miillerian hormone, AFC antral follicle
count, RCT randomised controlled trial
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in (predicted) poor responders [108]. However,
heterogeneity in POR definition and lack of
available evidence resulting in wide confidence
intervals may limit the implications of these
findings. A recently published reassessment of three
meta-analyses also showed that GH co-treatment in
different POR subgroups is promising; however,
good quality evidence is still lacking [109].

The supplementation of androgens for pre-
dicted POR relates to the underlying theory that
intra-ovarian androgens promote survival and
later FSH sensitivity of growing follicles [110, 111]
and therefore may increase the number of available
antral follicles to be stimulated. The role of
various interventions including pre-treatment
with transdermal testosterone or dehydroepi-
androsterone (DHEA), and addition of aromatase
inhibitors, rLH or recombinant hCG during COS
in poor responders has recently been evaluated in
a systematic review and meta-analysis [112, 113].
Significant differences in clinical pregnancy and
live birth rate were found with transdermal tes-
tosterone pre-treatment compared to controls
[114, 115]. Neither adjuvant therapy by DHEA,
rLH or recombinant administration nor the use of
aromatase inhibitors resulted in altered clinical
pregnancy rates [112, 113, 116, 121]. In line with
this, a Cochrane review [122] on LH supplemen-
tation shows no evidence for statistical differ-
ences in pregnancy rates. Only one study provided
data on live birth and rLH addition and [119]
reported a significantly increased live birth rate
in women who received rLH when compared to
controls. Sunkura et al. [113] also recently pub-
lished a meta-analysis on androgen supplements
in poor responders. No significant differences
were found for the outcome clinical pregnancy
rate by meta-analysis of five RCTs [115, 116,
121, 123, 124] and four non-randomised con-
trolled studies [125—128]. However, asignificantly
higher clinical pregnancy rate was reported in the
study groups that used either testosterone patches
or DHEA compared to controls. This finding does
not correspond with the previously discussed
meta-analysis, which may be due to the inclusion
of non-randomised controlled trials.

It is noteworthy that all these trials have
several limitations including limited number of

T.C.van Tilborg et al.

patients per study, the absence of a standard POR
definition, heterogeneity in dosing, initiation and
duration of stimulation and variation in GnRH
analogue protocols. Furthermore, effects inde-
pendent of age were not analysed making it
unclear whether the favourable outcomes will
apply to any poor responder patient. Currently,
transdermal testosterone pre-treatment and GH
supplements seem to be of added value in poor
responders although this conclusion is based on
limited evidence. Further properly designed
RCTs are urgently needed to accurately evaluate
the added value of androgen and GH supplements
in poor responders.

10.8 Conclusion

Patient-tailored approach in assisted reproduc-
tive technology (ART) is still under construc-
tion. Current available data hold many promises
for the overall improvement of IVF programs
by individualised choices of the stimulation
regimes. AMH and AFC are the most reliable
markers for predicting ovarian response to COS
and are the basis of large randomised controlled
trials from which very soon data will start to
emerge. Until that time, it may be emphasised
that in predicted or observed poor responders,
the usage of high FSH dosages for stimulation,
or adjuncts like androgens, may not be justified,
while dose reduction or stimulation scheme
changes in anticipated high or excessive
responders may yield the best gains in terms of
success rates and costs.
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11.1 Introduction

It is difficult to imagine in vitro fertilization (IVF)
and assisted reproductive technologies (ART)
without cryopreservation. The science and craft
of freezing cells and tissues with preservation
and resumption of their biological functions after
thawing results from the research of a host of
investigators. Much is owed to their contributions
in defining cryopreservative and warming solution
formulations and description of cell- and tissue-
specific methodologies [1].

Both patients and practitioners of ART have
been unique beneficiaries of the ability to cryo-
preserve reproductive cells. The use of frozen
sperm was broached as early as 1950 [2] and ART
with both frozen autologous and donor sperm is a
long-standing treatment option for infertility.
Cryopreservation of zygotes, early cleavage stage
embryos, and blastocysts is integral to allowing
patients to maximize and optimize a single cycle
of ovulation induction for ART.
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The cryopreservation of human eggs, in contrast,
has been elusive [3], but significant strides in tech-
nique have been made, yielding the desired charac-
teristics of consistently high rates of post-thaw
survival, fertilization, embryo development, and
implantation. It is a testament to this achievement
that the potential for cryopreserved egg banking is
addressed in this biennial review. The recent with-
drawal of the qualifier, “experimental,” from oocyte
freezing by the American Society of Reproductive
Medicine [4] may hasten the rapid acquisition of
this technology by more ART laboratories and aug-
ment the range of reproductive options by both fer-
tile and subfertile women and those using third-party
reproductive strategies for family building.

11.2 The Unique Challenges
of Egg Cryopreservation

Success of oocyte freezing, i.e., implantation and
pregnancy, was reported early in the history of
ART [5]—only 3 years after the report of the first
successful embryo thaw [6]—inspiring the hope
that oocytes would lend themselves to the prevail-
ing slow-cooling methods for cryopreservation for
cleavage stage embryos. The advantages of being
able to freeze the full range of reproductive cells,
i.e., both types of gametes as well as embryos,
were enormous. While very encouraging results
followed [7-14], oocyte freezing proved chal-
lenging and was not integrated into routine prac-
tice at the same trajectory as cleavage-stage
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Mii Control

Vitrification solution-1 min

Fig. 11.1 Influence of the oocyte vitrification on
cytoskeleton structures of mouse oocytes. Confocal
images of microtubules (Green), microfilaments (Red)
with chromatin (Red ), and merge of representative oocytes
before vitrification (a), treated with vitrification solution
(containing 15 % DMSO and 15 % ethylene glycol, and

embryos and later blastocysts. The most prevailing
challenge was at the level of survival, requiring up
to 100 oocytes for a single successful pregnancy.

Some unique factors must be surmounted in
freezing mature (Metaphase II) oocytes. Human
oocytes (a) are large cells presenting the challenge
of high intracellular water volume; (b) have a com-
plex intracellular architecture comprised of cortical
granules, organelles, and microtubules that must be
protected [15-18]; and (c) are arrested in meiosis
thereby requiring special care to avoid disruption of
the spindle and its chromosomes (Fig. 11.1) [7, 8,
19, 20]. In addition, the membrane properties of an
oocyte are significantly different than the similarly
sized zygote, possibly attributable in part to aqua-
porin, a protein channel that can provide transport
of water and other solutes through the oolemma.

These translated to the technical hurdles of
adequate dehydration, protection from cryo-
preservative toxicity, and conservation of cellular
integrity at warming. Postthaw survival would be
measured not only in recovery of an intact,
hydrated cell but also an egg that could be fertil-
ized, resuming meiosis without risk of aneuploidy
from a disrupted spindle, and capable of normal
developmental progression.

Egg cryopreservation required the confluence
of two techniques to realize its clinical application:
vitrification and ICSI. The adoption of vitrification
into ART —brief exposure to high cryoprotectant
concentration with the use of “open” cryopreserva-
tion carriers that allowed maximal cooling rates—
was catalytic to the rapid development of egg
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Warming in the fixative

0

Post warming- 1 h
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0.5 M sucrose) for 1 min at RT (b), warmed the vitrified
oocyte directly into the fixative (c¢), and an oocyte was
cultured for 1 h after warming (d). After oocytes warmed,
it displays that stabilized MII spindle with chromosomes
and the adjacent microfilament-rich domains (arrow)
resembling to oocytes prior to the vitrification process

cryopreservation methods [21, 22]. Careful formu-
lation of equilibration and vitrification media was
coupled with determination of optimal equilibra-
tion times to avoid the toxicity from exposure
to high concentration of cryoprotectants. Open
systems, such as OPS (open pulled straw),
CryoTops, CryoLocks, CryoLeafs, CryoLoops,
and others, as well as several closed carriers, in
conjunction with these carefully designed tech-
niques for warming, yielded the desired high
rates of egg recovery and survival [23-26].

To counter any changes in the physical char-
acteristics of the zona pellucida that might impede
sperm binding and/or penetration, intracytoplas-
mic sperm injection (ICSI) has generally been
accepted as the optimal approach to insemination
[27, 28] although some studies reported normal
fertilization of frozen-thawed eggs with conven-
tional insemination [8, 9]. While minimizing
the risk of fertilization failure, ICSI also allows
close appraisal of the postthaw oocyte as appear-
ance of the ooplasm, membrane resistance and
dynamics of the sperm injection can be reliable
markers or predictors of oocyte quality [9, 29].

11.3 The Clinical Utility of
Cryopreserved Egg Banking

The application of oocyte cryopreservation can
fulfill several therapeutic purposes. Two of the most
anticipated are autologous fertility preservation and
the development of donor oocyte banks [30, 31].
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11.3.1 Autologous Oocyte Banking

To forestall the inevitability of declining ovarian
reserve and oocyte quality with age, women can
elect to undergo one or more cycles of ovulation
induction with freezing of the oocytes for later use
[32]. Oocyte freezing may thus relieve the pres-
sure of the inexorable advance of the biological
clock and ameliorate the disappointment of women
in their waning reproductive years who undergo
IVF with reduced odds of pregnancy [33].

Fertility preservation may take a more press-
ing form, as when young women confront loss of
ovarian function from cancer treatment. A chance
for reproductive potential is preserved through
oocyte freezing if ovulation induction and
retrieval are not counter-indicated [34].

In advance of the hormonal and surgical inter-
ventions for gender reassignment, women can
freeze their oocytes, preserving the opportunity
reproduction with their genetic material.

With the admission of military women to com-
bat roles, oocyte freezing may provide some insur-
ance against fertility loss from grievous wounds.

For patients who wrestle with the implications
of creating more embryos than needed for embryo
transfer and cycle completion and the thorny
issues of their disposition if these embryos are
not required or desired for future transfers, oocyte
cryopreservation allows allocation of some
oocytes to be used for insemination and others to
be stored [35]. In alleviating some of the ethical
concerns of cryopreserved embryos, oocyte
freezing and banking may be a welcomed adjunct
to IVE. Somewhat unexpectedly, the option of
cryopreserving “extra” eggs (not used for insemi-
nation) and avoidance of excess embryos is cur-
rently one of the most frequent applications of
oocyte cryopreservation.

11.3.2 Donor Oocyte Banking

One of the many dividends of ART has been the
opportunity for individuals to reproduce using
donor oocytes, widening the reproductive hori-
zon for women whose fertility was imperiled by
diminished ovarian function or loss. IVF with
donor oocytes became a well-established treatment
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but was offered primarily with “fresh” oocytes
until recently. While this was a practical treat-
ment model, there were some disadvantages.

Cycle synchronization between oocyte donor
and oocyte recipient had to be achieved. Because
the schedules of two individuals (donor and
recipient) required accommodation, convenience
to the recipient was not a hallmark of this
approach. Compared to sperm banks, the array of
desired characteristics and ethnicities was limited
to the donors provided by agencies specializing
in their recruitment or individual IVF centers who
developed their own donor catalogues. In addition,
the safety of fresh oocyte donation, despite rigor-
ous donor screening and testing, may not be at
the same level as cryopreserved donor oocytes, in
which retesting of donors for infectious agents
after 6 months is an option, completely analogous
to the standard for sperm donors.

While the clinical efficacy of fresh oocyte
donation in yielding pregnancies and live births
is evident as reflected in the outcomes published
annually by the Society of Assisted Reproductive
Technology (SART) and the Centers for Disease
Control and Prevention (CDC), some potential
patients may be daunted and discouraged by the
need for cycle synchronization between recipient
and donor that may result in treatment delay,
the lack of an appropriate oocyte donor, lapses in
donor compliance that may lead to cycle cancel-
lation, and a prolongation of disappointment and
frustration.

Donor oocyte banks can provide (a) wide
selection of donors with desired phenotypic char-
acteristics from a catalogue; (b) the availability
of a relatively rare donor, e.g., of mixed ancestry;
and (c) the convenience of commencing IVF
treatment once the donor oocytes are selected and
obtained by the clinic. In addition, IVF clinics
would be relieved of the considerable financial
and administrative burdens of recruiting, screen-
ing, and maintaining their own donors and may
be able to increase the number of donor oocyte
cycles using donor oocyte banks.

Access, variety, immediate availability, and
comparable pregnancy outcomes to fresh egg
donation (Table 11.1): these are all features that
would render donor oocyte banks the same suc-
cessful enterprise that sperm banks have proven
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Table 11.1 The IVF treatment outcome of using vitrified
donor oocytes for recipients (vitrified donor oocytes pro-
vided by My Egg Bank North America and recipients
treated at Reproductive Biology Associates, Atlanta, GA)

Outcome

Donation cycle 119

Age of donors (years) 26.3+2.7
Recipient cycles 436

Age of recipient (years) 41.4+4.4

Total oocyte warmed (per 2,656 (6.09+1.65)
recipient)

Total oocyte survived (%)
Total oocyte fertilized (%)
Good-quality embryo on day 3
(per fertilized oocyte)*

2,453/2,656 (92.3 %)
2,161/2,453 (88.0 %)
1,501/2,161 (69.4 %)
Blastocyst formation rate (per 1,482/2,089 (70.9 %)
embryo subjected to extended
culture)

Total number of embryo
transferred (per recipient)

592 (1.36+0.48)

Total number of embryo 1,054 (2.42+1.23)

revitrified

Clinical pregnancies (%) 285/436 (65.3 %)

Total number of implantation (%) 352/592 (59.4 %)
Total number of ongoing 279

pregnancy

Total number of recipient 168

delivered®

Total number of infants born 219 (103 female and

116 male)

*According to SART morphological assessment for
embryo grading system

"There were still 111 recipients with ongoing pregnancy
who have not delivered yet by the time this manuscript
was prepared

to be for decades. Additionally, acquiring oocytes
from a cryobank is financially more affordable
than fresh oocyte donation, mainly because the
cost of a single oocyte donor is distributed among
several recipients.

11.3.3 Comparison with and Contrast
to Sperm Banking

Although donor oocyte banks may now emerge,
the considerable difference between oocyte and
sperm banking merits attention. Sperm banks
have the luxury of evaluating a high number of
candidates who, despite normal seminal
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parameters of sperm concentration, motility, and
morphology, may not produce the minimal num-
ber of motile sperm post-thaw and are declined.
The rate of acceptance to be a sperm donor at a
commercial sperm bank can be restrictive with-
out limiting the creation of inventory. Owing to
this ability to be selective and eliminate donors
whose sperm are cryo-sensitive, many sperm
banks are able to offer a warranty for each sam-
ple, guaranteeing a minimum of total motile
sperm post-thaw, a feature that augments their
attractiveness to clients.

Oocyte banking does not easily make this
accommodation for donor exclusion. Once candi-
dates are screened and accepted, and reasonable
ovarian response to controlled hyperstimulation is
achieved with retrieval and freezing of mature
eggs, knowledge of the oocytes’ quality must be
obtained empirically. A “test thaw” will reveal if
an egg can be recovered structurally intact, but it
will be only after ICSI, appraisal of embryo devel-
opment and transfer, that the “quality,” i.e., the
ultimate ability of the frozen oocyte to advance to
embryo implantation and clinical pregnancy can
be determined. For this reason, donor oocyte
banks can only retrospectively withdraw a subop-
timal donor after appropriate review.

11.4 A Model for a Donor
Oocyte Bank

A donor oocyte bank represents not only a
scientific and medical resource to assist women
and couples in achieving pregnancy and live
birth, but it is also a novel business model. As
such, an effective and successful oocyte bank
demands the appropriate infrastructure, support,
and maintenance for its organization and establish-
ment, production of consistent positive outcomes
to build a reputation for service, reliability, and
quality, and to evolve as patients and the market-
place suggest or dictate. Some of the required ele-
ments of a donor oocyte bank are the following:
1. A well-designed and executed donor recruit-
ment program.
2. An efficient and effective screening process
for applicants who wish to be oocyte donors.
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. A qualified mental health professional who

can administer the appropriate instruments
required to assess the donor’s understanding
of gamete donation and its potential
ramifications.

. A prescribed methodology for ovulation

induction of the oocyte donors to achieve
consistency in this critical phase of the
process.

. A validated, reproducible method for oocyte

vitrification and warming must be applied
and the embryologists of the oocyte bank and
the recipient laboratories must be carefully
and rigorously trained in the vitrification and
warming methods, respectively. This will
ensure the consistency and quality control
leading to optimal outcomes and be an inte-
gral part of the foundation for the bank’s
reputation and success.

. A vigorous quality control program for the

reagents and materials used in the oocyte
bank, completely analogous to that of an
ART laboratory.

. Ateam of administrators to manage and orga-

nize the communication with and information
from applicants, accepted donors, cycling
donors, and their respective recipients.

. Adatabase that can track donor oocyte acqui-

sition, distribution, clinical use, and clinical
outcomes.

. A database manager who will provide over-

sight on donor outcomes, e.g., to ensure that
maximal cycle number by a given donor is
not exceeded or that an underperforming
donor is reviewed.

Excellent communication and coordination
between the oocyte bank and its recipient
laboratories.

A full understanding of and compliance with
all regulations governing reproductive cells
and tissue, i.e., those of the Food and Drug
Administration (FDA), the Society of
Assisted Reproductive Technology (SART),
and individual state requirements.

A mission statement that includes a commit-
ment to the welfare of both donors and
recipients.
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11.5 The Future of Oocyte Banking

A reliable method of cryopreserving oocytes
allows patients to freeze and store their own
oocytes to ameliorate loss of fertility through age,
disease, or ovarian loss or injury. An additional
application is assisting patients who wish to avoid
creation of supernumerary embryos through allo-
cation of some oocytes to IVF and some to freez-
ing. This strategy ensures that every oocyte is
clinically used and maximizes the potential of
each treatment cycle while avoiding the difficult
decisions and controversies that may surround
cryopreserved zygotes or embryos.

The ability to offer cryopreserved donor
oocytes, i.e., through a donor oocyte bank, is
exceedingly attractive from a convenience-to-
patient perspective and the ability to initiate ther-
apy rapidly. Donor oocyte banks are a significant
venture, requiring medical, scientific, business
and administrative skill and strong communica-
tion and organization. Their emergence may
impart greater urgency to the effort to create a
central oocyte donor registry to keep an account-
ing of how many cycles a specific oocyte donor
undergoes and how many offspring result from
her donations [36-38].

As cryopreserved oocyte banking becomes
established as the newest ART, it may be impor-
tant to consider how it will evolve. A new genera-
tion of potential users of this technique, whether
for autologous fertility preservation or as donors
or recipients, brings its own expectations and val-
ues. This is a generation accustomed to rapidly
developing medical technology and fully expect-
ant of virtually instant communication, high lev-
els of social connectivity through electronic
media, and robust access to information.

Just as IVF, embryo cryopreservation, assisted
hatching, ICSI, and embryo biopsy for preim-
plantation diagnosis fulfilled the family-building
ambitions of patients in the 1980s and 1990s,
oocyte cryopreservation and its benefits of fertil-
ity preservation and donor oocyte banking brings
greater prospects and maybe even the promise for
family building in the twenty-first century.
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Reproductive Tourism

Raphael Ron-El

12.1 Introduction

Assisted reproductive technologies (ART) may
raise reproductive situations that create ethical
issues that result in legislative action. From the
beginning, advances in these technologies used for
the treatment of infertility problems have created
ethical problems that may eventually emerge after
a certain delay. Ethical conditions may result in
legislative rules that are typically decided in
democracies by politicians who pass these laws.
Therefore, a compromise between politics and eth-
ics should be attempted, meaning that the majority
may impose their ethical attitude on the minority.
However, the majority should do it very cautiously,
respecting the different moral positions leaving
certain moral liberalism to the minority [1].

What does “Liberalism” mean in sense of
reproductive treatments? Letting those who wish
to obtain their desired treatment outside the
boundaries of their own country, as long such
treatment is achievable [1]. There is no unified
culture in the world, even in the Western world,
and not even among the different countries of the
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European Union. There is no predetermined core
of substantive common values among these differ-
ent cultures. This diversity is to be valued and
does not represent a limitation. The wish for
homogeneous ethical values denies the richness of
cultural, political, and ethical differences. It also
impedes progress toward better regulation [1].
Along with the principle of “Liberalism” and
the rights of the minority to achieve their wish to
have their child by treatment outside their own
country, it should be discussed whether citizens in
a democracy have the right to seek treatment
abroad when it is legally forbidden in their own
country? This complicated question has been
argued by different ethical and professional orga-
nizations during the past several years. The
European Society of Human Reproduction and
Embryology (ESHRE) has summarized the issue
of Cross-Border Reproductive Care (CBRC) in
the “ESHRE Task Force on Ethics and Law 15”
[2]. In addition to other issues, this task force has
addressed whether a patient has the right to get
treatment abroad when it is legally forbidden in
their own country, stating “Recent developments
have attributed more value to reproductive auton-
omy, therefore, transgression [of local legislative
restrictions] is justified as long as safety, efficacy
and welfare of the patient and future child is con-
sidered” [2]. This cautious principle given by one
of the leading societies in the field of reproduction
opens the official door for medical tourism, a topic
that was unofficial for a long period previously.
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12.2 What Should “Reproductive
Tourism” Be Called?

Since the whole idea of people traveling outside
their countries to seek medical aid was and still is
not well accepted by all the public, the descrip-
tion of the phenomenon has substantial impor-
tance. There is controversy regarding the
appropriate title and description for “Reproductive
Tourism.” Appropriate terminology is important
in framing the semantics of public debates and
policy making.

The first definition of transborder reproductive
care was created by the ethicist Guido Pennings,
who called it “medical tourism” [3]. Since the
phenomenon of medical tourism has increased in
many fields of medicine, Pennings suggested 2
years later that the term “reproductive tourism”
be used to differentiate patients seeking assis-
tance in reproduction outside the borders of their
own countries from other patients seeking care
for treatment in other medical field [1].

Mattoras as well as Inhorn and Patrizio were
of the opinion that the description “reproductive
tourism” implies fun, holidays, and leisure. It
sounds like a “gimmick” that could create a
mockery of the medical condition and suffering
of infertile people who are seeking medical care
[4, 5]. These authors have suggested the term
“reproductive exile.” The term exile reflects the
forced removal from your native country or vol-
untary absence to seek medical treatment. Where
medical treatment is required because of legisla-
tive restrictions, the term “exile” described may
most accurately reflect the feeling of the patient.

The definition “cross-border reproductive
care” (CBRC) was suggested again by Pennings
to avoid the negative connotation of tourism [6].
The title CBRC is an objective and descriptive
one and does not involve feelings or connotation.
Cross-Border Reproductive Care also coincides
with the term “cross-border health care”, which
was used by the Commission of the European
Communities (2004) [7].

Although the CRBC is well respected by most
sectors, some concern has been raised regarding
this approach for reproduction options, including
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anarticle by Rose and Rose (2003) in The Guardian
newspaper [8]. They protested against the inequal-
ity of access to such treatment options. Although it
is possible for patients from highly regulated coun-
tries to go to less regulated countries, access to
such treatment clearly requires resources that may
not be available to the average citizen. Therefore,
it may be considered unjust and discriminatory.

12.3 Rationale for Reproductive
Tourism

Reproductive tourism is most commonly accessed
because of the lack of options for treatments in
the country of origin of the patients. An argument
for CBRC can be made when treatment is prohib-
ited because the procedures are locally prohibited
from ethical or religious limitations such as dona-
tion of gametes or surrogacy; when characteris-
tics of the treatment unfit parenthood such as
postmenopausal woman or homosexuals. If a
procedure in some countries is estimated to be
unsafe such as oocyte freezing or cytoplasmic
transfer. Or treatment is unavailable due to lack
of expertise such as preimplantation diagnosis
(PGD). Long waiting lists to access reproductive
treatments or excessive treatment cost in their
country of origin are other reasons to access
reproductive tourism. Finally, individuals may
wish to access reproductive options to maintain
privacy from family or friends and thereby seek
care outside their country (Table 12.1).

Table 12.1 The main reasons for reproductive tourism

Status in the country of origin Examples

Treatment is prohibited due Donor gametes,

to ethically or religious gendering
unaccepted procedure
Characteristics unfit to parenthood Postmenopausal,

gay orientation
Procedure is considered unsafe Oocyte freezing,

cytoplasmic transfer

Unavailable treatment due PGD
to lack of expertise
Long waiting list Egg donation

Cost too high

Individuals who wish to keep
their privacy

Donor gametes,
any ART
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12.4 Forbidden Procedures
in Different Countries

Table 12.2 shows the forbidden procedures across
Europe [9]. Access to ART is forbidden for single
women and lesbians in France (Table 12.2). The
Netherlands will not permit ART treatment to be
performed in women beyond the age of 41 years.
In Turkey, female patients more than 40 years of
age cannot be treated with assisted reproduction.
Sperm donation is not possible in Turkey and
is not permitted in France for single women
and lesbians. Oocyte donation is not permitted
in Germany, Norway, and Turkey. Testicular
biopsy and testicular aspiration were prohibited
until recently in The Netherlands and are now
limited to only two clinics. Since 2007, such
treatments are only considered as part of a
research program. Preimplantion genetic diagno-
sis (PGD) is only allowed in The Netherlands
at one center (Maastricht) and in Germany it
can only be performed on polar bodies. Surrogacy

Table 12.2 Forbidden procedures across Europe

Forbidden
procedures Countries Limitations
Access to ART  France Single women, lesbians
NL Age>41
Turkey Age>39
Sperm donation  France Single women, lesbians
Turkey
Oocyte donation Germany
Italy
Norway
Turkey
TESE/PESA NL Limited to only two clinics
Since 2007 —part
of research program
PGD Germany Permitted only in PB
NL Except for: one center
(Maastricht) —BRCA
Surrogacy Germany
Norway
Spain
Turkey
Embryo Italy
freezing Germany
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is prohibited in Germany, Norway, Spain, and
Turkey; embryo freezing is forbidden in Italy and
Germany.

Donation of gametes and surrogacy is
forbidden in most Islamic countries. In the USA,
regulations vary from state to state. In some
states, surrogacy is permitted, while in others it is
forbidden. More recently, some countries have
permitted gamete donation only when the donor
is known to the recipient or can be known to the
child born following the gamete donation. This
option is not accepted by some gamete recipients
who prefer anonymity of their donors and so they
may prefer reproductive tourism over the possi-
bility to be treated in their own country.

12.5 Frequency of Cross-Border
Reproductive Care

No routine collection of data allow accurate
quantification of the extent of medical tourism, so
there is a lack of information about the type, qual-
ity, and quantity of CBRC, which is performed.
Medical tourism is estimated to represent 7-10 %
of all assisted reproductive treatments worldwide.
This speculated estimation was provided by John
Collins from Canada, in 2009, during the “First
International Meeting of Cross-Border Repro-
ductive Care” in Ottawa [10].

Belgium is the only country in which informa-
tion about CBRC performance within its border
is routinely available. During the year 1999, 30 %
of the ART cycles, 60 % of the egg recipients,
and 50 % of the PGD treatment cycles were done
on non-Belgian patients [11].

In 2003, 20 % of 11,245 ART cycles were per-
formed on patients outside Belgium, 15 % of
14,795 in 2004, and 18 % of 95,177 cycles during
the years 2005-2007 [11]. Figure 12.1 shows the
number of foreign patients per nationality com-
ing to Belgium during the years 2005-2007
(Fig. 12.1) [9]. Figure 12.2 shows the distribution
of patients seeking treatment in Belgium accord-
ing to treatment and nationality (Fig. 12.2) [9].
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Spain: 93 (2%)

United Kingdom:
108 (2%)

Luxembourg: 273
(4%)

Germany: 594
(10%)

Italy: 738 (12%)
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Others: 233 (4%)

France: 2,288
(38%)

Netherlands: 1,763

(29%)

Fig. 12.1 Number of foreign patients per nationality treated in Belgium from 2005 to 2007. The total number of for-
eign patients treated in that time period was 6,090 (reproduced with permission from Pennings et al. [9])

a ICSI with non-ejaculated sperm

Others 15%

Germany

5%

France
6%

ltaly 8% NL 66%

386 procedures

C  Sperm donation

Others 3%

Italy 3%

2067 procedures

Spain 6%

France 80%

b Preimplantation Genetic Diagnosis

Others 12%
UK 6%

Germany 33%

France 8%

Italy 20%
NL 15%

432 procedures

Fig. 12.2 Foreign patients treated in Belgium from 2005 to 2007 according to the type of treatment performed

(reproduced with permission from Pennings et al. [9])

12.6 Medical and Ethical Concerns
in Reproductive Tourism

Over years and with the increasing use of CBRC,
medical and ethical concerns became more evi-
dent and have created increasing discussion in
published literature and in scientific meetings.

The University College Hospital in London
has reported on the impact of CBRC on maternity
services [12]. The authors have demonstrated that
high-order multiple pregnancies (=3) have dra-
matically increased during the years 19962006,
associated with British patients being treated
with IVF services outside of the UK. Out of 56
women seen with high-order pregnancies at the
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University College Hospital, another 20 women
with such pregnancies were seen for couples
treated outside the UK. This caused a 36 %
increased frequency of high-order multiple preg-
nancies during this period of time. In essence, the
strict regulations on the number of the transferred
embryos in the country of origin may frequently
be circumvented if treatment is performed out-
side the country’s borders.

The main ethical problems in the field of
reproductive tourism are related to egg donation
and surrogacy, which are commonly performed
by CBRC. Egg donation involves two main prob-
lems, the financial —trade one and the risk of
exploitation of vulnerable individuals in poor
countries. The European Parliament resolution
on the trade in human egg cells (sitting of
10.03.2005) stated that “Harvesting of egg cells
poses a high medical risk to the life and health of
women, resulting from hyperstimulation of the
ovaries” [13]. The parliament “Wishes to see egg
cell donation, like organ donation generally,
strictly regulated in order to protect both donors
and recipients and to tackle all forms of human
exploitation.” Therefore, “Article 12 makes clear
that payment other than compensation, for cell
and tissue donations in Europe is not accepted
and that cells and tissues must not as such be a
subject to trade.”

They continue with their statement stating that
“This provision leaves responsibility for autho-
rizing and setting the levels of compensation
within the framework of the Directives in ques-
tion to the member state.” Therefore, it is under-
standable that compensation to the egg donor
vary from country to country. For instance, the
following rates of payments appear in official
places like in the Web site of “Human Fertilisation
Embryology Authority” (HFEA) mentions a
compensation of £55 per day till a maximum of
£250. The Israeli law of egg donation mentions
the compensation of 10,000 NIS (equivalent to
2000 €) to the donor, which has to be paid by the
recipient via the administration of the hospital
[14, 15]. The expenses of the treatment itself are
covered by the medical insurance. These are the
only official fees mentioned written. The com-
pensations in the different countries normally
will vary between some hundreds of Euros
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(mainly in the Eastern European Countries) up to
couple of thousands of US Dollars in the USA.

The most concerning issue about “compensa-
tion to the egg donor” is the difference between
“compensation” and “payment.” The expression
“compensation” may relax our or societies’ con-
sciousness that excess payment occurs, which
may unduly influence donor’s motivation to par-
ticipate in oocyte donation. On the other hand,
altruism may not provide adequate potential
oocyte donors to provide gametes.

12.7 Recent Trends in Reproductive
Tourism

The activity of oocyte donation and surrogacy
has been concentrated in two geographical areas.
Egg donation is commonly performed in centers
across Eastern Europe with no information about
the magnitude of the phenomenon. Far fewer
cycles of egg donation are performed not only in
Western Europe, mainly in Spain, but also in
Belgium, Greece, UK, and some other countries
to a small extent. Some states in the USA also
permit and perform egg donation. Since the intro-
duction of vitrification of oocytes with a high sur-
vival rate after their warming, egg banks have
been created in large centers that perform egg
donation. This fact enables couples to bypass
synchronization of the recipient with the treat-
ment cycle of the donor. It also permits the recipi-
ent to choose the timing for selection of a specific
donor that she and/or the couple desires.
Surrogacy is rapidly increasing in frequency
in India and Thailand. In India, commercial sur-
rogacy was legalized in 2002 to promote repro-
ductive tourism [16]. Since many countries in
Europe do not permit surrogacy, and UK law dic-
tates that surrogacy must be driven by altruism,
many patients find their way to India where sur-
rogacy is accessible and relatively cheap. The
Indian Council of Medical Research tries to regu-
late the centers but permits the transfer of up to
three embryos to the surrogate and provides lim-
ited practice guidelines. Therefore, there is little
medical advice to guide to clinicians who help to
produce more than 25,000 children who are now
thought to be born [16]. The authorities in
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Thailand see medical tourism as an opportunity
for their health system, since this demands from
the health services better health quality environ-
ments and integrated development as well as
novel medical therapeutics [17].

On the other hand, the fact that both countries
have many centers of surrogacy brings again peo-
ple from the Ethics and Health Authorities to
condemn the “traditional stratified world” rather
than to have in this era of globalization a “flat
world” [18]. The seeking by patients in high-
income nations of surrogate mothers in low-
income nations, particularly India, presents a set
of largely unexamined ethical challenges [19].

12.8 Best Practice Guidelines
for Cross-Border
Reproductive Care

So far, ESHRE is the only medical society that
provides clear guidance for centers and physi-
cians providing fertility treatment to foreign
patients [20, 21]. This guide aims to ensure high-
quality and safe-assisted reproduction treatment,
taking into account the patients, their future child,
and the interests of third-party collaborators such
as gametes donors and surrogates. This is achieved
by including considerations of equity, safety,
efficiency, effectiveness (including evidence-
based care), timeliness, and patient centeredness.
ESHRE deals with the ethical principles of CBRC,
which are mentioned in the beginning of this
chapter. Likewise, it deals with the consequences
of CBRC and the professional responsibilities.
ESHRE mentions the risk of exploitation of
vulnerable females in the population of poor coun-
tries, especially when dealing with egg donors and
surrogate mothers. Another consequence can also
be the increase of fees of the treatments to the
moment that these treatments will become inac-
cessible to local patients of those countries.

Side by side, ESHRE expresses the responsi-
bility of the physicians to supply the full informa-
tion and make sure that the standard of treatment
is good. ESHRE Task Force also mentions that
fee splitting is unacceptable to prevent referrals
for financial reasons.
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12.9 Summary

CBRC cannot be stopped. With the globalization
and the easy accessibility, this phenomenon will
only increase. There is a clear correlation between
legal prohibitions in patient’s country of origin
and the number of patients who travel abroad.
Therefore, societies and lawmakers should meet
from time to time and examine whether old
restrictions in their own countries should still be
in power, or new views and attitudes can imple-
ment new and more liberal legislations in order to
reduce the intensity of reproductive tourism from
their countries.

These issues have to be handled in full trans-
parency and only legally, preferably following
open discussions in ethical committees and par-
liaments. A system of certification may be intro-
duced to guarantee safety and effectiveness of
treatment. Health systems in the countries of ori-
gin and countries of the egg donors and surrogate
mothers should control the CBRC and follow
them in national database systems. In this man-
ner, the patients using the CBRC and the donors
and surrogates will feel safe and protected
together with good standard of treatment, which
will be provided by the medical centers.
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Intrauterine Insemination:
An Ineffective Treatment

13

Erica B. Johnstone and Jessie Dorais

13.1 Background

The first paper on intrauterine insemination (IUI)
was published by Cohen in the International
Journal of Fertility in 1962 [1]. Twenty-five years
later, ovarian stimulation and timed IUI was pro-
posed by Dodson et al. for patients with unex-
plained infertility that had failed other treatment
modalities, as a potential alternative to gamete
intrafallopian transfer or in vitro fertilization [2].
These authors hypothesized the likelihood of con-
ception would increase by increasing the number
of gametes at the site of fertilization [2]. As typi-
cally performed, the IUI procedure involves
removing the seminal plasma from the ejaculated
semen specimen to avoid prostaglandin induced
uterine contractions and pelvic infection, concen-
trating the sperm in culture media to promote
capacitation and the acrosome reaction, and
finally, dispensing the concentrated sperm into the
uterine cavity using a small catheter near the time
of ovulation [3]. Since its introduction over 50
years ago, [UI has evolved with changes in sperm
preparation and the additions of cycle monitoring
and induced ovulation with human chorionic
gonadotropin in ovarian stimulation cycles.
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Despite limited evidence of success for any
indication, the IUI procedure is commonly uti-
lized in unexplained infertility, mild male factor
infertility, minimal-to-mild endometriosis, or as
an empirical treatment for a broad range of pro-
fertility indications [4]. Because the treatment
premise of the IUI procedure is based on increas-
ing the number of gametes at the site of fertil-
ization, most IUI cycles are performed in
conjunction with ovulation induction or ovarian
hyperstimulation, which are associated with a
significant risk of multifetal gestations, which is
not effectively controlled by stimulation moni-
toring. Further, the success of the IUI procedure
has remained weak and stagnant, whereas suc-
cess rates in IVF continue to improve. The dis-
crepancy between successful reproductive
outcomes and the risk associated with multifetal
gestations will continue to grow between stimu-
lated IUI and IVF as the success rates in IVF
continue to improve, particularly as patients and
providers continue to increase the utilization of
elective single embryo transfer. Finally, the cost
analysis data on immediate IVF versus IUI fol-
lowed by IVF disfavors the initial utilization of
unstimulated or stimulated IUI as a cost-effective
treatment modality for patients with male factor
or unexplained infertility. Herein, we present
data to support the argument that IUI should no
longer be a standard part of infertility treatment,
based on a lack of evidence supporting its
efficacy, the risk of adverse events, and cost
considerations.
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13.2 1Ul Versus Intercourse

Many trials evaluating the efficacy of IUI utilize
control populations that undergo timed inter-
course (TIC) instead of ordinary intercourse,
which may falsely inflate the reported therapeutic
benefit of IUIL. Timed intercourse dictates that
couples abstain from natural coital practices for a
period of time prior to the detection of an LH
surge, which may reduce the likelihood of preg-
nancy [4]. This theory is supported by several
studies that suggest that the practice of timing the
IUI procedure according to the LH surge is appro-
priate; however, such timing might allow the
optimal period for conception via intercourse to
pass [4-6]. One study noted that among 221
healthy women attempting conception over 625
menstrual cycles, all recorded pregnancies were
associated with intercourse during a 6-day period
ending on the day of ovulation (Fig. 13.1) [5].
These authors concluded that chances of concep-
tion decline soon after ovulation and that couples
abstaining from intercourse until the documenta-
tion of the LH surge may miss earlier opportuni-
ties for conception [5]. For this reason, we
propose that ordinary intercourse, or expectant
management, is a more appropriate control in
studies of the relative efficacy of IUI. Studies uti-
lizing TIC likely inflate the benefit of IUI and
should be interpreted with caution (Fig. 13.1).

0.4 -

0.3+

0.2+

0.1-

Probability of Conception
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13.3 Unstimulated 1UI
13.3.1 Cervical Factor Infertility

IUI has been proposed as a specific treatment for
cervical hostility, or cervical factor infertility.
Although small studies have suggested a benefit
for IUI over expectant management in this diag-
nosis, a statistically significant improvement in
ongoing pregnancy rates was not demonstrated [7].
Further, the utility of the postcoital test in defining
this phenomenon has been strongly questioned,
and a systematic review of five randomized con-
trolled trials found no evidence of efficacy for
IUI for this indication [8].

13.3.2 1Ul in Male Factor Infertility

IUI has also been suggested as a treatment to
overcome male factor infertility as well as to alle-
viate infertility associated with antisperm anti-
bodies [9]. However, it has been shown that the
intrauterine placement of prepared spermatozoa
does not alter the frequency of the production of
antisperm antibodies in patients undergoing IUI,
and it is thus unlikely to treat or prevent infertil-
ity associated with this condition [10]. Further, a
review that included outcomes for 5,214 IUI
cycles from 22 trials concluded that the odds ratio

0.0-
-6 -5 -4

Fig. 13.1 Probability of conception on specific days near
the day of ovulation. The bars represent probabilities cal-
culated from data on 129 menstrual cycles in which sexual
intercourse was recorded to have occurred on only a sin-

-3 -2 -1 0 1

gle day during the 6-day interval ending on the day of
ovulation (Day 0). The solid line shows daily probabilities
based on all 625 cycles, as estimated by the statistical
model (Reprinted with permission from Wilcox et al. [5])
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for pregnancy was 0.48 [95 % confidence interval
(CI), 0.37-0.61] when IUI was performed for
male factor, compared to all other diagnoses [11].
Another meta-analysis included data from ran-
domized control trials to assess the efficacy of
IUI for male subfertility [12]. These authors
reported there was no statistically significant dif-
ference when comparing pregnancy rates in IUI
versus TIC in natural cycles for male subfertility
(n=21, OR 5.3, 95 % CI 0.42-67) [12]. The
authors concluded that for male subfertility, there
was insufficient evidence from randomized con-
trol trials to demonstrate improved live birth rates
or ongoing pregnancy rates compared to TIC
[12]. Since publication of these, an additional
crossover study failed to demonstrate a benefit
for IUI in natural cycles over TIC in male factor
infertility [13].

13.3.3 Unexplained Infertility

IUI has also been proposed as an empiric therapy
for unexplained subfertility. However, multiple
studies have demonstrated no benefit for this
therapy overexpectantmanagement. Bhattacharya
et al. randomized 580 women with 2 years of
unexplained infertility to expectant management,
oral CC, or unstimulated IUI for 6 months [14].
They found that compared with expectant man-
agement, the odds ratio for a live birth was 1.46
(0.88-2.43) after unstimulated IUI, which was
not statistically significant despite a large sample
size [14]. Thus, when utilized for male factor or
unexplained infertility, the utilization of unstimu-
lated IUI for unexplained infertility or male fac-
tor infertility is not currently supported by the
literature.

13.4 1Ul with Ovarian Stimulation

Versus Stimulation Alone
13.4.1 Male Factor Infertility
Data supporting an enhanced pregnancy rate

when IUI is added to ovarian stimulation or
superovulation is also limited. While a few
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studies have suggested benefit [15], this has not
been supported in a recently published large
meta-analysis. Bensdorp et al. evaluated the
effectiveness of IUI versus TIC in stimulated
cycles for couples with male subfertility, incor-
porating studies with varied stimulation regimens
[12]. The authors found no significant improve-
ment in pregnancy rates for stimulated cycles
with TUI versus stimulated cycles with TIC for
couples with male subfertility (n=202, OR 1.67,
95 % CI10.83-3.37) [12].

13.4.2 Unexplained Infertility

Doubt about the effectiveness of IUI in unex-
plained infertility was raised many years ago and
persists. Individual studies have been inconsis-
tent on whether pregnancy rates are increased
when [UI is added to COH [16-20]. Two early
meta-analyses demonstrated a marginal benefit
for IUI over TIC combined with COH with inject-
able gonadotropins for couples with unexplained
infertility. Zeyneloglu et al. reported an OR for
pregnancy of 1.84 (95 % CI=1.30-2.62) among
980 cycles when IUI with FSH was compared to
FSH alone [21]. Hughes reported an OR of 2.37
[95 % CI, 1.43, 3.90] for the same comparison,
although they noted significant clinical heteroge-
neity among the 8 included trials [11]. Another
study demonstrated a benefit, but the per-cycle
pregnancy rate in the clomiphene citrate
(CC)+1UI cohort was very low, at 3.16 %, a rate
that is likely of limited acceptability to most cou-
ples [22].

Despite the aforementioned, limited number
of studies documenting a small benefit for IUI for
couples with unexplained infertility, these
findings are not reproducible and multiple studies
refute these findings. A recent meta-analysis con-
sisting of seven trials comparing TIC with IUI in
couples with unexplained infertility found no
benefit for IUI [23]. Further, two recent random-
ized control trials also failed to demonstrate the
benefit of IUI with ovarian hyperstimulation
over TIC for couples with unexplained infertility.
In the first study, 140 couples with unexplained
infertility were randomly assigned to controlled
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ovarian hyperstimulation (COH) with CC and
either TIC or IUI [24]. There was no statistically
significant difference in the pregnancy rate for
the COH/TIC cohort (41 %) and COH/IUI (18 %)
cohort over up to six cycles [24]. Another study
of 157 couples with unexplained infertility ran-
domized patients to compare outcomes of IUI,
direct intraperitoneal insemination, and inter-
course in cycles stimulated with CC or gonado-
tropins [16]. The results demonstrated that
insemination cycles and intercourse cycles had a
similar overall pregnancy rates of 12 % and 13 %,
respectively, and the authors concluded that
insemination had no beneficial effect on the preg-
nancy rates in stimulated cycles for treatment of
unexplained infertility [16]. COH/IUI treatment
has also been compared to expectant manage-
ment in a study of 253 couples with unexplained
infertility randomized to 6 months of IUI with
controlled ovarian hyperstimulation versus 6
months of expectant management [25]. These
investigators found that the conception rates of
33 % versus 32 % and ongoing pregnancy rates
23 % versus 27 % were not significantly different
between the intervention group and the expectant
management group, respectively (relative risk
0.85,95 % CI1 0.63-1.1), but the only triplet preg-
nancy was in the COH/IUI group [25]. Similarly,
IUI does not increase clinical pregnancy or live
birth rates for anovulatory women treated with
CC with IUI versus TIC, with live birth rates per
cycle 8.5 % with IUI and 7.9 % with TIC [26].
The failure to consistently demonstrate a benefit
of IUI added to superovulation for unexplained
infertility raises doubt that IUI offers any increase
in the chances of successful pregnancy.

13.5 Cost-Effectiveness

Cost must also be considered when considering
treatment strategies for infertility patients.
Treatment costs associated with expectant
management, oral CC, or unstimulated TUI were
collected prospectively by Bhattacharya et al. [14,
27]. The cost analysis revealed the costs per live
birth were £72 (95 % confidence interval
£0—£206), £2611 (£1870-£4166), and £1487

E.B. Johnstone and J. Dorais

(£1116—£2155) for expectant management, CC,
and IUI, respectively. This led to an incremental
increase in cost per additional live birth of £5604
with IUI, compared with expectant management,
as depicted in Table 13.1 [14]. The authors
concluded that empiric treatment with IUI for
unexplained infertility was not associated with
increased live birth rates and was unlikely to be a
cost-effective treatment [27]. Custers et al. noted
similar results in longitudinal assessment of the
253 couples with unexplained subfertility, ini-
tially randomized to expectant management or
treatment with controlled ovarian stimulation IUI
(COS-IUI) for 6 months [28]. After 3 years of
follow-up, there was no difference between the
groups in chances of pregnancy or time interval
to pregnancy, but the COS-IUI group incurred an
additional 2616 € in costs [28].

13.6 Adverse Events

In addition to an absence of consistent evidence
supporting the efficacy and cost-effectiveness of
TUI for various indications, one must also con-
sider the risks and adverse effects associated with
the IUI procedure. The adverse effects associated
with the procedure include the discomfort of the
procedure and the potential risk of infection. The
risk of an infectious complication in women
undergoing IUI has been reported to be 1.83 per
1,000 women undergoing the TUI procedure [29].
While IUT has not been shown to increase the rate
of multifetal gestations, IUI is often performed in
conjunction with superovulation or COH, which
increases the risk of multifetal gestation far above
that associated with natural conception cycles.
An absence of registry information about non-
ART treatments makes it difficult to analyze the
contribution of ovarian stimulation plus IUI or
ovulation induction plus IUI to multiple birth
rates. A recent review reported the multiple preg-
nancy rates after non-ART ovarian hyperstimula-
tion ranged from 10 % to 40 % per cycle and
estimated the contribution of this treatment to the
multiple birth epidemic to be approximately 30 %
[30]. The authors noted the contribution of ovar-
ian stimulation, with either ovulation induction



177

Intrauterine Insemination: An Ineffective Treatment

13

([LZ] vorssturzad yim pAuridoy]) (49 T2=21°0/88° 1T JNH 10J §9) uewom 1ad a1ex yurq aa1] £q papIAIp juaned 1ad 1500 JUSWILAI) UBSIAl = YHIq JAT] Jod 1500 UBSJA],

(T1°8S1C 01
8Y'OTIT) L8981
9991+ 01
67°0L81) ST'T19T
(157161

01 Z0'LT) Y9 1L

3 (1D % S6) YMIq
QAI[ Jod 1500 UBdIN

(¥8S1°0
‘0V'T-LS0) vP'1
(¥28¢°0
9€° 1-¥¥°0) 8L°0

(enfea 4 1D % $6)
JNH SNSIdA

onel sppo

SJUOAQ ISIAAPR JO 1500 2y} Suneiodioou],

I9JU2D Yoed Ul papiaoid s9[oAd Justujean) Jo JquINU [j0) AY) Pue JUSWIEAI) JO JSOD [2I0} AY) UO Paseq ‘dFeIoAr POYSIop,

o
€ro
L1°0

(uewom 10d)
QJel YMIq QAT

(1000°0>)
68°CS€—61'98C
(1000°0>)
C0'0LE—6L°€0E

(3) (enrea g) WA
SNSISA JUAIRJJIP

1509105 1D % S6

(90'81) 6€°61€

(S8°L1) 80°8€€

("as) W4
SNSIOA OUIJJIP

SO0 JUAUIBAI],

(S1'ceo) LT1ge (100 6€°€ @rie) 19°L6 NI
(¥S'617) 96'61¢ (tToory (L eres 20
(0S°911) 8811 - 0 g

(3) quoned 1od juoned 1od (3) 2[0K>  juowjeal],

jusuyean rod
1500 (S) UBdN

1500 JUSUEAN
(@s) uesy

S9[0AD Jusunean
Jo roquinu
(as) uesy

S)[NSAI SSOUAAIIDJJQ Pue IS0 L°EL d|qel



178

or superovulation, to triplet or higher-order
multiple birth approaches 50 % [30].

In the USA between 1997 and 2000, ovarian
stimulation and ovulation induction’s contribu-
tion to the national multiple births increased from
18.9 % (20,955 infants) to 21.9 % (27,647 infants)
[2]. The risk varies depending on the ovulation
induction agent and dose. The estimated risk of
multifetal gestation after treatment with CC and
IUI is 8-10 % [31]. Rates of multiple gestations
after gonadotropin stimulation with IUI are
undoubtedly dependent upon individual clinical
practices with regard to monitoring and cancella-
tion of cycles; however, rates of twin and high-
order multiples as high as 28.6 % and 8.2 %,
respectively, have been reported [2]. Table 13.2
summarizes rates of multiple gestations reported
with gonadotropin stimulation in a variety of
studies [32].

The importance of these associated risks should
not be underemphasized, as multifetal gestations
are associated with significant risk to maternal,
fetal, and neonatal health. Multifetal gestations
carry increased risk of maternal complications
including anemia, gestational diabetes, cesarean
section, preeclampsia, postpartum hemorrhage,
and mortality [30]. Adverse fetal and neonatal
effects of multifetal gestations include infection,
bleeding, prematurity, cerebral palsy, visual and
hearing defects, and learning difficulties [30].

13.7 1UlVersus IVF

The effectiveness of IUI must be considered in
comparison to in vitro fertilization (IVF), as mul-
tifetal gestations can be effectively prevented
with IVF with elective single embryo transfer.
Past studies comparing IUI and IVF become
quickly dated as IUI success rates have remained
stagnant, whereas IVF outcomes have continued
to improve [4]. In a study published in 2000,
Goverde et al. found similar per cycle and cumu-
lative pregnancy rates with IVF, IUI, and COH/
IUI and increased costs per live birth with IVFE.
However, the pregnancy rate per cycle in IVF
was only 12.2 % [49]. In the USA, in 2010, the
chances of live birth in an in vitro fertilization

E.B. Johnstone and J. Dorais

cycle were 41.7 % per initiated cycle and 47.8 %
per embryo transfer for women under the age of
35 (SART 2010 National Data Summary). In the
FASTT trial, women ages 21-39 with unex-
plained infertility were randomized to undergo
three cycles of CC/IUI followed by three cycles
of FSH/IUI, followed by IVF, or, to an acceler-
ated track consisting of three cycles of CC/IUI
followed by IVFE. The investigators demonstrated
not only increased pregnancy rates in the acceler-
ated track but also a cost savings of $2624 per
couple [50]. In data presented in abstract, the
FORT-T Trial, by the same investigators demon-
strated an increased live birth rate among women
aged 38—43, undergoing immediate IVF com-
pared with IUI preceded by either FSH or CC
superovulation, with rates of 15.3 % and 5.1 %,
respectively [51]. Thus, the use of COH-IUI
appears to offer little benefit to patients, while
increasing total costs and delaying the time to
pregnancy.

Moreover, IVF with elective single embryo
transfer (eSET) has been demonstrated to mini-
mize the risks of multiple gestation associated
with COH-IUL In a recent randomized control
trial evaluating outcomes after elective single
embryo transfer (eSET) versus double embryo
transfer (DET), no difference was demonstrated
in the ongoing pregnancy rates for 61 % for eSET
versus 76 % for DET (RR 0.80; p=NS), with
twin rates of 47 % after DET and 0 % after eSET
[52]. In another study, a single cycle of IVF with
eSET was compared with three cycles of COH-
IUI Ongoing pregnancy rates were similar in the
two arms, but there were no higher order multi-
ples in the IVF group [53]. These studies clearly
demonstrate the efficacy of IVF with eSET. There
has been a gradual increase in the utilization of
elective single embryo transfer in IVF over time
worldwide [54]. This change in practice world-
wide will likely continue to decrease multifetal
gestations associated with IVF; however, similar
options are not available to decrease multifetal
gestations associated with COH-IUI. The dispar-
ity in multifetal gestations after COH-IUI versus
IVF cycles will likely widen in the future as
patient and provider acceptance of elective single
embryo transfer continues to increase in IVF.
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13.8 Cost-Effectiveness of IVF
Versus IUI

Despite the greater cost per cycle of IVF com-
pared with COH-IUI, cost-effectiveness data
favors immediate IVF. Pashayan et al. used math-
ematical modeling to estimate the cost-effective-
ness of first-line treatment with IVF (including
cryopreservation cycles) versus initial treatment
with either stimulated or unstimulated IUI fol-
lowed by IVF for couples who did not become
pregnant with TUI on 100 theoretical patients
with male factor or unexplained infertility [55].
The authors concluded that for this hypothetical
cohort of 100 couples, compared with an initial
offer of IVF, six cycles of unstimulated IUI fol-
lowed by IVF would cost an additional £174,200
and stimulated IUI followed by IVF would cost
an additional £438,000 [55]. They also reported
this cost in terms of the opportunity cost. The
authors reported the opportunity cost for initiat-
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ing treatment with unstimulated IUI followed by
IVF was 54 IVF cycles and 14 live births and the
opportunity cost of stimulated IUI followed by
IVF was 136 IVF cycles and 35 live births for that
health care system [55]. Although an individual
may experience a cost saving if she were to
become pregnant with stimulated or unstimulated
IUI, these studies reveal an overall cost savings
per live birth for a population of couples with
male factor or unexplained infertility. Modeling
from this study is depicted in Fig. 13.2.

IVF is widely accepted as preferred therapy
for bilateral tubal obstruction, and severe oligo-
zoospermia, where chances of conception with
IUI are extremely low. In addition to a lack of
evidence from randomized control trials support-
ing the utilization of IUI in male subfertility,
there are inconsistent thresholds below which
IUI would be an ineffective treatment option
[4, 56, 57]. One retrospective study of more than
1,800 patients concluded that pregnancy rates
were at least 8.2 % when initial sperm values

P
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Comt | live birth-producting pregnancy
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Fig. 13.2 Cost and cost-effectiveness (per live birth-pro-
ducing pregnancy) of different uptake of IUI and S-IUI
among a hypothetical cohort of 100 couples eligible for

both IUI and IVFE. Assume constant LBR of 7 % and 3.5 %
for S-IUI and IUI (Reprinted with permission from
Pashayan et al. [39])
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demonstrated greater than or equal to a
concentration of two million per mL, a total count
of ten million, progressive motility of 30 %, and
a total motile sperm count of five million [58].
These authors reported pregnancy rates less than
3.6 % when initial sperm values were below these
thresholds, but above the lowest initial sperm val-
ues associated with a pregnancy: a concentration
of two million per mL, a total count of five mil-
lion, motility of 17 %, and a total motile sperm
count of 1.6 million [58].

A second retrospective study of over 2,400
IUI cycles reported pregnancy rates of 5.3 % if
the semen analysis demonstrated less than five
million motile sperm versus 12.8 % with samples
greater than five million motile sperm (p <0.02)
[57]. A third retrospective study looked at the
relative effectiveness and cost-effectiveness
based on sperm counts in 3,479 IUI cycles and
551 IVF cycles [56]. These investigators con-
cluded that when the average total motile sperm
count was under ten million, IVF with ICSI was
more cost-effective than IUI, and proposed that
an average total motile sperm count of less than
ten million be used as a threshold for recom-
mending IVF with ICSTI over IUI [56]. These dis-
crepant thresholds further complicate the decision
making for patients and providers considering
treatment options in cases of male factor subfer-
tility. Regardless of the ideal threshold for rec-
ommending IVF over IUI in cases of male factor
subfertility, the fact remains there is an absence
of clear data from well-designed randomized
studies supporting the utilization of IUI in cases
of male factor infertility [12].

13.9 Conclusion

Current evidence fails to support the continued
utilization of IUI for male factor or unexplained
infertility. The IUI procedure is often performed
in conjunction with ovulation induction or con-
trolled ovarian stimulation, which is associated
with an inherent, excessive, and unavoidable risk
of producing a multifetal gestation. Further,
despite the chance that an individual may experi-
ence a cost saving if a pregnancy were achieved
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after COH/IUI, studies considering a population
of infertile patients do not support the utilization
of IUI as a cost-effective treatment. Thus, based
on a lack of data demonstrating efficacy, cost
considerations, and the adverse effects associated
with the procedure as it is typically performed,
IUI should no longer be offered as part of routine
treatment in modern day infertility practices.
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and Fulco van der Veen

14.1 Introduction

To maximize population health outcomes with
the minimum possible use of resources, cost-
effectiveness of interventions is an important
consideration in any health care system. In
reproductive medicine, costs play an important
role, due to the rise in healthcare costs and since
infertility care is not a covered benefit in many
countries. The choice for one fertility treatment
over the other is frequently driven by financial
considerations rather than by cost-effectiveness.

14.2 Cost-Effectiveness

In some cases, the most cost-effective treatment
for couples presenting with infertility is straight-
forward. For women presenting with severe tubal
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pathology, the most cost-effective treatment is
IVF, since natural conception is almost nonexist-
ing [1]. For women with anovulation, ovulation
induction is the logical treatment. But in most
couples presenting with infertility, the most cost-
effective treatment is not clear. In couples with
mild-to-moderate male factor, mild endometrio-
sis, cervical factor, unexplained infertility, or in
case of persistent infertility in women with ano-
vulation who had their ovulation restored, several
treatment options are available.

Fertility treatment pathways generally move
from low-cost, low-technology treatments such
as intrauterine insemination (IUI) to high-cost,
more invasive assisted reproductive technologies
(ART) with in vitro fertilization (IVF) [2-4].
Although we often assume that patients want
“treatment,” counseling about the chances and
ways to improve the chances for natural concep-
tion should be considered in the treatment path-
way. A model has been developed, which
accurately predicts the chances of spontaneous
conception in subfertile couples by taking into
account several prognostic factors including
female age, parity, duration of infertility, fallo-
pian tube status, and sperm motility [5]. This can
be used to counsel patients and also to categorize
couples by prognosis, which is particularly
important when comparing a treatment with an
expectant management arm in a study. Apart
from varying costs and effectiveness between
treatments, time to pregnancy must also be con-
sidered to avoid the negative effects of aging on
women’s reproductive potential.
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A randomized controlled trial comparing
expectant management for 6 months to hMG-IUI
for 6 months in women with a mean age of 33 and
a duration of infertility of 2 years and a prognosis
for natural conception of 30-40 % within a year,
calculated according to the model of Hunault
showed no differences in pregnancy rates between
the two interventions and, based only on direct
costs, that immediate treatment with IUT was twice
as expensive as expectant management [5, 6].
Therefore, expectant management for 6 months is
first-line treatment for couples presenting with
infertility and a prognosis between 30 and 40 %,
which represents an intermediate prognosis.
A follow-up study, in which the women were treated
according to local protocol at the conclusion of the
original study, showed that also after 3 years there
was no difference in pregnancy rate between the
women treated with IUI for 6 months and with
expectant management for 6 months [7-10].

In the last two decades three prospective stud-
ies compared the cost-effectiveness of IUI in
relation to IVF [8-10]. In 1999 two strategies in
96 women were compared [9]. A strategy of
immediate IVF treatment was compared with a
standard infertility treatment algorithm (SITA) of
CC-IUI, hmG-IUI, and IVF in couples with all
types of infertility. Duration of infertility was
between 23 and 30 months as a mean for the two
arms of the study. Thirty two percent of all preg-
nancies occurred without active treatment in
“rest” cycles confirming the observation that cou-
ples with infertility can conceive at a reasonably
high rate with no therapy at all. This study sug-
gested IVF not to be cost-effective as a first-line
treatment in couples with unexplained infertility
compared with an SITA. Cost per pregnancy after
IVF treatment was twice as high as treatment
with SITA, US$38,021 and US$16,725, respec-
tively. This study had several limitations. First,
four sets of triplets and five sets of twins occurred,
but the cost of multiple pregnancies was not
included. Second, the cost analysis was per-
formed with insurance charges, which does not
necessarily reflect the true costs.

The second randomized trial was performed in
258 couples with unexplained and mild male
infertility undergoing IVF, natural cycle IUI, or

L.M. Moolenaar et al.

hMG-IUI [10]. Mean duration of infertility in the
three study arms varied between 46.5 and 53.4
months. This study did not find any difference in
cumulative pregnancy rates but did find a differ-
ence in cost per pregnancy. IVF was 2.5 times
more expensive than TUI and hMG-IUL. TUI was
also better tolerated by couples as more couples
continued with this therapy, while IVF was asso-
ciated with a higher drop-out rate. In this study
only treatment costs were included, antenatal and
postnatal costs of multiple pregnancies were not
included. The multiple pregnancy rate in the
hMG-IUI arm was 27 % and if included could
impact the cost-effectiveness tremendously. Of
note is the extremely low IVF pregnancy rate of
12.2 % per cycle, a value which is clearly out-
dated as compared to modern IVF standards.
Nevertheless, the relative cost-effectiveness of
IUI was demonstrated with little additional effect
seen by adding Gonadotropin stimulation to the
treatment prior to IUIL.

A recent study, the Fast Track and Standard
Treatment trial (FAST-trial) compared a conven-
tional arm of three cycles of CC-IUI, three cycles
of FSH-IUI, and six cycles of IVF to an acceler-
ated arm of three cycles of CC-IUI and six cycles
of IVF [8]. This study included women with
unexplained subfertility. Time to conception was
included in this study. The cost of multiple gesta-
tions and their associated increased hospital peri-
natal costs were included in this analysis.
Out-of-pocket expenses (indirect costs) to the
patient were also calculated. This study con-
cluded that after initial CC-IUI moving directly
to IVF results in lower cost and a shorter time to
pregnancy. The median time in pregnancy differ-
ences was 3 months and there was an equivalent
rate of multiple pregnancies in both treatment
arms. Ultimately, by 1 year, the pregnancy rate in
the two arms was equal. A limitation of that study
is that the mean and median duration of unex-
plained subfertility was not provided and the
prognostic profile of the included couples cannot
be extracted from the paper. This is important in
interpreting the effectiveness of IUI with supero-
vulation versus expectant management [6, 7].
In the FAST trial 14 % of the pregnancies were
treatment independent.
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14.3 Discussion

Four studies evaluated the cost-effectiveness of
IUI [7-10]. The study comparing expectant man-
agement to IUI showed that 3 years after the ini-
tial randomization of 6 months of expectant
management to 6 months of IUI, there was no dif-
ference in pregnancy rate [7]. Immediate IUI was
twice as expensive as expectant management.

The studies on IVF and IUI are difficult to com-
pare, because they differ in patient characteristics,
included cost, and treatment strategies [8—10].
Important omissions in these studies are the lack
of including the cost of multiple gestations and
clearly reporting the prognostic profile of the
couples.

The prognostic profile of the couples is impor-
tant as an indicator for the probability to con-
ceive. In the FAST study, 14 % of the pregnancies
were treatment independent [8]. In the study
comparing a treatment algorithm to IVF, 32 % of
all pregnancies occurred without active treatment
[9]. The study comparing IUI with IVF reported
a natural conception of 7 %, but in this study
couples were included with a long duration of
infertility, 46.5-53.4 months [10].

Data on expectant management in couples
with a good prognosis for natural conception so
far indicate that this is the first-line treatment.
Whether expectant management should be fol-
lowed by IUI or IVF is unclear. The
cost-effectiveness studies published show that
starting with IUI with or without ovarian
stimulation is the first treatment choice, but for how
long it should be continued is unclear [9, 10].

On the other hand, a randomized controlled
trail comparing IVF eSET to three cycles of TUI
with ovarian stimulation in couples with an unfa-
vorable prognosis for natural conception showed
that these two strategies could be equal, but no
cost-effectiveness analysis was performed [11].
A follow-up of this study, the INeS-trial, is cur-
rently being performed in couples with a poor
prognosis for natural conception with mild male
or unexplained infertility [12]. This study com-
pares six cycles of IUI, three cycles of IVF eSET,
or six cycles of modified natural cycle IVF. In a
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modified natural cycle the oocyte that develops
spontaneously is used for IVF. The cycle is mini-
mally modified with a GnRH antagonist to pre-
vent untimely ovulations, together with FSH to
prevent collapse of the follicle and a concomitant
fall in estradiol levels. Primary outcome is live
birth of a child and also a cost-analysis will be
performed. This study may give the final answer
about which strategy is the most cost-effective
strategy for couples after expectant management
failed.

14.4 Conclusions

Current evidence on cost-effectiveness studies
shows that treatment of a couple with a favorable
prognosis should start with expectant manage-
ment for at least 6 months. If the prognosis is
poor, one can initiate treatment [7]. Despite the
differences between all randomized controlled
trials, especially the important omission of the
prognostic profile, current evidence shows that
IUI as an initial treatment for infertility is more
cost-effective. The duration of treatment with TUI
before proceeding to IVF and the additional value
of ovarian stimulation to IUI are unclear. The
INeS-trial could give the final answer on which
treatment is the most cost-effective after expect-
ant management and could prove whether or not
IUI is a valuable and cost-effective treatment.
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Juergen Liebermann

15.1 Introduction: The Importance
of Cryopreservation for
Reproductive Biology

Successful cryopreservation of gametes in animal
reproduction has a track record of over 60 years.
In human IVF, interest in cryobiology increased
dramatically in 1983 following the first success-
ful pregnancy after transfer of a human embryo
[1]. In 1984, the first live birth following embryo
cryopreservation was reported in Australia, which
was followed 2 years later by another such birth
in the USA. Currently, controlled ovarian hyper-
stimulation protocols commonly provide embryos
in excess of those needed for fresh transfer.
Therefore, techniques have been developed to
store these surplus embryos in liquid nitrogen
(referred to as cryopreservation) for an indefinite
period of time without a significant compromise
in their quality. Embryo cryopreservation and
cryostorage is now a routine part of services
offered at clinics treating infertility worldwide.
With improvements in cryopreservation tech-
niques and methods over the last three decades,
the process has increasingly become an important
part of the IVF process. By improving the cumu-
lative pregnancy rate per oocyte retrieval [2], and
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by reducing the number of embryos transferred,

thereby reducing the risk of multiple pregnancies

[3], the technology brings two extremely impor-

tant contributions to the field. According to data

from the Centers for Disease Control and

Prevention (CDC) from 2010, about 21.5 % of all

IVF cycles in the USA used frozen embryos for

transfer. In addition, data from the same registry

compared live births per transfer in patients under

35 using frozen and fresh embryos (38.4 % ver-

sus 47.6 %, respectively) clearly showing that

cryopreservation is an important adjunct to maxi-

mize the efficiency of every single patient’s

oocyte retrieval. However, it is important to note

that clinical success with cryopreservation seems

to be highly variable from lab to lab and may

depend on many factors, which include the

following:

1. Patient age

2. Ovarian stimulation protocol

3. Quality of embryos selected for freezing
(Scoring system)

4. The developmental stage at freezing

The embryo culture system

6. Choice of cryoprotectants, concentration, and
method of use

7. Parameters of the freezing/cooling and thaw-
ing/warming procedures

8. Cryopreservation protocol (traditional slow or
vitrification)

The fundamental objectives for successful
cryostorage of cells in liquid nitrogen at =196 °C
can be summarized as follows (1) avoiding ice
crystal formation during the cooling and freezing

b
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Ice Crystal
Formation

Fig. 15.1 Vitrification is the solidification of a solution
(“glass formation”) without ice crystallization. Two droplets
of different solutions plunged directly into liquid nitrogen:
the left droplet is pure Dulbecco’s phosphate-buffered saline

phases, (2) arresting cellular metabolism, but in a
reversible way, (3) maintaining the structure and
integrity of the DNA, (4) acceptable survival
rates post warming and maintaining the develop-
mental competence thereafter, and (5) the reli-
ability of the technique. The most critical of these
objectives is the avoidance of ice formation and
all freezing protocols address this issue. In fact, a
debated topic in the area of reproductive cryobi-
ology is whether slow-cooling or rapid-cooling
protocols both satisfy the fundamental cryobio-
logical principles for reduction of damage by ice
crystals during cooling and warming, and which
approach is better. In any case, both methods
include five principal steps (1) initial exposure to
the cryoprotectant (CPA) to induce dehydration,
(2) cooling to the temperature of liquid nitrogen
(LN2; -196 °C), (3) storage in specially designed
tanks containing LN2, (4) rehydration of the
material (gametes or embryos) removing CPAs
and replacement of the intracellular fluid at a pre-
cise rate, and (5) recovery and return to a physi-
ological environment.

One way to achieve an ice crystal free cell is
to establish a glassy or vitreous state with the use
of ultra-high cooling rates and high CPA concen-
trations in the process of vitrification (Fig. 15.1).

20% EG/DMSO
+ 0.5M sucrose

Glass
Formation

(DPBS) with ice crystallization; in contrast the right droplet
contains an equimolar combination of 15 % ethylene glycol
and dimethyl sulfoxide with 0.5 M sucrose in DPBS without
ice crystallization (i.e., “glassification” in the vitrified state)

Vitrification is the achievement of a “state of
suspended animation” wherein molecular trans-
lational motions are arrested without structural
reorganization of the liquid. Vitrification proto-
cols are relatively simple for the practitioner,
potentially faster, and inexpensive. The process
relies on the placement of the cell in a very small
volume of vitrification medium that must be
cooled at extreme rates, which are difficult to
obtain in regular enclosed cryostraws or vials.
The importance of using a very small volume,
also referred to as the “minimal volume
approach,” was first described and published in
2005 [4, 5] using a carrier (device) called a cryo-
top, which facilitated the use of very small vol-
umes of fluid for vitrification of embryos.
Improvements in our understanding of the physi-
cal and biological principles of vitrification have
led to numerous successful clinical applications,
including more recently the vitrification of human
oocytes. Vitrification protocols have in recent
years become more established due to their many
advantages, such as greater reliability and consis-
tency in cryosurvival when compared to tradi-
tional slow freezing protocols. As of today, all
developmental stages of the human embryo cul-
tured in vitro have been successfully vitrified and
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warmed, with resulting offspring. Vitrification
techniques are therefore becoming a mainstream
part of the IVF process [6, 7].

In achieving a vitrified state, the rate of cool-
ing and the concentrations of CPA required for
successful transition from living cell to glass-like
solid are intimately linked. Achieving a higher
cooling rate allows for the use of less CPA and
vice versa. A primary strategy for vitrifying cells
and tissue therefore is to increase the speed of
thermal conductivity (cooling), while decreasing
the concentration of the CPAs to reduce their
potential toxicity to cells. However, it is impor-
tant to know that every cell seems to require its
own optimal cooling rate, e.g., mature unfertil-
ized oocytes are much more sensitive to cryoin-
jury than any of the cell stages of the
preimplantation embryo. The earliest attempts
using vitrification as an ice-free cryopreservation
method for embryos were reported in 1985 [8]. In
1993 successful vitrification of mouse embryos
was demonstrated [9]. Furthermore, bovine
oocytes and cleavage-stage embryos were
vitrified and warmed successfully a few years
later [10]. In 1999 and 2000 successful pregnan-
cies and deliveries after vitrification and warm-
ing of human oocytes were reported [11, 12].
Since that time, human oocytes and blastocysts
seem to have fared better after vitrification since
both entities appear to be especially chill-sensi-
tive and survive well when vitrified [13].
Vitrification media are CPA solutions that do not
freeze when cooled at high cooling rates to a very
low temperature (i.e., no ice crystals are formed).
Consequently, interest in vitrification has risen
dramatically as evidenced by the almost expo-
nential growth in scientific publications about
vitrification of gametes and embryos. And while
the rate of cooling and warming and the concen-
tration of the cryoprotectant required to achieve
vitrification are inversely related, recent publica-
tions have shown the dominance of the warming
rate over the cooling rate in the survival of
oocytes subjected to a vitrification procedure [14,
15]. It appears that the warming rate must be
faster than the cooling rate in order to avoid ice
crystal formation during warming [16], but since
the cooling rate and CPA concentration are also

related, careful protocol design is important.
Moderately high cooling rates allow for reason-
ably low CPA concentrations, while allowing for
still higher warming rates.

It seems that a major concern with vitrification
is this use of high CPA concentrations and there-
fore an unintentional negative impact (toxicity),
which may affect the oocyte or embryo and its
subsequent development in utero. The relatively
high concentration of CPAs used for vitrification,
and their known biological and physiochemical
effects, may suggest that the toxicity of these
agents is a key limiting factor in cryobiology. Not
only does this toxicity prevent the use of fully
protective (high) levels of these additives, but it
may also manifest in the form of cryoinjury above
and beyond that seen with classical causes of cell
damage (osmotic shock due to water loss and ice
formation) during cryopreservation. It is there-
fore essential to achieve a fine balance between
the speed of cooling and the concentration of the
vitrifying CPAs. This is also necessitated by the
practical limit in the rate of cooling that can be
achieved and the biological limit of tolerance of
the cells to CPAs. One way around the problem
of the high CPA concentration required for
vitrification is to use two or more individual
CPAs, each used at lower nontoxic levels, but
together achieving the concentration required for
successful glass formation with practical cooling
rates. Recent publications [ 17-20] have confirmed
the usefulness of this approach by using 15 %
(vol/vol) ethylene glycol (EG) used in an equimo-
lar mixture with dimethyl sulfoxide (DMSO) to
vitrify human blastocysts. No negative effects on
the perinatal outcomes from blastocyst transfers
following vitrification and warming were seen
when compared to those from fresh blastocyst
transfers. In the warming procedure, the use of a
nonpermeating agent, sucrose, acted as an
osmotic buffer to reduce the osmotic shock to the
blastocysts during rehydration. During warming,
using a high extracellular concentration of sucrose
(e.g., 1.0 M) counterbalanced the high concentra-
tion of CPAs and low water concentration in the
cells, reducing the difference in osmolarity
between the intra- and extracellular compart-
ments. The high sucrose concentration cannot
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totally prevent the cell from swelling due to influx
of water, but it can reduce the speed and magni-
tude of swelling [6, 7, 21].

15.2 Vitrification of Human Oocytes

More recently, vitrification as an alternative
method to traditional slow freezing has been
shown to provide a high degree of success with
metaphase-II.  human oocytes (Fig. 15.2).
Historically, oocytes have been much more
difficult to freeze than embryos, and routine
oocyte cryopreservation has only emerged in
recent years. The question arises as to what makes
oocytes so unique and so difficult to freeze, when
compared to embryos, which have been routinely
frozen since the 1980s. As well as differences in
cell size and membrane permeability, oocytes
have a much lower volume-to-surface area ratio;
hence, they are less efficient at taking up CPA
and at losing water. Other differences to be con-
sidered are (a) the maternal DNA is held sus-
pended in the cytoplasm on the meiotic spindle

and not within the protective confines of a nuclear
membrane, potentially exposing the DNA and
microtubules to physical and chemical damage,
(b) the oocyte is arrested in a delicate state primed
for activation, and (c) changes in its environment
can cause parthenogenetic activation.

An important application for oocyte freezing
is the preservation of fertility in women with
malignant/premalignant conditions who would
have to undergo cytotoxic therapies that could
deplete and/or kill their store of oocytes. Also
important is its use by women who may want to
delay childbearing (“clock-tickers”) because of
their careers or partnership status. Other applica-
tions include anonymous oocyte banking for
donation, avoiding the creation of too many
embryos that may never be used during IVF treat-
ment, and saving oocytes for later use if a male
partner is unable to collect a sperm sample on the
day of his partner’s oocyte retrieval. Oocyte cry-
ostorage also offers an opportunity to reduce
number of embryos generated in an IVF cycle,
lessening the pressure on the patient to increase
the number of embryos transferred.

Fig. 15.2 Oocyte vitrification. (Row a) Oocytes exposed
to 7.5 % EG/DMSO for 3 min; oocytes starting to shrink.
(Row b) Oocytes exposed for additional 3 min in 7.5 %
EG/DMSO; oocytes start to reexpand. (Row ¢) Oocytes

for 7 more min in 7.5 % EG/DMSO; oocytes gained
80-90 % of their original volume back. (d) Oocyte
exposed to 15 % EG/DMSO for 60 s
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Babies born after oocyte cryopreservation
have, to date, shown no apparent increase in con-
genital anomalies when compared to those born
after the use of fresh oocytes. Thirteen years after
the first slow-freeze birth, the number of babies
born from vitrified oocytes is approaching that
from slow-frozen oocytes without any noted
increased risk of abnormality [22]. Reassuringly,
Larman et al. [23] have shown that the meiotic
spindle, an organelle in oocytes that is particularly
sensitive to insult, in mouse and human oocytes is
maintained after vitrification. Furthermore, cyto-
genetic analysis of embryos from fresh, and
vitrified and warmed oocytes, shows no increase
in anomalies [24]. Vitrification of oocytes does
not appear to increase the risk of abnormal imprint-
ing or disturbances in spindle formation or chro-
mosome segregation [25]. In addition, no
significant increase in abnormalities has been
reported from pregnancies from cryostored
oocytes [26, 27], regardless of the historical con-
cerns that cryopreservation of mature oocytes
might disrupt the meiotic spindle and thus increase
the potential for aneuploidy in the embryos arising
from such oocytes. Vitrification of oocytes, when
applied to patients, will be a useful technology in
reproductive medicine practice and will constitute
a major step forward in Assisted Reproductive
Technology (ART) [12, 28-30]. The scientific lit-
erature on oocyte cryopreservation grows daily
and recently, Dominguez et al. [31] have shown
that vitrification of oocytes does not disturb
embryonic metabolomic profiles. Rienzi et al. [32]
showed consistent and predictable delivery rates
from vitrified oocytes in a longitudinal cohort
multicentric study. Most publications however
focus on clinical pregnancy rates [33, 34], and
while this data is helpful to increase our confidence
in the technology, it does little to direct new
research on oocyte cryopreservation.

15.2.1 Human Pronuclear Embryos
(Day 1 Postinsemination)

Using a traditional slow-freezing protocol, it
takes approximately 100 min to cryopreserve
a group of fertilized oocytes (zygotes) for a
patient. Vitrification of the same zygotes can be

accomplished in a much shorter time, by dividing
them into small groups of 2—4, which each take
about 12 min to vitrify. Staggering of groups, i.e.,
starting a second group while the first group is
equilibrating in the CPA solution saves further
time. Successful vitrification of zygotes with high
survival after warming (~90 %), good cleavage
rates on Day 2 (>80 %), and a blastocyst forma-
tion rate of 31 %, with ongoing pregnancies, have
been reported [35-38]. Zygote vitrification imple-
mented in a clinical setting can provide a clinical
pregnancy rate of close to 30 %, with an implanta-
tion rate of 17 % [38]. The pronuclear stage
appears tolerant of the vitrification and warming
process, perhaps due to the significant membrane
permeability changes that occur postfertilization.
Such changes to the oolema may also make the
cell more stable and able to cope with the vagaries
of cold-shock and the striking osmotic fluctuations
that occur during the vitrification process.

15.2.2 Cleavage Stage Embryos
(Day 2-4 Postinsemination)

Liebermann and Tucker [21], using either the
cryoloop (Vitrolife, Denver, CO) or the hemi-
straw system (HSV; Irvine Scientific, Santa Ana,
CA), showed postwarming survival rates (defined
as >50 % of blastomeres intact in Day 3 embryos
2 h post warming) from 84 to 90 % depending on
the carrier system used. There was a reasonable
further cleavage and a compaction rate of 34 %.
This finding supports previous reports in which
high survival rates from 8-cell human embryos
using 40 % EG were documented [39]. More
recently, reported successful pregnancies and
deliveries after vitrification of Day-3 human
embryos using an open pulled straw (OPS) as a
carrier device have been reported [40, 41]. Their
results showed a negative correlation between
stage of development and survival. Eight-cell
embryos showed a higher survival rate (79.2 %;
62/78) than did embryos with fewer than six cells
(21.1 %; 11/53) after vitrification. Despite the
fact that Liebermann and Tucker [21] achieved a
promising postwarming survival rate, overall
only about 34 % of the surviving embryos had
the developmental potential to reach the
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compaction stage. Loutradi et al. [42] performed a
meta-analysis and systematic review by compar-
ing slow freeze and vitrification protocols for
cleavage stage embryos and found a survival rate
of 84.0 % and 97.0 %, respectively. In addition,
clinical pregnancy rates between 35 and 48 %,
with implantation rates between 15 and 39 %,
have been reported following vitrification of
cleavage stage embryos [43-46]. So clearly
vitrification appears to have a positive impact on
overall embryo utilization. A study on the neona-
tal outcomes of 907 vitrified/warmed cleavage
stage embryos found no significant increase in
the congenital birth defect rate when compared
with pregnancies using fresh cleavage stage
embryos [47]. And recently, Cobo et al. [48]
observed no negative effect of vitrification of
early cleavage stage embryos on the survival and
delivery rates. Shi et al. [49] further supported
this approach showing no significant differences
in obstetrical and neonatal outcomes when com-
paring fresh and vitrified Day 3 embryo transfer
procedures.

15.2.3 Blastocyst Stage Embryos
(Day 5, 6, and 7 Postinsemination)

It has been established that the activation of the
embryonic genome occurs after the 8-cell stage
(3-day postoocyte retrieval) is reached in humans
[50]. However, if activation does not occur, it is
unlikely that the embryo will survive for very
long. Therefore, improvement in human IVF out-
comes might be achieved by identifying those
embryos that will progress beyond the 8-cell
stage. Blastocyst culture (to 5-day postoocyte
retrieval) allows the transfer of embryos that
likely have an activated embryonic genome.
Furthermore, it has been shown that Day 3 mor-
phology can only predict approximately 48 % of
those embryos that will eventually form blasto-
cysts suitable for use on Day 5/6 [51]. In order to
best identify the best embryos in a group there-
fore, Day 3 morphology is unlikely to be useful,
especially for patients with many embryos.
Extended culture beyond the 8-cell stage may be
a better selection mechanism, since the less viable
embryos will tend to arrest in development early
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on, “selecting” themselves as noncandidates for
fresh transfer or cryopreservation. This process
may eliminate a lot of embryos from being used,
but the net result is that the chance of achieving a
pregnancy is potentially improved. In addition, at
the blastocyst stage, a lower number of embryos
can be transferred since there is more confidence
in embryo viability, resulting in less high-order
multiple pregnancies. This is also true for cryo-
preserved blastocysts, which give higher preg-
nancy and implantation rates per thawed embryo
transferred. Furthermore, the higher cell number
at this stage allows better compensation for cryo-
injuries and may result in greater viability and
faster recovery.

The success of blastocyst stage transfers in
increasing pregnancy rates by better identifying
the best embryos in a cohort has led to a trend
toward culturing embryos to this stage instead of
performing transfer on Day 2 or 3 post oocyte
retrieval. Blastocyst culture also allows for the
transfer of embryos that likely have an activated
embryonic genome. Blastocysts are more likely
to implant compared with Day 3 cleavage stage
embryos and give the confidence to transfer a
single embryo to minimize the risks associated
with multiple pregnancies, while still maintaining
an overall high chance of pregnancy. With the
ever-increasing production of blastocysts on
the 5th, 6th, and 7th day of embryo culture, and
the trend toward transferring fewer, a successful
cryopreservation program for blastocysts is
becoming an increasingly important part of ART.
And when asking patients to transfer just a single
embryo, having the insurance of a successful
cryopreservation program can be the key to hav-
ing the confidence to transfer embryos one at a
time. Vitrification can provide such confidence
since survival rates for human blastocysts are
between 70 and 90 % using different carriers,
with clinical pregnancy rates of 37-53 % and
implantation rates of 20-30 % [18-20, 52-59].

15.2.4 The Blastocyst Vitrification
Procedure in General

Prior to vitrification, certain steps such as dehy-
dration of the embryo have to be performed.
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Blastocysts are immersed in a hypertonic CPA
solution, which will cause an immediate efflux of
water by osmosis. Given that cell membranes are
more permeable to water than to CPAs (since the
water molecule is smaller), an immediate cellular
contraction and shrinkage occurs, followed by
the slow entry of the CPA [60]. As equilibrium is
achieved, the cellular volume is nearly restored
as the CPA enters the cells. However, a feature
unique to the blastocyst, a fluid-filled cavity
called the blastocoele, can dilute CPAs and limit
their effectiveness. A decrease in survival rate
after vitrification has been noted when the vol-
ume of the blastocoelic cavity is increased. The
reason for this is likely due to an insufficient per-
meation of CPA through the blastocoele and into
surrounding cells. Also, residual water in the
blastocoele cavity may increase the potential for
ice crystal formation during cooling, thus reduc-
ing the postwarming survival. Vanderzwalmen
et al. [59] showed that survival rates in cryopre-
served, expanded blastocysts could be improved
by artificial reduction of the blastocoele cavity,
and others also consider that blastocoele collapse
is necessary previtrification on whatever the day
the blastocyst forms [57, 61].

One study has suggested that no significant
differences in viability, implantation potential, or
pregnancy outcome are observed when blastocysts
are frozen on Day 5 versus Day 6 [62]. However,
our “body of data” refutes the comparable implan-
tation rate for blastocysts cryopreserved on Day
5 or 6. Our data suggest that the older blastocysts
(Day 6) perform less well than Day 5 blastocysts,
perhaps because of the likelihood of a larger blas-
tocoele in these embryos. The literature on
artificially collapsing (AC) the blastocoele is
significant and perhaps suggested an opportunity
that could potentially help us to improve the out-
comes for Day 6 blastocysts. Reduction of the
blastocoele using AC can be performed using dif-
ferent approaches such as microneedles, sucrose
solutions, or laser [56, 61, 63-65]. In 2003 and
2004, two groups independently reported a
beneficial effect of applying artificial collapsing
to blastocysts prior to vitrification. Son et al. [63]
observed a clinical pregnancy rate of 48 % and an
implantation rate of 29 %. Hiraoka et al. [56] col-
lapsed Day 5 and Day 6 blastocysts by manual
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pipetting the blastocyst and achieved clinical
pregnancy of 50 % with an implantation of 33 %.
Moreover, Mukeida et al. [61] found that the sur-
vival rate of vitrified blastocysts was negatively
correlated with the expansion of the blastocoele.
They speculated that a large blastocoele may dis-
turb the efficacy of vitrification. They collapsed
the blastocoele with a microneedle or by making
a hole between two trophectoderm cells with a
laser pulse. After collapsing the cavity in the
blastocyst, the survival improved from 86 % to
97.2 %. Moreover, their pregnancy rate went up
from 34.1 % to 60.2 % with an implantation rate
of 46.7 %. More recently, another two publica-
tions have looked into the possible benefit of
applying AC prior to vitrification. Iwayama et al.
[64] used a laser pulse, or osmotic shock by
exposing the blastocysts to sucrose, and the
implantation rate was significant higher in both
groups compared to the control group vitrified
without AC (59.7 % and 49.3 % vs. 34.2 %). Hur
et al. [65] also looked also at the effect of artificial
shrinkage using a 29-gauge needle or a laser
pulse on clinical outcomes in fresh transfers, and
they observed a significant increase in the clini-
cal pregnancy in the study group (+ AC; 58.8 %)
compared to the control group (-AC; 39.0 %).
All publications mentioned conclude that artificial
collapsing has a beneficial effect on the clinical
pregnancy as well as on the implantation rate
both in frozen and fresh cycles.

15.2.5 Vitrification Procedure
for Blastocysts at FCI

Fertility Centers of Illinois “IVF Laboratory
River North” (Chicago) have performed blasto-
cyst vitrification utilizing a “closed system”
[HSV (High Security Vitrification Kit); CryoBio
System, L’Aigle, France] and a two-step CPA
incubation at 24 °C. Prior to vitrification, the
blastocysts in the study group were put on an
inverted microscope equipped with a laser sys-
tem (ZILOS-tk, Hamilton Thorne), and one shot
(100 % power, 500 us pulse length) was applied
at the junction between two trophectoderm cells
in each blastocyst (Fig. 15.3). The blastocysts
were then returned to the 37 °C incubator for
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Fig. 15.3 Aurtificial collapsing of blastocysts in a 3-step
procedure. (a) Locate junction between two trophecto-
derm cells, adjust laser to a power of 500 ps. (b) Shoot
once at a junction between two trophectoderm cells and

5-10 min to allow them to collapse. Blastocysts
were then placed in equilibration solution (ES),
which is the base medium (HEPES-buffered HTF
with 20 % Synthetic Serum Substitute (SSS) con-
taining 7.5 % (v/v) EG and 7.5 % (v/v) DMSO
for vitrification. After 5-7 min, the blastocysts
were washed quickly in vitrification solution
(VS), base medium but containing 15 % (v/v)
DMSO, 15 % (v/v) EG, and 0.5 M sucrose for
45-60 s and transferred onto the HSV using a
micropipette. Immediately after the loading of
not more than two blastocysts in a 1 pl drop of
VS on the HSV, the straws were heat sealed, then
plunged into LN2, and secondarily stored inside
5 mL liquid nitrogen prefilled canes (Visotube
Rond, IMV, France).

To use the embryos and remove the CPAs,
blastocysts were warmed and diluted in a three-
step process. With the HSV submerged in LN2,
the inner straw was removed, and then the carrier
with the blastocysts was quickly placed directly
into a prewarmed (37 °C) organ culture dish con-
taining 1 mL of base medium with 1.0 M sucrose.
Blastocysts were picked up directly from the HSV
and placed in a fresh drop of the same solution at
24 °C and immediately connected with a drop
containing just 0.5 M sucrose. After 5 min blasto-
cysts were transferred to a fresh drop of the 0.5 M
sucrose solution and connected with drops of base
medium (without sucrose) for an additional 5 min.
Finally, blastocysts were washed in the base
medium for 3 min and returned to the culture
medium (SAGE Blastocyst Medium, Trumbull,
CT,) containing 20 % SSS until transfer.

then put the blastocyst back into the incubator for 5 min.
(c¢) Cavity is now collapsed and blastocyst ready to get
vitrified

Both natural and hormone replacement cycles
seem to provide comparable levels of receptivity
in naturally cycling women, though they differ in
level of convenience. To calculate the day of
transfer, we calculated the “day of ovulation”
(whether in a “natural” or “artificial” transfer
cycle), then thawed and transferred 1-2 blasto-
cysts on the fifth day after ovulation. Regardless
of the day of cryopreservation of the embryo
(Day 5, 6, or 7) at thawing, all blastocysts were
treated as if they had been frozen on the fifth day
of development.

15.2.6 Blastocyst Vitrification with
Artificial Collapsing Prior
Vitrification Steps at FCI

Between January 2004 and October 2012, the
Fertility Centers of Illinois “IVF Laboratory
River North” (Chicago) have vitrified 17,529
blastocysts from 4,594 patients (Table 15.1).
After almost 10 years of vitrifying blastocysts
using an open as well as a closed carrier device,
and 4,000 frozen embryo transfer (FET) cycles
with an average number of 1.8 embryos trans-
ferred, the perinatal outcome is as follows: 1,056
babies born [532 girls and 524 boys (Table 15.2)]
with no abnormalities recorded.

Between 2007 and September 2012 the
Fertility Centers of Illinois “IVF Laboratory River
North” (Chicago) performed 1,482 FETs without
collapsing the blastocysts prior to vitrification
(Group A). The mean age of the patients was 35.4
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Table 15.1 Retrospective data from 4,594 patients (average age 34.0 +4.9) with blastocyst
cryopreservation by vitrification from January 2004 till October 2012

Day of development Day 5
No. of blastocysts vitrified (%) 8,484 (48.5

Total
17,529

Day 6 Day 7
%) 8,638 (49.3 %) 407 (2.3 %)

Table 15.2 Perinatal outcome of vitrified blastocysts after close to 4,000 transfers

between 2004 and 2012

Day of development

Deliveries (Total) 855

Total babies born 1,056

Female 532

Male 524
Singletons 661 (77.0 %)
Twins 187 (22.0 %)
Triplets 7 (1.0 %)

Table 15.3 A comparison of retrospective
(Fertility Centers of Illinois, Chicago) of vitri

Day 5 Day 6

496 359

628 428

328 204

300 224

367 (74.0 %) 294 (82.0 %)
126 (25.5 %) 61 (17.0 %)

3(0.5 %) 4 (1.0 %)

data from the cryopreservation program
fied blastocysts without AC (Group A) and

with AC (Group B) using a closed carrier system from January 2007 till October 2012

Technique Group A (- AC) Group B (+ AC)
Patient’s age (year) 353+£5.0 354x49

No. of transfers 1,482 276

No. of blastocysts warmed 2,697 510

No. of blastocysts survived (%) 2,618 (98.6) 505 (99.0)

No. of blastocysts transferred 2,618 505

Mean no. of blastocysts transferred 1.8 1.8

No. of implantations (%) 836 (32.0)* 236 (46.7)*

No. of positive pregnancy/VET (%)
No. of clinical pregnancy/VET (%)
Ongoing/delivered pregnancies (%)

VET vitrified embryo transfer

752 (50.7)%*
421 (43.2)%*
518 (35.0)%*

207 (75.0)%*
175 (63.4)**
162 (58.7)%*

Values are numbers unless otherwise described

*P<0.01
**P<0.001

+ 4.9 years in this group, and an average of 1.8
embryos were transferred per FET. 276 FETs
were performed using embryos where AC was
performed prior to vitrification (Group B) with a
mean age of 35.3+5.0 years and also with an
average of 1.8 embryos transferred (Table 15.3).
Recovery and survival of blastocysts was not
significantly different between groups (99.8 %
vs. 100 % recovery; 98.6 % vs. 98.9 % survival).
However, there was a significant improvement in
Group B compared with Group A for the follow-

ing (a) clinical pregnancy rate (cPR): 63.4 % vs.
43.1 %, (b) ongoing pregnancy (oPR): 58.7 % vs.
35.0 %, and (c) implantation rate (IR): 46.7 % vs.
32.0 % (17.3.).

When the vitrified-warmed blastocysts were
divided into Day 5 and Day 6 groups, the follow-
ing outcomes were observed (Table 15.4): in 863
FETs transferring Day 5 blastocysts from Group
A (mean age of 35.1 = 5.1), the IR, cPR, and oPR
were 36.5 %, 48.1 %, and 39.5 % compared to
52.4 %, 68.1 %, and 64.4 % of Day 5 blastocysts
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Table 15.4 A comparison of retrospective data from the cryopreservation program (Fertility Centers of Illinois,
Chicago) of vitrified Day 5 and Day 6 blastocysts without AC (Group A) and with AC (Group B) using a closed carrier

system from January 2007 till October 2012

Group A (- AC)

Group B (+ AC)

Technique Day 5 Day 6 Day 5 Day 6
Patient’s age (year) 35.1+5.1 355+4.9 35.1+4.6 357+5.0
No. of transfers 863 619 135 141

No. of blastocysts warmed 1,553 1,144 250 260

No. of blastocysts survived (%) 1,538 (99.0) 1,122 (98.1) 248 (99.2) 258 (99.2)
No. of blastocysts transferred 1,511 1,107 246 256

Mean no. of blastocysts transferred 1.8 1.8 1.8 1.9

No. of implantations (%) 551 (36.5)* 285 (25.7)*** 129 (52.4)* 107 (41.8)***
No. of positive pregnancy/VET (%) 485 (56.2)** 267 (43.1)%**% 106 (78.5)** 101 (71.6)**
No. of clinical pregnancy/VET (%) 415 (48.1)** 225 (36.3)%**:* 92 (68.1)** 83 (58.9)s#**
Ongoing/delivered pregnancies (%) 341 (39.5)** 177 (28.9)**** 87 (64.4)** 75 (53.2)%***

VET vitrified embryo transfer
Values are numbers unless otherwise described

Day 5: ¥P<0.01; ¥*P<0.001; Day 6: ***P<0.01; ****P <0.001

Table 15.5 A comparison of retrospective data from the cryopreservation program (Fertility Centers of Illinois,
Chicago) of vitrified Day 5 and Day 6 blastocysts without AC (Group A) and with AC (Group B) using a closed carrier
system in patients younger than 35 years old from January 2007 till October 2012

Group A (- AC)
Less than 35 years old

Technique Day 5
Patient’s age (year) 31.2+24
No. of transfers 438

No. of blastocysts warmed 796

No. of blastocysts survived (%) 782 (98.2)
No. of blastocysts transferred 768

Mean no. of blastocysts transferred 1.8

No. of implantations (%) 312 (40.6)*
No. of positive pregnancy/VET (%) 254 (58.0)*
No. of clinical pregnancy/VET (%) 225 (51.4)*
Ongoing/delivered pregnancies (%) 341 (44.7)*

VET vitrified embryo transfer
Values are numbers unless otherwise described
Day 5: *P<0.001; Day 6: **P<0.001

from Group B (mean age of 35.1 £4.6). As shown
in Table 15.4, implantation, cPR, and oPR occur-
ring in the Day 5 blastocysts from Group B were
significantly higher than in the Day 5 blastocyst
from Group A (y* P<0.001, respectively).
Comparing Day 6 frozen blastocysts in Group
A (mean age of 35.5+4.9) with Day 6 outcomes
in Group B (mean age of 35.7+5.0), the follow-
ing data for implantation, cPR, and oPR was
observed: 25.7 %, 36.3 %, and 28.9 % vs. 41.8 %,
58.9 %, and 53.2 %, respectively (Table 15.4). As
shown in Table 15.4, implantation, cPR, and oPR

Group B (+ AC)
Less than 35 years old

Day 6 Day 5 Day 6
31.5+0.6 31.5+21 30.6 2.8
287 68 54

543 123 102

530 (97.6) 122 (99.2) 101 (99.0)
521 122 101

1.8 1.8 1.9

155 (29.8)** 77 (63.1)* 45 (44.6)**
140 (48.8)** 57 (83.8)* 42 (77.8)**
119 (41.5)** 52 (76.5)* 36 (66.7)**
100 (34.8)** 50 (73.5)* 32 (59.3)**

occurring in the Day 6 blastocysts of Group B
were significantly higher than those for Day 6
blastocysts from Group A ()% p<0.001 for each
comparison).

Table 15.5 shows a summary of the results for
patients under 35 without AC (Group A; n=717)
and with AC (Group B; n=124). The following
cPRs, oPRs, and IRs were observed between
Groups A and B, respectively: 48.0 % vs. 71.8 %,
41.0 % vs. 68.5 %, and 36.4 % vs. 53.1 %. The
same trend and tendency was seen for all other
age groups (Table 15.5).
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15.3 Summary

An improving awareness of vitrification technol-
ogy and the continuous improvement and
refinements of the techniques has allowed
vitrification to become a preferred method for the
preservation of human oocytes and embryos. The
growing number of reports of successfully com-
pleted pregnancies following vitrification makes
for an extremely encouraging future for its wider
adoption, the procedure appears safe, is easily
assimilated into a busy IVF laboratory, and prom-
ises improved patient outcomes when used
correctly.

For blastocyst vitrification, a closed system is
effective for achieving high implantation and
pregnancy rates as seen with fresh embryo
transfers.

Although the implantation and clinical preg-
nancy outcomes have historically been significan-
tly different when comparing Day 5 and Day 6
blastocysts, our data should now encourage cryo-
preservation of Day 6 blastocysts which can be
expected to do well. Based on the data presented,
it is clear that the vitrification of Day 6 blasto-
cysts is of clinical value since it can result in live
births at high rates. This observation is in contrast
to that of Saphiro et al. [66] and Levens et al. [67]
who showed that the blastocyst development rate
impacts outcomes in slow cryopreserved blasto-
cyst transfer cycles. Our data now show that
artificial shrinkage of the blastocoele, releasing
fluid from the cavity prior vitrification,
significantly improves pregnancy rates and
implantation. This increase was observed in Day
5 as well as Day 6 blastocysts. In addition, the
increase in outcome was observed in all patients
regardless of age. Artificial collapsing of Day 5
and Day 6 blastocysts prior to the steps of
vitrification is beneficial for all outcome param-
eters including clinical and ongoing pregnancy
rate as well as implantation rate.

In summary, comparing no AC with AC prior
vitrification, an average increase for all ages in
regard to clinical (40 % vs. 58 %), ongoing preg-
nancy rates (30 % vs. 53 %), and implantation
(28 % vs. 41.5 %) were observed. In regard to
day of embryo development, comparing no AC
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with AC, an average increase for Day 5 and Day
6 were established for the following:
e Clinical (Day 5: 48.1 % vs. 68.1 %; Day 6:

36.1 % vs. 58.9 %)

e Ongoing pregnancy rates (Day 5: 39.5 % vs.

64.4 %; Day 6: 28.9 % vs. 53.2 %)

e Implantation (Day 5: 36.5 % vs. 52.4 %; Day

6:25.7 vs. 41.8 %)

Our data has shown that freezing at the blasto-
cyst stage provides excellent survival, implanta-
tion, and clinical pregnancy rates [18-20]. The
following considerations apply to a blastocyst
vitrification program (a) without a successful
blastocyst vitrification program, extended culture
of embryos is not recommended, (b) the blasto-
cyst is composed of many cells and therefore may
be better able to compensate for cryoinjury, (c)
the cells are smaller thus making cryoprotectant
penetration faster, and (d) on average fewer blas-
tocysts per patient are cryostored, but each one
when thawed has a greater potential for implanta-
tion, often with an opportunity for an FET with a
single blastocyst.

15.4 Conclusions

In conclusion, vitrification of oocytes and all
stages of the pre-implantation human embryo is a
viable and feasible alternative to traditional slow-
freezing methods with an ever-increasing clinical
track record [68]. Note however that a standard-
ized vitrification protocol applicable to oocytes
and preimplantation embryo may not be realistic
because of:
(a) Different volume-to-surface area ratio for
oocytes and all preimplantation stages
(b) Differing cooling rate requirements for
oocytes, zygotes, cleavage stage embryos,
and blastocysts
(c) Variable chill-sensitivity between these dif-
ferent developmental stages
Currently, a widely used protocol that can be
applied to any embryo stage is the two-step equil-
ibration in an equimolar combination of the cryo-
protectants EG and DMSO, at a concentration of
15 % each (v/v) supplemented with 0.5 mol/L
sucrose. This solution is safe for clinical use, giv-
ing rise to healthy babies without abnormalities
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regardless of the developmental stage being
vitrified.

For the adoption of vitrification in ART, as
with all new technologies, there has been resis-
tance, but as clinical data have been accrued, this
technology is becoming more commonly adopted
as standard procedure in many IVF programs
worldwide. With this increased use of vitrification
in human-assisted reproduction, we should see an
evolution of the vitrification process as it is fine-
tuned to clinical needs. Thus, the future should
bring higher levels of clinical efficiency, utiliza-
tion, and universal acceptance.
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Should We Eliminate Fresh Embryo
Transfer from ART?
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Daniel J. Kaser, Maria Assens,
and Catherine Racowsky

16.1 Introduction

Since the first report of a human pregnancy fol-
lowing cryopreserved embryo transfer (CET) in
1983 [1], the efficiency of embryo cryopreserva-
tion has dramatically improved. Effective embryo
storage allows the opportunity to salvage a cycle
at risk for ovarian hyperstimulation syndrome
(OHSS); it provides an option for fertility preser-
vation; and it provides the additional time neces-
sary for unsynchronized embryo donation and
preimplantation genetic diagnosis of heritable
diseases [2]. This technology also has the poten-
tial to reduce multiple gestation rates through an
elective single ET paradigm in which embryos
from the same stimulation are transferred, one at
a time, in subsequent cycles.

Transfer of one or more fresh embryos remains
the first-line approach for attempting to establish
a pregnancy following IVF/ICSI. What has only
recently become apparent, though, is that ongo-
ing pregnancy rates are higher and obstetric and
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neonatal outcomes are possibly improved follow-
ing CET compared with fresh embryo transfer
[3]. By uncoupling the processes of ovarian stim-
ulation and embryo replacement, any deleterious
effects of COH on endometrial receptivity can be
minimized. As a result not only are pregnancy
rates increased, but also the incidence of certain
adverse outcomes like ectopic pregnancy, ovarian
hyperstimulation, preeclampsia, antepartum hem-
orrhage, low birth weight, and perinatal mortality
may be reduced [3-9]. This chapter reviews the
evidence supporting elective CET, the optimal
developmental stage and preferred method for
embryo cryopreservation, and the implications
for large-scale adoption of this clinical practice.

16.2 Normal Physiology of Embryo
Implantation

During the normal menstrual cycle, the human
endometrium undergoes a series of developmental
changes in the glandular, stromal, and vascular
compartments in preparation for implantation of a
viable embryo [10]. In response to rising levels of
serum estradiol from the dominant follicle, glan-
dular proliferation, pseudostratification, and cilia-
tion occurs in the functionalis layer. The stroma of
the basal layer becomes edematous and is infiltrated
by inflammatory cells, and the spiral end arteries
coalesce to form a capillary network that perfuses
the proliferative endometrium. Following ovula-
tion, progesterone from the corpus luteum effects
the glandular dilation and tortuosity, along with
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hypercoiling and engorgement of spiral arteries,
thereby inducing the morphological changes char-
acteristic of secretory endometrium. A conserved
suite of genes is activated 7-11 days after the LH
surge (corresponding to cycle days 20-24) to
modulate successful apposition, adhesion, and
invasion of the trophoblast during the “window of
implantation.” There are a myriad of immunohis-
tochemical, ultrastructural, and serologic markers
of this period of receptivity, including calcitonin,
cyclophilin, osteopontin, insulin-like growth factor
II, leukemia inhibitory factor, MUC-1, HOXA10,
cadherin-11, interleukin-15, and pinopodes, among
others [11-13]. It is critical to note that these bio-
markers are, in turn, regulated by steroid response
elements such that uterine receptivity is directly
affected by the specific hormonal milieu found at
the time of implantation.

16.3 Effect of COH on Endometrial
Receptivity

Both GnRH agonist and antagonist protocols
result in advances in endometrial maturation
according to the Noyes morphologic criteria [14—
16]. Histologic dating, however, has limited clini-
cal application in current practice, as there is
considerable variability in the appearance of nor-
mal mid-secretory phase endometrium and the
expression of key genes thought to regulate
implantation is altered in the absence of architec-
tural changes in the glandular and stromal com-
partments [17].

More recently, several groups have used DNA
microarray analysis to compare the transcriptome
of the prereceptive and receptive endometrium
[18-22]. Only Haouzi and colleagues, however,
have analyzed the alterations in gene expression
profiles in paired samples of the early and mid-
secretory phases of the same patients in both
natural and stimulated cycles. These authors
report that when the microarray signature of
endometrial biopsies obtained from unstimulated
cycles were compared with those following COH
with a GnRH agonist, there were important dif-
ferences in representative genes involved in cell
cycle checkpoints (Fig. 16.1a). Specifically,
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genes encoding cyclins, cell division cycle (CDC)
members, cyclin-dependent kinases (CDK), and
members of the E2F family of transcription fac-
tors were significantly downregulated in simu-
lated cycles. Furthermore, genes that were
normally upregulated in natural cycles, including
those involved in TGF-B signaling, complement
and coagulation cascades and leukocyte migra-
tion, failed to be upregulated in stimulated cycles.
Haouzi et al. postulate that these differences are
the result of prolonged exposure to supraphysio-
logic steroid concentrations or an inappropriate
dose of gonadotropins during COH [20].

Similar to GnRH agonist cycles, GnRH antag-
onists also affect the gene expression profile dur-
ing the transition from the prereceptive toreceptive
endometrium but perhaps to a lesser degree [13].
Thirty-six percent of genes upregulated in natural
cycles are likewise upregulated in antagonist
cycles, compared to only 5 % in long agonist pro-
tocols (Fig. 16.1b, c). Moreover, only two genes
involved in cell cycle progression have altered
expression patterns following antagonist treat-
ment. Haouzi et al. conclude that in comparison to
GnRH agonists, antagonist treatment more closely
approximates the receptivity in a natural cycle.

16.4 Methods to Minimize Embryo/
Endometrial Asynchrony

Two approaches have evolved to address this
artificial asynchrony between the embryo and the
stimulated endometrium in COH (1) GnRH
antagonist pituitary suppression with a GnRH
agonist trigger and modified luteal phase support
and (2) elective cryopreservation of all embryos
with subsequent replacement in a natural or pro-
grammed cycle.

16.4.1 GnRH Agonist Triggering
in Patients Cotreated
with a GnRH Antagonist

The use of a GnRH agonist to trigger ovulation
and final oocyte maturation induces a flare-up of
FSH and LH that mimics the natural surge in
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Fig. 16.1 Modulation of endometrial receptivity genes
in natural and stimulated cycles. (GnRH gonadotropin-
releasing hormone) (a) Venn diagram of up- and down-
regulated endometrial receptivity genes in natural and
GnRH-stimulated cycles. (b) Number of genes modulated
in the early (hCG+2) and mid- (hCG+5) secretory endo-
metrium in GnRH agonist and antagonist cycles.
(Published with permission from Haouzi et al. [20].) (c)

gonadotropins in the late follicular phase [23,
24]. While the stimulated endogenous LH surge
triggers ovulation, the FSH surge promotes
nuclear maturation and LH receptor expression
on the granulosa cells of the corpus luteum [25].
As a result of this additive FSH effect, several
groups have demonstrated that more metaphase
II oocytes are retrieved following a GnRH ago-
nist trigger compared to a traditional hCG trigger,
which only exerts an LH-like effect [25-28].
Early studies using a GnRH agonist trigger,
however, showed extremely high rates of implan-
tation failure and early pregnancy loss. In fact the
first randomized controlled trial to assess clinical
outcomes following a GnRH agonist trigger was
stopped prematurely due to a 79 % early preg-
nancy loss rate despite standard luteal support
[29]. If the method of luteal support was modified,
though, with an additional bolus of 1,500 ITU hCG
on the day of oocyte retrieval to supplement a
relative LH deficiency, clinical pregnancy rates

Percentage of genes up- or downregulated in GnRH ago-
nist and antagonist cycles, along with the percentage in
common with natural cycles. (Blue: upregulated genes
exclusive to GnRH analogues; light blue: downregulated
genes exclusive to GnRH analogues; red: upregulated
genes in common with the natural cycle; green: down-
regulated genes in common with the natural cycle.)
(Published with permission from Haouzi et al. [13])

were comparable to those following hCG trigger
[26, 30].

These authors hypothesized that alterations in
the expression of those genes involved in endo-
metrial receptivity were responsible for these dis-
parate results. By comparing the microarray
signatures of endometrial biopsies obtained 5
days after oocyte retrieval in women cotreated
with a GnRH antagonist for pituitary suppression
and either a GnRH agonist trigger and 1,500 TU
hCG for modified luteal support or a standard
10,000 IU hCG trigger and standard luteal sup-
port, Humaidan and colleagues demonstrated that
endometrial gene expression in the mid-secretory
phase can be normalized following GnRH ago-
nist trigger with the addition of low-dose hCG at
time of oocyte retrieval [31]. There were only
two genes that were differentially expressed
between these two groups, in comparison to 785
genes that were differentially expressed between
cycles with and without modified luteal support.
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16.4.2 Elective Cryopreservation
of All Embryos with Subsequent
Replacement

An alternative strategy to overcome the abnormal
luteal phase in all stimulated cycles is to uncou-
ple the processes of ovarian stimulation and
embryo transfer; that is, by transferring cryopre-
served embryos in a subsequent natural or pro-
grammed cycle, the asynchrony between embryo
and endometrium can be mitigated. Indeed, the
supraphysiologic steroid concentrations in a fresh
cycle can be avoided altogether; the peak serum
estradiol levels in natural or programmed cycles
more closely resemble the hormonal environment
in unassisted conception (103-526 pg/mL) [9].
As a result the above-described alterations in
endometrial histology and transcriptional pro-
grams may be decreased.

In conventional practice, fresh embryos
derived from COH are transferred to the uterus at
the cleavage or blastocyst stage, and supernumer-
ary embryos deemed suitable for subsequent
transfer are then cryopreserved for later use. All
embryos are frozen rarely in cases, for example,
of risk of OHSS (Fig. 16.2). For elective CET,
standard COH and IVF/ICSI insemination are
performed, and all embryos are then cryopre-
served and transferred at a later date (Fig. 16.3).
There is no consensus regarding the stage of
embryo to cryopreserve (pronucleate, cleavage,
or blastocyst), the method of cryopreservation
(slow-freeze vs. vitrification), the optimal time to
wait between ovarian stimulation and subsequent
ET, or the type of luteal support that should be
prescribed. This approach of elective CET, and
the evidence to support its clinical application, is
the focus of the remainder of the chapter.
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16.5 Clinical Outcomes Following
Fresh ET Versus CET

16.5.1 Pregnancy Rates and
Complications of IVF

As cryopreservation techniques have improved,
pregnancy rates following CET have become
similar to those from fresh cycles and may, in
fact, now be superior. Indeed, three randomized
studies have evaluated pregnancy rates in women
allocated to elective CET or fresh transfer, the
ongoing pregnancies of which are shown in
Fig. 16.4a Aflatoonian and colleagues [32] ran-
domized 374 high-responder patients less than
age 38 to fresh ET on Day 3 or vitrification of

Day 2 embryos with subsequent CET of Day 3
cleavage stage embryos. Luteal support was pro-
vided with 100 mg intramuscular progesterone
daily until documentation of fetal cardiac activ-
ity or negative hCG. These authors reported that
implantation rates and ongoing clinical preg-
nancy rates were higher following CET (implan-
tation: 24.7 % vs. 17.5 %, p<0.05; ongoing
pregnancy: 39.0 % vs. 27.8 %, OR 1.66, 95 % CI
1.07-2.56, p=0.02). Shapiro et al. [33] random-
ized 137 normal responders less than age 41 to
fresh blastocyst ET or cryopreservation with
slow-freeze at the pronuclear stage, followed by
subsequent postthaw extended culture and trans-
fer of Day 5 blastocysts. Intramuscular proges-
terone 100 mg daily was given for luteal support.
Again, implantation and ongoing pregnancy
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=
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Fig.16.4 Comparison of ongoing pregnancy rates in three
randomized controlled trials of fresh vs. cryopreserved
embryo transfer (CET cryopreserved embryo transfer);
(a) Ongoing pregnancies in each study. (b) Meta-analysis

results of ongoing pregnancy rates from fresh transfers
compared with frozen—thaw transfers. Published with
permission from Roque et al. [4]
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rates were higher following CET (implantation:
70.8 % vs. 38.9 %, p<0.0001; ongoing preg-
nancy: 78.0 % vs. 50.9 %, p<0.01). In a parallel
study of 122 high responders with the same
experimental design, Shapiro and colleagues
reported a similar effect size for ongoing preg-
nancies, though the higher pregnancy rates in
the CET group did not reach statistical
significance [34]. Importantly, none of these
studies reported live birth rates. A meta-analysis
of these three studies confirmed that patients
allocated to CET had higher ongoing pregnancy
rates compared with those who underwent fresh
embryo transfer (RR 1.32, 95 % CI 1.10-1.59,
p=0.003; Fig. 16.4b) [4].

In addition to higher implantation and clinical
pregnancy rates in CET cycles, there is evidence
to support a lower incidence of ectopic pre-
gnancies and severe OHSS in freeze—thaw and
freeze-all cycles [5, 6, 35].

16.5.2 Obstetric and Neonatal
Outcomes

Several registry based cohort studies have evalu-
ated neonatal outcomes after fresh as compared
with CET cycles [3, 36, 37]. All report increased
birth weights in the frozen—thawed transfer group,
but no differences in perinatal mortality rates or
rates of major congenital malformations. The
observation of discrepant birth weights has been
confirmed by several groups, including Kalra and
colleagues, who published an analysis from the
Society for Assisted Reproductive Technologies
database of 38,626 singleton pregnancies
conceived after fresh ET and 18,166 singletons
conceived after CET [8]. These authors reported
that the odds of overall low birth weight (10 % vs.
7.2 %; adjusted OR 1.35; 95 % CI 1.20-1.51),
low birth weight at term (2.5 % vs. 1.2 %, adjusted
OR 1.73, 95 % CI 1.31-2.29), and preterm low
birth weight (34.1 % vs. 23.8 %, adjusted OR
1.49, 95 % CI 1.24-1.78) were all significantly
higher after fresh ET, independent of both preterm
birth and gestational age at delivery. Interestingly,
there was no difference in the incidence of low
birth weight infants in donor oocyte cycles fol-
lowing fresh ET or CET (11.5 % vs. 11.3 %
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adjusted OR 0.99, 95 % CI 0.82-1.18), in which
the embryo recipient has not undergone COH.

A meta-analysis of 11 observational studies
concluded that other obstetric and neonatal out-
comes following delayed CET were superior to
those from fresh ET. Specifically, in CET cycles,
there were decreased rates of antepartum hemor-
rhage (RR=0.67, 95 % CI 0.55-0.81), preterm
birth (RR=0.84, 95 % CI 0.78-0.90), small for
gestational age (RR=0.45, 95 % CI 0.30-0.66),
low birth weight (RR=0.69, 95 % CI10.62-0.76),
and perinatal mortality (RR=0.68, 95 % CI
0.48-0.96) [38]. However, there were several
limitations to this systematic review, with no
adjustments made for potential confounders such
as age, race, smoking, parity, prior preterm birth,
or medical comorbidities. Furthermore, there was
significant heterogeneity in study design and
clinical protocols for COH, cryopreservation,
endometrial preparation, and luteal support [7].

Finally, rates of preeclampsia (i.e., proteinuric
hypertension) may be increased in fresh ET
cycles due to supraphysiologic steroid concentra-
tions. Imudia and colleagues reported that women
with elevated serum estradiol levels on the Day
of hCG (defined as >3,450 pg/mL, corresponding
to the 90th percentile) and who underwent fresh
ET, were more likely to develop preeclampsia
than women who elected cryopreservation of all
embryos with delayed ET (21.9 % vs. 0 %; likeli-
hood ratio 7.47) [9]. The underlying reason for
this difference is unknown but may be attribut-
able to the supraphysiologic hormonal milieu at
the time of implantation in fresh ET, which may
impair trophoblast invasion and placental angio-
genesis [39].

16.5.3 When and How to Freeze?

Despite a recent Alpha consensus meeting among
embryologists to determine key performance indi-
cators and benchmarks for embryo cryopreserva-
tion, no consensus exists regarding the optimal
stage at which to cryopreserve embryos. Embryos
can be frozen at the pronucleate stage on Day 1,
the cleavage stage on Day 2 or 3, or the blastocyst
stage on Days 5-7. There are advantages and
disadvantages to each, as outlined below.
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16.5.3.1 Cryopreservation at the
Pronucleate, Cleavage, or
Blastocyst Stage
By freezing zygotes on Day 1 at the pronucleate
stage, there is no damage to the mitotic spindle or
cytokinetic machinery, and postthaw viability is
readily assessed by resumption of mitosis [40].
Some markers for developmental competency
and embryo quality, such as proximity of pronu-
clei and the presence of cytoplasmic halos or
nucleolar precursor bodies, may be affected by
cryopreservation at this stage, which together
may impact the cumulative pronuclear score [41,
42]. While some early studies reported that the
implantation rate of cryopreserved pronucleate
embryos exceeds that of cleavage stage embryos
[43-45], the absence of prospective randomized
trial data reduce the strength of this evidence.

Proponents of Day 2 or Day 3 freezing argue
that culture until the cleavage stage allows selec-
tion of embryos that are most suitable for cryo-
preservation according to the morphologic criteria
of cell number, symmetry, and fragmentation.
Pregnancy rates following Day 3 cryopreserva-
tion have been shown to correlate with percent
blastomere survival after thawing, lead cell num-
ber at transfer and resumption of mitosis in post-
thaw culture [46].

Cryopreservation at the blastocyst stage has
the unique advantage of allowing trophectoderm
biopsy for preimplantation genetic diagnosis
which, with more cells biopsied compared with
the one or two cells removed on Day 3, may
improve accuracy of the testing. Moreover,
despite challenges associated with the potential
for crystal formation in the fluid-filled blastocoe-
lic cavity, blastocysts may be less vulnerable to
damage from the freeze—thaw process due to the
selection pressure exerted by the extended cul-
ture necessary for their development [47, 48].
Blastocysts deemed appropriate for cryopreser-
vation have a well-defined inner cell mass and
adequate total cell number. The day of blastocyst
expansion (Day 5 vs. Day 6 or 7) is predictive of
pregnancy rates following freeze—thaw, with the
highest rates for Day 5 blastocysts or Day 6
embryos following artificial collapse of the blas-
tocoele [48]. Postthaw viability is ascertained by
the extent of cellular degeneration; in one series,
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no embryos implanted when fewer than 80 % of
cells survived the thaw process [49].

16.5.3.2 Method of Cryopreservation:
Slow-Freeze Versus Vitrification

There are two types of cryopreservation that are
routinely used in the ART laboratory: equilib-
rium cooling (also known as controlled slow-
freezing) and vitrification (or ultra-rapid freezing).
Aone-step slow-freeze process was first described
by Leibo [50], in which embryos suspended in a
solution containing cryoprotectants such as dim-
ethyl sulfoxide, glycerol, or 1,2-propanediol are
cooled at a rate of ~0.4 °C/min to ~—6 °C, at
which seeding is done with supercooled forceps
to induce extracellular freezing and dehydration
of the intracellular contents. After a postseeding
hold time of ~15 min, the embryos are then
cooled at a rate of ~0.4 °C down to a final tem-
perature of approximately —40.0 °C before being
plunged into liquid nitrogen for storage. Thawing
is performed at a warming rate of approximately
250 °C/min.

Vitrification, first described by Rall and Fahy in
1985, refers to the reversible transition of liquid
into an amorphous noncrystalline glass without the
formation of ice crystals [51]. This method relies
on high cyroprotectant concentrations, a cooling
rate between 1,000 °C/min and 10,000 °C/min and
very rapid warming. Early concerns regarding
vitrification involved the use of highly concen-
trated cyroprotectants and their potential cytotoxic
effects; however, as more clinical experience has
accumulated, vitrification is now accepted as a safe
alternative to slow-freezing [40].

Advantages of vitrification include reduced
cryoinjury, less expensive equipment, increased
postthaw survival, and a trend toward improved
pregnancy rates [52-55]. Several studies support
the preferential use of vitrification for pronuclear,
cleavage, and blastocyst stage embryos [56-59].
Following thaw, 100 % of vitrified pronuclear
embryos survived, compared to 89 % of pronu-
clear embryos subjected to slow-freezing [56].
A meta-analysis of four prospective studies with
a total of 8,824 cryopreserved embryos (7,482
vitrified and 1,342 slow-frozen) demonstrated
that vitrification resulted in a higher postthaw
survival rate of both cleavage stage (97.5 % vs.
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Fig. 16.5 One regimen for programmed cycle for replacement of cryopreserved embryos. Published with permission

from VerMilyea et al. [40]

84.1 %,0R 15.57,95 % C13.68-65.82; p<0.001)
and blastocyst stage embryos (89.9 % vs. 75.4 %,
OR 2.20, 95 % CI 1.53- 3.16; p<0.0001) [55].
Two of the four included studies compared
implantation and ongoing pregnancy rates after
transfer of vitrified or slow-frozen embryos.
Rama Raju and colleagues [59] reported a higher
ongoing pregnancy rate with vitrified cleavage
stage embryos (35.0 % vs. 17.4 %), albeit this
was not statistically significant. Kuwayama et al.
[56] reported similar ongoing pregnancy rates for
the two methods (53 % vs. 51 %). Thus, the
weight of the evidence supports superior survival
following vitrification of embryos at all stages.
However, further more robust studies are required
to determine whether clinical outcomes favor
vitrification over slow-freezing techniques.

16.5.3.3 Regimens for Endometrial
Preparation

There appears to be no difference between preg-

nancy rates in natural ovulatory CET cycles and

those with artificial endometrial preparation. One

series of 628 freeze—thaw cycles reported equiva-

lent clinical pregnancy rates for natural and

GnRH-agonist programmed cycles (28 % and
30 %, respectively) [60]. Live birth rates in another
series with 1,677 CET cycles were also compara-
ble (28.1 % vs. 27.8, respectively) [61]. It should
be noted that anovulatory patients (e.g., those with
polycystic ovarian syndrome) or those who require
a flexible transfer date might benefit from a cycle
with exogenous hormone, with or without pitu-
itary suppression. Patients randomized to receive
GnRH-agonist pretreatment (n=53) or not (n=53)
also had pregnancy rates that were not statistically
different (26.4 % and 21.1 %, respectively) [62].
Various hormone replacement regimens have
been developed using different doses and routes
of estrogen and progesterone, but there is no con-
sensus regarding the most effective one [63]. One
regimen is depicted in Fig. 16.5.

16.5.3.4 Types of Luteal Phase Support
Following CET

As the corpus luteum does not develop in

prepared cycles, pharmacologic luteal support

is necessary. Options include intramuscular pro-

gesterone, which is considered the standard,

along with intravaginal micronized formulations.
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A recent meta-analysis concluded that there was
insufficient evidence to recommend one method
of luteal support over another in freeze—thaw and
donor cycles [64]. Since then a multivariable
analysis of Day 3 CET cycles comparing intra-
muscular progesterone to 8 % Crinone vaginal
gel reported a higher live birth rate with the intra-
muscular route (39.1 % vs. 24.4 %, OR 0.51,
95 % C10.37-0.70, p <0.0001 [65]. Those authors
concluded that intramuscular progesterone should
be the preferred route of administration until fur-
ther research establishes its equivalence with 8 %
Crinone vaginal gel.

16.6 Should Elimination of Fresh
Transfer Be Universally
Adopted?

Elimination of fresh ET in favor of elective cryo-
preservation of all embryos with subsequent
replacement has the potential to improve the
safety and efficacy of assisted reproductive tech-
nology. However, there is currently insufficient
high-quality evidence to support its routine prac-
tice [7]. While available studies have demon-
strated higher ongoing pregnancy rates and
possibly fewer adverse obstetric and neonatal out-
comes following elective cryopreservation, more
research is needed to validate these preliminary
findings. Until then, the current paradigm of COH
with immediate fresh ET should continue to be
the default approach, with elective CET being
reserved for specific clinical indications (high risk
of OHSS, PGD reporting issues, etc.) and, possi-
bly, in select cases of repeat implantation failure.

16.7 Implications for Elective
Cryopreservation of All

Embryos

There are many unanswered questions about

what a successful elective CET program would

entail, including the following:

e Should all embryos be frozen, or only those
deemed to be of “appropriate” quality?

* Would informed patients have the option for
fresh vs. freeze—thaw cycles, and would this

depend on the insurance mandate of particular
states?

* What stage of embryo development is optimal
for cryopreservation?

* Can slow-freeze protocols continue to be used
in the face of better postthaw viability follow-
ing vitrification?

e How can the process of vitrification be
improved to ensure complete survival of all
cryopreserved embryos?

e What is the minimum and preferred amount
of time to wait between COH and subsequent
CET?

e Are programmed cycles with exogenous hor-
mone necessary?

* What is the most effective method for luteal
phase support for cryopreserved cycles?

e Which clinical decision models for CET
should be used to guide the number of cryo-
preserved embryos to transfer?

16.8 Conclusions

In order for an elective CET program to succeed
on a large scale, the process of cryopreservation
and thaw has to be safe, effective, and highly
reproducible. Three randomized controlled trials
demonstrate that elective cryopreservation of all
embryos with subsequent embryo replacement is
associated with increased implantation and ongo-
ing pregnancy rates; however, none of these three
trials reported live birth rate as an outcome.
Several observational studies indicate that adverse
outcomes such as ectopic pregnancy, ovarian
hyperstimulation, preeclampsia, antepartum
hemorrhage, low birth weight and perinatal mor-
tality are reduced by uncoupling the processes of
COH and ET, but the quality of evidence to sup-
port these findings is only moderate. With regard
to cryopreservation technique, the optimal devel-
opmental stage for embryo freezing is a matter of
active debate, with the caveat that extending cul-
ture to the blastocyst stage in good prognosis
patients allows trophectoderm biopsy for preim-
plantation genetic diagnosis and aneuploidy
screening. Available evidence in the field of
embryo cryopreservation supports the preferen-
tial use of vitrification over slow-freezing, as
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postthaw viability is superior for all stages of
development (pronucleate, cleavage, and blasto-
cyst). Pregnancy rates following CET in a natural
cycle seem equivalent to those in a programmed
cycle with or without GnRH agonist pretreatment
and hormone replacement. Practical consider-
ations, such as how patients would accept the
paradigm of elective cryopreservation of all
embryos, how laboratory work-flow and storage
capacity would be changed by the increased
demand for cryopreservation, and how third-
party payers would compensate clinics for this
segmented protocol, remain to be determined.
Taken together, despite available data supporting
improved pregnancy rates and obstetrical and
neonatal outcomes from CET cycles, additional
findings from robust adequately powered pro-
spective trials are needed before we eliminate
fresh embryo transfer from ART.
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ICSl Is a Revolutionary Treatment
of Male Infertility That Should

17

Be Employed Discriminately
and Further Studied

Douglas T. Carrell

17.1 Introduction

The injection of sperm into oocytes has a long
history and was initially undertaken as a means to
study fertilization in model organisms. The first
known report of sperm injection occurred in the
sea urchin, not surprisingly, because of their size
and use as an early model organism for develop-
mental biology studies [1]. Soon after, microin-
jection was performed in mammals and ultimately
resulted in a live birth in rabbits in 1988 [2, 3].
Despite technological advancements during that
period, microinjection success rates remained
quite low due to damage to the oocyte during the
microinjection and after placement of the live
sperm into the cytoplasm. However, the utility of
using microinjection as a means to study sperm
chromatin decondensation and pronuclear devel-
opment was clearly apparent and invaluable in
descriptive studies of fertilization.
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The development of the use of microinjection
as a means to treat human infertility was indirect
and gradual. In 1988, Lanzendorf et al. published
two studies utilizing the microinjection of human
sperm. In their first report, they demonstrated that
round-headed sperm injected into human oocytes
were able to undergo chromatin decondensation
[4]. In the second report, the possible use of micro-
injection as a test system to assess normal pronu-
clear formation potential was studied in a few
patients [5]. The reports by Lanzendorf et al.
helped lay a foundation for microinjection of
sperm as a therapeutic option, but it is critical to
remember that other micromanipulation tech-
niques were already undergoing extensive evalua-
tion and use in patients undergoing in vitro
fertilization, including zona-drilling, partial zona
dissection (PZD) and subzonal sperm injection
(SUZI) [6]. While early micromanipulation tech-
niques were an advancement because patients with
severe oligozoospermia could be treated, the actual
success rates were quite modest and still required
an adequate number of motile sperm, while the
incidence of polyspermy was quite high [6, 7].

In 1992, Palermo et al. reported the birth of the
first baby conceived by ICSI [8]. Palermo has
recounted that he actually was in the process of
performing SUZI when one sperm “accidentally”
entered the cytoplasm when the oolemma was
lysed [9]. This oocyte went on to fertilize and
resulted in a viable offspring. Almost immediately,
the potential benefits of ICSI were realized and
subsequent reports validated improved outcomes
in an expanding range of patient’s etiologies [10].
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The European Society of Human Reproduction
and Embryology (ESHRE) recently estimated that
more than five million babies have been born as
the result of ART, and that globally more than 1.5
million ART cases are performed annually result-
ing in approximately 350,000 babies per year [11].
Data from the Center for Disease Control and
Prevention (CDC) clearly indicate that the per-
centage of ART cycles employing ICSI is >66 %,
and that the trend is increasing [12]. These statis-
tics suggest that ICSI may be increasing in usage
for many patients undergoing IVF for reasons
other than male factor infertility, since the percent-
age of men with severe oligozoospermia does not
seem to be increasing in a manner mirroring the
increased usage of ICSI. Anecdotally, there are
reports of employing ICSI for cases as diverse as
advanced maternal age, low numbers of oocytes,
and in some cases, across the board for all ART
patients.

The aim of this chapter is to suggest that ICSI
should be used discriminately. The underlying
question is not if ICSI is beneficial to many infer-
tile couples, but rather if ICSI is being used
unnecessarily and without justification in some
patients, and what risks (physical and/or financial)
may be increased to patients and offspring when
unjustified ICSI is performed.

17.2 Risk to ICSI Offspring

There is no doubt that ICSI has resulted in the
birth of millions of healthy babies that otherwise
could not have been conceived. Has the technique,
however, increased the risk of anomalies in the
offspring? This question is relevant, but a thor-
ough review of the data is beyond the scope or
objective of this chapter. However, several recent
studies have evaluated the risk of low birth weight
and malformation rates in offspring conceived by
ICSI compared to standard IVF or spontaneous
conceptions from fertile controls. Due to the
difficulty of properly accounting for confounding
factors such as multiple births, parent’s age, fertil-
ity status, etc., and the difficulty of studying a
proper control group, it has been extremely
difficult to reach a consensus on the data, and most
of the studies have been met with skepticism.

D.T. Carrell

Two important factors are relevant in consid-
ering the data from studies evaluating ICSI out-
come. First, although the conclusions of the
various studies are mixed, it does appear that
ICSI may be associated with a slight-to-moderate
increase inrisk to the offspring [13—17]. However,
the question of whether the elevated risk is due to
the procedure itself or if the risk is associated
with the patient population (infertile men) has
not been definitively answered. It is clear that
men with oligozoospermia, nonobstructive azoo-
spermia, and other severe forms of male factor
infertility possess an elevated risk of sperm chro-
mosome aneuploidy, translocations, and/or DNA
damage [18-21]. Interestingly, it has also been
shown that oligozoospermic men carry a higher
frequency of minor-allelle polymorphisms
throughout their genome, altered DNA methyla-
tion, and increased genetic instability [22-24].
These studies clearly highlight the potential for
elevated risk of genetic anomalies in offspring
conceived from this population of patients under-
going ICSI. Unfortunately, no studies have yet
specifically studied offspring conceived from
ICSI with sperm from normozoospermic men
(e.g., semen donors). Given the increasing use of
ICSI, such a study should be possible.

Nevertheless, careful analysis of the data from
some large outcome studies has highlighted a
possible “procedure” component to the discus-
sion of the risk from ICSI. For example, Davies
et al. recently reported on the risk of ART to off-
spring in a large study from Australia and reported
an unadjusted odds ratio of birth defects of 1.72
and an adjusted odds ratio of 1.55 for ICSI com-
pared to spontaneous conceptions. Interestingly,
spontaneous conceptions in patients who had pre-
viously undergone ART yielded an odds ratio of
1.27 (1.26 adjusted odds ratio), significantly lower
than those undergoing ART with ICSI. While the
data in this study and essentially all reports are
not perfect, it is interesting to note that generally
the data do indicate a slightly elevated risk, and
no studies have reported a decreased risk [25].

Major malformations or diseases demon-
strated in the first few years of life may not be
representative of the greatest risk to ICSI off-
spring. The risk of many diseases, such as cardio-
vascular disease, cancer, and diabetes, may not
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be demonstrated until later in life [26]. This may
be particularly relevant in diseases that are the
result of epigenetic variation, a field that is just
emerging and appears to be critical to health.
Epigenetic changes to an individual are
modifications in the methylation of DNA or
chemical changes to the proteins that bind DNA
that alter gene expression [27]. An individual’s
“epigenome” is the genome-wide sum of all the
chemical modifications and it is believed to be
the link between the environment and its affect
on many diseases [28]. A very critical factor in
assessing the potential risk of ICSI to long-term
health of the offspring is evaluating if ICSI may
put individuals at an increased risk of epigenetic
abnormalities due differences in the fertilization
process itself.

17.3 Postfertilization and Early
Embryonic Differences in
ICSI-Derived Embryos

Despite the very large number of births resulting
from ICSI, very few studies have actually studied
the fertilization process after ICSI, and differ-
ences in human and rodent sperm ultrastructure
and ICSI techniques reduce the utility of such
studies in animal studies. Hewitson et al. per-
formed a series of elegant ultrastructural study of
ICSI using the rhesus monkey model, which is
similar to humans in both ultrastructure and the
fact that the centrosome is inherited from the
sperm [29-31]. In their study, Hewitson et al.
highlighted several differences in fertilization
events following ICSI as compared to standard
fertilization, including differences in the activation
of the oocyte and aster formation, asynchronous
decondensation of the sperm chromatin, differ-
ences in the fate of sperm tail components, differ-
ences in localization of acrosomal enzymes, and
differences in the process of DNA synthesis [31].
The observation by Hewitson et al. reported that
ICSI resulted in delayed DNA synthesis in the
nonhuman primate model has also been confirmed
in the mouse model [31, 32].

Figure 17.1 clearly demonstrates the asyn-
chronous decondensation of sperm chromatin
that was present regardless of whether acrosome
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intact or acrosome-reacted sperm were injected
(Fig. 17.1). Abnormal sperm DNA decondensa-
tion is of interest for two major reasons, first, it
has been shown that the sex chromosomes are
generally located within the apical region of the
sperm head, and delayed decondensation may
theoretically result in an increased risk of chro-
mosome aneuploidy, and event that has been
shown to be elevated in patients undergoing ICSI
[33]. Second, it has been clearly shown that the
sperm chromatin normally has a very unique epi-
genetic programming that suggests a role for the
sperm genome in assisting in early embryonic
events [34]. Additionally, it is well known that
chromatin undergoes specific and important epi-
genetic remodeling events during the early pro-
nuclear stage [35]. Therefore, it is of potential
relevance and concern if decondensation of the
paternal chromatin is in any way delayed or
altered, since such alterations may, theoretically,
alter early embryonic gene expression.
Giritharan et al. have specifically looked at
gene transcription following ICSI in a mouse
model and found broad and significant differ-
ences in gene expression of embryos derived
from ICSI, in fact about 1,000 genes had
significantly different gene expression in blasto-
cysts derived from ICSI compared to standard
insemination [36]. Interestingly, they also evalu-
ated gene expression abnormalities from embryos
derived from culture in suboptimal culture
medium and found far fewer gene expression dif-
ferences (41 genes) existed in embryos cultured
in suboptimal medium than in embryos derived
from ICSI that were cultured in the control (good)
culture medium. Gene expression abnormalities
included both overexpression and underexpres-
sion of specific genes (Fig. 17.2). These data are
supported by Bridges et al., who also reported
differences in gene expression in blastocysts fol-
lowing ICSI, primarily in genes related to devel-
opment [37]. Lastly, Kohda et al. evaluated gene
expression in mice derived from standard IVF
and ICSI/IVF and found that gene expression dif-
ferences were retained in neonates of ICSI-
derived pups but not from standard IVF pups
(Fig. 17.3) [38]. Importantly, Kohda et al. saw no
differences in the gene expression profiles at the
adult stage. Nevertheless, these studies clearly



Fig. 17.1 Electron micrographic imaging demonstrates
nonsynchronous decondensation of the sperm chromatin
following ICSI in the nonhuman primate model (rhesus
monkeys). In the left panel, the intact acrosome membrane
is observed and chromatin decondensation has begun in

the basal region but not the apical region. An aster (A) of
microtubules can be observed. In the right panel, basal
chromatin decondensation has progressed, but the apical
region lags behind in decondensation of the chromatin (C)
(from Hewitson et al., with permission [31])
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Fig. 17.2 Upregulation and downregulation of gene
expression from blastocysts compared between two treat-
ment options. Embryos were compared between ICSI and
culture in optimal medium (KSOMaa) and in vivo derived
embryos (left graph), ICSI and culture in suboptimal
medium (Whitten’s medium, WM, center graph), and

ICSI followed by culture in either of the two culture media
(right graph). The graphs demonstrate significant differ-
ences of upregulation and downregulation of genes when
ICSI is employed, regardless of the medium used for cul-
ture (from Giritharan et al., with permission [36])
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Fig. 17.3 Principle component analysis (PCA) of gene
expression in three tissues of mouse neonates derived
from ICSI compared to pups derived from IVF or natural
mating. In all three tissues, differences close similarity is
seen in gene expression clusters for natural mating and
IVF in IVF with BDFI medium. However, gene expres-
sion clusters very differently in pups derived from ICSI
and BDF1 medium, demonstrating a strong effect of the
procedure (from Kohda T, with permission [38])

demonstrate differences in gene transcription in
embryos and neonates following ICSI that may
have the potential of translating to real biological
differences in the offspring.

Another difference in embryos derived from
ICSI is a decreased number of inner cell mass
(ICM) blastomeres compared to controls. This
observation was reported in two of the studies
described above [36, 37]. Given the key role of
the inner cell mass in fetal development, this
observation is of keen interest. Equally important,
however, Giritharan et al. reported an even
stronger effect of ICSI on the number of trophec-
toderm cells [36]. A recent study by Hill et al.
reported that trophectoderm quality, including the
number of cells presents, correlated with implan-
tation and live birth rate in patients undergoing
IVF [39]. These data demonstrated another area
of concern in considering differences between
ICSI-derived embryos and control embryos.

The differences described above clearly dem-
onstrate that embryos derived from ICSI are dif-
ferent from embryos derived from standard IVFE.
While the data do not clearly demonstrate such
differences lead to an increased risk of disease or
anomalies in the offspring, it is important to
remember that the risk for many diseases usually
expressed in later life has not yet been evaluated
in ICSI offspring. Therefore, differences in gene
expression, epigenetic marks, or other emerging
areas of study must be monitored and further
studied before safety can be assured.

17.4 Fallacies Leading to Increased
Usage of ICSI

Unnecessary usage of ICSI has been accelerated
by certain fallacies purporting advantages from
ICSI that are unsubstantiated by the data. Included
amongst these fallacies are the beliefs that ICSI is
advantageous in cases of low numbers of oocytes,
that ICSI helps avoid fertilization failure and fail-
ure to have embryos available for transfer, and
that ICSI is financially advantageous to the
patient. In reality, the data available do not sup-
port these suppositions.

It is interesting to note that according to data
reported in the Center for Disease Control and
Prevention (CDC) 1999-2008 report, for each
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year of the study, pregnancy rates were consis-
tently higher for cases without ICSI compared to
cycles with ICSI (Fig. 17.3) [12]. This was true
whether donor sperm was used or nondonor
sperm was used. Since donor sperm are by
definition normozoospermic (most sperm banks
accept donors only if their semen quality is in the
top 10-20 percentile of quality), these data are
particularly valuable in assessing the inherent
benefit, or lack of benefit, of performing ICSI on
a routine basis. Not only was no improvement
observed, but also the pregnancy rate consistently
trended below the rate for patients using donor
sperm without ICSI. Similarly, the pregnancy
rate was consistently lower in patients using
homologous sperm with ICSI, compared to those
not using ICSI, despite the fact that severe male
factor patients usually present for IVF at a
younger age than nonmale factor patients.
According to data published by the Human
Fertilisation and Embryology Authority (HFEA)
in Great Britain, ICSI outcomes are slightly, but
not significantly (2-3 %), better for ICSI patients
than standard IVF patients, contrary to the CDC
data [40]. However, it is important to note that
pregnancy rates are generally much lower than the
rates reported by the CDC clinics, and this may
reflect practice difference that confound the data.
Nevertheless, the HFEA report states, “The differ-
ence in outcomes between ICSI and IVF most
likely relates to the cause of the underlying fertility
problem rather than a difference in the effective-
ness of the treatment. ICSI is a more invasive treat-
ment than IVF and should only be carried out when
there is a clear medical reason to do so” [40].
Perhaps the most convincing data that ICSI is
not advantageous to all patients are derived from
a well-designed and powered study by Nangia
et al. in which 465,046 cycles reported to the
Society of Assisted Reproductive Technology
(SART) clinic outcomes reporting database
between 2004 and 2008 were analyzed [41].
When comparing cycles with or without ICSI
only in couples with no male factor infertility and
only with female tubal factor infertility, the preg-
nancy rate is significantly higher for non-ICSI
than those undergoing ICSI (45.4 % vs. 40.4 %).
Interestingly, the fetal loss/stillbirth rate is also
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significantly lower in the non-ICSI group (16.0 %
vs. 19.3 %). This study is the largest study
reported (more than 7,000 couples in the subset
described above) and well defined to answer the
question of if routine ICSI is generally more
beneficial than standard insemination. The data
imply it is not.

It is important to note that no prospective
study has demonstrated a benefit for ICSI in
avoiding fertilization failure in cases with low
oocyte yield. In a retrospective study by Luna
et al. comparing ICSI with standard insemination
in cycles with four or fewer oocytes, no differ-
ence was reported in the incidence of fertilization
failure, cancellation rates, or clinical pregnancy
[42]. This study has recently been confirmed by
Xi et al. [43]. Lastly, some have proposed that it
is financially and emotionally advantageous for
the couple to perform ICSI, even when no clini-
cal indications for ICSI are present. The primary
explanation for this is the possibility of fertiliza-
tion failure if standard insemination is used.
However, the data described above clearly show
that the fertilization failure rate is not higher for
standard insemination, even when the number of
oocytes is diminished [42].

17.5 Conclusions

As described above, ICSI utilization is increasing
and there are those who are proponents of univer-
sal ICSI for IVF patients. This trend is concurrent
with another trend of minimizing the medical
evaluation of male infertility patients. As stated
in a report of the Bertarelli Foundation’s Second
Global Conference, “...the current treatment of
male infertility has become so dominated by the
breakthrough technology of ICSI that a kind of
‘nihilism’ has become widespread in the field.
This cynical viewpoint could be summed up in
the following words, ‘As long as a few sperm are
present, no further review of the male is needed’”
[44]. The report then summarizes the reasons for
further evaluation of the male, including his gam-
etes, and concludes that obvious reasons include
questions of health for the male and identifying
relevant information regarding the treatment
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options and outcomes for the couple. As stated
by the HFEA, ICSI should “only be carried out
when there is a clear reason to do so” [40]. The
data presented above highlight the fact that indis-
criminate use of ICSI is not warranted and may
be disadvantageous to the patient and offspring.

Numerous studies have demonstrated the
benefits of sperm function testing in assessing the
need for ICSI and improving the care of patients
[45]. While sperm function tests are notoriously
difficult to implement and require strict quality
control measures and proficiency testing, they
can be useful in minimizing the risk of fertiliza-
tion failure to a point that it is very cost-effective
in selecting which patients actually need ICSI
and fertilization failure is a rare event and usually
due to oocyte immaturity rather than sperm dys-
function. There is a strong need for greater con-
sideration more careful evaluation of the male in
couples undergoing IVF, including the use of
sperm function assays, strictly implemented and
controlled. This change, in some clinics, may be
described as a return to a more traditional medi-
cal evaluation and care. Studies and guidelines
are needed in each clinic to evaluate the
ramifications of nonindicated ICSI and establish
useful guidelines in selecting patients for ICSI.
Given the changing medical climate in the USA
and some other countries, the necessity and value
of measures of cost-effectiveness will likely
become more emphasized in our field. Regardless
of political pressure or economic realities, each
clinic should perform a careful, honest evaluation
of the cost/benefit ramifications of unwarranted
ICSI to the patients, not just the clinics. It is
doubtful that such an analysis would warrant uni-
versal ICSI or the increasing trend of increased
ICSI utilization reported by the CDC [12].

In summary, ICSI is one of the most important
advancements in the treatment of male factor
infertility and has benefited countless couples.
However, it is clear that real differences exist in
the fertilization process resulting from ICSI and
that gene transcription is altered in such embryos.
Given our emerging understanding of the possi-
ble effects of subtle epigenetic differences on cell
function and disease, further studies and long-
term monitoring of ICSI offspring are warranted.

221

Lastly, given the data we have and an understand-
ing of the limitations of the available data, ICSI
should be utilized discriminately in an evidence-
based manner.
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of Children Conceived Through ICSI
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Rachel Weinerman, Kurt T. Barnhart,
and Suleena Kansal Kalra

18.1 Introduction

Intracytoplasmic sperm injection (ICSI) has
become an important therapeutic intervention in
assisted reproduction technologies (ART), over-
coming many of the problems presented by male
factor infertility. The procedure, involving the
injection of a single spermatozoon into a mature
oocyte, has allowed for fertilization and preg-
nancy even in cases of severe oligospermia or
azoospermia [1]. Since its introduction in 1992,
ICSI use has grown substantially and is now
responsible for the majority of inseminations in
many ART centers [2]; in 2010, ICSI was used in
approximately 66 % of in vitro fertilization IVF)
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procedures in the USA, although the diagnosis of
male factor infertility was given in only 35 % of
cases [3]. Although the overwhelming majority
of children born following ICSI have been
healthy, concerns have been raised about the
potential harmful effects of ICSI on the resulting
offspring, and these have been borne out by mul-
tiple studies in several specific areas [4]. This
chapter reviews the literature to date on the out-
comes of children born following ICSI, with
emphasis on the incidence of congenital abnor-
malities, imprinting deficiencies, chromosomal
and karyotypic abnormalities, and neurologic and
developmental outcomes. Continued follow-up
of these children is essential to determine the
long-term outcomes of children conceived
through ICSI.

18.2 Congenital Anomalies

A major controversy surrounding IVF and ICSI
since its inception has been the outcome of
children born following ART procedures [5].
Although the absolute risk still remains small,
most studies have shown an increase in congenital
malformations following ART [6-9]. A recent
meta-analysis analyzing birth defects following
IVE, ICSI, and natural cycle showed a relative
risk of birth defects following ART of 1.39 (85 %
CI 1.29-1.50) [10].

Whether there is an additional increased risk
of congenital malformations following ICSI is
more controversial (Table 18.1). A systematic
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review of five studies evaluating congenital
anomalies in children born after ICSI with ejacu-
lated and nonejaculated sperm showed no differ-
ences in anomaly rates based on sperm origin,
although each study was small and the studies
overall were heterogeneous; additionally, three
of the five studies compared outcomes of ICSI
versus IVF and showed no differences in malfor-
mation rates [11]. A large study of 5,891 babies
resulting from ICSI and 3,893 babies resulting
from IVF found no difference in congenital
anomalies between the two groups, with rates of
3.5 % and 3.4 %, respectively [5]. Another large
study of 31,850 infants born in Sweden after IVF
or ICSI showed no differences in the rates of rates
of anomalies between the two groups [12].

In contrast, a recent large study of birth regis-
tries in Australia found an increased risk of birth
defects after IVF that was not significant after
controlling for parental factors; however, the
increased risk of birth defects following ICSI
remained significant, with an adjusted odds ratio
(OR) of 1.57 (95 % CI 1.3-1.9). The most com-
monly reported malformations in the above-noted
study included musculoskeletal abnormalities
(OR 1.5), urogenital abnormalities (OR 1.25),
and cardiovascular abnormalities (OR 1.36) [13].
A study of 208 singleton children following ICSI
found an increased rate of congenital anomalies
among children born to oligospermic fathers
compared to children conceived with ICSI whose
fathers did not have oligospermia [14].

Hypospadias and male urogenital anomalies
have been suggested to be associated with ICSI,
due to the prevalence of defects in spermatogen-
esis and male infertility in the fathers of ICSI off-
spring [15]. A survey study of 412 children born
following ICSI with epididymal or testicular
sperm (retrieved using testicular sperm extraction
(TESE) or percutaneous epididymal sperm aspi-
ration (PESA)) found hypospadias in 3 out of 187
boys for a rate of 1.6 %, five times the expected
rate of 0.28 % in the general population [16].
A recent cohort study compared 486 children
born following ICSI with sperm retrieved surgi-
cally [TESE, PESA, or testicular sperm aspira-
tion (TESA)] to 8,967 children from ICSI with
ejaculated sperm, 15,592 children from IVF, and
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63,854 natural cycle controls. The study showed
overall similar rate of congenital malformations
between the groups; however, the rate of cardiac
malformations was higher in the surgical retrieval
group compared to the IVF and (3.6 % vs. 1.1-
1.4 %), and an increase in the rate of undescended
testicles was seen progressively across the four
groups. The hypospadias rate did not differ
significantly in the surgical retrieval group com-
pared to the control groups [17]. An analysis of
724 consecutive births following ICSI using ejac-
ulated and nonejaculated sperm showed a higher
rate of major genital tract anomalies, including
cryptorchid testes and hypospadias, in the none-
jaculated versus ejaculated groups (1 % vs. 0.3 %,
OR 3.0 CI 1.0-9.2) [18].

Although the vast majority of children con-
ceived via ICSI do not have congenital anoma-
lies, further studies are needed to ascertain the
risk of birth defects and the possible etiologies
for the differences seen in large, population-based
studies.

18.3 Imprinting

Imprinting is a process of epigenetic changes to a
genome, whereby genes are modified according
to the parental origin of each allele, often by DNA
methylation or histone modifications [19]. A
small but significant increase in imprinting disor-
ders has been associated with ART procedures
and ICSI, including Beckwith—Wiedemann
Syndrome, Angelman Syndrome, and retinoblas-
toma (Table 18.2).

There are approximately 40 imprinted genes
in humans [20]. In these genes, one allele, deter-
mined by its parental origin, is silenced.
Imprinting marks are erased in germ cells but are
reestablished during gametogenesis. Complete
establishment of imprinting in the oocyte does
not occur until oocyte maturation; the process
occurs earlier in sperm development [21].

There are multiple ways in which ART may
affect genomic imprinting, including superovula-
tion, in vitro culture of embryos, and in vitro
maturation of oocytes. Studies involving mouse
models have, in fact, shown associations between
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Table 18.2 Imprinting disorders and IVF/ICSI

Disorder Gene affected

Beckwith—
Wiedemann Syndrome

Angelman Syndrome
Retinoblastoma

sequencing studies) [35]

disruptions of methylated genes, including H19,
IGF2, and CDKNI1C and all of the above inter-
ventions [5, 19]. ICSI specifically may also affect
imprinting because of its reliance on sperm from
men with oligospermia. Multiple studies have
shown an association between oligospermia and
male infertility and abnormal gene methylation
patterns including methylation changes in
the genes H19, MEST, HUMARA, and SNPRN
[22-25]. Clinically, there have also been several
case series suggesting an association between
ICST and rare imprinting disorders, as discussed
below.

Beckwith—Wiedemann Syndrome (BWS), a
rare developmental and growth disorder with an
incidence of approximately 1:13,700 in the gen-
eral population, has been associated with ART,
with a relative risk estimated to be six to nine
times higher among ART offspring [4]. Multiple
case series have suggested an association between
ART and BWS; initially, these series suggested
an association with ICSI specifically, but more
recent reports have shown an association between
BWS and IVF or ICSI [19, 26]. These series of
BWS cases showed a higher incidence of IVF or
ICSI use in the cases than would be expected in
the general population based on ART rates at the
time; a total of 64 out of 656 cases of BWS fol-
lowed ART, for a rate of 9.7 % compared to
~0.007 % in the general population [27].
Importantly, 90-100 % of the cases of BWS after
ART tested in these series had an imprinting
defect (mainly methylation of the maternal allele)
compared to the expected rate of 50 % in the gen-
eral population [19]. Of these 64 cases, 30 (47 %)
followed ICSI and 34 (53 %) followed IVF [27].
Additionally, a recent study of BWS children that
compared 25 post-ART children (12 IVF, 13
ICSI) to non-ART BWS cases showed more

DMRI1, DMR?2 (maternal methylation)

UBE3A (hypomethylation of maternal allele)

RBI (proposed mechanism hypermethylation
of promoter gene; not supported by gene
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Number of cases
64/656 cases following ART (30 ICSI, 34 IVF) [27]

Seven cases following ART (6 ICSI, 1 IVF) [19]

Nine reported by Moll and colleagues (3 ICSI, 6
IVF) [31, 34, 35]

methylation deficiencies in the ART cases, again
suggesting an association between IVF/ICSI and
defects in imprinting [28].

Angelman Syndrome (AS), another imprint-
ing disorder characterized by severe mental retar-
dation, seizures, and motor difficulties, has a
more specific association with ICSI. AS, with an
incidence of approximately 1 in 12,000 in the
general population, is due to loss of maternal
gene expression of the UBE3A gene [29]. An
imprinting defect in this gene is generally respon-
sible for only 5 % of cases of AS [30]; however,
five of the seven cases of AS that have been
reported following IVF or ICSI have had an
imprinting defect, for a rate of 71 %; six out of
these cases have followed ICSI (86 %) and one
followed IVF (14 %) [19].

Retinoblastoma is another condition thought
to be associated with imprinting that has been
linked to ART. A malignant tumor of the retina,
retinoblastoma has an incidence of approximately
1:17,000 births [31]. Retinoblastoma is most
often caused by a mutation in one allele of the
tumor suppressor gene RBI; loss of the second
allele is followed by tumor formation [32].
However, in 10-12 % of retinoblastoma cases,
the mutation in the RB/ gene is due to hyperm-
ethylation of the promoter gene [33], implying an
association with imprinting. A study in the
Netherlands in 2003 reported five cases of retino-
blastoma following IVF in 3 years. The authors
calculated a relative risk of five to seven based on
the prevalence of IVF of 1-1.5 % at that time
[31]. In this series, four of the cases followed IVF
and one followed ICSI. In a follow-up study with
data from 1995 to 2007, seven cases of retino-
blastoma were identified following IVF (five IVF
and two ICSI), for a relative risk (RR) of 2.5 dur-
ing the entire study period [34]. Since then, two
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more cases have been identified following ART:
one from IVF and one from ICSI; for a total of
nine cases: six following IVF and three following
ICSI [35]. However, in their follow-up study, the
authors performed gene sequencing on the tumors
of these patients and did not find hypermethyla-
tion of the promoter gene to be a cause of the
mutation in any of the cases of retinoblastoma
following IVF/ICSI, thus proving that the asso-
ciation between IVF/ICSI and retinoblastoma is
not related to epigenetic changes; the etiology of
this association therefore remains unknown [35].

Although the association between imprinting
and ART is stronger than that for imprinting and
ICSI specifically, the theoretical concern exists
that ICSI may have an increased risk of imprint-
ing disorders due to oligospermia and its
association with impaired methylation [25].
Additionally, multiple studies have shown asso-
ciations between imprinting disorders and a his-
tory of infertility in the parents, regardless of
ultimate conception method [36—38]. Population
studies have been limited by the rare nature of
these disorders, with reports from multiple large
registries failing to show an increase in the rela-
tive risk of imprinting disorders [39,40]. However,
with the incidence of BWS, AS, and retinoblas-
toma each in range of 1:12,000-1:17,000, it would
be difficult to show a significant difference with-
out an extremely large patient population [34].

Imprinting changes related to ART may have
subtler clinical effects as well, including changes
in growth, metabolism, and neurocognitive devel-
opment [26]. Additionally, there have been some
studies suggesting an increase in child malignan-
cies following ART [41, 42], a finding that may
be related to imprinting changes in tumor sup-
pressor genes [43].

The association of imprinting with ART is still
unclear. Initial studies suggested that ICSI con-
tributed to increased risk, but more recent studies
have refuted that. The risk of imprinting disor-
ders following ART is an area of continued, active
investigation and long-term follow-up is needed
to better ascertain the actual incidence as well as
the underlying etiology of risk in IVF- and ICSI-
conceived children
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18.4 Chromosomal Abnormalities

Special attention has been paid to the karyotypes
and chromosomal makeup of children born fol-
lowing ICSI due to the concern that abnormal
sperm may be injected during the ICSI proce-
dure, leading to an increased risk of chromosomal
abnormalities in ICSI offspring [44]. Sperm ane-
uploidy has been associated with compromised
sperm motility and morphology as well as sperm
concentration, with aneuploidy rates highest for
sperm obtained through testicular extraction [5].
Several studies have shown increased rates of
chromosomal aneuploidy following ICSI, gener-
ally showing aneuploidy rates ranging from 2 to
3.5 % [45, 46] (Table 18.3).

A systematic review of the literature involving
ICSI after nonejaculated sperm found two studies
that specifically studied karyotypes of fetuses
conceived after ICSI using ejaculated and none-
jaculated sperm [11]. One study analyzed the
karyotypes of 1,136 ICSI fetuses via amniocente-
sis. Of the patient population, 56 % had male fac-
tor infertility, 24 % female factors, and 20 %
unexplained; 128 of the ICSI procedures had
been performed using testicular sperm.
Karyotypic abnormalities were found in 17 of the
fetuses (1.5 %), seven were sex chromosomal
and ten autosomal [44]. This rate is higher than
the approximately 0.9 % expected in a general
population [47]. There was no difference in ejac-
ulated versus nonejaculated sperm, although the
absolute number of abnormalities following non-
ejaculated sperm was small (3, 2.3 %). The study
population was young (mean maternal age 32
years), and advanced maternal or paternal age did
not correlate with the occurrence of abnormal
karyotypes. When broken down by etiology of
infertility, the rate of chromosomal abnormalities
was 1.8 % in the male infertility group and 0.9 %
in the non-male infertility group, although this
difference was not statistically significant [44].

In a second study, a follow-up of a large
Belgium cohort, 1,586 ICSI fetuses were tested
via prenatal diagnosis; 47 (2.9 %) were abnormal,
of which 25 (1.6 %) were de novo abnormalities
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Table 18.3 Selected studies of chromosomal abnormalities in ICSI offspring

Citation Methods

Bonduelle et al. 1999 [46]

Aboulghar et al. 2001 [45]

Bonduelle et al. 2002 [48]

Jozwiak et al. 2004 [44]

(ten sex chromosomal and 15 autosomal), and 22
were inherited, of which 17 were noted to be
transmitted through the father. Two of the anoma-
lies were found in fetuses of patients who had
used testicular sperm. The rate of de novo abnor-
malities was noted to higher than that expected in
the general population (1.6 % vs. 0.5 % for a pop-
ulation with an average age of 35.5). When ana-
lyzed by male sperm concentration, a higher rate
of de novo abnormalities was seen in fetuses con-
ceived using sperm with concentrations less than
20 million/mL compared to fetuses conceived
with sperm with concentrations greater than 20
million/mL (2.1 % vs. 0.24 %, p=0.006) [48].
Taken together, these studies indicate an
increased risk of de novo and inherited chromo-
somal abnormalities following ICSI, although the
absolute risk remains small. The studies also sug-
gest that the abnormalities may be due to sperm
quality and the increased likelihood of chromo-
somal abnormalities in men with severe male fac-
tor infertility rather than the ICSI procedure itself;
however, larger sample sizes would be needed to
determine this since the rate of chromosomal
abnormalities is small in any given population.

18.5 Cognitive and
Neurodevelopmental
Deficiencies

A final area of concern regarding ICSI offspring
relates to their cognitive and developmental func-
tion. While many studies have shown reassuring
results of the developmental health of children

Prospective study of 1,082 ICSI
pregnancies with prenatal karyotype

Prospective study of karyotypes of
430 ICSI babies and 430 controls

Prospective study of 1,586 ICSI
pregnancies with prenatal karyotype

Prospective study of 1,136 ICSI
pregnancies with prenatal karyotype

Findings
Overall 2.6 % abnormal karyotypes; 1.66 %
de novo mutations, 0.92 % inherited mutations

Abnormal karyotype in 3.5 % of ICSI babies and
none of the controls; half were sex-chromosome
abnormalities (RR=3.10, CI=1.86-516.5)

1.6 % rate of chromosomal abnormalities; higher
rate noted in pregnancies conceived from fathers
with sperm concentration <20 million/mL

(2.1 % vs. 0.24 %)

1.5 % rate of chromosomal abnormalities,
no differences in rates based on etiology
of infertility or origin of sperm

born to ICSI [49-51], a few studies have shown
differences in cognition following ICSI [52, 53]
(Table 18.4).

An early follow-up study of 89 children born
following ICSI compared to IVF and natural con-
ception controls showed a lower mean score on
the mental development index (MDI) of the
Bayley Scales of Infant Development at 1 year of
life; although most ICSI children fell within the
normal range, a mean difference of six points
lower was observed [52]. Another study of 83
ICSI singletons compared to IVF singletons
showed lower IQ scores using the Revised
Amsterdam Child Intelligence Test for the ICSI
singletons at age 5-8 compared to the IVF con-
trols, with a mean score 3.6 points lower when
adjusted for differences between the groups;
however, this difference was not statistically
significant [53].

A recent study compared the motor, mental,
and language development of 148 children con-
ceived with ICSI using epididymal sperm com-
pared Dutch reference values at 2 years of age.
There were no negative differences seen in the
group compared to the Dutch reference values; in
fact, the MDI mean score was higher in the ICSI
group, although still within the normal range
(»<0.05) [54]. Other smaller studies have shown
no differences in cognitive development follow-
ing ICSI [50, 51, 55].

Cerebral palsy (CP) has also been associated
with ART; a meta-analysis of studies comparing
outcomes following IVF/ICSI showed increased
rates of CP following IVF or ICSI, but these dif-
ferences most often disappeared after controlling
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for prematurity and multiple birth, and there was
no difference seen between IVF and ICSI [56].
However, the recent large study of birth registries
in Australia, which showed an increase rate of
birth defects following ICSI (but not IVF),
showed higher rates of CP following ART even in
singleton births, with an adjusted OR of 2.22
(95 % confidence interval (CI) 1.35-3.63) [13].
Studies of autism following IVF or ICSI have
been limited but a meta-analysis showed no asso-
ciation of autism and ART [57].

A major limitation of studies to date has been
the lack of long-term follow-up. This is espe-
cially important for assessment of cognitive and
neurodevelopmental delays as many do not pres-
ent until school age or beyond [56]; peak preva-
lence for the diagnosis of autism, for example, is
8 years old [58]. Given the length of time to diag-
nosis of neurodevelopmental disorders, studies to
assess large cohorts with appropriate controls
need to be undertaken, especially as the offspring
proceed until late childhood and adulthood.

18.6 Conclusion

Thousands of children have now been born fol-
lowing ICSI, and the large majority of these chil-
dren have had favorable outcomes and normal
development. Real concerns exist, however, espe-
cially with regard to the increase in congenital
malformations, karyotypic abnormalities, and
imprinting changes following ICSI. Imprinting
defects in particular may have long-term conse-
quences that may as yet not be known. The oldest
children born from ICSI are now 20 years old,;
how these children will fare in their own repro-
ductive lives and in long-term outcomes includ-
ing aging and the risk of malignancy and chronic
disease has yet to be determined. Care should be
taken to understand the potential risks involved
and counsel patients appropriately when a deci-
sion to use ICSI is made. ICSI is now performed
in a majority of IVF cases, even though the
efficacy of ICSI for indications other than male
factor infertility remains unproven. In fact, a
recent evaluation of SART data presented at
ASRM demonstrated lower pregnancy rates when

R. Weinerman et al.

ICSI was performed for a variety of indications
other than male factor infertility [59]. Given the
potential risks and unproven efficacy, ICSI should
be used judiciously and only when indicated.
Long-term follow-up is essential to fully under-
stand the implications of ICSIL.
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19.1 Male Infertility Diagnosis
Infertility is commonly defined as the failure of
conception after 12 months of unprotected inter-
course [1]. Of the 62 million American women in
reproductive age (15-44 years old) about 11.1
million of them have impaired fecundity. In this
group, 1.2 million had infertility related consulta-
tions with an additional 6.2 million actually
receiving some form of infertility treatment. It is
now widely accepted that infertility causes are
equally distributed between male and female fac-
tors with the remainder including combined fac-
tors or unexplained [2].

In the general population, about 25 % of cou-
ples do not achieve pregnancy within 1 year,
15 % seek treatment for infertility, and less than
5 % remain childless. According to varying sur-
veys, it appears that the male partner is the culprit
in about half of the infertility cases. Male factor
infertility is commonly defined in terms of the
conventional semen profile, which provides
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descriptive information on the numbers of
spermatozoa present in the ejaculate, the propor-
tion that are motile or progressively motile, and
the percentage of morphologically normal [3].
The diagnosis of male factor infertility appears
straightforward by assessing the standard semen
parameters; however, the etiology remains still
unclear. In fact, the underlying reasons for oligo-
astheno-terato-zoospermia  (OAT) are still
unknown and often progressive, rendering the
effectiveness of conventional treatments aimed at
sperm preparation extremely doubtful. Reports
have drawn attention to the genetic etiology of
the loss of spermatozoal function [4], however,
while the reason for primary or secondary male
infertility remains a field that requires continuous
understanding. The implementation of microma-
nipulation techniques in the last 20 years has
made it possible to overcome male gamete pro-
duction and fertilization defects to allow male
partners to reproduce at rates that previously
would have been deemed unachievable.

The position of andrology in the male infertil-
ity work-up has been strengthened by the intro-
duction of testicular sperm extraction (TESE)
and microsurgical epididymal sperm aspiration
(MESA) following appropriate differential diag-
nosis of infertility causes (obstructive/nonob-
structive  azoospermia, congenital bilateral
absence of the vas deferens) or acquired, respec-
tively. The effectiveness of treating varicoceles
in terms of pregnancy outcome is still a matter of
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discussion. However, it seems clear that sper-
matogenesis can be, at least partially, restored,
after microsurgical varicocelectomy in some
men with cryptozoospermia or secretory azoo-
spermia [5].

While obtaining an infertility history, it is
important to attempt to identify any risk factors
(e.g., cryptorchidism and environmental hazards)
that may be of aid in their andrological assess-
ment. Unfortunately, the overzealous enthusiasm
of the reproductive specialists may drive the exces-
sive use of unconfirmed diagnostic tests. In fact,
these tests that claim to predict fertility status or to
indicate the appropriate ART procedure risk to
emotionally and financially drain childless men.

More relevant would be the routine genetic
analysis for clinical diagnosis of nonobstructive
azoospermia or severe oligozoospermia such as
the assessment for presence of microdeletions on
the long arm of the Y chromosome (Yq). The first
genetic test should be a karyotype analysis where
about 5 % of patients with fertility issues would
be identified and the prevalence increases to
around 15 % when considering men with azoo-
spermia [6]. Besides numerical abnormalities,
structural defects are also detected 5-10 times
more frequently in infertile men [7]. In addition,
other genes associated with normal sexual devel-
opment, testis determination, testis descent, and
spermatogenesis should be assessed such as the
CFTR (cystic fibrosis transmembrane conduc-
tance regulator) gene whose mutation cause cys-
tic fibrosis and absence of the vas deferens; the
androgen receptor gene whose mutations may
cause androgen insensitivity syndrome along
with spermatogenic damage; and the INSL3
(insulin-like factor 3) and LGRS (leucine-rich
repeat-containing G-protein coupled receptor 8)
genes whose mutations are associated with abnor-
malities in testis descent [7]. In some rare cases,
men with a well-defined sperm abnormality such
as globozoospermia can be assessed for single
gene defects, such as SPATA16 (spermatogenesis
associated protein 16) [8] and PICKI1 (protein
interacting with ¢ kinase 1) [9], which are both
presumably involved in the formation of the
acrosome. Single gene defects are commonly
expected in patients with a specific phenotype.
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However, the large majority of our patients for
male factor infertility suffer from poor semen
parameters. For these men, it is difficult to pre-
dict whether a single gene defect caused their fer-
tility problem or is more likely the result from an
interaction of one or more genes that are poten-
tially reflecting environmental influence.

A number of epidemiological factors that may
have a bearing on a couple’s fertility include age,
though the impact of male age is less obvious
than that of the female companion. Smoking by
both partners is highly relevant but more evident
in males showing that smokers have lower sperm
concentrations than nonsmokers [10, 11].
Occupational, environmental, and genetic factors
may also be highly relevant. In regard to the lat-
ter, there is no doubt that recent advances in
assisted conception technology have increased
our understanding of the etiology of male infer-
tility, particularly by drawing attention to the
major contribution of specific genes [4, 12—16].

Nonetheless, despite advances in the diagnos-
tic work-up of infertile men, in about 50 % of
them suffering from impaired spermatogenesis
the cause is unrecognized [17-19]. It has been
demonstrated that DNA damage in human sper-
matozoa has been linked with gamete perfor-
mance, such as poor fertilization, impaired
embryo development, increased pregnancy loss,
and even possibly some health consequences in
the offspring, not excluding cancer [20-23].
However, at this stage the origin and role of sperm
DNA fragmentation in the male gamete, as cur-
rently measured, is still controversial.

As a consequence, many couples with “unex-
plained” infertility eventually prove to have defec-
tive spermatozoa when appropriately sensitive
assays (such as acrosome reaction, antisperm anti-
bodies, and PLCC) are applied, yet some couples
with severely compromised semen parameters
prove to have normal sperm function [24, 25].

19.2 Versatility of ICSI

From September 1993 to June 2012, we have per-
formed at Cornell a total of 34,425 ART cycles
with an average maternal age for IVF of 37.6+4



19 Popularity of ICSI

235

Table 19.1 Fertilization and pregnancy rates according to semen origin

Spermatozoa
No. of Ejaculated Surgically retrieved
Cycles 21,302 2,225
Fertilization (%) 132,183/166,796 (79.2)* 12,922/20,779 (62.2)
Clinical pregnancies (%) 8,404 (39.5)° 993 (44.6)°

a2, 2x2, 1 df, effect of spermatozoal source on fertilization rate, P=0.0001
by2, 2x2, 1 df, effect of spermatozoal source on clinical pregnancy rate, P=0.0001

years and for ICSI of 36.0+5 years, and mean
paternal ages of 39.6+6 years and 40.8 +8 years,
respectively. Of those cycles, 31.7 % (10,898)
included the standard in vitro insemination with
a fertilization rate of 60.5 % and a clinical
pregnancy rate of 37.6 %, the remainder being
ICSI cycles.

ICSI was performed in 21,302 cycles with
ejaculated spermatozoa with a mean maternal
age 36.9+5 years. In our population, over 87%
(n=18,575) of our men had at least one abnormal
semen parameter according to the WHO 2010
criteria. Of the 175,833 MII oocytes injected
5.1 % lysed and those that survived yielded
79.2 % (132,183/166,796) zygotes, 2.5 % of
1PN, and 3.5 % of 3PN (Table 19.1).

When looking at men with severe oligozoo-
spermia (<1x10%ml) (n=1,476), the average
sperm concentration was 0.2+0.3 x 10%ml, with
an average motility of 18.6+20 %, and normal
morphology of 0.5+ 1 %. In these cases, we were
able to obtain a fertilization rate of 66.8 %
(9,222/13,800) with a clinical pregnancy of
43.3 % (640/1,479).

In cases where no spermatozoa are identified
in the counting chamber (n=188) and high-speed
centrifugation is needed to finally identify sperm
cells, yielded an average concentration of
0.008+0.003x 10°/ml with a mean motility of
15.8+18 %. Zygote formation occurred in 57.8 %
(1,106/1,912) of all oocytes injected with 2.5
embryos transferred per patient providing a clini-
cal pregnancy of 37.8 % (71/188).

In situations where no spermatozoa are found
in their ejaculate after two semen analyses, patients
opt to undergo epididymal or testicular sperm
retrieval. In 2,225 cycles with surgically retrieved

spermatozoa, the mean maternal age was 35.1+5
years. A total of 966 cycles were performed with
epididymal specimens and 1,259 cycles with tes-
ticular samples. When looking at men with
obstructive azoospermia that used spermatozoa
retrieved from the epididymis, those diagnosed
with congenital absence of the vas (n=524) had
higher fertilization (72.1 % versus 70.9%;
P=0.0001) as well as clinical pregnancies
(54.0 % versus 46.8 %; p=0.03) in comparison to
those that had an acquired vas obstruction
(n=442). In cycles that used testicular sampling,
we divided them according to their etiology as
being obstructive (n=228) or nonobstructive
(n=1,031). In these cases, the fertilization rate
was superior in the obstructive cohort when com-
pared to the nonobstructive group (64.5 % versus
52.7 %; P=0.0001) but resulting in comparable
clinical pregnancies (45.2 % versus 38.8 %).

When the fertilization and pregnancy charac-
teristics were analyzed according to the whether
the sample was cryopreserved, we observed that
after cryopreservation epididymal samples had
lower motility parameters (p<0.0001) as well as
pregnancy outcome (p=0.0001), though without
affecting fertilization rate. When testicular sam-
ples were used for ICSI, the situation was reversed
with zygote formation being higher in the fresh
specimens (p=0.03) as well as the ability of the
embryo to implant (p=0.0001) (Table 19.2).

To evaluate differences in performance
between insemination methods, we compared
embryological outcomes and clinical pregnancy
rates between standard in vitro insemination and
ICSI. While it appeared that fertilization was
lower in IVF than with ICSI (p=0.0001;
Fig. 19.1), this was confirmed after correcting for
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Table 19.2 Spermatozoal parameters and intracytoplasmic sperm injection (ICSI) outcome according to retrieval sites

and specimen condition

Spermatozoa

Epididymal Testicular
No. of Fresh Frozen/thawed Fresh Frozen/thawed
Cycles 342 624 917 342
Density (10/ml+SD) 45.8+47 26.6+32 04+2 0.2+0.7
Motility (% + SD) 19.0+£17¢ 4.1+8* 3.1+7 1.2+4
Morphology (% + SD) 1.7£2.3 1.2+2 0 0
Fertilization (%) 2,515/3,473 (72.4) 4,104/5,779 (71.0)  4,894/8,568 (57.1)¢ 1,406/2,959 (47.6)
Clinical pregnancies (%) 206 (60.2)° 284 (45.5)° 382 (41.7)¢ 121 (35.4)¢

aStudent’s t-test, two independent samples, effect of epididymal cryopreservation on sperm motility, p <0.0001
%2, 2x2, 1 df, effect of epididymal cryopreservation on clinical pregnancy rate, p=0.0001
edy2 2x2, 1 df, effect of testicular cryopreservation on fertilization and clinical pregnancy rates, p=0.0001

20

10

Fertilization

MIVF wmICSI

*'P=0.0001
P =0.0002

Corrected fertilization

Fig. 19.1 Fertilization and clinical pregnancy reported at
Cornell following standard in vitro insemination and ICSI.
To better compare fertilization success between the two

fertilization for all retrieved oocytes and not for
metaphase II, ICSI still yielded more oocytes that
fertilized (60.5 % versus 67.6 %; p=0.0001).
Furthermore, the ability to generate term preg-
nancies was also higher with the ICSI cohort
(p=0.0002). However, as in all fields of repro-
ductive medicine, the limiting factor remains to
be maternal age (Fig. 19.2) as can be evidenced
by an inverse relationship between delivery rate
and female age.

Clinical pregnancies

insemination methods, we have corrected fertilization
with ICSI using the total number of oocytes retrieved as
the denominator

19.3 Understanding Fertilization

Fertilization is defined as the process resulting
from the fusion of the two parental gametes, the
egg and the spermatozoon. When mammalian
eggs and spermatozoa meet in the oviduct, a series
of steps are set in motion that lead to fertilization
and ultimately to the development of a new indi-
vidual. Fertilization induces a cascade of critical
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Fig. 19.2 Effect of maternal age in relation to ICSI delivery outcome

events that result in the development of the zygote.
Capacitated, free-swimming spermatozoa must
initially recognize and bind to the extracellular
coat or zona pellucida (ZP) of the ovulated egg.
The sperm cell must complete the acrosome reac-
tion that enables it to penetrate through the thick-
ness of the ZP, then must bind to and fuse with
the egg plasma membrane to activate the ootid.
These multiple steps have been postulated to
involve receptor-ligand interactions, ion-channel
modulations, membrane fusions, and proteolysis
[26-29].

During fertilization, the egg is activated to
engage in embryo development. Oocyte activa-
tion involves a multitude of molecular changes
depending upon the species. Generally, it is trig-
gered by the binding of the male gamete to the
oolemma resulting in intracellular Ca** release
within the ooplasm during fertilization [30]. The
initial rise of free cytoplasmic Ca®* starts from
the site of sperm penetration and expands as a
wave through the oocyte [31, 32]. While one Ca*
transient is registered in echinoderm, fish, and
frog oocytes [31], repetitive calcium oscillations
that last up to several hours are observed in mam-
mals [33, 34]. In mammals the fertilization-
dependent Ca?* oscillations were proposed to be

due to the release of a soluble cytosolic factor by
the sperm following sperm-oolemma fusion [35,
36]. A putative phospholipase released from the
sperm head catalyzes the hydrolysis of PIP2
(phosphatidylinositol 4,5-bisphosphate) in the
plasma membrane yielding IP, (inositol trisphos-
phate) and DAG (diacylglycerol). IP, binds to its
receptor present on the endoplasmic reticulum
membrane and elicits the flux of Ca’ into the
cytoplasm [37] needed to activate the oocyte.

ICSI achieves a fertilization rate between 70
and 80 % with ejaculated spermatozoa indepen-
dently from the sperm’s functionality as long as
the male gamete is viable [38]. In some ICSI
cases, with a frequency ranging from 3 to 5 %
[39], complete fertilization failure occurs [40—
44]. This can have various causes, but it most
often occurs because of a nucleus-cytoplasmic
maturation asynchrony [42, 45-49]. In a propor-
tion of these cases, however, the inability of the
male gamete to generate conceptuses depends
upon a defect in the presence or function of the
sperm cytosolic factor [50, 51].

This is not the only contribution of the sper-
matozoon that we have learned through ICSI but
is also expressed as a structural component that
facilitates restoration of diploidy and subsequent
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embryonic development requires that each
gamete must contain only one half of the diploid
complement. The mature oocyte possesses all of
the elements necessary for embryonic develop-
ment but, in humans at least, it lacks an active
division center, which originates from the cen-
trosome and is contained within the spermato-
zoon. Boveri first defined the term “centrosome”
as a polar corpuscle containing centrioles [52].
Later it was defined more functionally as a micro-
tubule organizing center (MTOC) [53]. The cen-
trosome in somatic cells is considered to be
responsible for two basic events: the nucleation
of microtubules and the formulation of an efficient
mitotic spindle [54].

In most cells, the centrosome consists of two
morphologically distinct centrioles and the peri-
centriolar material (PCM). Centrioles do not seem
to be present in meiotic spindle of gametes but are
present at the spindle poles during the first mitotic
division in zygotes from various species [55]
including humans [56]. The mature human oocyte
does not have either centrioles or functional cen-
trosomes associated with its meiotic spindle
resulting in anastral, barrel-shaped, and microtu-
bules end abruptly at the poles. The outer pole,
however, is closely bound to the egg cortex.

In contrast to the oocyte, the human spermato-
zoon has two distinct centrioles. A well-defined
proximal centriole located within the connecting
piece next to the basal plate of the sperm head,
displays a 9+0 pattern of nine triplet microtu-
bules surrounded by electron dense material and
flanked by nine cross-striated columns. The distal
centriole is aligned with the axis of the flagellum
perpendicular to the proximal centriole and gives
rise to the sperm tail axonome during spermio-
genesis [56, 57].

The absence of the sperm centrosome could
be one of the causes of embryonic failure [42, 58,
59]. The utilization of biochemical and immuno-
logical techniques has now made it possible to
identify proteins that are integral components of
the centrosome [58, 60-62].

With the occasional exceptions such as the
mouse [63], centriolar and centrosomal inheri-
tance in mammals has been assumed to follow a
paternal lineage, and there is now little doubt that
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in humans only the male gamete has an active
centrosome [58, 64]. Extensive analysis by trans-
mission electron microscopy (TEM) has demon-
strated the presence of centrioles in spermatozoa
and in fertilized oocytes at syngamy, and their
absence in MII oocytes confirms the paternal
inheritance of the centrosome in humans [56].
Furthermore, FISH assessment of chromosome
distribution has revealed that the sperm cen-
trosome is solely responsible for organization of
the first mitotic division in human embryos [64].

19.4 Safety

Notwithstanding the large number of babies born
following ICSI worldwide, concerns still exist as
to whether the use of suboptimal spermatozoa
can result in genomic or phenotypic abnormali-
ties in the progeny [65]. In one of the earlier stud-
ies on the evolution of pregnancies after ICSI, it
was observed that the rate of malformation was
2.6 % after ICSI [66]. An extension of the Cornell
series, which included a total of 14,211 ART
children examined, found that the incidence of
overall malformation was comparable between
the IVF and ICSI.

These qualms are not only limited to the inher-
itance of specific traits that bear on fertility, but
most importantly those related to the postnatal
well-being of the offspring as reflected in growth
[67] or cognitive development [68]. Because a
complete child development evaluation is labor
intensive and costly, we proposed to use a stan-
dardized parent-administered questionnaire,
Ages and Stages Questionnaire® (ASQ), as an
alternative method to evaluate children for devel-
opmental delays that are crucial in their first five
years of life [69, 70]. In screening a large number
of children using the ASQ, we found that the
great majority of the 3-year-old children analyzed
in the ICSI and IVF groups had normal cognitive
abilities, socioemotional development, and motor
skill scores [71]. Of the children who had devel-
opmental delays, the large majority originated
from high-order gestations (p<0.01). This fur-
ther solidifies the theory that single embryo trans-
fer is essential in ensuring a healthy baby.
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Interestingly, children whose fathers’ gametes
were surgically harvested appeared to score bet-
ter than those conceived with ejaculated sperma-
tozoa by IVF and ICSI [72].

A recent survey on neonates evidenced that
ICSI children born after the use of surgically
retrieved spermatozoa had, however, a higher
incidence of cardiac defects in comparison to
ICSI using ejaculated and spontaneously con-
ceived. Another survey completed by parents evi-
denced that 5- and 7-year-old ART children were
more at risk of having respiratory problems char-
acterized as asthma, wheezing, or taking antia-
sthmatic medication in comparison to children
conceived naturally or after ovulation induction
[73]. When Leydig cell function of pubertal boys
(14 years old) after ICSI was assessed, either
through venous puncture or saliva sampling, tes-
tosterone concentrations were comparable to
naturally conceived boys [74, 75]. In another
series of investigations, the same researchers
monitored the pubertal development, by Tanner
stage (breast, genital, and pubic hair develop-
ment) and age at menarche, in singleton born
ICSI boys and girls, and did not evidence any
obvious sexual development in ICSI adolescents
in comparison to their 14-year-old spontaneously
conceived counterparts except for less pro-
nounced breast development in ICSI females
[76]. Finally, adiposity and body fat distribution
were also targeted in these 14-year-old adoles-
cents. No differences in body composition mea-
surements were found between ICSI and the
control cohort. However, in boys with more
advanced pubertal stages, there was a higher sum
of peripheral skinfolds. In addition, the periph-
eral adiposity and body fat percentage of ICSI
girls were significantly higher than their sponta-
neously conceived counterpart [77].

Overall, studies of children ranging from new-
born to 14 years of age [73, 74, 76, 78-82] have
been reassuring in terms of perinatal outcome,
1Q, and physical development [83]. Further fol-
low-up on ICSI teenagers into adulthood should
be continued to better understand the reproduc-
tive capacity of these youngsters.

The specific concerns in regard to ICSI,
whether real or theoretical [84—87], involve the
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insemination method, the use of spermatozoa
with genetic or structural defects, and the possi-
ble introduction of foreign genes. Several epide-
miological studies of assisted reproduction
children report a twofold increase in infant mal-
formations [88], a recurrent reduction in birth
weight [89], certain rare syndromes related to
imprinting errors [90-94], and even a higher fre-
quency of some cancers [95]. However, such
observations do not prove that there is an
increased risk of imprinting disorders and even
less so childhood cancers in ICSI children [87].

Thus far, Beckwith—-Wiedemann Syndrome
(BWYS) is the only epigenetic disorder that has
been clearly associated with ART procedures
[96] and has been found to be equally distributed
among the in vitro conception methods.
Epigenetic imbalances have been similarly linked
to the exposure of the embryos to long-term cul-
ture [83, 97]. At present, there is no evidence that
the ICSI insemination itself is responsible for any
increase in epigenetic disorders, findings that
have been confirmed in animal studies [98].

In summary, the most important factor that
can lead to adverse outcomes in offspring con-
ceived by IVF or ICSI is the occurrence of
high-order pregnancies. However, the introduc-
tion of single embryo transfer has reduced this
considerably. Although perinatal outcomes
such as prematurity, low birth weight, perinatal
mortality, and increased incidence of malfor-
mations have been linked to the techniques of
IVF and ICSI, the main culprit seems related to
infertility itself. Overall, no significant long-
term neurodevelopmental differences have been
found in connection with the ARTs, though the
risks associated with childhood cancer and future
fertility still require further investigation.

19.5 So, Why ICSI?

We have listed the often indistinct indications of
a couple’s infertility with many of them attribut-
able to the male partner. In our current practice
once the ART option is offered to a couple, it may
be intricate to choose a specific method of insem-
ination because of the looming chances of failed
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fertilization for subtle factors conferred by both
gametes. This pressure on the infertility specialist
may induce them to bypass the academic approach
and directly target a microinsemination method.
ICSI would spare the couple emotional and
financial tolls related to the unforeseen fertiliza-
tion failure. While ICSI was born to address
specific defects of the male gamete, it is now
mastered worldwide and aimed at an array of
applications.

ICSI has been equally successful whether the
sperm sample is fresh or frozen, is unrelated to
the characteristics of the semen parameters or
unaffected to the presence of anti-sperm antibod-
ies. Similarly, whether spermatozoa are ejacu-
lated or retrieved surgically from the epididymis
or testis, appear not to be a factor weighing on the
outcome. Moreover, ICSI’s dependability has
broadened its initial use from a technique capable
of overriding the dysfunctionality of spermato-
zoa to one that may partly compensate for prob-
lems with the egg. Indeed, ICSI has allowed
successful fertilization when only few and/or
abnormal oocytes were available. Stripping
cumulus cells off the oocytes allows a direct visu-
alization of oocyte maturation occurrence, there-
fore offering a woman with a limited number of
oocytes a much greater chance of successful fer-
tilization. In fact, the availability of ICSI has been
instrumental in some European countries that
include Italy and Germany in circumventing
restrictive legislation that limits the number of
oocytes inseminated or embryos to be replaced.

ICSI has also made the consistent fertilization
of cryopreserved oocytes possible where prema-
ture exocytosis of cortical granules causes zona
hardening, thereby inhibiting natural sperm pen-
etration. Furthermore, ICSI is the preferred con-
ception method during the application of
preimplantation genetic diagnosis by avoiding
sperm DNA zona contamination and enhancing
the number of embryos available for screening.

Moreover, ICSI has an impact in the arena of
HIV infection. Many patients infected with HIV-1
show interests in beginning a family, most sero-
discordant couples are concerned, nevertheless,
with the possibility of both horizontal and vertical
transmission of the virus. In such cases, intrauterine
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insemination with spermatozoa processed by
double-gradient centrifugation followed by swim
up has been the suggested method of treating
serodiscordant couples with an HIV-1 infected
male partner. The use of ICSI has been proposed
by several groups because of its negligible oocyte
exposure to semen, thereby reducing the risk of
viral transmission.

We can in fact use all spermatozoa collected
from different sources within the male reproduc-
tive system and we can be nonchalant about the
presence of antisperm antibodies, careless about
the sperm preparation, even callous about its mor-
phology and if the spermatozoa has an acrosome
or even an abnormal chromatin packing, a com-
plete flagellum or display motility. These applica-
tions for ICSI seem destined only to increase even
more with the surfacing of streamlined and auto-
mated approaches being developed to carry out
in vitro insemination.

It is because of the ICSI practice that we reap
the most benefits related to this entirely different
way of generating a conceptus. In fact, the
removal of the cumulus cells to allow injection
offers a window of assessing the maturity of
oocytes and, therefore, pinpoint the exact timing
of when fertilization begins while providing
information on the efficacy of an ovarian stimula-
tion, particularly nowadays when we are trying to
reduce the stress to the ovary and minimize the
oocyte retrieved while improving their quality.
The abnormal ICSI fertilization has helped us to
shed light on the inheritance of the centrosome as
previously elucidated.

ICSI has been invaluable in understanding the
mechanism of oocyte activation whether due to
ooplasmic asynchrony or a lack of spermatozoal
cytosolic factor. Nonetheless, the use of ICSI has
generated a great deal of concern since it may
increase the risk of transmitting genetics diseases
to the offspring as confirmed by studies reporting
on the higher incidence of sex chromosomal aneu-
ploidy of paternal origin and structural de novo
chromosomal abnormalities in children conceived
after ICSI, compared to the general population.
This indicated that spermatogenic impairment due
to a primitive testiculopathy have an increased
sperm aneuploidy rate, which negatively correlates
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with the main sperm parameters despite a normal
somatic karyotype. This suggests that the noxae
acting at the testicular level not only impairs sper-
matogenesis but affects the molecular mechanisms
involved in chromosomal segregation.

In spite of these unsettling implications, the
well-being of ICSI offspring is reassuring as long
as a singleton term pregnancy is achieved. This is
also true when surgically samples or when scarce
sperm cells with “prohibitive” morphology have
been injected.

19.6 Conclusions

The take-home message from this presentation is
that during consultation with infertile couples
presenting with borderline semen parameters,
where there are dubious chances of fertilizing a
conceptus, or when it is foreseen that the indi-
viduals may not be able to emotionally handle an
unexpected fertilization failure, ICSI should not
be denied. As in all aspects of medicine, the
counseling begins with the description of the side
effects of medications, the surgical risks linked to
egg retrieval, the possibility to transmit genetic
disorders, even if currently unknown to the pro-
spective parents, related to the oocyte or the
sperm. Nonetheless, the chances of a de novo
appearance of a disorder resulting from the
syngamy of the two parental gametes should be
contemplated. The concerns related to the health
of the ICSI offspring are not linked to the proce-
dure itself but mostly to the genetic or epigenetic
conditions of the parents that is expressed through
the utilization of their gametes.
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20.1 Introduction

Reproductive health has historically focused on
maternal and child health. This focus led to a
rather narrow definition that implicitly denoted
pregnancy and its related outcomes. More inclu-
sive definitions have evolved in recognition of the
many facets encompassing reproductive health,
particularly from a population health perspective.
For purposes of this chapter, we utilize the
definition of reproductive health that was estab-
lished at the International Conference on
Population and Development as, “... a state of
complete physical, mental and social well-being
and not merely the absence of disease or infirmity,
in all matters relating to the reproductive
system...” [1]. This definition gives way to a

S.A. Missmer, Sc.D. (><))

Department of Obstetrics, Gynecology, and Reproductive
Biology, Brigham and Women’s Hospital,

Harvard Schools of Medicine and Public Health,

221 Longwood Ave, Boston, MA 02115, USA

e-mail: stacey.missmer@channing.harvard.edu

G.M.B. Louis, Ph.D., M.S.

Division of Epidemiology, Statistics and Prevention
Research, Eunice Kennedy Shriver National Institute
of Child Health and Human Development,
Rockville, MD, USA

e-mail: louisg@mail.nih.gov

PN. Schlegel et al. (eds.), Biennial Review of Infertility: Volume 3,

spectrum of reproductive health endpoints and
related impairments suitable for clinical and pop-
ulation health research, including research involv-
ing (pre)adolescents, men, women, and couples.

From a research perspective, reproductive
health encompasses two broad domains—fecun-
dity and fertility —each of which has an associ-
ated spectrum of interrelated endpoints. Fecundity
is defined as the biologic capacity of men and
women for reproduction irrespective of preg-
nancy intentions, while fertility denotes live birth
[2]. As such, fecundity is a necessary but not
sufficient “cause” of fertility. Clinicians and
researchers spend considerable time focusing on
fecundity- and fertility-related impairments, in
light of the many lingering data gaps underlying
“normal” human reproduction and development
that preclude a more complete understanding of
the pathophysiology of reproductive impair-
ments. Figure 20.1a illustrates our research para-
digm for reproductive health encompassing the
two domains to emphasize the spectrum of
endpoints suitable for study in both men and
women, all of which are well suited to prospec-
tive design. It also reflects the many opportunities
for exposures to alter interrelated endpoints,
which may be responsible for the inefficient
nature of human reproduction relative to other
species, as characterized by low cycle specific
conception probabilities, inefficient spermato-
genesis, and high rates of pregnancy loss [3-7].
In addition, Fig. 20.1b is a modification of this
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Reproductive Health

Fertility
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Fecundity)

Reproductive Health
(ART Populations)
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(Assisted Fertility)

Fig. 20.1 (a) General population research paradigm for
reproductive health suitable for cohort research designs. (b)

general population paradigm, specific to the pop-
ulation utilizing assisted reproductive technolo-
gies (ART). This population is particularly well
suited to the cohort design—whether observa-
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Research paradigm for reproductive health among subfe-
cund ART populations suitable for cohort research designs

tional or interventional (i.e., the randomized con-
trolled trial) with the exposure assigned, given
the short duration from treatment commencement
to evidence of an outcome.
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20.2 Conceptual and Methodologic
Challenges

The conceptual paradigm for reproductive health
as presented in Fig. 20.1a, b needs to be opera-
tionalized for research purposes to accommodate
many unique aspects of successful human repro-
duction and development. These include: deter-
mining the targeted referent and study populations,
selection of the appropriate sampling framework
for establishing the cohort, and designing data
collection and analytic approaches that can reflect
temporality, capture the hierarchical exposure
data structure and either the hidden or correlated
nature of many reproductive study outcomes.

One of the unique challenges underlying study
of fecundity-related reproductive health out-
comes is the absence of sampling frameworks for
identifying and recruiting reproductive aged men
and women who are representative of their refer-
ent populations. For example, investigators inter-
ested in prospective study of the environmental
(nongenetic) determinants of spermatogenesis or
menstruation do not have a priori defined sam-
pling frameworks available for study. There is no
registry, per se, comprising pubescent males or
those aged >18 years with the possible exception
of the selective military services registries in
many countries. Motor vehicle driving registries
are another possible sampling framework for
reproductive aged populations, given their high
population prevalence for legal driving or proof-
of-identity licenses. However, such registries are
often not available for research purposes and
conditions for use vary across States.

Sampling frameworks become even more
challenging for specific research questions, such
as in time-to-pregnancy (TTP) studies, which
estimates couple fecundity defined as the time
(menstrual cycles or calendar months) required
to become pregnant. An inherent complexity is
that approximately 38 % of pregnancies in every
U.S. State are unintended (defined as either mis-
timed or unwanted), and more than half are unin-
tended in 29 States and the District of Columbia
[8]. By definition, only the proportion of couples
actively planning conception is among the
eligible population; however, they may not
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Table 20.1 Existing research focusing on couple fecun-
dity as measured by time-to-pregnancy or early pregnancy
loss by type of sampling framework

Convenience
sampling (authors)
Volunteers

Miller et al. (1980) [9]
(early pregnancy loss)

Whitaker et al. (1983) [10]
(early pregnancy loss)
France et al. (1984) [12]

De Mouzon et al. (1988%) [14]
Wilcox et al. (1988) [15]
Vartiainen et al. (1994) [16]
Zinaman et al. (1996%) [18]
Columbo et al. (2000%) [19]

Population-based
sampling (authors)

Motor vehicle registry
Sweeney et al. (1989) [11]

Ellish et al. (1996) [13]

Occupational cohorts
Hakim et al. (1995) [17]
Bonde et al. (1998*) [3]
Wang et al. (2003) [20]

Pyper et al. (2004) [21]

Mikkelsen et al. (2009) [22]  Health maintenance

organization
Brown et al. (1996) [23]

Fish/hunting license
registries

Buck et al. (2002) [24]
Buck Louis et al.
(2011%) [25]

“Recruited couples not just women

represent the full distribution of exposures or
reproductive health. Such designs using the gold
standard of preconception recruitment face even
more sampling challenges stemming from the
narrow interval between discontinuing contra-
ception and the beginning of the trying attempt.
Two recent population-based sampling attempts
to recruit couples for fecundity studies have
reported that <1 % of reproductive aged couples
may be planning or at risk for pregnancy at any
point in time [26, 27], underscoring the need for
large sampling frameworks for population
research. Table 20.1 lists some of the sampling
frameworks utilized by researchers for assessing
fecundity (e.g., TTP) or its impairments (e.g.,
early pregnancy loss), including convenience-
and population-based studies. Women, and to a
lesser extent couples, have been recruited through
traditional media sources and most recently
through the internet [22], and from established
registries ranging from health insurance to occu-
pation and regulatory registries. Lastly, it is
imperative that the sampling unit (e.g., women,
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couples, and menstrual cycle) be specified at the
design phase so that the appropriate analytic plan
can be designed and implemented.

Once the study population and sampling
framework have been established as determined
by the research question and other logical consid-
erations, the inherent methodologic nuances
underlying human reproduction and development
need to be considered. These include (1) recogni-
tion of the endogenous and exogenous nature of
exposures relevant for reproductive health; (2)
hidden outcome data; (3) hierarchical exposure
data structure; (4) clustering of many study out-
comes; and (5) model specification responsive to
censoring and missingness of data. These are par-
ticularly complex issues within the context of
ART, where multiple cycles can be attempted,
intervention during subsequent cycles is informed
by the clustered outcomes observed in the previ-
ous cycle, and censoring is typically correlated
with both exposure factors and outcome proba-
bilities [28, 29]. Collectively, these methodologic
aspects of scientifically rigorous research impact
the interpretation of research findings. A brief
description of each follows as they pertain to pro-
spective inquiry, though other resources exist for
a more complete description of the issues
[30-33].

Many factors of interest for reproductive health
can be both endogenous and exogenous in nature.
Stress is such an example as women with higher
concentrations of alpha amylase, a salivary stress
biomarker, are reported to have a lower probabil-
ity of conception each day during the fertile win-
dow relative to women with lower concentrations
[25]. Thus, stress can be an endogenous factor
leading to diminished libido, which may increase
TTP leading to even higher exogenous stress lev-
els when pregnancy fails to occur. The hidden
data issue reflects the longstanding recognition
that many reproductive health outcomes cannot
be measured [34], with the exception of unique
population subgroups such as couples undergoing
assisted reproductive technologies, where other-
wise unobservable intermediate outcomes such as
ovarian response, fertilization, and embryo qual-
ity can be captured. Such hidden data or outcomes
include ovulation, conception, implantation, and
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very early pregnancy loss. Clinical subgroups
(e.g., ART) of the population comprise an excel-
lent sampling framework for capturing to the
extent possible hidden outcomes, particularly if
probability based rather than convenience based
sampling strategies are utilized. A hierarchical
data structure is a unique hallmark of fecundity
and fertility endpoints and has the added chal-
lenge of pertaining not only to the male or female
but also to the couple if couples are the sampling
unit. Figure 20.2 illustrates the hierarchical data
structure for cohort studies, particularly for cou-
ple-dependent outcomes such as TTP, conception,
or pregnancy. Data collection instruments need to
be designed to capture the anticipated hierarchi-
cal structure.

Correlated or clustered outcomes are noninde-
pendent and they require appropriate techniques
for analysis. Clustered outcomes can include both
nonindependent observations in groups or
repeated observations for the same individual.
Examples of correlated outcomes include multiple
or higher order births, multiple semen samples
per male, multiple menstrual cycles per female,
multiple infertility treatment cycles per couple,
or multiple embryos within a single infertility
treatment cycle. The repeatability of fecundity
(e.g., TTP) as well as impaired fecundity (e.g.,
pregnancy loss) is well known [35-37]. This
longstanding clinical observation has led to prior
history of an adverse pregnancy outcome being
considered a risk factor for subsequent pregnan-
cies in many perinatal scoring systems.
Historically, investigators have either ignored
such clustering or designed it away by restricting
analysis to one treatment cycle or pregnancy per
woman. Correlated outcomes are a key consider-
ation for assisted reproductive technologies,
given that many couples have multiple treatment
cycles accompanied by a varying number of
oocytes retrieved or embryos created and trans-
ferred per cycle [28]. Of note, failure to account
for any correlated outcomes may lead to unpre-
dictable bias or incorrect conclusions [28, 38—40].
Fortunately, several new modeling strategies are
available to deal with the complex within-cluster
correlation such dependency introduces. These
approaches include hierarchical models such as
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Fig.20.2 Illustration of the hierarchical data structure for various reproductive health outcomes

Bayesian methods, mixed models, or generalized
estimating equations (GEE). However, GEE
analysis estimates only population-level not
subject-specific inference, the latter which is
most relevant for clinical prediction. A more
complete discussion of these models is beyond
the scope of this chapter.

Finally, specifying the working etiologic (or
prediction) model requires particular attention to
the missingness of the data, potential intermedi-
ates, and informative censoring to ensure the
veracity of results from cohort studies. Missing
data are an important source of bias, particularly
when not at random, such as the case when cou-
ples leave ART treatment for specific reasons [29].
Other examples of important sources of missing-
ness include our inability to know the precise
timing when couples’ fecundity returns and when
they become at risk for pregnancy (e.g., TTP), or

our inability to identify the precise timing of
embryonic or fetal death.

Intermediates are events in the pathway
between exposures and outcomes, such as birth
weight when studying maternal cigarette smok-
ing and infant outcomes. Often, intermediates are
controlled either in the design stage by restriction
or in the analytic phase by stratification or model-
ing techniques. However, often such adjustment
is made without any indication or without simul-
taneous control of the common sources for both
the intermediate and outcome. Such inappropri-
ate adjustment may introduce bias or diminish
precision leading to incorrect or paradoxical
results [41, 42].

Censoring arises from the loss of study partici-
pants, which is a particular concern for prospec-
tive cohort designs. As a result, the exact timing
of the outcome is unobserved. Censoring is further
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defined to include left, right, or interval censoring.
Left censoring denotes that the outcome occurred
before the study’s follow-up interval. Left censor-
ing is typically a consideration in pregnancy
cohorts, in that conception occurred before enroll-
ment, but its precise timing is unknown. Right
censoring denotes that the outcome occurred after
the study’s follow-up interval. Right censoring is a
concern with many cohort studies including TTP
or ART follow-up cohorts when pregnancy occurs
either after the study or during a rest cycle, respec-
tively. Interval censoring is a unique feature of
reproductive health, in that an outcome is known
to occur but only within an interval. Embryonic or
fetal demise is an example of such censoring, in
that the exact timing of death is often unknown.
Close monitoring of cohorts is needed to ensure
any censoring including attrition rates are unre-
lated to the study outcome.

Truncation is a closely related methodologic
consideration to censoring and refers to the win-
dow of observation and not study participants,
per se. Left truncation needs to be accounted for
in many fecundity studies when another outcome
occurs before the study’s follow-up. For example,
couples discontinuing contraception for purposes
of becoming pregnant may experience an occult
pregnancy loss before enrollment into a TTP
cohort study.

Despite these as well as many other method-
ologic considerations impacting the design of
cohort studies, there are many available analytic
techniques available to empirically assess their
impact on study findings. Still, there is no substi-
tution for valid and reliable data collection,
including measurement of time-varying expo-
sures and utilization of statistical methods that
account for these dynamic variables that are the
hallmark of prospective cohort designs focusing
on reproductive health.

20.3 Cohort Study Design
20.3.1 Whatls a Cohort Design?
A cohort design is a design in which a well-

defined group of individuals are followed to iden-
tify new or incident disease or a health outcome.
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There are various ways to define the cohort,
including the presence/absence of a particular
exposure (e.g., multivitamin use), behavior (e.g.,
discontinuing contraception to become pregnant/
commencing ART), or unique group membership
(e.g., health maintenance organization). The
duration of follow-up can be relatively short (e.g.,
ART or menstrual cycle), represent a critical or
sensitive window (e.g., pregnancy) or last decades
(e.g., birth cohorts followed until adulthood or
beyond). At specified intervals or at the comple-
tion of follow-up, cohort members are compared
by their exposure status in relation to study out-
comes. When the exposure, behavior, or defining
event is not randomly assigned to cohort mem-
bers, it is an observational rather than an experi-
mental design. When the exposure is assigned, it
is an interventional or randomized controlled trial
design. The fundamental characteristics of a tra-
ditional cohort design include (1) the cohort is
free from disease at enrollment; (2) exposure sta-
tus is defined at enrollment and sometimes again
during follow-up; (3) the study’s outcome(s)
is(are) determined for all cohort members; and
(4) data on known or possible confounders or
covariates are measured at baseline or before dis-
ease occurrence, given the nonexperimental
nature of the design.

Investigators have the option depending upon
the research question to establish one cohort with
a heterogeneous range of exposure among its
members or to establish separate cohorts on the
basis of exposure status. In the latter case, one
cohort is presumed exposed or to possess the
unique characteristic, while the other cohort is
unexposed or lacking the unique characteristic.
In addition, an exposure cohort can be matched to
an unexposed cohort on factors that may impact
disease occurrence. This approach is called a
matched exposure cohort design [43].

20.3.2 Are There Subtypes of Cohort
Designs?

The cohort design is actually flexible, in that it
can be further characterized as being either pro-
spective or retrospective in nature. These
qualifiers pertain to the timing of when exposure
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*Disease status occurs after enrollmen

Fig. 20.3 Illustration of retrospective and prospective cohort design studies

and disease or the study outcome occurs relative
to the timing of exposure data collection. To this
end, if cohort identification and data collection
occurs at measurement of the exposure with fol-
low-up to identify outcomes, it is a prospective
cohort. If exposure or both exposure and out-
comes have occurred prior to cohort identification,
and therefore data are collected from and limited
to existing information, it is a retrospective
cohort. Figure 20.3 illustrates these subtle but
important differences regarding the timing of
exposure and disease status. The prospective
cohort design is, perhaps, most commonly known
and utilized in clinical and epidemiological
research and is the only design that can incorpo-
rate intervention/randomized controlled trial. Its
great advantage is the ability to collect the expo-
sure and potential confounding or effect modify-
ing factor data in the breadth and depth desired
(when biologically or technologically feasible)
and also while allowing for variation in these fac-
tors across time as the realities of the participant’s
experiences unfold in real time.

Still, the retrospective cohort design can be
particularly powerful and cost-effective in situa-
tions where good historical exposure data can be
retrospectively ascertained. Many environmental
or occupational retrospective cohorts have been
successfully conducted. An example of a more
recent historic cohort would be the enrollment of
couples completing ART, where the spectrum of
outcomes (e.g., oocyte stimulation and retrieval
through embryo evaluation and transfer and ulti-
mately implantation through delivery) is known

requiring retrospective ascertainment of various
exposures or lifestyle factors that occurred prior
to the outcome(s) from partners or the couple.

Studies of TTP are another example of when a
prospective and retrospective cohort study can be
considered. The gold standard remains a prospec-
tive cohort design with preconception recruit-
ment and enrollment of couples discontinuing
contraception who are then queried on exposures
and followed prospectively for a specified period
of time such as 12 menstrual cycles [8]. Still,
many retrospective TTP cohort studies have been
conducted. In such instances, a cohort of preg-
nant women is recruited and established and then
are followed through delivery (often with their
offspring being prospectively followed) with ret-
rospective ascertainment of exposures including
TTP [44]. However, bidirectional reporting errors
in TTP have been found when comparing retro-
spective to prospective TTP, when assuming pro-
spective to be the gold standard [45].

More recently, a number of hybrid cohort
studies have been developed with varying
degrees of utilization by researchers including
those interested in reproductive health. These
include the case—cohort and the case—crossover
designs. Each of these designs, however, has a
number of important methodologic consider-
ations that are beyond the scope of this chapter.
The reader is encouraged to consult one of
many good methodologic textbooks on cohort
and hybrid designs to ensure the designs are
properly implemented. A brief description fol-
lows; however, more complete details of each as
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they pertain to reproductive health is presented
elsewhere [46].

The case—cohort design was proposed by
Prentice and Pyke (1979) and is useful for ana-
lyzing event time such as disease occurrence in a
cohort [47]. This design compares all participants
having the outcome under study with a random
sample of the overall cohort established at base-
line before disease or the study outcome occurs.
The unique aspect of this design is that multiple
“case” groups can be selected and compared with
one random comparison group selected from the
overall cohort. Given the many outcomes that can
be assessed in a cohort study, this design is well
suited for implementation. ART research, for
example, lends itself to investigation of a spec-
trum of treatment outcomes all of which are clini-
cally relevant and informative. Unlike a nested
case—control study that assesses all cases and all
controls, only a random sample of participants
needs to be selected for the subcohort.

The case—crossover design allows individuals
to serve as their own case and control as they are
prospectively followed [48]. Given that each per-
son contributes his/her comparison information,
no external comparison group is needed. In this
design, study participants experiencing an acute
outcome are queried about exposures preceding
the event along with other time periods that serve
as a comparison interval. While this design origi-
nated with cardiovascular epidemiology in look-
ing at myocardial infarction, it is appropriate for
“acute” outcomes such as conception. Such a
design would allow researchers to determine
what is different about the menstrual cycle women
became pregnant relative to previous nonpreg-
nant cycles. Several strong assumptions underlie
this design including no systematic changes in
the exposure or relevant covariates over the study
time period.

20.3.3 What Kind of Exposures Can Be
Studied in a Cohort Design?

Much of this answer depends upon the research
question under study. Some exposures may be
fixed in that they do not change from enrollment
or baseline (e.g., age at menarche in a cohort of
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adult women). More typically, perhaps, are
exposures that have the ability to change, such as
couples’ lifestyles that include dietary or other
behavioral (e.g., exercise and alcohol use) types of
exposure that are subject to change. Also, change
can be in either direction and can be motivated by
pregnancy intentions or becoming pregnant.

One of the unique aspects about a cohort
design is its ability to assess a range of exposures,
assuming all are measured at baseline or some
time interval prior to the onset of disease. As
noted earlier, a hierarchical data structure is typi-
cal of most cohort studies focusing on reproduc-
tive health and will include a multitude of
exposures or relevant covariates that need to be
measured. Exposure status, however defined, is
ascertained at baseline typically defined as upon
enrollment, and it may represent a host of envi-
ronmental agents, lifestyle, or behaviors or it can
characterize a particular characteristic that is a
determinant of the study’s outcome.

Timing of exposures is an important aspect
that requires careful planning for both retrospec-
tive and prospective cohort studies. Exposures
must temporally fall before the outcome.
Measurement of exposures is dependent upon the
a priori defined unit of analysis such as couple,
woman, cycle, or day level. Cohort studies often
have time-varying covariates reflecting important
time intervals, and the measurement of time is
dependent upon the unit of analysis. For example,
when analyzing ART cycles, the unit may be the
treatment cycle, which cannot be exchanged with
calendar time in the analysis. Similarly, if female
or male partners are the unit of analysis, they can-
not be exchanged for couples or vice versa.
Changes in the time scale during the analysis
phase of research may result in a loss of statistical
power or the emergence of time/secular trend/
age-related confounding that biases study results.

20.3.4 What Kind of Endpoints Can Be
Studied in Cohort Designs?

As illustrated in Fig. 20.1a, b, cohort studies are
well suited to the simultaneous evaluation of a
spectrum of outcomes relative to a particular
exposure or set of exposures. For example, a
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prospective TTP cohort study can assess exposures
in relation to semen quality, menstruation, ovula-
tion, pregnancy, and infertility. If this same cohort
is followed through pregnancy, it can assess
gravid health or disease, gestation, and infant
outcomes as recently demonstrated [26]. Cohort
studies can be the platform for transgenerational
research, as has been done for some of the par-
ticipating clinical sites in the U.S. Collaborative
Perinatal Project [49, 50]. What is particularly
needed is the continued follow-up of established
cohorts to assess fecundity and fertility and its
implications across the lifespan. Examples of
such novel research include the Nurses’ Health
Studies I and II [51, 52], although due to age at
cohort enrollment (30-55 and 25-42 in 1976 or
in 1989, respectively) pregnancy history was
self-reported rather than prospectively observed
for a large portion of participants. The Growing
Up Today Study (GUTS), a cohort comprised of
27,000 children of the Nurses’ Health Study II
participants who are now in the 20s has been col-
lecting data since these young adults were prepu-
bescent, affording true prospective cohort
evaluation of reproductive health as well as inter-
generational associations [53].

20.3.5 What Are Special Considerations
to Keep in Mind About a Cohort
Study?

Despite its utility for reproductive health and its
many strengths, noninterventional cohort studies
remain observational designs and are subject to
bias. Exposures are not randomly assigned in
observational cohort designs precluding its abil-
ity to directly assess causality. If well designed
and implemented, cohort designs are powerful
tools for understanding associations between a
range of exposures, behaviors, or events and a
range of study outcomes. Still, this design is par-
ticularly sensitive to attrition in that perfect fol-
low-up of the study cohort is the exception rather
than the rule. Without complete follow-up of the
cohort, it may not be possible to directly estimate
the relative risk (RR), which is defined as the risk
of disease or the study outcome in the exposed
versus the unexposed. As a result, the odds ratio
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(OR) is estimated as a measure of association
between the exposure and study outcome, or the
odds of exposure among individuals with disease
or the study outcome to the odds of exposure
among individuals without the disease or study
outcome. A second key consideration with the
cohort design is competing risk, in that study par-
ticipants may develop another disease or outcome
under study. Competing risk can impact the inter-
pretation of results.

Cobhort inclusion criteria and thus generalizabil-
ity are critical considerations as well, as evidenced
by the discoveries in investigations of the relation
between exogenous hormone replacement therapy
and risk of coronary heart disease. Specifically,
differences between protective effects observed
within observational prospective cohort studies
and prospective randomized controlled trials have
lead to advancement of the field of cardiology,
with respect to the effect of estrogens and proges-
tins on women who are peri- or recently meno-
pausal versus those who are postmenopausal for 5
or more years [54, 55]. As stated above, this con-
cept of population inclusion influences the inter-
pretation of observations within populations of
pregnancy planners compared to those who con-
ceive without intention as well as evidence gleaned
from infertile populations undergoing ART com-
pared to populations with unproven fertility or the
infertile who do not seek or receive ART.

The cohort design has considerable utility for
reproductive health, given the narrow time inter-
vals for many of its outcomes and the interrelat-
edness and conditional nature of reproduction
that results in a spectrum of relevant outcomes.
As with any investigation, the research question
will define the type of study design best suited for
obtaining answers to critical data gaps along with
other practical considerations such as the avail-
ability of target populations for sampling and
establishing cohorts and available resources.

20.4 Relevancy of Reproductive
Health Across the Lifespan

Reproductive health is emerging as an important
marker of both the early origins of health and dis-
ease and regarding later onset disease. The early
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origin of health and disease hypothesis posits
[56] that many diseases arise shortly following
conception, if not during the periconception
period. A classic example of this hypothesis is
diethylstilbestrol (DES), where gestational-
specific exposures are associated with a spectrum
of outcomes including cancer, structural malfor-
mations involving reproductive organs and fecun-
dity in both male and female offspring [57-60].
Other examples include exposure to in utero
androgens during sensitive windows and poly-
cystic ovarian syndrome in nonhuman primates
[61], or evidence that women with endometriosis
may be smaller at birth [62] with leaner trajecto-
ries through time of diagnosis [63, 64]. Similarly,
fathers of sons with hypospadias are reported to
have poorer semen quality than fathers of unaf-
fected sons [65].

Of late, two evolving paradigms suggest that
human fecundity and fertility not only have an
early origin but are also highly informative for
health and disease across the lifespan. The first
such paradigm is the testicular dysgenesis hypoth-
esis (TDS), which was developed by Skakkebaek
and colleagues [66]. The TDS hypothesis postu-
lates that genital-urinary malformations, poor
semen quality, and testes cancer may have a
shared in utero etiology [67]. Such early expo-
sures may in fact have transgenerational effects.
The TDS hypothesis influenced development of
the ovarian dysgenesis syndrome (ODS) para-
digm [68]. Similar to men, women’s fecundity
may arise in utero with related impairments such
as PCOS and endometriosis arising during early
reproductive ages, which in turn impact gravid
health and later onset adult health. For example,
women with PCOS are at increased risk for ges-
tational diabetes and metabolic and cardiovascu-
lar disease in later years [69, 70]. While no
association has been established between endo-
metriosis and gravid disease, affected women
may be at increased risk for developing autoim-
mune disorders and cancers in comparison to
women without endometriosis [71-73]. Thus, the
origin of reproductive health may arise early and
have implications for health across the lifespan
beyond fecundity and fertility endpoints.
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20.5 Conclusions

In summary, the cohort design, whether retro-
spective or prospective, is a powerful tool in the
search for the determinants and consequences of
reproductive health across the life course.
Temporality, time-varying exposure and covari-
ate data, hierarchical clustering, and correlated
outcomes can be finely defined and quantified
whether in population-based studies giving rise
to time-to-pregnancy or life course investigation
or in hospital-based studies of ART allowing a
window into gamete, embryologic, and uterine
biology that are otherwise unobservable. The
depth and breadth and intricacy of questions
remaining to be answered, and cohort designs are
an invaluable tool of discovery.
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