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abstract: IVF, a procedure in which pharmacological and technological manipulation is used to promote pregnancy, offers help to infertile
couples by circumventing selection at the most fundamental level. Fertility is clearly one of the key fitness-promoting drivers in all forms of sexually
reproducing life, and fertilization and pregnancy are fundamental evolutionary processes that involve a range of pre- and post-zygotic screening
mechanisms. Here, we discuss the various selection and screening factors involved in fertilization and pregnancy and assess IVF practices in light of
these factors. We then focus on the possible consequences of these differences in selection pressures, mainly at the individual but also at the
population level, to evaluate whether changes in the reproducing genotype can affect human evolution. The aim of the article is not to argue
for or against IVF, but to address aspects of assisted reproduction in an evolutionary context.
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Introduction
Reproduction defines the start of the human life cycle and is subject to
intense selection. Not only is sexual selection in relation to choosing a
mateacrucial evolutionary barrier, but so too is the selection of individual
gametes for fertilization, the implantation of the blastocyst into the
endometrium and the development of the embryo. These pre- and
post-zygotic barriers are well described in the literature on speciation
(Seehausen et al., 2014) and, in principle, the same barriers apply
within a species.

From this evolutionary perspective, it is of interest that our generation
is able to circumvent these fundamental evolutionary barriers. Assisted
reproduction by IVF, and by the more advanced technique of ICSI, has
become an established service in modern health care (IVF is used in
this paper as a collective term). Many people who in historical contexts
would have been unable to reproduce can today obtain treatments that
specifically bypass most obstacles to reproduction. Perhaps most signifi-
cantly, as gametes are united in vitro, fertilization no longer depends on
sexual intercourse. Embryos can, in principle, be designed, stored,
exchanged and implanted in just about any womb, and reproduction is
increasingly independent of age, gender, sexual orientation and other
aspects of the human body.

Assisted reproduction is redefining human society and biology
(Ramm, 2014) and, in the face of profound ethical issues, it is important
to understand the technical and conceptual principles that underlie this
new paradigm. In this theoretical analysis, we therefore explore the impli-
cations of assisted reproduction from the perspective of evolution: What
are the selection criteria of IVF? How do these criteria differ from the

natural selection process, and to what extent will assisted reproduction
affect the genetic composition of future generations?

Infertility and assisted
reproduction
The World Health Organization defines infertility as ‘failure to achieve
clinical pregnancy after 12 months or more of regular unprotected
sexual intercourse’ (Zegers-Hochschild et al., 2009). On the basis
of this definition, infertility is estimated to affect �10% of couples in
developed societies (Gnoth et al., 2003). The natural fecundity rate
in humans—the chance of pregnancy per menstrual cycle with
regular intercourse—is on average about 20%, which is low compared
with that of other species. For women in their early twenties it is some-
what higher, but it begins to decline in the mid-thirties (Larsen and
Yan, 2000; Baird et al., 2005). From �10 years before menopause,
most women are for all practical purposes sterile (Dolleman et al.,
2013).

The genetic quality of human gametes and embryos is also low com-
pared with that of other species. Aneuploidies in sperm cells (Templado
et al., 2013) and oocytes (Pacchierotti et al., 2007) are relatively frequent,
and even in morphologically good-looking embryos with normal de-
velopmental kinetics, the frequency of aneuploidy is as high as 70%
(Mertzanidou et al., 2013). Similarly, chromosomal instability is frequent
in human embryos, resulting not only in aneuploidies, but also in dele-
tions, inversions, duplications, amplifications and uniparental disomy
(Vanneste et al., 2009). For these and other reasons couples may
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undergo IVF and in some countries 4% of all newborns are now con-
ceived by IVF (Kupka et al., 2014).

IVF systematically changes
selection pressures
IVF implies that gametes from a selected group of infertile couples are
chemically induced to develop and are harvested, screened and subse-
quently selected for fertilization by using a set of defined morphological
and functional criteria. The resulting embryos are then subjected to
in vitro culturing, additional screening and embryo selection before
being transferred into the uterus for implantation, or frozen for
thawing and transfer in a later cycle. Accordingly, IVF involves a combin-
ation of artificial environments and selection criteria that are distinctively
different fromthose of natural reproduction. The differences in preferred
traits between IVF and natural reproduction may be grouped by the steps
of the reproductive cycle in which traits can be favoured or disfavoured,
as shown below and summarized in Table I.

Selection of oocytes for
fertilization
In a natural menstrual cycle, the differential growth and maturation of
ovarian follicles is a fine-tuned physiological event. It is orchestrated
mainly by pituitary gonadotrophins, but a plethora of local and paracrine
regulatory factors are also involved (Gougeon, 1996). The follicle that
undergoes ovulation has met a range of physiological demands such as
high and increasing expression of receptors for FSH during the
FSH-dependent phase of growth, and expression of LH receptors
around the time of the LH surge. The follicles that undergo ovulation
have, more accurately than their sister follicles that undergo atresia,
timed these and other physiological events to coincide with varying con-
centrations in the pituitary hormones.

In IVF, these naturally occurring selection pressures on oocyte traits
are changed by controlled ovarian stimulation (COS). COS is used to re-
trieve the multiple oocytes needed for IVF and builds on the FSH thresh-
old concept of pharmacologically establishing a serum FSH plateau above
the threshold level for multiple developing follicles (Brown, 1978). Later,
an injection of hCG mimics the mid-cycle LH peak in a spontaneous men-
strual cycle, and about 36 h after the hCG injection, oocytes are aspi-
rated from all follicles above a certain size. In many fertility clinics, the
threshold is set to �8 mm diameter, in contrast to the ovulatory follicle

in a natural cycle, which is typically 20 mm diameter or more. The oocyte
yield after COS is highly variable and the range of 5–14 oocytes is con-
sidered clinically optimal (Popovic-Todorovic et al., 2003). With the ex-
ception of oocytes that are clearly immature (likely originating from small
follicles), it is common to use all harvested specimens in the subsequent
procedures.

With respect to preferred traits, the selection pressure towards high
follicular FSH sensitivity is much less under IVF than it is with natural re-
production. In addition, natural selection favours a large folliclewith many
LH receptors that respond to the LH signal from the pituitary (Zeleznik,
2004), whereas in IVF all but the smallest follicles are aspirated at oocyte
retrieval. Under natural reproduction, one oocyte is selected as ‘the
chosen one’ that undergoes ovulation, whereas for the IVF oocyte, it suf-
fices to be one of the many that undergo further treatment in the labora-
tory. There, plastic surfaces, light, mechanical manipulation, various
growth media and abrupt temperature changes in themselves represent
selective barriers that must be overcome. In ICSI, oocytes also undergo
needle puncture, some of their cytoplasm being aspirated before the
spermatozoon enters.

Selection of spermatozoa
for fertilization
In natural reproduction, the spermatozoon that fertilizes an oocyte is eja-
culated into the vagina during intercourse, after which it swims through
the uterus and Fallopian tubes in close contact with female cells and
secretions before it is attracted to the egg by a mechanism that is prob-
ably chemotactic. Some data showed this journey to be influenced by
female endocrinology (Kunz et al., 1996), and sperm selection in
natural conception was recently reviewed by Sakkas et al. (2015). In a
highly competitive race, likely one of the strongest selective forces in
nature (Fitzpatrick and Lupold, 2014), the spermatozoon must not
only reach the oocyte, but must also penetrate the zona pellucida by en-
ergetic movements and chemical means (Ikawa et al., 2010).

In IVF, the spermatozoa are subjected to chemicals and environments
other than those of the female reproductive tract. Sperm preparation
methods, such as the ‘swim-up’, favour fast movement over com-
paratively short distances, as does fertilization in droplets. IVF thus
selects for spermatozoa that swim fast for a short distance and, arguably,
genetic traits that confer this ability. The natural process, on the other
hand, favours long-distance swimmers that are able to navigate
the female reproductive tract. Accordingly, IVF is likely to favour

.............................................................................................................................................................................................

Table I Theoretical differences in favoured traits between natural reproduction and IVF/ICSI, grouped by the step in the
reproductive cycle where they may be selected.

Step in the reproductive
cycle

Favoured trait in natural reproduction Favoured trait in IVF/ICSI

Oocyte High follicular sensitivity to FSH and LH Survive laboratory conditions, including puncture

Spermatozoon Forward mobility for longer distances in mucus Fast movement for shorter distances

Embryo Interaction with Fallopian tube Conformation to laboratory standards; survive cryopreservation

Implantation and miscarriage Induce implantation in a non-stimulated
endometrium

Induce implantation in an endometrium altered by controlled ovarian
stimulation

Opportunity to reproduce Various sociocultural factors Legislation; economic resources
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spermatozoa that allocate more resources to rapid movement and quick
penetration of the zona pellucida, whereas natural reproduction is likely
to favour endurance and chemotactic orientation.

In ICSI, the operator subjectively selects a single spermatozoon. In
severe cases of oligoasthenozoospermia, this spermatozoon may be
more or less immotile and clearly not able to fertilize an oocyte under
natural conditions. Subjective selection in ICSI also favours spermatozoa
with normal morphological characteristics, whereas little is known about
the morphology of the spermatozoa that fertilize oocytes in natural re-
production. Moreover, ICSI completely bypasses the natural selection
process of locating the oocyte.

Selection of embryo for transfer
into the uterus
Although it is hard to study the timing of cellular events within the embryo
in natural reproduction and the data are limited, one may suspect that
biological variation occurs in these events in embryos that arrive in the
uterus (Graham et al., 2010). At least in principle, this variation in early
development could be a way for the embryo to adjust to its environment
in the Fallopian tubes and the uterus. In IVF, this variation in embryo
morphology is minimized by different laboratory criteria used to select
embryos for transfer that have the highest chance of producing a preg-
nancy (Montag et al., 2013). In many fertility clinics, the selection of an
embryo for transfer is assisted by time-lapse photography of developing
embryos with simultaneous computerized assessment of cellular morph-
ology and kinetics. Accordingly, the software’s algorithm represents
another selection barrier for the embryos in IVF (Kovacs, 2014), and
the increased use of computer-assisted embryo selection will favour
those embryos that conform to the defined standards.

With the increased use of single embryo transfer, cryopreservation
has become an important component of IVF programmes. Improved
cryopreservation techniques make the selection of the highest quality
embryo for fresh transfer less important than it once was (Mastenbroek
et al., 2011), and the ability to survive cryopreservation represents a new
selection barrier.

Embryos in IVF bypass the Fallopian tubes and, likegametes in IVF, they
are indifferent to the selection criteria conferred by this complex envir-
onment. Conversely, they must survive a rough environment in the IVF
laboratory very different to that in natural reproduction.

Selection in implantation
and miscarriage
After arriving in the uterus, the embryo in both natural reproduction
and IVF must avoid implantation failure in order to proceed in the re-
productive cycle. Recent evidence indicates that the endometrium
acts as a biosensor towards the embryo; developmentally competent
embryos emit signals to the endometrium, activating its contribution
to implantation (Brosens et al., 2014). Whether this biosensor func-
tion is altered in IVF is unknown. What is known, however, is that vari-
ation in the COS protocols has an impact on endometrial gene
expression (Humaidan et al., 2012). A study of cattle indicates that
the endometrium tailors its response depending on the embryo’s
origin (Mansouri-Attia et al., 2009), with possible implications for im-
plantation and early growth.

From the maternal point of view, early detection and expulsion of un-
viable embryos either by implantation failure or clinically recognizable
miscarriage constitutes a long-term fitness advantage that optimizes
her numberof viable offspring. Yet data on the differences in clinically rec-
ognizable miscarriages between natural reproduction and IVF are incon-
clusive (Farr et al., 2007).

Selection of couples for IVF
treatment
The decision about if and when to become pregnant is more often than
not taken after careful consideration of a range of factors for both fertile
and subfertile couples. As long as IVF remains more regulated, more ex-
pensive and more burdensome than natural reproduction; however, the
limited availability of IVF treatment is in itself an arena for selection of dis-
cernible traits among infertile couples. This selection can be illustrated by
two women with a BMI of 25 and 45 kg/m2, who are both infertile
because of tubal occlusion. In Norway, the patient with a BMI of
25 kg/m2 will receive publically funded IVF, whereas the woman with a
BMI of 45 kg/m2 will be denied such treatment. Although they are
both infertile, the slimmer woman will be selected to reproduce and
the obese woman will not. The obese patient may of course pay for pri-
vately funded IVF, or she may lose weight, but that is expensive and
strenuous, and so the selection pressure is not eliminated. Other selec-
tion factors that influence subfertile patients’ access to IVF include
smoking, human immunodeficiency virus/hepatitis infection, psychiatric
disease, sex-hormone responsive cancers and a frozen pelvis. Although
these factors are also selection pressures in natural reproduction, the
limited availability of IVF enhances their importance.

Because the sheer financial cost of IVF is high, infertile patients with a
low income are selected against. In countries like Norway, this negative
selection is reduced by public subsidies, but in comparison to natural re-
production, there is still a difference on the basis of income. The effect is
further enhanced at the macroeconomic level because low-income
countries typically have lower IVF availability (Ombelet et al., 2008).
Overall, the limited availability of IVF favours healthy subfertile couples
in stable relationships who live in high-income societies over other sub-
fertile couples. Whether or not these socio-economic traits are heredi-
tary, and thus genetically selectable, is a controversial question that falls
outside the scope of this article.

How IVF may affect human
evolution
So far we have discussed the systematic differences in favoured traits
between natural reproduction and IVF. IVF pregnancies result from the
subjectiveassessment of gametes and embryos for their suitability to par-
ticipate in the next step of the reproductive cycle, and these assessments
differ from natural reproduction. IVF also favours traits that permit cells
to survive and prosper in laboratory conditions. Although we foster no
concern per se about the robust gametes and embryos that survive
these conditions, the room for phenotypic variation is finite, and so
increased robustness comes at the expense of another trait.

Culturally induced changes in the human genome are not a novelty.
Throughout human history, the interaction between culture and evolu-
tion has been pronounced. One example is the genetic response to
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dietary selection, clearly illustrated by the relationship between lactase
expression and milk consumption in human populations (Tishkoff
et al., 2007). Similarly, a number of traits related both to metabolism
and to other physiological systems result from gene-culture co-evolution
(Sabeti et al., 2006; Laland et al., 2010). These cases often imply that
single gene traits have been persistently and repeatedly selected for in
consecutive generations until fixation in the population.

The evolutionary implications of systematically different selection
pressures in IVF could be even more influential, as evolutionary theory
underlines that selection works through differential reproductive
success and not through differential survival. Moreover, and perhaps
contrary to popular belief, modern humans are not exempt from evolu-
tion, as shown in studies on contemporary human populations in which
age at first reproduction and systolic blood pressure were two of the
traits influenced by evolution (Byars et al., 2010; Milot et al., 2011). Al-
though these studies were done retrospectively and show rather small
effects of evolution in pre-IVF populations, IVF could potentially
produce larger effects more quickly as it directly influences reproductive
success. The most extreme evolutionary scenario is a subpopulation in
which reproduction is entirely dependent on IVF. Although such
extreme scenarios are unlikely (Engel et al., 1996), the heritability of
the so-called fitness traits, referring to complex measures of fertility
and mortality, has also been clearly documented in human populations
(Kosova et al., 2010). Accordingly, there are inherited traits that
confer varying degrees of infertility or subfertility. Some of this heritability
may be genetic and linked to specific diseases that directly influence the
process of reproduction. In women, two primary examples include
endometriosis, in which scarring may lead to the occlusion of the Fallo-
pian tubes, and polycystic ovary syndrome, in which anovulation and
hyperandrogenism are the two central features. Both conditions have
a heritable component (Treloar et al., 1999; Vink et al., 2006). The her-
itable aspects of male subfertility are generally poorly understood. Yet,
for this condition, there are also clear indications of a heritable compo-
nent. As a key example, some cases of oligospermia are related to micro-
deletions on the Y chromosome and were shown to be propagated from
father to son by means of ICSI (Silber, 2011). Hypospadia, a malforma-
tion of the penis with implications for fertility, is also more common in
boys conceived by using ICSI (Ericson and Källen, 2001). Overall, it
seems clear that IVF facilitates the propagation of genetically heritable
traits of subfertile couples, and we suspect that ongoing studies of IVF
offspring will show an increased risk of subfertility for this group. How
subfertility is measured will be of importance in such studies; time-
to-pregnancy is increased in many of the conditions described above,
but the number of offspring over the entire reproductive career may
not be affected.

The comprehensive follow-up of IVF offspring is making it increasingly
clear that heritable effects of IVF cannot be confined to a purely genetic
view of heredity. IVF may also induce phenotypical changes by epigenetic
mechanisms; gene expression in early embryos, intrauterine growth rate,
placental gene expression, birthweight of newborns and body weight at
2 years of age all seem to depend on the media used for culturing
embryos in vitro (Dumoulin et al., 2010; Eskild et al., 2013; Nelissen
et al., 2013; Kleijkers et al., 2014, 2015). As a further example of pheno-
typical changes, cryopreservation of human embryos is associated with
an increase in birthweight and increased frequency of children born
large for gestational age (Pinborg et al., 2014; Wennerholm et al.,
2013). Furthermore, IVF is associated with changes in cardiometabolic

measures, body fat composition, serum levels of hormones and
growth factors, initiation of puberty and bone length in children and ado-
lescents (Ceelen et al., 2007, 2008a, b, c, 2009; Miles et al., 2007; Scher-
rer et al., 2012). All these effects are mainly attributed to epigenetic, not
genetic, mechanisms (Kleijkers et al., 2015). It is too early to judge
whether these shifts in phenotypes have consequences for the long-term
health of IVF offspring. The oldest IVF individual is still in her thirties,
leaving unanswered questions about health effects during late adulthood
and the fertility profile over the first and future generations of IVF indivi-
duals. However, it is noteworthy in the current context that these epi-
genetic effects may have transgenerational implications along the lines
of the effects of nutrition and smoking during pregnancy (Drake and
Walker, 2004; Frias and Grove, 2012; Veenendaal et al., 2013; Golding
et al., 2014).

Although the present analysispoints outsystematic differences in selec-
tion pressures between IVF and natural reproduction, we are the first to
admit that some important selection pressures in human reproduction
seem unaltered by IVF. For instance, there is no indication that COS influ-
ences the initiation of primordial follicles from the ovarian follicle pool,
which in quantitative terms is the most important selection arena for
oocytes (Stearns, 2005). Only �0.005% of oocytes formed are
allowed to pass through the ‘filter’ of oocytic atresia and have the oppor-
tunity to be initiated, and this ‘filter’ is probably not changed by IVF. More-
over, the average numberof aspirated oocytes it takes for one live baby to
be born has remained stubbornly high at about 25 for young women, even
though IVF has developed immensely (Gosden and Lee, 2010). Viewed
alongside the low genetic quality of human embryos and gametes
described in the introduction, this evidence points to peri- or post-
implantation selection pressures that are less likely to be influenced by
IVF than those of earlier steps in the reproductive cycle.

Conclusion
In this article, we have demonstrated the selective pressures posed by
IVF, the ways in which they differ from natural reproduction, and how
this technological intervention may have implications for human evolu-
tion. One reason that the potential evolutionary implications of IVF
have received limited attention could be resistance against applying an
evolutionary perspective to medically induced negative traits. To point
out that IVF may favour disease-prone individuals or lead to reduced
fitness over generations could surely be provocative, but is nevertheless
worth considering. We do, however, strongly emphasize that ours is
indeed not a general argument against IVF and that we fully recognize
the devastating implications of misinterpreting ‘survival of the fittest’ as
a normative rather than as a descriptive concept.

The purpose of this article is not to judge or impose a set of norms on
IVF, but rather to promote a better understanding of how IVF works, not
only as a treatment for infertility, but also as a technological intervention
at the point in the human life cycle where natural selection operates at its
strongest. Although IVF is a great medical achievement, it circumvents a
range of pre- and post-zygotic reproductive barriers. It increases the re-
productive fitness of subfertile couples by technologically removing
several naturally occurring selective barriers and by altering other such
barriers. In accordance with the basic principle of evolution, the subse-
quent generations will thus be genetically and epigenetically adapted to
an environment in which reproduction is increasingly dependent on
technological intervention. It is our opinion that IVF should be seen as
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a primary example of how the human species is becoming not only cul-
turally—but also biologically—dependent on our own technology.

Authors’ roles
All authors contributed to idea, planning, data collection, analysis and
writing of manuscript.

Funding
No external funding was either sought or obtained for this study.

Conflict of interest
None declared.

References
Baird DT, Collins J, Egozcue J, Evers LH, Gianaroli L, Leridon H, Sunde A,

Templeton A, Van Steirteghem A, Cohen J et al. Fertility and ageing.
Hum Reprod Update 2005;3:261–276.

Brosens JJ, Salker MS, Teklenburg G, Nautiyal J, Salter S, Lucas ES, Steel JH,
Christian M, Chan YW, Boomsma CM et al. Uterine selection of human
embryos at implantation. Sci Rep 2014;4:3894.

Brown JB. Pituitary control of ovarian function - concepts derived from
gonadotropin therapy. Au & NZ J of Obst & Gyn. 1978;1:47–54.

Byars SG, Ewbank D, Govindaraju DR, Stearns SC. Colloquium papers:
Natural selection in a contemporary human population. Proc Natl Acad
Sci USA 2010;Suppl 1:1787–1792.

Ceelen M, van Weissenbruch MM, Roos JC, Vermeiden JP, van Leeuwen FE,
Delemarre-van de Waal HA. Body composition in children and
adolescents born after in vitro fertilization or spontaneous conception.
J Clin Endocrinol Metab. 2007;9:3417–3423.

Ceelen M, van Weissenbruch MM, Vermeiden JP, van Leeuwen FE,
Delemarre-van de Waal HA. Cardiometabolic differences in children
born after in vitro fertilization: follow-up study. J Clin Endocrinol Metab
2008a;5:1682–1688.

Ceelen M, van Weissenbruch MM, Vermeiden JP, van Leeuwen FE,
Delemarre-van de Waal HA. Growth and development of children born
after in vitro fertilization. Fertil Steril 2008b;5:1662–1673.

Ceelen M, van Weissenbruch MM, Vermeiden JP, van Leeuwen FE,
Delemarre-van de Waal HA. Pubertal development in children and
adolescents born after IVF and spontaneous conception. Hum Reprod
2008c;12:2791–2798.

Ceelen M, van Weissenbruch MM, Prein J, Smit JJ, Vermeiden JP,
Spreeuwenberg M, van Leeuwen FE, Delemarre-van de Waal HA.
Growth during infancy and early childhood in relation to blood pressure
and body fat measures at age 8-18 years of IVF children and
spontaneously conceived controls born to subfertile parents. Hum
Reprod 2009;11:2788–2795.

Dolleman M, Faddy MJ, van Disseldorp J, van der Schouw YT, Messow CM,
Leader B, Peeters PH, McConnachie A, Nelson SM, Broekmans FJ.
The relationship between anti-Mullerian hormone in women receiving
fertility assessments and age at menopause in subfertile women: evidence
from large population studies. J Clin Endocrinol Metab 2013;5:1946–1953.

Drake AJ, Walker BR. The intergenerational effects of fetal programming:
non-genomic mechanisms for the inheritance of low birth weight and
cardiovascular risk. J Endocrinol 2004;1:1–16.

Dumoulin JC, Land JA, Van Montfoort AP, Nelissen EC, Coonen E,
Derhaag JG, Schreurs IL, Dunselman GA, Kester AD, Geraedts JP et al.

Effect of in vitro culture of human embryos on birthweight of newborns.
Hum Reprod 2010;3:605–612.

Engel W, Murphy D, Schmid M. Are there genetic risks associated with
microassisted reproduction? Hum Reprod 1996;11:2359–2370.

Ericson A, Källen B. Congenital malformations in infants born after IVF:
a population-based study. Hum Reprod 2001;3:504–509.

Eskild A, Monkerud L, Tanbo T. Birthweight and placental weight; do changes
in culture media used for IVF matter? Comparisons with spontaneous
pregnancies in the corresponding time periods. Hum Reprod 2013;
12:3207–3214.

Farr SL, Schieve LA, Jamieson DJ. Pregnancy loss among pregnancies
conceived through assisted reproductive technology, United States,
1999-2002. Am J Epidemiol 2007;12:1380–1388.

Fitzpatrick JL, Lupold S. Sexual selection and the evolution of sperm quality.
Mol Hum Reprod 2014;12:1180–1189.

Frias AE, Grove KL. Obesity: a transgenerational problem linked to nutrition
during pregnancy. Semin Reprod Med 2012;6:472–478.

Gnoth C, Godehardt D, Godehardt E, Frank-Herrmann P, Freundl G. Time
to pregnancy: results of the German prospective study and impact on the
management of infertility. Hum Reprod 2003;9:1959–1966.

Golding J, Northstone K, Gregory S, Miller LL, Pembrey M. The
anthropometry of children and adolescents may be influenced by the
prenatal smoking habits of their grandmothers: a longitudinal cohort
study. Am J Hum Biol 2014;6:731–739.

Gosden R, Lee B. Portrait of an oocyte: our obscure origin. J Clin Invest 2010;
4:973–983.

Gougeon A. Regulation of ovarian follicular development in primates: Facts
and hypotheses. Endocrine Rev 1996;2:121–155.

Graham JH, Raz S, Hel-Or H, Nevo E. Fluctuating assymetry: methods,
theory, and applications. Symmetry 2010;2:466–540.

Humaidan P, Van Vaerenbergh I, Bourgain C, Alsbjerg B, Blockeel C, Schuit F,
Van Lommel L, Devroey P, Fatemi H. Endometrial gene expression in the
early luteal phase is impacted by mode of triggering final oocyte maturation
in recFSH stimulated and GnRH antagonist co-treated IVF cycles. Hum
Reprod 2012;11:3259–3272.

Ikawa M, Inoue N, Benham AM, Okabe M. Fertilization: a sperm’s journey to
and interaction with the oocyte. J Clin Invest 2010;4:984–994.

Kleijkers SH, van Montfoort AP, Smits LJ, Viechtbauer W, Roseboom TJ,
Nelissen EC, Coonen E, Derhaag JG, Bastings L, Schreurs IE et al. IVF
culture medium affects post-natal weight in humans during the first 2
years of life. Hum Reprod 2014;4:661–669.

Kleijkers SH, Eijssen LM, Coonen E, Derhaag JG, Mantikou E, Jonker MJ,
Mastenbroek S, Repping S, Evers JL, Dumoulin JC et al. Differences in
gene expression profiles between human preimplantation embryos
cultured in two different IVF culture media. Hum Reprod 2015;
10:2303–2311.

Kosova G, Abney M, Ober C. Colloquium papers: Heritability of
reproductive fitness traits in a human population. Proc Natl Acad Sci USA
2010;107:1772–1778.

Kovacs P. Embryo selection: the role of time-lapse monitoring. Reprod Biol
Endocrinol. 2014;2:124.

Kunz G, Beil D, Deininger H, Wildt L, Leyendecker G. The dynamics of rapid
sperm transport through the female genital tract: evidence from vaginal
sonography of uterine peristalsis and hysterosalpingoscintigraphy. Hum
Reprod 1996;3:627–632.

Kupka MS, Ferraretti AP, de Mouzon J, Erb K, D’Hooghe T, Castilla JA,
Calhaz-Jorge C, De Geyter C, Goossens V. Assisted reproductive
technology in Europe, 2010: results generated from European registers
by ESHRE. Hum Reprod 2014;10:2099–2113.

Laland KN, Odling-Smee J, Myles S. How culture shaped the human genome:
bringing genetics and the human sciences together. Nat Rev Genet 2010;
2:137–148.

IVF and human evolution 1401

 by E
dson B

orges on July 5, 2016
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/


Larsen U, Yan S. The age pattern of fecundability: an analysis of French
Canadian and Hutterite birth histories. Soc Biol 2000;1–2:34–50.

Mansouri-Attia N, Sandra O, Aubert J, Degreiie S, Everts RE,
Giraud-Delville C, Heyman Y, Galio L, Hue I, Yang XZ et al.
Endometrium as an early sensor of in vitro embryo manipulation
technologies. Proc Natl Acad Sci USA 2009;14:5687–5692.

Mastenbroek S, van der Veen F, Aflatoonian A, Shapiro B, Bossuyt P,
Repping S. Embryo selection in IVF. Hum Reprod 2011;5:964–966.

Mertzanidou A, Wilton L, Cheng J, Spits C, Vanneste E, Moreau Y,
Vermeesch JR, Sermon K. Microarray analysis reveals abnormal
chromosomal complements in over 70% of 14 normally developing
human embryos. Hum Reprod 2013;1:256–264.

Miles HL, Hofman PL, Peek J, Harris M, Wilson D, Robinson EM,
Gluckman PD, Cutfield WS. In vitro fertilization improves childhood
growth and metabolism. J Clin Endocrinol Metab 2007;9:3441–3445.

Milot E, Mayer FM, Nussey DH, Boisvert M, Pelletier F, Reale D. Evidence for
evolution in response to natural selection in a contemporary human
population. Proc Natl Acad Sci USA 2011;41:17040–5.

Montag M, Toth B, Strowitzki T. New approaches to embryo selection.
Reprod Biomed Online 2013;5:539–546.

Nelissen EC, Dumoulin JC, Daunay A, Evers JL, Tost J, van Montfoort AP.
Placentas from pregnancies conceived by IVF/ICSI have a reduced DNA
methylation level at the H19 and MEST differentially methylated regions.
Hum Reprod 2013;4:1117–1126.

Ombelet W, Cooke I, Dyer S, Serour G, Devroey P. Infertility and the
provision of infertility medical services in developing countries. Hum
Reprod Update 2008;6:605–621.

Pacchierotti F, Adler ID, Eichenlaub-Ritter U, Mailhes JB. Gender effects on
the incidence of aneuploidy in mammalian germ cells. Environ Res 2007;
1:46–69.

Pinborg A, Henningsen AA, Loft A, Malchau SS, Forman J, Andersen AN.
Large baby syndrome in singletons born after frozen embryo transfer
(FET): is it due to maternal factors or the cryotechnique? Hum Reprod
2014;3:618–627.

Popovic-Todorovic B, Loft A, Lindhard A, Bangsboll S, Andersson AM,
Andersen AN. A prospective study of predictive factors of ovarian
response in ‘standard’ IVF/ICSI patients treated with recombinant FSH.
A suggestion for a recombinant FSH dosage normogram. Hum Reprod
2003;4:781–787.

Ramm SA. Sperm competition and the evolution of reproductive systems.
Mol Hum Reprod 2014;12:1159–1160.

Sabeti PC, Schaffner SF, Fry B, Lohmueller J, Varilly P, Shamovsky O, Palma A,
Mikkelsen TS, Altshuler D, Lander ES. Positive natural selection in the
human lineage. Science 2006;5780:1614–1620.

Sakkas D, Ramalingam M, Garrido N, Barratt CL. Sperm selection in natural
conception: what can we learn from Mother Nature to improve assisted
reproduction outcomes? Hum Reprod Update 2015;6:711–726.

Scherrer U, Rimoldi SF, Rexhaj E, Stuber T, Duplain H, Garcin S, de Marchi SF,
Nicod P, Germond M, Allemann Y et al. Systemic and pulmonary vascular
dysfunction in children conceived by assisted reproductive technologies.
Circulation 2012;15:1890–1896.

Seehausen O, Butlin RK, Keller I, Wagner CE, Boughman JW, Hohenlohe PA,
Peichel CL, Saetre GP, Bank C, Brannstrom A et al. Genomics and the
origin of species. Nat Rev Genet 2014;3:176–192.

Silber SJ. The Y chromosome in the era of intracytoplasmic sperm injection: a
personal review. Fertil Steril 2011;8:2439–2448 e1-5.

Stearns SC. Issues in evolutionary medicine. Am J Hum Biol 2005;2:131–140.
Templado C, Uroz L, Estop A. New insights on the origin and relevance of

aneuploidy in human spermatozoa. Mol Hum Reprod 2013;10:634–643.
Tishkoff SA, Reed FA, Ranciaro A, Voight BF, Babbitt CC, Silverman JS,

Powell K, Mortensen HM, Hirbo JB, Osman M et al. Convergent
adaptation of human lactase persistence in Africa and Europe. Nat Genet
2007;1:31–40.

Treloar SA, O’Connor DT, O’Connor VM, Martin NG. Genetic influences on
endometriosis in an Australian twin sample. Fertil Steril 1999;4:701–710.

Vanneste E, Voet T, Le Caignec C, Ampe M, Konings P, Melotte C,
Debrock S, Amyere M, Vikkula M, Schuit F et al. Chromosome instability
is common in human cleavage-stage embryos. Nat Med 2009;5:577–583.

Veenendaal MV, Painter RC, de Rooij SR, Bossuyt PM, van der Post JA,
Gluckman PD, Hanson MA, Roseboom TJ. Transgenerational effects of
prenatal exposure to the 1944-45 Dutch famine. BJOG 2013;5:548–553.

Vink JM, Sadrzadeh S, Lambalk CB, Boomsma DI. Heritability of polycystic
ovary syndrome in a Dutch twin-family study. J Clin Endocrinol Metab
2006;6:2100–2104.

Wennerholm UB, Henningsen AK, Romundstad LB, Bergh C, Pinborg A,
Skjaerven R, Forman J, Gissler M, Nygren KG, Tiitinen A. Perinatal
outcomes of children born after frozen-thawed embryo transfer: a
Nordic cohort study from the CoNARTaS group. Hum Reprod 2013;
9:2545–2553.

Zegers-Hochschild F, Adamson GD, de Mouzon J, Ishihara O, Mansour R,
Nygren K, Sullivan E, van der Poel S, International Committee for
Monitoring Assisted Reproductive T and World Health O. The
International Committee for Monitoring Assisted Reproductive
Technology (ICMART) and the World Health Organization (WHO)
Revised Glossary on ART Terminology, 2009. Hum Reprod 2009;
11:2683–2687.

Zeleznik AJ. The physiology of follicle selection. Reprod Biol Endocrinol. 2004;
2:31.

1402 Hanevik et al.

 by E
dson B

orges on July 5, 2016
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


