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STUDY QUESTION: What proportion of fertilized human ova are lost before implantation?

SUMMARY ANSWER: An estimated 40 to 50% of fertilized ova fail to implant.

WHAT IS KNOWN ALREADY: Preimplantation loss is not detectable with current technology. Published estimates of preimplantation
loss range from 10 to 70%.

STUDY DESIGN, SIZE, DURATION: We combine data from epidemiologic, demographic, laboratory and in vitro fertilization studies to
construct an empirical framework for the estimation of preimplantation loss. This framework is summarized in a user-friendly Excel file included
in supplement.

PARTICIPANTS/MATERIALS, SETTING, METHODS: We draw from multiple sources to generate plausible estimates of fecundability,
sterility, transient anovulation, intercourse patterns and the proportion of ova fertilized in the presence of sperm. We combine these estimates
to generate a summary estimate of preimplantation loss. This estimate can be considered an average for couples in their prime reproductive
years.

MAIN RESULTS AND THE ROLE OF CHANCE: Under a plausible range of assumptions, we estimate that 40 to 50% of fertilized ova
fail to implant.

LIMITATIONS, REASONS FOR CAUTION: A crucial factor in estimating preimplantation loss is the probability that an ovum will be
fertilized when exposed to sperm. Human data are available only from in vitro fertilization (IVF), which may not accurately represent events in
vivo. We therefore assume a range of in vivo fertilization rates, from 64% (human IVF data) to 90% (mouse data).

WIDER IMPLICATIONS OF THE FINDINGS: Our estimate of preimplantation loss takes into account the biological processes relevant
to fertilization and loss. Using this empirical basis for estimation, we find support for the usual assumption that risk of loss is highest in the earliest
days following fertilization. Furthermore, this framework can provide improved estimates as better reproductive data become available. To the
extent that our estimates are accurate, more fertilized ova are apparently lost in vitro than in vivo, suggesting that further improvements in IVF
success rates may be possible.
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Introduction

The earliest time at which a fertilized human ovum can be detected
in naturally occurring pregnancies is at implantation. Trophoblast cells
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produce rapidly rising levels of human chorionic gonadotropin (hCG)
starting with implantation, an average of 9 days after fertilization
(Wilcox et al., 1999). From the time of hCG detection, about one-
third of pregnancies are spontaneously lost—25% before becoming
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clinically apparent, and the remainder after clinical recognition (Wilcox
et al., 1998, Baird and Strassmann, 2000). There is no comparable way
to measure loss of fertilized ova before implantation. In vivo fertilized
ova are undetectable before implantation by any current technology.
Despite intense interest in the biological mechanisms that might con-
tribute to preimplantation loss (Hardy et al., 2001; Norwitz et al., 2001;
Jun et al., 2008; Cha et al., 2012; Daughtry and Chavez, 2016; Clark and
Kruger, 2017), the extent of such loss remains speculative. Published
estimates of preimplantation loss range from 10 to 70% (Chard, 1991;
Weinberg and Wilcox, 1995; Kennedy, 1997; Jarvis, 2016).

We propose to improve the estimate of preimplantation loss
through a systematic and comprehensive approach, with the foun-
dation being the observed rates of human fecundability. Given the
measures of fecundability reported in human populations, we take
into account population levels of factors that prevent viable sperm
from encountering a viable egg, such as couple sterility or sporadic
anovulation. Once the egg is exposed to sperm, the next step is the
probability of fertilization. Since this probability is not observable in
vivo, we derive a range based on animal in vivo data and human in
vitro fertilization (IVF) data. The probability of fertilized ova is then
used to generate a measure of preimplantation loss. This approach is
summarized in a spreadsheet program (supplement) that allows us to
explore a range of alternative assumptions. This generates a robust
estimate of preimplantation loss that is more empirically grounded
than those previously available.

Materials and Methods
Our framework presumes a hypothetical population of couples in
their prime reproductive years, who have ordinary frequency of inter-
course without contraception. This population represents a biologically
‘average’ group in their fertility, behavior and risk of pregnancy loss.
A useful measure of their capacity to conceive is fecundability—
the probability that a couple will conceive a pregnancy in a given
menstrual cycle. ‘Pregnancy’ in the context of fecundability is usually
defined as either live birth or clinically recognized pregnancies (including
miscarriages). We expand this definition to include all biochemically
detectable pregnancies, i.e. beginning at implantation. We then build
on this expanded measure of fecundability to address the more elusive
question of preimplantation loss.

Observed fecundability defined as the
probability of implantation
An unbiased estimate of fecundability can be defined as the proportion
of couples who achieve pregnancy in their first cycle of trying. This
probability is not calculable for a given couple because they provide
too few pregnancy attempts for analysis. We can, however, estimate
fecundability for large groups of couples.

We expand the definition of pregnancy to include biochemically
detectable pregnancies (implantations). This definition is sound in
principle, but difficult in practice. An estimate of implantation requires
intensive testing for urinary hCG levels (the cardinal sign of implan-
tation) among couples attempting to conceive. Given the logistical
difficulties of such testing, only four studies of implantation have been
conducted, with varying study designs and assay methods (Wilcox
et al., 1988; Zinaman et al., 1996; Bonde et al., 1998; Wang et al.,
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2003). The percent of hCG-detected pregnancies in the first cycle
of attempting pregnancy has been reported in these studies as 16%
(Bonde et al., 1998), 30% (Zinaman et al., 1996), 36% (Wilcox et al.,
1988) and 42% (Wang et al., 2003). The lowest estimate was biased
by at least two factors: inclusion of women who had recently used an
oral contraceptive (which suppresses fertility in the cycles immediately
following its use) and use of a less sensitive hCG assay (which misses
some implantations). The next lowest estimate (30%) also used a less
sensitive hCG assay. Baird and Strassmann (2000) adjusted for relative
assay insensitivity and showed that the 30% implantation rate would
correspond to 36% with the more sensitive assay. For our framework,
we assume 36% as a reasonable mid-level probability of implantation.

Events prior to implantation
The proportion of implantation is crucial, because it imposes a strict
limit on preimplantation loss. With 36% chance of implantation as a
baseline, the maximum possible loss of fertilized ova is 100% minus 36
or 64%. This assumes 100% fertilization, i.e. that an ovum is fertilized
in every cycle. It is highly implausible, however, that fertilization occurs
in 100% of cycles. Fertilization requires the completion of a series of
complex steps, including production of viable male and female gametes,
and deposition of sperm in the female reproductive tract during the
woman’s six fertile days. We provide population estimates for these
steps.

Proportion of couples who are sterile.
There are inevitably couples in any representative population who
are unable to conceive naturally, however long they try. The pres-
ence of these sterile couples reduces the population level of ovum
fertilization by some small amount. A review of the demographic
and epidemiologic literature estimated that 2 to 4% of couples at
optimal reproductive ages are sterile (Leridon, 2008). A US national
survey of fertility and family planning reported that 2% of women are
involuntarily childless (Abma et al., 1997). Dunson and colleagues made
use of prospectively collected data from the European Fecundability
Study to estimate a sterility rate of 1% (Dunson et al., 2004). These
published estimates of sterility unavoidably include not only failure to
fertilize but also failure to implant. We need a value only for failure
to fertilize, since failure to implant is what we intend to estimate. We
therefore assume a sterility rate of 2%, which is in the mid-range of
published estimates.

Proportion of anovulation in healthy women.
Even fertile women do not necessarily ovulate in every cycle. Spo-
radic anovulation is difficult to measure, and there is no consensus
on the extent of its occurrence in reproductively healthy women.
Published studies of anovulation rely on serum and urinary hormone
measurements during the menstrual cycle, with varying definitions and
incompleteness of data. Best estimates range from 1 to 10% (Baird
et al., 1995; Windham et al., 1999; Lynch et al., 2014). We have chosen
an intermediate value of 4% anovulation.

Proportion of cycles with mistimed intercourse.
A further obstacle to fertilization is mistimed intercourse. There are
6 days in each menstrual cycle during which intercourse can lead to
pregnancy (Weinberg et al., 1994; Wilcox et al., 1995; Dunson et al.,
1999). Without intercourse during these 6 days, fertilization rarely if
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ever occurs. We know of no published data on the probability of
intercourse in the fertile window. This cannot easily be derived from
overall intercourse frequency because intercourse is more frequent
during the fertile days (Wilcox et al., 2004). To fill this data gap, we
have analyzed data from our prospective study of ovulation in women
attempting to conceive (Baird et al., 1995). We based this analysis
on 696 cycles of 221 women attempting pregnancy in 1982–1985.
On average, couples had intercourse on 2.1 days per week, with 8%
having no intercourse during the woman’s six fertile days. We there-
fore assume that among women attempting pregnancy, an average
of 8% per cycle have no possibility of fertilization due to mistimed
intercourse. Couples monitoring ovulation would presumably be less
likely to miss their fertile days, with a counterbalancing increase in their
implantation rate and no net change in the estimated preimplantation
loss.

Proportion of ova fertilized in the presence of sperm.
The most elusive component of fertilization—and the most conse-
quential—is the probability that an ovum exposed to sperm will be
fertilized. This event is not directly observable in vivo, so we must turn
to human IVF studies and animal studies—with the inevitable limitations
of such data.

Mouse ova display high rates of in vivo fertilization. For example, in a
study of hormonally stimulated mice, researchers flushed the oviducts
and uteri after copulation and found that more than 90% of ova had
advanced to the pronuclear stage (Jefferson et al., 2009). The rate of
ovum fertilization is also high in species more similar to our own. Rizos
et al. report that bovine ova achieve more than 80% fertilization in vivo
(Rizos et al., 2002). Primate studies are based on smaller numbers, but
show IVF rates as high as 90% (Wolf et al., 1989).

Given that such experiments cannot be conducted in humans, the
only direct human data derive from IVF studies. Published studies do
not routinely provide rates of ova fertilization. This information can
be found in scattered publications, usually in tables. A summary by
Roesner and colleagues provided usable data from 6 studies of natural-
cycle IVF, with a total of 747 ova exposed to sperm (Roesner et al.,
2014). Fertilization rates ranged from 64 to 80%, with an overall mean
fertilization rate of 72%. An abstract presented at the 2010 annual
meeting of the American Society for Reproductive Medicine (but not
subsequently published) provided in vitro fertility data on 13 077 ova
from women under the age of 35, with a reported fertilization rate
of 67% (Wun W-S A et al., 2010). Fertilization rates were nearly
the same for ova from the woman undergoing IVF (67%) and ova
from donors (66%), who presumably had no recognized reproductive
pathology.

These in vitro studies provide only limited information on the char-
acteristics of mothers and fathers, the conditions of IVF or possible
exclusions. We therefore addressed this question in a setting where
we could define a study population using careful restrictions. We
analyzed primary data from one large US IVF clinic (Center for Assisted
Reproduction, Bedford TX). We limited the analysis to fresh oocytes
from women who were no older than 35 years (either the women
under treatment or egg donors). We used stimulation cycles that
produced no fewer than 6 and no more than 20 ova, assuming that
under- or over-response of the ovary to stimulation may produce
suboptimal ova. Similarly, we excluded data from women with a diag-
nosis of endometriosis, polycystic ovary disease or diminished ovarian
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Figure 1 Potential range of preimplantation loss among
100 unselected couples in their first-cycle attempt of preg-
nancy. We assume that 36% of couple will have an implanting
pregnancy and 24% of couples will have a live birth. We also take
into account cycles where no fertilization is possible due to sterility,
anovulation or mis-timed intercourse (14%), leaving 86 couples (or
cycles) as the denominator for possible preimplantation loss.

reserve. We also excluded data from male partners who had known
fertility problems or semen abnormalities. We defined fertilization
as an ovum reaching the stage of two identifiable pronuclei (2PN)
following conventional IVF. Fertilization rates were again similar for
autologous ova and ova from donors. Of 9606 ova exposed to sperm,
5835 progressed to the 2PN stage, for a fertilization rate of 61%.

We pooled these three rates of IVF (61, 67 and 72%) to obtain
a weighted average of 64%. We cannot assume, however, that IVF
successfully mimics in vivo conditions, given the complexity of events
in the natural setting. Fertilization rates in vivo may well be more
successful than in vitro, as has been reported for bovine embryos
(Tsuiko et al., 2017). We therefore use 64% as a lower boundary of
human fertilization rate and 90% (as obtained from animal studies) as
a possible—if conjectural—upper boundary.

Results
Figure 1 provides the schema for our assumptions and calculations. We
assume a population of 100 unselected couples of reproductive age,
in their first cycle of having intercourse without contraception. The
percent of pregnancies in the first cycle provides an unbiased estimate
of the mean population fecundability. This allows us to use ‘cycle
percent’ and ‘population mean’ interchangeably. We assume implan-
tation in 36% of these cycles as the baseline measure of biochemical
fecundability (see Materials and Methods).

Among these implanting pregnancies, we apply the generally
accepted estimates of sub-clinical loss and clinical pregnancy loss.
About 25% of implanting embryos are lost before clinical recognition
of pregnancy (usually defined as 6 weeks after last menstrual
period) (Baird and Strassmann, 2000, Wang et al., 2003, Cole et al.,
2009)—thus 9/36 cycles in our framework. Loss between clinical
recognition and fetal viability (miscarriages) is generally reported
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as 11–13% of all clinical pregnancies (Nybo Andersen et al., 2000;
Magnus et al., 2019)—thus 3 of the 27 remaining pregnancies in
our model (11%). This leaves 24 pregnancies (in 24 cycles) that
progress to live birth. This rate of 24 births in the first cycle of 100
couples attempting pregnancy is consistent with average demographic
estimates from human populations (Leridon, 1977). The stillbirth rate
in developed nations is less than 1%, too few to include in these
calculations.

The choice of a 36% implantation rate is crucial because, as discussed
above, it imposes a firm upper limit on preimplantation loss. The max-
imum preimplantation loss would be 100–36%, or 64% if every cycle
produced a fertilized ovum. At the other extreme, preimplantation loss
could be as low as zero if just 36 ova were fertilized in 100 cycles, and
every fertilized egg successfully implanted.

We can narrow this possible range of preimplantation loss by con-
sidering natural factors that limit fertilization, namely sterility (2%),
transient anovulation (4%), and absence of intercourse during fertile
days (8%). Summing these, we estimate that fertilization is not possible
in an average of 14% of cycles. This reduces to 86% the chance that
viable sperm will encounter an ovum in the average menstrual cycle.
With 86 out of 100 cycles potentially fertilizable, 86 becomes the new
denominator for estimating preimplantation loss (Fig. 1). Given that
implantation takes place in 36 of those 86 cycles, the most preim-
plantation loss that could occur would be in all remaining 50 cycles,
for a maximum preimplantation loss of 58% (50/86). As before,
preimplantation loss could be as low as zero if only 36 ova were
fertilized in 86 cycles (fertilization rate of 42%), and every fertilized
egg successfully implanted.

This wide range of possible implantation loss (0 to 58%) can be
further narrowed by a final—and crucial—assumption: the probability
that an ovum will be successfully fertilized in the presence of
sperm. Based on IVF and mouse data, we have proposed that
64 to 90% of human ova exposed to sperm are fertilized (see
Materials and Methods) (Fig. 2). If 64% of the 86 available ova are
fertilized, this would produce 55 cycles with fertilized ova, of which
36 implant and the remaining 19 (19/55, or 35%) would end in
preimplantation loss (Fig. 2C). If 90% of the 84 ova are fertilized,
there would be 77 cycles with fertilized ova, of which 36 implant and
the remaining 41 (41/77, or 53%) would end in preimplantation loss
(Fig. 2D). Thus, preimplantation loss under these assumptions ranges
from 35 to 53%.

The importance of fertilization rates is shown in Fig. 3, which plots
the continuous relationship between fertilization rates and the resulting
preimplantation loss. The greater the fertilization rate, the greater
the estimated preimplantation loss. The spreadsheet generating these
results is provided in Supplement Table S1.

Assumptions about the remaining variables have less impact.
Figure 4 shows how varying the remaining assumptions affect the
estimated preimplantation loss. The top bar provides the result
just discussed, which assumes that the rate of ovum fertilization
ranges from 64 to 90% and holds all other assumptions constant.
The remaining bars show the range of preimplantation loss when
varying the remaining assumptions one at a time. For example, the
second bar allows implantation to range from 33 to 39% (around our
baseline assumption of 36%). Variations in the remaining assumptions
have even less impact. Within these variations, there is a range of
preimplantation loss (40 to 50%, shown by the gray vertical panel)
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Figure 2 Potential range of preimplantation loss among
100 unselected couples in their first-cycle attempt of preg-
nancy. This takes into account the cycles in which fertilization cannot
take place (dark gray area, A; see also Fig. 1) and assumes two possible
estimates of ova fertilization in the presence of sperm (64% and 90%,
B). In C and D, the estimated numbers of fertilized ova become the
new denominators for estimating preimplantation loss. For instance, in
C, there are 55 cycles with fertilized ova (64% of 86 cycles with viable
ova). Given that 36 cycles achieve implantation, the number of cycles
with preimplantation loss is 19 (55 minus 36), with a preimplantation
loss rate of 19/55 or 35%. Pregs: pregnancies.

that remains under all assumptions. This range can be regarded as the
most robust estimate of preimplantation loss available with current
data.

This estimate of preimplantation loss (40 to 50%) can be combined
with recognized losses to calculate the total survival of fertilized ova
(Fig. 5). The two panels (one for 40% preimplantation loss and the
other for 50%) show the resulting percent of all fertilized ova lost at
each stage of pregnancy, and the percent culminating in live births.
Total loss among conceptions ranges from 60 to 67%, leaving 33 to
40% of all conceptuses surviving to live birth. In each these scenarios,
loss is highest immediately following fertilization and steadily declines
following implantation and clinical detection. Stillbirth (the only fetal
loss that is legally registered in most developed countries and for which
we therefore have complete data) constitutes the smallest fraction of
all pregnancy loss.

Discussion
The extent of preimplantation loss in humans has been a subject
of speculation for decades. Hertig and Rock’s extraordinary 1959
study of uteri surgically removed from fertile women provided the
first evidence of extensive early pregnancy loss in humans—although
with too few observations to quantitate that extent (Hertig et al.,
1959). Since then, there have been many estimates of preimplan-
tation loss, widely varying and mostly based on thin assumptions
or scant data (Chard, 1991; Weinberg and Wilcox, 1995; Kennedy,
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Figure 3 Continuous relationship of fertilization rate and
estimated preimplantation loss. Estimated for first-attempt
cycles with the following assumptions: 14% of cycles have no oppor-
tunity for fertilization (sterility, anovulation, mistimed intercourse) and
36% of first-attempt cycles result in an implanting pregnancy. Assumes
a range of 64–90% human ova fertilized in the presence of sperm
(based on human IVF data (64%) and animal data (90%)).

Figure 4 Estimated range of preimplantation loss under
a series of varying assumptions about underlying biological
processes. Numbers in parentheses are the baseline assumptions
used in the main analysis, holding constant the assumption of ovum
fertilization within the range of 64–90%. Even within these variations,
there is a range of preimplantation loss (40 to 50%, shown by the gray
vertical panel) that remains under all assumptions.
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1997; Jarvis, 2016). No previous estimates have considered natu-
ral factors that limit the opportunity for fertilization, such as spo-
radic anovulation and the absence of intercourse during the six fer-
tile days of the cycle. In the most careful summary to date, Jarvis
estimated that 10–40% of fertilized ova are lost before implanta-
tion (Jarvis, 2016). Our best estimate of preimplantation loss (40–
50%) is at once narrower and more empirically based than previous
estimates.

Limitations of these estimates
Every number entered into our framework is of course an approxima-
tion—with some more approximate than others. The natural fertiliza-
tion rate of human ova remains the main uncertainty in any calculation
of preimplantation loss. IVF provides the only direct fertilization data
for humans, but IVF does not fully replicate the complex orchestration
of physiological events leading to in vivo fertilization. Acknowledging
this uncertainty, we have considered a range of possible fertilization
rates, from the relatively low rates observed in human IVF studies
to the higher fertilization rates seen in non-human species including
other primates. Even within this range of assumptions, our framework
provides a relatively specific estimate of preimplantation loss compared
to the range in the literature. As better studies are conducted, the
accuracy of the underlying assumptions is likely to improve. Our
approach allows new data to be entered into the calculations for
better estimates of preimplantation loss. Our spreadsheet can also be
used to explore the sensitivity of preimplantation loss to alternative
assumptions.

Our framework attempts to address the natural biology of an
unselected population in their prime reproductive years. In practice,
however, hardly any data come from unselected populations. We
extract our reproductive data from studies in diverse settings, with their
attendant limitations. Women’s age and, to a lesser degree, men’s age,
influence many of the components of our framework. Male and female
fertility both decline with age (Dunson et al., 2004), while miscarriage
risk dramatically increases with mother’s age (Magnus et al., 2019).
Subclinical pregnancy loss may also increase with the mother’s age (Farr
et al., 2007). We have tried to restrict our estimates to those from
study populations in their most successful reproductive ages, but this
was not always possible. A full exploration of how age might affect
estimates of preimplantation loss would require additional and more
complicated assumptions.

A further limitation of this study is the role of socioeconomic
diversity. Most human reproductive data come from relatively affluent
populations, and our estimates of loss may therefore reflect conditions
that are more optimum than representative.

Estimating total pregnancy loss
Our estimate of preimplantation loss allows the calculation of
cumulative loss starting with fertilization and thus the proportion
of fertilized ova that survive to live birth. There are diverse
speculations on this question. The current view, according to
Niakan, is that ‘at most, 30% of fertilized eggs result in a live birth’
(Niakan et al., 2012). Jarvis concluded that a plausible range is 40–
60% (Jarvis, 2016). Our estimate falls exactly between those two
estimates, with 33 to 40% of fertilizations resulting in live birth
(Fig. 5).
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Figure 5 Estimated survival curves for fertilized ova. Scenario A assumes that 40% of fertilized ova will be lost before implantation, while
Scenario B assumes 50%. The bar plot at the right of each panel shows the cumulative fate of fertilized ova: loss or live birth. By these estimates,
60–67% of fertilized ova do not result in a live birth, with the largest proportion of loss in both scenarios occurring prior to implantation.

Biological mechanisms of preimplantation
loss
What are possible causes of preimplantation loss? Numerous biological
mechanisms could impair the robustness of a fertilized ovum. These
include genetic problems of the ovum or sperm, aneuploidies that arise
during meiosis and developmental problems in the early days following
fertilization (for example, due to suboptimal oviduct environment
(Chegini, 1996) or errors in DNA methylation (Messerschmidt et al.,
2014)). Hardy et al. (Hardy et al., 2001) have used mathematical
modeling of cell development to argue that the underlying causes
of embryonic loss are present at fertilization, with conditions after
fertilization being less important. One frequent error at fertilization
is chromosomal aberration—whole chromosome defects as well as
segmented aneuploidy (Babariya et al., 2017). Aneuploidy may explain
much of the failure of IVF fertilized ova to reach the blastocyst stage
of development (Hardy et al., 2001). The slower rate of development
when aneuploidy is present (Pellestor et al., 2003) may also render
the fertilized ova unprepared to implant in the uterus during the
brief period when the endometrium is maximally receptive (Yoshinaga,
1988).

Implications for evaluation of IVF success
rates
Any comparison of in vivo and in vitro success rates is constrained by
a lack of comparable benchmarks in the two settings. Perhaps most
important, there is no information on in vivo fertilization of the ovum—
an event that is directly observable in IVF. Without this information,
there is no comparable denominator for calculating the probability of
successful pregnancy in the two settings. Our framework addresses this
indirectly by estimating the proportion of fertilized ova that culminate
in live birth. Under reasonable assumptions, 33 to 40% of ova fertilized
in vivo progress to live birth (Fig. 5). For women under the age of 35
undergoing IVF, the per cycle probability of live birth is 31% (CDC fig
18), although this estimate is inflated by including cycles with more than
one embryo transferred.
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Another way to estimate success of the in vitro fertilized ovum is to
multiply the probability of a fertilized ovum progressing to a five-day
blastocyst (around 50% (Hardy et al., 2001, McCollin et al., 2019)) by
the probability that a five-day embryo will produce a live birth (50% for
women less than 35 years of age (CDC fig 35)), which is 25%. If we
regard 25 to 31% as a reasonable range for the probability that an in
vitro fertilized ovum will lead to a live birth, this is distinctly less than our
estimate of 33% to 40% in vivo. Thus, it appears that ova fertilized in
vitro may be moderately less successful in producing a live birth than
those fertilized in vivo. Unfortunately, these calculations provide no
clear indication of the specific stages at which the IVF process might
be improved.

Broader implications
Our findings underscore the fact that failure to conceive in a given cycle
is due not only to the absence of fertilization, but to failure of the
fertilized ovum to progress to implantation. An added aspect of these
results is with regard to legislative efforts to rule that human life legally
begins at the moment an egg is fertilized (see for example, H.R.586—
Sanctity of Human Life Act,115th Congress, 2017–2018). There is no
mention in proposed legislation of the large number of natural losses
that occur after fertilization—by our estimation, up to twice as many
as live births. Recognition of these losses may not affect the intended
legislation, but quantifying preimplantation loss could help the general
public better understand the natural events of pregnancy, and provide
a better context for policies related to those events.

In sum, we present a framework for incorporating empirical data
into an estimate of preimplantation loss. This framework takes into
account biological processes relevant to fertilization and loss. Our
results support the assumption that risk of loss is highest in the earliest
days following fertilization, with a more empirically based range of
estimates than has previously been available. To the extent that our
estimates are accurate, in vivo conceptions are more likely to culminate
in live birth than IVF conceptions, suggesting that further improvements
in IVF success rates may be possible. The framework provided here
can be adapted to incorporate better reproductive data as such data
become available.
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Acknowledgements
We are grateful to Martin Langley, who kindly extracted the necessary
data from the Texas clinic data set; Dr Carmen Williams, who provided
valuable insights into the mechanisms and limitations of IVF studies;
Dr D. Robert McConnaughey, who provided the additional analysis
of data from the Early Pregnancy Study; and Drs Clarice Weinberg
and Donna Baird, who gave critical and constructive comments on
previous versions of this manuscript. This research was supported by
the Intramural Research Program of the NIH, National Institute of
Environmental Health Sciences, NIH.

Authors’ roles
Dr Wilcox was responsible for conception and design of paper and
wrote the first draft. Dr Harmon designed the analytic spreadsheet.
Dr Doody provided key empirical data from his clinic. All authors
took part in analysis and interpretation of data, revision of the paper
for important intellectual content and final approval of the published
version.

Funding
Intramural Program of the National Institute of Environmental Health
Sciences, NIH.

Conflict of interest
Professor Adashi serves as Co-Chair of the Safety Advisory Board
of Ohana Biosciences, Inc. The other authors have no competing
interests.

References
Abma JC, Chandra A, Mosher WD, Peterson LS, Piccinino LJ. Fertil-

ity, family planning, and women’s health: new data from the 1995
National Survey of Family Growth. Vital Health Stat 1997;23:1–114.

Babariya D, Fragouli E, Alfarawati S, Spath K, Wells D. The incidence
and origin of segmental aneuploidy in human oocytes and preimplan-
tation embryos. Hum Reprod 2017;32:2549–2560.

Baird DD, Mcconnaughey DR, Weinberg CR, Musey PI, Collins DC,
Kesner JS, Knecht EA, Wilcox AJ. Application of a method for
estimating day of ovulation using urinary estrogen and progesterone
metabolites. Epidemiology 1995;6:547–550.

Baird DD, Strassmann BI. Women’s fecundability and factors affecting
it. In: Goldman MB, Hatch MC (eds). Women and Health. San Diego:
Academic Press, 2000.

Bonde JP, Hjollund NH, Jensen TK, Ernst E, Kolstad H, Henriksen TB,
Giwercman A, Skakkebaek NE, Andersson AM, Olsen J. A follow-up
study of environmental and biologic determinants of fertility among
430 Danish first-pregnancy planners: design and methods. Reprod
Toxicol 1998;12:19–27.

Cha J, Sun X, Dey SK. Mechanisms of implantation: strategies for
successful pregnancy. Nat Med 2012;18:1754–1767.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Chard T. Frequency of implantation and early pregnancy loss in natural
cycles. Baillieres Clin Obstet Gynaecol 1991;5:179–189.

Chegini N. Oviductal-derived growth factors and cytokines: implication
in preimplantation. Semin Reprod Endocrinol 1996;14:219–229.

Clark AR, Kruger JA. Mathematical modeling of the female reproduc-
tive system: from oocyte to delivery. Wiley Interdiscip Rev Syst Biol
Med 2017;9.

Cole LA, Ladner DG, Byrn FW. The normal variabilities of the men-
strual cycle. Fertil Steril 2009;91:522–527.

Daughtry BL, Chavez SL. Chromosomal instability in mammalian pre-
implantation embryos: potential causes, detection methods, and
clinical consequences. Cell Tissue Res 2016;363:201–225.

Dunson DB, Baird DD, Colombo B. Increased infertility with age in
men and women. Obstet Gynecol 2004;103:51–56.

Dunson DB, Baird DD, Wilcox AJ, Weinberg CR. Day-specific prob-
abilities of clinical pregnancy based on two studies with imperfect
measures of ovulation. Hum Reprod 1999;14:1835–1839.

Farr SL, Schieve LA, Jamieson DJ. Pregnancy loss among pregnancies
conceived through assisted reproductive technology, United States,
1999-2002. Am J Epidemiol 2007;165:1380–1388.

Hardy K, Spanos S, Becker D, Iannelli P, Winston RM, Stark J. From
cell death to embryo arrest: mathematical models of human preim-
plantation embryo development. Proc Natl Acad Sci U S A 2001;
98:1655–1660.

Hertig AT, Rock J, Adams EC, Menkin MC. Thirty-four fertilized human
ova, good, bad and indifferent, recovered from 210 women of
known fertility; a study of biologic wastage in early human pregnancy.
Pediatrics 1959;23:202–211.

Jarvis GE. Estimating limits for natural human embryo mortality.
F1000Res 2016;5:2083.

Jefferson WN, Padilla-Banks E, Goulding EH, Lao SP, Newbold
RR, Williams CJ. Neonatal exposure to genistein disrupts abil-
ity of female mouse reproductive tract to support preimplanta-
tion embryo development and implantation. Biol Reprod 2009;80:
425–431.

Jun SH, Choi B, Shahine L, Westphal LM, Behr B, Reijo Pera RA, Wong
WH, Yao MW. Defining human embryo phenotypes by cohort-
specific prognostic factors. PLoS One 2008;3:e2562.

Kennedy TG. Physiology of implantation. In: 10th World Congress on
In vitro Fertilization and Assisted Reproduction. Vancouver: Moinduzzi
Edirore SpA, 1997:729–734

Leridon H. Human Fertility: The Basic Components. Chicago and London:
University of Chicago Press, 1977.

Leridon H. A new estimate of permanent sterility by age: steril-
ity defined as the inability to conceive. Popul Stud (Camb)
2008;62:15–24.

Lynch KE, Mumford SL, Schliep KC, Whitcomb BW, Zarek SM, Pollack
AZ, Bertone-Johnson ER, Danaher M, Wactawski-Wende J, Gask-
ins AJ et al. Assessment of anovulation in eumenorrheic women:
comparison of ovulation detection algorithms. Fertil Steril 2014;
102:511–518.e2.

Magnus MC, Wilcox AJ, Morken NH, Weinberg C, Haberg SE. Role of
maternal age and pregnancy history in risk of miscarriage: prospec-
tive register based study. BMJ 2019;364:l869.

Mccollin A, Swann RL, Summers MC, Handyside AH, Ottolini CS.
Abnormal cleavage and developmental arrest of human preimplan-
tation embryos in vitro. Eur J Med Genet 2019.

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deaa048#supplementary-data


750 Wilcox et al.

Messerschmidt DM, Knowles BB, Solter D. DNA methylation dynam-
ics during epigenetic reprogramming in the germline and preimplan-
tation embryos. Genes Dev 2014;28:812–828.

Niakan KK, Han J, Pedersen RA, Simon C, Pera RA. Human
pre-implantation embryo development. Development 2012;139:
829–841.

Norwitz ER, Schust DJ, Fisher SJ. Implantation and the survival of early
pregnancy. N Engl J Med 2001;345:1400–1408.

Nybo Andersen AM, Wohlfahrt J, Christens P, Olsen J, Melbye M.
Maternal age and fetal loss: population based register linkage study.
BMJ 2000;320:1708–1712.

Pellestor F, Andreo B, Arnal F, Humeau C, Demaille J. Maternal aging
and chromosomal abnormalities: new data drawn from in vitro
unfertilized human oocytes. Hum Genet 2003;112:195–203.

Rizos D, Ward F, Duffy P, Boland MP, Lonergan P. Consequences
of bovine oocyte maturation, fertilization or early embryo devel-
opment in vitro versus in vivo: implications for blastocyst yield and
blastocyst quality. Mol Reprod Dev 2002;61:234–248.

Roesner S, Pflaumer U, Germeyer A, Montag M, Strowitzki T, Toth
B. Natural cycle IVF: evaluation of 463 cycles and summary of the
current literature. Arch Gynecol Obstet 2014;289:1347–1354.

Tsuiko O, Catteeuw M, Zamani Esteki M, Destouni A, Bogado Pas-
cottini O, Besenfelder U, Havlicek V, Smits K, Kurg A, Salumets A
et al. Genome stability of bovine in vivo-conceived cleavage-stage
embryos is higher compared to in vitro-produced embryos. Hum
Reprod 2017;32:2348–2357.

Wang X, Chen C, Wang L, Chen D, Guang W, French J. Conception,
early pregnancy loss, and time to clinical pregnancy: a population-
based prospective study. Fertil Steril 2003;79:577–584.

Weinberg CR, Gladen BC, Wilcox AJ. Models relating the timing of
intercourse to the probability of conception and the sex of the baby.
Biometrics 1994;50:358–367.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Weinberg CR, Wilcox AJ. A model for estimating the potency and
survival of human gametes in vivo. Biometrics 1995;51:405.

Wilcox AJ, Baird DD, Dunson DB, Mcconnaughey DR, Kesner JS,
Weinberg CR. On the frequency of intercourse around ovu-
lation: evidence for biological influences. Hum Reprod 2004;19:
1539–1543.

Wilcox AJ, Baird DD, Weinberg CR. Time of implantation of the
conceptus and loss of pregnancy. N Engl J Med 1999;340:1796–1799.

Wilcox AJ, Weinberg CR, Baird DD. Timing of sexual intercourse
in relation to ovulation. Effects on the probability of conception,
survival of the pregnancy, and sex of the baby. N Engl J Med 1995;
333:1517–1521.

Wilcox AJ, Weinberg CR, Baird DD. Post-ovulatory ageing of the
human oocyte and embryo failure. Hum Reprod 1998;13:394–397.

Wilcox AJ, Weinberg CR, Oconnor JF, Baird DD, Schlatterer JP,
Canfield RE, Armstrong EG, Nisula BC. Incidence of early loss of
pregnancy. New Engl J Med 1988;319:189–194.

Windham GC, Elkin EP, Swan SH, Waller KO, Fenster L. Cigarette
smoking and effects on menstrual function. Obstet Gynecol
1999;93:59–65.

Wolf DP, Vandevoort CA, Meyer-Haas GR, Zelinski-Wooten MB,
Hess DL, Baughman WL, Stouffer RL. In vitro fertilization and
embryo transfer in the rhesus monkey. Biol Reprod 1989;41:
335–346.

Wun W-S A, D. R., Schenk LM, Mangal RK, Chauhan SR, Grunert GM.
Maternal Age and Insemination Method Have Significant Impact on
the Incidence of Polypronuclei (PPS). American Society for Repro-
ductive Medicine. Denver: Fertility and Sterility, 2010.

Yoshinaga K. Uterine receptivity for blastocyst implantation. Ann N Y
Acad Sci 1988;541:424–431.

Zinaman MJ, Clegg ED, Brown CC, O’connor J, Selevan SG. Estimates
of human fertility and pregnancy loss. Fertil Steril 1996;65:503–509.


	Preimplantation loss of fertilized human ova: estimating the unobservable
	Introduction 
	Materials and Methods
	Observed fecundability defined as the probability of implantation
	Events prior to implantation

	Results
	Discussion
	Limitations of these estimates
	Biological mechanisms of preimplantation loss
	Implications for evaluation of IVF success rates

	Supplementary data
	Authors' roles
	Funding
	Conflict of interest


