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Abstract

With the widespread use of assisted reproduction, a simple and practical method for embryo selection is needed to
optimize the chances of pregnancy while diminishing the incidence of multiple pregnancy and its accompanying
problems. Many non-invasive methods for embryo selection have been proposed and some are more promising
than others. This review summarizes these methods and attempts to evaluate them in the light of the best currently
available evidence and to find out whether any of them is ripe for replacing or supplementing the time-honored

method of morphological assessment.
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Despite continuous developments in the field of
assisted reproduction, the live birth rate following
IVF and ICS remains low. The most recent
statistics of the Society for Assisted Reproductive
Technologies (SART) of the American Society for
Reproductive Medicine (ASRM) show that the live
birth rate in women undergoing these procedures
in 2011 was 29.2% per retrieval (SART, 2014).
In order to maximize the success rates, infertility
specialists are always faced with the dilemma of
transferring too many embryos and risking the
occurrence of multiple pregnancies with the resulting
complications, or transferring too few embryos and
risking failure of the procedure (El-Toukhy et al.,
2006). There is, therefore, an urgent need for a
simple and practical method for embryo selection
in order to maximize the chances of success and
minimize the problems of multiple pregnancies in
couples treated with assisted reproduction.

Various methods for embryo selection have been
suggested and practiced. These include invasive and
non-invasive methods. Invasive methods are used
to screen the embryos for genetic abnormalities
(PGS). They require the performance of an embryo
biopsy: a blastomere biopsy at the 8-cell stage or a
trophectoderm biopsy at the blastocyst stage. The

procedures are expensive and require advanced
skills. More importantly, they are not full proof
due to the possibility of embryo injury, undetected
mosaicism and segmental aneuploidy (Juneau et
al., 2016). This means that some normal embryos
may be discarded and some abnormal embryos
may be falsely diagnosed as normal. In addition,
a meta-analysis of randomized studies conducted
in 2011 showed that PGS did not improve the live
birth rate compared to morphological selection
(Mastenbroek et al., 2011), although a more recent
meta-analysis showed that, in good prognosis
patients, comprehensive chromosome screening
after blastocyst biopsy was associated with higher
clinical implantation and ongoing pregnancy rates
(but not higher live birth rates) when the same
number of embryos is transferred (Dahdouh et al.,
2015). Consequently, more infertility specialists are
now considering and using non-invasive methods
for embryo selection. The aim of this paper is to
evaluate these methods in the light of evidence.

Non-invasive methods for embryo selection

Non-invasive methods for embryo selection include
(1) selection on the basis of the morphology of
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Fig. 1. — Embryo scoring at the pronuclear stage (Z1 = equal
pronuclei, equal number and size of nucleoli, aligned in both
pronuclei at the pronuclear junction, number of nucleoli 3 to
7; Z2 = equal pronuclei, equal number and size of nucleoli,
scattered in both pronuclei, number of nucleoli 3 to 7; Z3 =
equal pronuclei, equal number and even or (and) uneven size of
nucleoli, aligned in one pronucleus at the pronuclear junction,
number of nucleoli 3 to 7; Z4 = unequal or separated pronuclei)
(from Scott et al., 2000).

individual embryos at the time of transfer, (2)
selection on the basis of the morpho-kinetic changes
of individual embryos during early developmental
stages observed by time-lapse photography, (3)
selection on the basis of the oxygen consumption
by individual embryos, (4) selection on the basis
of various biochemical markers measured in the
culture medium of individual embryos, (5) selection
on the basis of oxidative stress to which individual
embryos are subjected, or (6) a combination of some
of the above methods.

Evaluation of methods for embryo selection

Evaluation of methods for embryo selection is a
three-step exercise. In an ideal world, the first step
should involve the retrospective comparison of the
method in pregnant versus non-pregnant patients
and finding a statistically significant difference
between both groups. The second step requires
the construction of receiver-operator characteristic
(ROC) curves in order to determine the cut-off point
at the best sensitivity and specificity. The third step
requires conducting prospective randomized trials
using this cut-off point to determine the accuracy
and applicability of the method with the live
birth rate as the primary end point. However, the
occurrence of pregnancy does not only depend on
choosing the embryo(s) with the best potential for
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implantation, as the process is confounded by other
steps involved in assisted reproduction, namely the
difficulties encountered during embryo transfer,
the receptivity of the endometrium, the presence of
intra-uterine abnormalities as well as any systemic
disease affecting implantation. Consequently,
the development of healthy-looking blastocysts
is sometimes taken as the end-point of the study
instead of the clinical outcome.

Embryo selection on the basis of morphology

Classically, embryos were and still are selected for
transfer on the basis of their morphology. Various
scoring systems were developed to evaluate the
embryos at various stages of development: in the
pro-nuclear stage, in the cleavage stage or in the
blastocyst stage.

Scoring at the 2-PN stage

In 2000, Scott and co-workers developed a scoring
system for embryos in the pronuclear stage (Scott et
al.,2000). Scoring is performed at 16-18 hours after
fertilization and is based on the following criteria:
(1) size of the pronuclei and their symmetry, (2)
size, number, equality and distribution of the
nucleoli and (3) the appearance of the cytoplasm
(Fig. 1). In a retrospective study, Balaban et al.
found that embryos that showed an ideal pronuclear
pattern (O PN pattern) cleaved earlier and faster and
resulted in better quality cleavage stage embryos
and blastocysts. They also found that blastocysts
derived from zygotes with a high 2PN stage score
have a higher potential for implantation (Balaban
et al., 2001). Similar results were reported by
Ludwig et al. (2000) and Zollner et al. (2002) who
constructed ROC curves and used a score of 15 as
their cut-off value. In a different study, Kahraman et
al. (2002) found that pre-embryos with a low 2PN
score had a low rate of blastocyst formation and,
more importantly, a high risk of chromosomally
abnormal embryos. However, in 2014, Berger et
al. challenged these findings. They compared the
clinical pregnancy rate (CPR) resulting from the
transfer of 835 non-PN scored embryos with 1064
PN scored embryos and found that PN scoring was
not associated with improved CPR in day 3 embryo
transfers (Berger et al., 2014).

Scoring at the cleavage stage

Scoring embryo morphology at the cleavage stage
is more commonly used. The scoring systems are
largely based on two studies: Giorgetti et al. (1995)
and Van Royen et al. (1999).



Table I. — Cleavage stage embryo scoring (day 3) (from Veeck, 1991).

Grade Description

Grade 1 Embryo with blastomeres of equal size, no cytoplasmic fragments

Grade 2 Embryo with blastomeres of equal size, minor cytoplasmic fragments or blebs
Grade 3 Embryo with blastomeres of distinctly unequal size, none or few cytoplasmic fragments
Grade 4 Embryo with blastomeres of equal or unequal size, significant cytoplasmic fragmentation
Grade 5 Embryo with few blastomeres of any size, severe or complete fragmentation

In the Giorgetti study, a total of 957 single
embryo transfers were carried out 48 hours after
insemination. The authors found that the embryos
with the best potential for implantation were those
who (1) had cleaved, (2) had no fragmentation, (3)
displayed no irregularities, and (4) had reached the
4 cell stage by 48 hours after insemination (Giorgetti
et al., 1995). Similarly, Van Royen et al. (1999)
performed 23 double transfers resulting in ongoing
twins. They found that the criteria associated with
embryo implantation were (1) the absence of multi-
nucleated blastomeres, (2) the presence of 4 or 5
blastomeres on day 2, (3) the presence of 7 or more
cells on day 3 and (4) </=20% anucleated fragments.

These studies were in line with the grading
system first suggested by Lucinda Veeck in 1991
(Veeck, 1991) (Table I). Hsu et al. (1999) used this
scoring system to grade embryos resulting from
IVF and ICSI and found that it was a valuable,
although limited, indicator of implantation outcome.
A different scoring system was also devised by
Houghton et al. (2002) using similar criteria
(Table II). Examples of cleavage embryos by Oleary
etal. (2013) are shown in Figure 2. We have recently
conducted a study comparing the predictive value
of soluble human leuckocytic antigen-G (sHLA-G)
concentration in culture medium to the Veeck’s
score and found that the Veeck’s score was a better
predictor of implantation. The ROC curve revealed
an area under the curve of 0.925 for the Veeck’s
score compared to 0.794 for the s-HLA-G (Sallam
et al., 2015).

The graduated embryo score (GES)

Fish et al. (2001) took the matter further and
introduced the graduated embryo score (GES) where
the embryos are scored on 3 successive occasions:
at 16-18 hours, then at 25-27 hours and again at
64-67 hours. The total score out of a maximum of
100 is then calculated as shown in table III. In their
study, they found that embryos which scored > 70
had an implantation rate of 39% compared to 24%
for embryos that scored < 65 (Fish et al., 2001).

Staging at the blastocyst stage

A method for grading embryos at the blastocyst
stage was devised by Gardner et al. (2000). The score
is based on 3 criteria (1) the blastocyst development
and stage status, (2) the inner-cell mass quality and
(3) the trophectoderm quality (Fig. 3 and Table
IV). In their study they transferred 2 embryos at the
blastocyst stage in each patient. They found that
when they replaced 2 top grade blastocysts (> 3AA),
the implantation and clinical pregnancy rates were
72.8% and 86.8%, respectively, compared to 54.3%
and 69.6% when one blastocyst only was top grade
and to 28.1% and 43.8% when both blastocysts were
less than top grade quality (< 3AA) (Gardner et al.,
2000). Blastocyst transfer is now being increasingly
used in assisted reproduction as it provides a method
of natural selection of embryos when a large number
of these are available. The most recent Cochrane
review has shown that there is a small significant

Table II. — Cleavage stage embryo scoring (day 3) (from Houghton et al., 2002).

Embryo grade Classification
Grade 1 Even blastomeres, no fragmentation
Grade 2 Even blastomeres, < 10% fragmentation
Grade 2.5 10-30% fragmentation
Grade 3 > 30% fragmentation
Grade 4 Only one intact blastomere
Grade 5 No viable blastomeres
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Fig. 2. — Grading the embryo at the cleavage stage (from O’Leary et al., 2013)

difference in live birth rates in favour of blastocyst
transfer (Day 5 to 6) compared to cleavage stage
transfer (Day 2 to 3) (OR =1.40;95% CI =1.13 to
1.74). However, cumulative clinical pregnancy rates
from cleavage stage (derived from fresh and thaw
cycles) resulted in higher clinical pregnancy rates
than from a single blastocyst cycle (OR = 1.58; 95%

CI

=1.11 to 2.25) (Glujovsky et al., 2012).

Table ITI. —Graduated embryo score (from Fisch et al., 2001).

Computerized embryo selection

In an attempt to automate embryo selection, our
group collaborated with Dr. Claudio Manna’s group
in devising a computerized method for embryo
selection based on character recognition. Each
embryo picture is transformed into a vector and the
computer trained to recognize embryos with the

Evaluation Hours after insemination Developmental Mileston Score
1 16-18 Nucleoli aligned 20
Cleavage regular and symmetrical 30
2 2527 Fragmentation absent 30
Fragmentation < 20% 25
Fragmentation > 20% 0
Cell number and grade 20
3 64-67 7,1;8,1;8,11;9, 1
7,11;9,11I; 10, I; 11, I; compacting I 10
Total score 100

90

Facts ViEws Vis OBGYN



Early blastocyst

-~

1AB

Cavity very small = Can't yet
e
Inner cell mass = Can't yet
grade
Trophectoderm = Can't yet

Cavity very small = Can't yet
e
Inner cell mass = Can't yet
grade
Trophectoderm = Can't yet

Cavity < 1/2 embryo's volume
=1
Inner cell mass = A
Trophectoderm = B

Cavity > 1/2 embryo's volume
=2
Inner cell mass =B
Trophectoderm = B

Cavity > 1/2 embryo's volume

=2

Inner cell mass =B
Trophectoderm = C

Cavity completely fills embryo
=3
Inner cell mass =B
Trophectoderm = B

4AA

4AB

4BB

Well expanded = 4
Inner cell mass = A
Trophectoderm = A

Well expanded = 4
Inner cell mass = A
Trophectoderm = B

Well expanded = 4
Inner cell mass = B
Trophectoderm = B

Fig. 3. — Scoring the embryo at the blastocyst stage (from Gardner et al., 2000)

best potential for implantation. The results showed
that the ability of the computer to recognize the
best embryos was comparable to that of a group of
experts (Manna et al., 2004). However, the method
has not yet been taken to the prospective randomized
trial phase.

Embryo selection on the basis of morpho-kinetics

Embryos can also be selected on the basis of their
morpho-kinetic changes. It has been shown from the
outset of IVF work that earlier cleaving embryos
have a better chance of developing into blastocysts
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Table IV. — Scoring the embryo at the blastocyst stage
(from Gardner et al., 2000).

Expansion
Blastocysst development and stage statust
grade
1 Blastocoel cavity less than half the volume of the embryo
2 Blastocoel cavity more than half the volume of the embryo
3 Full blastocyst, cavity completely filling the embryo
4 Expanded blastocyst, cavity larger than the embryo, with thinning
of the shell

5 Hatching out of the shell
6 Hatched out of the shell

ICM grade| Inner cell mass quality
A Manny cels, tightly packed
B Several cells, loosley grouped
C very few cells

TE grade Trophectoderm quality
A Many cells, forming a cohesive layer
B Few cells, forming a loose epithelium
C Very few large cells

and implanting (Edwards et al., 1984; Shoukir et
al., 1997; Salumets et al., 2003; van Montfoort et
al., 2004). Payne et al. (1997) and Mio and Maeda
(2008) were also among the first groups to describe
the dynamic changes occurring in the embryo from
the time of fertilization until blastocyst formation
using time-lapse photography.

Based on these and other observations, automatic
systems were developed to record the dynamic
changes of cultured embryos using a time-lapse
camera placed inside the incubator. Some of the
currently available systems consist of an incubator
with a built-in camera, while others consist of
cameras that can be placed inside traditional CO2
incubators. Some systems use bright field technology
while the others use dark field technology (which

is associated with a better view of the membranes
but a lower overall resolution). The accompanying
software is meant to help the embryologist to
choose the embryo(s) with the best potential
for implantation. This software is based upon
retrospective studies that identified the morpho-
kinetic changes associated with the best blastocyst
formation, the highest implantation, pregnancy or
take home baby outcome. Table V summarizes the
main characteristics of 3 commercially available
systems (Kovacs, 2014).

Using one of these systems, Meseguer et al.
(2011) conducted a retrospective time-lapse
video observational study of 247 embryos with
implantation as their end point. They found that (1)
direct cleavage from 1 to 3 cells (very short time
as a 2-cell embryo), (2) uneven blastomeres at the
2-cell stage and (3) multinucleation at the 4-cell
stage were associated with a minimal chance of
implantation and considered them exclusion criteria.
On the other hand, they found that the best three
parameters predictive of implantation were (1)
cleavage to the 5-cell stage called t5, (2) time from
3 to 4 cell division called S2 and (3) time from 2 to
3 cell division called CC2 (Meseguer et al., 2011).
The optimal ranges for t5, S2 and CC2 were 48.8-
56.6 hrs,<0.76 hrs and < 11.9 hrs, respectively.

Other groups, using the same or different systems,
found slightly different predicting parameters with
different ranges (Table VI) (Wong et al., 2010; Cruz
etal.,2012; Conaghan et al., 2013). The association
between time-lapse markers of embryo development
and embryo aneuploidy was also studied by time-
lapse systems with contradictory results (Table VII)
(Chavez et al., 2012; Campbell et al., 2013; Basile
et al.,2014).

In 2014, Rubio et al. conducted a randomized
controlled trial (RCT) to evaluate the time-lapse

Table V. — Technical parameters of three commercially available time-lapse systems (from Kovacs, 2014).

Embryoscope Primo vision EEVA
Illumination Bright field, low intensity red |Bright field, low intensity green Dark field
LED LED
Microscope/incubator | Incubator with integrated time- | Microscope that can be placed | Microscope that can be placed in
lapse system in standard incubators standard incubators
Culture dish Embryoslide 9-16 well Primo vision embryo EEVA dish

culture dish

Embryo culture

Single culture

Group culture

Group culture

Planes of view

7 focal planes

11 focal planes

Single plane

Max no. of embryos

72

96

Depends on the dish

Other

Comes with software
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Table VI. — Optimal time interval of kinetic markers predictive of implantation or blastocyst formation by various groups.

Wong 2010 Meseguer 2011 Cruz 2012 Conaghan 2013
End-point Blastocyst Implantation Blastocyst Blastocyst
S, (min) 143+6
CC ; (hour) 11.1+£22 <119 93-11.5
S, (hour) 1+1.6 <0.76 <0.76 <1.73
t, (hour) 48.8-56.6 48.8-56.6

monitoring system (TMS). They found that the
system improved the implantation and on-going
pregnancy rates and decreased the miscarriage rate
significantly (Rubio et al., 2014).

However, these results could not be confirmed
by a more recent RCT of 235 patients conducted
by Goodman et al. who found that the addition of
time-lapse morpho-kinetic data did not significantly
improve clinical reproductive outcomes in all their
patients including those that reached the blastocyst
stage (Goodman et al., 2016). In addition, the
latest Cochrane review shows that the time-lapse
monitoring systems did not improve the live birth
rate or the clinical pregnancy rate (OR =1.11,95%
CI=0.45-2.73 and OR =1.23,93% CI =0.96-1.59,
respectively) (Armstrong et al., 2015).

Embryo selection on the basis of the oxygen con-
sumption

Oxygen consumption by individual embryos
was studied as a potential method for selecting
the embryos with best developmental capability
(and hence implantation) and various methods
for its measurement were described. In 1996,
Houghton et al. used a non-invasive ultra-
microfluorescence technique to measure oxygen
consumption by pre-implantation and early post-
implantation mouse embryos (Houghton et al.,
1996). Oxygen consumption was detected at all
stages of development, including in the early post-

implantation embryo. Consumption remained
relatively constant from zygote to morula stages
before increasing in the blastocyst and day 6.5-7.5
stages (Houghton et al., 1996). Similar results were
also reported by the same group for bovine embryos
grown in culture (Thompson et al., 1996). In 2000,
Trimarchi et al. used the self-referencing electrode
technique to measure gradients of dissolved oxygen
in the culture medium immediately surrounding
developing mouse embryos. They found a two-fold
increase in oxygen consumption at the blastocyst
stage. They also found that mitochondrial oxidative
phosphorylation accounted for 60-70% of the
oxygen consumed by blastocysts, while it accounted
for only 30% of the total oxygen consumed by
cleavage-stage embryos (Trimarchi et al., 2000).
More recently, a respirometric biochip was
developed for measuring oxygen consumption and
used for embryo assessment (O’Donovan et al.,
2006).

In 2012, Tejera et al. used the Clark O, sensor
embedded in a time-lapse morphology system to
study oxygen consumption by individual human
embryos (Lopes et al., 2007). The system allows the
continuous measurement of individual respiration
rates with simultaneous acquisition of digital images
of each embryo, during the entire culture period
(6-7 days).

Tejera et al. found that embryo oxygen
consumption in women who became pregnant
was significantly higher compared to those who

Table VII. — Optimal time interval of kinetic markers predictive of embryo euploidy by various groups.

Basile et 2014 Chavez et 2012 Campbell 2013

S, (min) 144+42
CC, (hour) 11.8+0.7

S, (hour) 0.96 +0.84

t 5 (hour) 47.2-58.2

t5, (hour) >20.5
CC; (hour) 11.7-18.2

Iyc (hour) <1229
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Table VIII. — Summary of selected studies evaluating various methods of embryo selection.

Method of embryo selection Outcome studied Statistical Reference
difference
found
Scoring at 2-PN stage Blastocyst formation Yes Balaban et al., 2001; Ludwig et al.,
2000; Zollner et al., 2002
Clinical pregnancy No Berger et al., 2014
Euploidy Yes Kahraman et al., 2002
Scoring at the cleavage stage Implantation Yes Hsu et al., 1999; Sallam et al., 2015
Graduated embryo score (GES) Implantation Yes Fish et al., 2001
Staging at the blastocyst stage Implantation Yes Gardner et al., 2000
Clinical pregnancy Yes Gardner et al., 2000
Morpho-kinetics by time-lapse systems | Implantation Yes Meseguer et al., 2011
On-going pregnancy Yes Rubio et al., 2014
Oxygen consumption Clinical pregnancy Yes Tejera et al., 2012
Pyruvate in culture medium Blastocyst formation Yes Gardner and Leese, 1987; Gardner et
al., 2001
Glucose in the culture medium Blastocyst formation Yes Gardner and Leese, 1987; Gardner et
al., 2001
Clinical pregnancy Yes Gardner et al., 2011
Amino acid turnover in culture medium | Blastocyst formation Yes Houghton et al., 2002
Clinical pregnancy and live | Yes Brison et al., 2004
birth
Euploidy Yes Picton et al., 2010
Embryo metabolome in culture medium | Implantation Yes Seli et al., 2007; Nagy et al., 2008;
Scott et al., 2008; Vergouw et al.,
2008; Nagy et al., 2009; Seli et al.,
2010; Ahlstrom et al., 2011; Seli et al.,
2011; Vergouw et al., 2011
s-HLA-G in culture medium Implantation Yes Vercammen et al., 2008; Guo et al.,
2013; Kotze et al., 2013; Sallam et al.,
2016
HCG in culture medium Blastocyst formation Yes Xiao-Yan et al., 2013
Implantation Yes Xijao-Yan et al., 2013
Platelet activating factor (PAF) in culture | Clinical pregnancy Yes Roudebush et al., 2002
medium
Leptin in culture medium Blastocyst formation Yes Gonzilez et al., 2000
Ubiquitin in culture medium Blastocyst formation Yes Katz-Jaffe et al., 2006
Haptoglobin-a-1 fragment in culture Clinical pregnancy Yes Montské et al., 2015
medium
Oxidative stress Clinical pregnancy Yes Wiener-Megnazi et al., 2011

did not. The authors constructed ROC curves for
oxygen consumption and reported a cut-off value
of 5.89 fmol per second at the optimum sensitivity
and specificity of 55.6% and 87.5%, respectively
(Tejera et al., 2012). These preliminary data require
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further evaluation by prospective randomized trials
in single embryo transfer cycles with the live birth
rate at their primary end point before this expensive
method can be suggested for use in routine clinical
practice.



Table IX. — Summary of meta-analyses of prospective randomized studies to evaluate the proposed method of embryo selection.

Method of embryo | Outcome studied | Statistical difference found | Odds ratio (95% con- Reference
selection fidence intervals)
Scoring at the blasto- | Live birth Yes, if equal number of 1.40 (95% CI =1.13- Glujovsky et al., 2012
cyst stage embryos are transferred 1.74) (Cochrane review)
Cumulative Yes, but in favor of day 2-3 1.58 (95% CI=1.11- Glujovsky et al., 2012
pregnancy rate transfers, compared to single | 2.25) (Cochrane review)
blastocyst
Morpho-kinetics by Live birth No 1.11 (95% CI = 0 .45- Armstrong et al., 2015
time-lapse systems 2.73) (Cochrane review)
Clinical pregnancy | No 1.23 (95% CI = 0.96- Armstrong et al., 2015
1.59) (Cochrane review)
Embryo metabolome | Live birth No 0.98 (95% CI = 0.74- Vergouw et al., 2014

in culture medium

1.29)

(Meta-analysis)

G O c8-cell developing to
i
g blastocyst
Rl c8-cell arresting prior to | |
a blastocyst -
= - |

acid appearance (pmol/embryo/h)

i
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Fig.4. — Amino acid depletion/appearance + SEM by individual human embryos over the compacting
8-cell to morula transition which subsequently formed blastocysts (n = 23), or which arrested in culture
prior to cavitation (n = 32). *P < 0.05; **P < 0.01;***P < 0.001 significance from zero (from Houghton

et al.,2002).

Embryo selection on the basis of biochemical
markers in the culture medium

The metabolism of the pronucleate oocyte, the
cleavage stage embryo and the blastocyst has been
thoroughly studied in vitro as elegantly reviewed
by Gardner and Wale (2013). Some substrates
present in the culture medium are consumed by
the embryo while others metabolites are secreted.
The measurement of some of these products in the
culture medium has therefore been suggested as
a method for embryo selection. These include (1)
substrates and products of carbohydrate metabolism
(2) amino acid turnover (3) assessment of the embryo
metabolome (4) measurement of the s-HLA-G
fragment (5) BFHCG (6) haptoglobin-a-1 fragment
(7) leptin (8) ubiquitin and (9) platelet activating
factor (PAF) concentrations in the culture medium.

Substrates and products of carbohydrate metabolism

During the first 2 days following fertilization,
embryos use pyruvate preferentially as their main
source of energy, while after compaction they start
to consume glucose as their main source (Leese
et al., 1986; Gardner and Leese, 1987; Gott et al.,
1990; Jones et al., 2001).

In 1980, Renard et al. were the first to show that
cattle embryos with a glucose uptake of > 5 mg/h
developed better both in vitro and in utero than those
embryos with a lower uptake (Renard et al., 1980).
Subsequently, Gardner and Leese reported similar
results in mouse blastocysts and in 2001, Gardner et
al. showed that the utilization of pyruvate and glucose
on day 4 was predictive of blastocyst development
in human embryos (Gardner and Leese, 1987;
Gardner et al., 2001). Gardner et al. took the matter
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further and showed, in a study using single embryo
transfers in humans, that glucose consumption was
also predictive of pregnancy (Gardner et al., 2011).
It was also shown that embryos that gave rise to
pregnancy were not necessarily those who had the
highest morphology scores and that human female
embryos consumed more glucose compared to male
embryos (Gardner et al., 2011). Time has come to
conduct a prospective randomized study to evaluate
the applicability and reliability of this method of
embryo selection.

Amino acid turnover

Embryos grown in vitro consume some amino
acids present in the culture medium and produce
(secrete) others. This amino acids turn-over was
evaluated as a method for embryo selection. In
2002, Houghton et al. used high performance
liquid chromatography (HPLC) to study the
amino acid turn-over in the culture medium of
individually-grown human embryos. They found
that embryos that went on to develop top quality
blastocysts consumed more leucine and produced
more alanine compared to those that did not. The
profiles of alanine, arginine, glycine, methionine
and asparagine flux predicted blastocyst formation
in > 95% of instances (Hougthon et al., 2002) (4).
In a subsequent study, Brison et al. showed that the
turnover of three amino acids, asparagine, glycine
and leucine, was significantly correlated with clinical
pregnancy and live birth (Brison et al., 2004). More
recently, Picton et al. investigated the relationship
between amino acid turn-over in the human embryo
culture medium and chromosomal anomalies
of the embryo (13, 18, 21 X and Y). They found
that asparagine, glycine and valine turnover was
significantly different between genetically normal
and abnormal embryos on days 2 to 3 of culture.
By days 3 to 4, the profiles of serine, leucine and
lysine differed between euploid versus aneuploid
embryos. They also found that cleavage stage male
embryos consumed significantly more tryptophan,
leucine and asparagine compared to female embryos
(P <0.05) (Picton et al., 2010). To the best of our
knowledge, no prospective randomized study has
so far been conducted to evaluate the application of
data from these studies for embryo selection.

Assessment of the embryo metabolome

Metabolomic profiling of spent embryo culture
media has also been proposed as a method for embryo
selection. In this method, an overall metabolic
footprint of the surrounding medium is determined,
rather than measuring specific nutrients and
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metabolites (Hollywood et al., 2006). Metabolomic
profiling of culture medium can be determined by
non-optical spectroscopy such as nuclear magnetic
resonance (NMR), mass spectroscopy (MS) with or
without high performance liquid chromatography
(HPLC) which are costly techniques that require
trained personnel and expensive equipment. More
commonly, they have been determined using
optical spectroscopy such as near infrared (NIR)
spectroscopy or Raman spectroscopy, which are
less expensive, less complex and do not need sample
preparation or separation.

Several studies have been conducted using
NIR spectroscopy with the derivation of a
“viability score”. The viability score is obtained
by comparing regions within the NIR spectrum
that discriminate between embryos, which have
successfully implanted and those that did not (Fig. 5)
(Kirkegaard et al., 2014). These studies reported a
good correlation between a high viability score and
the ability of the embryo to implant but not with
embryo morphology (Seli et al., 2007; Nagy et al.,
2008; Scott et al., 2008; Vergouw et al., 2008; Nagy
et al., 2009; Seli et al., 2010; Ahlstrom et al., 2011;
Seli et al., 2011; Vergouw et al., 2011). However,
randomized studies failed to confirm that this
method can be used to prospectively select embryos
with the best implantation or pregnancy potential as
shown in a recent meta-analysis (OR =0.98; 95% CI
=0.74-1.29) (Vergouw et al., 2014).

s-HLA-G fragment

The human leukocytic antigen (HLA) system
consists of a group of genes that encode for proteins
on the surface of cells responsible for regulation of
the immune system in humans. This group of genes
resides on chromosome 6 and can be considered
the human versions of the major histocompatibility
complex (MHC) genes found in most vertebrates.

Day 3

Fig.5. — Spectra of embryo culture media after day 3 and day
5 transfers (from Kirkegaard et al., 2014).



The proteins encoded by these genes are also known
as “antigens”, because they were originally found
to play an important role in organ transplantation.
Different HLA antigens play different roles in the
human body but HLA-G is secreted mainly by
the extravillous trophoblast at the foetal-maternal
interface and plays an important role in the process
of implantation by opposing the action of natural
killer (NK) cells (Goldman-Wohl et al., 2000;
Roussev and Coulam, 2007). Consequently, the
concentration of the soluble moiety of the HLA-G
fragment (s-HLA-G fragment) was also measured
in the spent culture medium of human embryos as a
possible method of embryo selection.

Various studies have shown that the concentration
of sSHLA-G fragment was significantly higher in the
spent culture medium of embryos that implanted
versus those that did not (Kotze et al., 2013; Guo
et al., 2013). This was confirmed in a meta-analysis
conducted by Vercammen et al. (2008) who found
that the diagnostic odds ratio of predicting a clinical
pregnancy was significantly higher when this
method was used (DOR =4.38;95% CI =2.93-6.55).
Other studies confirmed these results in subsequent
studies (Guo et al., 2013; Kotze et al., 2013; Sallam
et al., 2016). Despite these encouraging findings,
prospective randomized trials in single embryo
transfer cycles need to be conducted before the
method can be reliably used in a wider clinical
context.

BBHCG

In 2011, Butler et al. reported that BBHCG was
detectable in the spent culture medium of human
embryos from the 2 pronuclear (2PN) stage through
to the blastocyst stage (Butler et al., 2011). Similar
results were reported by Ramu et al. (2011) on day
2 spent embryo culture media. More recently, Xiao-
Yan et al. measured BEHCG in the spent culture
media of human embryos using a highly sensitive
electro-chemiluminescence immunoassay. The
authors found a positive correlation between BEHCG
concentration and the blastocyst morphological
grading (r =0.411), as well as with the implantation
rate (r = 0.559 at day3 and 0.535 at day5) (Xiao-
Yan et al., 2013). These interesting observations
need to be confirmed by more studies before being
evaluated in prospective randomized trials.

Other bio-markers
Other bio-markers have been studied in the spent

culture medium of human embryos as possible
markers for embryo selection. These include

platelet activating factor (PAF), leptin, ubiquitin and
haptoglobin-a-1 fragment.

The platelet activating factor (PAF) also known
as the phospholipid 1-o-alkyl-2-acetyl-sn-gylcero-
3-phosphocholine is a soluble factor produced by
mammalian pre-implantation embryos. Besides
causing platelet activation, it influences changes in
the oviductal, endometrial and maternal immune
functions. It also acts as a trophic/survival factor
for the early embryo and this has been shown by
the in vitro supplementation of culture media with
PAF (O’Neill and Saunders, 1984; O’Neill, 2005).
In 2002, Roudebush et al. analysed PAF in the spent
culture media of human embryos and found a good
correlation between PAF levels and pregnancy
outcome (Roudebush et al., 2002). Leptin was also
measured in the spent culture medium of human
embryos by Gonzilez et al. (2000) who found
that human blastocysts secrete it in significantly
higher levels compared to arrested embryos.

With more sophisticated equipment available,
Katz-Jaffe et al. used time-of-flight mass
spectroscopy to analyse the spent culture medium
of human and mouse embryos. They found that
the protein biomarker ubiquitin was significantly
up-regulated (P <0.05) in embryos that went on
to develop blastocysts (Katz-Jaffe et al., 2006).
In an equally interesting study, Montské et al.
analysed the spent culture medium of human
embryos by liquid chromatography coupled with
mass spectroscopy. They identified a marker known
as the haptoglobin-a-1 fragment, a polypeptide
which was present in higher concentrations in the
culture medium of non-viable embryos compared to
viable embryos and those who went on to achieve
pregnancy (Montské et al., 2015). They suggested
the use of this marker for the exclusion of embryos
with low implantation potential. However, the
applicability and accuracy of these four methods
to select the embryo with the best implantation
potential need to be evaluated by prospective
randomized trials.

Embryo selection on the basis of oxidative stress

A relationship between oxidative stress in the
culture medium and the growing embryos has been
demonstrated. In 1996, Paszkowski and Clarke found
that impaired embryo development was associated
with an increased generation of reactive oxygen
species by the embryo (Paszkowski and Clarke,
1996) and Lipari et al. showed that the mean nitric
oxide (a pro-oxidant) metabolite levels in the day 5
culture medium were 2.6 times higher in embryos
that progressed to the blastocyst stage than in those
that did not (Lipari et al., 2009). The addition of
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certain nutrients known to be antioxidants to the
culture media has also been shown to improve the
oxidative state of the early embryo. For example,
Ozawa et al. showed that the addition of glutathione
or thioredoxin (antioxidant pathways) to the culture
medium of porcine embryos reduces the intracellular
redox status of these embryos resulting in improved
development to the blastocyst stage (Ozawa et
al., 2006). Similarly, Suzuki et al. found that the
addition of glutamine and hypotaurine to the culture
medium of porcine pre-implantation embryos
improves their intracellular oxidative status and in-
vitro development (Suzuki et al., 2007).

Various systems for the measurement of
oxidative stress exist. They include thermo-
chemiluminescence (TCL) analyser systems
which measure the TCL amplitude in counts
per second (CPS) as well as systems based on
electrochemical technology that measure the static
oxidation reduction potential (SORP) in millivolts
(mV) (Shnizer et al., 2003). To test the method for
embryo selection, Wiener-Megnazi et al. performed
77 transfers of embryos cultured individually for
72 hours and measured the oxidative status using
the thermo-chemiluminescence (TCL) analyser. The
mean number of transferred embryos was 2.09 +
0.65 per transfer. Two parameters were recorded: the
TCL amplitude after 50 seconds (H1) and the TCL
ratio. They found that the maximal intra-cohort TCL
H1 amplitude was significantly lower in women
who became pregnant compared to those who did
not (P <0.05). They constructed ROC curves and
found that the maximal intracohort TCL HI1 cut-
off level for the TCL amplitude was 210 counts per
second. The combination of maximal intracohort H1
level < 210 counts per second with a TCL ratio of
=< 80% had a positive predictive value of 70.6% for
the occurrence of pregnancy (Wiener-Megnazi et al.,
2011). These promising data need to be confirmed
by prospective randomized studies conducted in
single embryo transfer cycles using various systems
for measuring oxidative stress before the method
can be put into wider clinical practice.

Embryo selection using a combination of markers

Combining two markers has been tried to increase
the predictive value of each marker used alone.
Kotze et al. (2013) found that combining sHLA-G
prediction with the GES, increased the odds ratios
for predicting biochemical, clinical and ongoing
pregnancies by 2.62 (95% CI = 2.14-3.22), 2.72
(95% CI = 2.22-3.33) and 3.56 (95% CI = 2.88-
4.40), respectively. We have also combined the
predictive value of sHLA-G fragment and the GES
and found that this combination had a predictive
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value for clinical pregnancy superior to each marker
alone. ROC curves showed an area under the curve
(AUC) of 0.968 when both markers were combined
compared to 0.794 and 0.925 when sHLA-G or GES
were used alone, respectively (Sallam et al., 2016).

Conclusions

Various biophysical, biochemical and physico-
chemical markers of embryo development have
been identified showing a significant difference
between embryos resulting in implantation and
pregnancy and those that did not. Some of them are
more promising than others as methods of embryo
selection in assisted reproduction e.g. glucose
consumption by the growing embryos, sHLA-G
concentration in the spent medium, measurement
of oxidative stress to which individual embryos are
subjected and time lapse study of embryo morpho-
kinetics (Table VIII). However none of these
markers has so far proven its superiority over the
others (Table IX). Prospective randomized studies
are still needed using individually cultured embryos
in cycles with single embryo transfers to identify the
marker (or combination of markers) that can be used
reliably for this purpose. Until this is achieved, the
time honoured morphological scoring remains, so
far, the best available method for embryo selection.
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