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Extended culture has facilitated the move to single blastocyst transfer, resulting in signiﬁcant increases in implantation
and live birth rate, while concomitantly reducing fetal loss during pregnancy. However, concerns have been raised regarding subsequent neo-natal outcomes following extended culture. Analysis of the literature reveals differences in outcomes according to geographical region and between individual clinics. A common factor amongst reports of potentially adverse outcomes following blastocyst
transfer appears to be that atmospheric (~20%) oxygen was typically employed for embryo culture. Clinics and countries utilizing
physiological concentrations of oxygen (~5%) have not reported adverse perinatal outcomes with blastocyst transfer. Atmospheric
oxygen imposes signiﬁcant negative effects upon the embryo’s molecular and cellular physiology, and further it increases the sensitivity of the preimplantation embryo to other stressors in the laboratory. With the recent adoption of vitriﬁcation for blastocyst
cryopreservation, cumulative pregnancy rates per cycle with extended culture will increase signiﬁcantly. Consequently, rather than
perceiving extended culture as a potentially negative procedure, it is concluded that neo-natal data need to be interpreted in light
of the conditions used to culture and cryopreserve blastocysts, and that furthermore a policy of embryo culture using 20% oxygen
can no longer be justiﬁed.
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The communication by Maheshwari in this issue of Reproductive BioMedicine Online (Maheshwari et al., 2015) discusses possible concerns associated with the clinical outcomes
following blastocyst transfer, focusing on the outcomes of two
relatively recent meta-analyses based on observational data
(Dar et al., 2014; Maheshwari et al., 2013). The conclusion
of the two reports was that blastocyst transfer is associated
with an increase in both preterm and very preterm delivery, and an increase in large-for-gestational-age babies compared with pregnancies resulting from the transfer of cleavagestage embryos. Such meta-analyses have the advantage of
relatively large numbers but lack the power to control for spe-

ciﬁc variables, many of which can have a direct effect on transfer outcome (Wale and Gardner, 2016). Hence, an issue facing
any meta-analysis on human IVF is that not all publications
list the precise conditions under which IVF and embryo culture
were performed, making it extremely difﬁcult to evaluate differences, and again highlights the need for clinical trials to
list all conditions used.
Intriguingly, data from more recent studies, not considered by Maheshwari and colleagues, do not align with their
conclusions (Chambers et al., 2015; Maxwell et al., 2015; Oron
et al., 2015). The largest of these recent reports by Chambers and colleagues reports on over 50,000 infants born and
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did not describe any associations between blastocyst transfer and preterm births, low birth weights or small-forgestational-age. So why do we see such contradictory reports
in the literature? Here the possible reasons for such discrepancies are considered, and a common theme developed as to
why certain centres and geographical areas have concerns with
extended culture and perinatal outcomes.

Development of the human embryo to the
blastocyst stage: all culture systems are not
created equal
Until the middle of the 1990s attempts at blastocyst transfer were limited, and moderate success was achieved only
through the use of co-culture systems. With the advent of
physiologically based sequential media, it became possible
to routinely culture the human embryo throughout the preimplantation period to the blastocyst. Initial studies, and the
subsequent prospective randomized trial, showed signiﬁcant increases in implantation rates (Gardner et al., 1998).
Such studies were received with a healthy degree of scepticism, and over the ensuing years clinics around the world
evaluated extended culture as a clinical procedure. What followed was extremely interesting; many laboratories were able
to repeat the initial studies, others found no difference
between blastocyst and cleavage-stage transfers and a minority actually reported that blastocyst culture gave inferior outcomes (Gardner and Balaban, 2006). Understanding
the basis for this apparent conundrum led to the concept of
considering the “embryo culture system” rather than simply
embryo culture media, as it was evident that all aspects of
the laboratory could have an impact on the effectiveness of
the culture media and hence alter outcomes (Gardner and
Lane, 2003). Variables evaluated included oxygen concentration, protein source, types of laboratory ware and embryo
grouping versus single culture (to name but a few variables). In light of this “holistic approach” a request went out
to the IVF community (Gardner and Lane, 2003) that all aspects
of the culture system be reported in publications in an attempt
to better understand and interpret the emerging data from
different clinics, and to identify which factors were responsible for differences in IVF outcomes even when the same
media were employed.
Subsequently meta-analyses of blastocyst versus cleavagestage culture have been performed over the years, and have
come out favourably towards blastocyst transfer. However,
owing to the vast differences in culture systems between
clinics such meta-analyses have really been comparing apples
with oranges within the extended culture studies. One key
variable, frequently not reported consistently between studies,
is the concentration of oxygen used in the culture system. Here
lies the heart of the problem: oxygen is one of the most powerful regulators of cell/embryo function (Wale and Gardner,
2016), but for many clinics, even countries, this does not
appear to warrant concern.

The consensus (or otherwise) about oxygen
concentrations in human IVF laboratories
A recent online survey, in which 265 clinics from 54 different countries participated, revealed that <25% of IVF human
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embryo culture is performed exclusively under physiological (~5%) oxygen (Christianson et al., 2014). Although this
survey represents only a small fraction of the world’s IVF
clinics, what is notable from the Christianson paper, and from
an extensive literature review of the past 10 years, is a clear
geographic difference with regard to the use of 5% oxygen,
with Australia, New Zealand and Japan representing the only
countries to employ, almost exclusively, physiological oxygen
for their human embryo culture. The widespread adoption of
reduced oxygen in Australian IVF clinics can be readily attributed to several key studies dating back to 1969 from a
number of Australian laboratories showing beneﬁcial effects
of reduced oxygen on the embryos of many different mammalian species (reviewed by Wale and Gardner, 2016). In the
survey of Christianson and colleagues, 34% of clinics reported the use of 5% oxygen for some aspects of embryo
culture while the majority of clinics did not use 5% oxygen
at all. Given that even a transient exposure to oxygen has been
shown to negatively affect development (Pabon et al., 1989;
Wale and Gardner, 2010), it would appear that most human
embryos worldwide experience oxidative stress in the IVF laboratory. So does oxygen concentration really matter and can
it affect fetal development?

Does oxygen concentration during culture
represent a key variable in determining
embryo health?
Perhaps of all the things that affect embryo function and
fetal development, oxygen is in the unique position of being
amongst the most characterized and easily controlled, and
yet ironically it remains the most ignored. It is evident that
physiological concentrations of oxygen within the female
tract are around 5% (Fischer and Bavister, 1993) whereas
atmospheric oxygen is around 21% (depending upon altitude). There is an abundance of data on several mammalian
species, including humans, showing that atmospheric oxygen
negatively effects the preimplantation-stage embryo by:
changes to the transcriptome (Gardner and Lane, 2005;
Rinaudo et al., 2006), alterations to the proteome (Katz-Jaffe
et al., 2005), compromising both carbohydrate and amino
acid metabolism (Wale and Gardner, 2012), interfering with
homeostasis (Wale and Gardner, 2013), differentially affecting male and female embryos (Gardner and Kelley, 2013),
impacting the epigenome (Li et al., 2014a) and inducing
premature X-chromosome inactivation (an epigenetic event;
Lengner et al., 2010). This latter fact resonates with the
concerns raised by Maheshwari et al. (2015) about the
potential for increases in epigenetic changes associated
with culture. Of note, none of the above negative effects
change the appearance of the embryo itself; hence simply
looking at the embryo (even through time-lapse microscopy) cannot determine the intracellular trauma being induced
by atmospheric oxygen (Gardner et al., 2015).
Furthermore, and of immediate signiﬁcance for this discussion, it has been documented that exposure of embryos
to atmospheric oxygen predisposes them to greater susceptibility to other stressors in the IVF laboratory, for example
ammonium accumulation in the surrounding medium (Wale
and Gardner, 2013) or culture of embryos individually (Kelley
and Gardner, 2015), to name just two. Consequently, should
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there be any potential problems in the embryology laboratory, the use of atmospheric oxygen will exacerbate the issue,
resulting in further compromised development. The concept
that when stressors collide there are synergistic negative
effects on the embryo is one that needs to be taken into consideration in order to optimize IVF cycle outcome (Awonuga
et al., 2013).

Do we really need to offer blastocyst transfer?
In light of concerns raised by Maheshwari and colleagues, would
we be better going back to day-3 transfers? What are the
reasons/advantages for blastocyst transfer in the ﬁrst place,
and do they remain valid? In all mammalian species studied
to date the asynchronous spatial transfer of cleavage-stage
embryos to the uterus compromises resultant fetal development (Barnes, 2000; Walker et al., 2015), an observation not
commonly acknowledged by the clinical IVF community.
Hence, the development of more suitable and physiological
culture systems that could support the development of viable
human blastocysts was undertaken within the context of synchronicity, in order to increase implantation and live birth
rates and to facilitate the move to single embryo transfer
(Gardner and Lane, 2003). Further advantages of extended
culture included the ability to identify the more viable embryos
within a cohort (Gardner and Lane, 2003), the application of
grading systems to quantitate both the inner cell mass and
trophectoderm (TE; Gardner et al., 2000), the transfer of the
embryo to the uterus at a time of decreased endometrial contractions (Fanchin et al., 2001) and the ability to undertake
TE biopsy to facilitate preimplantation genetic screening
(Fragouli et al., 2008). The last of these is important, as although the percentage of euploid embryos is higher on day
5 than at cleavage stages, several common aneuploidies are
compatible with the formation of blastocysts of good morphology (Adler et al., 2014). Subsequent data conﬁrm that
blastocyst transfer gives rise to higher implantation and live
birth rates. Further, under appropriate laboratory conditions, physiological oxygen being a prerequisite, there appear
to be no detrimental effects on transfer outcome and the
health of children born (Chambers et al., 2015; Oron et al.,
2015).

Cumulative pregnancy rates and monozygotics
Maheshwari and colleagues also consider that overall there
is no beneﬁt to blastocyst transfer when one considers the
cumulative pregnancy rate. However, one must consider that
the majority of published studies concerning the transfer of
cryopreserved blastocysts, the results of which are used to
determine cumulative pregnancy rates, employed slowfreezing technologies rather than the signiﬁcantly superior
vitriﬁcation protocols that have now been adopted worldwide. Subsequently, it has been demonstrated that the move
to blastocyst vitriﬁcation is associated with a signiﬁcant increase in clinical pregnancy (50% increase) and live birth rates
(40% increase) compared with those obtained with slow freezing (Li et al., 2014b). Consequently, cumulative pregnancy
data for cleavage- and blastocyst-stage embryos must be
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re-examined and be based upon cycles where vitriﬁed blastocysts were utilized. The latter have been reported to result
in pregnancy rates and outcomes equivalent to, or even greater
than, fresh transferred blastocysts (Li et al., 2014b; Roy et al.,
2014).
A further concern of Maheshwari and colleagues is the potential for an increase in monozygotic twins; however, there
are conﬂicting reports about this outcome (Papanikolaou et al.,
2010), and in a more recent study, which controlled for embryo
cohort quality, there was no reported increase in the incidence of monozygotic twins (Franasiak et al., 2015).

Conclusions
The delivery of healthy, normal-weight babies at term, resulting in healthy children and subsequently healthy adults,
is the clear goal of assisted human conception. Discussions
are now focused on which of the several procedures available to treat human infertility, while not necessarily being
the most effective, are the safest. The questions and concerns about the health of children born following blastocyst
transfer raised by Maheshwari and colleagues (Maheshwari
et al., 2015) are not supported by more recent and more controlled analyses on birth outcomes. The reasons for this may
lie not only in overall improvements in IVF laboratories in
recent years, but plausibly through the utilization of 5% oxygen
for extended culture; those countries and clinics utilizing physiological concentrations of oxygen reporting no adverse effects
on the children born following extended culture (Chambers
et al., 2015; Oron et al., 2015). Interestingly, in the metaanalysis considered by Maheshwari and colleagues, those
studies reporting negative outcomes with extended culture
appear to be from clinics/countries in which 20% oxygen is
typically employed (Christianson et al., 2014). An extensive
analysis of the literature concerning extended culture revealed that those clinics (or national databases) cited in the
meta-analyses did indeed use atmospheric oxygen in the
culture system.
Large prospective randomized trials on blastocyst transfer following culture in either 5% or atmospheric oxygen would
validate, or disprove, the hypothesis presented here (although to many this would appear to be rather unethical given
the numerous documented pathologies induced by 20%
oxygen). Already one prospective randomized trial has been
performed and determined that implantation and live-birth
rates are signiﬁcantly higher when blastocysts are cultured
under reduced oxygen (5%) compared with atmospheric concentrations (Meintjes et al., 2009). Consequently, future prospective randomized trials on cleavage-stage versus blastocyststage transfers will ensure a focus on delivery outcomes.
However, a plea for the use of 5% oxygen is recorded here,
as is the request that all laboratory conditions be reported
in future prospective studies if we are truly to understand the
aetiology, or otherwise, of issues associated with extended
culture. Based on extensive animal literature, it is proposed
that the majority of so-called adverse outcomes of extended culture can be attributed to the use of atmospheric
oxygen in the culture system. Furthermore, the use of vitriﬁcation for blastocyst cryopreservation will result in a signiﬁcant increase in the overall efﬁcacy of extended culture
cycles.
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Maheshwari et al. (2015) conclude; “The available data at
present are weak and do not justify stopping extended culture
but in the interest of long-term outcomes, it is perhaps time
to rethink the current policy of blastocyst transfer”. It would
be more appropriate to conclude that given the overwhelming amount of data on the negative effects of atmospheric
oxygen on the preimplantation mammalian embryo, and the
ability of such high oxygen conditions to make the embryo
more susceptible to other stressors present, it is time to
rethink the current policy of all human embryo culture (cleavage stages and blastocyst) in the presence of atmospheric
oxygen, and move to the routine use of 5% oxygen as advocated over 20 years ago (Gardner and Lane, 1993).

References
Adler, A., Lee, H.L., McCulloh, D.H., Ampeloquio, E., ClarkeWilliams, M., Wertz, B.H., Grifo, J., 2014. Blastocyst culture selects
for euploid embryos: comparison of blastomere and trophectoderm biopsies. Reprod. Biomed. Online 28, 485–491.
Awonuga, A.O., Yang, Y., Rappolee, D.A., 2013. When stresses collide.
Biol. Reprod. 89, 1–2.
Barnes, F.L., 2000. The effects of the early uterine environment on
the subsequent development of embryo and fetus. Theriogenology
53, 649–658.
Chambers, G.M., Chughtai, A.A., Farquhar, C.M., Wang, Y.A., 2015.
Risk of preterm birth after blastocyst embryo transfer: a large
population study using contemporary registry data from Australia and New Zealand. Fertil. Steril. 104, 997–1003.
Christianson, M.S., Zhao, Y., Shoham, G., Granot, I., Safran, A.,
Khafagy, A., Leong, M., Shoham, Z., 2014. Embryo catheter loading
and embryo culture techniques: results of a worldwide Webbased survey. J. Assist. Reprod. Genet. 31, 1029–1036.
Dar, S., Lazer, T., Shah, P.S., Librach, C.L., 2014. Neonatal outcomes among singleton births after blastocyst versus cleavage stage
embryo transfer: a systematic review and meta-analysis. Hum.
Reprod. Update 20, 439–448.
Fanchin, R., Ayoubi, J.M., Righini, C., Olivennes, F., Schönauer, L.M.,
Frydman, R., 2001. Uterine contractility decreases at the time
of blastocyst transfers. Hum. Reprod. 16, 1115–1119.
Fischer, B., Bavister, B.D., 1993. Oxygen tension in the oviduct and
uterus of rhesus monkeys, hamsters and rabbits. J. Reprod. Fertil.
99, 673–679.
Fragouli, E., Lenzi, M., Ross, R., Katz-Jaffe, M., Schoolcraft, W.B.,
Wells, D., 2008. Comprehensive molecular cytogenetic analysis
of the human blastocyst stage. Hum. Reprod. 23, 2596–
2608.
Franasiak, J.M., Dondik, Y., Molinaro, T.A., Hong, K.H., Forman, E.J.,
Werner, M.D., Upham, K.M., Scott, R.T., Jr., 2015. Blastocyst
transfer is not associated with increased rates of monozygotic twins
when controlling for embryo cohort quality. Fertil. Steril. 103, 95–
100.
Gardner, D.K., Balaban, B., 2006. Choosing between day 3 and day
5 embryo transfers. Clin. Obstet. Gynecol. 49, 85–92.
Gardner, D.K., Kelley, R.L., 2013. Male and female embryos differ
in their response to oxygen concentration. Fertil. Steril. 100, S242.
Gardner, D.K., Lane, M., 1993. Embryo Culture systems. In: Trounson,
A., Gardner, D.K. (Eds.), Handbook of In Vitro Fertilization. CRC
Press, Boca Raton, Florida, pp. 85–114.
Gardner, D.K., Lane, M., 2003. Towards a single embryo transfer.
Reprod. Biomed. Online 6, 470–481.
Gardner, D.K., Lane, M., 2005. Ex vivo early embryo development
and effects on gene expression and imprinting. Reprod. Fertil. Dev.
17, 361–370.

DK Gardner
Gardner, D.K., Schoolcraft, W.B., Wagley, L., Schlenker, T., Stevens,
J., Hesla, J., 1998. A prospective randomized trial of blastocyst
culture and transfer in in-vitro fertilization. Hum. Reprod. 13,
3434–3440.
Gardner, D.K., Lane, M., Stevens, J., Schlenker, T., Schoolcraft, W.B.,
2000. Blastocyst score affects implantation and pregnancy
outcome: towards a single blastocyst transfer. Fertil. Steril. 73,
1155–1158.
Gardner, D.K., Meseguer, M., Rubio, C., Treff, N., 2015. Diagnosis
of the human preimplantation embryo. Hum. Reprod. Update 21,
727–747.
Katz-Jaffe, M.G., Linck, D.W., Schoolcraft, W.B., Gardner, D.K., 2005.
A proteomic analysis of mammalian preimplantation embryonic
development. Reproduction 130, 899–905.
Kelley, R.L., Gardner, D.K., 2015. Consequences of cuturing embryos
individually. Proceedings of the Society of Reproduction Biology,
Adelaide.
Lengner, C.J., Gimelbrant, A.A., Erwin, J.A., Cheng, A.W., Guenther,
M.G., Welstead, G.G., Alagappan, R., Frampton, G.M., Xu, P.,
Muffat, J., Santagata, S., Powers, D., Barrett, C.B., Young, R.A.,
Lee, J.T., Jaenisch, R., Mitalipova, M., 2010. Derivation of pre-X
inactivation human embryonic stem cells under physiological
oxygen concentrations. Cell 141, 872–883.
Li, W., Goossens, K., Van Poucke, M., Forier, K., Braeckmans, K., Van
Soom, A., Peelman, L.J., 2014a. High oxygen tension increases
global methylation in bovine 4-cell embryos and blastocysts but
does not affect general retrotransposon expression. Reprod. Fertil.
Dev. doi:10.1071/RD14133.
Li, Z., Wang, Y.A., Ledger, W., Edgar, D.H., Sullivan, E.A., 2014b.
Clinical outcomes following cryopreservation of blastocysts by vitriﬁcation or slow freezing: a population-based cohort study. Hum.
Reprod. 29, 2794–2801.
Maheshwari, A., Kalampokas, T., Davidson, J., Bhattacharya, S., 2013.
Obstetric and perinatal outcomes in singleton pregnancies resulting from the transfer of blastocyst-stage versus cleavagestage embryos generated through in vitro fertilization treatment:
a systematic review and meta-analysis. Fertil. Steril. 100, 1516–
1621.
Maheshwari, A., Hamilton, M., Bhattacharya, S., 2015. Should we be
promoting transfer at blastocyst stage. Reprod. Biomed. Online.
http://dx.doi.org/10.1016/j.rbmo.2015.09.016
Maxwell, S.M., Melzer-Ross, K., McCulloh, D.H., Grifo, J.A., 2015. A
comparison of pregnancy outcomes between day 3 and day 5/6
embryo transfers: does day of embryo transfer really make a difference? J. Assist. Reprod. Genet. 32, 249–254.
Meintjes, M., Chantilis, S.J., Douglas, J.D., Rodriguez, A.J., Guerami,
A.R., Bookout, D.M., Barnett, B.D., Madden, J.D., 2009. A controlled randomized trial evaluating the effect of lowered incubator oxygen tension on live births in a predominantly blastocyst
transfer program. Hum. Reprod. 24, 300–307.
Oron, G., Nayot, D., Son, W.Y., Holzer, H., Buckett, W., Tulandi, T.,
2015. Obstetric and perinatal outcome from single cleavage transfer and single blastocyst transfer: a matched case-control study.
Gynecol. Endocrinol. 31, 469–472.
Pabon, J.E., Jr., Findley, W.E., Gibbons, W.E., 1989. The toxic effect
of short exposures to the atmospheric oxygen concentration on
early mouse embryonic development. Fertil. Steril. 51, 896–
900.
Papanikolaou, E.G., Fatemi, H., Venetis, C., Donoso, P., Kolibianakis,
E., Tournaye, H., Tarlatzis, B., Devroey, P., 2010. Monozygotic
twinning is not increased after single blastocyst transfer compared with single cleavage-stage embryo transfer. Fertil. Steril.
93, 592–597.
Rinaudo, P.F., Giritharan, G., Talbi, S., Dobson, A.T., Schultz, R.M.,
2006. Effects of oxygen tension on gene expression in preimplantation mouse embryos. Fertil. Steril. 86 (4 Suppl.), 1252–1265.
Roy, T.K., Bradley, C.K., Bowman, M.C., McArthur, S.J., 2014.
Single-embryo transfer of vitriﬁed-warmed blastocysts yields

Blastocyst culture and transfer in the 21st century
equivalent live-birth and improved neonatal outcomes
compared with fresh transfers. Fertil. Steril. 101, 1294–
1301.
Wale, P.L., Gardner, D.K., 2010. Time-lapse analysis of mouse embryo
development in oxygen gradients. Reprod. Biomed. Online 21, 402–
410.
Wale, P.L., Gardner, D.K., 2012. Oxygen regulates amino acid turnover and carbohydrate uptake during the preimplantation period
of mouse embryo development. Biol. Reprod. 87, 24.
Wale, P.L., Gardner, D.K., 2013. Oxygen affects the ability of mouse
blastocysts to regulate ammonium. Biol. Reprod. 89, 75.
Wale, P.L., Gardner, D.K., 2016. The effects of chemical and physical factors on mammalian embryo culture and their importance

141
for the practice of assisted human reproduction. Hum. Reprod.
Update, 22, 2–22.
Walker, K.J., Green, M.P., Gardner, D.K., 2015. Spatial asynchronous transfer of cleavage-stage mouse embryos to the uterus compromises fetal development. Mol. Reprod. Dev. 82, 80.

Declaration: The author reports no ﬁnancial or commercial conﬂicts of interest.

Received 27 October 2015; refereed 1 November 2015; accepted 3
November 2015.

