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Abstract: The aim of the present study was to determine the impact of oxygen concentration during in vitro culture 
of human oocytes and embryos on fertilization, cleavage, implantation, pregnancy, multiple gestation and abortion 
rates. Women 20-48 years old presenting for infertility treatment and accounting for 3484 in vitro fertilization/
intracytoplasmic sperm injection cycles were included in the study. Oocytes/embryos were randomly allocated to be 
incubated under three different oxygen tension environments: (1) 20% O2 in air; (2) initially 20% O2 in air, followed on 
day 2 (2-4 cells stage) by 5% CO2, 5% O2 and 90% N2; and (3) 5% CO2, 5% O2 and 90% N2 throughout. Interestingly, 
IVF-derived embryos cultured in 5% O2 yielded higher rates of fertilization and implantation as compared to those 
incubated in 20% O2 (P < 0.05). Conversely, embryos in 20% O2 yielded higher rates of fertilization, high quality 
embryo and implantation than those in the 20%-5% O2 group (P < 0.05). Moreover, ICSI-derived embryos cultured 
in 20% O2 resulted in lower rates of cleavage as compared to those from the 20%-5% O2 group (P < 0.05). These 
results are consistent with in vitro and subsequent in vivo embryo development being more susceptible to O2 ten-
sion fluctuations rather than the degree of O2 tension itself during culture. 
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Introduction

In vitro fertilization (IVF) and intracytoplasmic 
sperm injection (ICSI) represent more than 99 
percent of all assisted reproductive technology 
(ART) procedures worldwide, and account for 
about 48,000 babies born in the United States 
each year alone [1]. Therefore, optimizing the 
success rates of these techniques is an impor-
tant objective of current reproductive medicine 
research. Given the fact that for IVF/ICSI human 
embryos are exposed to an in vitro environment 
for several days prior to transfer into the mater-
nal uterus, optimizing the culture conditions is 
a main area of research focus [2, 3]. 

Despite dramatic advances in the in vitro cul-
ture conditions that support development of 
human embryos, in vitro embryo development 
rates, in particular to preimplantation stages, 
are still suboptimal. While the genetic makeup 

of the oocyte weighs heavily on the success 
rates of ART procedures, one potential factor 
worthy of consideration is that of damage by 
free oxygen radicals which relates to the atmo-
spheric oxygen (O2) tension conditions to which 
the embryos are exposed during in vitro culture 
[2-6]. Interestingly, while under physiological in 
vivo conditions of the human uterus the oxygen 
tension ranges between 2-8% [7-9], for in vitro 
culture human embryos are typically placed in 
incubators with a 5% CO2 and 20% O2 atmo-
sphere in the vast majority of assisted repro-
duction laboratories. Hence these conditions 
may compromise embryo viability by enhancing 
the generation of reactive oxygen species (ROS) 
[7-9] and negatively impacting on the outcome 
of assisted reproductive techniques. Therefore, 
to more closely mimic conditions in the natural 
maternal environment, some laboratories have 
started to culture embryos at a lower oxygen 
tension (~5%), despite the higher costs associ-
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ated [10, 11]. However, the evidence for an 
effect of low oxygen concentration on IVF/ICSI 
success rates remains controversial, with some 
studies reporting improved pregnancy rates 
while others report no differences [12-15]. 

The stage of embryo transfer yielded higher 
pregnancy rates is also a controversial issue. 
For instance, some studies have suggested 
that cleavage stage (day 3) embryo transfers 
may further stress already compromised 
embryos and reduce their implantation poten-
tial regardless of oxygen concentration during 
in vitro culture [16]. Since no improvements in 
terms of pregnancy and implantation rates 
were observed with day 3 embryo transfers [17] 
it has been proposed that blastocyst-stage 
transfers result in higher pregnancy rates [18]. 

Therefore, in this study we compared the 
effects of culturing human embryos in three dif-
ferent atmospheric oxygen tension conditions 
upon the clinical outcomes of IVF or ICSI cycles 
when performing day-3 embryo transfers. 

Materials and methods

Patients

Women with ages ranging 20-48 seeking treat-
ment for infertility at the Center of Reproduction 
in the First Affiliated Hospital of Zhengzhou 
University between January 2010 and February 
2012 were enrolled in this study. Protocols 
were approved by the Biomedical Ethical 
Committee at the same hospital and informed 
consent was signed by all patients. The study 
comprised 3484 IVF and ICSI cycles that were 
randomly allocated in groups differing upon the 
incubation conditions of the corresponding 
gametes and embryos from the time of OPU 
until transfer on day 3 of culture, as follows: (1) 
gametes and embryos incubated throughout in 
a 5% CO2 in air (20% O2) atmosphere (1131 
cycles); (2) gametes and embryos initially cul-
tured in a 5% CO2 in air (20% O2) atmosphere, 
with day 2 cleavage-stage embryos transferred 
to a 5% CO2, 5% O2 and 90% N2 atmosphere 
until day 3 of culture (1258 cycles); (3) gametes 
and embryos cultured in a5% CO2, 5% O2 and 
90% N2 atmosphere throughout (1095 cycles).
The SANYO (MCO-5AC, Tokyo, Japan) and COOK 
(K-MINC-1000, Indiana, USA) incubators were 
used for the bi-gas and tri-gas systems, respec-
tively. All incubations were performed at 37°C. 

Ovarian stimulation and oocyte collection

Ovarian stimulations were carried out with 
recombinant follicle-stimulating hormone/
human menopausal gonadotropin (FSH/HMG) 
after pituitary down-regulation with GnRH ago-
nist. Pituitary suppression was achieved with 
the administration of daily 0.1 mg triptorelin 
(Decapeptyl; Ferring Pharma ceuticals, Kiel, 
Germany) beginning on the mid-luteal phase of 
the cycle preceding the treatment cycle. Once 
ovarian suppression was achieved, the dose of 
Decapeptyl was reduced to 0.05 mg until the 
day of hCG administration. When the absence 
of a dominant follicle was confirmed sono-
graphically and by hormone level analysis (E2 < 
30 mIU/mL, LH < 3 mIU/mL), recombinant FSH 
(Gonal-F, Serono, Switzerl) administration was 
initiated at daily dosages ranging from 150 to 
300 IU or in combination with hMG (hMG, Lizhu 
Company, Guangdong, China) according to 
established protocols.

Follicular growth was monitored by ultrasound. 
Ovulation was induced with human chorionic 
gonadotropin (hCG; 10000 IU, Lizhu Company) 
after the average diameter of dominant follicles 
reached 18 mm. Follicular aspiration and fertil-
ization procedures were performed 34-36 
hours and 39-40 hours following hCG, respec- 
tively. 

Fertilization 

IVF: Semen samples were obtained in aseptic 
conditions. Following incubation at 37°C for 15 
min to allow for liquefaction of the sample, 
motile spermatozoa were recovered from semi-
nal plasma through 45% and 90% gradient cen-
trifugation (SpermGrad, Vitrolife, Goteborg, 
Sweden) at 350 g for 15 min following the man-
ufacturer’s instructions. Recovered spermato-
zoa were washed (G-IVF, Vitrolife, Goteborg, 
Sweden) and evaluated. Approximately 15,000-
20,000 sperm were suspended in a 50-ml drop 
of G-IVF under mineral oil (Vitrolife, Goteborg, 
Sweden). One oocyte was placed in the drop. 
Sperm and oocytes were co-cultured under the 
corresponding incubation conditions for 4-6 
hours. Following presumed fertilization, oocytes 
were partially denuded from the cumulus cell 
mass using a micro-pipette pulled from a 
Pasteur pipette, and then washed 2-3 times in 
fresh G-1TM medium (Vitrolife, Goteborg, Sw- 
eden) medium. Then oocytes were placed indi-
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presence and ap- 
pearance of 2 
pronuclei (PN). 
On days 2 and 3, 
embryos were ev- 
aluated for cleav-
age and graded, 
and their suitabil-
ity for transfer 
and cryopreser-
vation was de- 
termined. 

Day 3 embryo 
grading

Grading of embr- 
yos was perfor- 
med as follows 
according to pre-

vidually in fresh G-1 medium culture droplets 
for the preliminary observation of second polar 
body release. If second polar body release rate 
was less than 60%, oocytes were cultured fur-
ther and observed for up to 1-2 more hours. If 
the release of the second polar body had not 
occurred by then, rescue insemination via ICSI 
was performed on any unfertilized oocytes.

ICSI: The ICSI procedure was used for patients 
with sperm density lower than 0.2 × 106/ml. 
The corona-cumulus complex was removed 
from oocytes at around 38 hours following hCG 
injection. Then, oocytes were placed in culture 
at 37°C in a 5% CO2 in air (20% O2) atmosphere 
for 1-2 hours prior to ICSI insemination. ICSI 
was performed in a micro-injection dish pre-
pared with 5-μL droplets of buffered medium 
(MPOS, Vitrolife, Goteborg, Sweden) and cov-
ered with mineral oil (Vitrolife) on a heated 
stage at 37 ± 0.5°C using Eppendorf (AG 2331 
Hamburg) micromanipulators and an Nikon 
(ECLIPSE Yi-U) inverted microscope.

Embryo culture: Fertilization rates were evalu-
ated 16-18 hours following IVF or ICSI, as 
assessed by the presence of two pronuclei and 
two polar bodies, with the day of OPU and fertil-
ization being set as Day 0. Zygotes with two pro-
nuclei were cultured individually in G-1 medium 
under the incubation conditions corresponding 
to the randomly allocated treatment. In the 
morning of day 1, at 26-28 hours following fer-
tilization, embryos were moved to a fresh cul-
ture G-1 medium droplet and evaluated for the 

viously published studies [19]. Grade I embryos 
were those with uniform and symmetrical blas-
tomeres, and displaying a moderate refraction 
and intact zona pellucida. Grade II embryos 
were either characterized by slightly irregular in 
shape or uneven blastomeres, with a slight 
change in refraction, but with less than 10% 
debris; or, by displaying asynchronous blasto-
mere cleavage yielding 3, 5, 6 or 7-cell embry-
os; all embryos in this category had an intact 
zona pellucida. Grade III embryos contained 
less than 50% debris, with the blastomeres 
showing an appearance similar to that 
described in Grade II embryos, displaying some 
refraction, and an intact zona pellucida. Grade 
IV embryos contained greater than 50% frag-
ments, with viable blastomere outside the frag-
ments; Grade V embryos were at the 2 PN stage 
on Day 2, or due to late or rescue fertilization 
were still on Day 1; Grade VI embryos were non-
viable with dissolved or shrunk blastomeres. 
Grade I and Grade II were labeled as high qual-
ity embryos.

Embryo transfer and pregnancy diagnosis

Superior embryos were transferred at Day 3 
cleavage (6-10 cells) stage according to stan-
dardized clinical procedures. The embryos that 
were not transferred were cryopreserved or dis-
carded, depending upon their morphology. 
Biochemical pregnancy was diagnosed 14 to 
18 days following embryo transfer by measur-
ing serum concentrations of human chorionic 
gonadotropin beta subunit (hCG-b). Clinical 

Table 1. Patient demographics, gonadotropin dosages, number of oocytes 
retrieved and endometrial thickness at the time of oocyte retrieval in the three 
treatment groups included in this study

20%* 20%-5% 5% P value
# of Cycles 1131 1258 1095
Age (Years) 31.36 ± 4.96 31.38 ± 4.87 31.29 ± 4.45 > 0.05
Infertility duration (Years) 4.79 ± 4.02 4.69 ± 4.31 4.76 ± 4.15 > 0.05
BMI (kg/m2) 21.82 ± 2.42 21.63 ± 2.34 21.79 ± 2.00 > 0.05
Initial dose of Gna (bolus) 2.55 ± 0.42 2.52 ± 0.44 2.53 ± 0.41 > 0.05
Total dose of Gn (bolus) 33.45 ± 13.61 34.01 ± 13.48 33.76 ± 3.77 > 0.05
Oocytes retrieved 11.56 ± 6.78 11.88 ± 6.54 11.72 ± 5.99 > 0.05
Endometrial thickness (mm) 9.86 ± 3.44 10.02 ± 3.02 9.91 ± 3.59 > 0.05
Number of embryos transferred 2.10 ± 0.19 2.10 ± 0.15 2.11 ± 0.21 > 0.05
*20% = gametes and embryos incubated throughout in a 5% CO2 in air (20% O2) atmosphere; 
20%-5% = same for gametes and zygotes but day embryos transferred to a 5% CO2, 5% O2 and 90% 
N2 atmosphere; 5% gametes and embryos cultured in a 5% CO2, 5% O2 and 90% N2 atmosphere. 
There were no differences among treatment groups (P > 0.05). aGn = gonadotropin.



Oxygen concentrations and human embryos

6182 Int J Clin Exp Med 2015;8(4):6179-6185

pregnancy was determined by the presence of 
a gestational sac and a heartbeat as evaluated 
by ultrasound on days 21 and 28 following 
transfer, respectively.

Outcome measures

The IVF fertilization rate was defined as the 
number of fertilized oocytes (as assessed by 
PN formation on day 0) divided by the number 
of oocytes inseminated. Similarly, the ICSI fer-
tilization rate was defined as the number of fer-
tilized oocytes divided by the number of MII 
oocytes injected with one sperm. Cleavage rate 
was defined as the number of blastomeres 
divided by the number of fertilized oocytes. 
High quality embryo rate was defined as the 
number of Grade I and II embryos divided by 
the number of 2 PN zygotes. Embryo develop-
ment was defined as the number of high quality 
Grade I and II embryos per randomized treat-
ment cycle. The percentage of embryos used 

was defined as the number of transferred and 
cryopreserved embryos divided by the number 
of 2PN embryos. Clinical pregnancy rate was 
defined as the number of ultrasonographically 
detected pregnancies divided by the number of 
transfers. Polygestational rate was defined as 
the number of multiple pregnancies divided by 
the number of transfers. Abortion rate was 
defined as the number of abortions/miscarriag-
es divided by the number transfers. Implantation 
rate, was defined as the number of gestational 
sacs as assessed via ultrasound divided by the 
number of transferred embryos. Cryopre- 
servation rate was defined as the number of 
embryos that were cryopreserved divided by 
the total number of embryos.

Statistical analyses

All data for the above outcomes were analyzed 
using a SPSS 13.0 software package for 
Windows (SPSS, Chicago, USA). Data are pre-

Table 2. Fertilization, cleavage, high quality embryo, implantation, pregnancy, multiple gestation and 
abortion rates in IVF cycles with oocytes and embryos cultured in different O2 tension atmospheres

20%* 20%-5% 5%
Fertilization rate (%) 80.06 (7628/9528)a 85.13 (8323/9777) 84.22 (8447/10030)c

Cleavage rate (%) 96.01 (7324/7628) 97.57 (8121/8323) 97.30 (8219/8447)
High quality embryo rate (%) 76.66 (4697/6127)a 71.0 (5031/7086)b 76.14 (5261/6910)
Implantation rate (%) 82.11 (5031/6127)a 79.49 (5633/7086)b 85.31 (5895/6910)c

Pregnancy rate (%) 47.63 (371/779) 46.73 (407/871)b 52.18 (371/711)
Multiple gestation rate (%) 19.90 (155/779) 21.93 (191/871) 20.96 (149/711)
Abortion rate (%) 3.59 (28/779) 4.02 (35/871) 3.80 (27/711)
*20% = gametes and embryos incubated throughout in a 5% CO2 in air (20% O2) atmosphere; 20%-5% = same for gametes and 
zygotes but day embryos transferred to a 5% CO2, 5% O2 and 90% N2 atmosphere; 5% gametes and embryos cultured in a 5% 
CO2, 5% O2 and 90% N2 atmosphere. aSignificant differences between 20% and 20%-5% oxygen groups (P < 0.05); bSignificant 
differences between 20%-5% and 5% oxygen groups (P < 0.05); cSignificant differences between 5% and 20% oxygen groups (P 
< 0.05). 

Table 3. Fertilization, cleavage, high quality embryo, implantation, pregnancy, multiple gestation and 
abortion rates in ICSI cycles with oocytes and embryos cultured in O2 tension atmospheres 

20% 20%-5% 5%
Fertilization rate (%) 77.03 (3212/4170) 76.69 (3036/3959) 78.63 (3903/4989)
Cleavage rate (%) 96.23 (3091/3212)a 97.17 (2950/3036) 97.05 (3788/3903)
High quality embryo rate (%) 68.12 (1998/2933) 66.98 (1937/2892) 69.13 (2495/3609)
Implantation rate (%) 74.43 (2183/2933) 74.82 (2164/2892) 75.48 (2724/3609)
Pregnancy rate (%) 47.16 (166/352) 46.77 (181/387) 52.08 (200/384)
Multiple gestation rate (%) 21.02 (74/352) 23.26 (90/387) 22.74 (87/384)
Abortion rate (%) 3.41 (12/352) 4.91 (19/387) 3.91 (15/384)
Note: 20% = gametes and embryos incubated throughout in a 5% CO2 in air (20% O2) atmosphere; 20%-5% = same for gam-
etes and zygotes but day embryos transferred to a 5% CO2, 5% O2 and 90% N2 atmosphere; 5% gametes and embryos cultured 
in a 5% CO2, 5% O2 and 90% N2 atmosphere. aSignificant differences between 20% and 20%-5% oxygen groups (P < 0.05).
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sented as Mean ± S. E. M. or ratio. Measurement 
data using t test, counting data by chi-square 
test. Significance was accepted at a P < 0.05 
level. 

Results

Demographics and general characteristics of 
the study groups

Results are based on a total of 3484 cycles 
with the corresponding gametes and embryos 
cultured under three different oxygen tension 
atmospheres, as detailed in the previous sec-
tion. While cycles were randomly allocated to 
each of the three treatment groups, patient 
ages, infertility duration, and BMI, as well as 
the gonadotropin doses used, number of 
oocytes retrieved, endometrial thickness at the 
time of hCG injection, and number of embryos 
transferred was similar across groups (Table 
1). No difference in oocyte quality was detected 
among groups based upon initial morphologi-
cal evaluation following OPU. 

Impact of oxygen concentrations on IVF results

Embryos from the 5% O2 group yielded higher 
rates of fertilization and implantation com-
pared to those from the 20% of O2 group (P < 
0.05, Table 2), which is consistent with the 
data published before. Conversely, the 20% O2 
group yielded higher rates of fertilization, good 
embryo quality and implantation than the 20%-
5% O2 group (P < 0.05). Moreover, the latter 
group resulted in lower high quality embryo, 
implantation and pregnancy rates as compared 
to the 20% oxygen group (P < 0.05). There were 
no differences in multiple gestation or abortion 
rates among the three groups (P > 0.05). 

Impact of oxygen concentrations on ICSI re-
sults

Embryos resulting from the 20% O2 tension 
group yielded lower cleavage rates as com-
pared to those from the 20%-5% of O2 group (P 
< 0.05, Table 3). There were no differences in 
any other parameters evaluated among the 
three treatment groups. 

Discussion

Since the first birth of an IVF produced baby in 
1978 [3] the field of human assisted reproduc-

tion has been revolutionized with many techni-
cal advances. Given that following IVF/ICSI the 
zygote must be cultured for 2-6 days in defined 
medium, this long time-period spent within an 
incubator is undoubtedly an important determi-
nant of its ability to yield a successful pregnan-
cy following transfer. For decades, gametes 
and embryos have been cultured in an air 
atmosphere (20% O2) supplemented with 5% 
CO2. However, in the female reproductive tract 
oxygen tension ranges from 2 to 8% [9, 20]. 
Moreover, atmospheric oxygen concentrations 
can be detrimental for development and gene 
expression as evidenced in recent studies 
using mice and cattle embryos as models [21]. 
Similarly, culture conditions with a high oxygen 
tension atmosphere negatively impacted upon 
the viability of human embryonic stem cells and 
embryoid bodies [22]. However, evidence for a 
detrimental effect of high oxygen concentration 
on the success of human IVF and ICSI is contro-
versial [12, 13]. Therefore we designed a study 
that would prospectively include a large num-
ber of IVF/ICSI cycles to evaluate the effect of 
O2 tension during in vitro human oocyte and 
embryo incubation by comparing not only low 
(5%) vs. high (20%) O2, but also the effect of 
varying O2 (20 followed by 5%) tension during 
culture. 

Interestingly, the most striking finding of this 
study was that embryo quality, implantation 
and pregnancy rates seemed not to be as much 
affected by the O2 tension itself but rather by 
the fluctuation of such tension, as evidence by 
the poorer results attained in the 20%-5% O2 
concentration group. These results suggest 
that changes in O2 tension during early embryo 
culture (i.e. 2-cell stage) have not only immedi-
ate effects upon embryo cleavage but also 
impact on later in vivo development. Notably, 
the 5% O2 group did yield significantly higher 
rates of high quality embryos and implantation, 
and tended to result in relatively higher (albeit 
not significant) rates of pregnancy than those in 
the 20% O2 group, consistent with an hypoxic 
culture environment being more conducive to 
initial embryonic development and to fostering 
further in vivo development. In fact, a favorable 
effect of low O2 tension upon late stages of in 
vitro embryonic (blastocyst stage) and even 
upon fetal development has been reported in 
mice [23]. Similarly, recent studies also report 
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better pregnancy and live birth rates when 
transferring human blastocysts following in 
vitro culture in a low O2 tension atmosphere. 
Our study provides further evidence to support 
a crucial effect of O2 tension early in the cleav-
age process of in vitro development. Worth not-
ing is the fact that varying O2 tension during in 
vitro embryo culture did not appear to affect 
multiple birth or abortion rates. 

Given the mild differences in outcome observed 
between embryos incubated in low or high O2 
tension conditions it may be premature to rec-
ommend the use of 5% O2 for oocyte and/or 
embryo culture. Moreover, given that to achieve 
a low oxygen concentration, an incubator 
requires both CO2 and O2 sensors and the abil-
ity to supply three gases (N2, CO2 and O2) simul-
taneously [6, 24], this increases the risk of fluc-
tuations during embryo culture. For instance, 
opening the incubator door to handle oocytes/
embryos requires re-equilibration of the inside 
atmosphere with a balanced mixture of gases 
to maintain a low O2 concentration, which may 
take longer than when only CO2 is used [6, 24]. 
Nonetheless, there may be instances in which 
the use of low O2 tension could be highly advan-
tageous and possibly overcome these draw-
backs. In this regard, one study suggested that 
patients with poor prognosis (e.g. repeated 
implantation failures and poor responders with 
a low number of oocytes), as well as patients 
with advanced age (> 40 years old), benefited 
from transferring day 3 embryos cultured in a 
low O2 tension atmosphere [25]. Therefore, the 
benefits and disadvantages of both systems 
may be outweighed in a case-to-case basis 
potentially driven by patient demographics in a 
particular clinical setting.
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