Human Reproduction, pp. 1-11, 2022
https://doi.org/ 10.1093/humrep/deac233

human ORIGINAL ARTICLE Embryology

reproduction

Incubator type affects human
blastocyst formation and embryo
metabolism: a randomized controlled
trial

Alexandra ). Kermack 12,3.4% Irina Fesenko',

David R. Christensen @ ', Kate L. Parry', Philippa Lowen®,
Susan J. Wellstead ® **, Scott F. Harris®, Philip C. Calder 12
Nicholas S. Macklon ® ""***¢, and Franchesca D. Houghton ® '**

'Centre for Human Development, Stem Cells and Regeneration, School of Human Development and Health, Faculty of Medicine,
University of Southampton, Southampton, UK >NIHR Southampton Biomedical Research Centre, University Hospital Southampton NHS
Foundation Trust and University of Southampton, Southampton, UK 3Complete Fertility Centre, Department of Obstetrics &
Gynaecology, Princess Anne Hospital, Southampton, UK * Department of Obstetrics and Gynaecology, University Hospital Southampton
NHS Foundation Trust, Southampton, UK *Medical Statistics, School of Primary Care, Population Sciences and Medical Education, Faculty
of Medicine, University of Southampton, Southampton, UK ¢London Women'’s Clinic, London, UK

*Correspondence address. School of Human Development and Health, University of Southampton, Princess Anne Hospital, Mailpoint 815,
Level F, Coxford Road, Southampton SO 16 5YA, UK. E-mail: ap|s07@soton.ac.uk (A..K.) (@ https://orcid.org/0000-0002-9 176-9426;
Centre for Human Development, Stem Cells and Regeneration, Faculty of Medicine, University of Southampton, Duthie Building (MP808),
Southampton General Hospital, Tremona Road, Southampton SO 16 6YD, UK. E-mail: f.d.houghton@soton.ac.uk (F.D.H.) (® https://orcid.org/
0000-0002-5167-1694

Submitted on October 06, 202 | ; resubmitted on September 08, 2022; editorial decision on October 05, 2022

STUDY QUESTION: Does the type of incubator used to culture human preimplantation embryos affect development to the blastocyst
stage and alter amino acid utilization of embryos in assisted reproduction?

SUMMARY ANSWER: Culturing embryos in a time lapse system (TLS) was associated with a higher Day 5 blastocyst formation rate
and altered amino acid utilization when measured from Day 3 to Day 5 compared to the standard benchtop incubator.

WHAT IS KNOWN ALREADY: Culture environment is known to be important for the developing preimplantation embryo. TLSs provide
a stable milieu allowing embryos to be monitored in situ, whereas embryos cultured in standard benchtop incubators experience environmental
fluctuations when removed for morphological assessment.

STUDY DESIGN, SIZE, DURATION: A prospective clinical trial randomizing 585 sibling embryos to either the TLS (289 embryos) or
the standard benchtop incubator (296 embryos) over a 23-month period in a UK University Hospital Fertility Clinic.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Participants were aged 42 years or under, had an antral follicle count of >12
and >6 2 pronucleate zygotes. Zygotes were cultured individually in 25 pl of medium. Randomized embryos were graded and selected
for transfer or cryopreservation on Day 5. For those embryos produced by women who underwent stimulation with recombinant
FSH injections and were triggered with hCG, spent medium was collected on Day 5 for amino acid analysis by high pressure liquid
chromatography. Clinical pregnancy was defined as the presence of a foetal heart beat on ultrasound scan at 7 weeks.

MAIN RESULTS AND THE ROLE OF CHANCE: Overall, blastocyst formation rate on Day 5 was significantly higher in embryos
cultured in the TLS (55%) compared to the standard incubator (45%; P=0.013). Similarly, there was an increase in the number of
blastocysts suitable for cryopreservation in the TLS (31%) compared to the standard incubator (23%; P=0.032). There was a significant
difference in the utilization of |2 amino acids by blastocysts cultured from Day 3 to Day 5 in the TLS compared to the standard incubator.
Embryos cultured in the TLS displayed an increased total amino acid utilization (P < 0.001) and reduced amino acid production (P < 0.001)
compared to those in the standard incubator. Irrespective of incubator used, embryos fertilized by ICS| depleted significantly more amino
acids from the medium compared to those fertilized by conventional IVF. There was no difference in the mean score of blastocysts
transferred, or the clinical pregnancy rate after transfer of embryos from either of the incubators.
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LIMITATIONS, REASONS FOR CAUTION: The study was not powered to discern significant effects on clinical outcomes.

WIDER IMPLICATIONS OF THE FINDINGS: The metabolism and development of preimplantation embryos is impacted by the type
of incubator used for culture. Further research is required to investigate the long-term implications of these findings.

STUDY FUNDING/COMPETING INTEREST(S): NIHR Southampton Biomedical Research Centre Commercial and Enterprise
Incubator Fund funded this study. The TLS was provided on loan for the study by Vitrolife. The authors declare no conflict of interests.

TRIAL REGISTRATION NUMBER: [SRCTN73037149
TRIAL REGISTRATION DATE: |2 January 2012
DATE OF FIRST PATIENT’S ENROLMENT: 2| January 2012
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Introduction

Successful IVF necessitates the culture, selection and transfer of devel-
opmentally competent embryos that will implant and give rise to
healthy offspring. To ensure the best possible outcome for each indi-
vidual embryo, every component of the culture environment requires
optimization. Currently, embryos are cultured in two broad categories
of incubator: a standard benchtop incubator or a time lapse system
(TLS). One of the major drawbacks with using a standard benchtop in-
cubator is the inability to maintain a continuous, stable culture environ-
ment due to the requirement for repeatedly removing embryos for
morphological assessment under a microscope. This exposes the de-
veloping embryo to detrimental fluctuations in temperature, oxygen
and CO, which adversely affect the pH and osmolality of the culture
medium (Swain, 2010). It is therefore important when using a standard
benchtop incubator to minimize the number of times that an embryo
is exposed to the environment outside the incubator.

In contrast to standard benchtop incubators, TLSs have been devel-
oped to provide a more stable milieu where embryos can develop to
the blastocyst stage without being disturbed to assess viability by mor-
phological parameters. Furthermore, the incorporation of time lapse
imaging, which records development in situ, facilitates additional mor-
phokinetic analysis to aid embryo selection. There have been several
reports of culture in the TLS providing beneficial clinical outcomes
(Rubio et al., 2014; Barrie et al, 2017; Kalleas et al., 2022), whilst
other studies have shown no improvement (Cruz et al, 20I1;
Barberet et al., 2018; Armstrong et al., 2019) over conventional incu-
bators. Thus, both benchtop incubators and TLSs continue to be used
in IVF laboratories.

Reports investigating the effect of different incubator types on blas-
tocyst development and implantation rate have often been confused
due to morphokinetic characteristics being used for embryo selection
in the TLS. Although information obtained through morphokinetic
algorithms may be a useful indicator of future development, it is im-
portant to assess the impact of different culture incubator environ-
ments on the underlying physiology and biochemistry of the embryo.
One criterion that has been largely overlooked is the impact of envi-
ronmental conditions on embryo metabolism. This is surprising since
metabolism is intrinsic to embryo viability and perturbed when em-
bryos become stressed (Houghton and Leese, 2004; Lane and
Gardner, 2005). Embryo metabolism is known to be altered by several
environmental factors including oxygen tension (Wale and Gardner,
2012) and whether cultured in groups or individually (Kelley and
Gardner, 2019). Hence, fluctuations in temperature, oxygen and CO,

caused by the requirement to remove embryos from standard bench-
top incubators for observation may also induce metabolic changes in
the embryo.

There has been growing interest in the use of metabolic markers as
indicators of embryo quality (Thompson et al., 2016). Several meta-
bolic parameters have been suggested over the last 20 years as poten-
tially useful for predicting embryo viability including glucose, amino
acids and broader metabolomics (Gardner et al., 2001; Houghton
et al., 2002; Brison et al., 2004; Seli et al., 2007; Stokes et al., 2007;
Scott et al., 2008). Human embryos which develop to the blastocyst
stage deplete less amino acids and produce more alanine from Day 2
to Day 3 of development than those which arrest prior to blastocyst
formation (Houghton et al., 2002). This led to the ‘quiet embryo’ hy-
pothesis which postulates the benefit of a low level of embryo metab-
olism (Leese, 2002). Amino acid profiling has also been used to
distinguish between developmentally competent embryos of the high-
est morphological grade (Stokes et al., 2007). A high amino acid turn-
over at the cleavage stage of development was found to correlate
positively with DNA damage (Sturmey et al., 2009) supporting the
benefit of a quiet metabolism. Retrospective data have demonstrated
that amino acid utilization has the potential to be used to select devel-
opmentally competent embryos (Brison et al., 2004). Moreover, blas-
tocysts deemed to be of higher quality using morphological and
morphokinetic grading criteria were associated with a decreased total
amino acid production than those of lower quality (Ferrick et al.,
2020). Together, these studies highlight that metabolism and specifi-
cally amino acid profiling, reflect the intrinsic health of the developing
embryo beyond morphology alone.

Combining embryo metabolism and Day 5 blastocyst grade may en-
hance our understanding of whether the stable environment of the
TLS is more beneficial for the developing embryo compared to the
standard benchtop incubator. Consequently, the aim of this study was
to ascertain whether the TLS improves Day 5 blastocyst formation
rates compared to the standard incubator and if the type of incubator
used for culture affects how embryos utilize amino acids.

Material and methods

A Prospective Randomized trial cOmparing embryo Metabolism and
develOpmenT in the standard versus the Embryoscope incubator
(PROMOTE) was conducted. Ethical approval for this study was
granted by the South Central—Berkshire Research Ethics Committee
(14/SC/1260) via the Integrated Research Application System (IRAS).
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Eighty-one couples who were undergoing IVF or ICSI were recruited
to the trial (38 IVF, 41 ICSI, | combination, | no oocytes to fertilize).
Female participants were required to be under the age of 42years,
with an antral follicle count of >12 or an anti-miillerian hormone of
>10pmol/I. Couples were excluded if either partner had a previous
diagnosis of Human Immunodeficiency Virus (HIV) infection or
Hepatitis B or C.

Women underwent ovarian stimulation with hMG or recombinant
FSH (recFSH) and co-treated with either GnRH agonist or antagonists
to prevent premature luteinization, according to the centre’s standard
protocols. To trigger oocyte maturation, a single subcutaneous dose
of hCG or GnRH agonist was given 36 h prior to oocyte retrieval. IVF
or ICSI was performed in accordance with standard protocols depend-
ing on the semen quality. Couples were recruited prior to egg re-
trieval; couples gave written informed consent. Data on the couples’
demographic and clinical history were collected on a standard study
proforma.

Oocytes were fertilized in GIVF+ medium, transferred to G1+ me-
dium (Vitrolife, Sweden) and cultured at 5% O,, 6% CO, with the re-
mainder N, immediately following ICSI, or after the Day | fertilization
check for IVF embryos. All inseminated oocytes were cultured in
MINC benchtop incubators (Cook Medical, USA) until the fertilization
check. Following fertilization, if <6, 2 pronuclei (PN) embryos were
obtained, they were excluded from the trial. If six or more 2PN em-
bryos resulted, they were divided into two groups; alternate sibling
embryos were placed in culture in either the TLS or a standard incu-
bator (Fig. |). Embryos assigned to the TLS were cultured in an
EmbryoScope (Vitrolife, Sweden), while those placed in a standard in-
cubator were cultured in a MINC benchtop incubator.

All embryos were cultured individually in 25l drops of medium
overlaid with Ovoil (Vitrolife, Sweden) in either the TLS or the stan-
dard incubator. Embryos were cultured in IVF sequential media; G+
from Day | to Day 3 and G2+ (Vitrolife, Sweden) from Day 3 until
Day 5. Embryos in the TLS were only removed on Day 3 for media
change but otherwise were observed from the time lapse images.
Embryos cultured in the standard incubator were removed on Days 2,
3 and 5 for scoring and on Day 3 for a media change.

Blastocysts for single embryo transfer were selected based solely on
a validated morphological scoring system (Gardner et al., 2000). No
morphokinetic analysis of embryos cultured in the TLS was used for
this purpose. Any remaining high-quality embryos (>3BB) were cryo-
preserved by vitrification. An ultrasound scan was performed at 7
weeks gestation to confirm a clinical pregnancy.

Amino acid analysis

The G2+ spent embryo medium from each Day 5 embryo along with
control medium incubated in the absence of an embryo was stored at
—80°C prior to analysis. The concentrations of amino acids in the me-
dia were analysed using reverse phase high pressure liquid chromatog-
raphy (HPLC) (Agilent 1100) and calculated relative to a known
concentration of amino acids. Pre-column derivatization was achieved
via the automated reaction of 10ul sample and 10 pl o-phthaldialde-
hyde reagent containing 0.2% [B2-mercaptoethanol. Amino acids were
eluted using an elution gradient. Buffer A was comprised of |5ml tet-
rahydrofuran, 200 ml HPLC grade methanol and 800 ml sodium ace-
tate (83 mM, pH 5.9) and buffer B 200 ml sodium acetate (83 mM, pH

5.9) and 800 ml HPLC grade methanol (Christensen et al., 2014). This
method allowed the separation and analysis of 18 amino acids, includ-
ing essential amino acids: histidine (His), glutamine (GIn), arginine
(Arg), threonine (Thr), tyrosine (Tyr), methionine (Met), valine (Val),
tryptophan (Trp), phenylalanine (Phe), isoleucine (lle), leucine (Leu)
and lysine (Lys); and non-essential amino acids; aspartic acid (Asp), glu-
tamate (Glu), asparagine (Asn), serine (Ser), glycine (Gly) and alanine
(Ala). This method did not allow the measurement of proline and cys-
teine. Total amino acid production, depletion and turnover (sum of
depletion and production) were calculated.

Sample size and power considerations

Blastocyst formation rates are key to clinical outcome and hence were
selected as the primary outcome measure. To show, with 80% power
and a significance level of 0.05, an increase in blastocyst formation rate
from 30% observed in our centre using standard incubators to 45%
proposed for the TLS, |76 embryos were required in each arm. To
generate sufficient embryos to address the research question, 80 cou-
ples were to be recruited. This number was anticipated to be sufficient
to generate at least 180 embryos for analysis in each arm, even when
25% of subjects did not generate 6 or more 2PN embryos, necessitat-
ing exclusion from the study.

Statistical analysis

Statistical analysis was performed using SPSS Statistics 21 (IBM,
Armonk, NY, USA) and GraphPad Prism 8.4.3 (GraphPad software,
San Diego, USA).

A generalized linear mixed model was used to compare the num-
bers of embryos that formed blastocysts and were suitable for cryo-
preservation from each type of incubator (including the parental
origins of the embryos as a random effect), accounting for the non-
independent nature of the embryos. This approach was also used to
compare clinical pregnancy outcomes. Results were reported as odds
ratios (ORs) with accompanying 95% Cls.

The amino acid consumption and production of the embryos were
compared, examining those inseminated by IVF and by ICS| and the
differing culture environments. Data were tested for normality utilizing
the Kolmogorov—Smirnov test. Non-parametric data were log trans-
formed allowing parametric analysis. Data were analysed using Linear
mixed models with parental origins as a random effect, allowing
the non-independent nature of the embryos to be taken into account.
P-values <0.05 were considered statistically significant.

Results

Participant characteristics

The average age of the women recruited to the trial was 32.6 years +
3.8. Reasons for requiring IVF or ICS| were representative of the wider
population seeking fertility treatment: 22% suffering from female infer-
tility (polycystic ovarian syndrome 12/81 and tubal factors 6/81), 36%
male infertility (29/81), 28% unexplained (23/81) and in || of the 81
cases (14%) there was more than one cause recorded.

The number of oocytes collected on the day of oocyte retrieval var-
ied between | and 42 with a mean value of 15.1. Six couples were
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All embryos cultured in standard incubator
prior to fertilisation check (day 1)

v

More than 6 2PN embryos

A

Embryos divided and placed in
either the TLS or the standard
incubator

y
TLS

Scored on day 2 via camera (not
removed from incubator)
Observed on day 3 (not removed
from incubator)
Removed from incubator for
media change on day 3

v

A

Standard incubator

Removed from incubator and
scored on day 2
Removed from incubator and
scored on day 3
Removed from incubator for
media change on day 3

v

If more than 4 good quality embryos, then culture extended to day 5

If less than 4, then the best embryo chosen for transfer

v

'

TLS

Scored on day 5 via camera (not removed
from incubator)
Removed from incubator for media
change/embryo transfer/cryopreservation
onday5

Standard incubator

Removed from incubator and scored on day 5
Removed from incubator for media
change/embryo transfer/cryopreservation on
day 5

Figure |. Schematic representation of the pathway for embryos in the PROMOTE trial. TLS, time lapse system; 2PN, 2 pronucleate.

excluded due to having fewer than six oocytes. After excluding these
six couples, the mean number of mature oocytes collected was 14.6
with a range of between 2 and 42. A further six couples were ex-
cluded due to having less than six mature oocytes. Following exclusion
of these six couples, the mean number of 2PN zygotes was 9.5+ 5.5
with a range of 0 and 27. Eighteen couples produced fewer than six
2PN embryos and were therefore excluded at this point. The sibling
zygotes from the remaining 51 couples were randomized between the
TLS or the standard incubator (Fig. 2).

Incubator type affects rate of blastocyst
formation and embryo quality

A total of 289 zygotes were cultured in the TLS compared to 296 em-
bryos in the standard incubator. The primary endpoint for the study

was the percentage of normally fertilized oocytes forming a blastocyst
on Day 5 (Table I). Significantly more embryos developed to the blas-
tocyst stage on Day 5 in the TLS (55%) compared to the standard in-
cubator (45%; OR 1.518, 95% Cl 1.094-2.106, P=0.013). When
embryos were separated according to the mode of fertilization, signifi-
cantly more embryos generated through IVF developed to the blasto-
cyst stage on Day 5 in the TLS (59%) compared to the standard
incubator (48%; OR 1.595, 95% Cl 1.048-2.427, P=0.029). In con-
trast, there was no difference in development to the blastocyst stage
on Day 5 between ICS|I embryos cultured in either the TLS or the
standard incubator.

The number of embryos suitable for cryopreservation on Day 5, de-
fined as a blastocyst which scored 3BB and above using the Gardner
scoring system for the quality of the inner cell mass and trophecto-
derm, was analysed according to incubator used. Significantly more
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81 couples recruited

V

51 couples’ embryos eligible for
randomisation

!

585 embryos

i

289 randomised 296 randomised
to TLS to standard
benchtop
incubator

19 transferred

30 couples did not meet criteria:
Fewer than six eggs were collected (6)
Fewer than six mature oocytes (6)
Fewer than six 2PN zygotes (18)

99 cryopreserved

(77 day 5, 22 day 6) 20 transferred
80 cryopreserved

(64 day 5, 16 day 6)

Figure 2. Diagram of recruitment to the PROMOTE trial. 2PN, 2 pronucleate.

Table | Number of blastocysts and number of embryos suitable for cryopreservation in the TLS versus the standard incuba-

tor, separated by method of fertilization.

Time-lapse system

No. of 2PN embryos incubated 289
Yes No
No. embryos reaching blastocyst IVF 107 (59) 75 (41)
on Day 5 (%) ICS! 52 (49) 55 (51)
Both 159 (55) 130 (45)
No. of embryos suitable for cryo- IVF 70 (38) 112 (62)
preservation on Day 5 (%) ICSI 20 (19) 87 (81)
Both 90 (31) 199 (69)

Standard incubator Odds ratio (95% CI) P-value
296
Yes No

91 (48) 98 (52) 1.595 (1.048-2.427) 0.029
42 (39) 65 (61) 1.442 (0.833-2.496) 0.190
133 (45) 163 (55) 1.518 (1.094-2.106) 0.013
50 (26) 139 (74) 1.785 (1.143-2.788) 0.011
19 (18) 88 (82) 1.031 (0.509-2.089) 0.933
69 (23) 227 (77) 1.497 (1.036-2.163) 0.032

Boldface values signify a P-value < 0.05.

embryos were deemed suitable for cryopreservation when cultured in
the TLS (90 out of 289 embryos, or 31%), compared to the standard
incubator (69 out of 296 embryos, or 23%; OR 1.497, 95% CI 1.036—
2.163, P=0.032). When these were separated according to the
method of fertilization, significantly more embryos fertilized by IVF and
incubated in the TLS were suitable for cryopreservation (38%)

compared to those in the standard incubator (26%; OR 1.785, 95% ClI
1.143-2.788, P=0.011). No such difference was observed for em-
bryos fertilized by ICSI.

A number of regimens were used for follicular stimulation and trig-
gering of oocyte maturation. Three women underwent down-
regulation prior to ovarian stimulation and were therefore excluded
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from further analysis. Seventy-five percent (36/48) of women under-
went stimulation with recFSH followed by an hCG trigger, 8/48 (17%)
had recFSH followed by a GnRH agonist trigger and 4/48 (8%) had
hMG for stimulation with either hCG (3/48; 6%), or GnRH agonist
(1/48; 2%) as the trigger. To negate any potential confounding effect
of the different drug regimens used to stimulate and trigger oocyte
maturation, further analyses included only those patients who received
recFSH and hCG. A total of 203 embryos produced as a result of
recFSH stimulation followed by an hCG trigger were placed into the
TLS and 203 in the standard incubator. Significantly more embryos
formed a blastocyst on Day 5 in the TLS (108/203) compared to the
standard incubator (84/203; OR 1.639, 95% ClI 1.103-2.435,
P=0.015). Similarly, an increased number of embryos fertilized by IVF
formed a blastocyst on Day 5 in the TLS compared to the standard in-
cubator (78/137 vs 62/140; OR 1.798, 95% ClI 1.089-2.969,
P=0.022). In contrast, the type of incubator used to culture embryos
generated by ICS| did not affect the Day 5 blastocyst rate (OR 1.520,
95% Cl 0.716-3.225, P=0.273).

More embryos were suitable for cryopreservation when cultured in
the TLS (65/203) compared to the standard incubator (43/203; OR
1.768, 95% Cl 1.128-2.772, P=10.013). These differences were main-
tained when only embryos fertilized by IVF were examined (54/137
for TLS vs. 36/140 for the standard incubator; OR 1.945, 95% ClI
1.155-3.275, P=0.013). Incubator type did not impact the suitability
of ICSl-generated blastocysts for cryopreservation (OR 1.545, 95% Cl
0.532-4.483, P=0.421).

Incubator type alters embryo metabolism

To investigate whether the type of incubator used to culture pre-
implantation embryos impacts embryo metabolism when patients
received recFSH and hCG, the consumption and production of 18
amino acids by individual blastocysts cultured from Day 3 to Day 5
in either the TLS or the standard incubator was measured. There
was a significant difference in the utilization of glutamine, arginine,
threonine, alanine, tyrosine, methionine, valine, tryptophan, phenyl-
alanine, isoleucine, leucine and lysine between the two incubators
(Fig. 3a). Embryos cultured in the TLS were found to deplete more
amino acids from the medium (P <0.001) and to produce fewer
amino acids into the medium (P<0.001), with no effect on
amino acid turnover compared to those cultured in the standard in-
cubator (Fig. 3b).

As embryos fertilized by IVF and ICSI were cultured in the TLS and
standard incubator, the effect of mode of fertilization on amino acid
metabolism was investigated. There was no difference in the utilization
of individual amino acids between blastocysts cultured from Day 3 to
Day 5 in the TLS and fertilized using IVF or ICSI (Fig. 4a), whereas the
only difference observed in the standard incubator was in the utiliza-
tion of valine (P=0.048; Fig. 4c). When the sum of amino acid utiliza-
tion was investigated, mode of fertilization did not affect total amino
acid production or turnover in either the TLS, or the standard incuba-
tor. However, ICSI embryos displayed a significantly increased total
amino acid depletion compared to IVF embryos when cultured in ei-
ther the TLS (P=0.022; Fig. 4b) or standard incubator (P=0.013;
Fig. 4d).

Discussion

This study investigated the effect of culturing sibling human preimplan-
tation embryos in either a standard benchtop incubator or a TLS in
terms of development to the blastocyst stage and amino acid metabo-
lism of blastocysts cultured from Day 3 to Day 5 of development. To
the best of our knowledge, this is the first report showing that the in-
cubator used to culture preimplantation embryos alters embryo
metabolism.

One of the ongoing challenges associated with clinical IVF is that of
identifying which embryos from a cohort are developmentally compe-
tent and should be either transferred or cryopreserved for use in a
subsequent cycle. Despite current assessment methods, such as em-
bryo morphology, rate of cleavage and morphokinetic analysis, success
rates have remained consistently low with at best only 31% of em-
bryos transferred resulting in a live birth (HFEA, 2020). One variable
that has been largely overlooked is the effect of incubator type used
to culture developing embryos and the potential impact this might
have on embryo metabolism. It should be noted that the concern is
not with the stability of the environmental conditions of the incubator
per se, but rather the requirement to repeatedly remove developing
embryos for morphological assessment from the defined conditions of
the standard incubator and thus the recurrent exposure of embryos
to the atmospheric conditions found in the IVF laboratory. Such varia-
tions in culture conditions may be disruptive to the physiology of the
embryo and impact its metabolism, something which is fundamental to
embryo health.

Our data show improved overall blastocyst development and quality
observed on Day 5 in the TLS compared to the standard incubator.
This suggests that the TLS is beneficial for preimplantation embryo de-
velopment which is consistent with previous studies (Alhelou et al.,
2018; Barberet et al., 2018). The enhanced number of IVF embryos
which developed to the blastocyst stage on Day 5 and were suitable
for cryopreservation in the TLS compared to those fertilized by ICSI
was intriguing especially since mode of fertilization did not affect blas-
tocyst development when cultured in the standard incubator. These
data suggest that the more stable environment of the TLS whilst being
beneficial for IVF embryos may not be able to negate the impact of
the ICSI procedure such as removal of the cumulus cells, physical dam-
age inflicted through injection and the resulting effect on homeostatic
mechanisms regulating embryo physiology. However, additional factors
such as sperm quality, skill of the ICSI practitioner, the length of time
to conduct the ICSI procedure and sample size may also have a role,
and hence further research is required.

There was a concomitant difference in the utilization of amino acids
by blastocysts cultured from Day 3 to Day 5 between the two types
of incubator. Embryos cultured in the TLS had an increased require-
ment for amino acids compared to those maintained in the standard
incubator which likely reflects the higher quality of these blastocysts
and the increased protein synthesis that occurs as the blastocyst
expands (Sellens et al., 1981). Moreover, embryos that cavitate earlier
have been shown to display a significantly decreased rate of aneuploidy
(Minasi et al., 2016; Desai et al., 2018). This, combined with the in-
creased Day 5 blastocyst rate in the TLS, suggests that a more stable
culture environment may be beneficial. In cell lines, aneuploidy is
known to induce metabolic stress (Zhu et al., 2018) and to alter en-
ergy metabolism and amino acid utilization (Williams et al., 2008;
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in either the time lapse system (TLS) (n = 84) or standard incubator (n = 68). Positive values represent amino acid production and negative values
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Stingele et al., 2012). Aneuploid human preimplantation embryos also
display altered amino acid utilization (Picton et al., 2010). Thus, the im-
proved rate of blastocyst formation and quality, together with differen-
tial amino acid utilization profile suggest that the TLS may provide a
preferential environment to support the development of euploid em-
bryos compared to the standard incubator.

The increased total amino acid depletion observed by embryos cul-
tured in the TLS compared to the standard incubator contrasts with
the quiet embryo hypothesis (Leese, 2002), which suggests metaboli-
cally quiescent embryos are more developmentally competent.

However, in terms of amino acid utilization, the quiet embryo hypoth-
esis was based on embryos cultured at atmospheric oxygen for 24 h.
In contrast, embryos in the current study were cultured at 5% oxygen
and amino acid utilization of blastocysts assessed from Day 3 to Day 5
allowing the first two morphological events of development, compac-
tion and cavitation to be incorporated in the metabolic assessment.
Culture at 5% oxygen is known to be beneficial for human embryo de-
velopment yielding higher implantation, pregnancy and live birth rates
compared to atmospheric oxygen (Meintjes et al, 2009; Kasterstein
et al.,, 2013; Ruiz et al., 2020). Thus, the quiet embryo hypothesis may
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not be applicable for the improved conditions used in the current
study.

Embryos cultured in the TLS depleted significantly more arginine,
threonine, tyrosine, methionine, valine, tryptophan, phenylalanine, iso-
leucine, leucine and lysine compared to those cultured in the standard
incubator. This increased reliance on largely essential amino acids sug-
gests that embryos in the TLS may be more developmentally compe-
tent since the transport of these amino acids has been shown to
support the development of more viable embryos after the eight-cell
stage (Van Winkle, 2001). Moreover, essential amino acids also

increase cleavage rates after the eight-cell stage and stimulate develop-
ment of the inner cell mass of mouse blastocysts (Lane and Gardner,
1997). Leucine and arginine are important for maintaining cellular ho-
meostasis by regulating the mammalian target of rapamycin (mTOR)
pathway (Gonzdlez et al., 2012). Recently, human blastocysts deemed
to be of higher viability were found to consume more leucine and argi-
nine than those which were less viable (Ferrick et al., 2020). This sug-
gests that embryos cultured in the TLS are more developmentally
competent and better equipped to maintain cellular homeostasis than
those cultured in the standard incubator.
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The primary difference between the TLS and standard incubator is
the culture environment, which is more stable in the TLS, whereas
with the standard incubator embryos are repeatedly removed to as-
sess development. This subjects embryos to a temperature shock,
exposes them to dramatically increased oxygen and decreased CO,
levels, which alters the pH and osmolality of the medium resulting in
altered amino acid metabolism. It is tempting to speculate that it may
be the exposure to atmospheric oxygen that has resulted in the differ-
ential amino acid metabolism profiles observed for embryos in the TLS
compared to the standard incubator. An increased consumption of as-
paragine, glutamate, tryptophan, lysine, threonine, tyrosine, methio-
nine, valine, isoleucine, leucine and phenyalanine was observed when
mouse post-compaction embryos were cultured at 5% oxygen com-
pared to 20% oxygen (Wale and Gardner, 2012); this was remarkably
similar to the amino acid profiles observed in the TLS compared to
the standard incubator. Thus, maintenance of an uninterrupted 5% ox-
ygen environment in the TLS may explain the increased amino acid de-
pletion compared to embryos cultured in the standard incubator.

Consistent with previous studies (Speyer et al., 2019; Sauerbrun-
Cutler et al., 2020), more embryos derived from IVF reached the blas-
tocyst stage on Day 5 compared to those fertilized by ICSI. Thus, it
was important to determine whether the differences observed in the
amino acid utilization between embryos cultured in the two incubators
were independent of fertilization type. The overall pattern of amino
acid utilization between ICSI and IVF embryos was similar within incu-
bator type. However, total amino acid depletion was significantly in-
creased in ICS|I embryos compared to those fertilized by IVF in both
the TLS and standard incubator. This finding is intriguing and may re-
sult from the use of lower quality sperm in ICS| or perturbations asso-
ciated with the ICSI procedure; either removal of the cumulus cells,
injection of the oocyte or a combination of the two. Oocytes use
paracrine signalling to promote the uptake of amino acids by cumulus
cells (Eppig et al., 2005), which can then be transported via gap junc-
tions to the oocyte. Thus, after ICSI, the cooperativity between cumu-
lus cells and the resultant zygote is lost. This, together with the trauma
caused by injection, and the direct exposure of the cytoplasm of the
oocyte to the culture medium may account for the increased total
amino acid depletion observed with ICSI compared to IVF embryos.
The fact that these metabolic differences were observed at the blasto-
cyst stage suggests that an intervention occurring in the oocyte has
lasting effects and may contribute to the lower blastocyst rate ob-
served in oocytes fertilized by ICSI compared to IVF.

In conclusion, our data suggest that the controlled environment
of the TLS is beneficial for human preimplantation development
compared to the standard benchtop incubator. Removing embryos
from the standard incubator for morphological assessment is detri-
mental and delays development. Moreover, the type of incubator
used impacts embryo metabolism and specifically amino acid utiliza-
tion over the period of development encompassing compaction
and cavitation.
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