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Abstract

Purpose To evaluate whether mtDNA content at the blastocyst stage differs between embryos derived from fresh or vitrified
sibling oocytes.

Material and methods A retrospective analysis was performed between March 2017 and September 2018, including 504
blastocysts from 94 couples undergoing preimplantation genetic testing for aneuploidies (PGT-A), using fresh oocytes together
with previously vitrified oocytes. Trophectoderm biopsies were performed and subjected to next generation sequencing.
Results On average, 1.8+ 1.0 oocyte vitrification cycles were performed per patient. Between fresh and vitrified cycles, no
difference was observed between the number of fertilized oocytes (5.3 +4.2 versus 5.5 +3.0). Blastulation rate on day 5 per
fertilized oocyte was significantly higher in the fresh group (62% +29% versus 44% +31%; p < 0.001). For the 504 biopsied
blastocysts, 294 fresh versus 210 vitrified, no significant differences were found in the euploid rate, 40.5% versus 38.6% (p =
0.667), and mtDNA content, 30.1 (+ 10.6) versus 30.0 (£ 12.5) (p =0.871), respectively. Regardless of the origin of the oocytes,
aneuploid blastocysts contained significantly higher mtDNA values compared with the euploid ones (31.4 versus 28.0; p=
0.001). Furthermore, top-quality blastocysts had a significantly lower mtDNA content compared with moderate and poor-quality
blastocysts (p < 0.001) and blastocysts biopsied on day 5 showed significantly lower mtDNA content compared with day 6 or day
7 blastocysts (p < 0.001). However, when analyzing the blastocyst mtDNA content according to the ploidy state, no differences
were found for blastocyst quality or day of biopsy between blastocysts originating from fresh or vitrified oocytes.

Conclusion Oocyte vitrification does not affect the mtDNA content of trophectoderm biopsies.

Keywords Oocyte vitrification - Blastocyst - mtDNA - PGT-A - NGS

Introduction for aneuploidies (PGT-A) and consequently increases the

chances of obtaining a euploid embryo [1]. Oocyte vitrifica-
Oocyte vitrification from repeated ovarian stimulations is a  tion yields similar fertilization and pregnancy rates compared
well-established strategy to potentially increase the number  with fresh oocytes in ICSI cycles [2] with no increased risk of
of blastocysts available for preimplantation genetic testing  aneuploidy [3]. However, lower cleavage rates on day 3 and
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usable blastocyst rates after oocyte vitrification have also been
reported, suggesting that cryopreservation procedures might
have an impact on the oocyte physiology and as such further
preimplantation development [3].

There has been an increasing focus on research into mito-
chondrial features over the last few years, since they are or-
ganelles extremely active in embryogenesis [4]. Mitochondria
contain one or more copies of their own circular double-
stranded genome, the mitochondrial DNA (mtDNA), and is
indicative for the number of mitochondria present in the oo-
cyte [5]. The mature human oocyte is the richest cell in terms
of mtDNA content, which is required to acquire competence
for fertilization and for the embryo to reach the blastocyst
stage [6—8]. Mitochondria are involved in the regulation of
multiple critical cellular processes: apoptosis, amino acid syn-
thesis, calcium homeostasis, and the generation of energy in
the form of adenosine triphosphate (ATP) [9, 10]. For this
reason, mitochondrial organelles are known for being the
power houses of the cells [11]. They are extremely dynamic
organelles that undergo cycles of fusion to exchange their
content including mtDNA, and fission for mitochondrial bio-
genesis and segregation of inactive mitochondria by autopha-
gy [12]. Their dynamics are crucial to maintain a proper mi-
tochondrial function in many aspects of a cell’s life while
dysfunction has been implicated in impaired embryonic de-
velopmental processes in mice [13, 14].

Differences in the embryo developmental competence may
be attributed to variations in mtDNA content, considering it a
potential marker of embryo viability [S]. Appropriate cyto-
plasmic distribution of mitochondria is important for specific
cell functions during early cleavages [15]. However, osmotic
forces during the vitrification procedure may cause a defect in
mitochondrial function and distribution as previously seen in
mouse, human, and bovine oocytes, compromising the devel-
opmental ability of the resulting embryos due to loss of cyto-
skeletal integrity [16—19]. Vitrification causes a temporal re-
duction of the mitochondrial membrane potential with a neg-
ative effect on intra-oocyte ATP levels as previously seen in
discarded human MII oocytes [20, 21]. However, some stud-
ies revealed no impact of vitrification on developmental com-
petence and ATP content after vitrification of in vitro matured
mice oocytes [22].

Mitochondrial DNA (mtDNA) has some peculiarities com-
pared with nuclear DNA (nDNA). Due to its location in the
mitochondrion as well as its lack of histones, it is extremely
vulnerable to the harmful effect of reactive oxygen species
(ROS) and particularly prone to mutations that cause function-
al degradation [23] though it has been suggested that mtDNA
mutations are mainly caused by mtDNA replication errors
rather than by the oxidative damage, resulting in a different
proportion of the mtDNA present within every cell
(heteroplasmy) [24]. An increase in ROS levels in discarded
mature human oocytes indicates a higher oxidative stage in
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oocytes after vitrification [25] leading to a significant decrease
in mtDNA copy number, as previously described in vitrified
mouse oocytes compared with fresh oocytes [25, 26].

Taking into consideration the potential deleterious effects of
oocyte vitrification on the mtDNA content and subsequent em-
bryonic development, the present study aimed to evaluate wheth-
er mtDNA content at the blastocyst stage differs between blasto-
cysts derived from firesh and vitrified sibling oocytes.

Materials and methods
Patient population

This retrospective study was performed at IVIRMA Middle
East Fertility Clinic, Abu Dhabi, between March 2017 and
September 2018.

Cycles from patients for which intracytoplasmic sperm injection
(ICSI) and preimplantation genetic testing for aneuploidies (PGT-A)
by next generation sequencing (NGS) were performed using fresh
autologous oocytes together with previously accumulated vitrified
oocytes were included. In case of oocyte accumulation, the vitrified
oocytes from multiple stimulation cycles were warmed in combina-
tion with a fresh oocyte retrieval. Patients underwent on average 1.8
stimulation cycles in which oocytes were vitrified. Two groups were
defined and compared in this sibling oocyte study; blastocysts coming
from fiesh oocytes and blastocysts derived from vitrified oocytes, only
if at least one blastocyst was biopsied from each group. Anti-
Miillerian hormone (AMH), age, and body mass index (BMI) values
for the female partners were recorded.

Only couples in whom the male partner had produced a
fresh ejaculate on the day of ICSI were included in the study
and patients with progesterone levels > 1.5 ng/ml at the time
of final oocyte maturation were excluded since increased se-
rum progesterone values during stimulation significantly in-
fluence mtDNA values [27].

Ovarian stimulation protocols

Ovarian stimulation was performed by standard proto-
cols, either gonadotropin-releasing hormone (GnRH) ag-
onist or GnRH antagonist protocols using rFSH (recom-
binant follicle stimulating hormone) or HP-HMG (highly
purified human menopausal gonadotropin) as stimulation
medication. The dosage of the stimulation medication
was chosen according to the ovarian reserve parameters
[28]. Trigger for final oocyte maturation was achieved by
administration of either 5.000—10.000 IU of hCG, 0.3 mg
of GnRH agonist (triptorelin), or dual trigger (hCG and
GnRH-agonist) as soon as > 3 follicles > 17 mm were
present.
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Ovum pick-up, vitrification/warming,
intracytoplasmic injection

Oocyte retrieval was performed 34-36 h post-trigger. Follicles
were aspirated under ultrasound guidance and the cumulus
oocyte complexes (COCs) were collected in a HEPES-
buffered medium and cultured in either in Quinn’s
Advantage Protein Plus for Fertilization (SAGE,
CooperSurgical, Malov, Denmark) or Global Total for fertili-
zation (CooperSurgical, Mélov, Denmark) until denudation.

In case of oocyte vitrification, COCs were denuded and
subsequently the mature (MII) oocytes were vitrified 37—
38 h post-trigger using the Cryotop method (Kitazato,
Biopharma) as described elsewhere [29]. Using a 170-um
pipette, MII oocytes were transferred from fertilization media
to a 20-pL drop of basic solution (BS) at room temperature.
Equilibration solution (ES) containing 7.5% (v/v) ethylene
glycol (EG) and 7.5% (v/v) dimethyl sulphoxide (DMSO)
was gradually added into the well to complete a volume of
300 pL. After completing 15 min in the ES solution, oocytes
were transferred to 300 pL of vitrification solution (VS) com-
posed of 15% (v/v) EG, 15% (v/v) DMSO, and 0.5 mol/L
sucrose for 1 min; afterwards, they were rapidly placed onto
a polypropylene strip of the Cryotop (Kitazato) in a volume of
less than 0.1 pL and submerged into liquid nitrogen (LN»).

Warming procedure of the vitrified MII was performed as
described by Kuwayama et al. [29]. The Cryotop was re-
moved and placed into preheated (37 °C) thawing solution
(TS) containing 1 mol/L sucrose for 1 min at 37 °C. The
oocytes were then transferred to DS solution (0.5 mol/L su-
crose) for 3 min at room temperature, followed by 5 min in
washing solution (WS), and then 1 min in WS before the
oocytes were placed in fertilization medium. Surviving oo-
cytes were injected 3 h post-warming.

For the fresh oocytes, COCs were denuded 39 h post-
trigger and ICSI was performed 1 h later [30].

Embryo culture and development

After ICSI, all inseminated oocytes were cultured either in
Quinn’s Advantage Sequential media (SAGE,
CooperSurgical, Méalev, Denmark) or single-step media
(Global Total LP, CooperSurgical, Mélev, Denmark), over-
night pre-equilibrated and maintained at the same incubation
conditions 37 °C, 5% O,, 6% CO,, and 89% N,. Fertilization
was assessed 17-20 h post-ICSI by the presence of two
pronuclei. On day 3 of embryo development, culture medium
was changed either to Quinn’s Advantage Protein Plus
Blastocyst Medium (SAGE, CooperSurgical, Malov,
Denmark) or refreshed with Global total LP media
(CooperSurgical, Méalgv, Denmark).

Embryo quality (EQ) score on day 3 of embryo develop-
ment was based on the number and symmetry of blastomeres,

percentage of fragmentation, presence of vacuoles, granula-
tion, and multinucleation. According to these parameters, em-
bryos were assigned into 4 different EQ groups; EQ 1 (excel-
lent), EQ 2 (good), EQ 3 (moderate), or EQ 4 (poor) as pre-
viously described [31] with a minor difference that embryos
with > 20% of fragmentation were included in EQ 3 and not in
EQ 2.

Only expanded blastocysts (Gardner expansion grade 3—6)
[32] with a clear and differentiated inner cell mass (ICM) and
trophectoderm (TE) cells were subjected to trophectoderm
biopsy on day 5, day 6, or day 7 of embryo development.
Blastocyst scoring system was based on the aspect, number,
and integrity of ICM and TE following the Spanish
Asociacion para el estudio de la Biologia de la
Reproduccion (ASEBIR) consensus [33]. Score A was given
to a compacted ICM or TE made of many homogeneous cells
that formed a tightly joined epithelium; score B to a loose
aspect of the ICM or fewer TE cells that still formed a homo-
geneous epithelium; score C shows no sign of compaction in
the ICM and very few TE cells and score D when ICM or TE
cells showed signs of degeneration. Blastulation rate was de-
fined as the number of cavitating blastocysts on day 5 per
normally fertilized zygote.

Quinn’s Advantage Medium with HEPES (SAGE,
CooperSurgical, Mélov, Denmark) supplemented with HSA,
(Vitrolife, Goteborg, Sweden) was used for the biopsy proce-
dure. Three to five laser pulses on the zona pellucida (2.2 ms)
along with mechanical “flicking” method were used to cut the
trophectoderm cells inside the aspiration pipette;
trophectoderm biopsies were washed and placed in 0.2-ml
PCR tubes containing 2.5 uL PBS.

Ploidy status of blastocyst by NGS

A whole genome amplification (WGA) protocol was per-
formed on all individual samples (PicoPlex technology by
Rubicon Genomics, Inc.; Ann Arbor, MI, USA). After
WGA, library preparation consisted of the incorporation of
individual barcodes for the amplified DNA of each embryo.
After isothermal amplification and enrichment, sequencing
was performed in a 316 or 318 chip using the Personal
Genome Machine sequencing (Life-Thermo Fisher, USA).
Ion Reporter software, for sequencing analysis and data inter-
pretation, was employed. The herein used NGS platform has
been validated in previous studies [34, 35] and is commercial-
ly available.

Mitochondrial DNA copy number
Values of mitochondrial DNA were directly obtained from the
software and were analyzed using the Igenomix algorithm for

day 3 and day 5 biopsies. An optimized algorithm was applied
using the output dataset obtained from the PGT-A analysis for
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the mtDNA content calculation. To calculate the relative
mtDNA content, the number of reads after filtering mapping
to the mitochondrial genome is divided by the number of reads
mapping to the nuclear DNA (nDNA) [36]. This allows nor-
malization of each batch and therefore reduces variability dur-
ing NGS experiments as it makes the calculation independent
of the number of cells obtained in each biopsy. Crucially,
using nDNA values for normalization assumes that the com-
position of nDNA 1is equal across samples. Only embryos with
informative results for the PGT-A and a mtDNA content be-
low 1000 were analyzed in the study. This technique has been
validated internally by Igenomix.

Statistical data

Continuous variables were presented as a mean (expressed as
percentage in case of rates) together with standard deviations.
Patient’s characteristics were compared using Student’s ¢ test
for paired samples between fresh and vitrified sibling oocytes.
When more than two groups were compared, ANOVA test has
been applied. Categorical variables related with the embryo
scoring and chromosomal status of the blastocysts were com-
pared using Fisher’s exact test in 2 x 2 contingency tables,
providing the number of cases and the proportion in the sam-
ple (expressed as a percentage), along with the odds ratio. For
of the remaining contingency tables, a chi-square test was
performed.

To perform statistical inference, linear regression models
were applied. In addition, the classical model was extended to
a mixed-effect model to consider the intrapatient variability.
Data analysis was performed using the statistical software R
(version 3.5.0) and p <0.05 was considered statistically
significant.

Results

Patients were on average 38.7 £4.7 years old with a BMI of
25.9+3.4 kg/m” and AMH values of 1.4 + 1.9 ng/ml. Oocytes
were accumulated in on average 1.8 + 1.0 ovarian stimulations
to potentially increase the number of euploid blastocysts.

Outcome of fertilization and embryo development between
fresh and vitrified sibling oocytes is shown in Table 1. There
was a significant difference in the number of COCs (8.7 + 6.6
versus 11.8 +6.0; p <0.001) and number of MII oocytes (6.7
+5.0 versus 8.5+4.0; p=0.001) derived from fresh and vit-
rified oocytes. Due to a survival rate of 87.5% in the vitrified
group, no difference was observed between the number of
injected oocytes (6.6 +4.8 versus 7.4+3.8; p=0.097) and
the number of normally fertilized oocytes (5.3 £4.2 versus
5.5+3.0; p=0.705); however, fertilization rate was signifi-
cantly higher for fresh oocytes (81% + 19% versus 75% =+
19%; p = 0.036).

@ Springer

When comparing the EQ between the fertilized sibling oo-
cytes, significant differences between groups were noted. On
day 3 of embryo development, there were differences seen in
the proportion of EQ 1 and EQ 4 between fresh compared
with the vitrified group (p <0.0001). On day 5, no significant
differences were observed in the EQ between blastocysts from
fresh versus vitrified oocytes (p =0.171). However, embryos
coming from fresh oocytes had a higher blastulation rate on
day 5 (62% +29% versus 44% +31%; p <0.001) compared
with their vitrified siblings. Furthermore, they had a higher
capacity to develop into a usable blastocyst for trophectoderm
biopsy (66% +26% versus 47% +26% p <0.001). A signifi-
cantly higher proportion of blastocysts biopsied on day 5 were
coming from fresh oocytes in comparison with vitrified oo-
cytes (63.8% versus 36.2%; p = 0.002).

For genetic testing, a total of 504 blastocysts were biopsied:
294 blastocysts from fresh and 210 blastocysts from vitrified
oocytes. Day 5 TE biopsy yielded an average euploid rate of
47% versus 46% (p =0.899), whereas on day 6 the euploid
rate was 33% versus 34% (p = 0.886) between blastocyst orig-
inating from fresh and vitrified oocytes respectively (Table 2).

The mean mtDNA value for blastocysts from fresh oocytes
was 30.1 (£ 10.6) compared with 30.0 (& 12.6) for blastocysts
from vitrified oocytes. These differences were not significant-
ly different (p = 0.87), even when comparing intrapatient var-
iability (p = 0.98) (Fig. 1). The mtDNA values followed a non-
normal distribution (Fig. 2), resulting in a kurtosis of 19.5 and
a positive skewness of 2.5. A mixed model was used to ana-
lyze patients’ characteristics that could potentially affect
mtDNA, such as age of the patient, BMI, and AMH, but none
of them were found to be associated with mtDNA content in
trophectoderm cells.

Irrespective of the oocyte origin, univariate linear analysis
showed that aneuploidy and blastocyst quality affected the
mtDNA content. Aneuploid blastocysts showed significantly
higher mtDNA content compared with the euploid ones (31.4
versus 28.0; p<0.001) (Fig. 3). ANOVA test revealed that
there were statistical differences between mtDNA content
and embryo quality. Blastocysts with a higher quality (score
A) showed significantly lower mtDNA content in comparison
with score B, C, or D (25.4, 28.2, 32.7, 36.8, respectively;
p<0.001) (Fig. 4) and were significantly more likely to be
biopsied on day 5 (p < 0.001). Subset analysis was performed
between mtDNA content and the day when the TE biopsy was
performed (day 5, day 6, or day 7). In line with the previous
findings, blastocysts biopsied on day 5 showed significantly
lower mtDNA content compared with day 6 or day 7 blasto-
cysts (25.4, 35.2, 36.2 respectively; p <0.001) (Fig. 5).

When stratifying the blastocyst quality and the day of bi-
opsy according to the ploidy outcome, no differences were
observed in the blastocyst mtDNA content between embryos
from fresh and vitrified oocytes (Tables 3 and 4). Additionally,
stratifying the blastocyst quality and the oocyte origin (fresh
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Table 1 Outcome of fertilization
and embryo development Fresh Vitrified p value
between fresh and vitrified
oocytes Number of stimulations 1.0 1.8
COCs 8.7+6.6 11.8+£6.0 <0.0001
MIL 6.7+£5.0 8.5+4.0 0.001
MII injected 6.6+4.8 7.4 +3.8 (87.5% survival rate) 0.097
Fertilization rate 81% 75% 0.036
Normal fertilization 53+42 55+3.0 0.642
EQ 1 rate on day 3 338 (67.6%) 275 (53%) <0.0001
EQ 2 rate on day 3 72 (14.4%) 84 (16.2%)
EQ 3 rate on day 3 65 (13%) 95 (18.3%)
EQ 4 rate on day 3 25 (5.0%) 65 (12.5%)
EQonday 5 A 35(11.9%) 17 (8.1%) 0.171
EQonday 5B 135 (45.9%) 92 (43.8%)
EQonday5C 113 (38.4%) 97 (46.2%)
EQonday 5D 11 (3.7%) 4 (1.9%)
number of embryos cultured to D5 53+4.1 53+£3.0 0.941
number of blastocysts D5 3.1+£29 22+1.8 0.005
Blastulation rate 62% +29 44% +31 <0.0001

Results are expressed as mean = SD. SD, standard deviation. ¢ test and chi-squared test for categorical data

COCs, cumulus oocytes complex; M1/, mature oocyte; EQ, embryo quality
EQ on day 3: EQ I—excellent; EQ 2—good; EQ 3—moderate; or EQ 4—poor
EQ on day 5: A—excellent; B—good; C—moderate; D—poor

or vitrified) according to the euploidy state (euploid or aneu-
ploid), no differences in mtDNA content were observed (data
not shown).

Discussion

The current retrospective study evaluated the effect of oocyte
vitrification on the mtDNA content of TE cells. Based on the
findings, it was clearly demonstrated that oocyte vitrification
does not affect mtDNA content at the blastocyst stage.

Table 2 Aneuploid and euploid rate between blastocysts coming from
fresh and vitrified oocytes stratified per biopsy day
Aneuploid  Euploid OR (95% CI) p value
D5 Fresh 90 (53.3%) 79 (46.7%) 0.964 (0.56-1.64)  0.899
Vitrified 52 (54.2%) 44 (45.8%)
D6 Fresh 80 (67.2%) 39 (32.8%) 1.073 (0.59-1.96)  0.886
Vitrified 65 (65.7%) 34 (34.3%)
D7 Fresh 5(83.3%) 1(16.7%) 1.237 (0.075-78.54) 1.000
Vitrified 12 (80.0%) 3 (20.0%)

Results are expressed as number of blastocysts (%). Fisher’s exact test,
OR, odds ratio; 95% CI

D5, day 5 biopsy; D6, day 6 biopsy; D7, day 7 biopsy; n, number of
blastocysts

However, independent of the oocyte origin, mtDNA seems
to be correlated with ploidy, blastocyst quality, and the day
of the blastocyst biopsy.

Contrary to several studies that failed to demonstrate an
impact of vitrification on fertilization, cleavage, and pregnan-
cy outcomes in autologous IVF cycles when comparing fresh
and vitrified oocytes [37-40], the present study demonstrates
significant differences in fertilization rate and embryo devel-
opment between fresh and vitrified sibling oocytes. Embryos
from vitrified oocytes did not only show a slower embryo
development on day 3, characterized by a lower number of
blastomeres and a higher percentage of fragmentation, but also
a lower blastulation rate.

In recent years, oocyte vitrification has become a standard
clinical procedure since many significant advancements have
been made to eliminate or reduce the possible chemical tox-
icity and osmotic deleterious effects which might physiologi-
cally impact the structure and genomic integrity of the human
MII oocyte [41, 42]. Such physical stress can affect intracel-
lular organelles like mitochondria, resulting in an impaired
developmental competence of the resulting embryo. Indeed,
an impaired blastulation capacity was observed in embryos
originating from vitrified oocytes. Even though there were
differences seen in the embryo division pattern in the present
study, mtDNA content was not affected by vitrification.
Consequently, we hypothesize that there is an impact of oo-
cyte vitrification on embryo development that is not
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Fig. 1 mtDNA content after
trophectoderm biopsy from fresh
and vitrified oocytes. Box plot
representing the mtDNA content
of all 504 biopsied blastocysts
according to the oocyte origin:
294 from fresh and 210 from

vitrified oocytes 100+

mtDNA content

501

necessarily related to mtDNA content. In line with previous
studies, oocyte vitrification did not increase the risk of aneu-
ploidy and did not affect the blastocyst quality [1, 3].
Conflicting results have been reported when mtDNA con-
tent and ploidy at the blastocyst stage were correlated, due to
discrepancies in the mtDNA assessment. The controversy be-
gan when Victor and colleagues (2017) applied a mathemati-
cal correction factor accounting for possible variations in the

Fresh Vitrified

nDNA compositions among different sex and ploidy, resulting
in a failure to discriminate ploidy based on mtDNA content
alone [43].

Mitochondrial biogenesis is crucial during oogenesis to
constitute a mitochondrial pool large enough to support early
embryo development and further implantation [44]. As mitot-
ic divisions start, the total amount of mitochondria in each cell
will be diluted as they will be segregated between

Fig. 2 mtDNA content
distribution. Distribution of
mtDNA content in trophectoderm 0.04
of human blastocysts, from fresh
and vitrified oocytes, measured
by next generation sequencing.
The distribution shows a positive
asymmetry and a long kurtosis 0.03
=2
2
J 0021
0.014
0.00
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Fig. 3 mtDNA content after
trophectoderm biopsy according
to ploidy. Box plot corresponding
to mtDNA content of 304
aneuploid and 200 euploid
blastocysts (31.4 versus 28.0;
p<0.001)

1001

mMtONA content

50

blastomeres, with no mtDNA replication up to the preimplan-
tation stage [45]. Therefore, an expanded high-quality blasto-
cyst with more TE cells is expected to have lower mtDNA
content due to dilution of mitochondria with each cell divi-
sion. Indeed, irrespective of the oocyte origin, the results of
our study showed that a superior embryo grading, mainly
based on trophectoderm quality, has been correlated with low-
er mtDNA content. However, when stratifying the blastocyst
quality according to ploidy and according to oocyte origin,

Aneuploid Euploid

there was no correlation between mtDNA values in euploid
embryos and blastocyst quality which is consistent with a
previous study [46] but inconsistent with other in which
higher mtDNA content in TE was an indicator of compro-
mised blastocysts [47]. As for embryo quality, similar results
were obtained when looking at aneuploidy alone; aneuploid
blastocysts have a higher mtDNA content compared with eu-
ploid ones, as previously described by others [4, 27]. Again,
after stratifying according to embryo quality, the difference in

Fig. 4 mtDNA content and
blastocyst quality. Box plot
corresponding to mtDNA content
according to the blastocyst quality
for fresh and vitrified oocytes; A:
top quality (n =52), B: good
quality (n=227), C: moderate
quality (n =210), D: poor quality 1004
(n=15) (25.4,28.2,32.7,36.8,
respectively; p <0.001)

mtDNA content

50 1

B =
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Fig.5 mtDNA content and day of
the biopsy. Box plot
corresponding to mtDNA content
according to the day of the biopsy
for fresh and vitrified oocytes:
D5, day 5 (n=265); D6, day 6
(n=218); D7, day 7 (n=21)
(25.4, 35.2, 36.2 respectively;

100
»<0.001)

mtONA content

50

the mtDNA values between euploid and aneuploid blastocysts
disappeared. This indicates that lower quality blastocysts are
more likely to have an increased mtDNA content and are more
likely to be aneuploid. This finding suggests an important role
for the TE quality on the obtained mtDNA content.
Developmentally delayed embryos, which reached the
blastocyst stage on day 6 or day 7 compared with day 5,

D5 D6 D7

showed higher mtDNA levels (25.4 versus 35.2 versus 36.2;
p<0.001). A possible explanation could be that slow nuclear
DNA replication leads to a higher mtDNA/nDNA ratio which
can be reflected in a lower blastocyst quality as the day of
biopsy is postponed due to slower development [48].
However, euploid blastocysts biopsied on day 7 have shown
the potential to implant if they are good quality [48]. As high-

Table 3 mtDNA content and

blastocyst quality, according to Blastocyst quality ~ PGT-A Oocyte origin ~~ Mean ~ SD 95% CI (mean) n p value
ploidy and oocyte origin
A Aneuploid  Fresh 26.8 9.8 (18.5, 35.0) 8 0.083
Vitrified 19.5 2.7 (16.2,22.9) 5
Euploid Fresh 27.1 7.7 (24.1, 30.1) 27  0.053
Vitrified 23.0 4.8 (20.0, 26.1) 12
B Aneuploid Fresh 28.9 10.5 (264, 31.3) 74 0.709
Vitrified 28.2 9.8 (25.5,30.9) 52
Euploid Fresh 28.1 9.5 (25.7, 30.5) 61 0.693
Vitrified 27.3 100  (24.10, 30.5) 40
C Aneuploid Fresh 33.7 12.1 (12.1, 31.0) 82 0.804
Vitrified 343 16.0  (16.0,30.5) 70
Euploid Fresh 29.2 9.8 (25.6,32.8) 31 0.817
Vitrified 29.8 103 (25.7,33.9) 27
D Aneuploid Fresh 36.0 3.1 (33.9, 38.0) 11 0.854
Vitrified 37.6 10.1 (—53.0, 128.3) 2
Euploid Fresh - - - - -
Vitrified 40.6 0.4 (36.6, 44.5) 2

Mean mtDNA content and 95% CI of aneuploid and euploid blastocysts coming from fresh and vitrified oocytes

according to the blastocyst quality

Blastocyst quality: A—excellent; B—good; C—moderate; D—poor

PGT-A, preimplantation genetic testing for aneuploidies; SD, standard deviation; CI, confidence interval; n,

number of blastocysts
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Table 4 mtDNA content and day
of the biopsy, according to ploidy Biopsy day PGT-A Oocyte origin Mean SD 95% CI (mean) n p value
and oocyte origin
D5 Aneuploid Fresh 26.2 8.2 (24.4,27.9) 90 0.928
Vitrified 259 17.2 (21.1, 30.7) 52
Euploid Fresh 25.1 74 (23.4,26.7) 79 0.360
Vitrified 23.6 8.6 (21.0, 26.3) 44
D6 Aneuploid Fresh 36.9 114 (34.4,39.5) 80 0.223
Vitrified 34.9 9.1 (32.6,37.1) 65
Euploid Fresh 344 9.4 (31.4,374) 39 0.400
Vitrified 326 8.9 (29.5,35.7) 34
D7 Aneuploid Fresh 39.9 10.6 (26.7,53.1) 5 0.460
Vitrified 353 12.6 (27.3,43.3) 12
Euploid Fresh 29.9 - - 1 -
Vitrified 35.6 8.6 (14.4,56.9) 3

Mean mtDNA content and 95% CI of aneuploid and euploid blastocysts coming from fresh and vitrified oocytes

according to the day of the biopsy

D5, day 5 biopsy; D6, day 6 biopsy; D7, day 7 biopsy
PGT-A, preimplantation genetic testing for aneuploidies; SD, standard deviation; CI, confidence interval; n,

number of blastocysts

quality embryos are more likely to be biopsied on day 5,
slower ones might be under metabolic stress causing an in-
crease in mtDNA copy number [49]. However, when stratify-
ing according to ploidy and the oocyte origin, our results
showed no differences in the mtDNA content between blasto-
cysts biopsied on day 5, day 6, or day 7.

Clinical outcomes regarding implantation and mtDNA
content have been followed in order to understand whether
elevated mtDNA content is associated with cellular stress.
Some authors have postulated that an increased amount of
mtDNA content in euploid embryos has been correlated with
poor implantation rates (embryo viability) [4, 49] whereas
others could not find any correlation between mtDNA content
and implantation rates [43, 50]. Recently, healthy pregnancies
and live births have been reported after transferring euploid
blastocysts with highly elevated mtDNA levels; thus, elevated
mtDNA content does not necessarily mean enhanced mito-
chondrial function or metabolic activity [50]. A link has been
demonstrated between mutation on mitochondrial genome
that may limit the energy production, and the increased
mtDNA associated with reduced implantation [51]. Indeed,
during implantation, the trophoblast mitochondria should un-
dergo morphological and functional changes as they differen-
tiate into syncytiotrophoblast of which the function is to se-
crete proteolytic enzymes that erode the endometrial epitheli-
um, and hence, leads to implantation in the endometrium.
However, the direct correlation between the TE mtDNA con-
tent and capacity to transform into a functional
syncytiotrophoblast has not been explored so far.

Even though different culture media (Global Total LP and
Sage) were used throughout the study, sibling oocytes were
always cultured in one culture medium. Analysis of mtDNA
content on sibling oocytes between Global Total LP and Sage

is similar between the two reported culture media (unpub-
lished data). One of the strengths of our study is the mtDNA
content comparison on blastocysts developed from sibling
oocytes, leading to a well-controlled investigation excluding
patient-specific variables. Although oocytes, even from the
same patient—due to inherent biological variability—may re-
act differently upon exposure to hyperosmotic solutions [52],
the same results were found between blastocyst mtDNA con-
tent in fresh and vitrified oocytes originating from the same
patient. Applying a mixed model, no correlation of age, AMH,
or BMI with mtDNA quantity in TE cell was observed even
when analyzing intrapatient mtDNA content. However, as the
sibling oocytes were obtained during different stimulation cy-
cles, we cannot exclude the interstimulation effect. A limita-
tion of the study is that we only included cycles in which
blastocyst biopsy was performed on at least one blastocyst
from fresh and one blastocyst from vitrified oocytes. If indeed
the mtDNA content should reach a minimal threshold, im-
paired embryo development may be expected from oocytes
below these values and as such will not be included in our
analysis. The mtDNA obtained in this study is derived from
TE cells while it is known that in different mammalian spe-
cies, the number of mitochondria in the ICM is lower than in
trophectoderm, which means that it is less metabolically active
and has a reduced contribution to preimplantation embryogen-
esis compared with trophectoderm [5]. In the herein described
study, mtDNA content was obtained by dividing the total
number of reads of mtDNA by all nuclear DNA reads after
low coverage NGS. An internally validated correction model
was applied to calculate the mtDNA content. Although this is
not the optimal technique to estimate the mtDNA content,
variability attributed to the biopsy and whole genome ampli-
fication protocol was excluded since all the sibling TE
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samples were subjected to the same NGS test in the same
analysis, so mtDNA content per sibling oocyte would be bi-
ased in the same direction.

To the best of our knowledge, this is the first study to
evaluate in human fully competent sibling MII oocytes, the
possible effect of oocyte vitrification on blastocyst mtDNA
content. Our findings indicate that there is no impact of oocyte
vitrification on blastocyst mtDNA content. Therefore, it seems
that the delayed blastocyst formation is not related to a numer-
ical alteration in mitochondria. It might not only be the copy
number of mtDNA that counts but also a proper mitochondrial
biogenesis, dynamics, and mitophagy—what is called mito-
chondrial turnover—to maintain the mtDNA and the function
of active mitochondria. During the process of oocyte vitrifica-
tion, function and distribution of mitochondria may be affect-
ed influencing the developmental potential of embryos.
Therefore, further studies are required in order to better under-
stand the developmental dissimilarities between fresh and vit-
rified sibling oocytes.
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