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Abstract
Purpose The aim was to evaluate mtDNA content and its dynamics in euploid and aneuploid embryos from cleavage to
blastocyst stage following consecutive biopsies. The effect of female age on mtDNA content was evaluated by comparing
reproductively younger (≤ 37 years) with older (> 37 years) women.
Methods A retrospective single-centre descriptive study was performed between August 2016 and January 2017. Forty patients,
with 112 embryos, undergoing preimplantation genetic testing for aneuploidies (PGT-A) by next-generation sequencing (NGS)
were included. Embryos that reached the blastocyst stage and were not selected for fresh embryo transfer were included following
consecutive biopsies of a single blastomere on day 3 and trophectoderm biopsy of day 5 blastocysts.
Results Cleavage-stage mtDNAwas significantly lower in fast cleaving embryos (p = 0.016). Based on the concordance between
day 3 and day 5 biopsies, a difference was identified in blastocyst mtDNA content between groups (p = 0.019); true euploid
blastocysts presented a lower mtDNA content. No association was identified between cleavage-stage mtDNA content and ploidy
status (OR 1.008 [0.981–1.036], p = 0.565) nor between blastocyst mtDNA content and ploidy outcome (OR 0.954 [0.898–
1.014], p = 0.129). No difference was found when comparing mtDNA content and ploidy outcome between the two reproductive
age groups (p = 0.505 (cleavage stage) and p = 0.774 (blastocyst)).
Conclusion Mitochondrial DNA content of cleavage-stage embryos and blastocysts is unable to predict ploidy status. Subgroup
analysis based on ploidy concordance between day 3 and day 5 revealed a significantly lower mtDNA content for true euploid
blastocysts. Reproductive ageing does not affect mtDNA content.
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Introduction

Human reproduction is known to be a highly inefficient pro-
cess with only a small proportion of fertilized oocytes
resulting in a live birth [1]. For assisted reproductive tech-
niques (ART), controlled ovarian stimulation has been used
to increase the chance of a live birth per cycle by generating
multiple oocytes. The generated cohort of oocytes is charac-
terized by differences in developmental competence that has
been attributed to variations in mitochondrial DNA (mtDNA)
content [2]. It is well established that oocyte mitochondrial
copy numbers show a high inter-patient variability as well as
a variability among oocytes from the same patient.

During foetal development, mitochondria start to replicate
leading to oogonial cells with around 200 mitochondrial or-
ganelles [3]. Mitochondria continue to replicate during oocyte
maturation and the mature metaphase II oocyte contains
around 100,000 mitochondria and between 50,000 and
550,000 mtDNA copies [4, 5]. The mtDNA is a 16.6-kb cir-
cular double-stranded molecule, located in the inner mito-
chondrial membrane and encodes 13 gene products required
for electron transport and oxidative phosphorylation. This
makes the mature human oocyte not only the biggest cell in
the body but also the richest cell in terms of mtDNA content.

As mitochondrial replication will only occur around the
time of implantation and mtDNA replication will only start
after blastocyst formation, the initial oocytes’mtDNA content
is one of the most important determinants of the preimplanta-
tion developmental capacity [2, 6]. Presence of high mtDNA
copy numbers in cumulus cells is a strong predictor of preim-
plantation development [7, 8]; hence, an increased fertilization
potential has also been observed in oocytes with a higher
mtDNA content [4, 9]. During the initial mitotic divisions,
the mtDNA content is thought to remain stable as the oocyte’s
mitochondria and mtDNA are equally distributed to the
resulting blastomeres based on their volume [10, 11]. On the
other hand, major differences in mtDNA content between the
8 blastomeres of a single embryo have also been observed
[12]. Currently, cleavage-stage mtDNA is unable to predict
the ploidy status of embryos [13, 14], while the implantation
potential of euploid embryos decreases with increasing
mtDNA levels [15].

Only 2 to 3 days after the embryonic genome activation
and after the first differentiation into trophectoderm (TE) and
inner cell mass (ICM), the mtDNAwill start to replicate in the
expanded blastocyst; first, in the TE cells and only later, in the
ICM cells [16, 17]. At this juncture, it is unclear if blastocyst
mtDNA is able to predict ploidy status, as conflicting results
have been described [14, 18–20]. Deficiencies in the cellular
bioenergetic capacity and suboptimal ATP production by the
mitochondria have been suggested to adversely affect preg-
nancy rates despite transfer of euploid blastocysts [2]. In ad-
dition, studies have suggested that increased mtDNA levels

are associated with implantation failure [15, 18, 21, 22] but
not all studies concur [20, 23].

The observed inconsistencies in mtDNA content of
cleavage-stage embryos and blastocysts can be attributed to
multiple factors (age, diminished ovarian reserve, stimulation
protocol, BMI and smoking) that are known to affect mtDNA
content at different stages of development [2, 8, 18, 19,
24–28]. At present, the relationship between mtDNA content
and ploidy status at cleavage and blastocyst stage of embryo
development remains unclear. Therefore, we performed a ret-
rospective descriptive study to evaluate mtDNA content and
its dynamics in euploid and aneuploid embryos as determined
by consecutive biopsies from cleavage-stage day 3 embryos
and blastocysts on day 5.

Material and methods

Approval for this study was obtained from the local Ethics
Committee of IVIRMA Middle East Fertility Clinic,
Abu Dhabi, UAE (Research Ethics Committee IVI-
MEREF010/2017/REFA009). All patients signed a consent
form allowing additional trophectoderm biopsy of supernu-
merary euploid and aneuploid embryos not selected for trans-
fer. This study is part of a validation study designed to ascer-
tain the concordance rates of chromosomal status and mtDNA
content between cleavage-stage biopsy on day 3 and
trophectoderm biopsy on day 5. This study was permissible
as the law of the United Arab Emirates (UAE) governing ART
prohibits cryopreservation of supernumerary embryos.

Study design

This retrospective descriptive study was performed at IVI
RMA Middle East Fertility Clinic, Abu Dhabi, between
August 2016 and January 2017. A total of 112 embryos from
40 patients undergoing preimplantation genetic testing for an-
euploidies (PGT-A) by next-generation sequencing (NGS)
were included. Only information from embryos reaching the
blastocyst stage and not selected for fresh embryo transfer was
included following two consecutive biopsies: a single blasto-
mere biopsy on day 3 cleavage-stage embryos and
trophectoderm biopsy on day 5 blastocysts. After blastomere
biopsy and extended culture to day 5, euploid blastocysts not
selected for fresh embryo transfer and aneuploid blastocysts
were subjected to an additional trophectoderm biopsy, to eval-
uate the dynamics in mtDNA content between cleavage stage
and blastocyst biopsies and to validate the chromosomal status
between day 3 and day 5 biopsies. The effect of female age on
mtDNA content was evaluated by comparing reproductively
younger (≤ 37 years) women with reproductively older (>
37 years) women [18]. Additionally, pregnancy outcomes af-
ter fresh euploid day 5 transfers were correlated to the
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cleavage-stage mtDNA content after single blastomere biopsy
on day 3. Full implantation was defined as the presence of a
gestational sac on ultrasound scan for all transferred embryos
(one sac for a single embryo transfer (SET) and two sacs after
double embryo transfer (DET)). Failed implantation was de-
scribed as the absence of any gestational sac after SETor DET.
In case only one gestational sac was observed after DET, we
were unable to assign the correct mtDNA content to the im-
planted embryo and therefore, these pregnancies were exclud-
ed from the analysis.

Ovarian stimulation protocols

Ovarian stimulation was performed by standard protocols,
either gonadotropin-releasing hormone (GnRH) agonist or
GnRH antagonist protocols, using recFSH (recombinant
follicle-stimulating hormone) or HMG (human menopausal
gonadotropin) as stimulation medication. The dosage of the
stimulation medication was chosen according to the ovarian
reserve parameters [29]. Trigger for final oocyte maturation
was achieved by administration of either 5000–10,000 IU of
hCG, 0.3 mg of GnRH agonist (triptorelin) or dual trigger
(hCG and GnRH-analogue), as soon as ≥ 3 follicles ≥
17 mm were present. Oocyte retrieval was carried out 36 h
after trigger for final oocyte maturation.

Embryo culture and embryo biopsy

Four hours after oocyte retrieval, mature oocytes were sub-
jected to intracytoplasmic sperm injection (ICSI) [30].
Embryos were cultured in Quinn’s Advantage Sequential me-
dium, (SAGE, Målov, Denmark), using trigas incubators (6%
CO2, 5% O2, 89% N2). Fertilization was assessed 17–20 h
post-ICSI, and embryo development was recorded every
24 h until the day of embryo transfer. On day 3, embryos with
≥ 5 nucleated blastomeres and < 25% fragmentation were
biopsied. Cleavage-stage embryos were placed in a droplet
containing Ca2+/Mg2+-free medium (G-PGD, Vitrolife,
Göteborg, Sweden/LifeGlobal, Guilford, CT), the zona pellu-
cida was perforated by laser pulses (OCTAX, Herborn,
Germany) and a single blastomere was withdrawn from each
embryo and placed in 0.2 mL of PCR tubes containing 2 μL
PBS. For blastomere washing and handling, 1% polyvinylpyr-
rolidone (PVP) was used. For trophectoderm biopsy, expand-
ed and hatching blastocysts were biopsied using Quinn’s
Advantage Medium with HEPES, (SAGE, Målov, Denmark)
supplemented with HSA, (Vitrolife, Göteborg, Sweden).
Three to five laser pulses were used to cut the trophectoderm
cells inside the aspiration pipette; trophectoderm biopsies
were washed and placed in 0.2 mL of PCR tubes containing
2 μL PBS.

Ploidy status of cleavage-stage embryos
and blastocysts 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).
For sequencing analysis and data interpretation, Ion Reporter
software was employed. Embryos were diagnosed as euploid
or aneuploid. Mosaicism above 70% was classified as abnor-
mal and mosaicism between 30 and 70% was considered as
mosaic embryos. In the case of a result indicating mosaicism,
the embryo was classified as “euploid” when the extent of
mosaicism was below 30% and as “aneuploid” when the ex-
tent of mosaicism was above 30%, as mosaic embryos were
never transferred. Chaotic embryos were defined as those
showing a complex pattern of aneuploidies, involving more
than six chromosomes. The herein used NGS platform has
been validated in previous studies [31, 32] and is commercial-
ly available. Ploidy refers to the diagnosis of the embryos after
NGS: euploid or aneuploid.

Mitochondrial DNA copy number analysis

Relative values of mitochondrial DNAwere directly obtained
from the software and were analyzed using the Igenomix al-
gorithm for day 3 and day 5 biopsies. For the mtDNA content
calculation, an optimized algorithm was applied using the out-
put dataset obtained from the PGT-A analysis that comprises a
mixture of mtDNA reads and nuclear DNA (nDNA) reads. To
calculate the relative mtDNA copy number score or mtDNA
content, the number of reads after filtering mapping to the
mitochondrial genome is divided by the number of reads map-
ping to the nuclear DNA [33]. This allows normalization of
each batch and therefore reduces variability during NGS ex-
periments as it makes the calculation independent of the num-
ber of cells obtained in each biopsy. Crucially, using nDNA
values for normalization assumes that the composition of
nDNA is equal across samples. Only embryos with informa-
tive results for the PGT-A and mtDNA content below 1000
were analyzed in the study (mtDNA contents above that value
were considered as outliers). This technique has been validat-
ed internally by Igenomix.

Statistical analysis

Data concerning categorical and continuous variables were
expressed as proportions and means with 95% confidence
intervals (95%CI), standard deviations (SD) or ranges, unless
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stated otherwise. Categorical data were compared using chi-
square analysis and Fisher’s exact test, where appropriate.
Continuous data were compared with the Student t test and
Wilcoxon signed-rank test when appropriate. Pairing for the
pre-post comparisons of non-independent data was applied.
Categorical variables were compared using general linear
model (Wilks’ lambda test). Non-parametric tests were
employed when sample size was below 30 cases, based on
the central limit theorem. A Kruskal-Wallis test was applied
for the overall comparisons, and then Mann-Whitney’s U in
one-to-one comparisons.

A p value less than 0.05 was considered statistically signif-
icant. All statistical analyses were performed using the
Statistical Package for Social Sciences, version 23 (SPSS
Inc., Chicago, IL, USA). Statistical analysis of the final
mtDNA values utilized unpaired two-tailed t tests.
Parameters which were compared during this study included
female age, comparing reproductively younger (≤ 37 years)
women with reproductively older (> 37 years) women and
embryo chromosomal status (euploid versus aneuploid). For
the day 3 mtDNAvalues, a correction was made for the num-
ber of mitotic divisions that had appeared from the time of
syngamy onwards (slow cleaving embryos who underwent 3

mitotic divisions and fast cleaving embryos who underwent 4
mitotic divisions). As the smallest mononucleated blastomere
was selected for biopsy, the number of mitotic divisions pro-
vides a good estimation of the size of the biopsied blastomere
in case equal cytoplasmic divisions occurred. Also, to com-
pensate for potential mtDNA loss induced by cytoplasmic
depletion due to fragmentation, a correction was made for
the degree of fragmentation (no fragmentation, 0–10% frag-
mentation, 10–25% fragmentation) present in the cleavage-
stage embryo at the time of biopsy. For day 5 embryos, a
correction was made for the blastocyst expansion stage (minor
expansion, expanded, fully expanded or hatched).

Results

Forty patients had a total of 112 supernumerary euploid or
aneuploid blastocysts available for rebiopsy on day 5. The
indications for performing a PGT-A analysis are depicted in
Table 1. The mean female age was 33.2 ± 6.5 years [range 24–
46 years] and on average 2.8 ± 1.9 supernumerary blastocysts
were rebiopsied on day 5 after initial biopsy on day 3.

Day 3 cleavage-stage biopsy resulted in 46 (41.1%) euploid
embryos and 66 (58.9%) aneuploid embryos. ThemeanmtDNA
contents of euploid (51.5 [47.6–55.4]) and aneuploid embryos
(49.9 [46.4–53.5]) were not significantly different (p = 0.568)
(Fig. 1). Logistic regression was unable to find an association
between the cleavage-stagemtDNAcontent and ploidy status on
day 3 (OR 1.008 [0.981–1.036], p = 0.565) and remained non-
significant after adjusting for the degree of fragmentation as a
potential predictive factor (OR 1.012 [0.983–1.042], p = 0.415).
However, when testing the association between mitochondrial
DNA and the number of mitotic divisions, a statistically signif-
icant difference was found (p = 0.016).

Table 1 Indications for PGT-A

n (%)

Advanced maternal age 12 (30.0)

Recurrent implantation failure 6 (15.0)

Recurrent miscarriage 6 (15.0)

Previous aneuploidy conception 1 (2.5)

Elective aneuploidy screening 7 (17.5)

Other 8 (20.0)

The main indication of the 40 couples for performing PGT-A analysis. n
number

Fig. 1 Box and whisker plot of mtDNA content between euploid and aneuploid embryos
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Day 5 trophectoderm biopsies revealed 61 (54.6%) euploid
and 51 (45.5%) aneuploid blastocysts. The mean mtDNA
content of euploid (20.5 [18.9–22.2]) and aneuploid blasto-
cysts (22.4 [20.6–24.2]) were not significantly different (p =
0.124) (Fig. 1). There was no relationship between blastocyst
mtDNA content and ploidy outcome (OR 0.954 [0.898–
1.014], p = 0.129), even after taking into consideration the
expansion stage of the blastocyst (OR 0.962 [0.904–1.024],
p = 0.221).

Discrepancies were observed in ploidy status between day
3 and day 5 biopsies: of the 46 euploid cleavage-stage embry-
os, 45 (97.8%) were also euploid after TE biopsy, while for the
aneuploid embryos, only 50/66 (75.8%) were concordant be-
tween cleavage stage and TE biopsy. As blastocyst biopsy is
well recognized to be preferable to cleavage-stage biopsy in
terms of accuracy, blastocyst ploidy status was used when
determining the relationship between ploidy status and
cleavage-stage mtDNA content. Based on this allocation,
day 3 mtDNA content was not significantly different between
euploid and aneuploid embryos: 47.9 ± 10.8 and 52.8 ± 15.7
respectively (p = 0.062). mtDNA content of cleavage-stage
embryos and blastocysts was compared based on the concor-
dance of the ploidy status between day 3 and day 5 (Table 2
comparing the different groups, Fig. 2 for individual embryo
dynamics). While there was no difference in the mtDNA con-
tent between all groups on day 3 (p = 0.597), a significant
difference was found between groups on day 5 (p = 0.019).
More specifically, “aneuploid day 3-aneuploid day 5” embry-
os had a significantly higher blastocyst mtDNA content com-
pared with “aneuploid day 3-euploid day 5” embryos (p =
0.002) while “aneuploid day 3-euploid day 5” embryos had
a significantly lower blastocyst mtDNA content compared
with “euploid day 3-euploid day 5” embryos (p = 0.027).
The mtDNA dynamics between cleavage-stage embryos and
blastocysts, based on the ploidy concordance, is presented in
Fig. 3.

When the young (30.0 ± 4.1 [20–37]) and older (41.3 ± 2.1
[39–46]) reproductive age groups were compared, no signifi-
cant difference was found in mtDNA content, both at the
cleavage stage (p = 0.505) and at the blastocyst stage (p =

0.774) (Table 3). Also, the mtDNA content at the cleavage
stage was not different between euploid and aneuploid embry-
os for younger (p = 0.918) or older (p = 0.258) women and
similar results were obtained for the blastocyst mtDNA con-
tent: p = 0.208 and p = 0.097, respectively.

Additional information regarding day 3 mtDNA content
and full and failed implantations is presented in
Supplementary Table 1. Of the 40 patients, five (43.4 ±
2.4 years) did not receive a fresh embryo transfer as no euploid
embryos were available, while 35 (31.7 ± 5.4 years) received a
single (n = 11) or double (n = 24) embryo transfer of which 7
(1 patient with unknown outcome) and 15, respectively, re-
sulted in a pregnancy. Full implantations (number of gesta-
tional sacs equals number of embryos transferred) were ob-
tained for 7/7 (SET) and 6/15 (DET) pregnant patients.

Discussion

Few studies have previously evaluated the effect of cleavage-
stage mtDNA on the ploidy status of the corresponding em-
bryo and all prior studies concur with our findings in that an
association between both parameters was not identified [13,
14].Moreover, mtDNA content is not a predictive factor in the
identification of embryos which will progress to blastocyst
stage or arrest during development [14]. Similar results were
obtained in a recent study in our centre in which 375 day 3
embryos were stratified according to a low (≤ 49) and a high
(> 49) mtDNA content (unpublished data) substantiating the
results obtained in the current study. While the above studies
all demonstrate no association between mtDNA content of
cleavage-stage blastomeres and ploidy status, the evidence
regarding mtDNA content and implantation potential of the
embryo is inconsistent [15, 34]. When analyzing the mtDNA
of cleavage-stage blastomeres, a decreasing implantation po-
tential was observed with increasing mtDNA levels of 205
euploid embryos [15]. Contrarily, when a mtDNA/gDNA ra-
tio was measured in spent culture media of cleavage-stage
embryos, a significantly higher mtDNA/genomic DNA ratio
was observed in embryos able to grow to blastocyst stage on

Table 2 Dynamics between
cleavage-stage and blastocyst
mtDNA content

Day 3–day 5 ploidy n mtDNA content

Cleavage stage Blastocyst stage

Euploid-euploid 45 51.6 [47.6–55.6] 0.597 21.6 [19.6–23.7] 0.019
Euploid-aneuploid 1 NA NA

Aneuploid-aneuploid 50 47.9 [44.8–51.0] 22.4 [20.6–24.2]

Aneuploid-euploid 16 56.4 [45.2–67.6] 17.4 [15.8–18.9]

mtDNA content of cleavage-stage embryos and blastocysts based on the ploidy concordance between day 3 and
day 5. Ploidy: euploid or aneuploid. The Kruskal-Wallis test

Average [95% confidence interval]; n number of embryos, NA not applicable
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day 5 and in blastocysts resulting in successful implantation
[34]. The measured mtDNA value in the secretome would
mirror the high mtDNA content present in a highly competent
oocyte that is able to fuel fertilization and embryonic genome
activation. When this is extended to cleavage-stage embryos
however, a high mtDNAvalue is expected for embryos with a
high implantation potential. Very much the opposite of the
results obtained by Diez-Juan and colleagues [15] and not
concurring with the obtained implantation results in this study.
Thus, day 3 mtDNA content and spent culture media on day 3
show highly conflicting results with regard to their ability to
predict embryo implantation potential.

Even though mtDNAwill be evenly split between the blas-
tomeres upon each cell division based on the blastomere vol-
ume [11], it has been shown that there is a high discrepancy in
mtDNA load between the different blastomeres from the same
embryo [12], indicating that blastomere volume could be di-
rectly proportional to mtDNA copy numbers [35, 36]. As
blastomeres with a larger cytoplasmic volume, representing
slower cleaving embryos, contain more mtDNA copies, a di-
rect correlation between mtDNA and a day 3 blastomere could
be possible by measuring the blastomere cytoplasmic diame-
ter at the time of the biopsy. As this diameter was not

measured in the present study, a correction was made for the
number of mitotic divisions and the degree of fragmentation.
As expected, the number of mitotic divisions affects mtDNA
content at the cleavage stage (p = 0.016), which corresponds
with the mitochondrial split between blastomeres based on
their cell volume [11]. As only embryos with < 25% fragmen-
tation were accepted for blastomere biopsy, the degree of frag-
mentation did not affect mtDNA content.

In contrast to the limited data available on day 3 cleavage-
stage embryos, mtDNA content at the blastocyst stage has
been more extensively studied, although generating inconsis-
tent results. Even if increased mtDNA levels have been linked
to aneuploidy [14, 18, 19], our study was consistent with that
of Viktor and colleagues [20] in that it failed to discriminate
euploid from aneuploid embryos based on themtDNA content
alone. Discrepant results were obtained when analyzing
mtDNA content of implanting euploid blastocysts [15, 18,
20–23]. Unfortunately, implantation potential of the biopsied
blastocysts could not be included as part of this study as the
transferred blastocyst did not undergo a second biopsy at the
blastocyst stage. Mitochondrial biogenesis induced by ener-
getic stress has been proposed in an attempt to explain in-
creased mtDNA content in blastocysts that fail to implant

Fig. 2 Box and whisker plot of mtDNA content based on concordances between day 3 and day 5

Day 3                                                                           Day 5 Day 3                                                                           Day 5 Day 3                                                                            Day 5
Euploid                                                     Aneuploid

Day 3                                                                           Day 5
Euploid                                                     Euploid Aneuploid                                                           Aneuploid Aneuploid                                                                 Euploid

100

80

60

40

20

0

tnetnoc
ANDt

m

Fig. 3 mtDNA dynamics between cleavage-stage embryos and blastocysts. mtDNA content of day 3 and day 5 embryos based on the ploidy concor-
dance between both days. Each line represents one embryo
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[15]. When compared with earlier biogenesis, higher mtDNA
levels have been linked to poorer TE samples in which less
cell divisions occurred, thus following a simple mathematical
model [19]. However, as mtDNA replication is thought to start
in the TE of the expanded blastocyst in order to respond to the
high energy demand necessary for proliferation and implanta-
tion [6], higher mtDNA levels are expected in fully expanded
blastocysts with grade A trophectoderm. This indicates that
the mtDNA per cell probably remains constant from the ex-
panded blastocyst onwards due to a balanced mtDNA replica-
tion. Though it should be used with caution, compared with
cleavage-stage mtDNA content, blastocyst mtDNA content
appears to be a stronger predictor of pregnancy [15, 21, 22,
37].

The behaviour of mtDNA content has been investigated in
a very limited number (n = 50) of frozen-thawed zygotes that
were further cultured to embryos undergoing consecutive bi-
opsies on day 3 and day 6 of development [4]. While
cleavage-stage mtDNA was also equal between euploid and
aneuploid embryos, euploid blastocysts had a significantly
lower mtDNA content. However, this study did not investi-
gate the dynamics between discordant and concordant
cleavage-stage and blastocyst mtDNA content. We identified
that true euploid blastocysts (euploid-euploid or aneuploid-
euploid) had a significantly lower mtDNA content compared
with aneuploid-aneuploid embryos highlighting the impor-
tance of cautiously interpreting day 3 mtDNA content based
on ploidy outcome. It is unclear how slow freezing of zygotes
impacts mitochondria and mtDNA content of embryos and
how these results can be extrapolated to embryos originating
from fresh oocytes.

Female age has been proposed as one of the most important
factors affecting embryonic mtDNA levels [18, 27, 28] with
significant increases in mtDNA content occurring with ad-
vanced maternal age. Fragouli and colleagues [18] demon-
strated that a significantly higher mtDNA content is associated
with reproductively older women, a phenomenon that was
also apparent when stratifying according to ploidy outcome.
In contrast, significantly lower mtDNA content levels were
obtained in blastomeres from reproductively younger women.
When cleavage-stage or blastocyst mtDNA content was

stratified according to these different age categories in our
study, even after subgroup analysis for ploidy outcome, we
did not observe any difference between both age groups. If the
mtDNA content would be affected by age, it should be more
pronounced in this study because of a higher age difference
(30 versus 34 years and 41 versus 39 years). However, the low
number of study participants may explain the absence of a
difference in the study outcomes between the 2 age groups.

While the restrictions in cryopreservation of supernumer-
ary embryos allowed us to perform rebiopsy of euploid blas-
tocysts that were not selected for transfer, the second biopsy at
the blastocyst stage was limited to those embryos with capa-
bility to develop into expanded blastocysts. As euploid em-
bryos show a higher tendency to develop into blastocysts and
not all aneuploidies are able to develop into blastocysts,
cleavage-stage mtDNA content of aneuploid embryos may
be biassed as only embryos that were able to develop into
good-quality expanded blastocysts able to undergo additional
TE biopsy were included. Inclusion of mtDNA content of
aneuploid cleavage-stage embryos that fail to cavitate could
therefore reveal different mtDNA content based on the ploidy
status. Also, the best-quality euploid embryos were transferred
on day 5 and therefore not included in the analysis. The two
consecutive biopsies on cleavage-stage embryos and blasto-
cysts are unique as they facilitate the evaluation of dynamics
in ploidy status and mtDNA content between both preimplan-
tation stages. The depletion of embryonic mass by performing
a single blastomere biopsy on day 3 does not appear to be
detrimental for further embryo development or implantation
potential [38]. However, this single blastomere biopsy also
coincides with a 5–20% reduction in mtDNA—depending
on the cell stage and volume of the blastomere—which could
lead to a reduced blastocyst mtDNA. We also acknowledge
that the small sample size of this study may limit the validity
of general interpretations.

The most accurate technique for the detection of the
mtDNA content is RT-PCR using selected mtDNA regions
and nuclear genes [15, 18]. Other recent studies obtained the
mtDNA content by dividing the total number of reads of
mtDNA and all nuclear DNA reads after low coverage NGS,
as is the case in this study. Although it is not the optimal

Table 3 Effect of age on the mtDNA content

≤ 37 years > 37 years p value

n Age Average [95 %CI] n Age Average [95 %CI]

Cleavage stage Euploid 44 29.9 ± 3.9 51.2 [47.2–55.1] 2 42.0 ± 0.0 58.6 [0–210.9] 0.505
Aneuploid 35 30.1 ± 4.3 51.5 [45.9–57.1] 31 41.3 ± 2.2 48.2 [43.9–52.5]

Blastocyst stage Euploid 57 29.3 ± 4.0 20.7 [18.9–22.4] 4 39.8 ± 1.5 18.4 [17.8–19.0] 0.774
Aneuploid 22 31.7 ± 3.8 22.4 [19.2–25.5] 29 41.6 ± 2.1 22.4 [20.2–24.7]

Average mtDNA content and 95%CI of euploid and aneuploid embryos according to young (≤ 37 years) or older (> 37 years) reproductive age. Age:
average ± standard deviation; n number of embryos, CI confidence interval
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technique to estimate the mtDNA content (variability attribut-
ed to the biopsy quality and WGA amplification protocol), an
internally validated correction model was applied to calculate
the mtDNA content. These biases may explain differences
with previous RT-PCR studies, implying that the mtDNA con-
tent obtained after NGS should be taken carefully, even if the
same technique was used on both biopsies of the same
embryo.

Embryonic mosaicism of day 3 biopsies is known to be
high. This is an important barrier to the true ploidy status
and the resulting mtDNA content [39], reflected in the high
discordance rate of the 66 aneuploid day 3 embryos of which
16 (24.2%) were euploid at the blastocyst stage. However,
even when the blastocyst ploidy status is set as the true ploidy
status, day 3 mtDNA content was still unable to discriminate
between euploid and aneuploid embryos. This mosaicism is
not only present on day 3 since TE biopsies are also prone to a
degree of mosaicism [40, 41], reflected in the variability of
mtDNA content [39]. Although its incidence has been report-
ed to range from 23 to 33% depending on the embryo stage at
biopsy and the genetic platform [42–44], recent evidence
points towards diminished rates of mosaicism (5–10%) in
trophectoderm biopsies (PGDIS 2019, Geneva).

In conclusion, mtDNA content of cleavage-stage embryos
and blastocysts is unable to predict ploidy status. Cleavage-
stage mtDNA content is lower in fast-dividing embryos.
Subgroup analysis based on ploidy concordance between
day 3 and day 5 revealed a significantly lower mtDNA content
for euploid blastocysts. Reproductive ageing seems not to
affect mtDNA content.

Compliance with ethical standards

Approval for this study was obtained from the local Ethics Committee of
IVIRMAMiddle East Fertility Clinic, Abu Dhabi, UAE (Research Ethics
Committee IVI-MEREF010/2017/REFA009). All patients signed a con-
sent form allowing additional trophectoderm biopsy of supernumerary
euploid and aneuploid embryos not selected for transfer.
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