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Abstract
Purpose To evaluate whether the mitoscore of cleavage stage embryos might correlate with developmental kinetics and the
ploidy status.
Materials This retrospective single-center study involved all cycles between April 2016 and April 2018 in which preimplantation
genetic testing for aneuploidy (PGT-A) on day 3 was performed. The mitochondrial DNA (mtDNA) content and embryo ploidy
were determined on 375 single blastomere biopsies by next generation sequencing (NGS). After intracytoplasmic sperm injec-
tion, a time-lapse imaging system (embryoscope) was used to follow the development. The median mtDNA content of cleavage
stage embryos (49.4) was used to stratify the embryos into two groups to compare embryo development and ploidy status: low
mitoscore group (≤ 49.4) and high mitoscore group (> 49.4).
Results The total number of euploid embryos was equal between both mitoscore groups (32.1% versus 33.5%; p = 0.854).
However, embryos in the low mitoscore group had a significantly higher cell number on day 3 (8.13 ± 1.59 versus 7.62 ± 1.5;
p = 0.0013) and showed a significantly faster development up until the 8-cell stage. Mitoscore was not different between euploid
and aneuploid embryos, with the same blastomere number at the time of biopsy. Furthermore, absence of cavitation within 118 h
after insemination was correlated with higher mitoscore values (60.22 ± 42.23 versus 50.97 ± 13.37; p = 0.006) and a lower
chance of being euploid (17.1% versus 47.4%; p = 0.001).
Conclusion mtDNA content of cleavage stage embryos correlates with time-lapse parameters. Early blastulation is correlated
with a lower mtDNA content and a higher chance of euploidy.

Keywords Time-lapse imaging .Nextgenerationsequencing .MitochondrialDNA .Aneuploidy .Preimplantationgenetic testing
for aneuploidy

Introduction

Embryologists are faced with the daily challenge of identify-
ing the embryo with the highest implantation potential and
chance for a live birth. Different invasive and non-invasive
selection criteria have been used to give a direct or indirect
indication of embryo implantation potential [1, 2]. Despite the
selection of morphologically and chromosomally normal

embryos, a significant percentage of these embryos will still
fail to implant, and in most cases, the reason for failure is
unknown [3].

Different theories have been proposed in an effort to ex-
plain failed implantation: asynchrony of the receptive endo-
metrium and the potentially implanting blastocyst [4], elevat-
ed progesterone levels [5], and most recently, problems with
the energy production of the developing embryo. As a result,
the mitochondrion is now viewed as an exciting new viability
paradigm in assisted reproductive techniques [6–9].

Mitochondria are membrane-bound, cytoplasmic organ-
elles found in eukaryotic cells, and their size and number vary
from cell to cell and depend on the cell’s volume and energy
needs [7, 10]. The oocyte is the richest cell of the body in
terms of the number of mitochondria and depends largely on
their adenosine tri-phosphate (ATP) production to acquire
competence for fertilization and early embryonic development
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[7, 11, 12]. The mitochondria contain their own circular
double-stranded genome, the mitochondrial DNA (mtDNA),
and is indicative for the number of mitochondria in the oocyte
[13]. The number of mtDNA copies in the cells are prone to
changes according to different conditions like (i) a decreased
ovarian response [14], (ii) aging [8, 15], (iii) BMI [16, 17], (iv)
smoking [16], (v) the type of stimulation [18], (vi) preimplan-
tation embryonic stress [8], and even (vii) the method applied
to determine the mtDNA content [19, 20]. Mature human
oocytes contain around 100,000 mitochondria and 50,000 to
550,000 mtDNA copies, with a considerable degree of inter
and intra-patient variability [10].

The mtDNA of oocytes and their cumulus cells have
been examined, and lower levels are associated with fer-
tilization failure or impaired embryo development [10, 16,
21, 22]. During cleavage divisions, the total number of
mitochondria and mtDNA copy number are not subject
to biogenesis and will therefore reduce per cell during
preimplantation development [23–25]. mtDNA replication
resumes around the time of blastocyst formation which
coincides with a change in blastocyst energy demand,
while mitochondrial replication will only be observed
post-implantation [9, 26, 27]. However, substantial chang-
es are noted in the mitochondrial morphology during pre-
implantation development to meet the energy demand of
the embryo. From round oval mitochondria with a dense
matrix and few arched cristae in the early stages of pre-
implantation development, the mitochondria elongate and
develop an extensive array of cristae as they reach the
blastocyst stage [13, 28, 29].

Recently, studies assessed the normalized mtDNA con-
tent, the so-called “mitochondrial score” or “mitoscore,”
as a parameter for embryo viability and as a predictor for
implantation [8, 30]. Both studies suggested that an in-
creased number of mtDNA copies at the blastocyst stage
is associated with a decreased chance of implantation.
However, both studies reported conflicting results on the
value of this parameter for cleavage stage embryos and
only a limited number of cleavage stage embryos were
analyzed [8, 30, 31]. There are discordant results related
with the mtDNA copy number and cleavage stage embryo
quality, and so far, no correlation has been described re-
garding the ploidy status and mtDNA copy number of
cleavage stage embryos [30, 32].

As embryo vitrification is not allowed in the United Arab
Emirates, it is important to explore the validity of the cleavage
stage mitoscore as a potential tool in selecting embryos with
the highest viability as currently; there is still a gap in the data
linking the mitochondrial function to embryo viability [33].
Therefore, the aim of this retrospective analysis was to evalu-
ate whether the mitoscore of cleavage stage embryos might
correlate with developmental kinetics up to the blastocyst
stage and the ploidy status.

Material and methods

Study design

In this single-center retrospective study, the data retrieved be-
tween April 2016 and April 2018, the blastomere mtDNA
copy number was obtained from day 3 cleavage stage embry-
os, which underwent biopsy for preimplantation genetic test-
ing for aneuploidies (PGT-A). As the fertilization law of the
United Arab Emirates does not allow embryo cryopreserva-
tion, only day 3 cleavage stage biopsy was applicable in order
to allow a fresh euploid day 5 transfer. All embryos were
divided into two groups based on the median mitoscore value
[34]. The obtained mitoscore was correlated with the
morphokinetic parameters recorded by time-lapse imaging
and with ploidy status. Sub-analysis was performed for ploidy
outcome and ability to cavitate based on the number of blas-
tomeres at the time of biopsy. This retrospective data analysis
was approved by the Ethics committee of IVI Middle East
Fertility Clinic (REC008).

Ovarian stimulation, oocyte retrieval, and ICSI

Patients underwent ovarian stimulation using standardized
protocols (GnRH-agonist protocol, either short or long proto-
col, GnRH-antagonist protocol). Stimulation medication was
either recFSH (recombinant follicle-stimulating hormone) or
HMG (human menopausal gonadotropin); the dosage was
chosen according to the ovarian reserve parameters [35].
When ≥ 3 follicles ≥ 17 mm were identified on ultrasound
scan, final oocyte maturation was achieved by administration
of either 5.000 IU/10.000 IU of hCG (Pregnyl®, NV
Organon) or use of “dual trigger” (5.000 IU hCG plus
0.3 mg decapeptyl) or in an effort to avoid ovarian hyperstim-
ulation syndrome 0.3 mg GnRH-agonist was administered
[36]. Oocyte retrieval was carried out 36 hours after adminis-
tration of trigger for final oocyte maturation under ultrasound
guidance. ICSI procedure was performed according to previ-
ously described techniques [37].

Time-lapse analysis and embryo development

Time-lapse images were recorded every 20 min. Embryos
were placed in the embryoscope (Vitrolife, Göteborg,
Sweden) immediately after ICSI and the following quantita-
tive parameters were assessed: pronuclear fading (tPNf), two-
cell division (t2) to nine-cell division (t3-9+), time of forma-
tion of morula (tM), and start of blastulation (tSB).
Additionally, relevant kinetic parameters were calculated: s2
is the time of synchrony of the second cell cycle (t4-t3), cc2
represents the timing of the second cell cycle (t3-t2), s3 is the
time of synchrony of the third cell cycle (t8-t5), and cc3 rep-
resents the timing of the third cell cycle (t5-t2). Analysis was
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based on the digital images acquired by the time-lapse moni-
toring (TLM) system and the evaluation on an external com-
puter with the software for analysis (EmbryoViewer worksta-
tion, Vitrolife). A single embryologist analyzed the data and
calculated relevant kinetic parameters.

Blastocyst formation was verified 118 h post-injection by
checking the cavitation capacity [38, 39].

Embryo biopsy and culture conditions

Embryos were cultured in SAGE Quinn’s Advantage
Sequential medium (SAGE, Målov, Denmark) using time-
lapse system embryoscope™ (6%CO2, 5%O2).

Fertilization was assessed 17–20 h post-ICSI and con-
firmed by the presence of two pronuclei and two polar bodies.

Embryo biopsy was performed on day 3. Only embryos
with five or more nucleated blastomeres and less than 25%
fragmentation were biopsied. Day 3 embryo biopsy can be
summarized as follows: embryos were placed in a droplet
containing Ca2+/Mg2+-free medium (G-PGD, Vitrolife,
Göteborg, Sweden), the zona pellucida was perforated by
pulses of laser (OCTAX, Navi lase Herborn, Germany), and
one blastomere was withdrawn from each embryo. Individual
blastomeres were placed in 0.2-ml PCR tubes containing 2 μL
PBS. For blastomere washing and handling, 1% polyvinylpyr-
rolidone (PVP) was used [40]. After biopsy, the embryos were
further cultured in blastocyst medium (SAGE, Målov,
Denmark). From day 3 onwards, the number of evaluated
embryos was declining due to either arrest of the embryo(s)
or embryo transfer on day 4.

Next generation sequencing

To analyze biopsy samples, a next generation sequencing
(NGS) platform was used (Resproseq, Life-Thermofisher,
USA). Whole genome amplification (WGA) protocol was
performed on all individual samples. After WGA, library
preparation consisted of the incorporation of individual
barcodes for the amplified DNA of each embryo.
Sequencing was performed in a 316 or 318 chip using the
personal genome sequencing machine (Life-Thermofisher,
USA) after isothermal amplification and enrichment. For se-
quencing analysis and data interpretation, the ion reporter soft-
ware was employed.

Determination of mitochondrial DNA copy number

mtDNA copy number was detected from the same sample in
Igenomix, Dubai, UAE. NGS yields one value for mtDNA
and one value for nuclear DNA (nDNA) quantity, and the ratio
of mtDNA to nDNA is the principal mode to assess mtDNA
quantity per cell which is defined as the mitoscore [41].

Crucially, using nDNAvalues for normalization, it is assumed
that the composition of nDNA is equal across samples.

Statistical analysis

The median mtDNA content was used to stratify the embryos
into two groups to compare embryo development and ploidy
status. Student’s t test was used to compare developmental
kinetics and to compare embryo cellularity and mitoscore,
and χ2 test was used to compare the ploidy status between
low and highmitoscore groups. Cellularity was checked based
on the number of mitotic divisions at the time of biopsy: em-
bryos that underwent 3 mitotic divisions had 5–8 blastomeres,
while embryos with 4 mitotic divisions had 9–16 blastomeres
at the time of biopsy. All p values were based on two-tailed
tests, with statistical significance indicated by p < 0.05. Data
analysis was performed using the statistical software R (ver-
sion 3.5.0).

Results

The mitoscore was calculated in 375 day 3 blastomeres ob-
tained from 66 patients undergoing PGT-A. The number of
tested embryos per patient ranged from 1 to 13 with a mean of
5.5 embryos biopsied. The mean female age was 34.9 years
(range, 18–44 years). The indications for PGT-A are presented
in Table 1. The results of the genetic testing showed that of the
375 analyzed embryos, 123 (32.8%) were euploid and 252
(67.2%) aneuploid.

Mitoscore values from day 3 embryo biopsies ranged from
24.0 to 353.3 with a mean of 53.21 ± 23.34 (Fig. 1).Mitoscore
values were categorized using the median mitoscore value of
49.4; therefore, the low mitoscore group comprised the em-
bryos with a mitoscore value of ≤ 49.4 (187 embryos) and the
highmitoscore group included embryos withmitoscore values
> 49.4 (188 embryos). When stratifying the ploidy status be-
tween the low and high mitoscore group, no difference was

Table 1 Indications for PGT-A

n %

Advanced maternal age 16 25

Consanguinity 2 3

Aneuploidy screening 10 15

Recurrent miscarriages 13 19

Recurrent implantation failure 15 23

Others 10 15

Total 66 100

The major indication for which a PGT-A analysis is performed is
depicted. n, number
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found in the ploidy status: 32.1% versus 33.5%; p = 0.854. As
the mitoscore may be affected by the number of mitotic divi-
sions, the mitoscore was compared based on the number of
blastomeres at the time of biopsy and was significantly higher
for embryos with less mitotic divisions (≤ 8 blastomeres, 55.0
versus 47.5; p = 0.0093). There was no difference inmitoscore
values between euploid and aneuploid embryos with the same
blastomere number (Table 2).

As embryos with less mitotic divisions show significantly
higher mitoscore values, comparison of all time-lapse param-
eters between both mitoscore groups enables us to find at
which developmental stage this difference occurs (Table 3).
The average cell number at which the biopsy was performed
was significantly higher in the low mitoscore group (p =
0.001). Embryos from the low mitoscore group performed
all cleavages up to the 8-cell stage significantly earlier com-
pared to the high mitoscore group. However, cc2, cc3, s2, and
s3 are not different between both mitoscore groups.

As embryos with lower mitoscore values develop faster
from the time of pronuclear fading, it was questioned if these
embryos have a higher potential to develop into a blastocyst
that is also euploid. Therefore, blastocyst development was
analyzed on the subset of embryos (n = 274) that were cul-
tured until day 5 by verifying the cavitation capacity 118 h
post-injection. Mitoscore values on day 3 were significantly
higher in embryos that did not cavitate before 118 h: 60.22 ±
42.23 versus 50.97 ± 13.37 (p = 0.006). Based on the blasto-
mere number at the time of biopsy, only embryos with 5 blas-
tomeres showed a significantly lower mitoscore if they were
able to cavitate (59.4 ± 24.8 vs. 88.8 ± 25.5; p = 0.016;
Table 4). If cavitation capacity was verified between euploid
and aneuploidy embryos, this difference was still visible for
the embryos with 5 blastomeres (59.4 ± 28.4 vs. 97.8 ± 26.6;
p = 0.014; Table 4). Of the 76 embryos without cavitation,
only 13 (17.1%) were euploid, while 94 (47.4%) of the 198
cavitating embryos were euploid (p = 0.001).

Discussion

In this retrospective study, developmental kinetics and ploidy
status of embryos with a low or high mitoscore on day 3 were
compared. When comparing developmental patterns, the low
mitoscore group showed a significantly faster development up
to the 8-cell stage. Mitoscore values were significantly higher
in embryos with less mitotic divisions. The ratio of euploid
embryos was not significantly different between both
mitoscore groups and was not affected by the number of blas-
tomeres at the time of biopsy. Interestingly, in a subgroup of
patients followed to day 5, the day 3 mitoscore values were
significantly higher in embryos that failed to cavitate before
118 h post-injection and cavitating embryos had a significant-
ly higher chance of being euploid.

Only limited data is available analyzing day 3 mitoscore
values [8, 30, 31]. In one such study, Fragouli and colleagues
[8] concluded that cleavage stage embryos from reproductive-
ly younger women contained significantly higher mtDNA
levels than from older women. In contrast, our study demon-
strated no significant difference in age (34.7 vs. 33.9 years)
and euploidy status (32.1% vs. 33.5%) in the low and high
mitoscore group. Analysis based on the blastomere number at
the time of biopsy was not able to show a difference in
mitoscore between euploid and aneuploid embryos. A recent
study analyzing 50 frozen-thawed zygotes was also unable to
demonstrate any significant difference between the mitoscore
on day 3 and the ploidy status [31], indicating that embryonic
mosaicism is an important barrier of day 3 biopsy outcome
[42, 43]. As the fertilization law of the United Arab Emirates
does not allow embryo cryopreservation, only day 3 biopsy
was applicable in order to allow fresh euploid day 5 transfer.
Due to mosaicism implicated with cleavage stage biopsy, the
ploidy rate could be affected, hence being a limitation to our
findings. However, when stratifying according to cavitation
capacity, a lower mtDNA content and higher euploidy status
were observed in embryos able to cavitate 118 h post-injec-
tion. Based on the blastomere number at the time of biopsy,
only embryos with 5 blastomeres showed a significantly lower
mitoscore for embryos able to cavitate on day 5 (p = 0.016) as
well as for aneuploid embryos (p = 0.014). It is unclear why
only embryos with 5 blastomeres show a significant difference
between cavitation capacity and ploidy; though embryos with
only 3mitotic divisions have higher mitoscore values, unequal
division of blastomeres, and hence cytoplasm, could be re-
sponsible for the observed difference [32]. Diez-Juan and col-
leagues [30] concluded that the implantation potential of
205 day 3 embryos is decreased if increased mtDNA levels
are present. As this study only took into account euploid em-
bryos, it is unclear if aneuploid embryos present equal
mtDNA levels or not.

In contrast to the limited data available on day 3 mitoscore
values, this value has been more extensively studied at the

Fig. 1 Box plot corresponding to mitoscore values of the 375 embryos
which were biopsied on day 3. Box plot representing upper quartile,
median, and lower quartile
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blastocyst stage with conflicting results. While increased
mtDNA levels have been linked to aneuploidy [8, 17], two
studies were unable to find this difference between euploid

and aneuploid blastocysts [19, 31]. When analyzing the im-
plantation potential of euploid blastocysts, increased mtDNA
was mostly associated with an increased chance of implanta-
tion failure [8, 30, 44, 45]. On the other hand, some studies
could not find a difference in implantation potential based on
the mtDNA content [15, 19, 46]. When comparing mitoscore
values of cleavage stage embryos and blastocysts, the blasto-
cyst mitoscore appears to be a stronger predictor of pregnancy
as compared to the cleavage stage mitoscore value [30, 44,
45]. Furthermore, blastocyst morphology remains an essential
tool for embryo transfer selection. Some studies demonstrated
that blastocysts which experienced more mitotic divisions—
higher trophectoderm grading—were found to contain lower
quantities of mtDNA [15, 45, 46].

While it is thought that mtDNA will evenly segregate be-
tween the different blastomeres upon each cell division, a
lower blastomere number on day 3 is expected in the high
mitoscore group. Indeed, day 3 embryos had on average
8.13 and 7.62 blastomeres in the low or high mitoscore
groups, respectively (p = 0.001), indicating a dilution effect
with every cell division. However, when looking at the blas-
tomere number at the time of biopsy, no difference was noted
between euploid and aneuploidy embryos. Coinciding with
the significantly higher blastomere number we observed in
the low mitoscore group, these embryos showed a significant-
ly faster pronuclear fading and performed their first mitotic
divisions 1–4 h earlier compared to embryos with a high
mitoscore. While these morphokinetic differences were seen
from t2 until t8, the timings between different mitotic divi-
sions (cc2, cc3, s2, and s3) were not different. This indicates
that the difference is set at the moment of pronuclear fading
and follows the same pattern up until the 8-cell stage.
Unfortunately, we were unable to perform the morphokinetic
analysis based on the number of blastomeres at the time of

Table 2 Mitoscore values for
euploid and aneuploid embryos
according to the blastomere
number at the time of biopsy

Ploidy

Euploid Aneuploid

No. of blastomeres No. of embryos n Average ± SD n Average ± SD p value

5 29 5 57.1 ± 24.6 24 75.7 ± 25.7 0.151

6 32 9 50.4 ± 24.3 23 58.2 ± 23.5 0.413

7 67 24 52.3 ± 24.1 43 55.1 ± 23.3 0.654

8 160 62 50.8 ± 23.8 98 52.6 ± 23.5 0.641

9 40 10 44.7 ± 23.6 30 52.6 ± 24.5 0.377

10 25 9 49.1 ± 25.7 16 41.5 ± 24.0 0.445

11 13 3 48.5 ± 26.6 10 44.3 ± 24.1 0.798

12 5 1 NA 4 46.1 ± 29.5 NA

13 3 0 NA 3 51.0 ± 30.2 NA

15 1 0 NA 1 NA NA

Results are expressed as average ± SD. SD, standard deviation; n, number of embryos. t test

Table 3 Morphokinetic parameters between low (≤ 49.4) and high (>
49.4) mitoscore

Low mitoscore High mitoscore p value

Number of embryos 187 188

Age (years) 34.7 ± 5.2 33.9 ± 5.5 0.121

Euploidy rate 32.1% 33.5% 0.854

Cell number 8.1 ± 1.6 7.6 ± 1.5 0.001

Quantitative parameters

tPNf 22.9 ± 2.8 23.7 ± 3.4 0.021

t2 25.6 ± 3.1 26.4 ± 3.6 0.019

t3 35.9 ± 4.6 37.2 ± 5.0 0.01

t4 39.2 ± 5.4 39.8 ± 5.6 0.004

t5 48.3 ± 7.0 50.5 ± 9.0 0.01

t6 52.2 ± 8.4 54.7 ± 10.8 0.011

t7 56.3 ± 10.1 58.9 ± 13.0 0.033

t8 61.2 ± 13.1 65.1 ± 15.2 0.01

t9+ 73.4 ± 12.9 76.1 ± 14.2 0.069

tM 89.9 ± 10.4 89.8 ± 10.6 0.912

tSB 100.7 ± 8.1 104.2 ± 7.8 0.002

Relevant kinetic parameters

cc2 10.4 ± 3.3 10.8 ± 3.7 0.192

cc3 12.4 ± 4.9 13.2 ± 6.9 0.161

s2 2.3 ± 3.8 2.6 ± 4.41 0.421

s3 12.9 ± 11.6 15.1 ± 12.1 0.095

Pronuclear fading (tPNf), two-cell division (t2) to nine-cell division (t3-
9+), time of formation of morula (tM), start of blastulation (tSB), s2 = t4-
t3; cc2 = t3-t2, s3 = t8-t5, and cc3 = t5-t2. Time is expressed as average
minutes ± SD. t test
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biopsy, as the number of embryos is some groups were too
low. Ho and colleagues [31] also looked at a possible correla-
tion between the morphological cleavage stage grading, time-
lapse parameters, and cleavage events but could not correlate
this to the day 3 mitoscore values. However, this study was
conducted on a very small group (n = 50) of frozen-thawed
zygotes and cryopreservation, particularly slow-freezing and
has a dramatic impact on mitochondrial survival [47]. Embryo
quality on day 3 in this study was also poor which could be a
possible cause of not finding any difference in grading and
mitoscore [31]. When taking into account only the blastomere
number on day 3, as in the current study, it clearly demon-
strates that the total amount of mtDNAwas diluted over cleav-
age divisions, resulting in a lower mitoscore if embryos
underwent more mitotic divisions. However, this hypothesis
has been questioned by previous studies as analysis of all 8
blastomeres from a single embryo showed major differences
in mtDNA content between all 8 blastomeres [32], and blas-
tomeres also inherit different proportions of mtDNA mainly
according to their cytoplasmic volume [48]. As we do not
know the original mtDNA content of the oocyte and we do
not know the exact volume of the cell at the time of biopsy, it
is hard to draw conclusions based on a single parameter mea-
sured at one specific time during development. Also, only on a
subgroup of embryos—that was able to be fertilized and de-
velop into a good quality embryo on day 3—were included in
this analysis, disabling us to draw conclusions on embryos
with failed fertilization or with impaired embryo development
or developmental arrest [32, 48]. Day 3 biopsy in combination
with mitoscore analysis seems an attractive tool to allow fresh
transfer on day 5 of a euploid blastocyst with the highest
viability. However, the high rate of mosaicism observed in
day 3 biopsy samples makes it difficult to rely on a single
mononucleated blastomere to predict ploidy status [42].

The differences in development pattern between eu-
ploid and aneuploid embryos are not new. In 2012,
Chavez and colleagues [49] showed that euploid day 2
embryos have very strict and tightly clustered early cell
cycle parameters (duration of first cytokinesis, t3-t2 and
t4-t3), while aneuploid embryos showed much larger stan-
dard deviations. Chawla et al. [50] also found differences,
though not matching with Chavez and colleagues [49] in
early cleavage stage parameters between euploid and an-
euploid embryos; while tPNf and t2 happened significant-
ly earlier in euploid embryos, the duration of t5, CC2,
CC3, and t5-t2 were significantly prolonged in euploid
embryos. Aside from the early cleavage stage parameters,
two studies were able to link an early start of cavitation to
euploid embryos [31, 51] which is in line with the results
presented in this study; embryos that failed to cavitate
118 h post-injection had a higher chance of being aneu-
ploid (47.4% versus 17.1%; p = 0.001). However, the
study by Ho and colleagues [31] was unable to show aTa
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difference in their day 3 mitoscore values, while we found
a significant increase in mitoscore values in cases of
failed blastulation (60.22 ± 42.23 versus 50.97 ± 13.37
(p = 0.006)). This discrepancy may be attributed to the
use of slow-frozen zygotes and the low number of embry-
os tested as compared to the high number of fresh cleav-
age stage embryos in our study. It remains unclear wheth-
er the higher mitoscore values in non-cavitating embryos
arise due to slower development (fewer cells to split the
mitochondria) or can be attributed to early mitochondrial
biogenesis initiated by stress [30]. Inappropriate activa-
tion of mitochondrial biogenesis can cause the production
of oxidants leading to the failure of embryonic develop-
ment [7].

Concerns have been raised regarding the technique used to
measure the mtDNA content of embryos in terms of reproduc-
ibility between different centers and the subsequent effect on
the treatment outcome [20]. In this study, low coverage NGS
combined with an internally validated algorithm for mtDNA
content was applied to determine the mitoscore. Corrections
for autosomes, normalization of the mtDNA against a
multicopy nDNA sequence, or differences in chromosome
copy number and sex chromosomes have all been proposed
or rejected to reflect a better mtDNA content [15, 19, 31, 44].
To date, there is no agreement on the optimal correction factor;
for this reason, no correction factor was applied in this study.

While the current study did not address the implantation
potential of embryos based on the mitoscore value, we have
found that early cell division timings contribute to differences
seen in mtDNA content between embryos. Embryos that fail
to cavitate on day 5 have significantly higher mitoscore values
on day 3 and a significantly higher chance of being aneuploid.
As the dragging effect is visible from tPNf onwards, this
would be a good parameter to select the best embryo which
potentially develops into a blastocyst with the highest chance
of being euploid. The outcome of this study indicates that
cleavage stage mtDNA content can predict embryo potential
to blastulate and can be used as a valuable tool for fresh em-
bryo transfers. Further studies are required to assess the distri-
bution of mitochondria between the different blastomeres and
its biogenesis.
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