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Summary

The aim of this study was to assess mitochondrial DNA analysis as a predictor of the pregnancy
potential of biopsied preimplantation embryos. The study included 78 blastomeres biopsied
from day 4 cleavage stage euploid embryos. The embryo karyotype was confirmed by
24-chromosome preimplantation genetic testing for aneuploidies using the Illumina Next-
Generation Sequencing (NGS) system. Mitochondria viability ratios (mtV) were determined
from BAM files subjected to the web-based genome-analysis tool Galaxy. From this cohort
of patients, 30.4% of patients (n= 34) failed to establish pregnancy. The mean mtV ratio [mean
= 1.51 ± 1.25–1.77 (95% CI)] for this group was significantly (P< 0.01) lower compared with
the embryo population that resulted in established pregnancies [mean= 2.5 ± 1.82–2.68 (95%
CI)]. mtV multiple of mean (MoM) values were similarly significantly (P< 0.01) lower in blas-
tocysts failing to establish pregnancy. At a 0.5 MoM cut-off, the sensitivity of mtV quantitation
was 35.3% and specificity was 78.2%. The positive predictive value for anmtV value> 0.5MoM
was 41.4%. This study demonstrates the clinical utility of preimplantation quantification of via-
ble mitochondrial DNA in biopsied blastomeres as a prognosticator of pregnancy potential.

Introduction

Preimplantation genetic testing for aneuploidies (PGT-A) is a technique used to identify aneu-
ploidy in embryos and has been demonstrated to improve pregnancy rates for the following
indications: (i) advanced maternal age; (ii) repeated IVF failure; (iii) recurrent miscarriage;
and (iv) testicular sperm extraction (Kang et al., 2018). Recently, protocols using next-gener-
ation sequencing (NGS) (Xie et al., 2013; Wells et al., 2014) have been developed for single cell
analysis and applied to single blastomeres biopsied from IVF embryos. PGT-A facilitates
embryo selection for transfer, thereby reducing recurrent miscarriage rates (Yang et al.,
2012; Ikuma et al., 2015), whilst increasing implantation and pregnancy rates (Scott et al.,
2013; Forman et al., 2014). However, other factors related to embryo physiology affect substan-
tially the post-transfer success of euploid embryos (Dang et al., 2019). Embryo metabolism is
essentially governed by mitochondria that provide the needed energy for development and divi-
sion (Dumollard et al., 2007). As mitochondrial replication does not occur until after implan-
tation, mature oocytes, zygotes, and early cleavage stage embryos are dependent on the function
of the mitochondrial pool present at ovulation (Spikings et al., 2006). Good quality oocytes con-
tain optimal mitochondrial numbers and sufficient levels of ATP (van Blerkom et al., 1995) and
produce higher quality blastocysts after fertilization (Lin et al., 2004). The number of mitochon-
dria within cells is often an indication of their activity. The more active the mitochondria, the
more ATP is generated and the healthier are the oocytes and embryos (Larsson, 2010). As mito-
chondria produce ATP they release reactive oxygen species (ROS) locally thatmust be detoxified
as ROS can induce oxidative damage to mitochondrial DNA (mtDNA). This damage results in
mutations and deletions in mtDNA. The relative absence of repair enzymes for mtDNA may
explain its sensitivity to oxidative stress-induced damage (Yesodi et al., 2002). An accumulation
of mutations in mtDNA may limit energy production (Zakharova et al., 2014). As a result, the
cell has a decreased capacity to support all cellular events. Assessment, in each embryo, of its
mtDNA content and quality could be a useful indicator of that embryo’s potential to implant. To
the best of our knowledge, this report is the first application of mitochondrial genome quanti-
fication in euploid blastomeres biopsied 80–85 h post ICSI. Our data demonstrate a positive
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correlation between mtDNA quantity and pregnancy rate, there-
fore providing a biochemical means of stratifying embryos accord-
ing to mitochondrial status and the likelihood of establishing
pregnancy.

Materials and Methods

Study group

In total, 265 embryos from 53 patients who had an average age of
35 years old, and who underwent ovarian hyperstimulation and
IVF treatment by fresh embryo transfer at the Women’s Health
Fertility Centre, Jeddah, Kingdom of Saudi Arabia, were selected
for this study. Embryos were biopsied for PGT-A using NGS.
Biopsy was performed at the 16 cell-stage to the compaction stage
of preimplantation development, estimated to be between 80 and
85 h post ICSI (Zakharova et al., 2014). Euploid embryos were
transferred on day 5. Patients were classified as ‘Pregnant’ or
‘Non-pregnant’, from this point forwards called Group I and
Group II, respectively, according to whether a viable pregnancy
was confirmed ultrasonographically by the demonstration of fetal
heart beats. Men with normal semen parameters, according to
WHO 2010, in their fresh ejaculates were included in the study.
Patients with subnormal or abnormal parameters or testicular
extracted spermatozoa were excluded from both study groups to
minimize any variation in implantation failure factors that might
interfere with the results.

Clinical protocol

Controlled ovarian stimulation (COS) was achieved for both
groups of patients using recombinant follicle-stimulating hormone
(rFSH)/human FSH or highly purified (HP)-hFSH/rFSHþ human
menopausal gonadotropin (hMG) in various flexible protocols.

In the luteal phase long gonadotrophin-releasing hormone
agonist (GnRH-a) protocol, patients were administered a daily
injection of 0.1 mg triptorelin for 14 days or a single 1.3/1.8 mg
triptorelin injection during the midterm-luteal phase of the
previous menstrual period, followed by rFSH (GONAL-f;
Merck Serono, Geneva, Switzerland/Purigon; Organon, Oss, The
Netherlands)/human FSH (Fostimon®, HP-hFSH, IBSA
Pharmaceuticals, Italy) with or without hMG (Merional®,
HP-hMG, IBSA Pharmaceuticals, Italy).

In the follicular phase long gonadotrophin-releasing hormone
agonist (GnRH-a) protocol, patients underwent pituitary down-
regulation and were given 3.75-mg of triptorelin acetate or leupro-
relin acetate on the first day of the cycle, followed by rFSH/HP-FSH
or in combination with hMG 28–35 days later. In the short proto-
col cycle, patients received GnRH-a from the second day of the
menstrual cycle onwards, then rFSH/HP-FSH alone or in combi-
nation with HMG on the third day. Patients started with rFSH/
HP-FSH treatment on the second day of the cycle by a once daily
injection in the antagonist protocol, and follicle development was
monitored by vaginal ultrasound.

After 4–5 days of stimulation, the antagonist (cetrorelix
acetate or ganirelix acetate) was administered once daily. The rFSH/
HP-FSH dose was adjusted according to the individual’s ovarian
response, with a limitation for maximum dose of 225 IU daily;
patients who were given higher doses were excluded from both
groups, and were assessed by daily ultrasound examinations.
The antagonist administration continued up to and including
the day of human chorionic gonadotropin (hCG) administration.
In the antagonist stimulation protocol, on days 2–6 of the cycle

patients were administered a rFSH/HP-FSH/hMG (150–225 IU/
day) injection once daily.

Follicle development was monitored by vaginal ultrasound on
day 8 of the cycle. An antagonist (cetrorelix acetate or ganirelix
acetate) was administered once daily. The rFSH/HP-FSH/hMG
dose was adjusted according to the ovarian response, which was
assessed by daily ultrasound examination. In all treatment proto-
cols, when at least two leading follicles reached 18 mm in size, ovu-
lation was triggered by administering 250 μg of r-hCG (Merck
Serono S.p.A) or 5000 IU IM of hCG (Choriomon® IBSA
Pharmaceuticals, Italy); ovum pickup (OPU) was subsequently
performed 36–40 h later. Luteal phase support was started on
the same OPU day with 100mg progesterone vaginal suppositories
twice daily up to at least 15 weeks of gestation.

Embryo culture and transfer were carried out post OPU within
5 min; a 30-s exposure to a dilution of 20 IU/ml hyaluronidase®
(ART, 4007-A Origio-Sage medium, Cooper Surgical, Trumbull,
CT, USA) was given to each collected oocyte and denudation
was performed, starting with a 170-μm stripper until most granu-
losa cells had been removed and the polar body became distin-
guishable. ICSI Cumulase® Origio (Origio Specialty Pharma,
Denmark) was used in all patients to reduce the traumatic effect
that may have been generated during decumulation (Metwalley
et al., 2020).

The collected oocytes were transferred to a new pre-equili-
brated cleavage medium-containing dish (Origio® Sequential
Cleave™, with phenol red) to maintain the denuded oocytes until
ICSI procedure. The husband’s semen was prepared using the den-
sity gradient technique (Mortimer, 1991). The injected oocytes
were incubated individually in microdrops of pre-equilibrated
cleavage medium (Cooper Surgical, Trumbull, CT, USA) covered
with prewashed culture oil. At 18 h post ICSI, oocytes were checked
for the presence of two pronuclei, confirming a normal fertiliza-
tion. A continuous culture was sustained for 4 days, with a single
embryo per drop.

Once the morula had started to form, within 80–90 h post ICSI,
embryos were biopsied in Ca2þ/Mg2þ free medium (Biopsy
Medium, 10620010, Origio®) with the aid of a laser beam. Post
biopsy, embryos were shifted to new culture dishes containing
blastocyst culture medium (Origio® Sequential Blast™). Euploid
embryos were transferred at the blastocyst stage on day 5 using
a Labotect embryo transfer catheter (Labotect Embryo Transfer
Catheter Set, Ref. 320201; Labotect GmbH, Labor, Technik,
Göttingen, Germany).

At 12 days after embryo transfer, serum hCGwas evaluated. Six
weeks later, implantation was confirmed by a positive fetal heart-
beat detected via an abdominal or transvaginal ultrasound. The day
5 embryos were scored according to ESHRE guidelines, and the
transfer was only carried out for the high-grade embryos either
AA, AB or BA for inner cell mass and trophoectoderm, respectively
(Alpha Scientists In Reproductive Medicine and ESHRE Special
Interest Group Embryology: Balaban et al., 2011a, b).

Sampling and blastomeres tubing
After biopsy, blastomeres were kept in the same dish that had a
label for each drop that represented the embryo ID. Using safe-lock
micro-Eppendorf 0.2-ml tubes (EP0030124359-960EA Eppendorf®
PCR tubes), containing 3.0 microns of phosphate-buffered saline
(PBS), each cell was washed with cleavage medium then loaded into
the prelabelled microtubes to be sent to a genetics laboratory for fur-
ther processing.
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Multiple Displacement Amplification (MDA) protocol

One blastomere per embryo was collected in a 0.2-ml PCR tube
containing 5 μl of PBS. A separate tube containing only PBS served
as a negative control to monitor any potential contamination.
Here, 3 μl of alkaline buffer (ALB; 200 mM NaOH, 50 mM
DDT) (Lin et al., 2004) were added to each sample, including
the negative control. After incubation (15 min at 4°C), 3 μl of neu-
tralization buffer (3 μl: 900 mmol/l Tris–HCl, 300 mmol/l KCl, 200
mmol/l HCl) were added. Total cell lysates were subjected to whole
genome amplification (WGA) using MDA technology as per the
manufacturer’s instructions (Repli-G, Qiagen, Germany). The
amplification mixture was incubated at 31ºC for 2 h and MDA
yields were quantified using the Qubit dsDNA HS Assay Kit
(Life Technologies, USA).

Next-generation sequencing (NGS)

Aneuploidy testing
For the preparation of multiplexed libraries, 1 ng of each sample
was used to generate dual-indexed libraries using the VeriSeq
PGT-A Library Preparation Kit (Illumina, USA) and sequenced
on a MiSeq system with 50 single-read cycles. Raw sequence data
were analyzed using the Illumina MiSeq Reporter. The generated
BAM files were subsequently processed using Blue Fuse Multi
Analysis Software (Illumina) to produce a karyotype report.

mtV score
The relative quantity of mtDNA was determined from the BAM
files subjected to the web-based genome-analysis tool Galaxy
(Blankenberg et al., 2010; Goecks et al., 2010), independently vali-
dated for mitochondrial DNA investigations (Goto et al., 2011;
Zhidkov et al., 2011; Weissensteiner et al., 2016). In brief, using
hg19 from the rCRS database (revised Cambridge Reference
Sequence) as the reference genome, the total number of mapped
sequence reads was extracted using SAMtools Flagstat. SAMtools
Idxstats was used to determine the number of mapped reads per
chromosome. To calculate the relative abundance of mitochondrial
DNA ormitochondrial viability ratio (mtV), we applied the following
equation:

1000� mtDNA readsð Þ= total readsð Þ (1)

(mtDNA-Server_next-generation sequencing data analysis of
human mitochondrial DNA in the cloud_Enhanced Reader, n.d.).
Equation (1) gives the mtV ratio, which is the formula used to
calculate the abundance of mtDNA relative to the total number
of genomic reads.

All mtV ratios were expressed as multiple of mean (MoM) val-
ues by dividing each mtV ratio by the mean mtV value. Statistical
analyses were performed using Microsoft Excel v.14.0 and IBM
SPSS Statistics V22.

Results

Fifty-three patients underwent IVF treatment for management of
infertility (Table 1) followed by PGT-A. In total, 78 out of 265
embryos were chromosomally euploid and transferred at the
blastocyst stage. Of these, 45 (51.3%) embryos resulted in establish-
ment of pregnancy in 30 (56.6%) women. Conversely, 43.3% of
women failed to conceive after transfer of euploid embryos.
After transfer of a single embryo, a singleton pregnancy was

successfully established in 18 women (60.0% of all pregnancies).
Transfer of two embryos resulted in 11 women (36.7%) with twins
and transfer of three embryos resulted in one woman (3.3%) with
triplets. There was no significant difference in mtV ratios between
embryos that resulted in a singleton or multi-fetal pregnancies.
Therefore, for women who conceived after embryo transfer, mtV
ratios for all embryos transferred were pooled and treated as a single
‘Pregnant’ group (Group I). Similarly, for women who failed to con-
ceive,mtV ratios for all transferred embryoswere pooled for statistical
analysis into the ‘non-pregnant’ group (Group II; Table 1).

Mean mtV values for Group II (1.51; 1.26–1.76 95% CI) were
significantly lower than the mean mtV values for Group I (2.20;

Table 1. Demographics for patients and embryos included in mtV study

Parameter
Pregnant
(Group I)

Non-pregnant
(Group II)

Maternal

Number of patients 30 23

Age (mean years) NS 35.3 NS 35.2 NS

(95% CI) (33.7–36.9) (33.0–37.5)

Embryo

Number 45 33

Day of embryo transfer (ET)
(mean)

05 05

mtV ratio (mean)a 2.20a 1.51a

(95% CI) (1.78 – 2.62) (1.26 – 1.76)

mtV MoM (mean)a 1.00a 0.69a

(95% CI) (0.81–1.19) (0.57–0.80)

Non-pregnant, transferred embryos which failed to establish pregnancy. Pregnant,
pregnancy established after embryo transfer. NS, not significant.
aP< 0.001.

Table 2. Clinical performance of mtV MoM values in outcome prediction after
embryo transfer

MoM Cut-off Sensitivity % Specificity % PPV % NPV %

< 0.2 2.9 100.0 100.0 57.7

95% CI 0.1–15.3 92.1–100.0 2.5–100.0 46.0–68.8

< 0.3 8.8 88.9 37.5 56.3

95% CI 1.9–23.7 76.0–96.3 8.5–75.5 44.1–68.1

< 0.4 23.5 80.0 47.1 58.1

95% CI 10.8–41.2 65.4–90.4 23.0–72.2 44.9–70.5

< 0.5 35.3 73.3 50.0 60.0

95% CI 19.8–53.5 58.1–85.4 29.1–70.9 45.9–73.0

< 0.6 44.1 62.2 46.9 59.6

95% CI 27.2–62.1 46.5–76.2 29.1–65.3 44.3–73.6

< 0.7 55.9 55.6 48.7 62.5

95% CI 37.9–72.8 40.0–70.4 32.4–65.2 45.8–77.3

< 0.8 73.5 53.3 54.4 72.7

95% CI 55.6–87.1 37.9–68.3 39.0–69.1 54.5–86.7
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1.78–2.62 95% CI). Similarly, mtV MoM values were significantly
lower (P< 0.001) in blastomeres biopsied from embryos that failed
to establish a pregnancy compared with blastomeres derived from
embryos that established a pregnancy (Figure 1).

mtV ratios and MoM values of Group II embryos were
significantly (P< 0.001) decreased when compared with respective
values for embryos from Group I (Figure 1). As demonstrated by
the distribution of embryos that failed to establish pregnancy
(Figure 1B), 76.5% had mtV MoM values below 1.0 MoM (mean
for embryos that proceeded to implant and establish pregnancy).

At various MoM cut-offs, clinical performance of mtVMoM esti-
mation was demonstrated (Table 2). As mtVMoM cut-off increased,
the clinical performance (sensitivity) was improved, as seen as the
greater proportion of embryos that failed to establish a pregnancy.
However, the increased detection rate came at a cost, that is, a fall-off
in specificity. As the mtV MoM cut-off increased from 0.3 to 0.8
MoM, the positive predictive value (PPV) increased by 45.1% and
negative predictive value (NPV) also increased by 29.1%. The selec-
tion of action limits is a balance between true detection and false-pos-
itive rate (or specificity).

Figure 1. Box plots (median ± quartiles) comparison of mtV
ratios (A) and mtV MoM values (B) for embryos which failed to
establish pregnancy against respective mean values (red line)
for embryos which succeeded to establish pregnancies. þ =
Mean and Shaded (box about þ)= 95% CI for mean.

Figure 2. Clinical (sensitivity, specificity) parameters of mtV
analysis expressed as multiple of mean (MoM).
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At a cut-off of 0.5 MoM (Figure 2), the sensitivity (or detection
rate) was 35.3%, that is 35.3% of embryos that failed to establish a
pregnancy would be correctly identified. The PPV at 0.5 MoM cut-
off was 50.0%, that is, for a transferred embryo with mtV
MoM < 0.5MoM, there is a chance of one in two of failing to estab-
lish a pregnancy. Conversely, for mtV> 0.5MoM, this embryo had
a 60% chance of establishing a pregnancy.

Figure 2 summarizes the inverse relationship between clinical
sensitivity and specificity, at various mtV MoM action limits. As
with many screening programmes, a common cut-off is often
established at 0.5 MoM. For Group II embryos (non-pregnant),
35.3% would have been correctly identified. Of all the embryos
with mtV values < 0.5 MoM, 50.0% of them failed to establish a
pregnancy after transfer. Conversely, for embryos with mtV val-
ues > 0.5 MoM, 60% established pregnancies after transfer.

Discussion

These data demonstrated the potential of mtDNA assessment as an
additional prognostic marker to improve the embryo evaluation
process for patients undergoing IVF. Quantification of mtDNA
was obtained by embryo biopsy at 80–85 h after ICSI and analyzed
by NGS after MDA showed a positive association between post
embryo transfer outcome and mtDNA scores. Low mtDNA levels
were associated with poor outcomes after embryo transfer. Recent
publications on the regulatory approval for ‘three-person’ embryos
(Reardon, 2016; Vence, 2016) has cast the spotlight on the role of
mitochondria in ART treatment for infertility and mitochondrial
diseases. However, published data on mtDNA and oocyte and
embryo quality are confusing and contradictory. Decreased (van
Blerkom et al., 1995; Dumollard et al., 2007; Cree et al., 2008)
and increased (Diez-Juan et al., 2015) levels of mtDNA have been
associated with compromised embryo development and the
reduced likelihood of establishing a pregnancy. Other studies have
reported a nonsignificant effect of mtDNA levels on neither
embryo quality nor pregnancy outcomes of ART cycles (Diez-
Juan et al., 2015; Victor et al., 2017; El-Damen et al., 2021).
This contradiction is partly attributable to different molecular
methodologies and/or study designs (Lin et al., 2004).
Confounding factors, such as viable fetal number less than the
number of embryos transferred, were excluded from this dataset.
However, because the focus of study was mtV DNA and embryo
physiology, the study group was not stratified according to causes
of female infertility. Therefore, the failure to implant and establish
pregnancy was not solely due to embryo genetic and metabolism
abnormalities, but should also include maternal factors, such as a
non-receptive endometrium (Enciso et al., 2021). An assessment of
endometrium receptivity, in conjunction with mtV score, would
provide a more comprehensive prognostic assessment of the like-
lihood of establishing a pregnancy for patients undergoing ART
plus PGT-A.

A potential physiological explanation maybe heteroplasmy,
that is the presence of two or more variants of mtDNA within
the same cell. An example of heteroplasmy is the presence of
healthy intact (deletion free) mtDNA, as confirmed by MDA/
NGS and mtDNA with deletions. Analysis by qPCR amplifies all
the populations present in heteroplasmy with a resultant interpre-
tation of being a function of relative abundance of wild : mutant
mtDNA (Goto et al., 2011; Zhidkov et al., 2011). We furthermore
speculated that quantification of the mtDNA by MDA takes into
consideration the entire, rather than targeted, sequences of the
mitochondrial genome. Consequently, only mtDNA free of

deletions was detected by MDA and NGS in which the mixed pool
was amplified by real-time PCR or SurePlex. Our unreported data
demonstrated a limited inverse relationship between the common
deleted area in the mitochondrial genome (ΔmtDNA4977) and
pregnancy rate after the transfer of euploid embryos.

Our data did not show any statistically significant correlation
between mtDNA and maternal age. We attributed this to either
internal oocyte physiology and the regimen of ovarian controlled
hyperstimulation and/or a limitation of low number in the patient
cohort. Current results support the tenet that more viable mito-
chondria are conducive to better outcomes after embryo transfer.
Our findings are consistent with the concept that healthy mito-
chondria, as determined by mtV MoM values, are potential prog-
nosticators of post-transfer outcomes (Oktay et al., 2016). As
indicated previously, mitochondrial replacement therapy (MRT)
was recently approved by some regulatory bodies (Vence, 2016).
Although MRT is intended to be provided to women with mito-
chondrial disorders, it does support our results in which more
mitochondria, especially healthy homoplastic ones with mtV
DNA> 0.5 MoM, are beneficial to the embryos (Claiborne
et al., 2016). Current pregnancy rates for ART patients undergoing
embryo biopsy for PGT-A ranged from 31.6% and 40.8% (Lee
et al., 2015; Enciso et al., 2021). In this small study, 57.7% of biop-
sied embryos tested by PGT-A analysis led to established pregnan-
cies. This study was designed to clarify the relationship between
mtV levels and embryo quality, as determined by the establishment
of a clinical pregnancy. In conclusion, although the sample size in
the current study is limited, our results unambiguously demon-
strated that whole genome analysis of mtDNA by NGS could sta-
tistically discriminate between embryos that established, and those
embryos that failed to establish, pregnancies. By normalizing raw
mtV values against the mean mtV value for embryos that estab-
lished pregnancies, we have developed a means of assessing the
chances of a biopsied euploid embryo establishing a pregnancy
after transfer. At an mtV MoM cut-off < 0.5 MoM, our post-test
chance of correctly identifying embryos with poor mitochondria
and that were unlikely to establish pregnancy was increased by
20%. Conversely, at the same mtV cut-off of> 0.5 MoM, post-test
chance of an embryo to implant and establish a pregnancy had
increased to 60%. This percentage could be substantially improved
if patients were further evaluated for maternal factors implicated in
implantation failure.
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