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Abstract
Purpose The aim was to study the association between embryonal mitochondrial DNA (mtDNA) content and embryo quality
and implantation outcomes.
Methods A retrospective chart review was performed with data collected from a private IVF center database. The study
population included female infertility patients with ages ranging from 31 to 38 years old, and the main outcome measures were
embryo quality and transfer outcomes.
Results From a total of 1510 blastocyst biopsies, the majority of embryos consisted of grade 1 (High), followed by grade 2 (mid),
and grade 3 (poor). Embryos with higher mtDNA content were found to be of poorer quality (grade 3) relative to grades 1 and 2
(P = 0.003). Using a logistic model, mtDNA best predicted lowest and highest grades, but not mid-grade embryos. There was no
correlation between mtDNA content and the subjects’ age (R2 = 0.0018). In an analysis of only euploid embryos (N = 717), there
was no longer an association between mtDNA content and embryo quality (P = 0.834). There was no difference in mtDNA
content between groups of embryos that did and did not implant (P = 0.53). There was also no association noted between mtDNA
content and ongoing pregnancy. Compared to day 6, day 5 blastocysts contain significantly higher amounts of mtDNA (P =
0.0005), lower rates of aneuploidy (P < 0.001), and were more likely to be high-quality blastocysts (grade 1) (P < 0.001).
Conclusion Although the mtDNA content shows some association to the morphologic grade of an embryo, this association does
not persist in an analysis of only euploid embryos. Mitochondrial DNA content also does not appear to be associated with
implantation or ongoing pregnancy. Day 5 blastocysts have significantly higher mtDNA content compared to day 6 blastocysts.

Keywords Mitochondrial DNA . Embryo quality . Embryo grade . PGS . IVF

Introduction

Maternal age is the most important determinant of fertility, and
with many women today opting to delay childbearing,

infertility rates are on the rise [1]. As women age, declines
in oocyte quantity and quality termed Bovarian aging^ results
in diminishing pregnancy success [2, 3]. While many ovarian
aging factors have been examined, recent studies suggest mi-
tochondrial DNA (mtDNA) may play a key role [4, 5]. Unlike
nuclear DNA (nDNA), mtDNA is a small genome approxi-
mately 16.5 kb in size inherited through the oocyte cytoplasm.
It encodes genes in the electron transport chain, where most of
cellular energy is created via oxidative phosphorylation [6].
Because sufficient energy supply is needed to obtain embryo
viability, the role of mtDNA in infertility has been investigated
[7].

The primordial germ cell houses approximately 200 copies
of the mtDNA. Throughout development, the copy number
increases and decreases until ultimately a mature oocyte con-
tains greater than 200,000 copies—this number is variable [8,
9]. As women age, the rate of oocyte mtDNAwith a deletion
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increases resulting in a lower viable mtDNA copy number
[10–12]. Many potential explanations for why ovarian aging
results in poorer quality oocytes have been explored. One
study by Desquiret-Dumas et al. examined mtDNA content
in cumulus granulosa cells (CGCs) surrounding oocytes and
demonstrated higher mtDNA content of CGCs resulted in
higher quality embryos [13]. Several studies have shown that
decreased mtDNA copy number in oocytes results in poor
in vitro fertilization outcomes [10, 14–16]. To date, only four
studies have taken this one step further and looked specifically
at embryonal mtDNA content’s impact on implantation. The
first study by Fragouli et al. demonstrated that blastocysts with
lower amounts of mtDNA had higher implantation rates. This
study also suggests that a threshold of mitochondrial DNA
exists above which no embryo is able to implant.
Furthermore, Fragouli et al. demonstrated that aneuploid blas-
tocysts as well as those from older women have a higher
mtDNA copy number. On the contrary, cleavage stage embry-
os (blastomeres) from younger women were seen to contain
higher mtDNA content [17]. A subsequent study by Diez-
Juan et al. had similar findings showing that a high mtDNA
copy number in euploid embryos is indicative of lower em-
bryo viability and implantation in both blastocysts as well as
cleavage stage embryos (blastomeres). Interestingly, Diez-
Juan et al. did not find a statistically significant relationship
between maternal age and mtDNA copy number in embryos
[18]. Victor et al. countered this with data demonstrating no
significant difference in implantation rates after applying a
novel normalization strategy to mtDNA [19]. Shortly thereaf-
ter, Treff et al. performed a double embryo transfer study in
order to control for confounding factors and found mtDNA
quantity did not differ significantly between those embryos
that implanted and those that did not [20].

In general, there is very limited data available regarding the
influence of mtDNA on embryo implantation. The goal of our
study is to determine if a relationship exists between embryo-
nal mtDNA copy number and embryo quality and implanta-
tion rates.

Materials and methods

A university institutional review board (IRB) determined that
this study was not a Bhuman subject research^ study and did
not require IRB approval or oversight.

Mitochondrial DNA and embryo quality

We performed a retrospective chart review of subjects whose
embryos underwent preimplantation genetic testing for aneu-
ploidy in our center between June 2013 and June 2016. In
order to evaluate mtDNA’s relationship with embryonal grade,
a total of 259 subjects with 1510 blastocyst biopsies were

included. Embryo grade was defined based on the Gardner
blastocyst grading system (see Table 1 footnote). Based on
this system, grade was defined as follows: 1—High (3 to 6
AA and 4 to 6 AB); 2—Mid (any BB, 1 to 3 AB, and 1 to 2
AA); and 3—Poor (any AC, CA, BC, CB, or CC).
BEmbryonal mtDNA content^ was defined as a ratio of
mtDNA to nDNA (see Determining Mitochondrial DNA
Content). The primary outcome for this subset of data was to
assess the relationship between embryonal mtDNA content to
embryo grade. For our secondary outcomes, we compared
mtDNA to age and repeated the analysis after excluding em-
bryos with aneuploidy. Statistical analysis was performed
using a multinomial logistic regression model of prediction
and linear regression. P < 0.05 was considered significant.

Mitochondrial DNA and embryo transfer outcomes

In order to investigate the relationship between mtDNA and
embryo transfer outcomes, a total of 153 embryo transfers
from 144 subjects were identified. Implantation was defined
as a gestational sac observed on ultrasound. We compared
mtDNA content between BNo Implantat ion^ and
BImplantation^ groups. We also looked for a potential associ-
ation between embryonal mtDNA content and ongoing preg-
nancy. Multinomial logistic regression was used for data anal-
ysis between dependent categorical outcomes and continuous
dependent variables. Fisher’s exact, Pearson’s chi-squared, or
Wilcoxon rank-sum were used as appropriate with P < 0.05
considered significant.

Obtaining blastocysts and biopsies

Subjects underwent controlled ovarian stimulation using stan-
dardized protocols. Lupron or hCG trigger was administered
once two follicles reached 18 mm in diameter. Fertilization
was achieved using intracytoplasmic sperm injection.
Standard culture conditions with sequential media were used.
Laser-assisted biopsy of blastocyst trophectoderm was per-
formed on culture day 5 or 6, depending on embryo
development.

Defining mitochondrial DNA content

Trophectoderm (TE) cells from each embryo first
underwent cell lysis, DNA extraction, and then a modified
whole genome amplification (WGA) protocol using phi
29 polymerase. Fifty to 100 ng of amplified DNA
underwent library preparation (Thermo Fisher Scientific,
Waltham, MA). First, the pooled DNA samples underwent
enzymatic shearing to produce fragment sizes of approx-
imately 200 bp. The DNA fragments were purified using
an AMPure Bead (Beckman Coulter, Sharon Il) wash,
stabilized by the ligation of adapters and barcodes at
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either end of each fragment and size selected using a
second AMPure Bead wash. Each DNA fragment was
bound to one ion sphere particle (ISP) and amplified
using an emulsion polymerase chain reaction (PCR) reac-
tion. The template positive ISPs were recovered using
Dynabeads MyOne Streptavidin CI bead washes
(Invitrogen, Carlsbad, CA). Following recovery, sequenc-
ing primers and Ion Hi-Q sequencing polymerase were
added to the samples, and the samples were loaded onto
a sequencing chip and analyzed at a depth of 1X across
the entire genome by a Personal Genome Machine (PGM)
(Thermo Fisher Scientific, Waltham, MA). Sequencing
data were processed by a Torrent Browser Server
(Thermo Fisher Scientific, Waltham, MA) to provide ini-
tial sequencing information and to ensure adherence to the
required quality assurance metrics. The data was then
transferred to an Ion Reporter Server, version 5.2
(Thermo Fisher Scientific, Waltham, MA) for comprehen-
sive data analysis and interpretation. The PGM sequenc-
ing provided a minimum of over 3.5 million reads with a
median sequencing fragment length of 186 bp. The se-
quencing was to a depth of 0.8× across the entire genome.
The output data included mitochondrial content calculated
as follows: mtDNA content = mtDNA/total genomic
DNA. Our assay for mtDNA content has been validated

by our qPCR protocol comparing Alu or total genomic
DNA to mtDNA with comparable results.

Results

Embryo quality

From a total of 1510 blastocyst biopsies, the majority of em-
bryos consisted of grade 1 (N = 951; 62%), followed by grade
2 (N = 331; 21%) and grade 3 embryos (N = 228; 15%)
(Table 1). Embryos with high mtDNA content were found to
be of poorer quality (grade 3) relative to grades 1 and 2 (RR
1.03 [95% CI 1.01–1.05]; P = 0.003).

Using a logistic model, mtDNA best predicted lowest
and highest grades, but not mid-grade (grade 2) embryos.
There was no correlation between mtDNA content and
the subject age (R2 = 0.0018). After excluding embryos
with aneuploidy, a total of 717 euploid embryos were
studied. In this subpopulation, a non-statistically signifi-
cant trend was observed where poor quality embryos had
higher mtDNA content (OR 1.16, [95% CI 0.27–5.01];
P = 0.834). Further analysis demonstrated that aneuploid
embryos contain higher mtDNA content compared to

Table 1 Patient demographics
(N = 259) and embryo quality Patient demographics

Age (median, range) 35 [31–38]

BMI (Median, range) 25 [22–28]

Ethnicity (N, %)

White 157 (60)

Black 22 (8)

Hispanic 34 (13)

Asian 46 (17)

#Embryonic biopsies 1510

Embryo quality mtDNA content (median, range)

All embryos (N = 1510) (n, %) 0.000741 [0.0004375–0.00144]

*High-quality (grade 1) 951 (62) 0.000719 [0.000421–0.0013]

Mid—2 331 (21) 0.000736 [0.000409–0.00146]

Poor—3 228 (15) 0.000925 [0.000532–0.00275]

Euploid embryos 717 0.000637 [0.00037–0.00100]

*High-quality (grade 1) 521 (72) 0.000624 [0.000363–0.00097]

Mid—2 140 (20) 0.000623 [0.00037–0.00112]

Poor—3 56 (8) 0.000656 [0.0003915–0.0009345]

*The Gardner blastocyst grading system assigns three separate quality scores to each blastocyst embryo: (1)
Blastocyst development stage—expansion and hatching status (1 = blastocoel cavity less than ½ the volume of
the embryo; 2 = blastocoel cavity more than ½ the volume of the embryo; 3 = full blastocyst/cavity completely
filling the embryo; 4 = expanded blastocyst/cavity larger than the embryo with thinning of the shell; 5 = hatching
out of the cell; 6 = hatched out of the shell. (2) Inner cell mass (ICM) score, or quality (A = numerous and tightly
packed; B = several and loosely packed cells; C = few cells). (3) Trophectoderm (TE) score, or quality (A =many
tightly packed cells organized into epithelium; B = several cells organized into loose epithelium; C = few cells)
grade was defined as follows: 1—High (3 to 6 AA and 4 to 6 AB); 2—Mid (any BB, 1 to 3 AB, and 1 to 2 AA);
and 3—Poor (any AC, CA, BC, CB, or CC)
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euploid embryos (0.00629 [0.000367–0.000995] vs
0.0009315 [0.000521–0.00232]; P < 0.0001).

Day 5 vs day 6 blastocysts

From a total of 1510 blastocyst biopsies, 65.3% were
biopsied on day 5 (N = 986), and 31.4% were biopsied
on day 6 (N = 474). The day of biopsy was not recorded
for 50 blastocysts (3.3%). Day 5 blastocysts contained
higher amounts of mtDNA compared to day 6 blastocysts
(0.00079 [0.00047–0.00154] vs 0.00067 [0.00037–
0.00128]; p = 0.0005). Day 5 blastocysts had lower rates
of aneuploidy compared to euploidy (N = 459 (32.55%) vs
N = 500 (35.46%), respectively; p < 0.001), whereas day 6
blastocysts were more likely to be aneuploid (N = 262
(18.58%) vs N = 189 (13.4%); P < 0.001). Similar results
were noted in a euploid only analysis: day 5 blastocysts
contained signif icantly more mtDNA (0.000679
[0.0004195–0.001035] vs 0.000502 [0.000303–0.00081];
P < 0.0001) compared to day 6 (Table 2).

Embryo transfer outcomes

The BImplantation^ and BNo Implantation^ groups were sim-
ilar with respect to age, BMI, and gravida and para (Table 3).
There was no statistically significant difference in mtDNA
content between the BImplantation^ and BNo Implantation^
groups (P = 0.53) (Table 3). After adjusting for BMI and
age, we observed no significant relationship between embry-
onal mtDNA content and ongoing pregnancy (coefficient −
21.73, P = 0.292).

Discussion

Aging and mitochondrial DNA content of oocytes
and embryos

The physiologic age-related decline in female fertility remains
one of the insurmountable barriers to successful pregnancy in
older women. This decline is a result of not only decreased
oocyte quantity, but decreased quality of the remaining oo-
cytes as well. Even with continued improvements to in vitro
fertilization (IVF) techniques, women with diminished ovari-
an reserve have poor response to ovarian stimulation and
therefore less successful pregnancy rates [21]. Many hypoth-
eses exist for potential factors contributing to poor quality
oocytes, and growing evidence suggests mitochondria may
play a significant role in ovarian aging. Morphologically, mi-
tochondria from older women are more swollen and have
disrupted cristae compared to mitochondria of their younger
counterparts [22]. Kushnir et al. demonstrated that mitochon-
dria from older mice not only differed morphologically but
also had lower mtDNA content than that from younger mice
[23]. This relationship of decreasing mtDNA quantity in oo-
cytes of older women has been demonstrated by several stud-
ies in humans as well [16, 24, 25]. Additionally, in a study by
Reynier et al., the average mtDNA content number was lower
in oocytes with fertilization failure compared to those with
normal fertilization rates [15].

While a decline in oocyte mtDNA content with aging has
been observed, the relationship to embryonalmtDNA remains
less clear [10, 12]. The study by Fragouli et al. found blasto-
cysts from older women had a higher mtDNA copy number;
however, the study by Diez-Juan et al. did not find an associ-
ation between the two [17, 18]. Similarly, our data did not

Table 2 Day 5 vs day 6 blastocysts

All blastocysts (N = 1460)a Day 5 biopsy (N = 986) Day 6 biopsy (N = 474) P value

Mitochondrial DNA (median, range) 0.00079 [0.00047–0.00154] 0.00067 [0.00037–0.00128] 0.005

Aneuploid (N, %)b 459 of 959 (48) 262 of 451 (58) 0.001

Grade 0.001

1—High-quality (N, %) 698 (71) 226 (48)

2—Mid-quality (N, %) 188 (19) 127 (27)

3—Low-quality (N, %) 100 (10) 120 (25)

Euploid (N = 689) Day 5 biopsy (N = 500) Day 6 biopsy (N = 189) P value

Mitochondrial DNA (median, range) 0.000679 [0.0004195–0.001035] 0.000502 [0.000303–0.00081] 0.0001

Grade 0.001

1—High-quality (N, %) 393 (79) 111 (59)

2—Mid-quality (N, %) 86 (17) 45 (24)

3—Low-quality (N, %) 21 (4) 33 (17)

a Day 5/day 6 data was not available for 50 embryos
b Euploid/aneuploid data was not available for 50 embryos. There were 721 aneuploid embryos
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demonstrate an association between embryonal mtDNA con-
tent and age. As a woman ages and oocytes await ovulation,
their mtDNA can acquire mutations.

Mitochondrial DNA has no protective histone layer and is
therefore more vulnerable to the reactive oxygen species re-
leased by the mitochondria itself, which can possibly induce
mutations [26]. Mitochondrial DNA deletions result in less
mtDNA content in the oocyte. Nevertheless, it is unclear
why once the oocyte is fertilized and becomes a blastocyst,
this age-related decline in mtDNA content is no longer
apparent.

Mitochondrial DNA and embryo quality

In attempt to identify good quality embryos prior to implan-
tation, morphologic grading systems have been developed.
The Gardner blastocyst grading system defines morphological
criteria of higher quality embryos that are believed to result in
higher implantation rates. To date, no studies have investigat-
ed whether there is a relationship between blastocyst mtDNA
content and morphologic grade. Our study demonstrates that
embryos with higher amounts of mtDNA are more likely to be
of poor quality. Similar to the discussion on ovarian aging and
mtDNA, the majority of previous studies exploring mtDNA
and quality were focused on oocytes rather than embryos.
Most of these studies demonstrated that lower mtDNA content
is associated with poorer quality oocytes and decreased ability
to be fertilized [10, 13–16]. In contrast, our data suggest em-
bryos may differ from oocytes in that higher amounts of
mtDNA are correlated with poor embryo quality. A better
understanding of mtDNA’s replication and division through-
out embryo development will likely help explain this differ-
ence. Because mtDNA is maternally inherited, fully devel-
oped oocytes contain all the mtDNA that will support the

embryo during the preimplantation stage. Animal studies have
shown that mtDNA copy number does not change during
cleavage divisions, and mtDNA does not begin replication
until near the time of implantation [27, 28]. However, when
the embryo reaches the blastocyst stage, the distribution of the
mtDNA into the inner cell mass and trophectoderm varies [29,
30]. Studies in the mouse and hamster have shown that
trophectoderm cells inherit more mitochondria than the cells
that make up the inner cell mass [31–33]. The biopsies in our
study were performed on the trophectoderm of days 5 and 6
blastocysts. If a similar process occurs in humans, this unequal
distribution of mtDNA is one possible explanation why biop-
sies from the trophectoderm of blastocysts differ in mtDNA
content compared to oocytes. Perhaps the trophectoderm ac-
quiring a higher portion of the mtDNA is a marker for a poorer
quality blastocyst.

One consideration is that many of those poor quality em-
bryos containing high mtDNA content included in our analy-
sis are aneuploid. Our study is congruent with the Fragouli
study only with regard to the correlation between mtDNA and
aneuploidy, which demonstrated aneuploid blastocysts con-
tain higher amounts of mtDNA quantity compared to euploid
blastocysts. Fragouli et al. also supports the concept that
higher mtDNA content of aneuploid embryos appears to be
an independent factor and not dependent on age. Importantly,
a second analysis omitting those aneuploid embryos still
yielded a similar trend, in that higher mtDNA was seen in
poorer quality embryos. This demonstrates that aneuploidy
does not appear to be the explanation as to why higher
mtDNA content is correlated with poor quality embryos.
Over 1500 embryo biopsies were included making this the
largest study of its kind. According to our data, embryonal
mtDNA content does not appear to have much relevance in
objectively defining embryo quality in euploid embryos.

Table 3 Patient demographics
and mtDNA content for
implantation vs no implantation

Characteristic No implantation (N = 59) Implantation (N = 94) P value

Age (y) 35 (32–39) 34 (32–37) 0.54

BMI (kg/m2) 27 (22–31.5) 24.5 (22–29) 0.56

Ethnicity 0.06

White 27 (52%) 60 (64%)

Black 5 (9%) 3 (3%)

Hispanic 11 (21%) 8 (9%)

Asian 9 (17%) 13 (14%)

Gravida 1 (0–2) 1 (0–2) 0.50

Para 0 (0–1) 0 (0–1) 0.51

Mitochondrial DNA 0.000594 (0.000342 to 0.00129) 0.000647 (0.00038 to 0.000995) 0.53

mtDNA10 (10%ile or less) 3 (5%) 10 (11%) 0.23

mtDNA25 (25%ile or less) 17 (29%) 24 (26%) 0.65

mtDNA75 (75%ile or more) 15 (25%) 12 (13%) 0.04

mtDNA90 (90%ile or more) 12 (20%) 10 (11%) 0.09
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Further investigation on how mtDNA content data can be
applied as an objective measure of embryo quality is warrant-
ed. In order to obtain higher IVF success rates, we must em-
ploy new methods identifying high-quality embryos prior to
transfer.

Implantation and embryonal mitochondrial DNA
content

Despite advancing techniques to identify good quality embry-
os prior to implantation, it is still difficult to determine why
some embryos will fail to implant. In an attempt to identify
other potential markers for embryo viability, we compared
mtDNA content in embryos that implanted versus those that
did not. Our data did not demonstrate a statistically significant
difference between the two groups. This indicates that con-
trary to some of the previous studies, embryonal mtDNA may
not be a goodmarker for implantation potential. Some labs are
suggesting embryonal mtDNA content could be used to pri-
oritize embryos for transfer, but our data does not support this
concept. We did however observe that embryos in the upper
percentiles (75%ile and 90%ile) of mtDNA content appeared
to be less likely to implant. This suggests that it may be more
appropriate to identify a mtDNA content above which embry-
os will not implant.

Several different methods have been employed in order to
quantify mtDNA content including in situ hybridization,
quantitative real-time PCR, and next-generation sequencing
(NGS). Similar to our process, Fragouli et al. utilized quanti-
tative real-time PCR in conjunction with NGS. Diez-Juan
et al. also used quantitative real-time PCR to determine
mtDNA number. Both studies employed strategies to normal-
ize mtDNA content in comparison to nuclear DNA. Our nor-
malization strategy involved a ratio of mtDNA content to total
nuclear DNA content.

Implantation requires a significant increase in energy needs
of the embryo and thus the utilization of mitochondria.
Mitochondria react to stress by hyperproliferation, and it is
suggested that embryos that are under metabolic stress have
a subsequent increase in mtDNA copy number [34].
Therefore, it can be suggested that a higher mtDNA content
in the blastocyst may be a marker of an oxidatively stressed
embryo. Interestingly, because of heteroplasmy—more than
one genome of mtDNA in a particular cell—different alleles
may be mutated within the different copies [35]. In order for
mitochondrial mutations to cause clinical significance, they
must typically be present in sufficient numbers throughout
the many copies of the mtDNA genome. When the mtDNA
acquires mutations, it produces faulty proteins and resultant
oxidative stress in cells [35, 36]. It is possible embryos under
more oxidative stress have a particular mutation that is shared
throughout most mitochondrial genomes in the embryos. It is
unknown whether higher mtDNA content may be

representative of poorer quality or mutated mtDNA that does
not function properly to supply sufficient energy for implan-
tation. Those embryos that fall into the upper percentiles of
mtDNA content are perhaps the more oxidatively stressed em-
bryos and therefore are less likely to implant.

While implantation is important to IVF success, important
outcomes of interest also include clinical pregnancy, ongoing
pregnancy, and live birth. If mtDNA can be used to predict
embryos that will result in a successful pregnancy, its utility
will be instrumental. We did not detect an association between
the mtDNA content and clinical or ongoing pregnancy, but we
suggest that other studies should investigate this clinically
relevant outcome as well.

Potential limitations of our study include that it is an obser-
vational study with inclusion of a relatively small number of
embryo transfers and lack of generalizability given that data
was collected from a single center. One potential bias is also
that only good quality embryos are chosen for transfer. Given
that mtDNA content may possibly be associated with embryo
quality, this may have influenced the implantation data results.
Importantly, other factors aside from just embryo characteris-
tics may affect implantation including physician technique,
patient characteristics, and quality of endometrium. Another
limitation of our data is the unequal distribution of ethnicities
between the BImplantation^ and BNo Implantation^ groups.
The BNo Implantation^ group has more Hispanics and African
Americans, and the BImplantation^ group has more
Caucasians. Because the population included was limited to
infertile patients, we cannot conclude that these results are
applicable to the general population. However, to our knowl-
edge, this is the largest study of its kind.

Conclusion

In conclusion, mitochondrial DNA content does not seem to
be a good marker for euploid embryo quality or embryo im-
plantation potential. More studies are needed investigating the
relationship between embryonal mtDNA content and IVF out-
comes. The findings of our study add to the very limited
amount of available data on mtDNA obtained from embryos.
While some of the previous studies investigating embryonal
mtDNA have suggested a role in predicting embryo viability,
our data does not show utility in predicting implantation and
pregnancy outcomes. Further investigation of mtDNA both on
a clinical and molecular level is needed in order to understand
how its content can be interpreted and appropriately applied to
increase pregnancy success in the infertility population.
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