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Abstract
Purpose The aim of this study is to provide data on the practice of Luteal Phase Oocyte Retrieval (LuPOR). The authors assess
cell-free DNA levels in follicular fluid (ff cfDNA) from poor responders undergoing natural cycles, and comparing it to
respective data originating from follicular phase oocyte retrievals.
Methods Forty-seven women were eligible for this prospective study. Participants were classified as poor responders based on
Bologna criteria while being detected with a second follicular wave. Follicular fluid was collected and prepared for cfDNA
extraction. Levels of cfDNA were quantified via Q-PCR employing the ALU115 and ALU247 primers. These primers are
associated with apoptotic and necrotic events. Levels of ff cfDNA resulting from follicular phase oocyte retrieval (FoPOR)
and LuPOR-performed in a single menstrual cycle were associated with the number and maturation status of yielded oocytes and
the number and fertilization status of resulting zygotes. Survival rate following thawing of cryopreserved zygotes, along with the
resulting number of cleavage stage and blastocyst stage embryos are provided.
Results Mean levels of ALU115 were significantly lower during FoPOR when compared to LuPOR (0.79 ± 0.72 vs 1.46 ±
1.59 ng/μl, p = 0.02). Regarding the FoPOR group, a significant positive correlation of serum estradiol and ALU115 concen-
tration (p = 0.04) was revealed. A significant negative correlation between serum estradiol and cfDNA integrity was observed
both during FoPOR (p = 0.03) and LuPOR (p = 0.03). A significant lower number of retrieved (1.09 ± 0.28 vs 1.29 ± 0.58, p =
0.02) and MII oocytes (0.77 ± 0.55 vs 1.08 ± 0.61, p = 0.02) was observed when comparing the FoPOR to LuPOR groups
respectively. The integrity of cfDNA was observed to be higher in FoPOR originating embryos that arrested either prior to
cleavage (0.28 ± 0.13 vs 0.17 ± 0.10, p = 0.006) or prior to blastocyst formation (0.28 ± 0.12 vs 0.13 ± 0.06, p = 0.04). In the case
of LuPOR originating embryos, cfDNA integrity was observed to be higher in embryos that arrested only prior to the blastocyst
stage (0.27 ± 0.20 vs 0.11 ± 0.07, p = 0.008). Similarly, cfDNA integrity was observed to be lower in top quality blastocysts
originating from FoPOR (0.07 ± 0.04 vs 0.17 ± 0.05, p = 0.03) and in top quality cleavage stage embryos (0.09 ± 0.06 vs 0.31 ±
0.22, p = 0.01) and blastocysts (0.06 ± 0.02 vs 0.14 ± 0.06, p = 0.02) originating from LuPOR.
Conclusions Our results indicate that ff originating from LuPOR presents with higher levels of cfDNA. The higher cfDNA levels
are attributed to mainly apoptotic events, as the ALU247 levels and DNA integrity did not differ statistically significantly
between FoPOR and LuPOR. The absolute mean level of ALU247 corresponding to necrotic events was higher in LuPOR.
Regarding embryological data, cfDNA integrity was correlated with both number and quality of cleavage stage embryos in both
FoPOR and LuPOR, along with blastocyst stage embryos in LuPOR. Necrotic events were associated with poorer blastocyst
formation rate and blastocyst quality in LuPOR. As the comparison between FoPOR and LuPOR results to similar IVF laboratory
data, the practice of LuPOR may stand as a promising approach for poor responders, while it merits further investigation.
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Introduction

Poor responders represent a time-sensitive group of patients in
Assisted Reproduction Technology (ART), typically accom-
panied by a compromised oocyte quality and yield [1].
However, the challenge regarding definition, diagnosis, and
management still fuels a heated debate, in light of the lack of a
universally accepted line of approach [2]. With regard to man-
agement, in vitro fertilization (IVF) specialists may opt for a
wide pallet of strategies, ranging from numerous proposed
ovarian stimulation protocols [3], to natural cycles [1], to the
“freeze and collect” [4], even at times recruiting an empirical
approach treatment. Recently, employment of the double oo-
cyte retrieval in a single menstrual cycle has enriched the
standing options of poor responders’ management [5]. This
approach is based on the observation of the “second follicular
wave phenomenon”, initially studied on various animal
models [6–9] and thenceforth on women [10]. The aforemen-
tioned physiological process is characterized by the detection
of at least two follicular waves during the same menstrual
cycle, leading to the development of more than one privileged
follicles [11]. However, the underlying mechanisms of this
phenomenon still remains a “black box” [12].

For patients presenting with poor IVF prognosis, the
double oocyte retrieval process is predominantly intro-
duced in clinical practice in the context of performing a
dual ovarian stimulation-known as “DuoStim” protocol as
reported in literature. The DuoStim protocol describes the
practice of oocyte retrieval during both the follicular and
the subsequent luteal phase in a single menstrual cycle
[13]. These prospective and retrospective studies compar-
ing data from the follicular to the luteal phase, equally
report statistically significant embryological results with
regard to the mean number of oocytes retrieved, mature
MII oocytes, fertilization rate, embryonic development to
cleavage stage, blastocyst formation, and euploidy rate
[14–20]. Moreover, in terms of reporting on clinical preg-
nancy status and live birth rates, it is clear that data from
both phases does not demonstrate any statistically signif-
icant difference [14, 15, 18, 20]. Interestingly, a retrospec-
tive study indicated that embryos originating from the
luteal phase seem to present with a higher implantation
rate, in comparison to those corresponding to the follicu-
lar phase [21]. From the perspective of management,
attempting a comparison between the DuoStim practice
and the conventional stimulation protocol, a higher mean
number of oocyte yield and subsequent embryo number
was indicated, favoring the practice of DuoStim [14–16,
20, 22]. Nonetheless, clinical pregnancy and live birth
rates were reported to be similar [14, 20]. The consider-
able differences among the various studies regarding the
population involved, the study design, the ovarian stimu-
lation protocols employed, or even the duration of each

protocol, should be taken into account. These differences
may serve as confounders rendering conclusions drawn on
the practice of DuoStim weak.

What is of importance, is that little is known on the devel-
opmental competence and dynamics of oocytes and embryos
originating from a dual retrieval during natural IVF cycles [4].
The majority of clinicians opt for the aforementioned ap-
proach in cases of oncology patients, who undergo fertility
preservation protocols [23, 24]. Similarly, when referring to
patients presenting with poor response, the issue of time
stands as a considerable motivation for adopting this practice
[5, 22, 25]. Our team has introduced the abbreviation of
“LuPOR,” in an attempt to describe the practice of luteal
phase oocyte retrieval, with the corresponding abbreviation
of “FoPOR” for follicular phase. This study retrospectively
showcased promising results with regard to the number of
mature oocytes and fertilization rate, in case of poor re-
sponders employing the LuPOR approach [4]. Albeit morpho-
logical observations have been reported, the molecular aspect
entailed in the double follicular wave and the LuPOR ap-
proach has yet to be adequately investigated. Emerging data
on the molecular physiology aspects of the double follicular
wave through LuPOR would be of heightened interest and of
added value, especially for poor responders during natural
IVF cycles.

In the era of personalized and precision medicine, evalua-
tion of cell-free DNA concentration has emerged as an “add-
on. This novel tool is coupled with promising diagnostic and
prognostic accuracy, especially with regard to several types of
gynecological cancers, obstetric disorders, or even fetal abnor-
malities [26–28]. Interestingly, high levels of cfDNA in ma-
ternal plasma were correlated with decreased pregnancy rates
[29]. The superiority of it is ascertained by its non-invasive
nature, in light of being easily measured in various biological
fluids, such as serum or urine [30]. Evaluating cfDNA levels
relies on commonmolecular techniques, ascertaining efficien-
cy on a patient management [26]. Evaluating cfDNA levels in
follicular fluid (ff cfDNA) presents as a competent biomarker
in the context of assisted reproduction, with respect to
assessing the oocyte microenvironment, thus contributing to
an enhanced embryo selection procedure. Published studies
have examined the concentrations of ff cfDNA following
stimulated IVF cycles. The results indicated a positive corre-
lation of increased ff cfDNA levels and poor prognosis for
IVF treatment. Increased ff cfDNA levels are associated with
a lower number of oocytes retrieved, poor embryo quality, an
extensive duration, and heightened dosage of the stimulation
protocol employed. Moreover, the aforementioned studies re-
vealed that the origin of ff cfDNA is principally attributed to
the apoptotic process [31–33]. This conclusion was enabled
assessing the quantification of Arthrobacter luteus (ALU) re-
peats, namely ALU115 amplifying both short and long frag-
ments of cfDNA originating from apoptosis or necrosis
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respectively, as well as ALU247 that amplifying only the long
fragments corresponding to necrotic events [34]. Short frag-
ments of approximately 160–180 base pairs (bp) are cleaved
by endogenous caspase-activated DNAase during apoptotic
cell death. Long fragments of approximately 10,000 bp are
cleaved during necrosis. Hence, cfDNA in ff could represent
a tool that non-invasively evaluates the ambient environment
of the oocyte.

The aim of the present study is to uniquely evaluate the
levels of cfDNA in ff samples, originated from FoPOR and
LuPOR practices, in the same natural ART cycle in poor re-
sponders. To what extent is the second follicular wave depen-
dent on necrotic or apoptotic events? In vitro fertilization prac-
titioners may question whether opting for LuPOR is a valid
option enabling efficient management of the special cohort of
poor responders. In light of that, the rationale fueling design of
this study was to provide for first time data aiming to assist in
decision making regarding LuPOR employment in routine
clinical practice for poor responders’ management. More par-
ticularly, the authors set out to compare ff cfDNA levels
resulting from FoPOR and LuPOR in a single menstrual cy-
cle, and attempt respective associations with the number and
maturation status of corresponding oocytes, the number of
subsequent fertilized oocytes, as well as the number and qual-
ity of blastocysts. Data from this research project may contrib-
ute towards buttressing the validity of the practice of LuPOR
when employed as the method of choice, in natural cycles for
poor responders.

Methods

Study population

This prospective study recruited a total of 47 infertile women
classified as poor responders based on Bologna criteria [35],
during the time period from April 2018 to December 2018.
Informed consent was obtained from all individual partici-
pants. A second follicular recruitment was detected for all
patients during the luteal phase of the same menstrual cycle,
and thus following FoPOR they were further submitted to
LuPOR. Only natural IVF cycles were included in an attempt
to exclude the factor of the ovarian stimulation protocol. For
the quantification of cfDNA levels, 47 ff samples were col-
lected from FoPOR and served as the control group, while 47
ff samples originated from LuPOR of the same cycle and
served as the study group. Baseline levels of follicle stimulat-
ing hormone (FSH), luteinizing hormone (LH), anti-müllerian
hormone (AMH), prolactin, progesterone, and estradiol (E2)
levels were evaluated via the chemiluminescent microparticle
immunoassay on a Roche Cobas E-411 Immunoassay analyz-
er (RocheDiagnostics GmbH,Mannheim, Germany). In order
to enable evaluation of the oocyte maturation status, only

intracytoplasmic sperm injection (ICSI) cases addressing mild
male factor were included. ICSI was performed for all cases
on the grounds of oligozoospermia which was diagnosed fol-
lowing a semen analysis, according to the World Health
Organization (WHO) criteria. The exclusion criteria of our
study referred to polycystic ovary syndrome, inflammatory
diseases, such as endometriosis or chronic endometritis, sex-
ually transmitted diseases, and diagnosis of cancer. Finally,
cases for which the oocyte retrieval yielded no oocyte, regard-
ing either FoPOR or LuPOR, were excluded as no associa-
tions with oocyte characteristics would be possible. The study
protocol (133-26/03/2018) was approved by the Hospital
Ethics Board in accordance with the Helsinki declaration.

Natural IVF cycle protocol

At the first appointment, patients’ baseline hormonal profile
was recorded, including measurements of FSH, LH, AMH,
and prolactin on day 2 of the menstrual cycle, along with
progesterone levels evaluated on day 21 of the menstrual cy-
cle. E2 was evaluated on the day of hCG administration both
in FoPOR and in LuPOR.

On day 8 of the menstrual cycle, follicular growth was
monitored via transvaginal ultrasound, coupled with
frequent-possibly-daily evaluations on serum LH and E2

levels. Timing of further monitoring was individualized de-
pending on follicular growth and E2 levels. Once the dominant
follicle was observed with a diameter of 17 mm or more, and
coupled by a serum E2 level > 100 pg/ml, an intramuscular
injection of 6500 IU of human Chorionic Gonadotropin
(hCG) was administered to trigger ovulation. Following
36 h, a transvaginal ultrasonographically monitored follicular
aspiration, under mild anesthesia was performed.

Using a microscopical work chamber ascertaining stable
environment for handling gametes, the collected follicular flu-
id following retrieval was placed into a collection petri dish, in
order to detect the presence of oocytes. The collected oocytes
were placed in Fert Media (ORIGIO Sequential Media) for a
2-h incubation time. Thereafter, 38 h post hCG, the oocytes
were denuded employing enzymatic and mechanical removal
of the cumulus-oocyte complexes, using 80 IU/ml hyaluroni-
dase (FertiPro). The oocyte maturation status was recorded as
follows: mature, referring to metaphase II (MII) stage oocyte,
immature, referring to the germinal vehicle (GV) or meta-
phase I (MI) stage oocyte, or abnormal, based on identifica-
tion of several irregular morphological characteristics with
regard to oocyte shape, size, ooplasm, structure of perivitelline
space, zona pellucida, or polar body morphology [36]. Mature
oocytes were placed into dishes with Step-1 culture media
(ORIGIO Continuous Culture Media) for 1 h post denudation.
ICSI dishes have been prepared with two drops of Quinn’s
Advantage Medium with HEPES (SAGE) with 5% human
serum albumin (HSA) under mineral oil. The mature oocytes
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were inseminated employing ICSI 39 h post hCG insemina-
tion. Following the ICSI procedure, the oocytes were cultured
in culture dishes containing Step-1 culture media (ORIGIO
Continuous Culture Media) with 5% HSA under mineral oil
into incubator at 37 °C, with 5% O2, 6% CO2, 89% Ν2, and
95% humid atmosphere.

Fertilization evaluation was performed 16 to 18 h post in-
semination, classifying oocytes as 1PN (pronucleus), 2PN,
3PN, and lysed. Hence, normally fertilized zygotes were iden-
tified by two pronuclei and the extrusion of the second polar
body, whereas the rest were considered as abnormally fertil-
ized oocytes or lysed. The strategy opted for these patients has
been previously described by Sfakianoudis et al. 2019 as
“freeze and collect” or “embryo banking.” This approach en-
tails cryopreservation of all zygotes resulting from consecu-
t ive na tura l cycles per formed for each pat ien t .
Cryopreservation is performed employing the slow freezing
technique, using the FreezeKit Cleave (Vitrolife). As a result,
the patients gradually ascertain an adequate number of zygotes
namely 8–10 zygotes in a storage. Frozen-thaw cycles, includ-
ing a group of 4 embryos thawed per cycle, are subsequently
initiated leading to respective embryo transfers (ETs). This is
justified as Greek Legislation allows transfer of up to 4 em-
bryos for women aged 40 years or older. Understandably, the
embryos thawed may correspond to oocytes retrieved from
different menstrual cycles and different menstrual cycle
phases. The embryos are cultured until the embryo transfer
procedure which may include FoPOR and LuPOR embryos.
Zygotes were thawed and cultured in separate droplets of cul-
ture medium till the day of embryo transfer. Embryos of poor
quality did not qualify for embryo transfer. Embryo quality on
cleavage stage was assessed according to ALPHA/ESHRE
2011 consensus [37], while blastocyst quality was assessed
according to Gardner’s grading system [38]. Cleavage stage
embryos graded as 7cA or 8cA and blastocysts graded as
4AA, 5AA, or 6AAwere regarded as top. All other gradings
were regarded as non-top. The number of embryos transferred
for patients participating in this study ranged from 2 to 4
according to legislation (article 6 of the Law 3305/2005
“Application of the methods of Medically Assisted
Reproduction” that is approved by the Greek Parliament)
[39], according to the patient’s age, and according to the num-
ber of previous failed IVF attempts. According to Greek leg-
islation, a maximum number of 3 transferred embryos is
allowed in female patients below the age of 40, while a max-
imum number of 4 is allowed for older patients. Only 9 ETs
were performed employing embryos originating strictly from
FoPOR or LuPOR. Five ETs were performed employing em-
bryos originating solely from the LuPOR stage and 4 ETs
were performed employing embryos originating solely from
FoPOR stage. In all the aforementioned ETs, single embryo
transfer was performed due to either failure of all of the
thawed embryos to survive, or the lack of embryos of

adequate quality to be considered for ET. The remaining of
the ETs were performed employing a combination of both
FoPOR and LuPOR originating embryos.

An observation of elevated serum E2 levels during the lu-
teal phase indicated new follicle recruitment. These patients
were monitored for follicular growth via transvaginal ultraso-
nography 7 days post performing FoPOR. Further monitoring
led to the detection of the dominant follicle that has reached a
diameter of 17 mm or more, and confirmed by a serum E2

level > 100 pg/ml. Following this, an intramuscular injection
of 6500 IU of hCG was administered in order to trigger ovu-
lation at the luteal phase. Thirty-six hours following adminis-
tration of the hCG injection, LuPOR was performed similarly
to FoPOR. Identical laboratory protocols were performed as
described above, resulting to another round of cryopreserved
embryos originating from the same menstrual cycle.

Follicular fluid sample preparation and cfDNA
extraction

Follicular fluid samples from the same patient were
pooled from all respective follicles, during oocyte retriev-
al procedure, similar to the study protocol employed by
Traver and colleagues [40]. Following oocyte retrieval,
the ff was placed into round-bottom falcon tubes and cen-
trifuged at 1000g for 15 min, in order to remove any
histologic remnant stemming from the oocyte retrieval
procedure. Bloodstained and cloudy ff samples were ex-
cluded. The supernatants were filtered using a 0.45-μm
filter to eliminate cell debris, and immediately stored at
− 80 °C. Preparation of the filtered ff samples and the
cfDNA extraction procedure were based on the protocol
published by Umetani and colleagues [40]. According to
this protocol, 50 μl of each ff sample was mixed with
50 μl of a solution buffer, containing 25 ml/l Tween 20,
50 mmol/l Tris, and 1 mmol/l EDTA and then digested
with 8 μl of proteinase K (PK) (Macherey-Nagel,
Germany) at 70 °C for 20 min followed by heat-
inactivation and insolubilization at 95 °C for 5 min.
Digestion was performed in Veriti 96-well Thermal
Cycler (Applied Biosystems). A final centrifugation was
conducted at 10.000g for 5 min and collected supernatants
were then stored at − 20 °C until cfDNA quantification.

Quantification of cfDNA

The concentration of cfDNAwas quantified via real-time po-
lymerase chain reaction (RT-PCR) for human ALU repeats
(Custom DNA Oligos, Eurofins, Genomics, Austria), using
two primer sets that generate a 115-bp amplicon (ALU115
primers) and a 247-bp amplicon (ALU247 primers), respec-
tively [40]. DNA integrity was assessed employing the ratio of
Q247/Q115. The value corresponding to Q247 reflects cfDNA
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concentration originating from the ALU247 primer, while the
value corresponding to Q115 represents cfDNA concentration
originating from the ALU115 primer. When the value of the
aforementioned ratio was equal to 1, it was assumed that
cfDNA originated principally from necrotic events whereas
when the value was equal to 0, it was assumed that the
cfDNA concentration could be mainly attributed to apoptotic
processes.

For each 96-well PCR plate, a 100× reaction mixture was
prepared by adding 800 μl nano-filtration H2O, 1000 μl
SYBR Green I Master Mix (Kapa Biosystems), 50 μl of
0.25 μM forward, and 50 μl of 0.25 μM reverse primers
(either ALU115 or ALU247). In each well, 1 μl of each PK-
digested ff sample was added to 9 μl of reaction mixture (final
volume: 10μl). Thereafter, a film carefully covered the loaded
PCR plate. The PCR plate was placed onto the PCR instru-
ment (Bio-Rad iCycler Thermal Cycler IQ5 Multicolor Real-
Time PCR Detection System). Real-time (RT-PCR) amplifi-
cation was performed with precycling heat activation of DNA
polymerase at 95 °C for 3 min, followed 35 cycles of dena-
turation at 95 °C for 3 s, annealing at 63 °C for 30 s, and
extension at 55–95 °C for 15 s and 20 °C for hold. A negative
control (without template) and 2 intracontrol samples were
added in each qPCR plate. All measurements were performed
in quadruplicate. Follicular fluid cfDNA concentrations were
calculated based on a standard curve prepared with successive
dilutions (10 ng to 0.01 pg) of prepared genomic DNA, ob-
tained from peripheral blood of a healthy volunteer. The de-
tection limit of the method was 0.01 pg. Following RT-PCR
for quantification of ff cfDNA, electrophoresis was performed
employing a 2% agarose gel electrophoresis, to ascertain va-
lidity of RT-PCR results.

Statistical analysis

Statistical analysis was conducted employing the R statistical
programming language through the RStudio interpreter
(Boston, MA, USA). The primary outcome measures of this
study are in comparison of the ff FoPOR and ff LuPOR
cfDNA levels, as well as the association of those levels with
the number and maturation status of oocytes resulting from
FoPOR and LuPOR of the same menstrual cycle respectively.
The secondary outcome measure reports on the comparison
between the FoPOR and LuPOR, with regard to the number of
zygotes, abnormally fertilized, and lysed oocytes, and DNA
integrity, with the latter being assessed employing the ratio of
Q247/Q115 as described above. For the calculation of sample-
size, a power analysis was performed, expecting a medium
effect size (Cohen’s d = 0.5), and setting the significance level
at p = 0.05 and the power at 0.9. The sample size was calcu-
lated at n = 44 patients. A total of 47 patients were recruited
for the study in order to compensate for possible attrition bias.

Spearman’s correlation coefficient was employed to evalu-
ate possible associations. Normality of the distribution was
examined via the Shapiro-Wilk’s test. The distribution of most
parameters was not normal and thus the Wilcoxon rank-sum
test (Mann-Whitney U test) was preferred to examine poten-
tial differences between groups. In cases of distributions of
both groups being normal, Student’s t test was preferred.

Results

A total of 47 women classified as poor responders according
to the Bologna criteria participated in the present study, as
depicted in flow diagram (Fig. 1). All patients underwent 2
natural cycle oocyte retrievals—one in the follicular phase and
one in the luteal phase—during the same menstrual cycle.

The mean age of our patients was 42.91 ± 3.77 years old.
The serum baseline hormonal levels of FSH, LH, prolactin,
progesterone, and AMH, along with respective ranges are pre-
sented in Table 1. Furthermore, the mean levels of serum E2 as
were measured prior to both FoPOR and LuPOR procedures,
along with their respective ranges, are also presented in
Table 1. Mean values regarding Antral follicle count, number
of oocytes retrieved, maturation status, and number of
pronuclei recorded, as well as lysis of the oocytes are present-
ed in Table 2, while Table 3 provides the total numbers for
these parameters respectively.

The mean levels of ALU115 present as statistically signif-
icantly lower during FoPORwhen compared to LuPOR (0.79
± 0.72 ng/μl vs 1.46 ± 1.59 ng/μl, p value = 0.02). No statisti-
cally significant difference was observed between the two
groups neither regarding the concentration of ALU247
(0.07 ± 0.14 ng/μl vs 0.22 ± 0.47 ng/μl) nor the cfDNA integ-
rity (0.15 ± 0.14 vs 0.55 ± 0.87 ng/μl). For both FoPOR and
LuPOR, the cfDNA integrity on average was measured to be
< 0.5 ng/μl, corresponding to mainly apoptotic events.

In the FoPOR group, the results revealed a statistically
significant positive correlation of serum E2 levels and
ALU115 concentration (p value = 0.04). ALU247 was not as-
sociated with any of the examined parameters, namely the
number and maturation status of oocytes, the number of zy-
gotes, as well as the number of abnormally fertilized and lysed
oocytes. The cfDNA integrity was negatively correlated with
serum E2 levels (p value = 0.03). This negative correlation
was observed in the LuPOR group as well (p value = 0.03).
No other statistically significant difference was observed be-
tween ALU115, ALU247, and cfDNA integrity for any of the
examined parameters, with regard to the number and matura-
tion status of oocytes, the number of zygotes, as well as the
number of abnormally fertilized and lysed oocytes.

A lower number of oocytes was retrieved during FoPOR
when compared to LuPOR (1.09 ± 0.28 vs 1.29 ± 0.58, p 00 =
0.02). Number of MII oocytes collected in FoPOR was also

J Assist Reprod Genet (2020) 37:1183–1194 1187



decreased when compared to LuPOR (0.77 ± 0.55 vs 1.08 ±
0.61, p value = 0.02). No statistically significant difference
was observed regarding the number of 2PN zygotes, or the
number of abnormally fertilized and lysed oocytes.

Clinical outcomes following thawing

No statistically significant difference was observed between
FoPOR and LuPOR regarding number of zygotes survived,
survival rate, number of cleavage stage embryos, cleavage
rate, number of blastocysts, and blastocyst formation rate.

A total of 22 zygotes originating from FoPOR correspond-
ing to 22 retrievals were cryopreserved. Nineteen out of 22
were successfully thawed (survival rate 86.37%), and 14
cleaved (cleavage rate 63.64%). Four cleavage stage embryos
were transferred at that stage, employing single embryo trans-
fer, and the remaining were cultured till blastocyst stage, lead-
ing to the development of 8 blastocysts (blastocyst formation
rate 44.44%).

A total of 32 zygotes originating from LuPOR correspond-
ing to 28 retrievals were cryopreserved. Twenty-eight out of
32 were successfully thawed (survival rate 87.50%), and 22
cleaved (cleavage rate 68.75%). Four cleavage stage embryos
were transferred at that stage, employing single embryo trans-
fers, and the remaining were cultured to the blastocyst stage,
leading to the development of 12blastocysts (blastocyst for-
mation rate 44.44%). All the blastocyst stage embryo transfers
performed included 2–4 embryos; hence, clinical outcome
data corresponding to blastocyst transfers is not presented
herein as no result could not reflect data related strictly to
the studied FoPOR or LuPOR cycles. The total number of
zygotes that survived following thaw, cleavage stage embryos,
and blastocysts are presented in Table 3.

Embryo cleavage in FoPOR was associated with cfDNA
integrity, as lower levels of cfDNA integrity were observed in
cycles with cleavage stage embryos, compared to cycles with
embryos that failed to cleave (0.17 ± 0.10 vs 0.28 ± 0.13, p =
0.006). No statistically significantly difference was observed
regarding the levels of ALU-115 or ALU-247. No similar
association was observed in LuPOR. No association was ob-
served regarding cleavage stage embryo quality and levels of
ALU 115 both in FoPOR and in LuPOR. Top quality cleavage
stage embryos, compared to non-top, presented with lower
ALU 247 levels (0.07 ± 0.06 vs 0.58 ± 0.88, p = 0.04) and
cfDNA integrity levels (0.09 ± 0.06 vs 0.31 ± 0.22, p = 0.01)
in LuPOR. No similar association was observed in FoPOR.

Blastocyst formation was also associated with cfDNA in-
tegrity as lower levels of cfDNA integrity were observed in
cycles with blastocysts, compared to cycles that failed to lead
to blastocyst formation, both in FoPOR (0.13 ± 0.06 vs 0.28 ±
0.12 p = 0.04) and in LuPOR (0.11 ± 0.07 vs 0.27 ± 0.20, p =
0.008). In LuPOR originating data, blastocyst formation was
also associated with ALU-247, as lower levels of cfDNA

Table 1 Descriptive characteristics on mean values of patients’ age and
hormonal levels

Mean ± SD Range

Age (years) 42.91 ± 3.77 32–48

FSH on day 3 (mIU/ml) 11.22 ± 2.81 4.56–15.6

LH on day3 (mIU/ml) 8.58 ± 4.54 2.5–22.1

Prolactin on day 3 (ng/ml) 16.67 ± 7.90 4.7–40

Progesterone on day 21*(ng/ml) 15.83 ± 5.01 11.1–30.2

E2 on trigger day prior to FoPOR (pg/ml) 197.51 ± 87.94 138–520

E2 on trigger day prior to LuPOR (pg/ml) 286.21 ± 102.29 133–490

AMH day 3 (ng/ml) 0.55 ± 0.41 0.01–1.9

*Of the previous menstrual cycle

FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2, estradi-
ol; AMH, anti-müllerian hormone; FoPOR, follicular phase oocyte re-
trieval; LuPOR, luteal phase oocyte retrieval

Patients assessed for eligibility (n=142)

Patients excluded (n=58) due to:
Not meeting inclusion criteria (n=44)
Declining to participate (n=14)

Women analyzed (n=47)

47 ff samples following FoPOR 

47 ff samples following LuPOR

Stage 1
Patients undergoing FoPOR (n=84)

Poor responders included (n=84)

Patients excluded (n=25) due to:
No oocyte retrieved (n=11)
Not detected with 2nd follicular wave 
(n=13)

Patients excluded due to no oocyte 
retrieved (n=12)

Stage 2
Patients undergoing LuPOR (n=59)

Fig. 1 Flow diagram depicting the process of recruitment of this
prospective study
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integrity were observed in cycles with blastocysts, compared
to cycles with no blastocyst formation, in LuPOR (0.12 ± 0.18
vs 0.74 ± 1.01, p = 0.03). The levels of ALU 247 were statis-
tically significantly lower in top-quality blastocysts compared
to non-top in LuPOR (0.02 ± 0.02 vs 0.23 ± 0.19, p = 0.02).
No similar association was observed in FoPOR. Statistically
significant lower levels of cfDNA integrity were observed,
both in FoPOR and in LuPOR, in blastocysts of top-quality
compared to blastocysts of non-top quality (FoPOR: 0.07 ±
0.04 vs 0.17 ± 0.05, p = 0.03; LuPOR: 0.06 ± 0.02 vs 0.14 ±
0.06, p = 0.02).

Only nine frozen cycles included embryos originating strict-
ly from either FoPOR or LuPOR. Out of the 4 single embryo
transfers employing embryos originating from FoPOR only 1
led to a clinical pregnancy and a subsequent live birth. Out of
the 5 single embryo transfers employing embryos from
LuPOR, 2 of them led to a clinical pregnancy and 1 led to a
subsequent live-birth. Mean levels of cfDNA concentration and
integrity for both FoPOR and LuPOR groups, according to the
developmental stage, are presented in Table 4.

Discussion

The time sensitive nature of poor responders related to the
commonly anticipated advanced maternal age is undoubtable.
Increased likelihood of IVF cycle cancellation, due to reasons
such as failure of oocyte retrieval, or response to stimulation
protocol, or even gametes’ fertilization failure has been

increasingly documented [42]. Providing data delineating on
the effectiveness and safe practice of LuPOR is of importance
especially in light of the fact that LuPOR may in fact address
the time issue for poor responders. This has been suggested to
be achieved by ascertaining a higher yield of oocytes of an
equally developmental capacity, in a shorter amount of time [4].

The current study included only natural ART cycles in an
effort to limit potential detrimental effects in ff microenviron-
ment, stemming from ovarian stimulation protocols [1]. It has
been reported both in animal models [43] and in human stud-
ies [44] that COS protocols increase apoptosis in granulosa
cells through the examined mechanism of caspase-8, -9, and -
3, along with poly-(ADP-ribose)-polymerase cleavage.
Furthermore, COS has been associated with preterm birth
and low birth weight [45]. Nonetheless, the recent update by
the working group of European Society of Human
Reproduction and Embryology (ESHRE) in October 2019,
on the eminent and highly anticipated review report publica-
tion on guidelines on ovarian stimulation, indicates how
“young” the field of ART still is, and that fine and perhaps
coarse tuning may be required towards establishing optimal
practice. Concerning the efficiency of the natural cycles ap-
proach on this group, favorable pregnancy results have been
documented [46]. Conclusively, this may appear to be a more
cost-effective and patient-friendly line of management com-
pared to stimulation protocols, especially in light of the prom-
ising IVF outcomes [47]. Based on the aforementioned, com-
bining the natural cycle approach employing both FoPOR and
LuPOR to serve the “freeze and collect” approach appears to

Table 2 Oocytes’ characteristics, embryological data, and molecular results for FoPOR and LuPOR

FoPOR LuPOR p value

Mean ± SD Range Mean ± SD Range

U/S follicle count 1.77 ± 0.90 1–4 1.77 ± 0.90 1–5 NS

Oocytes retrieved 1.09 ± 0.28 1–2 1.29 ± 0.58 1–4 0.02

Maturation status of oocytes retrieved MII 0.77 ± 0.55 0–2 1.08 ± 0.61 0–3 0.02

MI 0.02 ± 0.14 0–1 0.08 ± 0.28 0–1 NS

GV 0.15 ± 0.36 0–1 0.06 ± 0.24 0–1 NS

Abnormal 0.11 ± 0.31 0–1 0.04 ± 0.20 0–1 NS

Fertilization status following insemination 2PN 0.49 ± 0.58 0–2 0.68 ± 0.62 0–2 NS

1PN 0.13 ± 0.33 0–1 0.11 ± 0.37 0–2 NS

3PN 0.06 ± 0.24 0–1 0.09 ± 0.28 0–1 NS

Lysed 0.04 ± 0.20 0–1 0.13 ± 0.33 0–1 NS

Zygotes survived 0.40 ± 0.49 0–1 0.60 ± 0.61 0–2 NS

Cleavage stage embryos 0.30 ± 0.46 0–1 0.47 ± 0.58 0–2 NS

Blastocysts 0.19 ± 0.39 0–1 0.29 ± 0.55 0–2 NS

Molecular results ALU 115 (ng/μl) 0.79 ± 0.72 0.078–2.475 1.46 ± 1.59 0.11–6.5 0.02

ALU 247 (ng/μl) 0.15 ± 0.14 0.0353–0.53 0.55 ± 0.88 0.007–2.83 NS

cfDNA integrity 0.24 ± 0.12 0.04–0.951 0.23 ± 0.19 0.03–0.71 NS

FoPOR, follicular phase oocyte retrieval; LuPOR, luteal phase oocyte retrieval; U/S, ultrasound; PN, pronuleus/i; MI, metaphase I; MII, metaphase II;
GV, germinal vehicle; cfDNA, cell-free DNA; NS, not significant; SD, standard deviation
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be a valid option for this distinct cohort of patients. This may
allow for the combination of both the mild approach of natural
cycles, along with enabling a more time-efficient collection of
cryopreserved embryos in storage.

This prospective study focuses on examining the second
follicular wave phenomenon employing a combination of ob-
servations regarding the oocyte, and the subsequent embryos,
in line with molecular approaches, during natural ICSI cycles
for poor responders. A comparison of ff cfDNA levels
resulting from FoPOR and LuPOR in a single menstrual cycle
was performed, and respective associations were attempted.
These included the number and maturation status of corre-
sponding oocytes, as well as the number of subsequent nor-
mally or abnormally fertilized oocytes, the zygote survival

rate, along with the cleavage stage embryo and number of
blastocysts. In addition to the evaluation of specific morpho-
logical parameters regarding oocyte maturation and subse-
quent fertilization, molecular analysis of cfDNA in ff was
conducted measuring ALU specific repeats, in order to assess
the microenvironment of the oocyte employing a non-invasive
tool. As aforementioned, ALU115 amplifies both short
cfDNA fragments stemming from apoptosis, and long frag-
ments stemming from necrosis, whereas ALU247 amplifies
only long cfDNA fragments.

Our results indicate that the mean levels of ALU115 during
FoPOR were statistically significantly lower, compared to
LuPOR data. This may be attributed to the successive follic-
ular recruitment during luteal phase. This entails the apoptosis

Table 4 Association of cfDNA concentrations and integrity with embryological data regarding FoPOR and LuPOR

FoPOR LuPOR

Cleaved zygote Arrested zygote Cleaved zygote Arrested zygote

ALU115 (ng/μl) 0.96 ± 0.74 0.71 ± 0.71 0.98 ± 1.14 1.82 ± 1.77

ALU247 (ng/μl) 0.15 ± 0.15 0.15 ± 0.13 0.32 ± 0.65 0.72 ± 0.99

cfDNA integrity 0.17 ± 0.10* 0.28 ± 0.13 0.21 ± 0.18 0.26 ± 0.20

Blastocyst Arrested prior to blastocyst stage Blastocyst Arrested prior to blastocyst stage

ALU115 (ng/μl) 1.03 ± 0.79 0.74 ± 0.71 0.75 ± 0.56 1.79 ± 1.80

ALU247 (ng/μl) 0.12 ± 0.10 0.17 ± 0.14 0.12 ± 0.18 0.74 ± 1.01

cfDNA integrity 0.13 ± 0.06* 0.28 ± 0.12 0.11 ± 0.07* 0.27 ± 0.20

FoPOR, follicular fluid oocyte retrieval; LuPOR, luteal phase oocyte retrieval; cfDNA, cell-free DNA, *statistically significant

Table 3 Total number of
examined parameters, from
follicle to blastocyst, regarding
FoPOR and LuPOR

FoPOR LuPOR

U/S follicle count 83 83

Oocytes retrieved 51 61

Maturation status of oocytes retrieved MII (%) 35 (68.63) 51 (83.61)

MI (%) 6 (11.76) 4 (6.56)

GV (%) 7 (13.72) 3 (5.88)

Abnormal (%) 5 (9.8) 3 (5.88)

Fertilization status following insemination 2PN (%) 22 (62.86) 32 (62.74)

1PN (%) 6 (17.14) 5 (9.8)

3PN (%) 3 (8.57) 4 (7.84)

Lysed (%) 2 (5.71) 6 (11.76)

Not fertilized (%) 2 (5.71) 4 (7.84)

Zygotes survived following thaw (%) 19 (86.36) 28 (87.5)

Cleavage stage embryos (%) 14 (63.63) 22 (68.75)

Single cleavage stage ET 4 5

Blastocysts (%) 8 (44.44) 12 (42.86)

Blastocysts employed for ET 8 12

FoPOR, follicular phase oocyte retrieval; LuPOR, luteal phase oocyte retrieval;U/S, ultrasound; PN, pronuleus/i;
MI, metaphase I; MII, metaphase II; GV, germinal vehicle; ET, embryo transfer; NS, not significant. Oocyte
maturity is calculated per oocyte retrieved; normal or abnormal fertilization is calculated per MII oocyte; cleavage
rate is per 2PN zygote; blastocyst formation rate is calculated per 2PN zygote, excluding embryos transferred on
day 3
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of antral and preantral follicles during the developmental pro-
cess leading to the formation of the dominant follicle [48]. It is
widely known that atresia of antral follicles is mainly induced
by apoptosis of surrounding granulosa cells. A recent study
confirmed the appearance of receptors of cleaved caspase 3
(cCASP3)—a marker that intervenes in the pathway of apo-
ptosis’ induction—in atretic antral follicles [49]. The latter
process, in combination with the second follicular recruitment
in a single menstrual cycle, may contribute to observing
higher ff cfDNA levels during the luteal phase of the patients
examined in the present study. Particularly, these patients pres-
ent with a high level of FSH, even following FoPOR, in con-
junction with increased E2 levels, leading to the development
of a second follicular wave [10]. Moreover, the comparison
between FoPOR and LuPOR data revealed no statistically
significant difference, regarding the mean levels of ALU247
and the DNA integrity. According to our results, the value of
the respective ratio was < 0.5 ng/μl, with regard to both
FoPOR and LuPOR groups. This undoubtedly entails the
prevalence of the apoptotic origin of cfDNA in both follicular
and luteal phases of the same menstrual cycle. All the afore-
mentioned observations indicate that necrosis may not repre-
sent the dominant event entailed during either the follicular or
luteal phase. This may serve as reassuring data with regard to
the peril of sudden cell death ultimately triggered by necrosis
[50]. The latter is in accordance with available published data,
indicating that cfDNA in human ff mainly originates from
apoptotic events rather than necrotic ones [33, 40].

Interestingly, results demonstrated a statistically significant
positive correlation of serum E2 levels and ALU115 levels
originating from FoPOR, along with a statistically significant
negative correlation of serum E2 levels and ff cfDNA integrity
both in FoPOR and in LuPOR. The levels of cfDNA have
been negatively associated with follicular levels of E2 in lit-
erature [33], indicating a possible indirect association with
serum E2 levels, as follicular and serum levels of E2 are both
correlated [51]. The aforementioned data suggests the in-
volvement of E2 in the apoptosis process, as previously indi-
cated by studies performed on animal models. Particularly, a
potential mechanism that has been proposed refers to the im-
pact of tumor necrosis factor alpha (TNF-α) on ovarian
stereoidogenesis through the inhibition of E2 production.
The above factor presents with a contributing role during the
necrosis process [52], and thus it is assumed that high E2

levels go hand-in hand with apoptotic events. Similarly, when
referring to LuPOR data, only a statistically significant nega-
tive correlation of serum E2 levels with cfDNA integrity was
observed. This is in accordance with the abovementioned ex-
planations. The levels of ff serum E2 have also been correlat-
ed. Finally, our results showed no statistically significant cor-
relation of either ALU115, and ALU247 originating from
FoPOR or LuPOR with the number of abnormally fertilized
oocytes, or lysed oocytes, which confirms the equal

developmental capacity of oocytes resulting from either fol-
licular waves of the menstrual cycle. It should be mentioned
that no correlation analysis was performed between follicle
size and ALU levels, as all follicles aspirated were larger than
17 mm, as our study was performed on natural cycles.

Regarding IVF laboratory data, when assessing the oo-
cytes’ parameters recorded for FoPOR and LuPOR, it was
observed that a statistically significant lower number of oo-
cytes was retrieved, in conjunction with fewer MII oocytes
originating from FoPOR. This may render a biological para-
dox, even though observation from prospective and retrospec-
tive studies similarly recorded a higher number of oocytes
retrieved, along with MII oocytes at LuPOR [5, 15, 19, 21].
Nonetheless, it should be noted that the above studies reported
on the practice of a double ovarian stimulation during the
follicular and luteal phase prior to performing FoPOR and
LuPOR respectively. Interestingly, our results report no statis-
tically significant differences regarding the number of 2PN
zygotes, and abnormally fertilized or lysed oocytes post-in-
semination, cleavage stage embryos or blastocysts between
FoPOR and LuPOR groups. This leads to the conclusion that
both FoPOR and LuPOR appear equally efficient with regard
to these outcome measures.

The levels of ff cfDNA integrity were associated with both
cleavage and blastocyst formation rate in FoPOR cycles, as well
as blastocyst formation rates in LuPOR cycles. In LuPOR cy-
cles, a statistically significant correlation between ALU247 and
lower blastocyst formation rate was observed. It is possible that
the decreased blastocyst formation rate is attributed mainly to
necrotic events. In LuPOR cycles, higher ALU 247 levels were
associated with poorer quality embryos both referring to both
cleavage and blastocyst stage. The integrity of cfDNA was
associatedwith cleavage stage embryo quality in LuPOR cycles
and with blastocyst quality both in FoPOR and in LuPOR cy-
cles. The lack of statistically significant association between the
ALU 115 levels, representing the total cfDNA concentration
and cleavage rate and quality, contradicts current literature
[33, 53]. This may be attributed to the smaller sample size of
the present study, or the different study designs, as in the present
study strictly natural cycles were employed. Employing natural
cycles has possibly resulted to lower cfDNA levels, and thus a
statistically significant difference may not be observed.
However, in the present study, cfDNA integrity was observed
to be associated with both embryo quality and cleavage and
blastocyst formation rate. During LuPOR, this difference was
observed to be depended on the necrotic events, represented by
levels of ALU 247. The correlation between ff cfDNA integrity
and cleavage or blastocyst formation rate has not been hitherto
reported in literature. Further studies are required to ascertain
that the validity of this association is not related to a type I
statistical error, especially in the FoPOR group in our study.
Necrosis and apoptosis—reflected by ALU in ff—are a result
of granulosa cell death. However, the apoptotic granulosa cells
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continue to produce steroid hormones until the membrane is
disrupted [54]. Steroid hormones have been positively associ-
ated with fertilization outcomes [55]. On the other hand, during
necrosis, steroid hormone synthesis is disrupted. It may be pos-
sible that the difference in cf. DNA integrity between the de-
velopmentally arrested embryos and those reaching the blasto-
cyst stage is attributed to increased necrosis and subsequent
decreased steroid hormones levels in ff.

The present study includes both young poor responders,
along with those aged over 40 years. This ascertains that the
study is not weakened by being exposed to a risk of selection
bias with respect to cfDNA integrity. Limitations of our study
refer to the limited size of the studied population, as well as
lack of data referring to the all-inclusive patients’ history,
namely body max index, exercise activity or smoking, which
may be identified as possible sources affecting cfDNA levels
[50]. Another limitation of the present study is that embryo
transfers did not include embryos originating solely from
FoPOR or LuPOR cycles. Single embryo transfers would be
the ideal design for the study. However, due to the fact that this
design may challenge optimal clinical practice, the authors
decided to proceed, abiding by the Greek legislation and pa-
tients’ desire, with at least double embryo transfers for the
group of poor responders. It should be noted that in a small
population, as the one employed in the current study, non-
statistically significant differences may be of importance re-
garding interpretation of the results. Thus, the small sample
size is a limitation and may be a source of type 2 statistical
error. Although, no statistical trends were observed during the
analysis, it is impressive that, nearly all of the parameters
examined in the FoPOR group namely MII, 2PN, ALU115,
and ALU247 are lower compared to LuPOR. The power anal-
ysis regarding the sample size of the present study was per-
formed considering the levels of cfDNA, and expecting a
medium effect size, as observed in studies with stimulation
cycles. Furthermore, the issue of the half-life of cfDNA in
the biological fluid of ff remains under investigation by liter-
ature. Indeed, performing FoPOR and LuPOR in the same
menstrual cycle entails a double oocyte retrieval, a procedure
that may lead to minor vaginal or even intraperitoneal bleed-
ing. Nonetheless, the aforementioned are reported to be rarely
observed during clinical practice by previous studies, [55].
The possibility of complications related to LuPOR should be
thoroughly investigated, albeit they were not observed in this
study.

In light of the prevalence of apoptotic events rather than
necrotic ones, LuPOR appears to be a valid option. Our results
shed light to the specific questions posed and examined here-
in. “How does LuPOR compared with FoPOR in regard to
necrotic and apoptotic events?. LuPOR, being closer to
menstruation—a mainly apoptotic process—presents with
higher ALU 115. However, moving from the molecular to
the clinical perspective, FoPOR failed to identify as superior

to LuPOR, since LuPOR cycles presented with a higher num-
ber of oocytes retrieved and MII oocytes, while no difference
was observed regarding the resulting number of cleavage
stage embryos or blastocysts. These results render LuPOR as
a promising approach for the management of poor responders.

Nonetheless, little is still known regarding optimal prac-
tice, while practitioners are faced with the lack of a widely
accepted consensus. This adds another level of complexity
regarding definition, diagnosis, and management of this
distinct, time-sensitive group of poor ovarian reserve pa-
tients [56]. One of the focal points of this work concen-
trated on reporting back to the IVF practitioner regarding
clinical practice and decision-making when considering
the employment of LuPOR. Our study contributes data that
may be interpreted by clinicals as pro LuPOR. In our view
and according to hitherto collected and published data, the
implementation of the combinatorial “FoPOR-LuPOR” ap-
proach during the same natural IVF cycle, may be a valid
option for clinicians, providing a solution for time-efficient
management of this category of patients. Conducting ad-
ditional, well designed, randomized controlled trials to
strengthen this evidence is essential. Employing a wider
pallet of biomarkers, namely cytokines, in an attempt to
investigate this more in depth, and concur on an efficient
treatment for poor responders may be the way forward.
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