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Obstetrics and Gynecology, The Second Hospital of Shanxi Medical University, Taiyuan City, China

Objective: To explore the clinical outcomes of unstimulated in vitromaturation (IVM) after
oocyte retrieval with gynecological surgery (IVM-surgery) for refractory polycystic ovary
syndrome (PCOS) and analyze the influencing factors.

Methods: Patients with refractory PCOS who underwent unstimulated IVM-surgery from
June 2014 to September 2018 were included in this retrospective cohort study. Matured
IVM oocytes were freshly fertilized and subsequently frozen at the blastocyst stage. Frozen-
thawed embryo transfer was then conducted according to the desire of patients. Oocytes
and embryological outcomes, reproductive outcomes were evaluated. Influencing factors
of oocytes and embryological outcomes were analyzed by univariate analysis and
multivariate analysis. Receiver operating characteristic curves were used to evaluate the
predict value of serum hormone levels for oocytes and embryological outcomes.

Results: A total of 93 patients with refractory PCOS who underwent unstimulated IVM-
surgery were included in this study.13 patients (13/85, 15.3%) had spontaneous
pregnancy and live birth after surgery. 34 patients (34/93, 36.6%) obtained blastocysts
and received embryo transfer, of which 13 patients (13/34, 38.2%) eventually achieved live
birth by IVM. Higher anti-Mullerian hormone, antral follicle count and basal serum
luteinizing hormone (LH) levels were strongly correlated with higher number of oocytes
retrieved (P = 0.004, 0.004, 0.040, respectively). Higher basal serum follicle-stimulating
n.org March 2022 | Volume 13 | Article 84203715
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hormone (FSH) and LH were significantly associated with higher oocyte maturation rate
(P = 0.001 and P = 0.004, respectively) and blastocyst formation (P = 0.036 and P =
0.003, respectively). There was a significant linear correlation between basal serum FSH
and LH (r = 0.500, P <0.001). What is more, basal serum FSH and LH had predictive value
for oocytes and embryological outcomes.

Conclusion: Unstimulated IVM-surgery provided the opportunity for both spontaneous
pregnancy and assisted reproductive technology. Basal FSH and LH were significantly
associated with oocytematuration rate and blastocyst formation of unstimulated IVM-surgery.
Keywords: in vitro maturation, IVM-surgery, polycystic ovary syndrome, FSH, LH
INTRODUCTION

Polycystic ovary syndrome (PCOS) is a highly prevalent disorder
effecting reproductive-aged women worldwide, which is
characterized by clinical or biochemical hyperandrogenism,
ovulatory dysfunction and polycystic ovarian morphology (1).
The first line treatment for PCOS is clomiphene citrate, which
has an ovulation rate of 80%, but 20% of patients are still
resistant to clomiphene citrate. Patients who are refractory to
at least 3 clomiphene citrate treatment cycles can be diagnosed as
refractory PCOS (2). Transvaginal retrieval of immature oocytes
has been used for refractory PCOS patients and showed some
therapeutic effects (3).

In vitro maturation (IVM) has been used as a technique that
has led to the birth of thousands of healthy babies worldwide (4).
IVM involves the retrieval of immature oocytes followed by in
vitro culture to obtain mature oocytes, which has mainly been
applied for women with PCOS to avoid the risk of ovarian
hyperstimulation syndrome (5) and fertility preservation strategy
for women with cancer (6). Compared to conventional in vitro
fertilization (IVF) treatment, IVM has fewer complications due
to the lower hormonal side effects, which is less costly and
simpler to perform.

Currently, retrieval of immature oocytes and subsequent IVM
in combination with gynecological surgery (IVM-surgery) for
benign gynecological diseases is poorly studied. Oocyte retrieval
for IVM does not require synchronization with the menstrual
cycle or lengthy pretreatment (7), which provides a possibility to
perform IVM simultaneously with gynecological surgery. For
instance, some patients may undergo a hysteroscopic
examination or laparoscopic surgery, transvaginal retrieval of
immature oocytes during endoscopic gynecological procedures
could be considered. On one hand, IVM-surgery for patients
who will undergo subsequent IVF could avoid the additional
procedures of ovarian stimulation and oocyte retrieval, which
will reduce surgery associated complications, cost and extra time
requirements. On the other hand, for patients who wish to have
spontaneous pregnancy, IVM-surgery could restore normal
pelvic anatomy, create conditions for spontaneous pregnancy
and furthermore allow for fertility preservation (8).

Our center of reproductive medicine previously had
conducted the first prospective cohort study to evaluate the
effectiveness and safety of unstimulated IVM associated with
n.org 26
laparoscopy/hysteroscopy procedures. The previous study
included a total of 158 women with refractory PCOS who
underwent IVM-surgery. Matured IVM oocytes obtained from
these women were either freshly fertilized and subsequently
frozen at the blastocyst stage (fresh oocyte group, n = 46) or
the oocytes were frozen (frozen oocyte group, n = 112) for
fertility preservation followed by later thawing for insemination
and cleavage embryo transfer (ET) (n = 33). In the fresh oocyte
group, the clinical pregnancy rate and live birth rate per ET cycle
were 69.2% and 53.8%, respectively. In the frozen oocyte group,
the clinical pregnancy rate and live birth rate per ET cycle were
28.6% and 19.1%, respectively. The previous study concluded
that IVM-surgery on unstimulated ovaries is a novel option that
can be considered for fertility preservation for women requiring
gynecological surgery. However, the sample size of previous
studies was small. Due to the poor fertility outcome of frozen
oocyte group, we did not continue the corresponding study, but
focused on the IVM population. The previous study only
included 46 patients of which matured IVM oocytes were
freshly fertilized and subsequently frozen at the blastocyst
stage. We subsequently expanded the sample size to recruit
more patients with refractory PCOS who were willing to
undergo unstimulated IVM-surgery. Therefore, this study
retrospectively analyzed the clinical outcomes of these patients
and analyzed the influencing factors.
MATERIALS AND METHODS

Study Design and Patients
This was a retrospective cohort study of patients with refractory
PCOS who underwent laparoscopic and/or hysteroscopic
surgery for benign indications at the Reproductive Centre of
the Peking University Third Hospital from June 2014 to
September 2018. This study was conducted based on a finished
prospective cohort study (Clinical Trials ID: chictr-ONC-
17011861). The study was approved by the Ethics Committee
of Peking University (2014S2004).

The inclusion criteria were as follows: (1) infertile women
with refractory PCOS who has undergone laparoscopy/
hysteroscopy and conducted IVM during the surgery. PCOS
was diagnosed according to the Rotterdam ESHRE/ASRM
consensus criteria (2004); (2) age ≤ 38 years old; (3) basal
March 2022 | Volume 13 | Article 842037
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serum follicle-stimulating hormone (FSH) < 10 IU/L. Exclusion
criteria were: (1) with previous ovarian surgery, pelvic mass of
unclear origin, bilateral ovarian cyst or clinical suspicion of
endometrial hyperplasia; (2) with other endocrine severe
diseases, immune diseases, and tumors. After retrieval of
immature oocytes, in vitro culture was conducted to obtain
mature oocytes and then matured IVM oocytes were freshly
fertilized and subsequently frozen at the blastocyst stage. The
recruited patients were followed up until March 2020.

Transvaginal Oocyte Retrieval and
Gynecological Surgery
No stimulation with gonadotropin and no human Chorionic
Gonadotropin (hCG) trigger treatment before immature follicle
aspiration was conducted. Immature follicle aspiration was
carried out by an experienced operator before gynecological
surgery. All visible follicles (2-10mm) were aspirated with 19-
gauge single-lumen aspiration needles (K-OPS-7035-REH-ET;
Cook, Queensland, Australia) under a suction pressure of 80
mmHg. Laparoscopic ovarian drilling was the most common
surgical procedure performed during this study. Each patient
received only once laparoscopic ovarian drilling. For patients
with anti-mullerian hormone (AMH) < 5 ng/ml, laparoscopic
ovarian drilling is not considered. As this study was conducted
based on a finished prospective cohort study, detailed
information can be found in XL Song’s study (8).

IVM Culture Protocol, Oocyte Fertilization,
Embryo Culture and Blastocyst
Vitrification
The cumulus–oocyte complexes (COCs) were examined under a
stereomicroscope (Nikon, SMZ1000, Japan), which were then
transferred into IVM oocyte medium (Sage IVM media kit;
Origio, Denmark) supplemented with 0.075 IU/ml of FSH and
0.075 IU/ml of luteinizing hormone (LH) (Menopur; Ferring
Reproductive Health, Kiel, Germany) for maturation. Maturity
of COCs was then evaluated after IVM culture for 28–32 h.
Immature oocytes were further cultured for an additional 10–14 h.
Only oocytes with extrusion of the first polar body were
considered to be mature (metaphase II (MII) stage oocytes).
Mature oocytes were inseminated by intra-cytoplasmic sperm
injection, which is done routinely for IVM in our lab, but not
because of male factors. All embryos were cultured in GM
medium (G-M, Life Global, CT, USA) supplemented with 10%
synthetic serum substitute (SSS; Irvine Scientific, Santa Ansa, CA,
USA). Quality of embryos was evaluated according to the Istanbul
Consensus Workshop on Embryo Assessment criteria (9). Day-3
embryos were further cultured to develop into the blastocyst for
cryopreservation. Blastocysts were evaluated according to the
Gardner morphological grading system.

Frozen-Thawed Embryo Transfer
Blastocyst vitrification and thawing procedure were reported
previously (10). Oral oestradiol valerate (Progynova, 6 mg, daily;
Schering, Berlin, Germany) was initiated on the second day of the
menstrual cycle. Progesterone withdrawal bleeding was
Frontiers in Endocrinology | www.frontiersin.org 37
administrated for anovulatory women to identify the menstrual
cycle phase. Progesterone intravaginal gel (Crinone 8% 90 mg,
daily; Merck Serono, USA) combined with oral dydrogesterone
was administered for 7 days when the endometrial thickness
reached 8mm. After 7 days of progesterone treatment, one
blastocyst was transferred into the uterine. Detailed information
can be found in XL Song’s study (8).

Clinical Data and Definitions
The basic characteristics of the participants, such as age,
body mass index (BMI), infertility type, infertility duration,
insulin resistance, AMH, basal serum FSH, luteinizing
hormone (LH), testosterone levels on the 3rd menstruation
day, antral follicle count (AFC) and free androgen index (FAI)
(total testosterone×100/sex hormone binding globulin) were
evaluated. Insulin resistance was defined as index of homeostasis
model assessment of insulin resistance (HOMA-IR)> 2.5. HOMA-
IR = fasting blood glucose (mmol/L) × fasting insulin level
(mIU/L)/22.5. Oocytes, embryological outcomes and reproductive
outcomes of IVM-surgery were also evaluated. Oocyte maturation
rate was defined as the number of MII oocytes divided by all the
cultured oocytes. Live birth was defined as the birth of at least one
living child, irrespective of the duration of gestation. Patients were
considered lost to follow-up when we cannot reach them in
any way.

Statistical Analysis
Characteristics were presented asmean ± standard deviation (SD)
ormedian (interquartile range, IQR) for continuous variables, and
percentages for categorical variables. Comparisons between ratios
were performed using the Chi-square test or Fisher exact test.
Continuous variables were analyzed by t-test or nonparametric
tests. Logistic regressionmodels were used to estimate the effect of
serum hormone levels on oocytes and embryological outcomes.
Associations between two parameters were evaluated by
Spearman’s test and scatter plots were drawn. Receiver
operating characteristic curves (ROC) were made to determine
the relationship between serum hormone levels and oocytes and
embryological outcomes. Cut-off values of number of oocytes
retrieved and oocyte maturation rate for predicting blastocysts
formation was determined by ROC curve and its clinical practical
value. Statistical significance was set at a probability (P) value <
0.05. Analysis was performed using statistical package for social
science (SPSS) software, version 25.0 (IBM, Armonk, New
York, USA).
RESULTS

Characteristics and Oocytes Outcomes of
Refractory PCOS Patients Who Underwent
IVM-Surgery
A total of 93 patients with refractory PCOS who underwent
unstimulated IVM-surgery were included in this study. Baseline
characteristics, surgical indications as well as oocytes and
embryological outcomes are presented in Table 1.
March 2022 | Volume 13 | Article 842037
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Reproductive Outcomes of Patients With
IVM-Surgery
Of the 93 patients with refractory PCOS who underwent
unstimulated IVM-surgery, 8 patients (8/93, 8.6%) were lost to
follow-up. Reproductive outcomes of 85 patients were shown in
Figure 1. After IVM-surgery, 47 patients met the criteria for
natural conception after surgery and attempted to be pregnant
without assisted reproductive technology, of which 13 patients
(13/85, 15.3%) had a live birth. On the other hand, among the 93
patients, 42 patients (42/93, 45.2%) obtained blastocysts, 34
patients received embryo transfer, and 13 patients (13/34,
38.2%) eventually achieved live birth, as shown in Figure 1.
Due to the limited sample size, we did not explore the influencing
factors of natural conception and live birth through IVM.

Factors Influencing the Number of
Oocytes Retrieved During IVM-Surgery for
Refractory PCOS Patients
We divided the patients into two groups according to the
number of oocytes retrieved, with a threshold of 15. There
were statistically significant differences in serum AMH, AFC
Frontiers in Endocrinology | www.frontiersin.org 48
and basal serum LH levels between the two groups, as shown in
Table 2. Multivariate analysis results further confirmed the
correlation between serum hormone level, AFC and number of
oocytes retrieved (Table 3). AMH, AFC and LH levels were
higher in patients with number of oocytes retrieved > 15 oocytes
when compared to patients with fewer oocytes (P = 0.004, 0.004,
0.040, respectively). However, there were no statistically
significant differences in other indicators between the
two groups.

Factors Influencing Oocyte Maturation
Rate During IVM-Surgery for Refractory
PCOS Patients
We divided the patients into two groups according to oocyte
maturation rate, with a threshold of 50%. There were statistically
significant differences in basal serum FSH and basal serum LH
levels between the two groups, as shown in Table 4. Multivariate
analysis results further confirmed the above results (Table 3).
FSH and LH levels were higher in patients with oocyte
maturation rate > 50% (P = 0.001 and P = 0.004, respectively).
Besides, Spearman’s test demonstrated that there was a
significant linear correlation between basal serum FSH and LH
(r = 0.500, P < 0.001) (Figure 2). Furthermore, the predictive
value of basal serum FSH and LH on oocyte maturation rate was
analyzed by ROC curve. The areas under the ROC curve (AUC)
of FSH and LH were 0.688 and 0.610 (P = 0.004 and P = 0.089,
respectively), respectively. Therefore, serum basal FSH showed
predictive value for oocyte maturation rate (Figure 3A).

Factors Influencing Blastocysts Formation
During IVM-Surgery for Refractory
PCOS Patients
As for blastocysts formation, there were also statistically
significant differences in basal serum FSH and basal serum LH
levels between the two groups, as shown in Table 5. Multivariate
analysis results also confirmed the above results (Table 3). FSH
and LH levels were higher in patients with blastocysts formation
(P = 0.036 and P = 0.003, respectively). Besides, AUC of FSH and
LH for predicting blastocysts formation were 0.646 and 0.654,
respectively, with P = 0.020 and P = 0.014, respectively.
Therefore, both serum basal FSH and LH showed predictive
value for blastocysts formation (Figure 3B).
DISCUSSION

In the present study, patients with refractory PCOS undergoing
unstimulated IVM-surgery were included. IVM-surgery offered
the opportunity for both spontaneous pregnancy and assisted
reproductive technology. Total of 26 patients (26/85, 30.6%)
finally achieved live birth after IVM-surgery by spontaneous
pregnancy or by IVM. For refractory PCOS patients undergoing
IVM-surgery, higher AMH, AFC and LH levels were strongly
correlated with higher number of oocytes retrieved. Higher basal
FSH and LH were significantly associated with higher oocyte
maturation rate and blastocyst formation, what is more,
TABLE 1 | Characteristics of the study participants who underwent IVM-surgery.

Baseline characteristics, n = 93

Age (years), mean ± SD 28.6 ± 3.1
BMI (kg/m2), mean ± SD 24.8 ± 3.2
Primary infertility, % 73.1%
Infertility duration > 60 months, % 26.9%
HOMA-IR, %
HOMA-IR > 2.5, % 51.6%
HOMA-IR ≤ 2.5, % 48.4%
FSH (mIU/ml), mean ± SD 5.6 ± 1.6
LH (mIU/ml), mean ± SD 9.2 ± 5.3
AMH (ng/ml), mean ± SD 12.7 ± 5.6
Testosterone (nmol/L), median (IQR) 1.7 (1.0, 2.3)
FAI, median (IQR) 7.1 (4.1, 13.0)
Antral follicle count, mean ± SD 19.7 ± 8.7
PCOS type, %
with hyperandrogenism, % 61.3%
without hyperandrogenism, % 38.7%
Clomiphene citrate treatment cycles, mean ± SD 3.3 ± 0.6

Indications for surgery, n = 93

LOD for clomiphene citrate resistance, n (%) 54 (58.1%)
Tubal pathology, n (%) 29 (31.2%)
Ovarian cyst, n (%)
(Teratoma n = 2, endometrioma n = 2)

4 (4.3%)

Uterine pathology, n (%)
(Leiomyoma n = 1, uterine septum n = 2, intrauterine adhesions
n = 1, endometrial polyps n = 2)

6 (6.5%)

Oocytes and embryological outcomes of IVM-surgery cycles, n = 93

Oocytes retrieved, median (IQR) 12 (8, 19)
Matured oocyte rate, median (IQR) 41.5% (27.3%,

56.0%)
Blastocyst formation, % 45.2%
IVM, in vitro maturation; BMI, body mass index.
HOMA-IR, index of homeostasis model assessment of insulin resistance.
FAI, free androgen index; LOD, laparoscopic ovarian drilling.
IQR, interquartile range; SD, standard deviation.
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basal FSH and LH had predictive value for oocytes and
embryological outcomes.

Our study did demonstrate the effectiveness of IVM for
refractory PCOS patients, with 45.2% (42/93) of patients
obtaining blastocysts, 81.0% (34/42) of which underwent
Frontiers in Endocrinology | www.frontiersin.org 59
embryo transfer and 38.2% (13/34) finally had live births
through IVM. IVM is not appropriate for normally ovulating
patients with dominant follicles, because dominant follicles can
inhibit the growth of other follicles and promote atresia, leading
to adverse outcomes for IVM (8). All patients included in this
TABLE 2 | Factors influencing the number of oocytes retrieved during IVM-surgery.

Number of Oocytes retrieved P value*

≤15 n = 61 >15 n = 32

Age (years), mean ± SD 28.6 ± 3.0 28.6 ± 3.3 0.978
BMI (kg/m2), mean ± SD 24.5 ± 3.4 25.5 ± 2.6 0.160
Primary infertility, % 70.5% 78.1% 0.430
Infertility duration > 60 months, % 23.0% 34.4% 0.238
Insulin resistance, % 46.2% 60.9% 0.263
FSH (mIU/ml), mean ± SD 5.5 ± 1.5 5.8 ± 1.8 0.320
LH (mIU/ml), median (IQR) 8.7 (3.5,12.7) 9.3 (6.2, 12.9) 0.035
AMH (ng/ml), median (IQR) 10.6 (7.0,17.0) 15.9 (11.2,18.2) 0.001
Testosterone (nmol/L), median (IQR) 1.8 (0.8,2.4) 1.9 (1.4,2.3) 0.415
FAI, median (IQR) 6.5 (4.0,12.7) 7.1 (4.2,17.0) 0.538
Antral follicle count, mean ± SD 17.5 ± 7.8 23.7 ± 9.1 0.001
March 2022 | Volume 13 | Articl
*P value of univariate analysis. IVM, in vitro maturation; BMI, body mass index; SD, standard deviation; FAI, free androgen index; IQR, interquartile range.
FIGURE 1 | Reproductive outcomes of patients with IVM-surgery. ET, embryo transfer; IVM, in vitro maturation; IVF, in vitro fertilization.
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study had refractory PCOS, and these patients basically had no
dominant follicle growth, which met IVM requirements. Song
XL’s study also confirmed that for IVM-surgery, 41.3% (19/46) of
patients obtaining blastocysts, 68.4% (13/19) of which underwent
embryo transfer and 53.8% (7/13) finally had live births through
IVM. Thus, IVM-surgery for refractory PCOS is feasible.

IVM-surgery not only provided patients with the opportunity
to have a pregnancy through assisted reproductive technology,
but also provided them with the opportunity to have
spontaneous pregnancy. Patients included in this study were
infertile patients with refractory PCOS, thus these patients would
continue to be infertile and unable to obtain a spontaneous
pregnancy without the intervention of IVM-surgery. With
treatment of IVM-surgery, 13 patients (13/85, 15.3%) had
spontaneous pregnancy and live birth after surgery, which
proved that IVM-surgery provided conditions for spontaneous
pregnancy. Effect of IVM-surgery on spontaneous pregnancy
could be explained as follows. On one hand, the procedure itself
could remove the pathological factors affecting infertility. On the
other hand, the procedure of laparoscopic ovarian drilling and
aspiration of transvaginal oocyte retrieval reduced the number of
theca cells, which decreased the production of androgen (11).
What was more, transvaginal oocyte retrieval reduced ovarian
punctures and did not require electrocautery, which led to less
trauma to the ovarian tissue and protected the ovarian reserve.
All these created conditions for spontaneous pregnancy.
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As for the IVM technology, the technique is not widely used
because there are still many unresolved issues, such as the oocyte
retrieval protocol, the composition of the culture medium, and
the culture time, which are still uncertain. In the present study,
we also explored the factors influencing the oocytes and
embryological outcomes.

Basal AMH, AFC and LH showed strong correlation with the
number of oocytes retrieved. AMH is specifically expressed in
granulosa cells of small growing follicles, which is important
indicators reflecting ovarian reserve (12). It has been proposed as
a surrogate for antral follicle count in the diagnosis of PCOS.
Previous studies have noted that there was a linear relationship
between AMH and oocyte yield after ovarian stimulation (13,
14). Therefore, AMH is of value in predicting oocyte yield for
IVM. AFC is also an important indicator of ovarian reserve,
which is the number of antral follicles detected by transvaginal
ultrasound before oocyte retrieval. Therefore, theoretically, the
AFC is a direct parameter of the number of oocytes obtained.
The present study showed that AFC was strongly correlated with
the number of oocytes retrieved, which was also consistent with
the results of previous studies (15, 16). LH showed positive
correlations with AMH in the PCOS patients (17), which may be
the reason why LH was found to correlate with the number of
oocytes obtained in our study.

Basal FSH was closely related to oocyte maturation rate and
blastocyst formation in present study. FSH stimulates the growth
TABLE 4 | Factors influencing oocyte maturation rate during IVM-surgery.

Matured oocyte rate P value*

≤50% n = 53 >50% n = 37

Age (years), mean ± SD 29.1 ± 3.1 28.1 ± 3.1 0.138
BMI (kg/m2), mean ± SD 24.8 ± 3.2 25.0 ± 3.2 0.673
Primary infertility, % 67.9% 78.4% 0.276
Infertility duration > 60 months, % 28.3% 24.3% 0.675
Insulin resistance, % 50.0% 57.7% 0.554
FSH (mIU/ml), mean ± SD 5.2 ± 1.5 6.1 ± 1.6 0.008
LH (mIU/ml), median (IQR) 7.6 (3.5,11.9) 10.4 (5.8,16.4) 0.036
AMH (ng/ml), median (IQR) 12.8 (7.4,16.8) 11.4 (8.5,19.3) 0.971
Testosterone (nmol/L), median (IQR) 1.8 (1.2,2.3) 1.9 (0.9,2.4) 0.621
FAI, median (IQR) 6.3 (3.8,12.0) 8.8 (4.2,15.1) 0.347
Antral follicle count, mean ± SD 20.3 ± 9.6 18.2 ± 7.3 0.269
March 2022 | Volume 13 | Articl
*P value of univariate analysis; IVM, in vitro maturation; BMI, body mass index; SD, standard deviation; FAI, free androgen index; IQR, interquartile range.
TABLE 3 | Multivariate analysis of factors influencing oocytes and embryological outcomes.

OR 95%CI P value*

Oocytes retrieved
Basal LH 2.684 1.047, 6.878 0.040
Basal AMH 5.623 1.763, 17.936 0.004
Antral follicle count 1.087 1.027, 1.151 0.004
Matured oocyte rate
Basal FSH 8.070 2.421, 26.893 0.001
Basal LH 4.044 1.562, 10.469 0.004
Available blastocysts formation
Basal FSH 2.765 1.068, 7.160 0.036
Basal LH 3.945 1.583, 9.833 0.003
*Adjusted by age and BMI.
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and maturation of immature oocytes into mature (Graafian)
secondary follicles before ovulation (18). For PCOS patients, low
levels of FSH makes it difficult to reach the “threshold” required
for follicle maturation, which is an important cause of follicle
arrest (19). Therefore, FSH pretreatment before IVM or addition
of FSH to the culture system of IVM, theoretically, could
promote follicular growth and maturation and thus improve
the oocytes and embryological outcomes. In our study, median of
matured oocyte rate in IVM was 41.5%, which was lower than
the previous study in which Walls et al. reported that matured
oocyte rate was as high as 73.0% (5). The reason for the low rate
of matured oocyte rate in our study was that we did not use any
gonadotrophins stimulation before transvaginal oocyte retrieval
procedure, however Walls et al. administered gonadotrophins for
3–6 days before IVM (FSH priming). Anderiesz et al.
demonstrated that the addition of recombinant FSH alone into
the culture system increased the maturation of human oocytes
compared to the maturation of oocytes with no hormones (20).
Further, Jesús Cadenas noted that FSH improved oocyte nuclear
maturation at concentrations above 70 IU/L suggesting a
threshold for FSH during IVM of in vitro collected human
oocytes from small antral follicles (21). Our study also found
similar conclusions: compared with those with lower basal serum
FSH, those with higher basal FSH had higher oocyte maturation
rate and higher probability of blastocyst acquisition. Meanwhile,
FSH showed certain predictive value for oocytes and
embryological outcomes. These studies suggested that FSH
pretreatment before transvaginal retrieval of immature oocytes
or culture medium supplemented with FSH could improve IVM
oocytes and embryological outcomes. Therefore, in subsequent
clinical practice, we could give appropriate FSH stimulation
before IVM-surgery.

Basal LH also showed close relationship with oocyte
maturation rate and blastocyst formation. Patients with PCOS
often have increased pulsatile release of pituitary gonadotropins,
Frontiers in Endocrinology | www.frontiersin.org 711
as evidenced by abnormally elevated LH (22). LH has a role in
promoting ovulation and oocyte maturation in humans. Child TJ
reported a maturation rate of 80.3% for IVM outcomes with
natural cycle in patients with PCOS (23), which was much higher
than the data in our study (41.5%), which may be due to the fact
that Child TJ’s study used a modified natural cycle protocol for
IVM using hCG to induce ovulation 3-5 days prior to ovulation
retrieval, whereas all patients in our study did not have hCG
trigger therapy prior to ovulation retrieval. However, recent
evidence suggested that IVM culture systems plus LH were not
associated with oocyte maturation. C. Accardo et al.
demonstrated that LH alone had no effect on the developmental
of potential of bovine oocytes (24), which neither improved
FIGURE 2 | Correlation between basal serum FSH and LH. There was a
significant linear correlation between FSH and LH (r = 0.500, P < 0.001).
A

B

FIGURE 3 | Receiver operating characteristic curve of basal serum FSH and
LH in prediction of oocytes and embryological outcomes. (A) Basal serum
FSH has predictive value for oocyte maturation rate. (B) Both basal serum
FSH and basal serum LH has predictive value for available blastocysts.
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matured oocyte rate nor blastocyst formation, however
recombinant FSH alone or in combination with recombinant
LHmay have stimulatory effects on the progression of the meiotic
cycle (24). It can be explained by the phenomenon that cumulus
and granulosa cells of medium-sized (2–6 mm) follicles express
FSH receptors but could hardly express LH receptors (25).
Rubens Fadini et al. noted that hCG could promote in vivo
meiotic resumption and progression to theMII stage in oocytes of
follicles of a diameter of 10–12 mm (26). Therefore, LH could
hardly affect the growth and development of small follicles. In this
study, the follicles obtained from patients with refractory PCOS
were all small follicles, so theoretically, basal serum LH did not
affect the development of follicles. However, our study found that
LH was significantly correlated with oocyte maturation rate and
blastocysts formation, which may be related to several reasons.
On one hand, this study showed the significant linear correlation
between LH and FSH in included patients, therefore due to the
linear correlation between FSH and LH, the effect of FSH on
oocyte maturation and blastocysts formation could lead to the
significant correlation between LH and oocyte maturation and
blastocysts formation. In other words, although theoretically basal
serum LH did not affect the development of small follicles as we
have discussed above, the direct impact of FSH on follicles and
linear correlation between LH and FSH led to the phenomenon
that LH was significantly correlated with oocyte maturation rate
and blastocysts formation. One the other hand, another possible
reason was that the level of LH represented the severity of PCOS,
which itself affected follicular growth and development through
other pathways, and therefore showed a significant correlation
between LH and oocyte maturation rate and blastocysts
formation. And whether LH could affect follicular growth and
development through other unexplored ways needs to be
confirmed by further studies.

Both FSH and LH play important roles in follicular growth,
development and maturation. Previous studies have also
demonstrated that FSH combined with LH can improve follicle
and embryo outcomes for IVM. C Accardo compared the effects
of four different IVM culture medium on sheep oocytes (IVM
culture medium with recombinant FSH (r-FSH) alone,
recombinant LH (r-LH) alone, r-FSH and r-LH simultaneously
and without gonadotropin), which discovered the highest
Frontiers in Endocrinology | www.frontiersin.org 812
maturation rate was reached in the r-FSH/r-LH group (91.9%)
(24). Anderiesz et al. demonstrated that although r-FSH
combination with r-LH did not significantly increase matured
oocyte rate, it could improve human embryonic developmental
competence (20). Fadini R assessed and compared the clinical
efficiency of four different priming approaches for normo-
ovulatory women: no priming, hCG (10,000 IU), FSH (150 IU/
d for 3 days from day 3), and FSH/hCG (26). They found that
FSH/hCG priming generated the highest amount of MII oocytes
and clinical pregnancy rates were much higher in the FSH/hCG
treated women compared with all the other treatments. We
speculated that FSH combined with LH can affect follicles of
different stages and sizes. FSH promotes follicle growth and LH
promotes maturation of grown follicles, thus jointly improves
oocytes and embryological outcomes. Therefore, for refractory
PCOS patients, appropriate FSH stimulation before IVM-surgery
can be applied without LH stimulation simultaneously because of
the absence of LH receptor in small follicles from refractory
PCOS patients, however, whether LH should be added after FSH
stimulation depends on the size and stage of follicles.

There were some advantages and disadvantages of this study.
To the best of our knowledge, this study was the largest to date in
exploring unstimulated IVM-surgery. The study confirmed the
feasibility of unstimulated IVM-surgery. More importantly, the
clinical practice significance of IVM-surgery is that it opensupnew
options for assisted reproduction, which is a novel option that can
be considered for fertility preservation for women requiring
gynecological surgery, without affecting the effect of surgery.
After the IVM-surgery, the patient has both the chance of
spontaneous pregnancy and the choice of assisted reproduction,
and when the patient chooses assisted reproduction after IVM-
surgery, they already have had a transplantable blastocyst. What is
more, this study found the factors affecting oocytes and
embryological outcomes. These significant findings suggested
that appropriate gonadotropins stimulation could be given
before IVM-surgery in subsequent assisted reproductive clinical
practices. Thedisadvantage of this studywas that due to the limited
sample size, the influencing factors of live birth in IVM-surgery
could not be further explored. Subsequent studies could further
explore the influencing factors of live birth in IVM-surgery and the
effectiveness of gonadotropins stimulation before IVM-surgery.
TABLE 5 | Factors influencing available blastocysts formation during IVM-surgery.

Available blastocyst formation P value*

Yes n = 42 No n = 51

Age (years), mean ± SD 28.1 ± 2.9 29.1 ± 3.2 0.127
BMI (kg/m2), mean ± SD 24.9 ± 3.1 24.8 ± 3.2 0.779
Primary infertility, % 76.2% 70.6% 0.544
Infertility duration > 60 months, % 28.6% 25.5% 0.739
Insulin resistance, % 50.0% 53.1% 0.806
FSH (mIU/ml), mean ± SD 6.1 ± 1.8 5.2 ± 1.4 0.012
LH (mIU/ml), median (IQR) 11.1 (7.5,15.6) 6.1 (3.5,10.9) 0.010
AMH (ng/ml), median (IQR) 14.4 (9.2,17.7) 12.5 (7.1,17.4) 0.512
Testosterone (nmol/L), median (IQR) 2.1 (1.2,2.4) 1.7 (1.0,2.5) 0.318
FAI, median (IQR) 7.1 (4.0,13.8) 6.5 (3.9,12.8) 0.799
Antral follicle count, mean ± SD 21.5 ± 9.6 18.1 ± 7.7 0.066
March 2022 | Volume 13 | Articl
*P value of univariate analysis; IVM, in vitro maturation; BMI, body mass index; SD, standard deviation; FAI, free androgen index; IQR, interquartile range.
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CONCLUSION

Unstimulated IVM-surgery provided the opportunity for both
spontaneous pregnancy and assisted reproductive technology.
Basal FSH and basal LH were significantly associated with oocyte
maturation rate and blastocyst formation of unstimulated
IVM-surgery.
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Long Term Implantation in Mice
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Female pediatric cancer survivors often develop Premature Ovarian Insufficiency (POI)
owing to gonadotoxic effects of anticancer treatments. Here we investigate the use of a
cell-based therapy consisting of human ovarian cortex encapsulated in a poly-ethylene
glycol (PEG)-based hydrogel that replicates the physiological cyclic and pulsatile hormonal
patterns of healthy reproductive-aged women. Human ovarian tissue from four donors
was analyzed for follicle density, with averages ranging between 360 and 4414 follicles/
mm3. Follicles in the encapsulated and implanted cryopreserved human ovarian tissues
survived up to three months, with average follicle densities ranging between 2 and 89
follicles/mm3 at retrieval. We conclude that encapsulation of human ovarian cortex in PEG-
based hydrogels did not decrease follicle survival after implantation in mice and was similar
to non-encapsulated grafts. Furthermore, this approach offers the means to replace the
endocrine function of the ovary tissue in patients with POI.

Keywords: human ovaries, immunoisolation, poly (ethylene glycol), xenografts, hydrogels
1 INTRODUCTION

Over 500,000 survivors of pediatric cancers live in the United States today (1). Due to advances in
anticancer therapy, the 5-year survival rate for pediatric cancer patients reached nearly 85% in 2016,
which is a significant increase from 50% in the 1970s (1, 2). This population will continue to grow as
the incidence rate of pediatric cancers continues to increase, with an estimated 10,500 new
diagnoses in 2021 for children aged 0-14 (1). Unfortunately, chemotherapy and radiation can
have detrimental effects on male and female gonads, which may result in delayed or completely
absent pubertal development (3). The delay or absence of pubertal development negatively impacts
patient quality of life and carries long-term health risks associated with decreased bone strength and
endocrinopathies (4). The standard of care for puberty induction in adolescent girls with premature
ovarian insufficiency (POI) is hormone replacement therapy (HRT), which was developed to treat
postmenopausal symptoms in mature women and does not recapitulate physiologic cyclic and
pulsatile hormonal patterns found in healthy, reproductive aged women (5, 6). HRT delivers
n.org June 2022 | Volume 13 | Article 886678115
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constant doses of estrogen and progesterone, reconstituting
ovarian function only partially (7), and precluding ovarian-
body homeostasis. Furthermore, the long-term safety and
efficacy of HRT to induce puberty has yet to be established (8).

To address the lack of available treatments to induce
physiological puberty in adolescent girls with POI, we have
developed an immunoisolating hydrogel-based capsule for
implantation of donor ovarian tissue without the need for
immunosuppression (9–11). Multiple biomaterials have been
investigated for supporting follicle growth in vitro and in vivo,
including alginate (12–14), alginate-matrigel (15), fibrin (12, 16),
fibrin-alginate (12, 17, 18), and poly(ethylene glycol) (PEG) (19,
20). Here we utilize a system comprised of ovarian tissue
surrounded by a degradable PEG hydrogel that promotes
follicle growth and expansion. The degradable PEG hydrogel
core is surrounded by a non-degradable PEG shell that prevents
infiltration of immune cells while allowing diffusion of oxygen,
nutrients, and hormones. Our previous studies with these PEG
capsules and murine ovarian tissue grafts demonstrated that (1)
follicles survive and undergo folliculogenesis for at least 60 days,
(2) the capsule prevents immune cell infiltration, and (3) the
estrus cycle is restored after encapsulated allogenic tissue is
implanted in ovariectomized mice (10).

It remains unknown whether the immunoisolating capsule
can support the survival of human ovarian tissue in vivo, a key
step towards translating this technology to clinical use. Despite
many similarities with murine physiology, human ovarian tissue
carries some significant morphological differences. Human
ovarian tissue is heterogenous with respect to stromal tissue
structure, stromal cell and follicle distribution. The majority of
primordial follicles are found in the cortex surrounded by a
dense stromal tissue, while more mature follicles are found closer
to the medulla. In contrast, murine ovarian tissue is more
homogeneous, with densely packed follicles present throughout
the entire ovary and surrounded by significantly looser stroma
(21). Furthermore, follicle density varies between different
donors, the right and left ovary from the same donor, and
different locations in the cortex from the same ovary (22).
Last ly , murine and human primordial fol l ic les are
Frontiers in Endocrinology | www.frontiersin.org 216
approximately the same size (~30mm), but the terminal
diameter of pre-ovulatory follicles in mice is only ~400mm,
while human follicles reach a much larger terminal diameter
ranging from 2,000 to 20,000mm (23). Keeping these differences
in mind, the main objective of this study was to investigate
whether follicles in human ovarian tissues survive the
encapsulat ion process and maintain viabi l i ty after
implantation. We encapsulated human ovarian tissue from
donors in a dual-layered PEG capsule and implanted these
capsules subcutaneously into non-obese diabetic/severe
combined immunodeficient gamma (NSG) mice and evaluated
follicle survival in fresh and cryopreserved human ovarian tissue
that was either encapsulated or non-encapsulated.
2 MATERIALS AND METHODS

2.1 Collection of Human Ovarian Tissue
Organ procurement for research purposes followed standardized
protocols in place at the International Institute for the
Advancement of Medicine (IIAM) and the associated Organ
Procurement Organization (OPO) involved in the harvest. For
this study ovaries were procured from four deceased donors (age
range: 18-26 years) by the IIAM, see Table 1 for additional donor
information. Before cross-clamp, the organs were perfused with
either Belzer University of Wisconsin® Cold Storage Solution
(Bridge of Life, SC, USA), Custodiol® HTK (Histidine-
Tryptophan-Ketoglutarate) Solution (Essential Pharmaceuticals,
NC, USA), or SPS-1 Static Preservation Solution (Organ Recovery
Systems, IL, USA). Organs were placed in perfusion solution and
shipped on ice. De-identified donor information is summarized in
Table 1, including age, weight, height, BMI, and cross-clamp time
(time at which the organ is cut from blood/oxygen supply). Cold
ischemic time (CIT) was calculated as the time interval between
cross-clamp time of the donor (and subsequent cessation of
arterial blood flow to the ovaries) in the operation room and
start time of the tissue harvest subsequent to arrival at
the laboratory.
TABLE 1 | Donor information.

Donor No. 1 2 3 4

Age (years) 26 18 18 23
Height (cm) 157 160 163 165
Weight (kg) 60.2 70.3 52.8 67.9
BMI 24.4 27.5 20.0 25.0
Ethnicity Black or African American Black or African American White White
Cause of Death Anoxia Anoxia Head trauma Head trauma
Storage Solution UW UW HTK UW
Right Ovary Size (cm) 4x2x1 3x1x0.5 4x3x1.2 4x2.5x1.7
Left Ovary Size (cm) 4x2x1 3x1.5x0.5 NA 3.5x2x1.2
Cardiac arrest/downtime YES

30 minutes
NO NO YES

10 minutes
Cross-clamp Date and Time* 7/24/2019 16:27 10/14/2019 6:03 1/9/2019 17:22 12/19/2019 15:46
Cold Ischemic Time** (hours) 9.8 18.8 7.9 5.1
June 2022 | Volume 1
UW, University of Wisconsin Solution; HTK, Histidine-Tryptophan-Ketoglutarate Solution.
*Time at which the organ is cut from blood/oxygen supply.
**Time between cross-clamp and the beginning of tissue processing.
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2.2 Ethical Approval Process
The IIAM procures tissue and organs for non-clinical research
from Organ Procurement Organizations (OPOs), which comply
with state Uniform Anatomical Gift Acts (UAGA) and are
certified and regulated by the Centers for Medicare and
Medicaid Services (CMS). These OPOs are members of the
Organ Procurement and Transplantation Network (OPTN)
and the United Network for Organ Sharing (UNOS) and
operate under a set of standards established by the Association
of Organ Procurement Organizations (AOPO) and UNOS.
Informed, written consent from the deceased donor’s family
was obtained for the tissue used in this publication. A biomaterial
transfer agreement is in place between IIAM and the authors that
restricts the use of the tissue for pre-clinical research that does
not involve the fertilization of gametes. The use of deceased
donor ovarian tissue in this research is categorized as ‘not
regulated’, per 45 CFR 46.102 and the ‘Common Rule’, as it
does not involve human subjects and complies with the
University of Michigan’s IRB requirements as such.

2.3 Tissue processing
All tissue processing was done aseptically in a biosafety cabinet.
After receiving donor tissue the ovaries were separated from other
Frontiers in Endocrinology | www.frontiersin.org 317
reproductive tissues (i.e. the uterus, fallopian tubes) (Figures 1A,
B). The ovaries were decortified using a custom cutting guide
(Reprolife Japan, Tokyo) to remove 1 mm thick cortex pieces that
were approximately 10mmx10mm squares (Figures 1C, 2A). The
squares were then cut into approximately 1mm wide strips, 10mm
in length and 1mm thick (Figures 1D, 2A) using a McIlwain
Tissue Chopper (The Mickle Laboratory Engineering Co. Ltd.,
Surrey, UK) and aseptically transferred into holding media
(Quinn’s Advantage Medium with HEPES (QAMH), 10%
Quinn ’s Advantage Serum Protein Substitute (SPS),
CooperSurgical, Måløv, Denmark). The tissue was divided into
three groups: 1) Encapsulation of fresh tissue pieces followed by
immediate implantation in mice; 2) Fixation using Bouin’s fixative
(Ricca Chemical, USA) or 4% paraformaldehyde (PFA) (AlfaAesar,
USA), and stored overnight at 4°C; 3) Cryopreservation using
either slow freezing or vitrification methods.

2.4 Cryopreservation
2.4.1 Slow Freezing:
The methods as described by Xu et al. were used for slow freezing
(24). Briefly, strips of cortical tissue approximately 1mm x 10mm x
1mm were placed into cryovials (Nunc, Roskilde, Denmark) filled
with pre-cooled cryoprotectant media (QAMH, 10% SPS, 0.75M
FIGURE 1 | Overview of human tissue processing and implantation. Tissue received from UNOS donors (A) was processed to isolate the ovaries (B). Ovarian cortex
tissue approximately 10mm x 10mm x 1mm is removed (C), then cut to approximately 1mm x 10mm x 1mm (D), and finally cut to approximately 1mm x 1mm x
1mm (E). The small tissues are encapsulated in the hydrogel capsule (F) and implanted subcutaneously (G). Removal of the capsules from the subcutaneous space
(H) was conducted at various time points. The capsules were removed from the mice (I, J) and then fixed for histological processing and staining.
June 2022 | Volume 13 | Article 886678
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dimethyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, USA),
0.75M ethylene glycol (Sigma Aldrich, St. Louis, USA), 0.1M
sucrose (Sigma Aldrich, St. Louis, USA), and equilibrated at 4°C
for at least 30 minutes. After equilibration, cryovials were loaded
into the Cryologic Freeze Control System (Cryologic, Victoria,
Australia). Vials were then frozen via the following protocol:
samples were (1) cooled from 4°C to -9°C at a rate of -2°C/min
(2) equilibrated for 6 min at -9°C (3) seeded manually using large
swabs cooled by submersion in liquid nitrogen (4) held for 4 min
at -9°C (5) cooled to -40°C at a rate of -0.3°C/min and (6) plunged
into liquid nitrogen and stored in a cryogenic storage dewar until
thawed for use.

2.4.2 Vitrification
The methods as described by Kagawa et al. were used for
vitrification, with minor changes to the timing (25). Briefly,
strips of tissue approximately 1mm x 10mm x 1mm were first
transferred to an equilibration solution (7.5% ethylene glycol,
7.5% DMSO, and 20% SPS) for 25 minutes and then transferred
Frontiers in Endocrinology | www.frontiersin.org 418
to a vitrification solution (20% ethylene glycol, 20% DMSO,
0.5M sucrose, and 20% SPS) until the tissue sank to the bottom of
the vial, indicating saturation with the solution. Each strip was
placed on a 25 µm thick copper cryostrip (Lyon Industries, South
Carolina, USA), which was then submerged in liquid nitrogen for
approximately 30 seconds. Strips were transferred into a cryovial
(Nunc, Roskilde, Denmark) filled with and submerged in liquid
nitrogen. Samples were stored in liquid nitrogen until thawed
for use.

2.5 Thawing Tissue
2.5.1 Slow Frozen Tissues:
The process described by Xu et al. was followed with minimal
changes (24). Briefly, vials with ovarian tissue were removed
from liquid nitrogen and placed in a 37°C bath. Once the
cryoprotectant media in the vial had thawed, the tissue was
removed from the vial and put into Thaw Solution One (1M
DMSO, 0.1M Sucrose, 10% SPS in QAMH) for ten minutes.
Tissue was then incubated sequentially in Thaw Solution Two
A

B

FIGURE 2 | Description of implanted tissue groups. Tissue processing was conducted as shown in part (A). Cortical tissue strips were cut into squares either as
fresh tissue (Donors 1 and 2) or post-cryopreservation (Donors 3 and 4). Capsules and control tissue were implanted in mice. The total number of capsules/strips at
each time point are shown in part (B).
June 2022 | Volume 13 | Article 886678
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(0.5M DMSO, 0.1M Sucrose, 10% SPS in QAMH), Three (0.1M
Sucrose, 10% SPS in QAMH), and Four (10% SPS in QAMH) for
ten minutes each. All thaw solutions were maintained at room
temperature during this process. Tissue strips were cut into cubes
measuring approximately 1mm3 while still in Thaw
Solution Four.

2.5.2 Vitrified Tissues
The process described by Lee et al. was followed, with minor
modifications (26). The cryovials with ovarian cortex strips were
removed from liquid nitrogen. The copper supports with tissue
were immediately transferred into Thaw Solution One (1mg/mL
Human Serum Albumin (HSA) (MilliporeSigma, MA, USA) and
1M sucrose in QAMH). Copper supports were removed, and the
tissue was incubated at 37°C for three minutes. Tissue was
transferred to Thaw Solution Two (1mg/mL HSA and 0.5M
sucrose in QAMH) for 5 minutes at room temperature. Tissue
was then transferred to Thaw Solution Three (1mg/mL HSA in
QAMH), brought up to 37°C, and cut into cubes measuring
approximately 1mm3.

2.6 Encapsulation
The pieces of ovarian cortical tissue (1mm3) (Figure 2A) were
maintained in the final thaw solution media (Solution 4 for slow
freezing, Solution 3 for vitrification) at 37°C until encapsulation
(Figure 1E). The PEG core was prepared by cross-linking 8-arm
PEG-VS (40 kDa, Jenkem Technology, Beijing, China) (5% w/v)
with plasmin sensitive peptide (Ac-GCYK↓NSGCYK↓NSCG,
MW 1525.69 g/mol, > 90% Purity, Genscript, ↓ indicates the
cleavage site of the peptide). The PEG shell was prepared with 4-
arm PEG-VS (20 kDa, Jenkem Technology) (5% w/v), Irgacure
2959 (Ciba, Switzerland, MW = 224.3) (0.4% w/v), and N-vinyl-
2-pyrrolidone (Sigma-Aldrich, St. Louis, USA) (0.1% v/v).

The tissue was then placed in a 4µL droplet of degradable
PEG core pre-cursor solution. After five minutes of crosslinking
the core was transferred into 10µL of non-degradable PEG shell
pre-cursor solution. The shell was cross-linked via UV light at
constant intensity (4.4mW/cm2, 6 minutes). Encapsulated tissue
(Figures 1F, 2A) was maintained in Leibovitz L-15 media
(Gibco, USA) at 37°C until implantation.

2.7 Subcutaneous Implantation
Animal experiments for this work were performed in accordance
with the protocol approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Michigan
(PRO00007716 & PRO00009635). The IACUC guidelines for
survival surgery in rodents and the IACUC Policy on Analgesic
Use in Animals Undergoing Surgery were followed for
all procedures.

Female NSG mice (strain 005557, The Jackson Laboratory,
Bar Harbor, ME, USA) 6-8 weeks old were anesthetized using
isoflurane (2-3%) via inhalation. Mice were given preemptive
analgesics (Carprofen, RIMADYL, Zoetis, USA, 5mg/kg body)
via subcutaneous injection. An incision was made in the medial/
dorsal skin. Nine to ten PEG capsules, along with an equivalent
amount of non-encapsulated tissue (as a control), were inserted
into the dorsal subcutaneous space in the mouse (Figures 1G,
Frontiers in Endocrinology | www.frontiersin.org 519
2B). The control graft was inserted subcutaneously and sutured
using 5/0 absorbable sutures (AD surgical) to the subcutaneous
tissue to ensure graft recovery. Using 5/0 absorbable sutures the
incision was closed, with special attention paid to avoid suturing
capsules/control tissue. Mice recovered in a clean cage and were
monitored post-operatively for 7-10 days.

2.8 Implant Removal
Mice were anesthetized using isoflurane as described above. An
incision was made in the medial/dorsal skin, avoiding implanted
grafts. The encapsulated and control grafts were removed
(Figures 1H–J), placed in either Bouin’s fixative or 4% PFA
overnight at 4°C, washed, and stored in 70% ethanol or PBS,
depending on respective fixative.

2.9 Histology
All samples were processed at the Histology Core in the Dental
School at the University of Michigan. The paraffin embedded
tissue blocks were serially sectioned at a thickness of 5µm and
stained with hematoxylin and eosin.

2.10 Follicle Counting
Slides were viewed using a brightfield microscope (Leica DM
1000, Germany) at 20 or 40x magnification. Encapsulated tissue
and control non-encapsulated grafts were analyzed for follicle
density. Every 16th section was analyzed for follicles for all
groups. For slow frozen encapsulated tissue groups between 6
and 17 sections were analyzed per mouse (n=3 mice per time
point). For slow frozen non-encapsulated control tissue between
5 and 14 sections were analyzed per mouse (n=3 mice per time
point). In the slow frozen groups, each data point represents the
follicle density calculated from all capsules retrieved from each
mouse. For vitrified encapsulated tissue groups between 4 and 10
sections were analyzed per mouse (n=2 mice per time point). For
vitrified non-encapsulated control tissue between 5 and 8
sections were analyzed per mouse (n=2 mice per time point).
In the vitrified groups, each data point represents the follicle
density calculated from all capsules retrieved from each mouse.
For fresh fixed tissue, between 8 and 12 sections were analyzed
per donor where each data point represents the follicle density
calculated from a single analyzed section. Follicles were counted
manually and follicle stage was identified using standard
morphological guidelines (27). All primordial and primary
follicles were counted for each analyzed section. Preantral and
antral were counted only after comparing the location of the
follicle in the tissue and follicle size in preceding and subsequent
sections to avoid “double-counting”. Density measurements
were calculated using an estimated area (1mm2 per section)
based on the approximate geometry of the sample, and the
estimated tissue section thickness. The follicle density values
reported in this study are all normalized to the same volume.

2.11 Statistical Analysis
Statistical analysis was performed using GraphPad Prism
software. A 1-way ANOVA was used for fresh tissue analysis
comparing follicle density between donors. Tukey’s comparison
test was used for implanted tissue analysis to a evaluate
June 2022 | Volume 13 | Article 886678
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differences in follicle density across two variables (time and
encapsulation). The results were considered statistically
significant when p < 0.05.
3 RESULTS

3.1 Fresh Donor Tissue Prior to
Processing Reveals Donor Heterogeneity
First, we analyzed the follicle density in ovarian cortex from
each donor to benchmark a starting point for the grafts. In this
study we used ovarian tissue from 4 young healthy deceased
donors, ranging from 18 to 26 years old. Inherently, human
ovarian cortex varies greatly between donors and location in the
ovary. As expected, all donor tissues displayed a high degree of
heterogeneity between different strips and various locations in
the same cortical strip from the same donor as well as across
different donors. The average follicle density in ovarian tissue
from Donor 1, 26 years old and BMI of 24.4, was 361 ± 304
follicles/mm3 (average ± standard deviation). The average
follicle density in the ovarian cortex of Donor 2, 18 years old
and BMI 27.5, was 1528 ± 528 follicles/mm3. Donor 3, 18 years
old and BMI of 20, had an average follicle density of 4414 ± 521
follicles/mm3. Donor 4, 25 years old and BMI of 24.9, had an
average follicle density of 464 ± 152 follicles/mm3 (Figures 3A,
B). Donor 3 had the greatest follicle density, 4414 ± 521
follicles/mm3 (p<0.0001) compared to the other three donors.
The follicle density of Donor 2 was greater compared to the
lower follicle densities of Donors 1 and 4 (p <0.0001). The
follicle densities of Donors 1 and 4 were relatively similar and
not significantly different. Histological images from each donor
showed multiple primordial and primary follicles (Figures 3C–
N). The cortical stroma had regions of densely packed
primordial follicles with oocytes surrounded by a single layer
of flat squamous granulosa cells (Figure 3E iii., Figure 3K i.,
Figure 3N i.). In addition to primordial follicles, primary and
small preantral follicles were also identified in the ovarian tissue
from all donors. Primary follicles showed the characteristic
oocyte surrounded by a single layer of cuboidal granulosa cells
(Figure 3E i., Figure 3H iv. Figure 3K ii.), while preantral
follicles had a few layers of granulosa cells surrounding the
oocyte (Figure 3H ii.).

3.2 Follicles in Encapsulated Fresh Ovarian
Cortical Tissues Survive for At Least One
Month After Implantation in NSG Mice
Grafting of non-encapsulated human ovarian tissue is a gold
standard for restoration of fertility in human patients and animal
models ( (28)). However, whether encapsulated human ovarian
allograft survives encapsulation and implantation has yet to be
demonstrated. Here, we investigated whether the encapsulation
of fresh ovarian cortical tissue in a hydrogel decreases follicle
survival and longevity after implantation in mice, and compared
to non-encapsulated fresh tissue. Immediately after receiving and
processing ovaries from Donors 1 and 2, we encapsulated and
implanted ovarian cortical tissues in mice with nine to ten
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capsules per animal for time periods of 3 days (n=2 mice), 1
week (n=2), and 1 month (n=3) (Figures 4D–F respectively). A
non-encapsulated cortical strip measuring 1mm x 10mm x 1mm
was implanted in each mouse and served as a control
(Figures 4A–C). Recovery of the capsules from the
subcutaneous space was reasonably straightforward as the
capsules typically clumped together (Figure 1J). Eight to ten
capsules were recovered in six out of seven mice (no capsules
were recovered from one animal, possibly due to degradation).
Non-encapsulated control tissue was recovered in all seven mice.
Eight to twenty-six sections for each implant type (encapsulated
or non-encapsulated) were analyzed using bright field
microscopy to assess follicle survival. Multiple follicles at
different stages ranging from primordial to antral were present
in retrieved encapsulated tissue from all time points up to a
month post implantation within the same capsule (Figure 4F).
Nuclear staining of the encapsulated tissue retrieved after 3 days
and 1 week identified the presence of multiple stromal cells
around the follicles. The encapsulated tissue had multiple
surviving follicles after 1 month, however qualitative analysis
showed a decrease in number of stromal cells. Overall, we
concluded that follicle survival in human ovarian cortex was
not decreased by the encapsulation process and was similar to
the non-encapsulated controls.

3.3 Slow Frozen, Short-Term Implanted
Tissues Tolerate Encapsulation and
Survive to the Same Extent as Non-
Encapsulated Tissue Following
Implantation
The next objective was to determine whether encapsulation of
cryopreserved ovarian tissue using the slow freezing approach,
similar to the current clinical practice recommended for fertility
preservation in pediatric patients, negatively affected follicle
survival. Ovarian cortical strips from Donor 4 that had
previously been slow frozen, were thawed and encapsulated.
Multiple capsules and all non-encapsulated tissues were
recovered in all 20 mice. There was no statistically significant
difference in follicle density between encapsulated and non-
encapsulated grafts at any time point (Figure 5A). For the 1-
day time point, the follicle density was 24 ± 21 follicles/mm3

(average ± standard deviation) in the non-encapsulated graft and
90 ± 60 in the encapsulated tissue. For the 3-days’ time point, the
average follicle density was 30 ± 21 and 73 ± 35, for the 1-week
time point, the average follicle density was 28 ± 23 and 80 ± 43,
for the 2-weeks’ time point, the average follicle density was 25 ±
18 and 89 ± 51 for the 1-month time point, the average follicle
density was 39 ± 22 and 81 ± 109, respectively. The difference in
follicle density was not statistically significant between different
time points, nor was it different when comparing between
encapsulated and non-encapsulated groups at each time point.
These findings suggest that after slow freezing (1) human ovarian
follicles tolerate encapsulation in the dual-layered PEG hydrogel
capsule and (2) encapsulated human ovarian tissue survives to
the same extent as non-encapsulated tissues when implanted
in mice.
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FIGURE 3 | Donor metrics and initial histology. The donor tissues used in this study were selected from a bank from donors with various ages and BMI values (A).
Follicle density values were calculated for each donor from fresh/fixed tissues (B). The large differences in average follicle density between donors is supported by
histological images (C–N). Representative images from Donor 1 (C–E), Donor 2 (F–H), Donor 3 (I–K), and Donor 4 (L–N) show stark differences in follicle distribution
at low magnification (C, F, I, L). Increased magnification shows the presence of primordial (E iii., K i., N i), primary (E i., H iv., K ii.), and secondary (H ii.) follicles.
Scale bars represent 200mm for C, F, I, and L. Scale bars represent 100 mm for D, G, J, and M. Scale bars represent 50mm for all others.
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Although follicle numbers were not significantly different
between groups, we also wanted to probe whether there were
any differences between groups in terms of the quality of the
stromal compartment. Qualitative histological analysis of tissue
fixed immediately post-thawing (Figure 5B) and tissue fixed
after implantation showed similar distribution of stromal cells
(marked with hematoxylin). Furthermore, similar stromal cell
densities were evident across time points, as well as between
encapsulated (Figures 5H–L) and non-encapsulated groups
(Figures 5C–G) at the same time points, except for the 1-
month encapsulated tissue (Figure 5L). The 1-month
encapsulated tissue had less cellular staining around the
follicles and more fibrous portions of the extracellular matrix
(stained pink with eosin). Furthermore, the types of follicles seen
in encapsulated and non-encapsulate groups at various time
points were comparable, with primordial and primary follicles
Frontiers in Endocrinology | www.frontiersin.org 822
being the most prevalent. Taken together, these observations
support the hypothesis that follicles can survive slow freezing
before encapsulation and survive up to one month in vivo.

3.4 Vitrified, Long-Term Implanted Tissues
Tolerate Encapsulation and Survive Up to
Three Months In Vivo
The final objective of this study was to investigate whether the
two clinically available cryopreservation methods, slow freezing
and vitrification specifically, have different outcomes of follicle
survival in grafted tissue following encapsulation and
implantation. Vitrified tissue from Donor 3 was encapsulated
and implanted in mice for 2 and 3 months. Non-encapsulated,
1mm3 grafts served as controls. Two months after implantation
the average follicle density was 17 follicles/mm3 in the non-
encapsulated grafts and 2 follicles/mm3 in the encapsulated
FIGURE 4 | Follicles in fresh tissue survive up to one month. Representative images from non-encapsulated fresh tissue samples (A–C) and encapsulated fresh
tissue samples (D–F) are shown here. These samples were removed from mice at various time points of 3 days (A, D), 1 week (B, E), and 1 month (C, F). Scale
bars represent 100mm for inserts and 50mm for all others. Black arrow heads (➤) indicate follicles, asterisks (*) indicate the PEG capsule, and dashed black lines (—)
indicate the human ovarian tissue border with surrounding murine tissue after implantation.
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tissue. For the 3-month time point, the average follicle density
was 57 follicles/mm3 in the non-encapsulated graft and 22
follicles/mm3 in the encapsulated tissue (Figure 6A). Vitrified
tissue had greater cell density in the stroma (Figure 6B) than
frozen tissue before implantation (Figure 5B). Encouragingly,
follicles in implanted tissues survived up to three months post-
implantation, but the surrounding stroma had lower cell density
compared to tissue prior to implantation (Figures 6C–F); the
decrease in stroma cell density was observed in all implanted
groups, similarly to the one-month time point for encapsulated
slow frozen tissue (Figure 5L) In comparison to other slow
frozen tissue, vitrified groups similarly have a follicle pool
Frontiers in Endocrinology | www.frontiersin.org 923
comprised predominantly of primordial and primary follicles.
Based on our findings, we concluded that follicles and ovarian
stromal cells tolerate vitrification before encapsulation, and
survive up to three months in vivo.
4 DISCUSSION

Previously, using PEG-based immunoisolating capsules we have
demonstrated that the capsule protected murine ovarian
allografts in immune competent and sensitized murine hosts
and promoted folliculogenesis up to antral stages after single and
FIGURE 5 | Follicles in slow frozen tissue survive up to one month. Follicle density values (A) are determined from histological images (C–L). Non-implanted thawed/
fixed tissue (B) is a control for non-encapsulated groups (C–G) and encapsulated groups (F–L). These samples were removed from mice at various time points of 1
day (C, H), 3 days (D, I), 1 week (E, J), 2 weeks (F, K), and 1 month (G, L). Scale bars represent 100mm for inserts and 50mm for all others. Black arrow heads (➤)
indicate follicles, asterisks (*) indicate the PEG capsule, and dashed black lines (—) indicate the human ovarian tissue border with surrounding murine tissue after
implantation.
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repeated implantations (10). Despite mice and humans having
similar hypothalamus-pituitary-gonad axis regulation,
circulating cytokines and hormones, and developmental stages
of follicular differentiation, existence of other physiological and
anatomical differences between human and murine ovarian
tissues necessitates further investigation to determine
translatability of the use of immunoisolating capsules from
mouse to human tissues. One example of the challenges
working with human tissue is that human primordial follicles
are spread heterogeneously in the stroma of ovarian cortex and
require normalization of the follicle counts in each graft. The
heterogeneity of human tissue introduced significant variance
into our quantification of follicle density. To control for this,
encapsulated tissues and corresponding non-encapsulated tissue
originating from the same donor were included within same
groups to minimize the impact of inherent heterogeneity
between donors. Tissue pieces placed in the encapsulated
groups and non-encapsulated groups were randomized to
minimize skewing of results due to heterogeneity present in a
single ovary. Even with these adaptations it is uncertain if
differences seen are an artifact of tissue heterogeneity or are a
result of tissue treatment; persistence of a large variability
resulting in largely qualitative methods of analysis. One option
to minimize the effect of heterogeneity on follicle density analysis
is to significantly increase the number of human donors and
recipient mice. Another option is to use cryopreserved tissues
that would have undergone a thorough characterization prior to
xenografting, allowing for donors with similar follicle densities to
be used in the same study.

Ovarian tissue cryopreservation (OTC) enables preservation
of many thousands of primordial follicles all at once without the
need of ovarian stimulation and can be performed at any age
from early prepubertal years to late thirties. Slow freezing and
Frontiers in Endocrinology | www.frontiersin.org 1024
vitrification of ovarian tissues are the two most studied methods
of cryopreservation. The majority of clinical data, such as the
rates of live births (29–31), the efficiency and safety of OTC in
terms of follicle survival and patients’ outcomes after
transplantation, is available for slow freezing methods, which
was considered experimental for a few decades and was recently
clinically approved (32). Slow freezing in general uses a low
amount of cryoprotective agents to reduce cell toxicity. This
method utilizes standardized equipment and detailed cooling
protocols such that there is decreased variability between
operators, as well as between batches. On the downside, slow
freezing poses the risk of intracellular ice crystal formation,
which can be minimized by manual seeding at the media/air
interface (33, 34). Vitrification, another cryopreservation
method, is currently only approved for embryo and egg
cryopreservation (35). It utilizes greater concentrations of
cryoprotectants that prevent ice crystal formation. Vitrification
does not require standardized equipment, which results in some
variability between operators and batches. So far, this method
has been clinically approved for oocyte and embryo
cryopreservation but is still considered experimental for OTC.
Possibly, in the future, it may become clinically approved for
OTC as well.

Both cryopreservation methods have been shown to have
negligible impact on follicle count as compared to fresh tissue
(36) and ensure the survival of primordial follicles, which are
critical for the application described in this study; dormant
primordial follicles in the implanted encapsulated tissue
functions as the ovarian reserve, determining the quality and
the lifespan of the encapsulated tissue. Additionally, OTC allows
important screening for disease or infection and analysis of the
follicle density in the donor tissue that would not be possible with
fresh tissue. While some reports show that vitrification results in
FIGURE 6 | Follicles in vitrified tissue survive up to three months. Follicle density values (A) are determined from histological images (C–F). Non-implanted thawed/
fixed tissue (B) is a control for non-encapsulated groups (C, D) and encapsulated groups (E, F). These samples were removed from mice at various time points of 2
months (C, E) and 3 months (D, F). Scale bars represent 100mm for inserts and 50mm for all others. Black arrow heads (➤) indicate follicles, asterisks (*) indicate the
PEG capsule, and dashed black lines (—) indicate the human ovarian tissue border with surrounding murine tissue after implantation.
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(1) decreased primordial follicle DNA damage and (2) better
outcomes for stromal tissue (37), others indicate that slow
freezing is superior for (1) preserving primordial follicles, (2)
preventing DNA damage, and (3) promoting follicular cell
proliferation (26). Comparison of the survival of slow frozen
and vitrified tissues with fresh tissues used as controls showed
fresh tissues to have more mature (i.e. secondary/antral) follicles,
as expected. More mature follicles contain oocytes that are more
metabolically active and antral follicles contain the cumulus-
oocyte complex, resulting in decreased cryoprotectant agent
penetration and therefore increased probability of ice crystal
formation (38). Our observation that the stroma in slow frozen
tissues (Figure 5) is less fibrous as compared to vitrified tissues
(Figure 6) is somewhat unexpected since the literature indicates
that vitrification typically has better stromal cell survival (37).
The most likely explanation for these differing results is that
there was more variability between operators during the
vitrification process. Notably, an important finding from the
present study is that follicles can survive the process of
cryopreservation and survive for at least 30 days in vivo,
regardless of cryopreservation method.

Encapsulation may slow down the diffusion of nutrients, yet it
is necessary to prevent rejection of the grafts. Our comparison of
tissues that underwent the encapsulation process to tissues that
did not, found that the follicle densities of non-encapsulated
tissues were not higher than the follicle densities in encapsulated
tissues. Qualitative examination of the implants also indicates
minimal differences between encapsulated and non-encapsulated
tissues at early time points, but larger differences begin to appear
starting around one month. The main change observed is a
decrease in stromal cell density in encapsulated tissues. This
trend is emphasized by greater areas of fibrous stromal
extracellular matrix, the mostly eosin-stained matrix without
visible nuclei. The relative similarities between short term
implants and subsequent differences in long term implants
indicate that the process of encapsulation is not harmful to
human tissues. It is hypothesized that as time goes on the rate of
diffusion of nutrients is inadequate to support these tissues.

In conclusion, we have shown that an immunoisolating dual
PEG capsule supported follicle survival in human ovarian
xenografts up to 90 days in vivo . The process of
encapsulation did not decrease follicle density compared with
non-encapsulated grafts. Cryopreservation of ovarian cortical
strips allowed for thorough analysis of follicular density to
ensure graft longevity. Moving forward towards clinical
Frontiers in Endocrinology | www.frontiersin.org 1125
t rans la t ion of th is technology , a greater sca le of
characterization of the donor tissue and optimization of the
PEG shell to increase diffusion and increase stromal cell
survival at later time points, should be done.
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Ovarian tissue cryopreservation (OTC) is the only pre-treatment option currently available to
preserve fertility for prepubescent girls and patients who cannot undergo ovarian
stimulation. Currently, there is no standardized method of processing ovarian tissue for
cryopreservation, despite evidence that fragmentation of ovaries may trigger primordial
follicle activation. Because fragmentation may influence ovarian transplant function, the
purpose of this systematic reviewwas (1) to identify the processing sizes and dimensions of
ovarian tissue within sites around the world, and (2) to examine the reported outcomes of
ovarian tissue transplantation including, reported duration of hormone restoration,
pregnancy, and live birth. A total of 2,252 abstracts were screened against the inclusion
criteria. In this systematic review, 103 studies were included for analysis of tissue
processing size and 21 studies were included for analysis of ovarian transplantation
outcomes. Only studies where ovarian tissue was cryopreserved (via slow freezing or
vitrification) and transplanted orthotopically were included in the review. The size of
cryopreserved ovarian tissue was categorized based on dimensions into strips, squares,
and fragments. Of the 103 studies, 58 fertility preservation sites were identified that
processed ovarian tissue into strips (62%), squares (25.8%), or fragments (31%).
Ovarian tissue transplantation was performed in 92 participants that had ovarian tissue
cryopreserved into strips (n = 51), squares (n = 37), and fragments (n = 4). All participants
had ovarian tissue cryopreserved by slow freezing. The pregnancy rate was 81.3%, 45.5%,
66.7% in the strips, squares, fragment groups, respectively. The live birth rate was 56.3%,
18.2%, 66.7% in the strips, squares, fragment groups, respectively. The mean time from
ovarian tissue transplantation to ovarian hormone restoration was 3.88 months, 3.56
months, and 3 months in the strips, squares, and fragments groups, respectively. There
was no significant difference between the time of ovarian function’ restoration and the size
of ovarian tissue. Transplantation of ovarian tissue, regardless of its processing dimensions,
restores ovarian hormone activity in the participants that were reported in the literature.
More detailed information about the tissue processing size and outcomes post-transplant
are required to identify a preferred or more successful processing method.
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INTRODUCTION

According to the American Cancer Society, 927,910 women and
10,500 children were diagnosed with cancer in 2021 (1).
Advancements in cancer treatments, such as chemotherapy
and radiation, have led to an increased chance of survival in
these patients. Specifically, the 5-year survival rate of women
aged 15-39 and children under the age of 14 is 86.7% and 84%,
respectively (2). Cancer survivors are interested in methods that
would improve their quality of life after treatment (3).

Cancer treatments such as the alkylat ing agent
cyclophosphamide are gonadotoxic and cause irreversible
damage to the germ cells by triggering double-stranded DNA
breaks leading to apoptosis (4). This extreme decline in germ cells
directly impairs ovarian endocrine function, which has systemic
effects in the body, such as the increased risk of osteoporosis, high
blood pressure, cardiovascular disease, and decline in cognitive
function (5). The American Society of Clinical Oncology has
recommended that oncologists describe and offer fertility
preservation to their patients (6). Fertility preservation methods
include ovarian transposition, gonadal shielding during pelvic
radiotherapy, egg cryopreservation, embryo cryopreservation,
and ovarian tissue cryopreservation (OTC) (7). The latter of
these methods is the only option currently available to preserve
fertility for prepubescent since they do not produce mature
gametes (7, 8). OTC preserves primordial follicles within ovarian
cortical microenvironment (7). Four key components are involved
in OTC: ovarian surgical procurement, ovarian tissue processing,
tissue cryopreservation, and storage. A unique feature of OTC is
that in the future, the patient can choose to reimplant the ovarian
cortical tissue orthotopically or heterotopically for fertility purposes
or to restore ovarian endocrine function (7). Not only has this
fertility preservation method been used to benefit cancer patients,
but also women who want to postpone fertility and menopause (7).
In 1999, the first successful autotransplantation of frozen-thawed
ovarian cortical tissue was performed, but it was not until 2006
when Meirow et al. reported the first live birth obtained from OTC
(9, 10).

Reported in 2017, ovarian tissue transplantation (OTT) has
resulted in over 130 births (11). A recent meta-analysis of three
centers has stated a pregnancy rate of about 50% (12). Although a
vast majority of participants (95%) have the return of endocrine
function post-transplantation, the average duration of endocrine
function of ovarian tissue after transplantation is approximately
2-5 years (13). It has been shown that the duration of the ovarian
tissue function is correlated to its ovarian reserve (14).
Additionally, in xenograft experiments there is a decline in
primordial follicles via activation and apoptosis in human,
bovine, and marmoset 3-days post-transplantation of ovarian
tissue (14). A review from Roness et al. has outlined that every
n.org 228
step of OTC/OTT from the participant’s initial reserve to
transplantation site can impact the premature loss of the
primordial follicles and impact ovarian tissue function (15).
Studies done in mice and humans have shown that
fragmentation of ovarian tissue stimulates follicle activation
pathways, such as Hippo and PI3K-AKT (16, 17). Fragmenting
the ovarian cortex during the tissue processing for OTC may
activate primordial follicles and reduce the ovarian reserve. OTC
has recently been designated as a nonexperimental procedure by
the American Society for Reproductive Medicine (ASRM) (18).
However, there is currently no standard method of processing
ovarian tissue, which emphasizes the importance of examining if
fragmentation impacts the function of transplanted ovarian
tissue. In this systematic review, we sought (1) to identify the
sizes and processing techniques used to cryopreserve ovarian
tissue around the world, and (2) to examine the reported results
of different sized ovarian cortical tissue in participants who have
undergone OTT on functional longevity, hormone restoration,
pregnancy, and live birth. This report examines different
dimensions of cryopreserved ovarian cortical tissue on fertility
and ovarian function post-transplantation.
MATERIALS AND METHODS

Search Strategy
This systematic review followed the Preferred Reporting Items for
Systematic Review and Meta-Analysis Protocols (PRISMA-P)
guidelines and statement. This review’s protocol is registered on
PROSPERO and is available on Centre for Reviews and
Dissemination (CRD) website at https://www.crd.york.ac.uk
(registration number #: CRD42020189120). All literature searches
were conducted on the National Institute of Health (NIH) PubMed
database (https://www.ncbi.nlm.nih.gov/pubmed/). We performed
all searches until February 2022. The searches had no date
restrictions, the document types included were case studies, multi-
center studies, and articles that focused on the processing size of
ovarian cortical tissue and reproductive outcomes in human
patients who have undergone OTT. We included the following
keywords in the search: “ovarian tissue cryopreservation”,
“hormone restoration”, “live birth”, “success”, “output”, “size”,
“fragments”, “strips”, “cubes”, “squares”, “slivers”, “processing”,
and “transplantation”. A total of 14 searches were conducted. The
parameters for the searches were: ((ovarian tissue cryopreservation),
(ovarian tissue cryopreservation) AND ((hormone restoration) OR
(pregnancy) OR (live birth) OR (success) OR (output)), (((ovarian
tissue cryopreservation) AND((hormone restoration) OR
(pregnancy) OR (live birth) OR (success) OR (output)) AND
((fragments) OR (strips) OR (squares) OR (cubes) OR (slices) OR
June 2022 | Volume 13 | Article 918899
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(pieces) OR (slivers))), (((fragments) OR (strips) OR (squares) OR
(cubes) OR (slices) OR (pieces) OR (slivers)) AND (Ovarian tissue
processing)), ((((fragments) OR (strips) OR (squares) OR (cubes)
OR (slices) OR (pieces) OR (slivers)) AND (Ovarian tissue
processing)) AND (((Live birth) or (pregnancy) or (hormone
restoration)))) AND (ovarian tissue cryopreservation),
((fragments) OR (strips) OR (squares) OR (cubes) OR (slices) OR
(pieces) OR (slivers)) AND (Ovarian tissue cryopreservation)),
(((fragments) OR (strips) OR (squares) OR (cubes) OR (slices)
OR (pieces) OR (slivers)) AND (Ovarian tissue cryopreservation)))
AND (((Pregnancy) or (live birth) or (success))), ((ovarian tissue
cryopreservation) AND ((squares) OR (strips) OR (cubes) OR
(slivers) OR (fragments) OR (pieces)), (((ovarian tissue
cryopreservation) AND ((squares) OR (strips) OR (cubes) OR
(slivers) OR (fragments) OR (pieces))) AND ((hormone function)
OR (ovarian activity)), ((ovarian tissue cryopreservation) AND
((squares) OR (strips) OR (cubes) OR (slivers) OR (fragments)
OR (pieces))) AND (restoration), (ovarian tissue cryopreservation)
AND ((size) OR (fragments) OR (cubes) OR (strips) OR (slivers)
OR (processing)), (ovarian tissue cryopreservation) AND
(processing), (ovarian tissue cryopreservation) AND (size),
(ovarian tissue cryopreservation) AND ((fragments) OR (strips)
OR (cubes) OR (squares) OR (slivers)), respectively. The results
were compiled, and duplicated results were removed. Titles and
abstracts were manually reviewed to determine articles that met the
inclusion/exclusion criteria. We presented a PRISMA flow diagram
to layout the identification, screening, eligibility, and included
studies for this review.

Inclusion/Exclusion Criteria
In this systematic review, we had two subgroups: ovarian
tissue processing for cryopreservation and transplanted
frozen/thawed processed ovarian tissue. Studies focused on
ovarian tissue processing for cryopreservation were gathered
for the processing analysis, and studies that included
outcomes of OTT were considered for the outcomes
analysis. Only studies that contained participants who have
undergone OTC regardless of age, diagnosis, and previous
cancer treatment for fertility preservation and hormone
restoration purposes were included for the outcomes
analysis. Studies were excluded if ovarian tissue was used for
other reasons than future fertility or hormone restoration
purposes such as for experimental analysis. These included
studies underwent further screening which focused on OTT
outcomes. For the outcomes analysis, studies which contained
participants who have undergone OTC and orthotopic auto
transplantation regardless of age, diagnosis, and previous
cancer treatment were included. Studies that contained
participants who have only undergone OTC without a
record of transplantation, non-human studies, ovarian tissue
that was cultured/incubated in drugs before transplantation,
heterotopic OTT, and OTT using donor ovaries were not
included in this analysis.

Study Selection
Duplicated articles were removed from the lists that were generated
from the search strategies above. The titles and abstracts of the
Frontiers in Endocrinology | www.frontiersin.org 329
remaining articles were manually examined by three independent
reviewers (AAD, NH, MTH) for inclusion and exclusion criteria
based on the criteria of this study, previously mentioned. Reasons
for exclusion and inclusion for all articles were recorded in the
screening process. To avoid disagreements and bias in the study
selection process, a fourth reviewer (HK) screened the title,
abstracts, and full text of all articles for inclusion criteria. Articles
that met the inclusion criteria were independently examined for
data extraction by three reviewers (AAD, NH, MTH).

Data Extraction
Threereviewers(AAD,NH,MTH)assessedthefull-lengtharticlesthat
met the inclusion criteria to extract study measures. The reasons for
exclusion were recorded for those articles that did not meet the
inclusion criteria after full-article examination. Articles that met the
inclusion criteria forOTChad the following data extracted: lab name,
location of site, country of origin, number of participants, age of
participant(s) at OTC, condition of participant(s), previous cancer
treatment prior to OTC, date range of which tissue was processed,
surgical technique of ovary removal, partial or whole ovary removal,
methods used to process ovarian tissue during OTC, techniques used
toprocess tissue, nameof the ‘size’ of cortical ovarian tissue processed,
dimensions of tissue pieces (length xwidth x thickness,mm), number
of total tissue processed/cryopreserved, and cryopreservation
technique (slow freeze, vitrification). Only articles that cryopreserved
human ovarian tissue for future fertility or hormone purposes,
explicitly stated methods of processing ovarian tissue, and had clear
dimensions (length, width) of OTC tissue were assessed. Additional
data were gathered for studies that met inclusion criteria for OTT
outcomes analyses including: age of participant(s) at OTT, site of
transplantation, number of total ovarian tissue pieces transplanted,
beginning of ovarian hormone restoration (months), the longevity of
ovarian function (months), the number of participants which
underwent transplantation, number of participants that underwent
assisted reproductive technology (ART) to conceive (yes/no, number
of rounds, number of participants), number of participants that
conceived spontaneously (yes/no, number of participants), the
number of pregnancies, and the number of live births. Every
participant in these studies were treated individually to avoid bias
and to effectively assess the ovarian activity outcomes. The extracted
data was verified by one reviewer (AAD) for validity and bias.

Characterization of Size
The size of cryopreserved ovarian tissue was characterized into
three categories based on dimensions of tissue pieces (length,
width): strips, squares, fragments. Processed ovarian tissue were
categorized as strips if the length (≥ 5 mm) and width had
different measurements. Squares were determined to be ovarian
tissue which had the same measurements for length (≥ 5 mm)
and width (≥ 5 mm). Fragments were determined to be tissue
which had the length and width < 5 mm. Only studies that
included clear dimensions of the length and width of the
processed ovarian tissue were included in this review.

Outcome Measurements
For the outcomes analysis the following data were evaluated:
dimensions of processed ovarian tissue (length, width,
June 2022 | Volume 13 | Article 918899
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thickness), most common dimensions of ovarian tissue, area of
tissue transplanted, pregnancy rate, live birth rate, time to
resumption of ovarian function post-transplantation, and
longevity of ovarian hormone function. Only articles that
contain these data measurements were assessed. The most
common dimension of ovarian tissue was defined by the
greatest number of participants that have the length and
width of the ovarian tissue pieces in common. The average
area of tissue transplanted was determined by the average area
of the size of ovarian tissue pieces and the average amount of
total tissue transplanted. Fertility rate was calculated to be
percentage of the number of participants that obtained
pregnancy to the number of participants that attempted
pregnancy. Live birth rate was calculated to be the
percentage of the number of participants who obtained live
birth to participants who attempted pregnancy. We defined
ovarian function restoration as the time of decline of FSH
levels to premenopausal state, an increase in estradiol levels, or
to time of resumption of menses, if the study included all these
factors the former was noted.

Statistical Analysis
The number of tissues transplanted, and area of tissue transplanted
were expressed as mean and range. The following parameters: age
at OTC, age at OTT, and time of ovarian restoration from OTT
were expressed as mean with standard deviations. To determine
the differences between size of ovarian tissue and age at OTC, OTT,
and ovarian restoration a One-way ANOVA was performed,
P<0.05 were considered significantly different. Statistical analyses
were performed using GraphPad PRISM.

Risk of Bias
Two authors (AAD, HK) independently evaluated each article
included in this systematic review for risk for bias. In this
systematic review case reports, multi-center studies, and
articles were assessed for quality assessment. For these
platforms, the Joanna Briggs Institute Critical appraisal
checklist was utilized to examine the clarity on the
participant’s demographic characteristics, medical history,
current clinical condition, intervention or treatment procedure,
post-interventions, adverse/unanticipated events. Disagreements
or conflicts on risk of bias assessment were resolved by a third
reviewer (MML) (Supplementary Tables 1, 2).
RESULTS

Study Selection
Figure 1 represents the PRISMA Flow diagram that was
constructed for this systematic review. This diagram shows the
screening, identification, eligibility, and inclusion steps
conducted for OTC processing and OTT outcomes analyses.
Studies that focused on OTC were gathered for OTC processing
research; these articles underwent further screening for OTT and
for OTT outcomes analysis. A total of 4,874 results were
identified in PubMed; after manual removal of duplicate
Frontiers in Endocrinology | www.frontiersin.org 430
results, a total of 2,252 results were assessed for screening
against the OTC inclusion criteria (Figure 1).

Of the abstract screened, 367 results met the inclusion criteria
for the tissue processing analysis. Two-hundred and sixty-four
results were excluded with reasons (Figure 1). A total of 103
studies specifying the methods of processing ovarian tissue for
cryopreservation, dimensions of cryopreserved ovarian tissue
pieces, and location of the site were identified and included in
this review for the outcomes analysis (Figure 1). As previously
mentioned, the articles included for processing analysis were
further screened against the inclusion criteria for OTT. Twenty-
one articles that were used for processing analysis were included
for OTT outcomes analysis in this review. A total of 82 articles
were excluded from outcomes analysis with reasons (Figure 1). In
this systematic review, 103 studies that contained participants
that underwent OTC were included (Supplementary Table 3).
Additionally, 21 studies described 92 participants who underwent
OTC and autologous transplantation (Supplementary Table 4).

Ovarian Tissue Processing Sites
In this review, 58 unique sites published how ovarian tissue was
processed for cryopreservation and tissue size categorized into
three groups: strips, squares, and fragments (Table 1). There
were 15, 3, and 10 unique length and width dimensions for strips,
squares, and fragments, respectively. A total of 36 sites (62%)
from 18 countries processed the ovarian tissue into strips (19–
71) (Table 1). The most common dimension (length, width) for
strips of 10 mm x 5 mm is processed in 19 different sites, with a
range of 5-30 mm by 1-20 mm, (length, width). A total of 15 sites
(25.8%) process ovarian tissue into squares, with the dimensions
of 5 x 5 mm being the most common in 12 different sites and a
range of 5-10 mm by 5-10 mm (length, width) (Table 1).
Ovarian tissue was processed into squares in 15 sites from 11
countries (20, 65, 72–98). In total, 17 different sites (29.3%) from
12 countries process ovarian tissue into dimensions that were
categorized into fragments (Table 1) (21, 62, 77, 99–122).
Fragments with the dimensions of 2 x 2 mm (length, width)
were the most common in 5 sites. The fragment dimensions
ranged from 0.5-4 by 0.3-3 mm (length, width) (Table 1).
Reported thicknesses ranged from 1 – 2 mm, and one site
reporting a thickness of 5 mm (Table 1).

Of the 58 unique OTC processing sites, 8 (13.8%) cut ovarian
tissue into different dimensions within the same size categories,
6,1, and 2 sites for strips, squares, and fragments, respectively
(Table 1). Additionally, 9 sites (15.5%) processed ovarian tissue
into different sizes (Table 2).

To determine if there is a correlation between age at OTC,
participant diagnosis or ovarian tissue procurement method and
the chosen size for tissue processing, additional data was
extracted from articles where sites reported using multiple
tissue processing sizes. Two sites (3.4%) cryopreserved ovarian
tissue into all three sizes (Table 2.) The Juliane Marie Centre for
Women at University Hospital of Copenhagen in Copenhagen,
Denmark reported cutting tissue into the following dimensions
(1): strips: 5 x 4, 5 x 1 (2), squares: 5 x 5 (3), fragments: 4 x 3, 3 x
3, 3 x 2, 2 x 2 mm2 (length, width) (Table 2). This site processed a
9-year-old Ewing’s sarcoma participant’s ovarian tissue into 5 x 4
June 2022 | Volume 13 | Article 918899
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mm2 (64). Six galactosemia participants at this site had one ovary
removed for fertility preservation at the ages of 1.7, 0.9, 4.5, 0.3,
2.9, and 11.7 and ovarian tissue was cut into the dimensions: 5 x
5, 4 x 3, 3 x 3, 3 x 2, 2 x 2, and 2 x 2 mm2, respectively (77).
Additionally at this site, 25 leukemia participants had 5 x 1 mm2

strips cryopreserved (71). The Royal Women’s Hospital in
Victoria, Australia also reported processing ovarian tissue into
multiple different sizes (1): strips: 5 x 1 (2), squares: 5 x 5 (3),
fragments: 2 x 2, 3 x 3, 4 x 3 mm2 (Table 2). Over 40 participants
at this site had ovarian tissue processed into squares at the mean
age of 26 (range 17.8 – 40.7), these participants had wide range of
diagnoses (79). Also at this site 17 participants that had a mean
age of 27.4 (range 17.8 – 35.9) at OTC had their ovarian tissue
processed and cryopreserved into 5 x 1 mm2 strips (68). The
Royal Women’s Hospital processed 9 participants (mean age at
OTC= 20.6, range 18-31) ovarian tissue into 4 x 2 mm2

fragments, these participants had various from of diseases (120).
In total 4 sites (6.9%) cut ovarian tissue into strips and

fragments. The Cliniques Universitaires Saint-Luc in Brussels,
Belgium, reported processing ovarian tissue into strips and
fragments with the following dimensions: 12 x 4, 10 x 5, 10 x
4, 10 x 3, and 2 x 2 mm2 (Table 2). At this site, 6 participants with
Frontiers in Endocrinology | www.frontiersin.org 531
different diagnoses and a mean age of 23.8 (range 21-28)
underwent partial or whole oophorectomy had 12 x 4 mm2

strips cryopreserved (22). A 23-year-old sickle cell anemia
participant, at the Cliniques Universitaires Saint-Luc, that
underwent a unilateral oophorectomy for fertility preservation
had 10 x 5 mm2 ovarian tissue strips cryopreserved (29). Four
participants, with the mean age of 23.5 (range 21-28) at OTC,
had their ovarian tissue was cut into 10 x 4 mm2 strips for
cryopreservation (123). A 22-year-old participant at this site had
10 x 3 mm2 ovarian strips cryopreserved. Additionally at this site,
2 participants (17 and 25 years old at OTC) had fragments
cryopreserved in the dimensions of 2 x 2 mm2 (22). In the Lis
Maternity Hospital at Tel Aviv Sourasky Medical Center in Tel
Aviv, Israel, 93 participants (average at OTC 15.4, range 0–25)
with a wide range of diagnosis at OTC, had 0.5 x 0.3 mm2

fragments cryopreserved (Table 2) (116). Also at this site, an 18
year old participant with Hodgkin’s disease had ovarian tissue
cut into 10 x 5 mm2 strips for OTC (43). At University Medical
Center Utrecht in Utrecht, The Netherlands, 10 participants with
different diagnoses underwent unilateral oophorectomy for
fertility preservation and had 10 x 3 strips and 2 x 2 mm2

fragments cryopreserved (52) (Table 2).
FIGURE 1 | PRISMA Flow diagram for ovarian tissue cryopreservation and transplantation.
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TABLE 1 | Ovarian tissue cryopreservation processing sizes across different sites around the world.

Size Dimensions length x width (mm2) thickness (site) Sites of OTC processing

Strips 161 x 5 a (a)

30 x 20 a (b)

20 x 10 b (c)

12 x 4 a (d)

10 x 5 a (d, e, f, g), b (d, h-p), d (q-u), e (v, w)

10 x 4 b (d)

10 x 3 a (d, x), b (u)

10 x 1a (y)

8 x 5 a (l, z)

8 x 4 b (h, aa-dd)

6 x 4 d (ee)

5 x 4 b (ff)

5 x 3 b (gg), d (ee)

5 x 2 b (hh)

5 x 1 b (ii, jj), g (ff)

a. University Paul Sabatier, Toulouse, France.

b. Sheba Medical Center, Sackler School of Medicine, Tel-Aviv University, Tel-Aviv, Israel.

c. St. Luke's Hospital, St. Louis, Missouri, USA.

d. Cliniques Universitaires Saint-Luc, Université Catholique de Louvain, Brussels, Belgium.

e. Medical University of Vienna, Vienna, Austria.

f. University Medical Centre Ljubljana, Ljubljana, Slovenia.

g. Institute University Dexeus, Barcelona, Spain.

h. Beijing Obstetrics and Gynecology Hospital, Capital Medical University, Beijing, China.

i. Royan Institute for Reproductive Biomedicine, ACECR, Tehran, Iran.

j. Israel and Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Ramat Aviv, Israel

k. Leiden University Medical Center, Leiden, the Netherlands.

l. Radboud University Medical Center, Nijmegen, The Netherlands.

m. Ankara University Faculty of Medicine, Ankara, Turkey.

n. Christie Hospital, Manchester, UK.

o. University of Pennsylvania, Philadelphia, USA.

p. Children's National Hospital, Washington, D.C., USA

q. Hôpital Jean-Verdier, Hôpitaux Universitaires Paris-Seine-Saint-Denis, Assistance Publique,
Hôpitaux de Paris, Bondy, France.

r. Lis Maternity Hospital, Tel Aviv Sourasky Medical Center, Tel Aviv, Israel.

s. Chaim Sheba Medical Center, Tel Hashomer, Israel.

t. Cleveland Clinic, Cleveland, Ohio, USA.

u. University of Bologna, S Orsola-Malpighi Hospital of Bologna, Italy.

v. New York Medical College, New York, New York, USA.

w. Naval Medical Center San Diego, San Diego, California, USA

x. University Medical Center Utrecht, Utrecht, The Netherlands.

y. University of Valencia, Valencia, Spain.

z. Centre for Reproductive Medicine, UZ Brussel, Brussels, Belgium.

aa. Heinrich-Heine-University, Düsseldorf, Germany.

bb. University Women's Hospital Düsseldorf, Düsseldorf, Germany.

cc. Bern University Hospital, Bern, Switzerland.

dd. Medical University of Bonn, Bonn, Germany.

ee. Assistance Publique-Hôpitaux de Paris Saint Louis Hospital, Paris, France.

ff. The Juliane Marie Centre for Women, University Hospital of Copenhagen, University of
Copenhagen, Rigshospitalet-Copenhagen, Denmark.

gg. Marianna University School of Medicine, Kawasaki City, Japan.

hh. Shahid Sadoughi University of Medical Sciences, Yazd, Iran.

ii. Royal Women's Hospital, Parkville, Victoria, Australia.

jj. Hadassah Hebrew University Hospital, Jerusalem, Israel.

kk. Rose Ladies Clinic, Tokyo, Japan.

ll. Monash IVF, Melbourne, Victoria, Australia.

mm. Ghent University Hospital, Ghent, Belgium.

nn. University of Torino, S. Anna Hospital, Torino, Italy.

oo. Seoul National University Bundang Hospital, Seongnam, Korea.

pp. Oslo University Hospital, Oslo, Norway.

qq. AVA-PETER Fertility Clinic, Saint-Petersburg, Russia.

rr. University of Kansas Medical Center, Kansas City, Kansas, USA.

ss. Erasme Hospital, Université Libre de Bruxelles, Brussels, Belgium.

tt. Aarhus University, Aarhus, Denmark.

uu. Eulji University School of Medicine, Seoul, South Korea

vv. Gameta Hospital, Lodz, Poland.

ww. Monash Medical Centre, Clayton, Victoria, Australia.

xx. University of Cologne, Cologne, Germany

yy. Medical University of Innsbruck, Innsbruck, Austria.

Squares 12 x 12 b (kk)

10 x 10 b (gg), c (c), d (gg, kk)

5 x 5 a (ff), b (ii, ff, mm-rr), d (ff, ss-vv),e (ss)

Fragments 4 x 3 a (ff)

4 x 2 b (ii, ww), e (xx)

3 x 3 a (ff), b (yy, zz)

3 x 2 d (ss)

3 x 1 f (aaa)

2 x 2 a (ff, w, bbb), b (ccc), e (d)

2 x 1 a (zz), b (dd), f (ddd)

1 x 1 a (zz, eee)

0.5 x 0.5 b (fff)

0.5 x 0.3 a (r)

(Continued)
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Two additional sites report processing tissue into strips and
squares (3.4%). St. Luke’s Hospital in St. Louis, Missouri, USA
cryopreserves participants’ ovarian tissue into 20 x 10 mm2 strips
and 10 x 10 mm2 squares (20) (Table 2). From 1997 to 2007,
slow freezing was this site’s main method of cryopreservation
and therefore cut ovarian tissue into 20 x 10 mm2 strips (20).
This site changed its method of cryopreservation to vitrification
in 2007. From 2007 to 2017, participants at this site had 10 x 10
mm2 squares cryopreserved for fertility preservation (20). In
Japan, the Marianna University School of Medicine uses 5 x 3
mm2 strips and 10 x 10 mm2 squares for participants with
various diagnosis at OTC (17, 73) (Table 2).

Of the 58 processing sites 1 site uses both squares and fragments
as its size for cryopreserving ovarian tissue. Erasme Hospital in
Brussels, Belgium cryopreserves tissue as 5 x 5 mm2 squares, which
Frontiers in Endocrinology | www.frontiersin.org 733
has been used for over 200 participants (age range 0-27) with
different diagnoses at OTC, and regardless of partial or whole ovary
removal (89) (Table 2). Additionally, a 13-year-old sickle cell
anemia participant at this site had 3 x 2 mm2 fragments ovarian
tissue cryopreserved for fertility preservation (100).

Characteristics of OTT Participants
The clinical metadata for participants that were included in this
systematic review is detailed in Supplementary Table 4. A total of
92 unique participants who underwent OTT after OTC with the
goal of having a biological child or restoring hormones were
included in this analysis (21, 22, 25, 34, 37, 44, 57, 59, 61, 64, 66,
78, 84, 91–93, 95, 111, 115, 118, 124). Overall, 51, 37, and 4
participants had their ovarian tissue processed into strips, squares,
and fragments, respectively (Table 3). The three most predominant
TABLE 2 | Processing sites that cut ovarian tissue into different sizes.

Size of processed ovarian
tissue

Site(s) Dimensions
length x width (mm2)

All three sizes The Juliane Marie Centre for Women, University Hospital of Copenhagen, University of Copenhagen,
Copenhagen, Denmark.

Strips: 5 x 4, 5 x 1
Squares: 5 x 5
Fragments: 4 x 3, 3 x 3, 3 x 2,
2 x 2

Royal Women’s Hospital, Parkville, Victoria, Australia. Strips: 5 x 1
Squares: 5 x 5
Fragments: 2 x 2, 3 x 3, 4 x 3

Strips and fragments Cliniques Universitaires Saint-Luc, Université Catholique de Louvain, Brussels, Belgium. Strips: 12 x 4, 10 x 5, 10 x 4,
10 x 3
Fragments: 2 x 2

Lis Maternity Hospital, Tel Aviv Sourasky Medical Center, Tel Aviv, Israel. Strips: 10 x 5
Fragments: 0.5 x 0.3

University Medical Center Utrecht, Utrecht, The Netherlands. Strips: 10 x 3
Fragments: 2 x 2

Medical University of Bonn, Bonn, Germany. Strips: 8 x 4
Fragments: 2 x 1

Strips and squares St. Luke’s Hospital, St. Louis, Missouri, USA. Strips: 20 x 10
Squares: 10 x 10

Marianna University School of Medicine, Kawasaki City, Japan. Strips: 5 x 3
Squares: 10 x 10

Squares and fragments Erasme Hospital, Université Libre de Bruxelles, Brussels, Belgium. Squares: 5 x 5
Fragments: 3 x 2
June 2022
TABLE 1 | Continued

Size Dimensions length x width (mm2) thickness (site) Sites of OTC processing

zz. Erlangen University Hospital, Friedrich-Alexander University of Erlangen-Nuremberg, Erlangen,
Germany.

aaa. Karolinska University Hospital, Stockholm, Sweden.

bbb. Hospital Center São João, Porto, Portugal.

ccc. McGill University Health Center, McGill University, Montreal, Quebec, Canada

ddd. University of Oxford, Oxford, UK.

eee. Johannes Gutenberg University, Mainz, Germany.

fff. Département de Biologie de la Reproduction, CHU Montpellier, Univ Montpellier, France.

athickness no mentioned.
bthickness of 1 mm.
cthickness of 1-1.5 mm.
dthickness of 1-2 mm.
ethickness of 2 mm.
fthickness of 5 mm.

athickness no mentioned.
bthickness of 1 mm.
cthickness of 1-1.5 mm.
dthickness of 1-2 mm.
ethickness of 2 mm.
fthickness of 5 mm.
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conditions that were present in the total participant population were
Hodgkin’s lymphoma (23.9%), breast cancer (29.3%), and other
conditions (17.4%) (Figure 2A). In the strips and fragment
participant populations, Hodgkin’s lymphoma was the most
prevalent diagnosis (Figures 2B, D). Additionally, the most
prevalent condition for participants whose ovaries were processed
into squares was breast cancer (Figure 2C). The mean age at OTC
was 27.4, 29.8, and 22.8 years for participants whose ovaries were
processed into strips, squares, and fragments, respectively
(Figure 3A). The mean age at the time of OTT was 33.1, 33.8,
Frontiers in Endocrinology | www.frontiersin.org 834
and 30.3 for strips, squares, and fragments groups, respectively
(Figure 3B). There was statistically significant difference in the age
at the time of OTC (P-value= 0.0390) between all three sizes, but no
significant difference between two sizes. Furthermore, there was no
statistically significant difference between the age at the time OTT
(P-value= 0.4130) in the three different size ovarian tissue pieces,
respectively (Figures 3A, B). Although all groups had at least one
participant with previous cancer treatment before OTC, the strips
group had the greatest number of participants in this subgroup
(n=21) (Table 3). The ovarian tissue was most often processed into
A B

DC

FIGURE 2 | Participant diagnosis at time of OTC in (A) overall patient population (B) strips (C) squares and (D) fragments group. Diagnoses in the other category
included the following in (1) overall: acute lymphocytic leukemia, adnexal mass with left adnexectomy, aplastic anemia, autoimmune vasculitis, choriocarcinoma,
colorectal cancer, endometrial cancer, granulomatosis with polyangiitis, leukemia, neuroendocrine tumor, ovarian cancer, Schwachman-diamond syndrome, sickle
cell anemia, synovial sarcoma of the lung and pelvic sarcoma, systemic lupus erythematosus, T-cell lymphoma (2), strips: acute lymphocytic leukemia, aplastic
anemia, b-thalassemia, colorectal cancer, endometrial cancer, rectal cancer, Schwachman-diamond syndrome, sickle cell anemia, systemic lupus erythematosus,
and (3) squares: autoimmune vasculitis, b-thalassemia, choriocarcinoma, Ewing’s sarcoma, granulomatosis with polyangiitis, leukemia, myelodysplastic syndrome,
neuroendocrine tumor, non-Hodgkin’s lymphoma, ovarian cancer, rectal cancer, synovial sarcoma of the lung and pelvic sarcoma, T-cell lymphoma (21, 22, 25, 34,
37, 44, 57, 59, 61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).
TABLE 3 | OTC/OTT Participant characteristics for fertility and hormone outcomes (21, 22, 25, 34, 37, 44, 57, 59, 61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).

Size of processed ovarian tissue Strips Squares Fragments

Range Dimensions of processed ovarian tissue Length x
Width (mm2)

6-10 x 2-5 5 x 5 2-3 x 1-2

Most common dimension Length x Width (mm2), (n=67) 6 x 4 (n = 28) 5 x 5 (n = 37) 2 x 2 (n = 2)
No. of OTC/OTT participants 51 37 4
Method of cryopreservation
(Slow freeze, Vitrification)

Slow freeze: 50
Vitrification: 0

Slow freeze: 37
Vitrification: 0

Slow freeze: 4
Vitrification: 0

Mean Age at OTC
Years ± SD, Range

27.4 ± 6.6, 9-40 29.8 ± 5.31, 15.4-38 22.8 ± 3.3, 18-25

Mean Age at OTT
Years ± SD, Range

33.1 ± 5.3, 13.6-41.9 33.8± 4.95, 27-43 30.3 ± 1.7, 28-32

No. of participants with previous treatment prior to OTC 21 2 1
Average number of tissues transplanted, ± SD, Range
(1st, 2nd, 3rd)

1st: 11.5 ± 7.8, 2-46
2nd: 11.7 ± 4, 8-16 (n=7)

1st:10.9 ± 2.8, 6-17
2nd: 8.3 ± 4.3, 3-16 (n=10)

1st: 21.8 ± 30.3, 4-67
2nd: 20 (n=1)
3rd: 49 (n=1)

Av. Area of tissue transplanted (mm2) ± SD, Range, mm2

(Total, 1st, 2nd, 3rd)
Total: 394.58 ± 262.7, 40 – 1152

1st: 334.0 ± 172.5, 40-920
2nd: 385.75 ± 100.7, 216-550

3rd: -

Total: 328.4 ± 128, 150 -750
1st; 271.8 ± 69.9, 150-425

2nd: 207.5 ± 108, 75-400 mm2

3rd: -

Total: 134.8 ± 139.8, 12-268
1st; 83 ± 123.8, 12-268

2nd: 60 (n=1)
3rd:147 (n=1)
June 2022
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the dimensions of 6 x 4 mm2, 5 x 5 mm2, and 2 x 2 mm2 (length x
width) in the strips, squares, and fragments groups, respectively
prior to OTT (Table 3). Eighteen participants underwent a second
OTT 7, 10, and 1 strips, squares, and fragments groups, respectively
and one participant underwent a third OTT (Table 3). A total of 51
participants whose ovarian tissue was processed into strips, 9 into
squares, and 3 into fragment were included for analysis because
information on hormone restoration and longevity was reported.
The average area of tissue per first OTT was 334.0 mm2, 271.8 mm2,
and 123.8 mm2 for strips, squares, and fragments groups,
respectively. Overall, the total average area of tissue transplanted
was 394.58mm2, 328.4mm2, and 134.8 mm2 for strips, squares, and
fragments groups, respectively (Table 3). There was a statistically
significant difference between the total and first average area of
tissue per OTT in all three size ovarian tissue pieces. (P-value=
0.0432 and 0.0013, respectively) Additionally, there was not a
statistically significant difference in total and first average area of
tissue per OTT between two groups (Table 3; Figures 4A, B).
Frontiers in Endocrinology | www.frontiersin.org 935
Ovarian Tissue Processing Size and
Pregnancy Outcomes
52.2% (48/92) of all participants who were reported to undergo
OTT were also monitored for pregnancy attempts using assisted
reproductive technologies (ART) or spontaneously (21, 22, 25,
34, 37, 44, 57, 59, 61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).
A total of 16, 11 and 3 participants with strip, square, and
fragment ovarian tissue pieces attempted pregnancy (Table 4).
The pregnancy rates were 81.3, 45.5, and 66.7% for strip, square,
and fragment ovarian tissue pieces (21, 22, 25, 34, 37, 44, 57, 59,
61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).

In the strips group, 6 participants used ART methods, 13
participants used spontaneous methods, and 3 participants used
both methods to attempt pregnancy (25, 34, 37, 44, 57, 59, 61, 63,
64). Overall, there were 14 pregnancies in this group; 4
pregnancies resulted from ART, and 10 were obtained
spontaneously. Of the three strips participants that used both
methods to attempt pregnancy, 2 participants achieved
pregnancy with ART and spontaneous methods, and one
part ic ipant was successful at achieving pregnancy
spontaneously (34, 59). In total, 9 strips participants had
pregnancies that resulted in a live birth. One participant has a
total of two separate live births from both ART and spontaneous
pregnancies. The live birth rate for the strips groups was 56.3%
and there was a total of 12 live births (2 ART, 10 spontaneous)
(Table 4). Two strips participants birthed twins (34, 61). Two
participants in the strips groups had miscarriages, one
participant had a termination of pregnancy, and one
participant had an ongoing pregnancy at the end of the study
(59, 63). In total, four participants in the strips group who
attempted pregnancy had a second transplant (34, 63). Two
participants were unsuccessful in obtaining pregnancy with the
first transplant, so to increase chances of pregnancy they
underwent a second OTT (Table 4) (34, 63). The first
participant achieved three spontaneous pregnancies that
resulted in two separate successful live births and one
miscarriage (63). The second participant had a successful
spontaneous pregnancy and subsequent live birth (34, 63). Of
the two other participants in the strips group that had a second
OTTs, one participant got pregnant with the first OTT but
resulted in a miscarriage, and the other had a termination of
pregnancy (63). These two participants had a successful
spontaneous pregnancy and live birth with the second
transplant (63).

The square group had a pregnancy rate of 45.5%. These
participants obtained pregnancy with ART (n=2) or
spontaneously (n=3) (Table 4) (78, 84, 91–95). In addition,
there were a total of five pregnancies in this group; two were
achieved using ART, and three were achieved spontaneously. In
total, two participants in the squares group had a termination of
pregnancy, and one participant had an ongoing pregnancy at the
end of the study (78, 92, 95). The live birth rate for the squares
group was 18.2%. In this group, 10 participants had a second
transplantation and 8 of these participants were not included for
pregnancy outcomes due to unclear pregnancy attempts
(Table 4) (91, 93). A total of 3 spontaneous pregnancies were
A

B

FIGURE 3 | Age of participant at OTC (A) and OTT (B) in different size
cryopreserved and transplanted ovarian tissue. P-values greater than 0.05
were considered not significantly different (ns) (21, 22, 25, 34, 37, 44, 57, 59,
61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).
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obtained from these excluded participants (93). Two participants
had a total of two separate pregnancies, where in one participant
both pregnancies resulted in termination and in the other
participant both pregnancies resulted in live birth (93). The
third participant that was excluded had a single spontaneous
pregnancy which was terminated (93). Two participants were
included that underwent a second OTT (Table 4) (91, 93). One
participant attempted pregnancy spontaneously with first
transplantation to increase chances of pregnancy, and then
requested a second transplant that resulted in a successful live
birth (91). The other participant was unsuccessful at obtaining
pregnancy with the first and second OTT (91).

In the fragments group, 3 participants attempted pregnancy
spontaneously (Table 4) (21, 111, 118). Two of these participants
were successful at obtaining pregnancy and live birth (21, 111).
In this group, one participant had a total of three separate OTTs
(118). This participant attempted pregnancy with the first
Frontiers in Endocrinology | www.frontiersin.org 1036
transplant, however, due to decline ovarian hormone levels the
participant had multiple transplants that resulted in a single
pregnancy and live birth (118).

OTT Hormone Restoration and Function
Longevity
Decreased FSH levels or menstrual cycle resumption and the
duration of ovarian hormone production post-transplantation
determined ovarian function. Overall, 98% of participants had
restoration of ovarian function with first OTT; only one
participant in the strips group showed no reestablishment of
ovarian activity (Table 5) (34). The mean time from OTT to
ovarian hormone restoration was 3.88 months (range: 1.6-7.5
months), 3.56 months (range: 1.8-4.6), and 3 months (range:1-5
months) in the strip, square, and fragment groups per first OTT,
respectively (Table 5; Figure 5) (21, 22, 25, 34, 37, 44, 57, 59, 61, 64,
66, 78, 84, 91, 92, 95, 111, 115, 124). There was no statistically
significant difference of the mean time from OTT to ovarian
restoration in all three sizes (P-value= 0.2104) (Figure 5). In all
three groups, over 88% of participants had ovarian activity lasting
over six months (Table 5). One participant who had OTT with
strips and one with squares had continuous function at 2.4- and 2.8-
months post-transplantation, respectively (34, 92). The strips group
had the highest percentage of participants with hormone
production lasting over one-year post-transplantation with their
first OTT (86%) (Table 5). In total, two participants from the strips
group had ovarian activity lasting over five years with their first
OTT (63). The strips, squares, and fragments groups had 84, 55.6,
and 100% of participants with ongoing ovarian function with first
OTT, respectively. In total, eight (16%) and four (44.4%)
participants had cessation of ovarian function with first OTT in
the strips and square groups, respectively (44, 63, 64).In total, 10
participants underwent a second OTT(8 strips and 2 squares)
(Table 5) (34, 63, 78, 91). In the strips group, 8 participants had
an end of ovarian function with the first OTT at a mean of 1.29
years, (range 0.75-3.2 years) post transplantation (34, 63).
Additionally, one participant in the strips group that had two
OTT did not have restoration of ovarian function with second
OTT (63). Participants with ovarian restoration from second OTT,
six participants had ongoing function and one participant had an
ovarian cessation at one year post second OTT (34, 63). In the
squares group, 4 participants had the end of ovarain fuction, two
participant had a second OTT (Table 5) (84, 91). Of the two
participants that did not have a second OTT, ovarian function
ceased at 2 and 3.75 years, respectively (mean=2.9 years) (84, 91).
Two participants from the squares group underwent a second OTT
due to cessation of ovarian function at 1.25 years and 7 months post
first OTT (78, 91).However, the second OTT in one participant did
not restore ovarian activity (91). The other participant had ongoing
ovarian activity lasting over 1.5 years with second OTT (91).
DISCUSSION

There have been several recent systematic reviews of OTC and
OTT that have identified the different cryoprotectant protocols
A

B

FIGURE 4 | Total average area of tissue transplanted (A) and per 1st OTT
(B) in different size cryopreserved and transplanted ovarian tissue. P-values
greater than 0.05 were considered not significantly different (ns) P-values
greater than 0.05 were considered not significantly different (ns).P-values less
than 0.05 (*) and 0.005(**) were considered significantly different. (21, 22, 25,
34, 37, 44, 57, 59, 61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).
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OTC, fresh and frozen OTT for hormone restoration, ovarian
tissue transport prior to OTC, age at OTC, and vitrification versus
slow-freezing methods for OTC (13, 125–127).This is the first
systematic review that considered the size of ovarian tissue pieces
that were processed for OTC and the outcomes of OTT within
those size categories. OTT is a technique emerging in the field of
reproductive science and has been performed in over 318 patients
(128). The ovarian tissue is processed for OTC by thinning the
tissue, removing most of the ovarian medulla and isolating the
ovarian cortical tissue. The cortex is then cut into pieces to allow
for penetration of the cryoprotectant in preparation for
cryopreservation (129). In this systematic review, 58 unique sites
reported details on the dimensions used for OTC. This analysis
identified that ovarian tissue is cut into multiple different sizes. Ten
sites located in the U.S., Belgium, Australia, China, Japan, Israel,
Germany, Denmark, and Netherlands processed the ovarian tissue
in multiple sizes within the same clinical site. There were no
correlations found between age at OTC or diagnosis and the size of
processed ovarian tissue. There were no indications of a regional
preference for ovarian tissue processing size and, furthermore,
seven sites cut ovarian tissue into different dimensions within the
Frontiers in Endocrinology | www.frontiersin.org 1137
same size category. These findings highlight that there is no
standard size of cryopreserved ovarian tissue. Studies have shown
that fragmentation of the ovarian cortex leads to follicle activation
(17). This investigation revealed that 36 sites (62% of sites) process
ovarian tissue into strips and is the most predominant
cryopreserved size. These findings also demonstrate that most
sites around the world process the ovarian tissue to have a
thickness of 1-2 mm, which coincides with a thickness which has
been shown to reduce ice crystal formation and injury, reduce
ischemic time, and increase oxygen diffusion once transplanted
(130, 131). Transplantation of ovarian tissue has been reported to
restore ovarian activity in 95% of transplantations (12, 128). In the
results described here, the ovarian function was restored in 98% of
participants that underwent OTT.

Fertility clinics in Denmark and Japan utilize fragmentation of
ovarian tissue for POI patients to activate dormant follicles and
increase fertilization rates (132, 133). Based on this and other
evidence from animal models that suggest that disruption of the
microenvironment can initiate follicle activation, it was
hypothesized that ovarian tissue used in OTT that had been
processed into smaller pieces would result in fewer pregnancies
TABLE 5 | Ovarian function outcome after transplantation.

Size of processed
ovarian tissue (No.
of OTT
Participants)

Months from OTT HP
mean ± SD, range

HP lasting ≥6
months n, (%)

HP lasting ≥1
year n, (%)

HP lasting ≥ 2
years n, (%)

HP ≥ 5
years n,

(%)

Participants with
ongoing ovarian
function n, (%)

Participants with
reported cessation of

ovarian
function n, (%)

Strips
1st (n = 51)
2nd (n = 8)

3.88 ± 0.84, 1.6-7.5 49/51, (96)
7/8, (87.5)

45/51,
(88.2)

7/8, (87.5)

19/51, (37.3)
4/8, (50)

2/51, (4)
1/8, (12.5)

42/51, (84)
6/8, (75)

9q/51, (17.6)
2q/8, (25)

Squares
1st (n = 9)
2nd (n = 2)

3.56 ± 1.03,
1.8-4.6

8/9, (88.9)
1/2, (50)

4/9, (44.4)
1/2, (50)

3/9, (33.3)
0/2, (0)

0/9, (0)
0/2, (0)

5/9, (55.6)
1/2, (50)

4/9, (44.4)
1q/2, (50)

Fragments
1st (n = 3)

3 ± 2,
1-5

3/3, (100) 1/3, (33.3) 0/3, (0) 0/3, (0) 3/3, (100) 0/3, (0)
June 2022 |
qParticipant did not have resumption of ovarian activity. HP, hormone production (21, 22, 25, 34, 37, 44, 57, 59, 61, 64, 66, 78, 84, 91, 92, 95, 111, 115, 124).
TABLE 4 | Pregnancy and live birth outcome after transplantation per 1st transplant (21, 22, 25, 34, 37, 44, 57, 59, 61, 64, 66, 78, 84, 91–93, 95, 111, 115, 118, 124).

Size of processed ovarian tissue (No. of
OTT Participants)

Participants who attempted to become
pregnant n, (%)

Pregnancy rate
n, (%)

Number of
Pregnancies

Live birth rate
n, (%)

Number of Live
Births

Strips (n = 51)
Total
ART
spontaneous

16g/51, (31.4)
6
13

13h/16, (81.3)
4
11

14
4
10i

9j/16, (56.3)
2
8

12k

2
10

Squares (n = 37)
Total
ART
spontaneous

11/37, (29.7)
6
5

5/11, (45.5)
2
3

5
2
3

2/11, (18.2)
1
1

2
1
1

Fragments (n = 4)
Total
ART
spontaneous

3/4, (75)
0
3

2/3, (66.7)
0
2

2
0
2

2/3, (66.7)
0
2

2
0
2

Volume 1
gThree participants in the strips category used both ART and spontaneous methods to attempt pregnancy.
hTwo participants in the strips category that used both ART and spontaneous methods to attempt pregnancy obtained pregnancy with both methods, one participant in the strips category
that used both ART and spontaneous methods to attempt pregnancy obtained pregnancy only with spontaneous methods.
iOne participant in the strips category that used both ART and spontaneousmethods to attempt pregnancy obtained pregnancy only with spontaneous methods, had an ongoing pregnancy.
jOne participant in the strips category obtained a live birth from both ART and spontaneous methods.
k Two participants in the strips category had twins.
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and shorter duration of ovarian function, and a shorter time to
initiate ovarian function after OTT (16). After transplantation there
is up to an 80% loss in ovarian reserve due to factors such as
ischemic time (14, 15). The graft size can influence ischemic time,
such that smaller graft sizes can have shorter ischemic time than
larger graft sizes, leading to earlier ovarian function (15, 134, 135).
The resumption of ovarian activity on average did decrease with a
smaller processing size (strips 3.88 months, squares 3.56 months,
and fragments 3 months). Additionally, the squares group had the
highest rate (44.4%) of participants that had a reported cessation of
ovarian activity with the first OTT, followed by the strips group
(17.6%). Even though more tissue on average was transplanted in
the strips than squares group, the strips group had a shorter ovarian
tissue lifespan (1.29 years) for the first OTT compared to squares
group (2.9 years). While some of these results followed the expected
trend, the longevity of ovarian tissue function in the strips group is
lower than the reported literature range of 2-5 years due to the lack
of follow-ups on participants with OTT in the reviewed reports
(128). If further participant follow-up was performed for each study
through to cessation of ovarian function, then the longevity of
ovarian tissue function would be better understood. While the
analysis accounted for the location of the transplant by excluding
heterotopic sites, and the reported results only included tissue that
was cryopreserved using a slow freezing and not vitrification
technique, there are other confounding factors that may
contribute to ovarian tissue function after OTT. We also note
Frontiers in Endocrinology | www.frontiersin.org 1238
that there were studies with exciting findings that did not meet our
inclusion criteria. For instance, Oktay et al. have implemented the
use of extracellular matrix scaffolds, which show promise in
extending graft longevity (136).

OTC followed by OTT has resulted in over 140 published live
births worldwide and it has been reported to lead to multiple live
births from the same OTT procedure (60, 128). This systematic
review of reports that contained information on ovarian tissue
processing size and OTT outcomes identified an overall pregnancy
rate of 81.3%, 45.5%, 66.7% of participants in strips, squares, and
fragments groups, respectively. In the strips and fragments groups,
the pregnancy rates were higher than the 50% pregnancy rate from
OTT reported in the literature (12). This vast difference in
pregnancy rate is probably attributed to the fact that authors have
not published or described the additional information required for
this analysis. The live birth rate was higher in the strips groups
(56.3%) compared to squares (18.2%). However, in these two
groups, participants (2 squares, 1 strips) had a termination of
pregnancy which could have impacted the live birth rate (63, 92,
93, 95). The fragments group had the highest birth rate (66.7%) in
all three groups. The small sample size of participants in the
fragments group (n=4) compared to the strips (n=51) and
squares (n=37) was a contributing factor to these high rates. The
participant data utilized for this systematic review was limited by the
number of published case studies that contain participants who
underwent autologous orthotopic OTT, follow-up time points in
studies that discussed OTT outcomes, and contained data on the
ovarian tissue sizes. This systematic review relies heavily on the
information of case studies, therefore, can introduce an internal
validity threat to our reported results. An additional caveat to this
study is that authors publishing on OTT might not be reporting
unsuccessful OTT cases and have not reported detailed follow-ups
of past reported case studies. Evidence is needed to identify and
understand factors that could contribute to follicle burnout within
the first few months post-OTT, such as impact of tissue
fragmentation on preventing ischemia-reperfusion injury and
initiating angiogenesis, to develop a unified best practice for
ovarian tissue processing (20).
CONCLUSION

This systematic review determined the processing sizes of
cryopreserved ovarian tissue in sites across the world and
examined ovarian function restoration in different sized ovarian
tissue pieces in OTT participants. It is shown in this review that
there is no standard for processing ovarian tissue and
documentation of ovarian restoration outcomes in participants.
Although the time of resumption of ovarian activity was not
statistically significant between the different sizes, this could have
been due to the small population size of the fragments and squares
group. The participant population size used in this systematic
review could have been more prominent by changing the
rigorous inclusion/exclusion criteria to include studies that did
not contain enough information about the participants. However,
changing the inclusion/exclusion criteria of this systematic review to
FIGURE 5 | Months to restoration of ovarian activity in different size
transplanted ovarian tissues. The average time to ovarian restoration per first
OTT was 3.88, 3.56, and 3 months in the strip, square, and fragment groups,
respectively. P-values greater than 0.05 were considered not significantly
different (ns) (21, 22, 25, 34, 37, 44, 57, 59, 61, 64, 66, 78, 84, 91–93, 95,
111, 115, 118, 124).
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include studies that lacked important participant information would
increase bias within the review. This systematic review has shown
the importance of documenting information on the participant
before OTC, explicit ovarian tissue processing and transplantation
methods, and updating participants’ ovarian outcomes post-
transplantation via follow-ups. This call to action of proper
documentation and consistent OTT participant follow-ups will
allow scientists and clinicians to drive research questions with the
goals of improving OTC/OTT and maximizing fertility outcomes.
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This retrospective cohort study explores whether noninvasive chromosome screening
(NICS) for aneuploidy can improve the clinical outcomes of patients with recurrent
pregnancy loss (RPL) or repeated implantation failure (RIF) in assisted reproductive
technology. A total of 273 women with a history of RPL or RIF between 2018 and
2021 were included in this study. We collected data of all oocyte retrieval cycles and single
blastocyst resuscitation transfer cycles. For the patients experiencing RPL, NICS reduced
the miscarriages rate per frozen embryo transfer (FET), improved the ongoing pregnancies
rate and live birth rate: 17.9% vs 42.6%, adjusted OR 0.39, 95% CI 0.16–0.95; 40.7% vs
25.0%, adjusted OR 2.00, 95% CI 1.04–3.82; 38.9% vs 20.6%, adjusted OR 2.53, 95%
CI 1.28–5.02, respectively. For the patients experiencing RIF, the pregnancy rates per FET
in the NICS group were significantly higher than those in the non-NICS group (46.9% vs.
28.7%, adjusted OR 2.82, 95% CI 1.20–6.66). This study demonstrated that the selection
of euploid embryos through NICS can reduce the miscarriage rate of patients
experiencing RPL and improve the clinical pregnancy rate of patients experiencing RIF.
Our data suggested NICS could be considered as a possibly useful screening test in
clinical practice.

Keywords: noninvasive chromosome screening, repeated implantation failure, recurrent pregnancy loss, assisted
reproductive technology, clinical outcomes
INTRODUCTION

In vitro fertilization-embryo transfer (IVF-ET) is an effective method to treat infertility widely
performed worldwide (1). Nevertheless, chromosomal abnormalities often exist in early human
embryos, leading to embryo implantation failure and pregnancy loss during IVF treatment (2, 3),
especially in patients with a history of recurrent pregnancy loss (RPL) and repeated implantation
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failure (RIF) (4–6). RPL is defined as the loss of ≥2 pregnancies,
which is confirmed at least by either serum or urine b-hCG, i.e.
including non-visualized pregnancy losses (biochemical
pregnancy losses and/or resolved and treated pregnancies of
unknown location) (7), whereas RIF is the failure of ≥3
implantations (8). Sahoo et al. (9) reported that chromosome
abnormalities were detected in 3,975 of 7,396 (53.7%) cases of
miscarriage tissues. Besides, Kort et al. (6) analyzed 10,711 cases
of blastocysts retrospectively and found that the incidence of
embryo aneuploidy was significantly higher in patients
experiencing RIF than in the control group.

Currently, the most commonly used embryo selection
method is morphological evaluation. However, the
chromosomes of embryos cannot be identified via morphology
(2, 3). Among blastocysts with good morphology, only 42% of
embryos had normal chromosomes. Among these, only 30% of
ICM graded A Embryos, the chromosomes, were normal (10).
Therefore, in some special populations [such as women with
recurrent miscarriage and repeated implantation failure (RIF)],
embryos are usually evaluated through pre-implantation genetic
testing for aneuploidy (PGT-A) (11–13). A retrospective study
showed that the live birth and clinical pregnancy rate were
improved through the PGT-A in women with RPL (14). The
authors included 1,389 blastocysts derived from PGT-A cycles in
IVF patients with advanced maternal age, those with RIF, those
with recurrent miscarriage, and oocyte donors. Compared to that
in the control group without PGT-A, the live birth rates of the
four groups were improved (15). However, specific equipment
and extensive expertise are required for the biopsy procedure,
restraining the utility of PGT-A in assisted reproduction.
Moreover, the embryos were screened for chromosomal ploidy
before transferring to the uterus (16, 17), and the long-term
impact of biopsy is an important concern for undetermined
health risks, such as adrenal development and response to cold
stress (18), epigenetic reprogramming (19), and neurological
conditions (20). Notably, implantation rates were lower with
increased biopsied trophectoderm (TE) cell numbers and sizes
than with appropriate cell numbers and sizes (21, 22).

Stigliani et al. (23) first observed genomic DNA contents in
embryo culture medium. Since then, multiple studies have been
published using culture medium or blastocoelic fluid for
analyzing chromosomal ploidy (24–31). Xu et al. (27) first
reported a noninvasive chromosome screening (NICS) assay
based on a Multiple Annealing and Looping-Based
Amplification Cycle-Next Generation Sequencing (NGS)
strategy using spent blastocyst culture medium, which was
validated in 42 IVF and resulted in five live births among
seven women. Fang et al. (29) obtained an ongoing pregnancy
rate of 58% and reported 27 normal live births in a pilot clinical
study using NICS. Nevertheless, the clinical application of NICS
has been evaluated only in small-scale trials.

Here, we designed a retrospective cohort study including 273
patients experiencing RPL or RIF to confirm the clinical value of
NICS. To the best of our knowledge, this is the first large-scale
validation study of NICS in the patients experiencing RPL
or RIF.
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MATERIALS AND METHODS

Study Participants and Data Collection
We initially included 303 women with a history of RPL (≥2
pregnancies) (7) or RIF (≥3implantations) (8), exclusion criteria
were APS, diabetes, hypothyroidism or other severe
complications, from July 2018 to May 2021, according to the
records of the Reproductive Centre at the Second Affiliated
Hospital of Wenzhou Medical University. However, 10 women
that abandoned embryo transfer and 20 women with
chromosomal rearrangements, abnormal uterine cavity
morphology, endometrial lesions, endometrial injury,
intrauterine effusion, or untreated hydrosalpinx were excluded
from the study. The final cohort comprised 273 women, from
which we collected data of all oocyte retrieval cycles and single
blastocyst resuscitation transfer cycles.

The variables analyzed in the study were: age at retrieval, the
history of pregnancies, live births, and miscarriages, body mass
index (BMI), hormone levels, the number of oocyte retrieval
cycles, oocytes, cleavages, and D5 or D6 blastocysts, and
blastocyst morphology (expansion, inner cell mass, and
trophectoderm). After consulting patients, we divided them
into two groups. Patients experiencing RPL or RIF who
received the noninvasive chromosome screening for
aneuploidy were included in the NICS group, while those who
underwent conventional morphology embryo transfer during the
same period were included in the non-NICS group. The euploid
embryos were transferred to the NICS group. The study design is
illustrated in Figure 1.

Oocyte Retrieval and Embryo Culture
This study was performed at the first IVF/Intracytoplasmic Sperm
Injection (ICSI) cycles after injection of 3.75 mg triptorelin for
prolonged pituitary downregulation in the follicular phase of the
menstrual cycle. Ovarian stimulation with exogenous
gonadotropins promoted the growth of follicles. When two or
more leading follicles reached 18 mm, ovulation was induced with
10,000 IU human chorionic gonadotropin (hCG). Oocyte retrieval
was performed at 35 h post-hCG administration. Cumulus-
enclosed oocytes were separated from the follicular fluid, placed
in a medium, and incubated at 37°C incubated d Cumulus-encl2
atmosphere for 2 h. Routine IVF or ICSI was performed based on
sperm quality. The embryos were placed in droplets of G-1 PLUS
medium (Vitrolife, Göteborg Sweden) in AMP-30D incubators
(Bioz, Los Altos, CA, USA) in a 6.0% CO2 and 5% O2 balance N2

atmosphere at 37°C.

Blastocyst Culture and Transfer
D3 embryos were placed in 30-mL droplets of G-2 PLUS medium
(Vitrolife) supplemented with washed and pre-gassed mineral oil
(Sage, Atlanta, GA, USA) and cultured to the blastocyst stage in
AMP-30D incubators (Bioz) in a 6.0% CO2 and 5% O2 balance
N2 atmosphere at 37°C. At 2 d of culture, the development and
quality of blastocysts were evaluated according to the blastocyst
scoring system, including expansion (1–6), inner cell mass (A, B,
C), and trophectoderm (A, B, C). Blastocysts were categorized
June 2022 | Volume 13 | Article 896357

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Xi et al. Noninvasive Chromosome Screening Improves Pregnancy
into good, fair, or poor quality based on the simplified SART
embryo scoring system (30). The grade is good when the ICM/
TE is AA, AB, or BA; the grade is fair when the ICM/TE is BB or
AC; the grade is poor when the ICM/TE is CA, BC, or CB. All
blastocysts were previously frozen and thawed by vitrification
using the Cryotop Safety kit (Kitazato, Fuji-shi, Shizuoka, Japan),
according to the manufacturer’s instructions. A single blastocyst
was selected for transfer to each patient based on morphology
(nonintervention group) or NICS results (intervention group).

Sample Collection for NICS Assay
To prevent medium cross-contamination, different Pasteur
pipettes were used for each embryo. Approximately 30 mL of
blastocyst medium from each embryo was transferred into
RNase-DNase-free PCR tubes containing 5 mL of cell lysis
buffer (Yikon Genomics, Suzhou, China). the same amount of
blastocyst culture medium was collected to be used as a negative
control. All collected samples were flash-frozen in liquid
nitrogen and stored at -80°C until subjected to the NICS assay.

Whole-Genome Amplification and NGS
Data Analysis
Whole-genome amplification was performed using culture
media, followed by library preparation using ChromInst
(Yikon Genomics; EK100100724 NICS Inst Library
Preparation Kit). NGS was performed on an Illumina MiSeq
platform that yielded approximately 2 million sequence reads
from each sample. The high-quality reads were extracted and
mapped to the human hg19 genome. After removing duplication
reads, the read numbers were counted along the whole genome
with a bin size of 1 Mb and normalized by the GC content, as well
as a reference dataset to represent the relative copy number. The
copy number of each bin was then segmented by circular binary
segmentation (CBS) algorithms to merge bins with similar trends
and calculate the final copy numbers.
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Assessment of Outcome Variables
Our primary outcomes included the clinical pregnancy rates,
miscarriage rates, and ongoing pregnancy rates. The clinical
pregnancy rate was defined as the number of cycles with
gestational sacs visualized on transvaginal ultrasonography
divided by the total number of transplant cycles. The
miscarriage rate was calculated as the number of pregnancy
failures after a gestational sac was documented by transvaginal
ultrasonography divided by the total number of clinical
pregnancies. The ongoing pregnancy rate was the number of
cycles of any pregnancy that went beyond 12 weeks of gestation,
divided by the total number of transplant cycles. Ectopic
pregnancy was considered a clinical pregnancy and not
a miscarriage.

Statistical Analysis
Descriptive data for continuous variables are presented as means ±
standard deviation, whereas categoric data as numbers and
percentages. The Student’s t-test or Mann–Whitney test were
used to identify significant differences in parametric and non-
parametric data, respectively. The chi-square test or Fisher exact
test were used for categoric variables in each group.Multiple logistic
regression analysis was conducted to compare the outcomes of
NICS and non-NICS groups after controlling the covariables at p <
0.10 and covariables considered clinically influential.

All analyses were conducted using the statistical software BMI
SPSS, Version 25. A P-value < 0.05 was considered denoting
statistical significance.

Ethics Approval and Consent
to Participate
This study was approved by the Institutional Review Board (IRB) of
the Second Affiliated Hospital of Wenzhou Medical University
(number: 2021-K-13-01). Informed consent was obtained in
accordance with the institutional guidelines before embryo analysis.
FIGURE 1 | Inclusion and classification of patient selection in this study. NICS, noninvasive chromosome screening; RPL, recurrent pregnancy loss; RIF, repeated
implantation failure; Control, blastocyst morphology (non-NICS).
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RESULTS

Variable Analysis
Of the 303 women initially included in the study, 10 that
abandoned embryo transfer and 20 that had no transferrable
embryos were excluded from the final cohort. Finally, blastocysts
were transferred to 273 women during 407 transfer
cycles (Figure 1).

Of the 173 patients with a history of RPL, were enrolled in the
study, of which 84 were for the NICS group and 89 were included
as the non-NICS group. In total, 113 FET cycles were performed
for the patients in the NICS group, and 136 high-quality
blastocysts were obtained from 89 patients (Table 1). Of the
100 patients with a history of RIF, 44 were for the NICS group
and 56 for the non-NICS group. In total, 64 FET cycles were
performed for the patients in the NICS group, and 94 high-
quality blastocysts were obtained from the non-NICS
group (Table 2).

Data variables analyzed in this study were age at retrieval, the
history of pregnancies, live births, and miscarriages, BMI,
hormone levels, the number of oocyte retrieval cycles, oocytes,
cleavages, and D5 or D6 blastocysts, and blastocyst morphology
(expansion, inner cell mass, and trophectoderm) were
comparable by Student’s t-test or Mann–Whitney U test, each
as appropriate (Tables 1, 2).
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Our analysis showed no significant differences in age, BMI,
and hormone levels between the NICS and non-NICS groups in
patients experiencing RPL or RIF. The number of previous
miscarriages in the NICS group of patients experiencing RPL
or RIF was significantly higher than in the non-NICS group.
Besides, infertility duration showed statistical significance (p =
0.001, p = 0.004) in the NICS group and non-NICS group, no
matter which feature the patients were in. The number of
miscarriages and infertility duration affected clinical outcomes.
Thus , they were inc luded in the mult iple logist ic
regression analysis.

Blastocyst Morphological Assessments
and NICS Results
The blastocyst transplantation was based on morphology and
NICS results. Blastocysts were evaluated based on their
development and quality using the Gardner scores system and
divided into three categories: good (AA/BA/AB), fair (BB/AC),
and poor (CA/BC/CB) (32). As shown in Tables 1, 2, no
significant differences were observed between the NICS group
and the control group of patients experiencing RIF. Of the
patients experiencing RPL, the non-NICS group was lower
than the NICS group (37.2% vs. 24.3%) in the poor category;
however, there was no significant difference between the other
two categories.
TABLE 1 | Baseline demographics of patients experiencing recurrent pregnancy loss (RPL) after embryo selection by noninvasive chromosome screening (NICS) versus
blastocyst morphology (Non-NICS).

Variable NICS Non-NICS p-value

Number of patients 84 89
Female age (y) 32.4 ± 3.8 33.4 ± 4.7 0.109
Female body mass index (kg m-2) 22.1 ± 2.8 22.4 ± 3.1 0.371
Male age (y) 34.7 ± 4.1 35.2 ± 4.7 0.381
Male body mass index (kg m-2) 24.0 ± 3.0 24.5 ± 3.2 0.293
Infertility duration (y) 1.4 ± 0.7 2.1 ± 2.2 0.001
Number of prior miscarriages 2.9 ± 1.3 2.5 ± 1.1 0.023
Number of previous embryo transfers 0.63 ± 1.0 2.2 ± 1.8 <0.001
Number of prior live births 5 (6.0%) 1 (1.1%) 0.108
Prolactin (ng m-1) 20.0 ± 44.9 21.4 ± 45.9 0.831
Testosterone 0.5 ± 0.3 0.9 ± 4.3 0.415
Progesterone 0.7 ± 0.5 0.6 ± 0.6 0.357
Follicle-stimulating hormone 6.8 ± 2.1 7.5 ± 4.2 0.158
Luteinizing hormone 4.8 ± 3.7 5.8 ± 9.6 0.349
Estradiol 62.7 ± 58.1 66.7 ± 71.88 0.673
Number of COH cycles 87 105
Number of COH cycles per patient 1.04 1.18 0.007
Gonadotropin days (x̅ ± SD) 10.2 ± 2.1 10.5 ± 2.9 0.416
Gonadotropin dosage (×75 IU, x̅ ± SD) 2,065.3 ± 768.1 1,956.3 ± 856.9 0.359
Number of retrieval oocytes (x̅ ± SD) 12.8 ± 7.0 12.8 ± 7.3 0.977
Number of cleaving zygotes (x̅ ± SD) 8.9 ± 4.7 9.5 ± 6.0 0.441
Number of blastocysts 4.7 ± 3.3 4.4 ± 3.1 0.513
Number of FET cycles 113 136
Embryos at day 5 80 (70.8%) 114 (83.8%) 0.014
Embryos at day 6 33 (29.2%) 22 (16.2%)
Blastocyst quality, Good (AA/BA/AB) 36 (31.9%) 45 (33.1%) 0.837
Blastocyst quality, Fair (BB/AC) 35 (31.0%) 58 (42.6%) 0.058
Blastocyst quality, Poor (CA/BC/CB) 42 (37.2%) 33 (24.3%) 0.027
Number of embryos 371
Aneuploidy rate 195/371(52.56%)
June 2022 | Volume 13 | Article
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In the NICS assay, we sequenced approximately 2 million
reads on each culture medium sample. The read numbers were
counted along the 24 chromosomes with a bin size of 1 Mb and
normalized by the mean of the corresponding bin in all samples.
Examples of the results of NICS were demonstrated in
Additional File 1.

Comparison of Clinical Outcomes
Between NICS and Non-NICS Groups for
Patients Experiencing RPL or RIF
For the patients experiencing RPL, the miscarriage rate per FET
was significantly lower in the NICS group than in the non-NICS
group (17.9% vs. 42.6%, adjusted OR 0.39, 95% CI 0.16–0.95),
whereas the ongoing pregnancy rate (40.7% vs. 25.0%, adjusted
OR 2.0, 95% CI 1.04–3.82) and live birth rate (38.9% vs. 20.6%,
adjusted OR 2.53, 95% CI 1.28–5.02) were significantly higher in
the NICS group compared to the non-NICS group (Figure 2;
Table 3). Nevertheless, no differences were identified in
pregnancy rates per patient between the NICS and non-NICS
groups (49.6% vs. 44.9%, adjusted OR 1.13, 95% CI 0.61–
2.07; Table 3).

For the patients experiencing RIF, the pregnancy rates per
FET were significantly higher in the NICS group than in the non-
NICS group (46.9% vs. 28.7%, adjusted OR 2.82 95% CI 1.20–
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6.66. Figure 3; Table 4), whereas the live birth rate and ongoing
pregnancy rate per FET and per patient were no significant
difference in the NICS group than in the non-NICS group.
Nevertheless, no differences were identified in the miscarriage
rate per clinical pregnancy between the NICS and non-NICS
groups (23.3% vs. 25.9%, adjusted OR 1.35, 95% CI 0.34–
5.42; Table 4).
DISCUSSION

To our knowledge, this is the first large-scale study to confirm the
effectiveness of NICS as a diagnostic test for the outcomes of IVF
in women with a history of RPL or RIF. We demonstrated that
the miscarriage rate was significantly lower in women with RPL
(n = 173), whereas the pregnancy rate was significantly higher in
the NICS group than in the non-NICS group of women with RIF
(n = 100). To confirm that the improvement of clinical outcomes
in the NICS group was related to the genetic testing alone despite
the other factors, we included the variables at p < 0.10 and related
to the clinical outcome in the adjusted models. Our results
strongly supported the high clinical value of NICS in women
with RPL before embryo transfer since it significantly increased
the live birth rate per transfer cycle through the multiple logistic
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TABLE 2 | Baseline demographics of patients experiencing repeated implantation failure (RIF) after embryo selection by noninvasive chromosome screening (NICS)
versus blastocyst morphology (Non-NICS).

Variable NICS Non-NICS p-value

Number of patients 44 56
Female age (y) 32.1 ± 4.7 33.3 ± 4.3 0.143
Female body mass index (kg m-2) 21.0 ± 2.5 21.7 ± 2.4 0.101
Male age (y) 34.2 ± 5.2 34.9 ± 4.9 0.407
Male body mass index (kg m-2) 24.2 ± 3.4 23.8 ± 3.4 0.498
Infertility duration (y) 3.5 ± 2.9 5.2 ± 3.0 0.004
Number of prior miscarriages 1.9 ± 1.2 0.8 ± 1.1 <0.001
Number of previous embryo transfers 4.4 ± 1.3 4.2 ± 1.3 0.379
Number of prior live births 1/44 (2.3%) 0
Prolactin (ng m-1) 26.2 ± 76.4 15.1 ± 9.9 0.231
Testosterone 0.5 ± 0.2 0.5 ± 0.3 0.973
Progesterone 0.8 ± 1.0 0.6 ± 0.3 0.287
Follicle-stimulating hormone 7.8 ± 2.4 7.5 ± 3.5 0.608
Luteinizing hormone 5.2 ± 2.2 4.5 ± 2.7 0.108
Estradiol 50.4 ± 25.8 51.2 ± 41.70 0.913
Number of COH cycles 44 70
Number of COH cycles per patient 1 1.3 <0.001
Gonadotropin days (x̅ ± SD) 10.0 ± 2.4 11.0 ± 2.4 0.03
Gonadotropin dosage (×75 IU, x̅ ± SD) 1,838.4 ± 748.3 2,192.1 ± 872.7 0.028
Number of retrieval oocytes (x̅ ± SD) 13.9 ± 7.5 13.0 ± 7.5 0.551
Number of cleaving zygotes (x̅ ± SD) 10.8 ± 6.1 9.7 ± 5.4 0.319
Number of blastocysts (x̅ ± SD) 5.3 ± 2.8 4.2 ± 3.2 0.059
Number of FET cycles 64 94
Embryos at day 5 48 (75.0%) 64 (68.1%) 0.24
Embryos at day 6 16 (25.0%) 30 (31.9%)
Blastocyst quality, Good (AA/BA/AB) 11 (17.2%) 22 (23.4%) 0.345

0.124Blastocyst quality, Fair (BB/AC) 31 (48.4%) 34 (36.2%)
Blastocyst quality, Poor (CA/BC/CB) 22 (34.4%) 38 (40.4%) 0.442
Number of embryos 189
Aneuploidy rate 107/189 (56.61%)
COH, controlled ovarian hyperstimulation; SD, standard deviation; FET, frozen-thawed embryo transfer. A total of 189 embryos were examined in the RIF group for aneuploidy.
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regression analysis (38.9% vs. 20.6%, adjusted OR 2.53, 95% CI
1.28-5.02). The pregnancy rates per FET in the NICS group were
significantly higher than in the non-NICS control group (46.9%
vs. 28.7%, adjusted OR 2.82, 95% CI 1.20–6.66) for the patients
experiencing RIF. Similarly, Fang et al. obtained an ongoing
pregnancy rate of 58% and reported 27 normal live births in
patients experiencing RPL or RIF after transferring 50 embryos
identified as euploid by NICS (29).

In this study, women with RPL had a history of ≥2
miscarriages, spontaneous abortion, and/or biochemical
pregnancy, as described in the ESHRE guideline (7, 31). The
definition of RPL differs among organizations. For instance,
the Royal College of Obstetricians and Gynecologists and the
European Society of Human Reproduction and Embryology
support that a miscarriage includes all pregnancy ≥3 losses up
to 24 weeks of gestation, whereas the American Society for
Reproductive Medicine does not provide a time limit and ≥2
miscarriages of pregnancy, excludes biochemical pregnancy (32).
The rate of chromosome abnormality decreases with the
developmental stage: 70–80% in clinical miscarriages (33), 4%
in stillbirths, and 0.3% in newborn babies (34). The selection of
euploid embryos can reduce the rate of miscarriages, which are
probably caused by chromosome abnormalities (35).

Women with RIF had a history of ≥3 failed implantations of
4–6 high-score blastomeres or >3 high-score blastocysts (8). A
retrospective analysis of 10,711 blastocysts showed that the
incidence of blastocyst aneuploidy in patients experiencing RIF
is significantly higher than that in the control group, and embryo
aneuploidy is a primary reason for implantation failure (6). A
Frontiers in Endocrinology | www.frontiersin.org 649
clinical study suggested that transplanting euploid embryos may
help patients experiencing RIF to achieve pregnancy (36). A
multi-center, prospective, pilot study showed that screening for
embryo ploidy improved the live birth rate per embryo transfer
procedure in both RPL (52.4% vs 21.6%) and RIF group (62.5%
vs 31.7%), which indicated PGT-A has an advantage reducing
the number of embryo transfer cycles (37).

Chromosome aneuploidy is common in embryos following
IVF, even in younger women, and is a major failure factor.
Although morphology is correlated with euploidy, it can only
increase euploidy by a few percentage points at most when used
to select replacement embryos. Embryos with good morphology
may have chromosomal abnormalities (10). Routine embryo
screening for aneuploidy requires intensive biopsy procedures,
which are costly and time-consuming. The accuracy of NICS has
been verified in many studies, and a 58% clinical pregnancy
success rate has been reported for patients experiencing RIF and
RPL (29). Recently, the utility of niPGT-A is challenged in the
article by Hanson et al. (38). Here, we also found that NICS
TABLE 3 | Comparison of clinical outcomes patients experiencing recurrent pregnancy loss (RPL).

NICS Non-NICS Adjusted odds ratio (95% CI), p-value

Number of transferred cycles 113 136
Clinical pregnancies rate (%) 56/113 (49.6%) 61/136 (44.9%) 1.13 (0.61–2.07), 0.697
Miscarriages rate (%) 10/56 (17.9%) 26/61 (42.6%) 0.39 (0.16–0.95), 0.038
Ectopic pregnancies 0 1/61 (1.6%)
Ongoing pregnancies rate (%) 46/113 (40.7%) 34/136 (25.0%) 2.0 (1.04–3.82), 0.037
Live birth rate (%) 44/113 (38.9%) 28/136 (20.6%) 2.53 (1.28–5.02), 0.008
NICS group, embryo selection by noninvasive chromosome screening; control group, blastocyst morphology.
*Adjusted for female age, infertility duration, number of prior miscarriages, number of previous embryo transfers, number of COH cycles, embryo morphology, and Day 5/6 blastocysts.
FIGURE 3 | Clinical pregnancy rate of patients with repeated implantation
failure (RIF) after embryo selection by noninvasive chromosome screening
(NICS) versus blastocyst morphology (control). *p < 0.05.
FIGURE 2 | Pregnancy outcomes of patients with recurrent pregnancy loss
(RPR) after embryo selection by noninvasive chromosome screening (NICS)
versus blastocyst morphology (control). MR, miscarriages rate; OPR, ongoing
pregnancy rate; LBR, live birth rate. *p < 0.05, **p < 0.01.
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allowed the selection of embryos, increasing the live birth rates in
women with RPL and improving the clinical pregnancy rates in
women with RIF based on many patients, which is meaningful to
both clinicians and basic scientists on NICS assay. Chen et al.
(39) assessed the performance by comparing with the CNV from
the whole embryo assay as the gold standard. The differences of
sensitivity, specificity, NPV, and PPV between TE-PGT and
NICS were not statistically significant. Our center is
participating in a multi-unit clinical trial for women ≥35 years
of age to further validate the clinical value of NICS since a more
comprehensive application requires advanced technology such as
modified WGA and sequencing protocols and novel diagnostic
algorithms. The validation of NICS in different populations and
the accumulation of detectable sample sizes may help markedly
reduce the detection cost per embryo.

There are limitations in our study: 1) as a retrospective study,
patients in the NICS groups had different clinical prognoses than
those in the non-NICS groups, introducing bias in the study
results, and 2) the loss and cycle cancelation caused by euploid
selection after NICS was not calculated since only women with a
good prognosis reach the blastocyst stage and have an euploid
embryo to transfer.

Our large-scale retrospective study demonstrated noninvasive
chromosome screening for aneuploidy improved the clinical
outcomes for patients experiencing RPL or RIF. NICS could be
considered as a possibly useful screening test in clinical practice.
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Background: Ovarian tissue cryopreservation (OTC) is the only method of fertility
preservation (FP) in prepubertal girls, but the experience remains limited. This study
investigates the effectiveness and feasibility of FP of OTC in children facing gonadotoxicity
treatment in Chinese first ovarian tissue cryobank.

Procedure: OTC and evaluation of 49 children ≤14 years old in the cryobank of Beijing
Obstetrics and Gynecology Hospital, Capital Medical University, from July 2017 to May
19, 2022, were analyzed retrospectively. We compared children’s general characteristics,
follicle numbers, and hormone levels with and without chemotherapy before OTC.

Results: The age of 49 children at the time of OTC was 7.55 (1–14) years old. There were
23 cases of hematological non-malignant diseases, eight cases of hematological malignant
diseases, four cases of gynecological malignant tumors, one case of neurological malignant
tumors, one case of bladder cancer, five cases of sarcoma, three cases of
mucopolysaccharidosis, one case of metachromatic leukodystrophy, two cases of
dermatomyositis, one case of Turner’s syndrome. The median follicular count per 2-mm
biopsy was 705. Age and AMH were not correlated (r = 0.084, P = 0.585). Age and follicle
count per 2-mm biopsy was not correlated (r = −0.128, P = 0.403). Log10 (follicle count per
2-mmbiopsy) and Log10 (AMH) were not correlated (r = −0.118,P = 0.456). Chemotherapy
before OTC decreased AMH levels but had no significant effect on the number of follicles per
2-mm biopsy.

Conclusions: OTC is the only method to preserve the fertility of prepubertal girls, and it is
safe and effective. Chemotherapy before OTC is not a contraindication to OTC.

Keywords: ovarian tissue cryopreservation, children, fertility preservation, ovarian tissue transplantation,
reproduction, endocrine function, gonadal toxicity
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1 INTRODUCTION

The overall incidence of cancer in children has increased slightly
(0.7% per year), and the reason is unclear (1). Because of significant
treatment advances in recent decades, 85% of children with cancer
now survive more than 5 years (1). Childhood cancer treatment
may include surgery, chemotherapy, radiotherapy, and/or
hematopoietic stem cell transplantation (HSCT) (2). Except for
non-pelvic surgery, these treatments impair ovarian function,
which is related to the oocyte/follicle DNA double-strand break
(DSB) and apoptosis (3). Gonadal toxicity of anticancer therapy
depends on the type, dose, and extent of chemotherapeutic agents
and radiotherapy (4). HSCT is a standard treatment for
hematological diseases, including high-dose chemotherapy with
or without whole-body radiotherapy. Patients cured by
myeloablative HSCT have a very high risk of premature ovarian
insufficiency (POI) (5).

Decline or loss of fertility and POI are well-known side effects
of anticancer therapy, and infertility is a significant concern for
childhood cancer survivors (6). Estrogen deficiency also affects
uterine development and increases the risk of osteoporosis,
cardiovascular disease, and impaired cognitive function. In
adolescent girls, POI also leads to developmental impairment
and delayed puberty and affects self-esteem (7). Although fertility
preservation (FP) in patients with cancer has become an essential
issue in the clinic, previous studies have shown that young
patients with cancer are not always adequately counseled about
the potential adverse effects of cancer treatment on reproductive
function and FP options nor are they referred to a fertility
specialist (8). This issue has yet to be addressed in a proper
manner, especially in low-income settings (9).

The ovarian tissue cryopreservation (OTC) technique is the
only FP method for prepubertal girls. Cortical tissue is obtained
by laparoscopic minimally invasive surgery under general
anesthesia (10, 11). The adolescent or young adults could have
ovarian stimulation and oocytes retrieval once they have
recovered and before they develop to POI. In 2019, the
American Society for Reproductive Medicine (ASRM) claimed
that the OTC technique is no longer an experimental technique
but has become standard clinical FP technology (12). Because of
the small ovary size in children, the unilateral ovary is usually
retrieved for OTC (13).

More than 200 babies have been born through OTC
technology worldwide (14), and cryopreserved ovarian tissue
from children has been successfully used to induce puberty (15).
Recently, there have been reports of successful pregnancy after
retransplantation of cryopreserved ovarian tissue at the age of 13
(16) and 9 (17) and in patients with acute lymphoblastic
leukemia at the age of 14 (18). The International Guideline
Harmonization Group pointed out that all children with cancer
and their families have the right to be informed of the risk of
gonadal damage and recommends that children and young
patients who will receive a cumulative dose of 6,000~8,000 mg/
m2 or greater alkylating agent, ovarian radiotherapy, and HSCT
undergo FP of OTC (8).

The global clinical practice information on OTC of
prepubertal girls and adolescent women is still limited, and the
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FP experience in children is limited compared to adults. To
better apply OTC for prepubertal girls, the valuable experience of
each center is worth reporting. This study mainly analyzed the
age, disease, transport and cryopreservation, follicle number, and
hormone level of 49 children who underwent OTC in the
cryobank of Beijing Obstetrics and Gynecology Hospital,
Capital Medical University, the first and largest OTC center in
China. It compares the age, disease, transport and
cryopreservation, follicle count, and hormone level of patients
with or without chemotherapy before OTC.
2 METHODS

2.1 Ethics Statement
The Ethics Committee approved OTC of Beijing Obstetrics and
Gynecology Hospital, Capital Medical University (ethics code:
2017-KY-020-01; date: March 15, 2017) to provide centralized
OTC and use up to 10% of ovarian tissue for quality control
measures and patient-related research. Ovarian tissue was
collected from clinical sub-centers and transferred to the
ovarian tissue cryobank.

2.2 Retrieval, Transportation, and
Preparation of Ovarian Tissue
Forty-one children who underwent OTC in the cryobank of
Beijing Obstetrics and Gynecology Hospital, Capital Medical
University, from July 2017 to May 19, 2022 (mean ± SD, range:
7.55 ± 3.64 years, 1–14 years) were selected as subjects. Twenty-
four of them underwent a few cycles of chemotherapy before
OTC to alleviate the symptoms of the disease and most of them
reach the remission stage and plan to undergo HSCT. Because of
the small size of the ovary in children (13), the amount of ovarian
tissue retrieval is generally the unilateral ovary, equivalent to 50%
of all ovarian tissue, via laparoscopy (Figure 1) or laparotomy
(primary tumor resection at the same time).

The ovarian tissue was transferred to the cooled Custodiol
immediately after retrieval. During ovarian tissue transport, the
temperature was maintained at 4°C–8°C. The mean temperature
reached the cryobank was 5.47°C, and the average transport time
was less than 12 h. In a pollution-free environment, ovarian
tissue was prepared in a sterile laminar flow cabinet at 4°C. The
cortex was prepared to 1 mm thick, then cut into cortical slices of
size about 6 mm × 3 mm, and cryopreserved for future
transplantation. For the remaining cortical tissue, standardized
cortical samples (diameter of 2 mm) were obtained from
different areas using punches (PFM Medical AG, Cologne,
Germany) for follicle density analysis and routine viability
assay. After slow programmed freezing, the ovarian cortex was
stored in a gas phase liquid nitrogen tank. The operation is
according to the previously published protocol (19, 20).

2.3 Hormone Level Analysis Before
Ovarian Tissue Cryopreservation
The levels of follicle-stimulating hormone (FSH), luteinizing
hormone (LH), and estradiol (E2) in serum before OTC were
June 2022 | Volume 13 | Article 930786
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determined by Centaur automatic chemiluminescence
immunoassay produced by Bayer Company in the United
States. AMH was determined using the AMH kit (Guangzhou
Kangrun Company, China) by enzyme-linked immunosorbent
assay. The intra-assay and inter-assay errors were 3.3% and
6.7%, respectively.

2.4 Analysis of Follicle Density
The count of surviving primordial and primary follicles was
analyzed in standardized biopsied cortices, with circular cortical
slices 2 mm in diameter collected from different cortex regions
with a volume of 3.14 mm3 per biopsy. The follicles count per 2-
mm biopsy, and the follicles density per mm3 were statistically
analyzed. The follicular count assessment method is the same as
the previous articles published by our team (21).

2.5 Statistical Analyses
SPSS 22.0 (IBM SPSS Statistics, IBM software) was used for data
analysis. The data in accordance with normal distribution were
expressed by “mean ± standard deviation”, the mean between
groups was compared by independent sample t-test, and the data
Frontiers in Endocrinology | www.frontiersin.org 355
in accordance with non-normal distribution were represented by
“median, range”. TheMann–WhitneyU-test compared themedian
between groups. Spearman correlation analysis was used to analyze
the variables that did not conform to the normal distribution. P <
0.05 indicates that the difference is statistically significant.
3 RESULTS

3.1 Patient Characteristics
3.1.1 Ages and Diagnosis
Characteristics of childrenwithOTC are shown inTable 1. The age
of 49 children was 7.55 ± 3.64 years old, range: 1 to 14 years. The
disease distribution of 49 patients was (Figure 2): 23 cases of
hematological non-malignant diseases, eight cases of
hematological malignant diseases, four cases of gynecological
malignant tumors, one case of neurological malignant tumor, one
case of bladder cancer, three cases of mucopolysaccharidosis, one
case of metachromatic leukodystrophy, two cases of
dermatomyositis, one case of Turner’s syndrome, and five cases
of sarcoma. Thirty-six patients (36 of 49, 73.5%)withhematological
TABLE 1 | Patient characteristics and comparison with chemotherapy and without chemotherapy before OTC.

Characteristics Overall children Chemo before OTC No-Chemo before OTC P-value

Age (mean ± SD) (n) 7.55 ± 3.64 (49) 8.54 ± 4.06 (24) 6.60 ± 2.94 (25) 0.061
Transport temperature (mean ± SD) (n) 5.47 ± 1.34 (49) 5.76 ± 1.53 (24) 5.20 ± 1.10 (25) 0.156
The proportion of ovarian retrieval in the total ovary (median, range) (n) 0.50, 0.15-0.75 (48) 0.50, 0.25-0.75 (24) 0.50, 0.15-0.50 (24) 0.957
Number of cryopreserved cortex pieces (mean ± SD) (n) 20.52 ± 7.63 (48) 21.42 ± 8.04 (24) 19.63 ± 7.26 (24) 0.422
Follicle number per 2-mm biopsy (median, range) (n) 705, 122–3628 (45) 868, 158–2,250 (21) 507, 122–3628 (24) 0.290
Follicle density per mm3 (median, range) (n) 224.52, 38.85–1,155.41 (45) 276.43, 50.32–716.56 (21) 161.47, 38.85–1155.41 (24) 0.290
FSH (IU/L) before OTC (median, range) (n) 2.34, 0.00–17.66 (41) 2.20, 0.58–6.83 (21) 3.18, 0–17.66 (20) 0.182
LH (IU/L) before OTC (median, range) (n) 0.00, 0.00–63.23 (41) 0.10, 0.00–63.23 (21) 0.00, 0.00–4.26 (20) 0.270
E2 (pg/ml) before OTC (median, range) (n) 12.21, 11.80–326.72 (41) 12.28, 11.80–326.52 (21) 12.06, 11.80–93.13 (20) 0.834
AMH (ng/ml) before OTC (median, range) (n) 0.89, 0.06–5.94 (45) 0.27, 0.06–3.21 (23) 1.51, 0.4–5.94 (22) 0.000***
Ju
ne 2022 | Volume 13 | Article
***refers to P < 0.001.
OTC, ovarian tissue cryopreservation; SD, standard deviation; FSH, follicle stimulating hormone; LH, luteinizing hormone; E2, estradiol; AMH, anti-Müllerian hormone.
FIGURE 1 | Intraoperative photo demonstrating ovarian anatomy in a 11-year-old female with chronic active Epstein-Barr virus infection.
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non-malignant diseases, hematological malignant diseases,
mucopolysaccharidosis, and dermatomyositis were cryopreserved
because of plannedHSCT. The number of patients with or without
chemotherapy before OTC was 24 and 25, respectively. The cycles
of chemotherapy before OTC were 3 (1–11) (median, range).
3.1.2 Number of Children Undergoing OTC Per Year
From July 2017 to May 19, 2022, 52 children come to counseling
OTC at our center, and 49 children have performed the OTC.
Among the patients who underwent OTC in 2017, there was only
one child patient (1 of 35, 2.9%), and none of the patients
experienced OTC in 2018 (0). In 2019, there were five child
patients (5 of 57 8.8%). In 2020, there were five child patients (6
of 36, 16.7%). In 2021, there were 21 children (21 of 61, 34.4%)
and eight patients who underwent OTC in 2022 (16 of 26,
61.5%). The proportion of children in patients with
cryopreserved ovaries increased significantly (Figure 3).
3.1.3 Ovarian Tissue Retrieval, Transportation,
Cryopreservation, and Follicle Density
In Table 1, the temperature of ovarian tissue transport to a
centralized cryobank is 5.47 ± 1.34°C. The proportion of ovarian
retrieval in the total ovary is 0.50, 0.15–0.75 (median, range), the
number of cryopreserved cortex pieces is 20.52 ± 7.63 (mean ±
SD), and the follicle number per 2-mm biopsy is 705, 122–3,628
(median, range). Follicle density per mm3 is 224.52, 38.85–
1,155.41 (median, range).

3.1.4 Hormone Levels Before OTC
In Table 1, FSH level before OTC is 2.34, 0.00–17.66 IU/L
(median, range); LH level before OTC is 0.00, 0.00–63.23 IU/L
(median, range); E2 level before OTC is 12.21, 11.80–326.72 pg/
ml (median, range). The patients with the highest values of LH
and E2 were in the same patient aged 14 years, with menarche at
Frontiers in Endocrinology | www.frontiersin.org 456
11 years old. AMH level before OTC is 0.89, 0.06–5.94ng/ml
(median, range).

3.1.5 Correlation Analysis and Linear
Regression Analysis
Age and AMHwere not significantly correlated (n = 45, r = 0.084
P = 0.585). Age and follicle count per 2-mm biopsy were not
significantly correlated (n = 45, r = −0.128, P = 0.403). Log10
(follicle count per 2-mm biopsy) and Log10 (AMH) were not
significantly correlated (n = 45, r = −0.118, P = 0.456) (Figure 4).
3.2 Comparison of Chemotherapy
and No Chemotherapy Before OTC
3.2.1 Ages and Diagnosis
In Table 1, There was no significant difference in the age of patients
with or without chemotherapy before OTC (8.54 ± 4.06, 6.60 ± 2.94,
P = 0.061) (Figure 5). The main diseases in patients with
chemotherapy (n = 24) before OTC were eight cases of
hematological non-malignant diseases, seven cases of hematological
malignant diseases (leukemia), five cases of sarcoma (one case of
Ewing’s sarcoma and four cases of rhabdomyosarcoma), one case of
gynecological malignant tumor, one case of neurological malignant
disease, and one case of bladder cancer. Malignant diseases accounted
for 62.5% (15 of 24). The main diseases of patients without
chemotherapy (n = 25) before OTC were 15 hematological non-
malignant diseases, three cases of gynecological malignant tumors, six
other non-malignant diseases, and one hematological malignant
disease. Malignant diseases accounted for 16% (4 of 25).
3.2.2 Ovarian Tissue Retrieval, Transportation,
Cryopreservation, and Follicle Density
In Table 1, there was no significant difference in transport
temperature (mean ± SD, 5.76 ± 1.53 vs. 5.20 ± 1.10), the
proportion of ovarian retrieval in the total ovary (median, range,
FIGURE 2 | Disease classification of 49 children undergone OTC. OTC, ovarian tissue cryopreservation.
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0.50, 0.25–0.75 vs. 0.50, 0.15–0.50), the number of cryopreserved
cortex pieces (mean ± SD, 21.42 ± 8.04 vs. 19.63 ± 7.26), follicle
number per 2-mm biopsy (median, range, 868, 158–2250 vs. 507,
122–3628), and follicle density per mm3 (median, range, 276.43,
50.32–716.56 vs. 161.47, 38.85–1,155.41) between the two groups
with or without chemotherapy before OTC (all P > 0.05) (Figure 5).
Frontiers in Endocrinology | www.frontiersin.org 557
3.2.3 Hormone Levels Before OTC
InTable 1, Therewasno significant difference inFSH,LH, andE2 levels
between the two groupswith or without chemotherapy beforeOTC (all
P>0.05). AMH levels in patients with chemotherapy before OTC were
significantly lower than those without chemotherapy (median, range:
0.27, 0.06–3.21 vs. 1.51, 0.48–5.94, P = 0.000) (Figure 5).
A
B

C

FIGURE 4 | Correlation analysis and linear regression analysis between Age and AMH (A) (n = 45, r = 0.084, P = 0.585), between age and follicle count per 2-mm biopsy
(B) (n = 45, r = −0.128, P = 0.403), between log10 (follicle count per 2-mm biopsy) and log10 (AMH) (C) (n = 45, r = −0.118, P = 0.456). AMH, anti-Müllerian hormone.
FIGURE 3 | The proportion of children among patients with OTC per year. OTC, ovarian tissue cryopreservation.
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4 DISCUSSION

Our center is the first ovarian tissue cryobank in China and is
also currently the largest ovarian tissue cryobank in China. More
than 400 cases of ovarian tissue have been successfully
cryopreserved, 10 cases of adult ovarian tissue have been
successfully transplanted, and the ovarian function has been
restored after transplantation (19). One of the adult patients with
MDS has successfully conceived naturally and delivered a healthy
baby girl through OTC and transplantation. This is also the first
baby born in China through OTC and transplantation (22). With
the cooperation of pediatrics, the proportion of OTC of children
in our center has increased over the past 2 years.

Cyclophosphamide and other alkylating agents are
commonly used to treat cancer in children. They induce
apoptosis of cancer cells by destroying DNA and inhibiting cell
metabolism, DNA replication, and transcription but cause
vascular toxicity to ovaries and direct DNA damage to growing
and dormant follicles, resulting in acute ovarian failure (23).
Radiotherapy also increases the risk of infertility, depending on
age, ovarian reserve, total radiation dose, and radiation plan.
Head radiation destroys the hypothalamus and pituitary
function, leading to hypogonadism. Fifty percent of follicular
loss can be caused by direct pelvic radiation of 2 Gy, and pelvic
irradiation can lead to myometrial fibrosis. More than 25-Gy
radiation seems to lead to irreversible damage to the uterus (24).
Frontiers in Endocrinology | www.frontiersin.org 658
HSCT is a standard treatment option that usually cures severe
benign and malignant diseases. Of the 49 children who
underwent OTC for FP in this study, 73.5% planned HSCT
treatment. In this study, seven children with chronic active EB
virus infection underwent OTC. As far as we know, there are
only two cases of OTC in patients with this disease (25). This
study describes for the first time that OTC was performed in
children with mucopolysaccharidosis and included different
types, such as type I, type IVa, and type IH. We also
performed OTC for five patients with hemophagocytic
lymphohistiocytosis. It was reported that the ovaries of three
patients with hemophagocytic lymphohistiocytosis were
cryopreserved, but two patients died before the application of
cryopreserved ovarian tissue (26). The study has reported that
the ovarian tissue of adult patients with hemophagocytic
lymphohistiocytosis was cryopreserved, ovarian function
recovered after OTT, and the pregnancy was successful (27).
The HSCT of leukemia patients is applied in remission, and the
patients may have received chemotherapy for months or years
before HSCT (28). Referral to fertility counseling before HSCT is
the most important for patients. The study has shown that, even
after receiving HSCT in childhood, fertility counseling and
assessment of residual fertility potential can provide
opportunities for FP (28).

AMH is produced almost entirely by granulosa cells of small
antral follicles between 5 and 8 mm, reflecting gonadotropin-
A B

C

FIGURE 5 | Comparison of age (A), AMH (B), and follicle count per 2-mm biopsy (C) in children with and without chemotherapy before OTC. *** refers to P<0.001.
OTC, ovarian tissue cryopreservation.
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independent follicle genesis (29). In adults with regular
menstrual cycles, serum FSH can be considered a marker of
pituitary function. The peak level of serum AMH is in puberty or
early adulthood. It has been proved that AMH correlates with the
antral follicle count in healthy women. Still, it is not
recommended as the primary monitoring method to evaluate
POI in the childhood cancer group (30, 31). The continuous
longitudinal follow-up study is significant (32). The
hypothalamus–pituitary–ovary axis is stationary in childhood,
and the evaluation of FSH, LH, E2, and AMH levels is not
practical in children. There was no significant correlation
between age and AMH level and the number of follicles in this
study. There was no significant correlation between AMH level
and the number of follicles.

ASRMstressed the importanceof surgical techniques in retrieving
ovarian tissue and the importance of tissue preparation for
cryopreservation, which is the core of the quality of
cryopreservation and ultimately crucial to the success of the future
application of ovarian tissue to restore fertility (33). Laparoscopic
ovarian tissue retrieval has been proven safe for children and adults,
with low intraoperative and postoperative risks. Because of the small
size of the ovaries in children, laparoscopic unilateral ovariectomy is
the first choice, maximizing the number of cortical tissue for
cryopreservation and future retransplantation and avoiding
bleeding complications. Multiple cortical slices can allow multiple
attempts at OTT, and if the hormone recovery effect is weakened,
thenOTTcanbe repeated (34).Ovarian tissue retrieval forOTCdoes
not seem to affect patients significantly. Unilateral ovariectomy may
advance the age of menopause by about 1.8 years, whichmay be due
to a compensatory mechanism, leading to a low recruitment rate of
primordial follicles (25, 35).

At present, the low temperature (4°C to 8°C) is a widely used
standard tissue transportationmethod. Low temperatures decrease
cellular metabolism in ovarian tissue, reduce cellular oxygen
demand and consumption, and preserve tissue without vascular
perfusion (36, 37).Becauseof thehighdensityoffollicles inchildren,
we generally prepared ovarian cortical slices with the size of 6mm×
3 mm × 1 mm, which is consistent with the international
community (38). At present, ovarian tissue slow-programming
cryopreservation is internationally recognized as the gold
standard procedure for OTC (38). Except for the five reported
babies born after vitrification of ovarian tissue, othermore than 200
new births were born through slow-programming of OTC (39).

For patients with a high risk of ovarian tissue transplantation,
such as leukemia and non-Hodgkin’s lymphoma, part of the
ovarian tissue was taken for histopathology to evaluate whether
there was cancer cell infiltration before OTC. In addition, the
thawed part of the cryopreserved ovarian tissue before
transplantation was analyzed by histological and molecular
biology techniques to evaluate that there were no cancer cells
in the cryopreserved ovarian tissue (40). No evidence of
malignant cell contamination was observed in cryopreserved
ovarian tissues from patients with non-metastatic solid tumors
and Hodgkin’s lymphoma (41, 42). The evidence cited in the
existing guidelines does not indicate cancer recurrence in
transplanted ovarian tissue (40, 43). There were no pregnancy
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complications or congenital abnormalities in women after
transplantation of cryopreserved ovarian tissue (44). However,
the safety of ovarian tissue at high risk of the disease still needs to
be thoroughly evaluated.

During the preparation of ovarian tissue, the small antral
follicles in the medulla are destroyed, and cumulus-oocyte
complexes (COCs) are released into the medium. These COCs
can be recovered and matured in vitro to obtain MII oocytes and
cryopreserved for future application (2, 45). Live birth from the
source of the oocytes has been reported (46, 47). Most in vitro
maturation (IVM) results are from adults, and more research is
needed to determine how to mature preadolescent gametes into
high-quality eggs. Telfer et al. have grown and matured human
primordial follicles to the preantral and antral follicle stages (48).
More work is required before in vitro culture can be clinically
applied and offered. In the future, artificial ovaries will reduce the
possibility of reintroducing malignant cells into the body and
eliminate the need for ovarian tissue autotransplantation, such as
in vitro growth and IVM of primordial follicles (49).

Most of the patients who underwent chemotherapy before
OTC were malignant diseases, and the proportion of malignant
diseases was higher than that of patients without chemotherapy
before OTC. This is consistent with the results of another study,
which showed that 95% of patients who receive chemotherapy
before OTC have hematological malignant diseases (50). There
was no significant difference in the number of follicles, FSH, LH,
and E2 between children undergoing chemotherapy before OTC
and those without chemotherapy, but the level of AMH in
children undergoing chemotherapy before OTC was
significantly lower than that in children without chemotherapy.
AMH is mainly secreted by granulosa cells of small antral
follicles, and chemotherapy may significantly damage
metabolically active follicles, such as growing follicles.
Therefore, the level of AMH in patients with chemotherapy
before OTC is significantly lower than that in patients without
chemotherapy, and it may take 1~3 years to recover (31). For
diseases with a high risk of cancer cell contamination in the
ovary, such as leukemia, OTC after complete remission with
chemotherapy reduces the risk. In our study, the population is
heterogeneous, the sample number is limited, the cryopreserved
ovarian tissue in childhood has not been transplanted, and we
cannot prove that chemotherapy before OTC does not affect the
outcome of OTT. However, other studies have shown that
chemotherapy before OTC has little effect on the number of
follicles, does not affect the outcome of OTT, and is no longer a
contraindication for OTC (50, 51).

Still, the study has shown that the interaction between
immature ovarian tissue and the hypothalamus and pituitary is
similar to that of the adult ovary, indicating that ovarian
maturation needs appropriate FSH and LH stimulation. These
results support the use of OTC in prepubertal girls. The current
study does not cover the functional lifespan of cryopreserved
prepubertal ovary grafts after transplantation. Long-term follow-
up is still needed to monitor whether a large number of non-
growing follicles transplanted due to younger age will prolong
the grafted life (52).
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5 CONCLUSION

Advances in clinical oncology care in children have greatly
improved survival and now pose challenges to the long-term
quality of life during survival, including fertility and hormonal
function. Pediatric surgeons need to continue to advocate FP,
incorporate FP methods before and early treatment, and perform
ovarian tissue surgery on children at high risk of POI if safe and
necessary. OTC in children seems to be a safe procedure and
needs to be confirmed in large prospective studies to provide data
for developing guidelines for OTC in children.
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Clinical Features and Management of
Suboptimal Ovarian Response During
in vitro Fertilization and Embryo
Transfer: Analysis Based on a
Retrospective Cohort Study
Yizhi Yan1, Ruomu Qu2, Xiaodong Ma2, Siyuan Qin2, Lixue Chen1, Xiaoxiao Ni1,
Rui Yang1, Ying Wang1*, Rong Li1 and Jie Qiao1

1 Department of Obstetrics and Gynecology, Reproductive Medical Center, Peking University Third Hospital, Beijing, China,
2 Peking University Health Science Center, Beijing, China

Background: Based on dynamic changes of indicators during controlled ovarian
hyperstimulation and of clinical outcomes of suboptimal ovarian response with different
protocols, this study aimed to summarize the clinical characteristics of SOR and provide
clinical recommendations.

Methods: Data of 125 patients with SOR and 125 controls who had undergone appropriate
protocols for in vitro fertilization-embryo transfer were collected from a single medical center
from January 2017 to January 2019. Basic clinical indexes, including age, BMI, antral-follicle
count, infertility time, basic follicle-stimulating hormone, luteinizing hormone, LH/FSH ratio,
estradiol, progesterone, testosterone, androstenedione, prolactin, anti-Mullerian hormone,
and thyroid stimulating hormone levels, were analyzed using T-test. Dynamic indexes during
COH, including amount and days of gonadotropin, sex hormone levels, and number of large/
medium/small follicles at specified time periods, were analyzed using T-test and joint
diagnosis analysis with ROC curves. Indexes of laboratory and clinical indicators were
analyzed using the chi-square test.

Results: For the SOR group, BMI, duration time, and dosage of gonadotropin used for
SOR were significantly higher. In the ultra-long/long group, ROC curve analysis showed
that the LH/FSH ratio and BMI yielded cutoff values of 0.61 and 21.35 kg/m2, respectively.
A combined diagnosis of the two indexes showed higher sensitivity (90%) and specificity
(59%). In the GnRH-ant group, ROC curve analysis showed an LH level, an LH/FSH ratio
on COH day 2, and BMI yielded cutoff values of 2.47 IU/L, 0.57, and 23.95 kg/m2,
respectively. Combining the two indexes with BMI, both showed increased sensitivity
(77%) and specificity (72% and 74%). The estradiol level and progesterone level during the
late follicular stage in SOR patients were significantly lower than those in control patients
for both protocol groups. At each monitoring time, delayed follicular development was
observed. The live-birth rate in fresh cycles of the ultra-long/long group and the live-birth
n.org July 2022 | Volume 13 | Article 938926163
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rate in cumulative cycles of the antagonist group in the SOR group were lower than those
in the control group.

Conclusion: SOR had adverse effects on clinical outcome. We provide some threshold
values of basic LH/FSH ratio, BMI, COH day 2 LH, counts of follicles, and levels of
estradiol/progesterone to be taken as reference to assist the early recognition of SOR.
Keywords: controlled ovarian hyperstimulation, in vitro fertilization & embryo transfer, suboptimal ovarian
response, super-long protocol, long protocol, antagonist protocol, retrospective cohort study
1 INTRODUCTION

In controlled ovulation hyperstimulation (COH) during in vitro
fertilization-embryo transfer (IVF-ET), the optimal selection of
an ovulation hyperstimulation protocol is one of the key factors
affecting the success rate of IVF. During the IVF process, most
patients undergo normal reactions, which have not been clearly
defined. According to experts, indicators, including age, ovarian
reserve function, and past history of COH (low or high reaction),
could be used to comprehensively evaluate ovarian reactions.
Women with pure oviduct factors and/or male infertility belong
to the population with normal ovarian reactions. Specific
indicators predicting ovarian normal reaction (1) include age
<35 years, normal ovarian reserve function, 1.0–1.4 g/l < anti-
Mullerian hormone (AMH) <3.5–4.0 g/l, 7 < antral follicle
counts (AFC) <14, follicle-stimulating hormone (FSH) level
<10 IU/l, and no previous cancelled cycles due to low or high
ovarian response. The most suitable ovum number after IVF is
5–15, with a high ovum maturity rate and high quality, which
can achieve better clinical outcomes after IVF.

In addition to the normal response, a considerable proportion of
patients showed high and low ovarian responses, accounting for
approximately 20% and 10%, respectively (Figure 1) (2). High
ovarian response refers to an abnormal sensitivity of the ovary to
gonadotrophin (Gn) stimulation during COH. Currently, no
unified diagnostic criteria toward high ovarian response have
been established. Previous reports mostly define high ovarian
response as acquired ovum number >15 or estradiol (E2) peak
>3,000 pg/ml (3), which mainly occurs in patients with PCOS,
patients with low body weight or low BMI, or patients with a
previous history of high ovarian response. High estrogen levels lead
to increased vascular permeability and eventual extravasation of
blood into the third body cavity (4). As a result, varying degrees of
hydrothorax, ascites, and cerebral edema, as well as varying degrees
of blood concentration, hypovolemic shock, and/or venous
thrombosis, may occur with severe consequences. Low ovarian
response refers to the decreased ability of cortical follicles to grow,
develop, or be fertilized to form embryos. The characteristics of poor
ovarian response to Gn stimulation during the COH process
include decreased developing follicle number, decreased peak of
serum E2 level on the day of human chorionic gonadotropin (HCG)
administration, increased use of Gn, decreased acquired ovum
number, and poor clinical pregnancy rate (5). Patients with a low
ovarian response usually have advanced age or normal age (less than
35-year old) with poor ovarian reserve function. Additionally,
another ovarian response type, suboptimal ovarian response
n.org 264
(SOR), has similar clinical manifestations but different
mechanisms from low ovarian response. About 10%–15% of
patients using gonadotropin-releasing hormone agonist (GnRH-a)
exhibit SOR after downregulation of the pituitary gland (6).
Different from low ovarian response, SOR is not induced by a
decline in ovarian reserve function. Patients with SOR have normal
age (less than 35 years old) with normal sex hormone levels, AMH
level, and AFC. However, they exhibit abnormally slow follicular
growth in the IVF process. If SOR is recognized in time and
managed with appropriate remedial measures, it could still be
converted into normal ovarian response, with optimal number of
acquired ova (7). The diagnostic criteria of SOR are as follows: 1) no
presence of follicles with a diameter >10 mm on the 6th–8th days of
ovarian stimulation; 2) serum E2 level <655.1–728.3 pmol/l on the
6th day of ovarian stimulation; 3) slow follicular development and
increased follicular diameter <3 mm within 3 days (1).

Currently, several studies have been conducted on SOR, but its
mechanism of occurrence and related factors remain elusive.
Additionally, its effect on COH and pregnancy outcomes is
inconclusive. SOR may have a negative effect on the outcome of
ovulation induction and pregnancy (8). Since SOR can be easily
ignored, inappropriate handling of SOR cases may lead to a
transition to low ovarian response with higher risk of cycle
cancellation and increase in patients’ economic and psychological
burdens. In this study, a retrospective cohort analysis was
performed on the clinical data of patients with SOR and normal
ovarian response from January 2017 to January 2019. These patients
must have undergone procedures following the ultra-long protocol,
long protocol, and antagonist protocol for IVF-ET at the
Reproductive Center of the Peking University Third Hospital.
Additionally, the study explored the influencing factors on SOR,
predictive value of indicators, and effect of SOR on the outcome of
ovulation induction and clinical pregnancy outcome. Findings from
this study may establish a theoretical basis and data summary for
improving the poor outcomes of SOR cases.
2 MATERIALS AND METHODS

2.1 Patients
A retrospective analysis was performed on clinical data from 125
patients with SOR (slow growth of follicles during COH and low
serum E2 level, based on diagnostic criteria of SOR talked above)
who underwent IVF-ET at Peking University Third Hospital from
January 2017 to January 2019. According to the COH ovarian
July 2022 | Volume 13 | Article 938926
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stimulation protocol, they were divided into ultra-long and long
protocol group (71 cases) and antagonist protocol group (54 cases).
Due to the limited sample size and similarity between the
mechanisms of the ultra-long protocol and long protocol, both
groups were combined into a single group for the analysis. The
control group consisted of 125 patients with normal ovarian
response who had undergone IVF-ET during the same period as
the SOR group, with a similar number of patients in the
corresponding protocol group in the SOR group. Due to attrition
resulting from patients who canceled the cycle, some medical
records were incomplete. Therefore, canceled cycles were not
analyzed in this study. An overview of the patient recruitment
process is shown in Figure 2.

2.2 IVF-ET Treatment Protocol
Generally, evaluation of ovarian function is based on age, weight,
AFC, serum level of AMH, and basal serum level of hormones,
followed by the development of COH protocols. Commonly used
drugs during standardized long or ultra-long protocols include
GnRH-agonist (GnRH-a) and Gn, while those during antagonist
protocol are Gn and GnRH-antagonist (GnRH-ant). GnRH-a
mainly used in our center include Diphereline (Ipsen Pharma
Biotech, Signes, France) or Enantone (Leuprorelin, Takeda
Pharma Company, Tokyo, Japan), and Gn used in our center
include 1) recombinant FSH: Gonal-F (Merck Serono, Geneva,
Switzerland), Puregon (Organon, P.O. Box 20 OssNL5340BH,
Netherlands), and Urofollitropin (uFSH, Livzon Pharmaceutical
Group Inc., Zhuhai, China); 2) menotropins for injection (urine-
derived HMG, Livzon Pharmaceutical Group Inc., Zhuhai, China)
and Menopur (high-purity urine-derived HMG, Ferring GmbH,
Kiel, Germany); and 3) recombinant LH: Luveris (Merck Serono
S.A). Antagonists used in our center include cetrorelix acetate
(Pierre Fabre Pharmaceuticals, Castres, France) and Ganirek
(N.V. Organon, Nijmegen, Netherlands).

Recombinant HCG (Merck Serono SA Aubonne Branch) was
injected to retrieve oocytes. COH protocols refer to expert
consensus on assisted reproduction ovulation induction drug
Frontiers in Endocrinology | www.frontiersin.org 365
treatment (9). The treatment process of each protocol, the exact
drugs used during process, and the standards for pituitary
regulation are described in Appendix E1 and Appendix E2.

2.3 Oocyte Retrieval and Transplantation
2.3.1 The Timing of Oocyte Retrieval
The dose and type of Gn were adjusted based on the patient’s age
and follicular development. The patient’s level of serum LH, E2, and
P and diameter of the follicles were monitored. When the patient’s
dominant follicles’ diameter reached ≥18 mm, 250 mg of HCG
(Shanghai Livzon Pharmaceutical) or Ovidrel (recombinant HCG,
Merck Serono SPA) was injected intramuscularly. Thirty-six hours
later, the oocytes were retrieved under vaginal ultrasound guidance.
IVF or intracytoplasmic sperm injection (ICSI) fertilization was
chosen based on the condition of the semen.

2.3.2 Embryo Transfer
The embryos transferred were clinically transferable embryos, and
the embryo transfer program included the cleavage embryo transfer
and blastocyst transfer. The Reproductive Medical Center of Peking
University Third Hospital assessed the morphology of cleavage
embryos based on the number of blastomeres for uniformity in size
and fragmentation of the blastomeres. The embryos could be used
with at least four cells and cell fragments below 30%. The blastocyst-
stage embryo scoring used the blastocyst grading system proposed
by Gardner et al. (10). According to the size of the blastocyst cavity
and whether it was hatched, the development of the blastocyst was
divided into six stages: stage I (early stage, blastocyst with cavity, the
volume of the embryo cavity was less than one-half of the total
volume); stage II (the volume of the blastocyst cavity was ≥1/2 of the
embryo volume); stage III (the blastocyst cavity completely occupied
the total volume of the embryo); stage IV (the blastocyst expanded,
the blastocyst cavity when the embryo was completely occupied, the
total volume of the embryo became larger, and the zona pellucida
became thin); stage V (the blastocyst was hatching, part of the
blastocyst escaped from the zona pellucida [ZP]); and stage VI (the
blastocyst was hatched, completely escaped from the ZP).
FIGURE 1 | Proportion of different ovarian responses during controlled ovarian responses types in IVF.
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Blastocysts in stages IV and V and some embryos in stage VI
(including VIBC, VICB) could be used for embryo transfer.

Our center routinely performed fresh embryo transfer on day
3 post-fertilization. In the presence of factors that were not
suitable for fresh embryo transfer, such as high risk of ovarian
hyperstimulation syndrome (OHSS), endometrial factors,
uterine effusion, progesterone elevation, and personal factors,
the transfer would be cancelled, and remaining embryos or
blastocysts would be vitrified and frozen, and thawed embryo
transfer (FET) would be performed at an optimal time.

2.3.3 Follow-Up After Transplantation
Luteal phase support would be provided routinely after embryo
transfer, involving oral, vaginal, or intramuscular progesterone.
A blood test was performed after 14–16 days of transplantation.
Serum HCG >5 mIU/ml was defined as a positive result (the
detection of blood HCG in the Endocrinology Laboratory of
Peking University Third Hospital Reproductive Medical Center
adopts double-site enzyme immunoassay (double-antibody
sandwich) kit from Beckman Coulter, Brea, CA, USA).
Biochemical pregnancy referred to the pregnancy in which the
blood HCG was positive, but the gestational sac echo was not
detected by ultrasound. When serum HCG levels were elevated,
transvaginal ultrasound was performed about 4–5 weeks after
embryo transfer, and the pregnancy sac was found in or outside
the uterine cavity, clinical pregnancy was diagnosed. In the
absence of pregnancy, corpus luteum support was stopped. If
intrauterine pregnancy was confirmed, luteal support was
continued until 9–10 weeks of pregnancy.

2.4 Indicators for Further Observation
2.4.1 General Information of Patients
Age, age of spouse, body mass index (BMI), AFC, years of
infertility, basic FSH, basic LH, basic E2, basic pituitary
Frontiers in Endocrinology | www.frontiersin.org 466
prolactin (prolactin, PRL), basic testosterone (T), basic
androstenedione (AND), basic thyroid stimulating hormone
(TSH) levels, levels of AMH, LH, FSH, E2, and P on 2nd day of
COH, and vaginal ultrasound were used to detect the number of
ovarian antral follicles. Follicle sizes were defined as follows:
minimum follicle, diameter ≤10 mm; small follicle, 10 mm <
diameter ≤15 mm; medium follicle, 15 mm < diameter of follicle
≤18 mm; large follicle, diameter >18 mm. Hormone levels were
measured by electrochemiluminescence (Roche Diagnostics,
Mannheim, Germany), and the operation was performed
according to the manufacturer’s instructions.

2.4.2 Indicators of Ovulation Induction
Gn using days; Gn using dose; COH 2nd-day FSH, LH, P, and E2
levels; changes in follicle number and diameter; LH, P, and E2
levels on COH 6th–8th, 9th–11th, 12th–14th, and 15th–17th
days, and others; P/number of large follicles (progesterone to
follicle index, PFI); and P/E2 ratio on HCG day were the
indicators of ovulation induction.

2.4.3 Laboratory Indicators of Ovulation Outcome
These indicators included number of oocytes obtained, 2PN
oocytes, fertilization number, cleavage number, high-quality
embryo number, and corresponding 2PN rate, fertilization
rate, cleavage rate, and high-quality embryo rate.

2.4.4 Indicators of Pregnancy Outcome
They included biochemical pregnancy rate, clinical pregnancy
rate, live birth rate, abortion rate, and term birth rate. As the data
of patients whose cycles were cancelled due to SOR in our center
were lost to follow-up due to the patients’ personal reasons, the
statistics of SOR incidence and cycle cancellation rates were not
accurate. Therefore, these two indicators were not calculated.
FIGURE 2 | Process of the Patients Recruitment.
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2.5 Statistical Analysis
All statistical analyses were performed using SPSS 24.0 (IBM SPSS
Statistics CRZ1AML for Windows). Measurement data were
expressed as mean ± standard deviation, and enumeration data
were expressed as rates (%). Measurement data were tested for
normality (P > 0.05). The data were normally distributed;
therefore, t-test was used. The enumeration data were assessed
using the chi-square test. The ROC survival curve was used to
calculate the cutoff value, and the unconditional binary regression
model was used for multivariate analysis. P < 0.05 indicated that
the difference was statistically significant.
3 RESULTS

3.1 Baseline Information of All Patients
Among patients enrolled, the baseline data of patients in the ultra-
long and long protocol group were compared separately, and no
statistical difference was observed (P > 0.05) (Supplementary
Table 1). Therefore, the two groups were combined into the
ultra-long/long group for subsequent analyses. In the ultra-long/
long group, compared with the control group, the SOR group had a
higher BMI (P < 0.05) and higher AMH (P < 0.05); in the antagonist
group, the SOR group was observed to have a higher BMI (P < 0.05)
and lower TSH. No difference was observed between SOR patients
and control patients in both protocol groups in age, spouse age,
years of infertility, types of infertility, basal sex hormone levels, and
basal follicle number (P > 0.05) (Table 1).

3.2.1 Comparison of Indexes in the
COH Process
3.2.1 Ultra-Long/Long Group Population
3.2.1.1 Univariate Analysis
In the ultra-long and long protocol group, the SOR group had a
longer response time to downregulation and longer Gn application
time than the control group, and their total dose of Gn using was
Frontiers in Endocrinology | www.frontiersin.org 567
more than that of the control group. The basic LH/FSH ratio of the
SOR group was 0.63 ± 0.37, significantly lower than the value of
0.84 ± 0.65 in the control group (P < 0.05) (Supplementary
Table 2). The serum E2 level of COH on days 6–8 was 231.85
± 108.58 pmol/l, significantly lower than the value of 1007.58
± 1002.80 pmol/l in the control group (Figure 3A), and the serum
P level of COH on days 12–14 was 1.09 ± 0.55 nmol/l, significantly
lower than the value of 2.02 ± 1.11 nmol/l in the control group (P
< 0.05) (Figure 3B) (Supplementary Table 2). On HCG day, the
PFI and P/E2 ratios in the SOR group were 0.59 ± 0.25 and 0.33
± 0.24 respectively, higher than those in the control group (0.56
± 0.41 and 0.12 ± 0.68, respectively), but without statistical
significance (Supplementary Table 2).

Theminimum follicle number in the SOR group on days 6–8, 9–
11, and 12–14 of COH were 11.78 ± 4.29, 12.42 ± 5.15, and 10.49 ±
4.91 respectively, all higher than the values in the control group
(9.86 ± 4.63, 6.24 ± 3.02, 3.00 ± 1.41, respectively) with significance
(P < 0.05). The number of small follicles in the SOR group on days
15–17 of COH was 7.03 ± 4.21, significantly higher than that of the
control group, which was 4.75 ± 1.73 (P < 0.05), whereas the
number of small follicles on days 9–11 of COH in the SOR group,
the number of medium follicles on days 12–14 of COH in the SOR
group, and the number of large follicles on days 15–17 of COH in
the SOR group were lower than those in the control group (P <
0.05)(3.75 ± 3.26 vs. 8.42 ± 3.85, 2.89 ± 1.90 vs. 5.60 ± 3.53, and 3.24
± 2.09 vs. 5.27 ± 1.49, respectively. Shown in Figure 4). Other details
are included in Supplementary Table 2. Some of the indicators on
certain measurement dates were not included in the statistical
comparison due to the limited number of recorded medical records.

3.2.1.2 ROC Curve Analysis and Joint Diagnosis
Since the early identification and remediation of SOR is
important, this study used the ROC curve to analyze the
relatively early (COH ≦14 days) indicators with statistical
differences between the SOR group and control group in each
protocol group.

In the univariate analysis, the data with statistical differences
in the early follicular phase and the median follicular phase were
TABLE 1 | Baseline information of all patients in IVF.

Index Ultra-long/long protocol Antagonist protocol

SOR group(n = 71) Control group (n = 71) P value SOR group (n = 54) Control group (n = 54) P value

Age 29.68 ± 2.94 30.41 ± 3.18 0.156 28.87 ± 3.42 29.04 ± 3.08 0.791
Spouse age' 30.65 ± 2.88 31.08 ± 2.99 0.377 29.46 ± 2.85 29.67 ± 3.09 0.722
Infertility year 2.90 ± 2.22 3.04 ± 1.93 0.688 3.57 ± 2.55 3.41 ± 2.81 0.748
Primary infertility 41 47 0.300 34 33 0.843
Secondary infertility 30 24 20 21
BMI(kg/m2) 24.75 ± 3.47 21.64 ± 3.11 0.000 26.31 ± 3.47 23.52 ± 3.94 0.001
Basal FSH(IU/l) 6.56 ± 2.50 6.08 ± 2.01 0.240 6.19 ± 1.78 5.88 ± 1.68 0.406
Basal LH(IU/l) 3.93 ± 2.34 4.65 ± 2.73 0.116 5.59 ± 5.19 5.67 ± 3.35 0.073
Basal E2(pmol/l) 170.11 ± 110.02 172.24 ± 65.49 0.896 171.55 ± 82.43 202.32 ± 267.25 0.468
Basal PRL(ng/ml) 24.17 ± 45.30 17.95 ± 42.04 0.438 11.15 ±4.18 26.09 ± 61.12 0.113
Basal T(nmol/l) 2.85 ± 9.22 1.22 ± 3.55 0.220 2.89 ± 9.50 4.67 ± 11.42 0.431
Basal AND(nmol/l) 7.16 ± 3.51 5.98 ± 2.77 0.060 7.18 ± 3.63 8.31 ± 4.92 0.249
AMH(ng/ml) 4.76 ± 3.19 3.41 ± 2.32 0.013 5.29 ± 3.48 5.03 ± 4.06 0.769
TSH(µIU/ml) 2.54 ± 1.74 2.34 ± 1.33 0.465 2.12 ± 0.77 3.21 ± 2.18 0.001
AFC(bilateral) 13.39 ± 4.87 11.98 ± 5.45 0.117 16.13 ± 6.71 15.58 ± 5.74 0.653
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analyzed using the ROC curve according to the COH time
sequence. Additionally, the threshold of SOR occurrence and
the corresponding sensitivity and specificity of each index were
calculated. The results are shown in Table 2. The combined
diagnostic analysis of BMI and basal LH/FSH ratio showed that
sensitivity increased to 90% and specificity was 59% (AUC,
0.814; 95% Cl, 0.738–0.889).

3.2.2 Antagonist Group Population
3.2.2.1 Univariate Analysis
In the antagonist protocol group, the SOR group had a longer
downregulation time and ovulation induction time than the
control group, and the total amount of Gn used was more
than that of the control group. The level of serum LH of the
SOR group on day 2 of COH was 3.28 ± 2.22 IU/l, significantly
lower than 4.79 ± 3.57 IU/l in the control group (P < 0.05).
Conversely, the LH level on HCG day in the SOR group was 3.10
Frontiers in Endocrinology | www.frontiersin.org 668
± 2.50 IU/l, higher than 1.91 ± 1.16 IU/l in the control group
(Figure 5B) (Supplementary Table 3). The level of LH/FSH
ratio of the SOR group on day 2 of COH was 0.54 ± 0.30, also
significantly lower than 0.87 ± 0.88 in the control group
(P < 0.05) (Supplementary Table 3). The levels of serum E2 of
the SOR group on COH days 6–8 and 9–11 were 430.19 ± 314.40
pmol/l and 1,170.88 ± 1,138.11 pmol/l, respectively, lower than
2,150.61 ± 2,790.17 pmol/l and 5,933.60 ± 4,309.70 pmol/l in the
control group (Figure 5A). The level of serum P of the COH SOR
group was 1.16 ± 0.47 nmol/l, lower than 1.88 ± 0.85 nmol/l in
the control group on COH days 9–11 (P < 0.05) (Figure 5C). The
PFI and P/E2 ratio in the SOR group on the HCG day were not
statistically different (Supplementary Table 3). The minimum
follicle number in the SOR group on days 6–8, 9–11, and 12–14
of COH was higher than that of the control group (12.28 ± 5.10
vs. 9.14 ± 5.80, 10.41 ± 5.68 vs. 5.81 ± 4.04, 9.50 ± 5.09 vs. 3.00 ±
1.00, respectively) (P < 0.05), and the number of large follicles in
FIGURE 4 | Changes in the number of follicles of different sizes during the COH process in the ultra-long/long group patient (note (1): *Indicates statistically
significant difference (P < 0.05); (2) S:SOR group; C: control group; (3) n (SOR group) = 71, n (control group) = 71).
A B

FIGURE 3 | (A) Comparison of serum E2 levels during the COH process in the ultra-long/long group; (B) Comparison of serum P levels during the COH process in
the ultra-long/long group (note: (1).*Indicates statistically significant difference (P < 0.05); (2) n (SOR group) = 71, n (control group) = 71).
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the SOR group on COH days 12–14 was 1.40 ± 0.70, significantly
lower than 4.58 ± 2.28 in the control group (P < 0.05)(Figure 6).
Other details are included in Supplementary Table 3.

3.2.2.2 ROC Curve Analysis and Joint Diagnosis
In the univariate analysis, the data with statistical differences in
the early and median follicular phases were analyzed using the
ROC curve, according to the COH time sequence separately. The
threshold of SOR occurrence and the corresponding sensitivity
and specificity were calculated. The results are shown in Table 3.
The level of LH and the LH/FSH ratio on COH day 2 were
combined with BMI respectively for analysis, which resulted in a
sensitivity of 77% and specificity of 72% (AUC, 0.758; 95% CI,
0.665–0.853) and sensitivity of 77% and specificity of 74% (AUC,
0.773; 95% CI, 0.681–0.865), respectively.

3.3 Laboratory Outcome of patients in IVF
Among the three COH protocol groups, compared with the
control group, the SOR group had no statistical difference (P >
0.05) in the number of oocytes obtained, fertilized oocytes, 2PN
oocytes, cleavage, and high-quality embryos and the rate of 2PN
and high-quality embryos (Table 4).

3.4 Clinical Pregnancy Outcome of
patients in IVF
The cumulative live-birth rate of the SOR group (40.54%) in the
antagonist protocol group was lower than that of the control
group (79.36%); the difference was statistically significant
(P < 0.05). Compared with the control group, the biochemical
pregnancy rate, clinical pregnancy rate, live-birth rate,
miscarriage rate, and full-term birth rate of the SOR group
were not different from those of the control group (P > 0.05)
(see Supplementary Tables 4–7 for details).
4 DISCUSSION

4.1 Signs of Patients with SOR
The results of this study showed that the occurrence of SOR has a
correlation with patients’ higher BMI, which is consistent with
previous studies (11). It is worth noting that the AMH of SOR
patients is even higher than that of the control group in the ultra-
long/long protocol group, indicating that AMH does not only
stand for the ovarian reserve but could play roles in abnormal
follicular formation (12, 13). Results also show that, in the
antagonist group, the TSH level of SOR patients is lower than
Frontiers in Endocrinology | www.frontiersin.org 769
that of the control group, but both of them are within the normal
range clinically, and thus will not affect following treatment.

Of note, our results showed that the serum E2 level during the
COH process of the SOR group was lower than that of the control
group. This could be caused by relatively insufficient E2 metabolism
because of more adipose tissues in patients with obesity who had a
larger body surface area, so that they need more Gn during the
COH process to obtain mature follicles. Previous studies have
shown (11) that patients who are overweight and obese have
different degrees of metabolic disorders, such as insulin resistance
and hyperleptinemia, which can affect oocyte maturation and
embryonic development potential (14). Although some patients
enrolled in this study were clinically overweight, we did not screen
the level of metabolic indexes such as insulin, glucose tolerance, or
blood lipid profiles for these patients because their previous
assessments showed normal ovarian response. Therefore, we did
not include the analysis about metabolic factors in this study.

4.2 Dynamics of Hormone Levels During
the COH Process
4.2.1 Analysis of the LH/FSH Ratio
Our study showed a lower basic LH/FSH ratio at the beginning of
the COH process in SOR patients compared with the control
group (basic LH/FSH ratio in ultra-long/long protocol, LH/FSH
ratio on COH day 2 in antagonist protocol, respectively). A small
section of the population could be more sensitive to
downregulation, exhibiting excessive pituitary suppression and
insufficient LH levels (4, 15). Usually, GnRH agonists inhibit 90%
of the LH level but only inhibit about 40%–50% of the FSH level.
The residual LH in the serum of most patients after
downregulation is sufficient to support the development of
multiple follicles in most cases; however, differences may exist
in the sensitivity of the adenohypophysis to GnRH-a among
different patients, for whom the relative or absolute lack of LH
after pituitary downregulation could be the main reason for SOR
when the long protocol is used (16).

4.2.2 Analysis of E2 and P
Our results indicated that during the process of COH, the levels
of E2 and P in each protocol group of the SOR group were lower
than those of the control group. The relatively lower E2 is mainly
manifested in the early follicular phase, whereas the lower serum
P is mainly manifested in the late follicular phase. This reason of
lower E2 lies in that, in the early follicular phase, LH can
stimulate the theca cells (TCs) to synthesize androgens, which
are substrates for estrogen synthesis, and estrogen plays an
TABLE 2 | Results of single-factor indexes during the COH process in the ultra-long/long group patients.

Time Index AUC Threshold Sensitivity Specificity 95% confidence interval

BMI (kg/m2) 0.722 21.35 87% 35% 0.695-0.850
Basal LH/FSH ratio 0.631 <0.61 68% 63% 0.532-0.731
COH days 9–11 Number of minimum follicles 0.847 >10.5 72% 93% 0.763–0.931

Number of small follicles 0.822 <3.5 63% 95% 0.693–0.951
COH days 12–14 Level of serum P 0.846 <1.52 nmol/L 95% 65% 0.734–0.959

Number of minimum follicles 0.969 >5.5 93% 100% 0.923–1.000
Number of medium follicles 0.760 <2.5 56% 82% 0.605–0.914
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important role in follicular growth and development. When the
downregulation is too deep and the level of serum LH is too low,
androgen synthesis will be insufficient, leading to a poor increase
in serum E2 level and follicular development stagnation.

With regard to lower serum P, of note, it mainly happened at
the late follicular phase in our study. Progesterone in the early
follicular phase is mainly secreted by the adrenal glands, whereas
progesterone in the late follicular phase is mainly derived from
the ovaries, and this steroidal conversion by the adrenal gland is
regulated by the ovaries (17). GCs express small amounts of LHR
on the cell surface and respond to LH in the follicular stage; when
multiple follicles mature, the number of luteinized GCs increases,
which accordingly causes synthetic progesterone to gradually
increase within 12–24 h before the appearance of the LH peak
(18). With relatively insufficiency of LH, GCs synthesize less
progesterone, as manifested in our study.

4.2.3 Analysis of the P/E2 Ratio and PFI
Previous studies have shown that a high PFI (18, 19) and a higher
P/E2 ratio (20) each on the HCG day are independent risk factors
for the reduction of live-birth rate in long protocol: for
individuals with normal ovarian responses and high ovarian
response, P/E2 ≥0.48 (unit of P, ng/ml) and ≥0.42, respectively,
the live-birth rate is significantly reduced. In our study, the P/E2
Frontiers in Endocrinology | www.frontiersin.org 870
ratio on the HCG day in each protocol group showed a higher
trend in the SOR group than in the control group, but without
significant statistical difference, which may be related to our
limited sample size, and SOR has been recognized and the poor
follicular development has been rescued to some extent by
experienced clinicians. Further prospective study with a larger
sample size is needed to verify the efficiency of P/E2 ratio on
HCG day to predict the clinical outcome for SOR patients.

4.3 Follicle Growth During the
COH Process
In the ultra-long/long protocol group, the minimum follicle
number in the SOR group on COH days 6–8 was more than
that in the control group, and this difference persisted until COH
days 12–14, whereas the number of relatively larger follicles was
lower than that in the control group, which is shown by the fact
that in the cross section of each monitoring time, the retardation
of follicular development persists and gradually accumulates.

Notably, the number of large follicles in the SOR group in the
late follicular phase was lower than that in the control group in
both protocol groups, but statistical difference only showed in the
ultra-long/long protocol group. It might be caused by our
limitation to a single center and small sample size but more
likely due to the pituitary downregulation treatment in the ultra-
FIGURE 6 | Changes in the number of follicles of different sizes during the COH process in the antagonist group patient (note: (1) *Indicates statistically significant
difference (P < 0.05); (2) S: SOR group; C: control group; (3) n (SOR group) = 54, n (control group) = 54).
A B C

FIGURE 5 | (A) Level of serum E2 during the COH process in the antagonist group; (B) Level of serum LH during the COH process in the antagonist group patient;
(C) Level of serum P during the COH process in the antagonist group patient (note: (1) *Indicates statistically significant difference (P < 0.05); (2) n (SOR group) = 54,
n (control group) = 54).
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long/long protocol, because correction of the excessively deep
pituitary inhibition state through the adjustment of Gn in the
later stage is more difficult in this group, resulting in the
difficulty for the final number of mature follicles to reach the
normal level, whereas for patients in the antagonist protocol
group, Gn is activated without pre-pituitary downregulation.

4.4 Laboratory Outcome and
Clinical Outcome
There is no significant difference in laboratory outcomes between
SOR patients and control patients in both protocol groups, possibly
due to the prolonged use of Gn because clinicians in our
reproductive center identified SOR in the early stage of the COH
process and added r-LH/HMG or prolonged the time frame of
treatment to revert SOR to a normal response. Early identification
and remedial measures are essential to transforming SOR to a
normal response to obtain good clinical outcomes.

Lower fresh-cycle live-birth rates of the SOR group were
recorded in the ultra-long/long protocol group (P <0.05), and
lower cumulative-cycle live-birth rates of the SOR group were
recorded in the antagonist protocol group (P <0.05), indicating
that the occurrence of SOR has an adverse effect on pregnancy
outcome, although no significant difference of laboratory
outcomes between SOR patients and control group. Because of
technical limitation, we can only asses the outcome of COH
referring to the number of oocytes retrieved and the morphology
of oocytes and embryos, but not the quality of the oocytes in in
essence (8). On the other hand, Gn dosage and Gn days for SOR
patients are significantly higher than in the control group
(Supplementary Tables 2, 3); possibilities remain that
Frontiers in Endocrinology | www.frontiersin.org 971
prolonged Gn exposure may detrimentally affect endometrial
receptivity (21, 22).

4.5 Clinical Features in the
Early Follicular Phase
Recognizing that SOR in time is important clinically, in most
cases sensitivity has greater clinical significance than specificity;
clinicians should at least detect patients at higher risk first and
distinguish real SOR patients. A comprehensive evaluation of
these indicators can improve the detection sensitivity of SOR.

Based on our results, for patients who adopt the ultra-long/
long protocol, when the basic LH/FSH ratio <0.61 and the
BMI >21.35 kg/m2, the patient is more likely to have SOR, and
clinicians need to have a high index of suspicion to deal with
such cases in time. In the follow-up period of follicular
monitoring, when the minimum follicle number on COH days
9–11 >10.5, number of small follicles on COH days 9–11 <3.5,
minimum follicle number on COH days 12–14 >5.5, or number
of medium follicles <2.5, and serum P <1.52 nmol/l, the patient
may have already experienced SOR at this time, and the clinician
should be able to manage. COH days 12–14 belong to the middle
follicular phase; therefore, if not treated in time, SOR may not
be rescued.

For patients undergoing the antagonist protocol, when LH on
COH day 2 <2.47 IU/l and BMI >21.35 kg/m2, or the LH/FSH
ratio on COH day 2 <0.57 and BMI >21.35 kg/m2, SOR may
possibly occur, and clinicians should have a high index of
suspicion to detect and manage the patient early. In the follow-
up follicle monitoring period, COH days 9–11, serum E2 <3,372.0
pmol/l, serum P < 1.62 nmol/l, minimum follicle number >8.5,
TABLE 4 | Comparison of the laboratory outcomes of IVF patients.

Index Ultra-long/long protocol Antagonist protocol

SOR group (n = 71) Control group (n = 71) P value SOR group (n = 54) Control group (n = 54) P value

Total number of oocytes obtained 13.46 ± 5.68 16.52 ± 8.95 0.157 13.91 ± 7.78 14.74 ± 9.96 0.595
Number of fertilized oocytes 12.63 ± 5.74 15.00 ± 8.69 0.261 12.24 ± 7.17 13.38 ± 9.34 0.437
Fertilization rate (%) 94.73 ± 14.20 91.36 ± 12.43 0.370 89.81 ± 16.92 92.20 ± 12.96 0.370
Number of 2PN oocytes 6.46 ± 3.53 6.96 ± 3.59 0.614 7.02 ± 5.54 8.50 ± 6.19 0.144
2PN rate (%) 51.94 ± 20.00 52.77 ± 26.39 0.901 56.76 ± 24.71 64.54 ± 22.16 0.348
Number of cleavage 8.21 ± 4.51 10.11 ± 6.72 0.247 9.08 ± 6.73 10.34 ± 7.04 0.285
Cleavage rate (%) 66.25 ± 24.83 67.91 ± 23.82 0.808 72.04 ± 29.29 78.42 ± 19.23 0.154
Number of high-quality embryos 4.83 ± 2.68 4.89 ± 3.08 0.946 4.98 ± 4.13 5.63 ± 4.23 0.362
High-quality embryo rate (%) 62.29 ± 23.88 51.30 ± 30.62 0.163 53.37 ± 22.53 57.63 ± 31.07 0.339
Ju
ly 2022 | Volume 13 | Articl
2PN rate = (number of 2PN oocytes/number of fertilized oocytes) *100%; Cleavage rate = (Number of cleavage/Number of fertilized oocytes) *100%; High-quality embryo rate = (Number of
high-quality embryos/Number of cleavage) *100%
TABLE 3 | Results of single-factor indexes during the COH process in the ultra-long/long group patients.

Time Index AUC Threshold Sensitivity Specificity 95% confidence interval

BMI (kg/m2) 0.743 23.95 76% 68% 0.646–0.839
COH day 2 LH 0.685 2.47 IU/l 49% 85% 0.584–0.787

LH/FSH ratio 0.675 0.57 64% 70% 0.573–0.777
COH days 9–11 Serum E2 0.912 3,372 pmol/l 100% 73% 0.822–1.000

Serum P 0.773 1.62 nmol/l 88% 58% 0.633–0.913
Number of minimum follicles 0.741 8.5 68% 81% 0.605–0.877

COH days 12–14 Number of minimum follicles 0.944 5 92% 100% 0.857–1.000
Number of large follicles 0.929 2.5 90% 88% 0.844–1.000
e 938926

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yan et al. Features and Management of SOR
minimum follicle number on COH days 12–14 >5, or number of
large follicles <2.5 indicates that the patient has already
experienced SOR at this time and needs to be treated in time;
otherwise, SOR may not be rescued.

Due to the limitation of sample size, this study did not separately
calculate the indicators of the ultra-long protocol and long protocol.
Therefore, the results are limited in clinical application, but they
serve as reference and foundation for future studies with larger
sample sizes.

4.6 Treatment of patients with SOR
4.6.1 Early Recognition of SOR
Based on our study, some points should be emphasized. In treating
patients with SOR, first, an experienced doctor should
comprehensively and accurately assess the patient’s general
condition to the greatest extent. Previous history of SOR or even
a poor COH outcome and all possible related risk factors of SOR
should be brought to the forefront, including general condition such
as BMI, previous IVF records, ovarian reserve, uterine condition,
and basal serum hormone condition, to assess the function of the
hypothalamic–pituitary–ovarian (HPO) axis. Patients with obesity
should be recommended to lose weight (23).

Next, during the COH process, clinicians should carefully
observe the patient’s follicular growth, serum E2 level, and COH
time to identify abnormal growth conditions. Here based on our
analysis, some threshold values of some clinical indexes including
BMI and levels of serum sex hormones are provided to be taken as
reference for the early recognition of SOR.

4.6.2 Supplement of Gn
In our reproductive center, Gn dosage was calculated according to
the estimated ovarian function based on clinical routines and
adjusted during the COH process according to the experience of
clinicians. In most cases, the application of FSH should be sufficient,
and even if insufficient, themonitoring doctorsmake adjustments to
supplement the FSH dosage when patients first return to the
hospital on days 4–6 following FSH severing; therefore, the
majority of patients have good outcomes. However, SOR still
occurs, indicating the complexity of SOR. We could preliminarily
divide the possible causes of SOR into the following categories: 1)
too deep pituitary function suppression by GnRH-a; 2) different
sensitivity to Gn in the patient population, some of which might be
explained by FSH receptor and/or LH receptor gene polymorphism
(24) (20); 3) clinicians are unaware of the occurrence of SOR and do
not supplement enough Gn in time. Of note, the GnRH antagonist
protocol does not require downregulation pretreatment. Previous
studies indicated that the incidence of SOR on the antagonist
protocol was 4.8%, which was lower than that of the long
protocol (15). However, it was a single-center study and the
sample size of the SOR group in this study was limited (<100).
The mechanism of occurrence of SOR in the antagonist protocol is
more likely to be related with LH receptor mutation or an
insensitive LH receptor (25).

Currently, receptor polymorphism inspection is not able to be
widely used in clinic because it is time-consuming and money-
consuming for most patients; of course, for patients with
unexplained refractory SOR, FSH/LH receptor gene polymorphism
Frontiers in Endocrinology | www.frontiersin.org 1072
inspection should be suggested to patients. Half-dose long-acting
injection of GnRH-a or even 1/4~1/3 dosage can be considered to
prevent excessive suppression of the pituitary gland for some patients
with a history of SOR (1, 4). When serum LH <1.0 IU/l, the startup
time of Gn can be considered for postponement or that LH can be
used at the startup time.

Inmost cases, supplement of Gn is still the mainmethod. Simply
increasing FSH cannot improve the lack of endogenous LH (26);
either LH or HMG is more efficient. Recombinant human
luteinizing hormone (r-hLH) can highly mimic the biological
function of LH in vivo (7, 27, 28); LH in the early follicular phase
can act on TCs, increasing the production of E2 from GCs by
promoting androgen synthesis and enhancing the sensitivity of GCs
to FSH to improve ovarian responsiveness (29, 30). Moreover, the
number of oocytes retrieved and the mature oocyte percentage
obtained by adding 150 LH are higher than those added to 75 U
(26); Jing et al. (31) revealed that when HMG (containing both FSH
and LH) at 75 U/day was added during the early follicular phase
(COH days 4–8), the number of oocytes obtained, number of
available embryos, implantation rate, and clinical pregnancy rate
were apparently higher than when it was added during the late
follicular phase. Some studies (24) also show that in patients with
SOR on the long protocol, adding HMG with a growth hormone
(GH) at 4.5 IU/day until the HCG day is more effective than adding
HMG only.

4.6.3 Monitor Development of Follicles
Patients with suspected SOR should be evaluated for FSH dose
sufficiency, follicular growth rate, and E2 rate of increase, to assess
whether LH is sufficient. Since LH is secreted in pulses, the detected
serum LH level during the COH process does not completely
represent the actual LH level in vivo; relying solely on the serum
LH level to assess the occurrence or prediction of SOR may not be
beneficial. Serum E2 and follicular growth are still the main focus
during the COHmonitoring process; if follicular growth and E2 rise
show an upward trend, the time of Gn use can be continued to
ensure that the oocytes fully mature. Otherwise, LH or HMG should
be added in time.

Our study indicates that SOR has adverse effects on clinical
outcome. Early recognition of SOR can be of great importance for
rescuing it. Specific treatment protocol for SOR needs to be clarified
by more detailed prospective controlled studies.
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NAT10 Maintains OGA mRNA
Stability Through ac4C Modification
in Regulating Oocyte Maturation
Jiayu Lin1†, Yuting Xiang1,2†, Jiana Huang1†, Haitao Zeng1, Yanyan Zeng1, Jiawen Liu1,
Taibao Wu1, Qiqi Liang1, Xiaoyan Liang1*, Jingjie Li1* and Chuanchuan Zhou1*

1 Reproductive Medicine Center, Sixth Affiliated Hospital of Sun Yat-sen University, Guangzhou, China, 2 Department of
Obstetrics and Gynecology, Affiliated Dongguan People’s Hospital, Southern Medical University, Dongguan, China

In vitro maturation (IVM) refers to the process of developing immature oocytes into the
mature in vitro under the microenvironment analogous to follicle fluid. It is an important
technique for patients with polycystic ovary syndrome and, especially, those young
patients with the need of fertility preservation. However, as the mechanisms of oocyte
maturation have not been fully understood yet, the cultivation efficiency of IVM is not
satisfactory. It was confirmed in our previous study that oocyte maturation was impaired
after N-acetyltransferase 10 (NAT10) knockdown (KD). In the present study, we further
explored the transcriptome alteration of NAT10-depleted oocytes and found that O-
GlcNAcase (OGA) was an important target gene for NAT10-mediated ac4C modification
in oocyte maturation. NAT10 might regulate OGA stability and expression by suppressing
its degradation. To find out whether the influence of NAT10-mediated ac4C on oocyte
maturation was mediated by OGA, we further explored the role of OGA in IVM. After
knocking down OGA of oocytes, oocyte maturation was inhibited. In addition, as oocytes
matured, OGA expression increased and, conversely, O-linked N-acetylglucosamine (O-
GlcNAc) level decreased. On the basis of NAT10 KD transcriptome and OGA KD
transcriptome data, NAT10-mediated ac4C modification of OGA might play a role
through G protein–coupled receptors, molecular transduction, nucleosome DNA
binding, and other mechanisms in oocyte maturation. Rsph6a, Gm7788, Gm41780,
Trpc7, Gm29036, and Gm47144 were potential downstream genes. In conclusion,
NAT10 maintained the stability of OGA transcript by ac4C modification on it, thus
positively regulating IVM. Moreover, our study revealed the regulation mechanisms of
oocytes maturation and provided reference for improving IVM outcomes. At the same
time, the interaction between mRNA ac4C modification and protein O-GlcNAc
modification was found for the first time, which enriched the regulation network of
oocyte maturation.
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INTRODUCTION

In vitro oocyte maturation (IVM) is a promising assisted
reproductive technology simulating the physiological
development of oocytes from the immature, also called
germinal vesicle (GV) stage, to the mature, which was also
called metaphase II (MII) (1, 2). IVM presents great clinical
application values, especially for those patients with indications
for fertility preservation requirement, with polycystic ovary
syndrome or high risk of ovarian hyperstimulation syndrome,
etc. (3, 4). However, because the underlying mechanisms
involved in oocyte maturation have not been fully understood,
IVM has not achieved satisfying clinical outcomes compared
with conventional in vitro fertilization and other assisted
reproductive techniques. Therefore, it is very necessary to
explore the mechanisms of IVM, which will help to discover
new molecular targets and directions for improving its
clinical application.

The process of oocyte maturation is temporally and spatially
monitored to permit the proper and accurate expression of
genes, which is highly dependent upon post-transcriptional
regulation of messenger RNA (mRNA) (5, 6). In early gametes,
it is mainly achieved through epigenetic mechanisms, which is
necessary for ovulation and zygote to build up competence
during the maternal-to-zygotic genome transition (MZT) (7,
8). Therefore, the role of epigenetic modifications is crucial,
and the underlying mechanisms remain to be further explored.

More than 100 epigenetic modifications of mRNA, including
N6-adenosine methylation (m6A), cytosine hydroxylation
(m5C), and N1-adenosine methylation (m1A), have been
revealed in mediating the stability, function, and splicing
process of targeted mRNAs (9–11). Previous studies on m6A
have reported that two important readers, YTHDF2 and
YTHDC1, were respectively located in the nucleus and
cytoplasm of oocytes, which played crucial roles in mRNA
degradation, transcriptome switching, and selective splicing
during oocyte maturation. KIAA1429 is a recently identified
component of the m6A writers, affecting the quality of oocytes by
mediating meiosis, chromatin remodeling, and selective splicing
of genes associated with oogenesis (12).

N4-acetylcytidine (ac4C) is the first acetylcytidine event and
highly conserved epigenetic modification in eukaryotic mRNAs
reported in recent years (13, 14). Enriched in the coding
sequence (CDS) region of genes, it gradually decreases along
the 5′ end to the 3′ end of the aimed transcripts (15). NAT10, as
the only identified acetyltransferase, is thought to play critical
roles in promoting mRNA stability and maintaining translation
fidelity through ac4C modification on the specific sequence of
target mRNAs (16). The dysregulation of NAT10 inhibited cell
development progress and led to various diseases, such as gastric
cancer and systemic lupus erythematosus (17–19).

Our team has previously demonstrated that NAT10-mediated
ac4C modification affected oocyte maturation. In the NAT10 KD
group, GV stage oocytes could not reach a satisfying first polar
body extrusion rate compared with the negative control one (20).
However, related downstream genes and potential mechanisms
underneath it remain unclear. By analyzing transcriptomic data
Frontiers in Endocrinology | www.frontiersin.org 276
of the NAT10-depleted oocytes, OGA (also known as Mgea5)
was verified as one of the important targets of NAT10-mediated
ac4C modification in regulating oocyte maturation. OGA
depletion caused impaired oocyte maturation, which resulted
in the fluctuation in O-GlcNAc in IVM. NAT10 might regulate
the stability of OGA transcript by ac4C modification on it, which
further mediated oocyte maturation through G protein–coupled
receptors, molecular transduction, and nucleosome DNA
binding. Rsph6a, Gm7788, Gm41780, Trpc7, Gm29036, and
Gm47144 were identified as candidate downstream genes.

Our study aimed to investigate the mechanisms of NAT10-
mediated ac4C during IVM and further explored the role of
downstream gene OGA in oocyte maturation. As OGA is an
important regulatory enzyme of O-GlcNAc modification, our
research will provide reference for understanding the interaction
between ac4C modification and O-GlcNAcylation.
MATERIALS AND METHODS

Mice
Three- to 4-week-old female C57BL/6 mice were purchased from
Vital River Laboratory Animal Technology Co., Ltd (Beijing,
China). The mice were housed in the animal laboratory center
with a controlled 12-h:12-h light/dark cycle, humidity (50%–
60%), and temperature (22°C–24°C). Before experiments, there
was 1 week for the mice to adapt to the environment. Water and
food were freely accessed to. In addition, all the interventions
were approved by the Animal Care and Use Committee of the
Sixth Affiliated Hospital, Sun Yat-sen University (Guangzhou,
China) (ethical approval number: IACUC-2021112502).

Oocytes Collection
Female C57BL/6 mice were intraperitoneally injected with 10
International Units of pregnant mare’s serum gonadotropin
(PMSG) (Ningbo Second Hormone Factory, Zhejiang, China)
46–48 h earlier. The ovaries were then dissected and obtained.
After the fat around the ovarian tissue being removed, the antral
follicles were punctured with a sterile needle in a petri dish
containing M2 medium (Sigma-Aldrich, M7167) and cumulus-
oocyte complexes (COCs) were released.

Oocyte In Vitro Maturation
The IVM medium was made from TCM-199 (Gibco, 31100035),
0.2 mM sodium pyruvate, and 10% fetal bovine serum (FBS). GV
oocytes were cultured in IVM medium in a cell incubator of 5%
CO2 at 37°C for 14–16 h. Then, GV oocytes were isolated gently
from COCs in the hyaluronidase (Sigma-Aldrich, 37326-33-3)
by repeatedly pipetting. The oocytes were collected for
maturation rates calculation and further analyses.

NAT10/OGA Knockdown by Trim-Away
and Electroporation
Trim-Away is a newly discovered degradation method that
recruits proteasome to hydrolysis antibody-bound proteins
through Trim 21 mRNA (21). Because of its high specificity,
July 2022 | Volume 13 | Article 907286
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Trim-Away has been wildly used in oocytes and embryos (22,
23). To explore the effect of NAT10-mediated ac4C modification
on OGA, OGA on oocyte maturation, and further on O-GlcNAc
modification, we conducted targeted degradation of endogenous
NAT10 and OGA in oocytes based on electroporation and Trim-
Away. NAT10 antibody (ProteinTech, 13365-1-AP) and OGA
antibody (ProteinTech, 14711-1-AP) were purified in advance to
reduce harmful chemicals intervening in oocyte maturation such
as sodium azide. First, 20 ml of antibody was pipetted into an
Eppendorf tube and then 180 ml of phosphate-buffered saline
(PBS) was added to dilute the antibody. Ultrafiltration tube
(Millipore, UFC5100BK) was used to concentrate the antibody
at 14,000 g for 10 min. The filtrate was discarded, and the inner
tube was placed into a new Eppendorf tube invertedly. After
centrifugation at 1,000 g for 2 min, the antibody was collected
and prepared. Later, denuded GV oocytes were placed in the
Tyrode’s solution (Leagene, CZ0060) for 10 s to weaken the zona
pellucida. Then, they were washed for three times in Opti-MEM
medium to reduce the Tyrode’s solution as much as possible. In
addition, the oocytes were transferred to the antibody-containing
Opti-MEM medium (total volume of 5 ml), which were then
transferred into the electrode groove and waited to be
electroporated. The electroporation procedure was executed
according to what we have reported (1-ms pulse width, 30
volts in amplitude, and 4 pulses at intervals of 50 ms) (20). For
the experimental group, we electroporated Trim 21 mRNA and
NAT10 antibody or OGA antibody in Opti-MEM medium at a
final concentration of 200 ng/ml into GV stage oocytes. As a
control, homologous IgG (Fine Test, PNSA-0106) and Trim 21
mRNA were delivered into at the same concentration. Afterward,
the oocytes were washed for three times and incubated in Opti-
MEMmedium to recover for 30 min. Then, the oocytes would be
transferred to IVM medium for evaluating maturation rates 14–
16 h later or transferred to a cell incubator with 3-isobutyl-1-
methyl-xanthine (IBMX)–containing IVM medium (50 mM
IBMX) to be kept arrested at GV stage and waited for the
adequate degradat ion of the aimed prote ins unt i l
immunofluorescence. The IBMX (HY-12318) was purchased
from MCE, Shanghai, China.

Fluorescent-Labeled Antibody Technique
To avoid the combination of the secondary antibodies in
immunofluorescence wi th the ant ibod ie s used in
electroporation, the OGA antibody was labeled with 647
fluorescence, the NAT10 antibody with 488 fluorescence, and
the OGT antibody (CST, D1D8Q) with 555 fluorescence. The
experiments were performed almost according to the
manufacturer’s instructions of LinKine AbFluorTM 647/488/
555 Labeling Kit (LinKine, KTL0560; LinKine, KTL0520;
Linkine, KTL0530). To get the optimal labeling effect, the
unlabeled antibody should be purified in advance. In addition,
the final concentration should reach 2 mg/ml. Then, 1 ml of
AbFluorTM 647/488/555 labeling solution was added to the 20
ml of the aimed antibody and gently mixed with a pipette.
Activated AbFluorTM 647/488/555 solution (0.5 ml) was later
added into, mixed evenly, and incubated in 37°C under the dark
for 1 h. Centrifuged at 12,000 g, 4°C for 20 min, the supernatant
Frontiers in Endocrinology | www.frontiersin.org 377
was collected and the filtrate was discarded. PBS (30 ml) was
added into and, after being mixed evenly, the liquid was
centrifuged at 12,000 g, 4°C for another 20 min. The
purification column was then taken out and upturned into a
new a clean centrifugal tube. Then, it was centrifuged for the last
2 min, 4,000 g, 4°C. The solution collected from the centrifugal
tube was the final labeled antibody.

Immunofluorescence Staining of Oocytes
The oocytes were fixed in 1% paraformaldehyde and 0.2% Triton
X-100 in PBS for 1 h at room temperature. After 1 h, the oocytes
were transferred into 3% bovine serum albumin (BSA) in PBS to
be blocked for another 1 h. Next, the oocytes were incubated with
fluorescent-labeled antibodies against OGA (1:200), NAT10
(1:200), O-GlcNAc Transferase (OGT) (1:200), and/or another
first antibody RL2 (1:200, Abcam, ab2739) at 4°C overnight.
After three washes with 0.3% BSA, oocytes incubated with RL2
first antibody were then incubated with Cy3-conjugated
secondary antibody (1:500, Earthox, E031620) at room
temperature for 1 h in the dark condition. The oocytes were
then washed with 0.3% BSA for three times. In addition, images
were taken under the inverted phase contrast confocal
microscope (LSM 880, Zeiss, JENA, Germany).

NAT10/ac4C RNA Immunoprecipitation
Human embryonic kidney HEK293 cells (FuHeng Biology,
FH0244) were cultured in high-glucose DMEM medium
(Gibco, C11960500BT) supplemented with 10% FBS and 1%
penicillin-streptomycin, at 37°C and 5% CO2 in a humidified
atmosphere. According to manufacturer’s instructions of PEI
Transfection Reagent (ProteinTech, PR40001), the NAT10-
overexpressing plasmids (GeneCopeia, EX-I5674-M11) were
transfected into HEK293 cells. After 48 h, the NAT10-
overexpressed HEK293 cells were washed by cold PBS,
mechanically isolated with a cell scraper, and centrifuged at
1,500 rpm for 5 min at 4°C. The supernatant was discarded, and
the sediment was resuspended by 1 ml of purification buffer,
0.5% NP40, and 1% protease inhibitor (APExBIO, K1007). The
mixture was pre-cooled in ice for 5 min and then transferred to
−80°C for more than 15 min. Then, it was centrifuged at 12,000
g, 4°C for 10 min. Protein A/G magnetic beads (MCE, HY-
K0202) were activated with purification buffer and conjugated
with 5 mg of polyclonal anti-NAT10 antibody, 5 mg of anti-ac4C
antibody (Abcam, ab252215), and 5 mg of rabbit IgG antibody
(FineTest, FNSA-0106) at room temperature for 2 h,
respectively. After that, the beads were washed with
purification buffer for two to three times. In addition, 10% of
the cell lysate was saved as input at -80°C. Antibody-conjugated
A/G magnetic beads were incubated with 45% of cell lysate, 0.25
M EDTA, and 1 ml RNase inhibitor (APExBIO, K1046) at 4°C for
4 h separately. Then, the beads were washed with purification
buffer for another two to three times, and all the solution was
discarded. Later, the A/G magnetic beads were incubated with
117 ml of lysis buffer, 15 ml of 10% SDS, and 18 ul proteinase K of
10 mg/ml at 55°C for 30 min to purify mRNA. Moreover the
reverse transcription was performed, and PCR was followed to
test the binding of target RNA.
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RNA Degradation Test, RNA Extraction,
and Quantitative Real-Time PCR
Human embryonic kidney HEK293 cells were firstly seeded in six
wells in 24-well plates (4 × 105 cells per well). They were cultured in
high-glucose DMEM medium containing 10% FBS and 1%
penicillin-streptomycin at 37°C and 5% CO2 in humidified
atmosphere. According to manufacturer’s instructions of PEI
Transfection Reagent, the NAT10-overexpressing plasmids were
transfected into HEK293 cells in the experimental group, and the
control group cells were transfected with no-load plasmids. After 48
h, the cells were exposed to Actinomycin D (5 mg/ml, Aladdin,
A113142) to block RNA synthesis as previously described (24). In
addition, HEK293 cells were then harvested at 0, 2, and 12 h,
respectively. The total RNA of cells was then extracted and reversely
transcribed using the RNeasy Micro Kit (Qiagen, 74004) and
HiScript III RT SuperMix for Quantitative PCR (qPCR) (Vazyme,
R323-01) according to the manufacturer’s instructions. RealStar
Green Power Mixture (2×) (Genstar, A311-101) was used to carry
out qPCR on the Roche LightCycler 480 II (Roche Diagnostics,
Germany). The expression levels of OGA mRNA in the
experimental group and the control group at 0 h were normalized
to 1, and the relative expression levels at 2 and 12 h were calculated
respectively based on 2−DDCT method. In addition, the primers are
displayed in Table 1.

Single-Cell Transcriptome Sequencing
and Data Analysis
According to the manufacturer’s instructions, we used the
Single-Cell Full-Length mRNA-Amplification Kit (Vazyme,
n712) to extract and reversely transcribe the total RNA of
oocytes. Each group had five oocytes. The cDNA products
were purified by VAHTS DNA Clean Beads (Vazyme, N411).
The amount and purity of cDNA were evaluated by Qubit
(Invitrogen, USA) and Bioanalyzer 2100 (Agilent, USA).
Finally, we used the TruePrep DNA Library Prep Kit V2 for
Illumina (Vazyme, TD502) to prepare RNA libraries.
Furthermore, Illumina Novaseq™ 6000 (LC Bio Technology
CO., Ltd. Hangzhou, China) was used to conduct pair-end
sequencing according to the standard operation protocol, with
the sequencing mode of PE150. The quality control of FASTQ
files was performed by Trim Galore software. The adaptors, low-
quality sequences with the default parameters, and repeated
sequences were removed. The paired-end clean reads were
mapped to the reference genome of Mus musculus GRCh38
using HISAT2 (25). We used the feature Counts function of
subread software to analyze gene quantification (26). In addition,
the differential expression analysis was conducted by DESeq2 R
package (27). The count value of gene expression was
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standardized to transcripts per kilobase of exon model per
million mapped reads value. The genes with fold change >1.5
or < 0.7 and p-value < 0.05 were considered differentially
expressed genes (DEGs).

Statistical Analysis
SPSS 25.0 (SPSS Inc., IL, USA) was used for statistical analyses,
and GraphPad Prism 8 (GraphPad Software, CA, USA) was
conducted for graph visualization. Data are presented as the
mean ± standard error of mean (SEM). Comparison between two
groups was analyzed by Student’s t-test (two-tailed). Results were
considered statistically significant when P < 0.05(*P < 0.05, **P <
0.01, and ***P < 0.001).
RESULTS

Expression Profiling of NAT10-Depleted
Mouse Oocytes
We have previously reported that NAT10 depletion resulted in
retarded meiotic progression in mouse oocytes, and NAT10-
mediated ac4C modification was a crucial regulator during
oocyte maturation (20). In the current study, we knocked down
NAT10 in GV stage mouse oocytes and performed transcriptome
analysis to further identify the regulated genes and investigated the
underlying mechanisms. As shown in Figure 1A, the volcano plot
demonstrated the DEGs between NAT10-depleted and control
oocytes. Clusters of differential expression were shown by the
heatmap, and most of the genes were downregulated with NAT10
depletion (Figure 1B). Bioinformatic analysis identified 280 DEGs
with NAT10 KD, including 99 upregulated genes and 181
downregulated genes, implying that NAT10 KD resulted in
enhanced degradation of transcripts (Figure 1C). All of the 280
identified DEGs were subjected to GO enrichment and KEGG
pathway analysis to better understand their biological functions.
These genes were mainly enriched in the biological processes
related to cellular amino acid metabolic process and cytoplasmic
sequestering of protein (Figure 1D). Analysis of KEGG pathway
showed that DEGs were enriched in the metabolism and signal
transduction (Figure 1E).

Transcripts Modulated by NAT10-
Mediated ac4C Modification in Oocytes
To identify the genes modulated by NAT10-mediated ac4C
modification, we obtained 2,135 genes that have been reported
to be acetylated in a previous study (28). There were 18 transcripts
with potential ac4C sites among the 280 DEGs. Among them, as
many as 17 genes were downregulated with NAT10 KD. Given
that ac4C has been shown to enhance mRNA stability, these
findings suggested that NAT10might modulate gene expression in
an ac4C-dependent manner (16, 28). As for the 262 NAT10-
modulated genes without potential ac4C sites, 62.60% were
downregulated and 37.40% were upregulated. NAT10 might
have an indirect effect on these genes (Figure 2A). With NAT10
depletion, the overall expression of genes with and without
potential ac4C sites were both downregulated, but the decline of
TABLE 1 | Primers.

Gene The primer sequence (5′-3′)

OGA Forward: AGCCAAATGGTGACAAGGAACTCTC
Reverse: GCTCCGACCAAGTATAACCACATCC

b-actin Forward: ACGGCCAGGTCATCACCATT
Reverse: CGGAGTACTTGCGCTCAGG
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potentially acetylated genes was more pronounced (Figure 2B).
These data were consistent with the known functions of ac4C,
implying that NAT10 exerts its function on downstream genes
mainly through ac4C modification. GO enrichment and KEGG
pathway analyses were conducted for the downregulated ac4C
transcripts. GPR153 was not included in the analyses because of a
fold change of 0. Functional annotation showed that these
transcripts were enriched in biological functions as regulation of
protein binding and positive regulation of transcription, DNA-
templated (Figure 2C). In addition, they were enriched in
pathways associated with cancer, signal transduction, folding,
sorting, and degradation (Figure 2D).

OGA Stability Was Modulated by NAT10-
Mediated ac4C Modification
Because NAT10-mediated ac4C modification was demonstrated
to participate in post-transcriptional regulation of mouse oocyte
maturation in vitro (20), we intended to identify that the NAT10-
targeted acetylated transcripts might play a role in modulating
IVM. Thus, we further investigated the 18 DEGs with potential
ac4C site, among which the abundance of OGA was high (>1),
and it showed the lowest P-value and highest absolute value of
fold change. In mammals, OGA is the enzyme to catalyze the
removal of O-GlcNAc of proteins (29). O-GlcNAc is recognized
as an important regulatory mechanism of cytosolic and nuclear
proteins (30). The involvement of O-GlcNAc in regulating
mammalian oocyte maturation has been determined in
previous literature (31, 32). Frank and colleagues have reported
that in vitro developmental competence of mouse oocytes was
impaired by O-GlcNAc of heat shock protein 90 under
hyperglycemic conditions (32). Another study noted that
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disruption of O-GlcNAc homeostasis during mammalian
oocyte meiotic maturation impacted fertilization (31).
Therefore, we further explored the regulatory mechanisms of
OGA as well as its function in IVM modulation.

Our data demonstrated that NAT10 KD resulted in significant
downregulation of OGA (Figure 3A). According to the literature,
the acetylated site ofOGA from Hela cells is located within 484–498
(28). We investigated the sequences of OGA from murine and
human origins and found that a region of humanOGA (265–279) is
highly conserved with the murine ac4C site (Figure 3B). By
performing NAT10 RIP and ac4C RIP, we confirmed that OGA
was modulated by both NAT10 (P < 0.001) and ac4C modification
(P < 0.01) (Figure 3C). Because NAT10 is the only known mRNA
acetyltransferase in mammals and mainly regulates gene expression
in an ac4C-dependant way (28), we inferred that NAT10 regulated
OGA gene expression by altering ac4C modification. It is well
known that transcription ceases and mRNA decay are fundamental
events during mammalian oocyte maturation. Oocyte meiosis
triggers instability of a subset of mRNAs, leading to active
degradation of approximately 20% of accumulated maternal
transcripts (33, 34). Because ac4C is known to stabilize mRNA,
the degradation ofOGAwas also measured in our study. The results
showed that the degradation of OGA mRNA was markedly
inhibi ted by NAT10 overexpress ion (Figure 3D ) .
Immunostaining of oocytes showed that NAT10 KD led to
decreased expression of OGA, further confirming that OGA was
modulated by NAT10, possibly through an ac4C-dependent way
(Figure 3E). These results indicated that NAT10-mediated
ac4C modulated the expression of OGA by inhibiting its decay.
Because the modulation of OGA expression level would
result in a compensatory change of OGT, we performed
A B C

D E

FIGURE 1 | Expression profiling of NAT10-depleted mouse oocytes. (A)Volcano map showed the gene expression with NAT10 KD. Blue dots represented
downregulation, and red dots represented upregulation. (B) The heatmap showed clusters of differential expression of genes. (C) Pie chart presented the proportion
of up/downregulated genes in 280 DEGs. (D) Cellular amino acid metabolic process and cytoplasmic sequestering of protein were main biological process of 280
DEGs. (E) A total of 280 DEGs were enriched in metabolism and signal transduction according to KEGG enrichment analysis.
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immunofluorescence of OGT in oocytes after NAT10 KD to verify
the compensatory regulation in our experiment (35). In addition,
the results showed that OGA downregulation after NAT10 KD
would lead to the decrease of OGT level to maintain the O-GlcNAc
homeostasis (Figure S1).
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OGA Depletion Retarded Mouse Oocyte
Maturation In Vitro
Although O-GlcNAc modification is known as a regulatory
mechanism during mammalian oocyte development (31, 32),
the role of OGA in oocyte maturation remains unclarified. Thus,
A B C

D E

FIGURE 3 | OGA Stability was modulated by NAT10-mediated ac4C modification. (A) Expression of OGA was downregulated significantly by comparing NAT10 KD
transcriptome with the control. (B) The diagram displayed ac4C-modified potential sites of OGA in homo sapiens and Mus musculus. (C) Bar chart showed OGA
could bind to NAT10 and be ac4C-modified by RIP. (D) The degradation of OGA was suppressed in NAT10-overexpressing compared with negative control group.
(E) Immunofluorescence showed NAT10 degradation and OGA downregulation after NAT10 KD by Trim-Away. Data represent the mean ± SEM of at least three
independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
A B

C D

FIGURE 2 | Transcripts modulated by NAT10-mediated ac4C modification in oocytes. (A) Venn diagram and pie chart showed the proportion of NAT10-regulated
ac4C genes and non–ac4C-modified genes. (B) Box diagram displayed the fold change difference between NAT10-regulated ac4C-modified DEGs and non–ac4C-
modified DEGs. (C) Sixteen downregulated ac4C-modified DEGs regulated by NAT10 mainly participated in regulation of protein binding and positive regulation of
transcription, DNA-templated. (D) KEGG analysis showed 16 downregulated ac4C-modified DEGs regulated by NAT10 were enriched in cancer, signal transduction,
folding, sorting, and degradation. Unpaired t-test was used in (B) to compare the expression of genes because the number of genes did not match between two
groups. **P < 0.01.
July 2022 | Volume 13 | Article 907286

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Lin et al. ac4C Modification in Oocyte Maturation
GV-stage and mouse oocytes maturated in vitro were collected
for immunostaining. The results revealed significantly increased
expression of OGA from GV to MII oocytes (Figure 4A). To
further investigate the role of OGA in modulating oocyte
maturation, OGA in GV oocytes was knocked down through
electroporation, and the effective depletion of OGA was
confirmed by immunofluorescence staining (Figure 4B). The
intervened GV oocytes were cultured in IVM medium for 14–16
h. Interestingly, the in vitro maturation rate was significantly
reduced with OGA KD (P < 0.05) (Figures 4C, D). In mammals,
OGA is recognized as the critical enzyme to remove O-GlcNAc
of proteins (36). We further investigated the role of O-GlcNAc in
oocyte maturation. During mouse oocyte meiotic progression,
markedly decreased level of O-GlcNAc was observed. In
addition, with OGA depletion, impaired meiotic maturation
was accompanied with enhanced level of O-GlcNAc
(Figure 4E). Collectively, OGA depletion led to impaired
meiotic progression of mouse oocytes, possibly via enhancing
O-GlcNAc of proteins. These results indicated that OGA-
modulated O-GlcNAc of proteins acted as a critical regulatory
mechanism in oocyte maturation.

Expression Profiling of Oocytes With
OGA Knockdown
OGA has been identified as the gene modulated by NAT10-
mediated ac4C, which played an important role in oocyte
maturation. We depleted OGA in GV stage oocytes and
performed transcriptome analysis to further unravel the altered
genes and the possible mechanisms. The volcano plot showed the
differential expressed genes between OGA-depleted and control
oocytes (Figure 5A). As demonstrated in Figure 5B, most genes
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were upregulated with OGA KD, possibly associated with an
elevated level of O-GlcNAc modification. GO enrichment
analysis confirmed that the differentially expressed transcripts
were associated with metabolic processes (Figure 5C). Pathway
analysis was also performed on the basis of KEGG database and
the most significant pathways were displayed in Figure 5D,
including cell cycle and oocyte meiosis. To investigate the
downstream mechanisms by which NAT10 regulated OGA
through ac4C modification and thus modulated oocyte
maturation, the expression profiling with OGA KD, NAT10-
depleted transcriptome, and ac4C RIP data was analyzed jointly
(28). A total of 27 DEGs were identified in common, out of which
22 genes were not ac4C-modified (Figure 5E). The altered
expression of these 22 genes cannot be mediated directly by
ac4C. Instead, these genes might be modulated by OGA, which
could be modified by NAT10, too.

Joint Analysis of NAT10-Depleted and
OGA-Depleted Transcriptomes
Gene set enrichment analyses (GSEA) of NAT10-depleted and
OGA-depleted transcriptomes were further performed to gain
insights about the biological significance of DEGs. The results
suggested that NAT10 was associated with G protein–coupled
receptor activity, molecular transducer activity, and nucleosomal
DNA binding (Figures 6A–C). Interestingly, the OGA-depleted
expression profiling was enriched in similar gene sets (Figures 6D–
F). Taken together, NAT10 might affect these aforementioned
biological processes by regulating ac4C modification of OGA
mRNA and thus participate in the regulation of oocyte
maturation. We next investigated each DEG and identified several
genes co-regulated by NAT10 and OGA. As shown in Figure 7A,
A B

C D E

FIGURE 4 | OGA depletion retarded mouse oocyte maturation in vitro. (A) Compared with GV oocytes, OGA gene expression was upregulated in MII oocytes.
(B) OGA was significantly downregulated by Trim-Away. (C) Box plot showed the difference of oocyte maturation rates between OGA KD group and the control
group. (D) Representative pictures of oocyte maturation in OGA KD group and the control group. (E) Different expression of O-GlcNAc in GV and MII oocytes was
verified by immunofluorescence, and O-GlcNAc modification was upregulated after OGA intervention. Data represent the mean ± SEM of at least three independent
experiments. *P < 0.05.
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the expression of Rsph6a, Gm7788, and Gm41780 was
downregulated in both NAT10-depleted and OGA-depleted
oocytes. Among them, Rsph6a is associated with mammalian
fertility and is recognized as a potential marker for fertility (37).
In addition,Trpc7, Gm29036, and Gm47144 were upregulated in
both NAT10-silenced and OGA-silenced groups (Figure 7B).
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Among them, Trpc7 is involved in the regulation of calcium ion
transmembrane transport and cytoplasmic calcium ion
concentration, which are critical for oocyte maturation and
activation (38, 39). Rsph6a and Trpc7 were possible downstream
genes modulated by NAT10-mediated ac4C on OGA mRNA, and
their dysregulation could result in impaired oocyte maturation.
A B C

D E F

FIGURE 6 | Joint Analysis of NAT10-depleted and OGA-depleted Transcriptomes. (A–C) GSEA analysis showed that NAT10 KD transcriptome genes were mainly
enriched in G protein–coupled receptor activity, molecular transducer activity, and nucleosomal DNA binding. (D–F) OGA-depleted expression profiling was enriched
in similar gene sets as NAT10-KD according to GSEA analysis.
A B C

D E

FIGURE 5 | Expression Profiling of Oocytes with OGA Knockdown. (A) Volcano map showed global genes change after OGA KD, with blue dots representing
downregulation and red dots representing upregulation. (B) Heatmap showed the overall clusters of differential expression of genes. (C) A total of 3,514 DEGs with
OGA KD were mainly associated with metabolic processes according to GO enrichment. (D) KEGG analysis displayed top 20 pathways where 3,514 DEGs were
involved in. (E) Pie chart showed the distribution of DEGs by joint analysis of OGA KD, NAT10-KD transcriptomes, and ac4C RIP data.
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DISCUSSION

The purpose of this study is to explore the important downstream
genes and mechanisms of NAT10-mediated ac4C modification
during oocyte maturation. In a previous study, we found that
ac4C downregulation after NAT10 KD inhibited oocyte
maturation, but the underlying mechanisms remained unknown
(20). To further explore the underlying mechanisms, we conducted
a transcriptomic study on oocytes with NAT10 KD and analyzed it
with ac4C RIP data jointly (28). Our result revealed that OGA was
one of the important target genes of NAT10-mediated ac4C
modification during oocyte maturation.

First,OGAwas verified to bind to NAT10 and be ac4C-modified
based on NAT10/ac4C RIP results. Furthermore, to explore the
function of NAT10-mediated ac4C modification on OGA, we
conducted degradation experiments and found that NAT10 might
regulate the expression ofOGA by suppressing the degradation of it.

We furthered on investigating whether NAT10-mediated ac4C
modification affected oocyte maturation throughOGA. As the role
of OGA in mammalian oocyte maturation has not been reported
yet, we compared the fluorescent expression of OGA in GV and
MII oocytes, and the latter was significantly higher than the
former. OGA seemed to be a beneficial factor for oocyte
maturation, whereas the maturation was impaired after OGA
KD compared with the control group. According to the previous
studies, OGA is a key protein in O-GlcNAc modification, which
regulates the progression of cell cycle, cell signal transduction, and
mitochondrial function by removing O-GlcNAc from the target
proteins (40). Thus, we further explored the O-GlcNAc fluctuation
by comparing RL2 expression between GV and MII oocytes, and
interestingly, as oocytes maturated, the O-GlcNAc modification
decreased significantly, which indicated the importance of OGA
regulating O-GlcNAc level during IVM. On the basis of the above
Frontiers in Endocrinology | www.frontiersin.org 983
results, it is reasonable to speculate that OGA was the important
regulated gene of NAT10-mediated ac4C modification in IVM.

To further explore the role and mechanisms of NAT10-
mediated OGA ac4C in oocyte maturation, we knocked down
OGA of oocytes for transcriptome sequencing. In addition,
through joint analysis with the transcriptome data of oocytes
depleted NAT10, we found that NAT10-mediated OGA ac4C
regulated oocyte maturation mainly through G protein–coupled
receptor, molecular transducer activity, and nucleosomal DNA
binding. Rsph6a, Gm7788, and Gm41780 were downregulated in
NAT10-depleted and OGA-depleted transcriptomes, whereas
Trpc7, Gm29036, and Gm47144 were upregulated. As Rsph6a
and Trpc7 played an important part in fertility, we speculated
that both of them might be the important downstream genes in
NAT10-mediated OGA ac4C modification in oocyte maturation.

Previous literatures have reported the function of O-GlcNAc
modification in oocyte development and maturation (31, 32, 41–
43). Slawson et al. found that glucosamine or PUGNAc
treatment impaired the maturation kinetics of Xenopus laevis
oocytes because the O-GlcNAc level increased, and oocytes at
advanced stages (III–IV) were less O-GlcNAc–modified
compared with that of stages I–II (44). Dehennaut et al. got
the similar results and identified that OGA activity attributed to
the decreased O-GlcNAc level as oocytes maturated in Xenopus
laevis but not decreased OGT expression nor the decrease of the
substrate (42). It supports our finding that OGA KD resulted in
elevated O-GlcNAc modification and thus jeopardized oocyte
development potential. It is worthy to note that most studies
about O-GlcNAcylation in oocytes were carried out in the non-
mammal such as Xenopus because of the technology limit and
the available number of oocytes (45). We performed it in mice
oocytes, which might be more consistent with the maturation
progress of human oocytes.

Because oocyte maturation is a finely regulated process,
epigenetic modifications play a crucial role to ensure timely
and selective translation or degradation of specific RNAs (46).
Sequencing and omic techniques should be emphasized in
exploring the specific characterization and key events in oocyte
maturation (8). Our study combined two transcriptome data and
proved that OGA was regulated by NAT10-mediated ac4C
modification, which might affect oocyte maturation through G
protein–coupled receptors, molecular transduction, and
nucleosome DNA binding. It will also provide insights for the
modification interaction between ac4C modification and O-
GlcNAcylation. What is noteworthy is that both of the two
epigenetic modifications are new and that there are few studies
on the role and mechanisms of them in mammalian oocyte
maturation, so this is the main innovation of our research.

In conclusion, our results demonstrated that NAT10 might
stabilize OGA through ac4C modification and mediated oocyte
maturation. In addition, our results suggested that NAT10 might
affect O-GlcNAc level by regulating OGA, thus regulating key
proteins that could be O-GlcNAc–modified in IVM. Therefore,
our study further explored the mechanisms of epigenetic
A

B

FIGURE 7 | Co-regulated genes of NAT10 and OGA in oocyte maturation.
(A) Common upregulated DEGs and their expression in NAT10 KD and OGA
KD transcriptomes. (B) Common downregulated DEGs and expression in
NAT10 KD and OGA KD transcriptomes. *P < 0.05 and **P < 0.01.
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modification in oocyte maturation and would be used as reference
for clinical improvement of IVM.
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As per the theory of traditional Chinese medicine (TCM), the liver and kidney dysfunction
are important pathogenies for premature ovarian failure (POF). POF is a common
gynecological disease that reduced the pregnancy rate. Electro-acupuncture (EA) is a
useful non-pharmaceutical therapy that supposedly regulates the function of the liver and
kidney in the treatment of POF with TCM. However, the underlying mechanism of EA in the
treatment of POF has not been adequately studied through metabonomics with reference
to the theory of TCM. Accordingly, we investigated the effect of EA on the liver and kidney
metabolites in POF mice through metabolomics. POF mice were established via
intraperitoneal injection of cisplatin. Both Sanyinjiao (SP6) and Guanyuan (CV4) were
stimulated by EA for 3 weeks. The biological samples (including the serum and the ovary,
liver, and kidney tissues) were evaluated by histopathology, molecular biology, and
hydrogen-1 nuclear magnetic resonance (1HNMR)–based metabolomics to assess the
efficacy of EA. 1HNMR data were analyzed by the orthogonal partial least squares
discriminant analysis (OPLS-DA). The results revealed that EA was beneficial to ovarian
function and the menstrual cycle of POF. Both the energy metabolism and
neurotransmitter metabolism in the liver and kidney were regulated by EA. Notably, EA
played an important role in regulating energy-related metabolism in the kidney, and the
better effect of neurotransmitter-related metabolism in the liver was regulated by EA.
These findings indicated that the ovarian functions could be improved and the metabolic
disorder of the liver and kidney caused by POF could be regulated by EA. Our study
results thus suggested that the EA therapy, based on the results for the liver and kidney,
were related to POF in TCM, as preliminarily confirmed through metabolomics.

Keywords: premature ovarian failure, electro-acupuncture, metabonomics, 1HNMR, energy metabolism,
neurotransmitter metabolism
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INTRODUCTION

Premature ovarian failure (POF) is characterized by follicle-
stimulating hormone (FSH) levels higher than 40 U/L and
amenorrhea for more than 6 months before the age of 40. The
symptoms of POF include amenorrhea, infertility, night sweats,
hot flashes, and vaginal dryness (1). Globally, 1%–3% of adult
women are diagnosed with POF (2). Presently, hormone therapy
(HT) is a widely recommended therapy for patients with POF
(3). Patients with POF are advised to intake sufficient calcium
and vitamin D to prevent osteoporosis caused by low estrogen
levels (4). Although the management of hormones and
symptoms in patients with POF has made progress in the past
years, the efficacy and cost are not satisfactory. In addition, the
risk of ovarian cancer and endometrial cancer can be increased
because of HT (5, 6). Therefore, complementary and alternative
therapy is required.

Electro-acupuncture (EA) is a non-pharmaceutical therapy
that is widely used for POF in China. The efficacy and safety of
EA for POF have been approved (7). Traditional Chinese
medicine (TCM) states that the occurrence of POF is closely
associated with the function of the liver and kidney. The function
of the liver and kidney can be regulated via stimulated acupoints,
which are related to the meridians of the liver and kidney. In
addition, TCM states that the Ren channel is one of the
prerequisites for maintaining the regularity of the menstrual
cycle. Therefore, Guanyuan (CV4) is located at Ren channel and
is considered to have a positive curative effect on POF. We
selected Sanyinjiao (SP6), which passes through the liver-
meridian and kidney-meridian (8). In our previous study, we
found that the phosphatidylinositol-3-kinase (PI3K)/Akt/
mammalian target of rapamycin (mTOR) signaling pathway in
follicles could be activated by EA to promote the proliferation of
granulosa cells (9).

Metabonomics is used to study physiological and pathological
metabolites under the guidance of the holistic concept, which is
consistent with the holistic regulation of acupuncture based on
TCM. Recently, metabonomics has been used to determine the
changes in metabolites after EA (10). In our previous study, we
found that metabolic disorders in the liver and kidney would be
caused by chronic diseases. Meanwhile, the abnormal level of
metabolites in the liver and kidney can be bidirectionally
regulated, and metabolic homeostasis by EA can be
maintained (11).

The ovarian reserve function and pregnancy rate in patients
with POF can be improved by EA (7). However, only a few
studies have elucidated the underlying mechanism of EA in the
Abbreviations: POF, Premature ovarian failure; TCM, Traditional Chinese
medicine; 1HNMR, Hydrogen-1 nuclear magnetic resonance; HT, Hormone
therapy; EA, Electro-acupuncture; EN, Electro-acupuncture at the non-
acupoints; CV4, Guanyuan acupoint; SP6, Sanyinjiao acupoint; PLS-DA, Partial
least squares discriminant analysis; OPLS-DA, Orthogonal partial least squares
discriminant analysis; HE, Hematoxylin–eosin; TUNEL, Terminal
deoxynucleotidyl transferase dUTP nick-end labeling; ELISA, Enzyme-linked
immunosorbent assay; FSH, Follicle-stimulating hormone; LH, Luteinizing
hormone; E2, Estradiol; AMH, Anti-Mullerian hormone; qPCR, Quantitative
real-time PCR; ER-a, Estrogen receptor-a; ER-b, Estrogen receptor-b; GPR30,
G protein–coupled estrogen receptor.
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treatment of POF by metabonomics based on the theory of TCM.
Therefore, to elucidate the underlying therapeutic mechanisms
of EA on POF, the metabolic profiles of the liver and kidney were
detected by hydrogen-1 nuclear magnetic resonance (1HNMR).
MATERIALS AND METHODS

Animals Handing
A total of 40 Institute of Cancer Research (ICR) female mice
(weight: 35 ± 5 g) were obtained and raised at the experimental
animal center of the Xiamen University. The animal study was
reviewed and approved by the Xiamen University’s Animal
Ethics Committee (Permit Number: SCXK2018-0003). All
procedures were conducted in accordance with the regulations
of the “International Council for Laboratory Animal Science”.
The experimental mice were randomly assigned to the control,
POF, electro-acupuncture at the acupoints (EA), and electro-
acupuncture at the non-acupoints (EN) groups (n = 10 in each
group). All mice were fed and drank freely during the
experimental process. The POF mice were established via
intraperitoneal injection of cisplatin (2 mg/kg) daily for 2
weeks, except for the control group (12).

EA Treatment
CV4 and SP6, as the acupoints, were selected in the EA group.
SP6 was located at 0.5 cm above the medial malleolus of the hind
limb, whereas CV4 was located 1 cm below the navel (the navel
was located at the lower third of the line between the xiphoid
process and perineum). Correspondingly, the non-acupoints
were at 3-mm horizontal distance to CV4 and 3 mm higher
than SP6 (Figure 1A). Generally, the non-acupoints did not
belong to any known meridians. In the process of treatment, a
breathable and opaque headgear was used to completely cover
the head of the mice so as to help the mice remain calm during
the treatment. Both acupoints and non-acupoints were inserted
at 0.8 mm with acupuncture needles. The frequency of the EA
instrument was adjusted until a slight beating of the skin was
observed. Stainless steel acupuncture needle (0.25 mm × 13 mm;
Suzhou Medical Supplies Factory Co., Ltd, Suzhou, China) was
used (Figures 1B, C). All mice in the EA and EN groups were
treated for 30 min, daily, for 3 weeks.

Vaginal Cytology
Into the vagina of the mice, 20 ml of 0.9% NaCl solution was
dripped from 09:00 AM to 10:00 AM daily. Then, 0.9% of the
NaCl solution was mixed gently and repeatedly dropped in the
mice vagina with a pipette gun. Next, the solution was sucked out
with a pipette gun and dropped on a slide. Nucleated epithelial,
cornified epithelial, and leukocytes of mice in each group were
observed under a light microscope to determine the estrous cycle.

Hematoxylin–Eosin Staining
All mice were anaesthetized with 10% chloral hydrate after
treatment. One side of the ovary from the mice was collected
surgically and placed in 4% paraformaldehyde. Next, these
dehydrated ovaries were embedded in paraffin and sectioned
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into 5-mm-thick slices with a freezing microtome (CM1950, Leica
Biosystems Division of Leica Microsystems Inc., Germany).
Subsequently, the slices were dehydrated in alcohol and stained
with hematoxylin–eosin (HE). The pathological morphology of
the ovary was observed under the light microscope.

Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling
The apoptosis of granulosa cells in the ovary was detected by
terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL). All processes were conducted as per the instructions
of the TUNEL Assay kit (G1501, Wuhan Servicebio Technology
Co., Ltd., China). The apoptotic granulosa cells were labeled
green with a fluorescent reagent and observed under the
fluorescence microscope. To avoid any pathological differences
between the samples, three ovarian sections were prepared for
each sample. The percentage of TUNEL-positive granulosa cells
was calculated and analyzed by the Image-Pro Plus 6.0 software.

Enzyme-Linked Immunosorbent Assay
Blood samples were collected from the orbital artery and sacrificed
after treatment. FSH, luteinizing hormone (LH), estradiol (E2),
and anti-Mullerian hormone (AMH) in the serum were detected
by using the enzyme-linked immunosorbent assay (ELISA) kit
(0555M2/44039M2/0546M1/44204M2, Jiangsu Meimian
Industrial Co., Ltd, China). All procedures were conducted as
per the manufacturer’s instructions.

Quantitative Real-Time PCR
The relative expression of estrogen receptor-a (ER-a), receptor-
b (ER-b), and G protein-coupled ER (GPR30) in the ovary were
detected by quantitative real-time (qPCR). Total RNA was
extracted from the ovary by the Trizol method and reversed
transcribed into cDNA. Subsequently, cDNA was used as the
template for amplification. All data were analyzed by the
software of Quantity One, and the relative expressions were
calculated according to the 2−△△CT method.
Frontiers in Endocrinology | www.frontiersin.org 388
1HNMR Experiments
The liver and kidney were removed by surgery after all the mice
were sacrificed. The metabolites of the liver and kidney were
performed with the 1HNMR spectrometer (Bruker AVANCE-III
600MHz, Switzerland) at 298 K. The samples of the liver and
kidney were weighed (300 mg), and the homogenate was mixed
with 600 ml of methanol and 300 ml of double-distilled water. All
the samples were placed and allowed to stand for 10 min on an
ice bath. Next, the samples were centrifuged (10,000 rpm/10 min
at 4°C) and dried with nitrogen. Then, 600 ml of D2O was mixed,
and 500 ml of the solution was extracted into a nuclear magnetic
tube. For all samples, 64 FIDs were collected into 64K data points
over a spectral width of 12,000 Hz with a relaxation delay of
6.5 ms.

Statistical Analyses
MestReNova software (Mestrelab Research, Santiago de
Compostela, Spain) was used to calibrate and optimize the
1HNMR spectra. Specifically, the 1HNMR spectra of each
sample were processed through baseline calibration, phase
correction, and water peak removal. To accurately analyze the
1HNMR spectrum, the chemical shift interval (0.5–9) was
selected for piecewise integration, and the resulting data were
imported into the SIMCA-P software (Umetrics, Sweden). Next,
the regression model was established through partial least
squares discriminant analysis (PLS-DA) along with the
discriminant analysis. In addition, to improve the effectiveness
of data analyses, orthogonal partial least squares discriminant
analysis (OPLS-DA) was performed to correct the orthogonal
transformation based on PLS-DA. OPLS-DA was applied to
construct the relationship model between the metabolite
expression and the sample category. The detected characteristic
metabolites by 1HNMR spectroscopy were identified with
reference to the National Center for Biotechnology
Information database (https://www.ncbi.nlm.nih.gov/) and
Human Metabolome Database (http://www.hmdb.ca/).
Furthermore, the metabolic pathway of the characteristic
B CA

FIGURE 1 | The location of acupoints (CV4 and SP6) and corresponding non-acupoints on mice (A); the EA instrument (B); stainless steel acupuncture needle of
0.25 mm × 13 mm (C).
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metabolites was established according to the MetaboAnalyst 5.0
database (https://www.metaboanalyst.ca/).
RESULTS

Effect of EA on Weight
To compare the differences in weight, all mice were weighed daily.
The weight after modeling decreased significantly (P < 0.01).
Although the weight of POF mice increased after EA (P < 0.05),
it was still lower than that of the control group (P < 0.01). The
weights of the POF group and the EN group were not significantly
different (P > 0.05) (Figure 2A).
Effect of EA on Estrous Cycle
On the basis of the different types of vaginal exfoliated cells, the
estrous cycle of mice was identified as proestrus, estrus,
metestrus, and diestrus. The estrous cycle of normal mice was
4–6 days. In proestrus, the vaginal exfoliated cells were mainly
composed of nuclear epithelial cells and keratinocytes
(Figure 2B). As the estrous cycle changed, most keratinocytes
were observed in the estrous period (Figure 2C). In the metestrus
period, nucleated epithelial cells, keratinocytes, and leukocytes
were observed (Figure 2D). In the diestrus period, mainly
nuclear epithelial cells and leukocytes were observed
(Figure 2E). The vaginal exfoliated cells were mainly
composed of nuclear epithelial cells and leukocytes after POF
modeling was established (Figure 2F). Interestingly, the estrous
cycle of mice in the EA group was changed regularly as the
proestrus–estrus–metestrus–diestrus cycle progressed after
treatment. On the contrary, all vaginal exfoliated cells in the
mice of the EN group were still mainly composed of nuclear
epithelial cells and leukocytes.
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Effect of EA on Histopathology
As shown in Figure 3A, atresia follicles increased, which was
observed in the ovaries of POF mice. The number of mature
follicles and primary follicles increased, and atresia follicles
decreased in the EA group. Although a few antral follicles were
observed in the EN group, no significant difference was found
between the antral follicles in the EN group and the POF
group (Figures 3A).

The positive rate of granulosa cell apoptosis increased in the
POF group (P < 0.01). Compared with the POF group, the positive
rate of granulosa cell apoptosis in the EA group was reduced (P <
0.05). However, the positive rate of the EA group was still higher
than that of the control group (P < 0.01). Although the positive
rate of the EN group was lower than that of the POF group, it was
higher than that of the EA group (P < 0.01) (Figures 3B).

Effect of EA on the Levels of FSH, LH, E2,
and Anti-Mullerian Hormone
Compared with the control group, the serum levels of FSH and
LH in the POF group increased (P < 0.05). Meanwhile, the levels
of E2 and AMH decreased after POF was established (P < 0.05).
The levels of FSH and LH between the control group and the EA
group were approached (P > 0.05). On the contrary, although
the levels of FSH, LH, E2, and AMH in the EN group were also
regulated, they were significantly different from the control
group. In addition, no significant difference was found in the
levels of AMH among the EA group, EN group, and POF group
(P > 0.05) (Figures 4A–D).

Effect of EA on the Relative
Expression of ERs
To determine the effect of EA on ovarian ERs, the relative
expression of ER-a, ER-b, and ERP30 was assessed. The
results showed that the expression of ER-a, ER-b, and ERP30
FIGURE 2 | The weight of four groups (A), and the typical morphology of vaginal exfoliated cells in each estrous cycle (B), proestrus; (C), estrus; (D), metestrus; (E),
diestrus; (F), POF model; ×40 magnification) (* means P < 0.05; ** means P < 0.01).
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was lower than those in the control group after the POF
modeling was established (P < 0.01). We found that ER-a, ER-
b, and ERP30 increased after EA; however, they were lower than
those in the control group (P < 0.01) (Figures 4E–G).

Effect of EA on 1HNMR Profiles of
Liver and Kidney
To determine the characteristic metabolites underlying the
mechanism of EA on POF, the 1HNMR profiles of extracts
from the liver and kidney were performed and analyzed. The
characteristic metabolites in the obtained 1HNMR profiles of the
liver and kidney were difficult to identify intuitively (Figure 5).
Therefore, the PLS-DA and orthogonal projections to latent
structures discriminant analysis (OPLS-DA) were performed
according to 1HNMR profiles.

The four groups of 1HNMR profiles were merged and
analyzed. As shown in Figures 6A, B, the control group and
the POF groups in the liver and kidney were distinctly dispersed.
Concurrently, a good dispersion was present between the POF
group and the EA group. Although the dispersion between the
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POF group and the EN group was observed intuitively in the
liver, no significant difference was found in the metabolites
between them. Poor dispersion was observed between the POF
group and the EN group in the kidney. Therefore, the
metabolism of the liver and kidney in POF mice was
abnormal. The metabolites in the EN group and POF group
were similar.

To determine the effect of EA on liver and kidney metabolism
in POF, the metabolic profile of each group were analyzed in
pairs. The analysis further proved that the dispersions between
the control group and the POF group in the liver and kidney was
good (Figures 6C, D). This finding indicated that the metabolites
in the liver and kidney were abnormal after POF modeling.
Similarly, the metabolites in the liver and kidney of POF mice
were changed distinctly due to EA. The OPLS-DA of the liver
and kidney showed that the metabolites of the EA group were
greatly different from the POF group (Figures 7A, B). The result
showed that the metabolites of the liver and kidney in POF can
be regulated by EA. Therefore, S-plot and T-test were performed
to identify the characteristic metabolites between the POF group
B

A

FIGURE 3 | Pathological morphology and granulosa cell apoptosis of ovaries in four groups (A), HE staining and TUNEL detection; (B), the positive rate of granulosa cell
apoptosis in antral follicles) (×40 and ×200 magnification; * means P < 0.05; ** means P < 0.01).
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and the EA group (Figures 7a, b). In contrast, OPLS-DA showed
that no significant difference was present in the metabolites of
the liver and kidney between the POF group and EN group. The
result showed that EN could not improve the metabolic disorder
of the liver and kidney in POF mice.

In the liver, the relative levels of lysine, glucose,
phosphocholine, taurine, glycine, and glycerol increased after
EA. On the contrary, the levels of glutamate, and creatine
decreased. In the kidney, the relative levels of lactate and
glycerol increased by EA. Furthermore, compared with the
POF group, the relative levels of glutamate, creatine, threonine,
serine, alanine, and lysine decreased. Creatine, glutamate,
glycerol, and lysine were the overlapping metabolites between
the liver and kidney after being treated by EA. Interestingly, the
levels of overlapping characteristic metabolites in the liver and
kidney showed consistent trends after EA.
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All the characteristic metabolites of the liver and kidney in the
EA group were regulated (Figures 8, 9). Compared with the POF
group, the level of characteristic metabolites in the EA group was
closer to that in the control group. The characteristic metabolites
in the EN group and the POF group were similar. All metabolic
pathways containing the above characteristic metabolites in the
liver and kidney were established based on the MetaboAnalyst
5.0 database (Figure 10).

Effect of EA on the Relationship Between
POF and Characteristic Metabolites
To determine the relationship between POF and metabolites, the
correlation of POF with characteristic metabolites was obtained
by performing the Pearson analysis.

In the liver, FSH and LH were positively correlated with
creatine, glutamate, glycerol, lysine, and taurine. FSH and LH
FIGURE 5 | 1HNMR spectra of liver and kidney extracts (1, lactate; 2, alanine; 3, methionine; 4, glutamate; 5, pyruvate; 6, creatine; 7, phosphocholine; 8, betaine; 9,
taurine; 10, glycine; 11, glycerol; 12, lysine; 13, serine; 14, aspartate; 15, cysteine; 16, threonine; and 17, glucose).
B C D

E F G

A

FIGURE 4 | The levels of sex hormones were detected by ELISA (A), FSH; (B), LH; (C), E2; (D), AMH.) and the relative expression of estrogen receptor (E), ER-a;
(F), ER-b; (G), GRP30) (* means P < 0.05; ** means P < 0.01).
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were negatively correlated with glucose, glycine, and
phosphocholine. AMH, E2, ER-a, ER-b, and GPR30 were
positively correlated with glucose, glycine, and phosphocholine.
AMH, E2, ER-a, ER-b, and GPR30 were negatively correlated with
creatine, glutamate, glycerol, lysine, and taurine (Figure 11).
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In the kidney, FSH and LH were positively correlated with
alanine, creatine, glutamate, glycerol, lysine, serine, and
threonine. FSH and LH were negatively correlated with lactate.
AMH, E2, ER-a, ER-b, and GPR30 were positively correlated
with lactate. AMH, E2, ER-a, ER-b, and GPR30 were negatively
b

aA

B

FIGURE 7 | OPLS-DA and S-plots of liver [A and a, R2X(cum) = 0.606, R2Y(cum) = 0.966, Q2(cum) = 0.689] and kidney extracts in POF group and EA group
B and b, R2X(cum) = 0.499, R2Y(cum) = 0.913, Q2(cum) = 0.65].
B

C D

A

FIGURE 6 | The OPLS-DA scores plots of four groups in liver [A, R2X(cum) = 0.632, R2Y(cum) = 0.748, Q2(cum) = 0.55] and kidney (B, R2X(cum) = 0.498, R2Y
(cum) = 0.75, Q2(cum) = 0.378]. The OPLS-DA scores plots of the control group and the POF group in liver [C, R2X(cum) = 0.326, R2Y(cum) = 0.916, Q2(cum) =
0.621] and kidney [D, R2X(cum) = 0.535, R2Y(cum) = 0.947, Q2(cum) = 0.754].
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correlated with alanine, creatine, glutamate, glycerol, lysine,
serine, and threonine (Figure 12).
DISCUSSION

Follicle development is complex and dynamic. A follicle is a basic
functional unit of the endocrine and reproduction systems in the
ovary (13). The reproductive capacity and reproductive age of
females are determined by the number and quality of follicles
(14). After secondary follicle formation, granulosa cells express
FSH, E2, and progesterone receptors, and intimal cells express
LH receptors (15). FSH and E2 stimulate granulosa cells,
promoting granulosa cell proliferation and follicular cavity
formation. Furthermore, the distribution of granulosa cells
could reflect the physiological and pathological state of the
ovary. Moreover, the estrous cycle changes regularly with
changing hormone levels (16). In the present study, ovarian
granulosa cells were proliferated by EA, which is one of the
important signs of follicular development. Moreover, the regular
alteration of the menstrual cycle may be closely related to
granulosa cell proliferation by EA. On the whole, EA can
promote granulosa cell proliferation and restore the
menstrual cycle.
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FSH combines with its receptor in granulosa cells, promoting
granulosa cell proliferation and follicle maturation. After LH
stimulates mature follicles, ovulation is induced and the corpus
luteum is generated (17, 18). Interestingly, the levels of FSH and
LH in POF mice were restored to normal by EA. EA is beneficial
for the development of ovarian granulosa cells and the negative
feedback regulation of sex hormones. AMH is secreted by
granulosa cells and plays a role in inhibiting the primordial
follicle recruitment to prevent the premature consumption of
follicles (19). Our result suggests that EA is beneficial in
preventing premature consumption of follicles. Further, this
finding verifies whether EA could promote ovarian function.

ER-a, ER-b, and ERP30 are considered to be the key
mediators of estrogen in ovarian function (20, 21). ER-a is
mainly distributed in the interstitial part of the ovary, whereas
ER-b is considered to exist mainly in granulosa cells of the ovary.
ERP30 is an ER among membrane receptors (19). Estrogen
activates the PI3K-Akt signaling pathway after binding to the
ER (22, 23). Furthermore, the PI3K-Akt signaling pathway is one
of the pathways that promote cell proliferation (24). EA can
proliferate ovarian granulosa cells; similarly, EA proliferated
ovarian interstitial cells in the present study. This process may
be related to the activation of the estrogen-PI3K-Akt signaling
pathway. The finding is consistent with the results of histological
morphology examinations and TUNEL examinations.
FIGURE 8 | The relative concentrations of characteristic metabolites in the liver (* means P < 0.05; ** means P < 0.01).
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The application of metabonomics provides an innovative
method for constructing the diagnostic strategy of POF.
Moreover, metabonomics was widely used to detect the
underlying mechanism of acupuncture treatment in the past
years. In general, metabolomics is an important part of system
biology, which can comprehensively and directly connect diseases
FIGURE 9 | The relative concentrations of characteristic metabolites in the kidney (* means P < 0.05; ** means P < 0.01).
Frontiers in Endocrinology | www.frontiersin.org 994
FIGURE 11 | The correlation analysis between POF and characteristic
metabolites in the liver.
FIGURE 10 | The metabolic pathways of characteristic metabolites in liver and
kidney after EA (1, glycine, serine and threonine metabolism; 2, taurine and
hypotaurine metabolism; 3, alanine, aspartate, and glutamate metabolism; 4,
glycerolipid metabolism; 5, arginine and proline metabolism; 6, arginine
biosynthesis; 7, glycolysis/gluconeogenesis; 8, pyruvate metabolism; 9, lysine
degradation; 10, glycerophospholipid metabolism; green shows metabolites in liver;
blue shows metabolites in kidney; red shows metabolites in liver and kidney).
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with physiological changes. As a common technique in
metabolomics, 1HNMR is widely used to identify metabolites
associated with the curative effect of treating (25).

Themetabolic disorders of the liver and kidney in POF could be
regulated by EA, which was beneficial for ovarian function in the
present study.On the contrary, ENhad no obvious regulatory effect
on the metabolic disorders of the liver and kidney in POF. This is
consistentwith thefindingofourprevious study,whichverified that
EA could improve metabolic disorders (11). Metabolic disorders
may be evidence for TCM theories such as POF is associated with
the function of the liver and kidney. The physiological function of
each characteristic metabolite was analyzed. Alanine, creatine,
glucose, glycerol, lactate, lysine, and threonine were involved in
the energy-related metabolism per the physiological functions of
the characteristic metabolites. Glutamate, glycine, phosphocholine,
and taurine were involved in the neurotransmitter-related
metabolism. Overall, the energy- and neurotransmitter-related
metabolic pathways can be regulated in the liver and kidney
during POF treatment by EA. As follows, the functions of the
obtained characteristic metabolites are described in detail.
ENERGY-RELATED METABOLISM

Alanine, a non-essential amino acid, is one of the regulators of
glucose metabolism. Alanine is an important source of energy for
humans, as well as it is involved in lymphocyte regeneration, thus
maintaining immune homeostasis (26). Alanine, a characteristic
metabolite in the kidney, was regulated by EA in the present study.
The result suggests that EA may improve glucose metabolism and
immune homeostasis in the kidney to treat POF. Creatine
participates in the energy metabolism of muscle and nerve cells,
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which is related to a variety of endocrine diseases. Meanwhile,
creatine also plays a role in various enzymatic reactions (27).
Creatine was an overlapping characteristic metabolite in the liver
and kidney, which showed that EA is involved in enzymatic
reactions. Glucose is the main metabolite of energy metabolism
and is involved in glycolysis and gluconeogenesis (28). Glycerol can
be converted into glucose by a glucose metabolism pathway in the
liver, providing energy for cell metabolism (29, 30). Therefore,
glycerol is also an important metabolite involved in energy
metabolism. Lactate is a common metabolite in glycolysis, which
can be converted into glucose by the Cori cycle, thus providing
energy during gluconeogenesis in the liver (31). Glucose, glycerol,
and lactate as metabolites of the aforementioned processes are
regulated by EA in POFmice, indicating that EAmay treat POF by
regulatingglycolysis andgluconeogenesis. Lysineplaysa vital role in
promoting cell proliferation and enhancing immunity. In the liver,
lysine participates inprotein synthesis alongwith other amino acids
(32). Therefore, lysine might be related to energy metabolism.
Threonine is associated with energy metabolism and promotes
the defense function of the cellular immune system (33).Moreover,
threonine promotes phosphorus synthesis and fatty acid oxidation,
thereby protecting cell membranes (34). By analyzing the
physiological functions of lysine and threonine, we speculate that
EA plays a role in improving immune function and protecting cell
membranes in the liver and kidney of POF mice.

In summary, EA regulates glucose metabolism and immune
homeostasis in the liver and kidney of POF mice. Furthermore,
POF occurrence may be related to the metabolite disorder of
glucose metabolism and immune homeostasis in the liver and
kidney. The energy associated with the metabolic disorder is
considered to be an important factor in the occurrence of many
diseases. The finding indicates that EA can regulate the energy
metabolism pathway, which may be related to POF treatment.
Importantly, more energy-related metabolites are present in the
kidney than in the liver, which indicates that EA may affect the
regulation of energy metabolism in the kidney.
NEUROTRANSMITTER-RELATED
METABOLISM

Glutamate is one of the important metabolites in neurons (35). EA
regulated neuronmetabolism to restore glutamate levels in the liver
and kidney. Taurine plays various biological roles such as a
neurotransmitter, a stabilizer of the cell membrane, and a
promoter of ion transport (36). Therefore, EA is beneficial for cell
membrane stabilization and neuroprotection in the liver. Glycine is
an inhibitory neurotransmitter, where glycine and serine affect
antioxidants (37). Serine synthesis is regulated by the diet and
hormones in the liver. Serine and its metabolites are necessary for
cell proliferation and the central nervous system (38).
Phosphocholine takes a part in the synthesis of acetylcholine and
activates the autonomic nervous system (39). Furthermore,
phosphocholine can promote lipid metabolism and accelerate
hepatocyte regeneration (40). Phosphocholine levels increased
after EA treatment, which may be related to the promotion of
lipid metabolism and hepatocyte regeneration.
FIGURE 12 | The correlation analysis between POF and characteristic metabolites
in the kidney.
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Taken together, EA is beneficial for neurotransmitter-related
metabolic homeostasis in the liver and kidney. Moreover, POF
occurrence may be related to the metabolite disorder of
neurotransmitter-related metabolism in the liver and kidney.
The aforementioned characteristic metabolites that existed in the
liver indicate that EA exhibits a greater effect in the liver than in
the kidney on the neurotransmitter-related metabolism in POF.

To conclude, the metabolic profiles in the liver and kidney of
POF mice were changed, where EA regulated the characteristic
metabolites of energy- and neurotransmitter-related metabolism.
EA plays an important role in regulating energy-related
metabolism in the kidney. Moreover, EA exhibited a better
effect on the neurotransmitter-related metabolism in the liver
than in the kidney. The Pearson analysis showed that the
metabolomics in the liver and kidney were closely associated
with ovarian function. Our study suggests that EA therapy plays
a crucial role in liver and kidney metabolism, thereby proving its
usefulness in treating POF, as the liver and kidney are related to
POF according to a TCM theory. This was preliminarily
confirmed by metabolomics. However, speaking of limitations,
the metabolites were not quantitatively detected using 1HNMR;
liquid chromatography–mass spectrometry will be used and the
sample size will be increased in the future study.
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Objective:We aimed to evaluate the future outcomes of patients undergoing their first IVF
(in vitro fertilization) attempt with no oocyte retrieved, no normal zygotes formed, or no
embryos available for transfer and to identify factors affecting the live birth rate.

Methods: Patients who underwent no transplantable embryo in their first IVF cycles but
carried out several consecutive cycles between January 2012 to December 2020 were
retrospectively enrolled and divided into three groups:group A (no egg retrieval), group B
(no normal zygotes formed), and group C (no embryos available to transfer). The patients
were also divided into the live birth group and non-live birth group according to whether
they got a live baby or not. The clinical data and the cumulative clinical outcomes of groups
were compared.

Results: 496 patients met the inclusion criteria and enrolled, with 121 patients with no
oocytes retrieved in group A, 138 patients with no normal zygotes formed in group B, and
237 patients with no embryos available to transfer in group C. The age [(34.75(5.82) vs
31.91(5.31), P<0.001; 34.75(5.82) vs 32.25(5.72), P<0.001)] and baseline FSH level
[(13.04(8.82) vs 10.52(7.39), P=0.005; 13.04(8.82) vs 9.91(5.95), P<0.001)] of women in
group A were significantly higher than those in groups B and C. The stable cumulative live
birth rate/patient of three groups achieved 18.18% (after 5 cycles, group A), 28.98% (after
3 cycles, group B) and 20.25% (after 7 cycles, group C). Moreover, the multivariate
regression analysis showed that female age and basic FSH were main factors affecting live
birth outcome of patients with no embryo transfer in their first IVF cycle attempts.

Conclusions: The future clinical outcome may be better in women with no normal
zygotes than those with no oocyte retrieved or no available embryo at their first IVF cycle
attempts. The main factors influencing the live birth are age and ovarian reserve.

Keywords: in vitro fertilization, no embryo transfer, cycle cancellation rate, poor ovarian response, cumulative live
birth rate
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INTRODUCTION

Embryo transfer is a key step for successful pregnancy of women
through assisted reproduction, but this process may face cycle
cancellation because of no oocyte retrieved, no normal zygote
formed, or no available embryos. Considering the inherent poor
outcomes, most studies have excluded patients with cycle
cancellation at the beginning of research (1–3). The ESPART
study reported the prevalence of cycle cancellation was 4.7% in
poor responders (4), and another survey showed the risk of cycle
cancellation caused by poor ovarian response was about 20% (5).
However, the prevalence in the general population receiving in vitro
fertilization (IVF) is obscure. A French study examined medical
factors associated with early cessation of IVF in 5135 couples and
found that couples who did undergo no embryo transfer during the
first IVF cycle attempt were more likely to stop treatment early (6).
Other studies (7–10) have found that the psychological burden of
failure in non-pregnancy treatment is the reason for withdrawing
from further treatment. There are currently few reports on the
clinical outcome of follow-up treatment in these patients, but it is
necessary to provide these patients with information about the final
clinical outcome in all institutions carrying out the artificial
reproduction technology (ART).

Based on the above observational studies and to answer the
consultation of patients with no transplantable embryo in their
first IVF cycle attempt, this study was performed to investigate
the outcome of future fertility of patients undergoing their first
IVF cycle attempt with no embryos transplanted as well as to
identify factors that might affect the possibility to get a baby in
subsequent IVF cycle attempt.
MATERIALS AND METHODS

Subject
The retrospective study was performed in consecutive women
attending the IVF procedure in our hospital from January 2012
to December 2020. Inclusion criteria were women who wanted
more cycle attempts after their first IVF cycles had been
cancelled for some reasons even if they had reached the oocyte
pick-up (OPU) stage and had undergone egg retrieval in their
first IVF cycle. The first delivery was used as the end point of the
study. Exclusion criteria include: (i) chromosomal abnormalities
in either their spouse or pre-implantation genetic testing cycles;
(ii) patients who did not continue the IVF cycle after the first
cancelled cycle; (iii) patients who had no clinical outcome at the
end of follow-up. This study was approved by the ethics
committee of our hospital, and all patients had signed the
informed consent to participate (Figure 1).

Treatment Protocol and
Pregnancy Criteria
The stimulation protocol was performed according to our center’s
guidelines and was determined by the treating clinician based on
individualized conditions. The stimulation protocol in fresh cycles
included GnRH-a long protocol (luteal phase short-acting GnRH-a
Frontiers in Endocrinology | www.frontiersin.org 299
long protocol), short-acting GnRH-a protocol, GnRH-ant protocol
(GnRH antagonist protocol), EFLL protocol (early-follicular phase
long-acting GnRH agonist long protocol), PPOS protocol
(progestin-primed ovarian stimulation protocol), and milder
ovarian stimulation protocol. Different protocles may be used in
the same person in different cycles.

Follicle growth and hormone levels were continuously
monitored by ultrasound and blood tests. Human chorionic
gonadotropin (hCG) was injected when the largest follicle
diameter was bigger than 18 mm or the diameter of at least
three follicles was bigger than 17 mm during the fresh cycle, and
the oocytes were collected 36-38h after hCG injection. The
oocytes were inseminated through conventional IVF/ICSI
(intracytoplasmic sperm injection), and fertilization was
observed 16-18h after insemination. Seventy-two hours after
oocyte retrieval, whether to transplant or to freeze the embryo
was based on embryo grading and the individual clinical
situation of each patient. Blood b-hCG (+) was measured 14d
after transfer as biochemical pregnancy, and clinical pregnancy
was determined by ultrasonography at 28-30d when a gestational
sac and primordial ventricular pulsation were observed.

Embryo Score and Cycle
Outcome Definition
The ASEBIR scoring criteria was used to assess the embryo at the
cleavage stage (11). Embryos were classified into grades I-IV
according to the number of blastomeres on day 3, proportion of
fragmentation, uniformity of blastomeres, multinucleation,
number of vacuoles, and normalness of the zona pellucida. The
criteria for good quality embryos were 2PN (2 pronucleus)
origin, 7-9 cells, fragmentation <10%, and basic homogeneity
of the cleavage. Non-transferable embryos were defined as
embryos with grade IV with no fused embryos formed in
further culture at Day3; non-insemination was defined as no
MII (mature) eggs 2 hours after degranulation; non-fertilization
was defined as no normal progenitor nuclei observed after IVF
fertilization with no oocyte cleavage. Group B (no normal zygote
formation group) included non-fertilization and no normal
progenitor nuclei.

Grouping and Indicators
Patients were divided into three groups depending on the cause
for the cancellation in their first IVF cycle: group A (no egg
retrieval group), group B (no normal zygote formation group)
including patients with non-insemination and non-fertilization,
and group C (no embryos available to transfer). According to
whether they had got a live baby or not, the patients were divided
into live birth and non-live birth groups. The patients’ age, BMI
(Body mass index), infertility years, infertility type, infertility
factors (male or female), basic FSH or LH level, Gn
(gonadotropin) dose and days, cumulative clinical pregnancy
rate, and cumulative live birth rate of the three groups were
compared. The Gn days, Gn dose, mean Oocytes/opu, total
oocytes retrieved, average number of 2PN fertilization/opu,
average number of transferred embryos/opu, cumulative
clinical pregnancy rate/opu, cumulative clinical pregnancy rate/
July 2022 | Volume 13 | Article 893506
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9C%9F%E6%82%A3%E8%80%85%E7%89%B9%E5%BE%
81&keyfrom=baidu&smartresult=dict&lang=auto2zh -
##cumulative live birth rate/opu, https://fanyi.baidu.com/
translate?aldtype=16047&query=%E7%AC%AC%E4%B8%80%
E5%91%A8%E6%9C%9F%E6%82%A3%E8%80%85%E7%89%
B9%E5%BE%81&keyfrom=baidu&smartresult=dict&lang=
auto2zh - ##cumulative live birth rate/patient were recorded,
respectively, among three groups according to the cycle rank, and
the basic characteristics including age, BMI, basic FSH or LH
level, Gn dose and days between the live birth and non-live birth
groups in the first cycle were investigated.

Statistical Analysis
The SPSS23.0 software (IBM, Chicago, IL, USA) was used for
statistical analysis. Continuous variables were expressed as mean
(standard deviation or SD) and categorical variable data were
expressed as numbers and percentages. One-Way ANOVA was
used to analyze the mean difference among groups, the Chi squre
test was used to compare the classified data between groups, and
the binary Logistic regression (Enter) was used to calculate the
OR (odds ratio) value. The statistically significant difference was
set at P<0.05.
RESULTS

Subject
During the study period, a total of 19,657 couples underwent the
first IVF cycle and with oocytes being picked up, and 837 patients
had cycle cancellation in their first IVF cycle attempts, resulting
in a cancellation rate of 4.26% (837/19657). Among the 837
patients with cycle cancellation, 496 women who met the study
inclusion criteria, with no embryo transfer, were enrolled to
Frontiers in Endocrinology | www.frontiersin.org 3100
attend more cycles attempts. Among them, 121 cases of egg
retrieval failure were assigned to group A, 138 cases who failed to
form normal zygotes (including 83 cases of non-fertilization, 21
cases of abnormal fertilization, 33 cases of non-insemination, 1
case of non-cleavage) were assigned group B, and 237 without
available embryo were assigned to group C. Baseline clinical
characteristics and clinical outcomes of the three groups in the
first IVF cycle are summarized in Table 1. Characteristics of the
subsequent IVF cycles and the final reproductive outcomes
stratified according to the IVF cycle rank between three groups
are presented in Tables 2.1–2.3 and Figure 2. The characteristics
of live birth and non-live birth groups are showed in Table 3, and
the outcomes of multivariate regression analysis between the two
groups are demonstrated in Table 4.

Baseline and Characteristics Among
Three Groups
A significant difference existed in female age, basic FSH level and
Gn days between group A and group B (P< 0.001, P=0.005,
P=0.001)as well as between groups A and C (P< 0.001, P< 0.001,
P< 0.001). Cumulative clinical pregnancy rates per OPUand per
patient in group B were 14.75% and 39.13%, respectively, which
were better than those in other two groups. Cumulative live birth
rates per OPU and per patient were 10.92% and 28.98%,
respectively, in group B, which were significantly higher than
those in group A (P=0.027, P=0.042), but not significantly
(P>0.05)different from those in group C. Both cumulative
pregnancy rate and cumulative live birth rates were not
significantly (P>0.05) different between group A and C (Table 1).

Cumulative Clinical Outcomes at
Cycle Rank
In group A, the cumulative clinical pregnancy rates were 7.14%
per OPU and 20.66% per patient, and the cumulative live birth
rates were 6.28% per OPU and 18.18% per patient, all of which
reached a plateau at the 5th OPU cycle (Table 2.1 and Figure 2).
FIGURE 1 | Flowchart of patient selection. A total of 19,657 couples underwent IVF cycle with oocytes to pick up, and 837 patients had cycle cancellation in their
first IVF cycle attempts. 298 women underwent only one IVF cycle, of which 50 women were with no egg retrieved, 48 women with no normal zygotes formed and
200 women with the cancellation cycle due to poor embryo quality. 496 women met the study inclusion criteria and were enrolled.
July 2022 | Volume 13 | Article 893506
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TABLE 1 | Comparison of baseline values and final reproductive outcomes in the first IVF cycle among the three groups.

groups Group A P1
(AvsB)

Group B P2
(AvsC)

Group C P3
(BvsC)

Characteristics of patients in the first cycle
Number of patients 121 138 237
Age (years) 34.75

(5.82)
<0.001 31.91

(5.31)
<0.001 32.25

(5.72)
ns

BMI (kg/m2) 23.41
(5.18)

ns 23.70
(3.71)

ns 23.4
(3.51)

ns

FSH/mIU 13.04
(8.82)

0.005 10.52
(7.39)

<0.001 9.91
(5.95)

ns

LH/mIU 5.81
(5.75)

ns 5.14
(4.03)

ns 7.93
(46.97)

ns

AMH (ng/ml) 0.50
(0.56)

ns 0.68
(0.65)

0.044 1.15
(1.53)

0.002

Infertility years 4.42
(3.97)

ns 4.21
(3.33)

ns 4.29
(3.45)

ns

Infertility type
Primary infertility 61/121 ns 91/138 <0.001 132/237 ns
Secondary infertility 60/121 0.011 47/138 ns 105/237 ns
Infertility factors
Male (%) 16/121

(13.22%)
ns 21/138

(15.22%)
ns 33/237

(13.92%)
ns

Tubal (%) 58/121
(47.93%)

ns 57/138
(41.30%)

ns 101/237
(42.62%)

ns

Endometriosis (%) 7/121
(5.79%)

ns 6/138
(4.35%)

ns 15/237
(6.33%)

ns

Unexplained infertility (%) 5/121
(4.13%)

ns 13/138
(9.42%)

ns 20/237
(8.44%)

ns

Uterine factor (%) 2/121
(1.65%)

ns 3/138
(2.17%)

ns 0/237 ns

Ovulatory disorder (%) 25/121
(20.66%)

ns 28/138
(20.29%)

ns 46/237
(19.41%)

ns

Others (%) 4/121
(3.31%)

ns 46/138
(33.33%)

ns 4/237
(1.69%)

ns

https://fanyi.baidu.com/translate?aldtype=16047&query=%E7%AC%AC%E4%B8%80%E5%91%A8%
E6%9C%9F%E6%82%A3%E8%80%85%E7%89%B9%E5%BE%81&keyfrom=baidu&smartresult=
dict&lang=auto2zh - ##Treatment characteristics
Ovarian stimulation protocol
GnRH-a long protocol 15/121 <0.001 46/138 ns 70/237 <0.001
EFLL protocol 7/121 ns 17/138 ns 41/237 0.005
GnRH-ant protocol 30/121 ns 22/138 0.001 72/237 ns
Others 69/121 0.004 54/138 <0.001 54/237 <0.001
Gn days (days) 7.67

(4.98)
0.001 9.28

(3.30)
<0.001 9.93

(3.68)
ns

Gn dose (IU) 2126.01
(1474.67)

0.104 2367.66
(1127.77)

<0.001 2622.98
(1138.61)

0.063

Clinical outcome
Number of OPU cycles 350 366 610
Clinical pregnancy (n) 25 54 60
Live birth(n) 22 40 48
Cumulative clinical pregnancy/opu (%) 25/350

(7.14%)
0.08 54/366

(14.75%)
ns 60/610

(9.84%)
0.021

Cumulative clinical pregnancy/patient (%) 25/121
(20.66%)

0.001 54/138
(39.13%)

ns 60/237
(25.32%)

0.005

Cumulative live birth/opu (%) 22/350
(6.28%)

0.027 40/366
(10.92%)

ns 48/610
(7.88%)

ns

Cumulative live birth/patient (%) 22/121
(18.18%)

0.042 40/138
(28.98%)

ns 48/237
(20.25%)

0.054
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Values are presented as number or mean (SD).
EFLL protocol, early-follicular phase long-acting GnRH agonist long protocol.
Others of ovarian stimulation protocol mean PPOS protocol, short-acting GnRH-a protocol, micro stimulation protocol, etc.
ns, non-singnificant.
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The cumulative live birth rates/patient in group B was 28.98%
and did not increase any more after cycle 3 (Table 2.2 and
Figure 2), whereas the cumulative live birth rates/patient in
group C was 20.25% and reached a plateau after cycle 7
(Table 2.3 and Figure 2).

Comparison Between Live Birth and Non-
Live Birth Groups and Factors Influencing
Live Birth
Both age (31.21 ± 4.65 vs 33.22 ± 5.95, P=0.001) and basic FSH
level (9.08 ± 6.15 vs 11.41 ± 7.49, P=0.004) in the live birth group
were statistically signficantly lower than those in other groups
(Table 3). The multivariate regression analysis showed that age
and basic FSH level were predict factors for live birth
(ORadjusted 0.935, 95% CI 0.876-0.997, P=0.042; ORadjusted
0.937, 95% CI 0.878-0.999, P=0.046) (Table 4).
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DISCUSSION

This study evaluated the chance of a live birth in women with no
embryo transfer at their first IVF cycle attempt over their
subsequent IVF treatment course and factors affecting the
live birth.

In our center, the total cycle cancellation rate was nearly
10%, and the cancellation rate of the first cycle was 4.9%. This
may be related to embryo transfer strategies as well as the
ovarian stimulation protocols used in our hospital. For
example, the cycle cancellation rate of low ovarian response
with minimal stimulation was 10% while that with long
protocol was 2.9% (12). A meta-analysis in 2021 showed that
the cycle cancellation rate of mild stimulation was higher than
that of conventional ovarian stimulation in the low ovarian
response group (13). Siristatidis et al (14) also found that the
TABLE 2.1 | IVF cycles’ characteristics and their final reproductive outcomes of group A stratified according to IVF cycle rank.

cycle rank 1 2 3 4 5 6 7 8 9 10

Gn days 7.57
(4.90)

7.99
(3.68)

9.04
(4.86)

7.26
(4.02)

7.36
(3.64)

7.67
(3.56)

5.00
(2.65)

2.00(-) 5.50
(2.12)

–

Gn dose 2100
(1476)

2148
(1184)

2545
(1798)

1892
(1345)

1932
(1356)

1800
(1168)

1225
(943)

300(-) 1425
(954)

–

No. of patients of opu with zero oocytes/total patients of opu 121/
121

16/121 13/57 3/23 2/13 2/7 0/4 0/2 0/2 –

Mean Oocytes/opu 0 2.77
(3.64)

1.80
(1.623)

1.96
(1.64)

1.77
(1.691)

1.00
(0.816)

1.33
(0.577)

1.00
(0.00)

2.00
(1.41)

–

Total of oocytes retrieved 0 316 101 45 23 7 4 2 4 –

Number Fertilizes oocytes of 2PN 0 166 55 25 12 2 2 1 1 –

Average number of 2PN fertilization/opu 0 2.07
(2.74)

1.67
(1.58)

1.56
(1.55)

1.33
(1.12)

0.67
(0.58)

1.00
(0.00)

1.00 1.00 –

Number of high quality embryos 0 43 17 7 2 1 0 0 0 –

Average number of high quality embryos/opu 0 0.57
(1.11)

0.55
(0.89)

0.44
(0.63)

0.29
(0.49)

0.33
(0.577)

– – – –

Number of transferred embryos 0 53 25 8 5 2 1 1 1 –

Average number of transferred embryos/opu 0 1.77
(0.73)

1.39
(0.78)

1.60
(0.894)

1.67
(1.16)

1.00
(0.00)

1 1 1 –

total patients of opu 121 121 57 23 13 7 4 2 2 0
https://fanyi.baidu.com/translate?aldtype=16047&query=%
E7%AC%AC%E4%B8%80%E5%91%A8%E6%9C%9F%E6%
82%A3%E8%80%85%E7%89%B9%E5%BE%81&keyfrom=
baidu&smartresult=dict&lang=auto2zh - zh/en/javascript:void
(0);https://fanyi.baidu.com/translate?aldtype=16047&query=%
E7%AC%AC%E4%B8%80%E5%91%A8%E6%9C%9F%E6%
82%A3%E8%80%85%E7%89%B9%E5%BE%81&keyfrom=
baidu&smartresult=dict&lang=auto2zh - zh/en/javascript:void
(0);Number of clinical pregnancies

0 12 9 2 2 0 0 0 0 0

Number of live births 0 10 8 2 2 0 0 0 0 0
Cumulative clinical pregnancy/opu
(%)

0 12/242
(4.96%)

21/299
(7.02%)

23/322
(7.14%)

25/335
(7.46%)

25/342
(7.31%)

25/346
(7.23%)

25/348
(7.18%)

25/350
(7.14%)

25/350
(7.14%)

Cumulative clinical pregnancy/patient(%) 0 12/121
(9.92%)

21/121
(17.36%)

23/121
(19.01%)

25/121
(20.66%)

25/121
(20.66%)

25/121
(20.66%)

25/121
(20.66%)

25/121
(20.66%)

25/121
(20.66%)

https://fanyi.baidu.com/translate?aldtype=16047&query=%
E7%AC%AC%E4%B8%80%E5%91%A8%E6%9C%9F%E6%
82%A3%E8%80%85%E7%89%B9%E5%BE%81&keyfrom=
baidu&smartresult=dict&lang=auto2zh - ##Cumulative live
birth/opu(%)

0/121 10/242
(2.86%)

18/299
(6.02%)

20/322
(6.21%)

22/335
(6.57%)

22/342
(6.43%)

22/346
(6.36%)

22/348
(6.32%)

22/350
(6.28%)

22/350
(6.28%)

https://fanyi.baidu.com/translate?aldtype=16047&query=%
E7%AC%AC%E4%B8%80%E5%91%A8%E6%9C%9F%E6%
82%A3%E8%80%85%E7%89%B9%E5%BE%81&keyfrom=
baidu&smartresult=dict&lang=auto2zh - ##Cumulative live
birth/patient(%)

0/121 10/121
(8.26%)

18/121
(14.88%)

20/121
(16.53%)

22/121
(18.18%)

22/121
(18.18%)

22/121
(18.18%)

22/121
(18.18%)

22/121
(18.18%)

22/121
(18.18%)
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cycle cancellation rate of mild stimulation was significantly
higher than that of long-term and antagonist regimens (36.4%
vs 12%). A recent study showed that participants experienced
an overall feeling of “loss and loneliness” when they had no
experience of embryo transfer. The situation was described as a
shock unprepared for them. Their need for relevant
information has not been met (15). The results of the
present study showed that some data could provide these
patients with some information in terms of no embryo
transfer in their first IVF cycle attempt.
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In the group with no egg retrieved, the proportion of the
patients in the first IVF cycle cancellation was 21.54% [(121 +
50)/(496 + 298)], and 22 of these women achieved a live birth in
their subsequent cycles. Furthermore, there was no significant
difference in the cycle source and the mode of fertilization
through analysis of the original data. In patients with no eggs
being retrieved in our study, the ovarian response was low, and
their average age was higher than those in the other two groups.
In the end, a 18% cumulative live birth rate was achieved in these
patients after the 5th IVF cycle, which was similar to that of the
TABLE 2.2 | IVF cycles’ characteristics and their final reproductive outcomes of group B stratified according to IVF cycle rank.

cycle rank 1 2 3 4 5 6 7 8 9 10

Gn days 9.28
(3.30)

8.32
(3.65)

8.91
(3.56)

6.72
(3.01)

8.14
(2.08)

7.0(1.63) 8 2 8 12

Gn dose 2367
(1127)

2242
(1154)

2369
(1194)

1633
(979)

2121
(716)

1650
(851)

2400 300 1800 3600

Total of oocytes retrieved 571 560 162 55 22 6 4 2 2 3
Mean Oocytes/opu 4.17

(5.70)
4.59
(4.81)

3.31
(3.57)

2.89
(3.70)

2.44
(2.92)

1.50
(1.00)

2 1 2 3

Number Fertilizes oocytes of 2PN 0 173 56 15 14 2 2 2 2 3
Average number of 2PN fertilization/opu 0 3.20

(3.87)
1.93
(2.99)

1.36
(1.12)

2.00
(2.71)

0.67
(0.577)

2 2 2 3

Number of high quality embryos 0 57 15 6 3 0 0 0 0 0
Average number of high quality embryos/opu 0 0.78

(1.85)
0.60
(1.96)

0.67
(1.66)

0.60
(0.89)

– – – – –

Number of transferred embryos 0 93 19 3 0 0 2 2 0 0
Average number of transferred embryos/opu 0 1.82

(0.65)
1.73
(0.65)

1.50
(1.15)

– – 2 2 – –

Number of no normal zygotes/opu 138 7 3 0 1 1 0 0 0 0
total patients of opu 138 138 50 22 10 4 1 1 1 1
https://fanyi.baidu.com/translate?aldtype=16047&query=%
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javascript:void(0);Number of clinical pregnancies

0 42 9 1 2 0 0 0 0 0

https://fanyi.baidu.com/translate?aldtype=16047&query=%
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javascript:void(0);https://fanyi.baidu.com/translate?aldtype=
16047&query=%E7%AC%AC%E4%B8%80%E5%91%A8%
E6%9C%9F%E6%82%A3%E8%80%85%E7%89%B9%
E5%BE%81&keyfrom=baidu&smartresult=dict&lang=auto2zh
- zh/en/javascript:void(0);Number of live births

0 31 8 1 0 0 0 0 0 0

Cumulative clinical pregnancy rate/opu(%) 0 42/276
(15.22%)

51/326
(15.64%)

52/348
(14.94%)

54/358
(15.08%)

54/362
(14.92%)

54/363
(14.88%)

54/364
(14.84%)

54/365
(14.79%)

54/366
(14.75%)

Cumulative clinical pregnancy rate/patient(%) 0 42/138
(30.43%)

51/138
(36.96%)

52/138
(37.68%)

54/138
(39.13%)

54/138
(39.13%)

54/138
(39.13%)

54/138
(39.13%)

54/138
(39.13%)

54/138
(39.13%)

https://fanyi.baidu.com/translate?aldtype=16047&query=%
E7%AC%AC%E4%B8%80%E5%91%A8%E6%9C%9F%
E6%82%A3%E8%80%85%E7%89%B9%E5%BE%
81&keyfrom=baidu&smartresult=dict&lang=auto2zh -
##Cumulative live birth rate/opu(%)

0/138 31/276
(11.23%)

39/326
(11.96%)

40/348
(11.49%)

40/358
(11.17%)

40/362
(11.05%)

40/363
(11.02%)

40/364
(10.99%)

40/365
(10.96%)

40/366
(10.92%)

https://fanyi.baidu.com/translate?aldtype=16047&query=%
E7%AC%AC%E4%B8%80%E5%91%A8%E6%9C%9F%
E6%82%A3%E8%80%85%E7%89%B9%E5%BE%
81&keyfrom=baidu&smartresult=dict&lang=auto2zh -
##Cumulative live birth rate/patient(%)

0/138 31/138
(22.46%)

39/138
(28.26%)

40/138
(28.98%)

40/138
(28.98%)

40/138
(28.98%)

40/138
(28.98%)

40/138
(28.98%)

40/138
(28.98%)

40/138
(28.98%)
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Zhu et al. Future Fertility of Patients With No Embryo Transfer in Their First IVF Cycle Attempts
study by Raoul Orvieto et al. (16). For these patients, the
reproductive outcome will not change after the 5th IVF OPU
cycle being tried, and the next ovulation stimulation cycle is
suggested to be abandoned. Nonetheless, the patient’s own
decision should always be respected.

The proportion of women with no normal zygotes formed in
the first IVF cycle cancellation was 23.43% [(138 + 48)/(496 +
298)], and 40 of the 138 patients achieved a live birth eventually.
In our hospital, when the number of eggs retrieved was less than
or equal to 3, ICSI was not rescued. The majority of these
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patients had fewer eggs retrieved, which might be one reason
for fertilization failure. Even though there was no significant
difference in the fertilization methods (IVF vs ICSI) in the live
birth cycle (9.46%vs13.27%), 54 cases were changed to ICSI after
the first cycle of IVF, and 13 cases obtained a live birth, with the
live birth rate of 24.07%. According to these outcomes, changing
the mode of insemination in the second cycle may bring a better
outcome. Some scholars (17) found that compared with the hCG
single trigger group, the oocyte fertilization rate (73.1% vs
58.6%), clinical pregnancy rate (33% vs 20.7%), live birth rate
TABLE 2.3 | IVF cycles’ characteristics and their final reproductive outcomes of group c stratified according to IVF cycle rank.

cycle rank 1 2 3 4 5 6 7 8 9 10

Gn days 9.97
(3.63)

9.366
(2.92)

8.25
(3.80)

8.69
(4.07)

8.06
(3.51)

9.43
(4.54)

5.00
(4.24)

6.66
(5.13)

7.00
(9.90)

7.50
(0.71)

Gn dose 2621
(1136)

2427
(983)

2150
(1155)

2181
(1366)

2107
(1280)

1882
(917)

1087
(1007)

1300
(1128)

1575
(2227)

1687
(159)

Total of oocytes retrieved 1079 1367 288 68 47 17 3 4 3 4
Mean Oocytes/opu 4.55

(4.80)
5.84
(5.62)

4.57
(7.34)

2.34
(2.73)

2.94
(3.25)

1.89
(1.36)

0.60
(0.84)

1.33
(0.57)

1 2

Number Fertilizes oocytes of 2PN 374 467 144 29 17 8 2 2 2 1
Average number of 2PN fertilization/opu 1.82

(2.65)
3.16
(3.50)

3.35
(5.61)

1.53
(1.17)

1.42
(1.08)

1.14
(0.37)

– – – –

Number of high quality embryos 0 42 6 3 1 1 0 0 0 0
Average number of high quality embryos/opu 0 0.45

(1.06)
0.26
(0.54)

0.33
(0.50)

0.14
(0.38)

0.20
(0.447)

0 –

Number of transferred embryos 0 79 17 4 4 2 1 – – –

Average number of transferred embryos/transplantation cycle 0 1.68
(0.63)

1.89
(0.61)

2 2 2 – – – –

No transplantable embryo/opu 237 38 11 3 3 3 2 2 1 2
total patients of opu 237 237 67 30 16 10 5 3 3 2
https://fanyi.baidu.com/translate?aldtype=16047&query=%
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E6%82%A3%E8%80%85%E7%89%B9%E5%BE%
81&keyfrom=baidu&smartresult=dict&lang=auto2zh - zh/en/
javascript:void(0);https://fanyi.baidu.com/translate?aldtype=
16047&query=%E7%AC%AC%E4%B8%80%E5%91%A8%
E6%9C%9F%E6%82%A3%E8%80%85%E7%89%B9%
E5%BE%81&keyfrom=baidu&smartresult=dict&lang=auto2zh
- zh/en/javascript:void(0);Number of clinical pregnancies

0 41 6 7 4 1 1 0 0 0
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0 31 6 6 3 1 1 0 0 0

Cumulative clinical pregnancy rate/opu(%) 0 41/474
(8.65%)

47/541
(8.69%)

54/571
(9.46%)

58/587
(9.88%)

59/587
(10.05%)

60/602
(9.97%)

60/605
(9.92%)

60/608
(9.87%)

60/610
(9.84%)

Cumulative clinical pregnancy rate/patient(%) 0 41/237
(17.29%)

47/237
(19.83%)

54/237
(22.78%)

58/237
(24.47%)

59/237
(24.89%)

60/237
(25.32%)

60/237
(25.32%)

60/237
(25.32%)

60/237
(25.32%)

https://fanyi.baidu.com/translate?aldtype=16047&query=%
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##Cumulative live birth rate/opu(%)

0/237 31/474
(6.54%)

37/541
(6.84%)

43/571
(7.54%)

46/587
(7.85%)

47/597
(7.89%)

48/602
(7.99%)

48/605
(7.95%)

48/608
(7.91%)

48/610
(7.88%)
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##Cumulative live birth rate/patient(%)

0/237 31/237
13.08%

37/237
15.61%

43/237
18.14%

46/237
19.41%

47/237
19.83%

48/237
20.25%

48/237
20.25%

48/237
20.25%

48/237
20.25%
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(26.9% vs 14.5%), abortion rate (17.4% vs 37.0%), and embryo
transfer elimination rate (6.1% vs 15.4%) in the double trigger
group were significantly different. This may suggest that
changing the trigger scheme, grasping the correct trigger time
so as to get the target follicles as far as possible, and getting the
MII (mature) eggs may improve the pregnancy outcomes.
Furthermore, some patients may improve the clinical outcomes
by using some new techniques like AOA (assisted oocyte
Frontiers in Endocrinology | www.frontiersin.org 8105
activation), IVM (in vitro maturation), and testing for
associated genes. A retrospective study (18) showed that AOA
intervention after ICSI fertilization failure significantly increased
the normal fertilization rate (52.1%), the cumulative clinical
pregnancy rate (47.1%) and the live birth rate (29.4%).

The proportion of patients with the cancellation cycle caused
by poor embryo quality in the first IVF cycle was 55.04% [(237 +
200)/(496 + 298)]. These patients are more challenging for the
FIGURE 2 | Cumulative clinical outcomes at cycle rank. In group A, The cumulative clinical pregnancy rates were 7.14% per OPU and 20.66% per patient, and the
cumulative live birth rates were 6.28% per OPU and 18.18% per patient, with both rates reaching a plateau at the 5th OPU cycle. The cumulative live birth rate/
patient in group B was 28.98%, which did not increase any more after cycle 3, whereas the cumulative live birth rates/patient in group C was 20.25% and reached a
plateau after cycle 7.
TABLE 3 | Basic characteristics of the first cycle in live birth group and non-live birth group.

Live birth group non live birth group p

Proportion of patients 0.06
Group A 22 99
Group B 40 98
Group C 48 189
Age (years) 31.21 (4.65) 33.22 (5.95) 0.001
BMI (kg/m2) 23.36 (3.55) 23.51 (4.14) ns
FSH/mIU 9.08 (6.15) 11.41 (7.49) 0.004
LH/mIU 5.43 (4.05) 7.02 (3.72 ns
Infertility years 4.05 (3.24) 4.37 (3.62) ns
AMH (ng/ml) 1.71 (2.91) 1.06 (1.18) ns
Infertility type ns
Primary infertility 65 219
Secondary infertility 45 167
Ovarian stimulation protocol ns
GnRH-a long protocol 35 96
EFLL protocol 20 45
GnRH-ant protocol 21 103
others 34 142
Gn days (days) 10.05 (3.98) 8.99 (3.95) 0.01
Gn dose (IU) 2464 (1121) 2428 (1265) ns
July 2022 | Volume 13 | Article 8
Values are presented as number or mean (SD).
EFLL protocol, early-follicular phase long-acting GnRH agonist long protocol.
Others of ovarian stimulation protocol mean PPOS protocol, short-acting GnRH-a protocol, micro stimulation protocol, etc.
ns, non-singnificant.
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ART. In our study, these patients’ age was not high, they had
more eggs, but the CLBR was low. In the ovulation induction of
these patients, 25 cases with the antagonist regimen obtained a
live birth, whereas 23 cases with other protocols did not. It seems
that the antagonist regimen had a trend of increasing the live
birth rate, but no significant difference was found in our study
(10.25% vs 6.28%, P =0.07). Similarly, the fertilization mode of
the live birth cycle was not signfiicantly different. Moreover,
although no differences were found in various infertility factors
among these patients in our study, a recent study (19) reported
that AOA could improve the clinical pregnancy and live birth
rate in patients with male factors (oligoasthenospermia [OAT]),
advanced age, polycystic ovary syndrome (PCOS), and
unexplained infertility. In current literature, blastocyst transfer
after ICSI-AOA according to different infertility factors may help
to improve the clinical outcome of these patients. Besides,
shortening the embryo culture time to the first or second day
and carrying out gamete transfer or zygote transfer may be a
goodway to improve the reproductive outcome of patients with
Frontiers in Endocrinology | www.frontiersin.org 9106
embryonic development block from the embryologists’ point
of view.

Female age and ovarian reserve are still the main factors
influencing the live birth of patients with first IVF cycle
cancellation. However, clinical quality control, personalized
treatment, or changes in ovulation induction and fertilization
mode may help them achieve a live birth. Therefore, for patients
with good financial resources, the findings of the present study
suggest extending the number of OPU cycles up to the 3rd, 5th,
or 7th cycle even if the reasons for cancellation of the first IVF
cycle are different.

Some limitations existed in this study, including the
retrospective and one-center design, a small cohort of patients,
and Chinese patients enrolled only. Moreover, the reasons for
patient cycle cancellation are multifarious and complex, and
patients with non-fertilization, fertilization failure and abnormal
fertilization might have been assigned to one group for analysis,
which limits the ability to control for potential unknown
confounding factors. All these factors may affect the
TABLE 4 | Multivariate regression analysis of IVF cycle between the live birth group and non-live birth group.

Live
birth
group

non
live
birth
group

P OR value
(95%CI)

p OR
adjusted
value(95%

CI)

Number of cycles 110 1216
Cycle outcome type
Not transplanted 0 785 – – – –

Fresh cycle transplantation 65 227 – – – –

https://fanyi.baidu.com/translate?aldtype=16047&query=%E7%AC%AC%E4%B8%80%E5%91%A8%
E6%9C%9F%E6%82%A3%E8%80%85%E7%89%B9%E5%BE%81&keyfrom=baidu&smartresult=
dict&lang=auto2zh - ##Thawed embryo transfer from Whole embryo freezing

45 204 – – – –

Fertilization mode
No insemination 0 217 – – – –

IVF 65 664 – – – –

ICSI 45 335 – – – –

Patient first cycle type
Type A 22 328 1 1
Type B 40 326 0.388 1.28

(0.726,2.28)
0.189 0.438

(0.128,1.500)
Type C 48 562 0.272 1.33

(0.80,2.21)
0.091 3.174

(0.884,5.345)
age 31.21

(4.65)
33.22
(5.95))

0.04 0.956
(0.916,
0.998)

0.042 0.935
(0.876,0.997)

BMI 23.36
(3.55)

23.51
(4.14)

ns 0.984
(0.928,
1.043)

ns 1.030
(0.965,1.100)

FSH 9.08
(6.15)

11.41
(7.49)

0.032 0.953
(0.911,
0.996)

0.046 0.937
(0.878,0.999)

LH 5.43
(4.05)

7.02
(37.22)

ns 0.999
(0.994,
1.005)

ns 1.000
(0.996,1.004)

Gn days 10.05
(3.98)

8.99
(3.95)

ns 1.067
(0.964,
1.181)

ns 1.073
(0.984,1.171)

Gn dose 2464
(1122)

2428
(1265)

ns 1 ns 1
July 2
022 | Volum
e 13 | A
Values are presented as number or mean (SD), the OR (odds ratio) value and 95% CI (confidence interval), and OR adjusted value (95% CI) are obtained by adjusting the male factor,
ovarian stimulation program and other confounding factors.
ns, non-singnificant.
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generalization of the outcome of this study. Future studies will
have to resolve all these issues for better outcomes.

In conclusion, future clinical outcomesmay be better in women
with no normal zygotes than those with no oocyte retrieved or no
available embryo at their first IVF cycle attempts. The main factors
influencing the live birth are age and ovarian reserve.
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Dynamic in vitro culture of
cryopreserved-thawed human
ovarian cortical tissue using a
microfluidics platform does not
improve early folliculogenesis

Julieta S. Del Valle1, Vanessa Mancini1,
Maitane Laverde Garay1, Joyce D. Asseler2,
Xueying Fan1, Jeroen Metzemaekers3, Leoni A. Louwe3,
Gonneke S. K. Pilgram3, Lucette A. J. van der Westerlaken3,
Norah M. van Mello2 and Susana M. Chuva De Sousa Lopes1,4*

1Department of Anatomy and Embryology, Leiden University Medical Center, Leiden, Netherlands,
2Department of Obstetrics and Gynaecology, Amsterdam University Medical Center (UMC),
Amsterdam, Netherlands, 3Department of Gynaecology, Leiden University Medical Center,
Leiden, Netherlands, 4Ghent-Fertility and Stem Cell Team (G-FAST), Department of Reproductive
Medicine, Ghent University Hospital, Ghent, Belgium
Current strategies for fertility preservation include the cryopreservation of

embryos, mature oocytes or ovarian cortical tissue for autologous

transplantation. However, not all patients that could benefit from fertility

preservation can use the currently available technology. In this regard,

obtaining functional mature oocytes from ovarian cortical tissue in vitro

would represent a major breakthrough in fertility preservation as well as in

human medically assisted reproduction. In this study, we have used a

microfluidics platform to culture cryopreserved-thawed human cortical

tissue for a period of 8 days and evaluated the effect of two different flow

rates in follicular activation and growth. The results showed that this dynamic

system supported follicular development up to the secondary stage within 8

days, albeit with low efficiency. Surprisingly, the stromal cells in the ovarian

cortical tissue were highly sensitive to flow and showed high levels of apoptosis

when cultured under high flow rate. Moreover, after 8 days in culture, the

stromal compartment showed increase levels of collagen deposition, in

particular in static culture. Although microfluidics dynamic platforms have

great potential to simulate tissue-level physiology, this system still needs

optimization to meet the requirements for an efficient in vitro early

follicular growth.

KEYWORDS

folliculogenesis, human, follicular growth, microfluidics, ovarian cortical tissue,
cryopreservation, secondary follicle, fertility preservation
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Introduction
According to the World Health Organization (WHO),

infertility is a global disease affecting more than 186 million

people mainly from developed countries (https://www.who.int/

news-room/fact-sheets/detail/infertility). While infertility is

often associated with defects in the male or female

reproductive systems, it may also result from other factors

such as lifestyle, stress or the progressively older age of the

female partner at conception (1). In the last decades, innovative

techniques in medically assisted reproduction, such as in vitro

fertilization, have helped an increasingly large group of patients

to overcome infertility (2). For patients exposed to either

gonadotoxic treatment, predisposed to premature ovarian

insufficiency or undergoing surgical removal of both ovaries,

there are several options for fertility preservation, that include

the cryopreservation of mature oocytes to be used during

medical ly ass isted reproduction, or ovarian tissue

cryopreservation for autografting (3, 4). However, for patients

such as pre-pubertal oncological patients with hematological

malignancies, none of the currently available strategies are

adequate due to the absence of mature oocytes and the high

risk of reintroducing cancer cells after autografting (5–7). For

this growing group of patients, that undergoes ovarian tissue

cryopreservation to preserve the ovarian follicular reserve and

survives to adulthood, obtaining mature oocytes from cortical

ovarian tissue cultured in vitro, could be considered a safe

alternative method in the context of fertility preservation (8).

In humans, folliculogenesis is a complex process that starts

with the formation of primordial follicles before birth (9). After

birth, small groups of primordial follicles, formed by one

primary oocyte arrested in dictyate (diplotene stage from

meiotic prophase I) surrounded by a single layer of flat

granulosa cells and a layer of basement membrane, undergo

follicular activation, as the granulosa cell layer adopts a cuboidal

morphology and the primordial follicle transits to primary

follicle (10, 11). During follicular growth, the cuboidal

granulosa cells undergo proliferation, forming several cell

layers around the oocyte (secondary follicle) and start

accumulating follicular fluid in a growing central cavity or

antrum (antral follicle). In mono-ovulatory species such as

humans, typically one antral follicle becomes dominant,

growing from 5 up to 20 millimeters in diameter and

undergoing ovulation (12–14), whereas the other antral

follicles regress through atresia (15). In the ovulatory follicle,

the oocyte resumes meiosis and arrests in metaphase II, the

competent stage for fertilization. It is only after fertilization that

the oocyte completes meiosis with the extrusion of the second

polar body. During adulthood, the process from follicular

activation until ovulation requires several months (16, 17).

The development of robust clinically-applicable protocols

remains challenging despite ongoing efforts to culture
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cryopreserved (or fresh) ovarian cortical tissue in vitro

through in vitro follicular activation, in vitro follicular growth

and oocyte in vitro maturation to ultimately obtain mature

oocytes (metaphase II) that could be fertilized (18). One of the

main reasons for this is the lack of knowledge regarding the

control mechanisms that regulate follicular activation and

growth (19) due to the relative rarity of healthy human

ovarian tissue available for scientific research. Several studies

have reported the formation of antral follicles in vitro from

cultured pre-antral/secondary follicles present in human ovarian

cortical tissue (20–24). However, the follicular population that

shows the highest survival rate after cryopreservation and

thawing procedures are the primordial follicles (25). To date,

only two groups have reported the growth and maturation to

metaphase II oocytes starting from unilaminar (primordial/

primary) follicles present in fresh human ovarian cortical

tissue, by using a multistep static culture system (26, 27), but

attempts to fertilize such obtained metaphase II oocytes have not

been reported.

The traditional static ovarian culture system is a robust and

simple system that mimics the complexity of physiological

conditions only to a limited extend. This system allows the

accumulation in the culture media of compounds released by the

tissue that may act as paracrine signals for cell growth and

survival. However, due to follicular growth, the culture media

needs to be replaced with some frequency to provide the cells

with fresh nutrients and remove waste products. This

manipulation disturbs the medium composition and

consequently the cellular state. Dynamic culture systems using

microwells have the possibility of culturing tissue in a small

volume, where the concentration of paracrine factors can reach

high values, while making use of a large reservoir of circulating

medium and adjustable flow rates that allow a continuous supply

of nutrients.

Innovative organ-on-chip models, microfluidic platforms

and engineered culture systems are increasing in complexity to

recreate the physiological conditions of the reproductive system

and stimulate follicular growth and maturation (28, 29). One

example of these advanced culture systems is the microfluidics

platform EVATAR, whereby several organ modules (ovary,

fallopian tube, uterus, cervix and liver) were connected by

circulating flow between the organ modules (30). Another

example is the transwell-based system that was used to co-

culture human fallopian tube epithelium and murine ovarian

follicles in two different compartments (31). These innovative

tissue culture systems to improve folliculogenesis in vitro have

shown promising results, but have so far only been used with

mouse follicles. Hence, the application of engineered systems to

follicles present in cryopreserved-thawed human cortical tissue

is urgently needed.

Using a microfluidics platform, our study aims to investigate

the effects of dynamic culture conditions on human ovarian

cortex to stimulate follicular activation and growth in vitro.
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Cryopreserved-thawed ovarian cortical tissue was cultured in a

microfluidic chip in static and dynamic conditions using two

different flow rates and the quantity and quality of secondary

follicles was investigated after four and eight days in culture. The

culture period used was based on the multistep static culture

system developed by McLaughlin and colleagues (26), where

secondary follicles could be obtained from unilaminar follicles

present in human ovarian cortex in vitro within 8 days (Step I).
Materials and methods

Ethics and patient characteristics

The study was conducted according to the guidelines of the

Declaration of Helsinki. The study design was submitted to the

Medical Ethical Committee of the LUMC and a letter of no

objection was obtained (B18.029) prior to the study. Signed

informed consent was obtained from the tissue donors (N=13)

undergoing gender-affirming surgery at the VUmc hospital

(Amsterdam, Netherlands) and at the Amstelland hospital

(Amsterdam, Netherlands). Patient characteristics, such as age,

gender-affirming hormone treatment (testosterone-based) and

treatment duration prior to gender-affirming surgery are

provided in Table S1.
Ovarian cortex isolation,
cryopreservation and thawing

Ovaries were processed and cryopreserved using a slow

freezing method as described (32). Briefly, the ovaries were

bisected and placed 0.9% NaCl solution (B230551, Fresenius

Kabi, France). The outer cortex, with a thickness of about 1mm,

was separated from the inner cortex and medulla using scalpels

(0508, Swann-Morton, UK) and was cut into smaller pieces of

10mm x 5mm. Thereafter, individual ovarian cortex pieces were

put into cryovials (126263, Greiner, Netherlands) containing

1ml of cryoprotectant solution [0.1M sucrose (S9378-1KG,

Sigma Chemicals, Netherlands) and 1.5M ethylene glycol

(102466, Sigma Chemicals, Netherlands) in phosphate-buffered

saline (PBS) (14190094, Merck, Germany)]. The tissue was left

in the cryoprotectant solution for 30 minutes (min) before

starting the slow freezing program performed by a

programmable Planer freezer (GDMRV, PLANNER, UK). The

freezing protocol applied was the following: 2°C/min to −9°C,

5min of soaking, manual seeding for ice crystal nucleation

induction using a cotton swab dipped into liquid nitrogen, 0.3°

C/min to −40°C, 10°C/min to −140°C and the cryovials were

placed into liquid nitrogen (−196°C) containers for storage.

For thawing, the cryovials were kept in a water bath at 37°C

until the medium around the frozen tissue had thawed (3-5min).

To remove the cryoprotectant solution, the tissue was washed for
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10min at room temperature (RT) with occasional shaking in a

solution of 0.75M ethylene glycol and 0.25M sucrose in PBS,

followed by a 10min wash in 0.35M sucrose in PBS, and finally a

10min wash in PBS.
Ovarian cortex culture

Thawed cortical ovarian tissue pieces (N=6 donors) were cut

into 1mm × 1mm × 1mm cubes using scalpels in PBS. After

thawing (day 0), the cortical cubes were either fixed (n=8-15) or

placed in microwells (n=12, 2 cubes per well) from a m-slide III
3D perfusion plates (80376, Ibidi GmbH, Gräfelfing, Germany)

for in vitro culture. After closing the open microwells using an

adhesive coverslip, the microchannels were filled with culture

medium using a 1ml syringe (303172, Dalsup BD, Netherlands)

through the inlet ports of the slides (each inlet port is connected

to 2 microwells of 30ml volume). The culture medium used was

McCoy’s 5a with bicarbonate and 20mM HEPES (22330021,

Invitrogen, Paisley, UK) supplemented with 3mM glutamine

(25030-024, Invitrogen, Paisley, UK), 0.5% human serum

albumin (C1309/490, Alburex20, CSL Behring, UK), 1x

penicillin and streptomycin (P4458-100ML, Sigma Chemicals,

Netherlands), 0.1% amphotericin B (A2942-20ML, Sigma

Chemicals, Netherlands), 1x Insulin-Transferrin-Selenium-

Ethanolamine (ITS -X) (51500-056, Invitrogen, Paisley, UK)

and 50mg/ml ascorbic acid (A8960, Sigma Chemicals,

Netherlands) adapted from McLaughlin and colleagues

(McLaughlin et al., 2018). For the first 24 hours, 12mM
sphingosine-1-phosphate (S1P) (860492P-1MG, Merk,

Netherlands) was added to the media to promote follicular

growth (33). Fragments were cultured for four or eight days at

37°C in humidified air and 5% CO2.

During static culture, the media was replaced every 2 days by

adding 70ml of fresh media through each inlet (connected to 2

microwells in series). In the dynamic culture, each plate was

connected to a Ibidi pump system (Ibidi, GmbH, Gräfelfing,

Germany). The characteristics of the perfusion set were: tubing

with 15cm length and 0.8mm internal diameter (ID) to provide a

high flow rate (0.5ml/min) and tubing with 50cm length and

0.5mm ID to provide a low flow rate (0.1ml/min). The fluidic

unit was assembled in the hood, transferred to an incubator and

connected to the pump system. Up to four fluidic units were

connected to the pump in the same experiment. Each unit had

two 10ml reservoirs and, for each experiment, 5ml of media was

added to each reservoir before starting the experiment.

Fresh ovarian cortex pieces (N=3 donors) were cut into

1mm × 1mm × 1mm cubes using scalpels in PBS and cultured in

static condition in 12-well plates (Thermo Fisher Scientific)

(n=12 cubes per well) in 500ml culture medium (as above)

with or without 1ng/ml recombinant follicle-stimulating

hormone (FSH) (F4021-2mg, Sigma Chemicals, Netherlands).
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Half of the medium was replaced every 2 days. Fragments were

cultured for 8 days at 37°C in humidified air and 5% CO2.
Histochemistry, immunofluorescence
and TUNEL assay

Freshly collected ovaries as well as fresh or cryopreserved-

thawed ovarian cortex tissue samples collected on day 0, day 4,

or day 8 after culture were fixed in 4% paraformaldehyde

(Merck, Germany) in PBS overnight at 4°C. Thereafter, the

tissue was washed overnight in PBS, transferred to 70% ethanol

and embedded in paraffin using a Shandon Excelsior tissue

processor (Thermo Scientific, Altrincham, UK). After

embedding, the tissue was sectioned (5mm) using an RM2065

microtome (Leica Instruments GmbH, Wetzlar, Germany) and

the sections stretched onto StarFrost microscope slides (3057-1,

Waldemar Knittel, Germany). Hematoxylin and eosin (HE)

staining on paraffin sections was performed as previously

described (Heeren et al., 2015).

For immunofluorescence, the sections were deparaffinized

and treated with Tris–EDTA buffer (10mM Tris, 1 mM EDTA

solution, pH 9.0) for 12min at 98°C in a microwave (TissueWave

2, Thermo Scientific). The sections were allowed to cool down,

rinsed with PBS (2 × 5min) and 0.05% Tween-20 (822184,

Merck, Germany) in PBS (PBST) (5min) and blocked 1 hour

with 1% bovine serum albumin (BSA) (A8022-100G, Life

Technologies, USA) in PBST at RT in a humidified chamber.

After blocking, the primary antibodies diluted in blocking buffer

were added and the slides were incubated overnight at 4°C.

Subsequently, the slides were rinsed with PBS (2 × 5min) and

PBST (5min) and incubated 1 hour with the secondary

antibodies diluted in blocking buffer at RT. Next, the slides

were rinsed with PBS (2 × 2min), PBST (2min), distilled water

(2min) and mounted with Pro-Long Gold (P36930, Life

Technologies, USA). Negative controls were obtained by

omitting the primary antibodies.

The primary antibodies used were goat anti-FOXL2 (1:200,

NB100-1277, Bio-Techne), mouse anti-AMH (1:30, MCA2246,

R&D system), rabbit anti-KRT19 (1:100, ab76539, Abcam),

rabbit anti-COLIV (1:50, AB748, Abcam) and mouse anti-

PCNA (1:100, sc-56, Bio-connect). The secondary antibodies

used were Alexa Fluor 488 donkey anti-rabbit IgG (1:500,

A21206, Life Technologies), Alexa Fluor 647 donkey anti-goat

IgG (1:500, A-21447, Life Technologies) and Alexa Fluor 594

donkey anti-mouse IgG (1:500, A21203, Life Technologies).

TUNEL-assay was performed using the In Situ Cell Detection

Kit FITC (11684817910, Roche, Germany) according to

manufacturer’s instructions. The nuclei were stained with 4′,6-
diamidino-2-phenyl-indole (DAPI) (1:1000, D1306, Life

Technologies, USA) and sections were mounted using Pro-

Long Gold.
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Imaging and quantification

Confocal fluorescence images were obtained on a TC SP8

inverted confocal microscope (Leica, Wetzlar, Germany), using

a ×40 oil immersion objective and LAS X software (Leica,

Wetzlar, Germany), and color adjustments were performed

using Fiji (34).

The HE-stained slides were scanned using a Panoramic 250

digital scanner (3DHISTECH Ltd., Budapest, Hungary) and

viewed using CaseViewer software (3DHISTECH Ltd.,

Budapest, Hungary). For the quantification of the follicles, the

total number of follicles present in 8 different HE-stained

sections, apart 40mm to prevent double-counting, per cortical

ovarian cube were counted and pooled per culture condition. To

overcome intrinsic differences in follicular number between

ovarian cubes, we have summed the number of follicles per

cube per donor. In addition, to reduce the variation between

donors, instead of comparing the total number of follicles per

donor, we have compared the percentage of follicular types

present in all cubes per donor and provided the mean

percentage between the donors per condition.

The criteria to classify the different follicular stages was:

primordial follicles had a single layer of flat granulosa cells;

transitional/primary follicles were unilaminar, but contained at

least some cuboidal granulosa cells; secondary follicles had at

least two layers of granulosa cells and no antrum; antral follicles

had five or more layers of surrounding granulosa cells and an

antral cavity. Atretic follicles were follicles that contained

pyknotic nuclei in the oocyte and granulosa cells, and

presented oocyte shrinkage with red-coloration in HE and/or

cell detachment from the basement membrane. Early atretic

follicles were unilaminar and secondary atretic follicles

presented multiple layers of granulosa cells.

To measure the relative fluorescence intensity of TUNEL

and COLIV, arbitrary images essentially containing stromal

compartment and no secondary follicles per condition (N=6

images from three different donors) were taken using a TC SP8

inverted confocal microscope (Leica) with ×40 oil immersion

objective. The fluorescence intensity signal from TUNEL,

COLIV and DAPI were measured using Fiji software. The

corrected total cell fluorescence (CTCF) was calculated by

measuring TUNEL or COLIV fluorescence signal on the whole

image area and normalized against the fluorescence intensity

signal from DAPI present in the same image.
Statistical analysis

The results, presented as mean ± standard deviation or

mean ± standard error of the mean (SEM), were analyzed with

GraphPad Prism v9.0.1 software (Graph Pad Software Inc.,

California, USA). Statistical significance was determined by
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using Shapiro-Wilk test for normal distribution followed by

multiple t-test (Figure 3A), one-way ANOVA followed by Fisher

test( Figure 3D and Figure 6B and 6D) and two-way ANOVA

followed by Fisher test (Figure S2D). P_value < 0.05 (*), < 0.01

(**) and < 0.001 (***) were considered statistically significant.
Results

Folliculogenesis in transmasculine
ovaries

In this study, the population of transmasculine donors

(Table S1) showed ovaries in the follicular phase, but

surprisingly also in the luteal phase after histological analysis

(Figure 1), suggesting that active folliculogenesis is taking place

at least in some donors. Although this may be a sporadic

observation, it contrasts with the suggestion that testosterone

treatment may suppress ovulation in transmasculine donors
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(35). More importantly, this suggests that ovaries from

transmasculine donors may be adequate to investigate

folliculogenesis in vitro.
Distribution and characterization of
follicular stages in cortical ovarian
fragments

Cryopreserved-thawed cortical ovarian fragments from 6

different donors undergoing gender-affirming surgery

(Table S1) were cut into cubes of approximately 1mm3 size

(Figure 2A) and fixed at day 0 (D0) for baseline follicular

population analysis. A total of 73 cubes containing 474

follicles were analyzed at D0 and showed an average of 79.0 ±

13.0 follicles per donor (Figure 2B). The distribution of the

different follicular stages was 45.2 ± 6.2% primordial follicles,

35.9 ± 6.6% primary and transitional follicles, 18.9 ± 5.2% early

atretic follicles, and no secondary follicles (healthy or atretic)
FIGURE 1

Folliculogenesis in transmasculine ovaries. Hematoxilin-eosin staining on ovarian histological sections from several transmasculine donors
showing different follicular stages, such as early follicles (primordial, transitional, primary and early secondary), secondary and early antral
follicles, antral follicles, post-ovulatory follicles (or early corpus lutea), corpus lutea and corpus albicans. Scale bars are indicated.
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(Figure 2C and Figures S1A–C). Cryopreserved-thawed cortical

cubes were placed into the Ibidi III 3D perfusion system and

cultured for 4 days (D4) or 8 days (D8) under different flow rates

(0.5 ml/min; 0.1 ml/min; 0 ml/ml) (Figure 2D).

The culture medium used was essentially as previously

published (33, McLaughlin et al., 2018) with the main

differences that FSH was not added. The reason being that 1)

the activation of primordial follicles is independent of FSH (17)

and 2) we observed no statistical differences in the distribution of

follicular types after culturing fresh cortical ovarian cubes in

static condition for eight days in the presence or absence of

FSH (Figure 3A).

Histological analysis of the cryopreserved-thawed cortical

cubes showed remarkable variation in follicular distribution

after culture. Moreover, it is noteworthy that many fragments

from all 6 donors were empty of any type of follicles (Figure 3B

and Figure S1A), in agreement with reports showing that the

human ovarian cortex contains an uneven follicular distribution

(36–38), hence it is important to analyze a large number ovarian

cortical cubes.

As in freshly isolated ovaries (in vivo), we observed all stages

of preantral follicles after culture (Figure 3C). Regarding the

morphology of the follicles after culture, primordial follicles

containing a single layer of flat granulosa cells could be

distinguished from follicles that showed the presence of

cuboidal granulosa cells, often surrounding the oocyte only
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partially (Figure 3C). As from one single section it was not

possible to distinguish between primary follicles (completely

surrounded by cuboidal granulosa cells) and transitional follicles

(partially surrounded by cuboidal granulosa cells), we quantified

those into a single group (primary and transitional follicles).

Furthermore, two types of secondary follicles could be

distinguished after culture: one type with a centrally located

oocyte (Figure 3C middle- bottom) and another with a

peripherally located oocyte (Figure 3C middle-top). Both types

were quantified together as secondary follicles. The atretic

follicles were distinguished by an oocyte with a red cytoplasm

and characteristic pyknotic nucleus also observed in the

surrounding granulosa cells (Figure 3C).
Influence of the flow rate in the culture
of human cortical tissue

Compared to the follicular distribution at D0, all conditions

showed a significant decreased in the percentage of primordial

follicles (p_value < 0.001) displaying 4.6 ± 1.7% at D4 static;

9.1 ± 3.2% at D8 static; 6.7 ± 2.4% at D4 dynamic low; 13.2 ±

3.4% at D8 dynamic low; 2.1 ± 1.5% at D4 dynamic high; and 9.6

± 2.8% D8 dynamic high (Figure 3D and Figures S1B–D).

After four days of culture, the percentage of primary/

transitional follicles obtained in the absence of flow 33.3 ±
B

C

DA

FIGURE 2

Study design and follicular distribution at D0. (A) Schematic workflow from collection until culture. Upon arrival, the ovaries were bisected and
the outer cortex was isolated by scraping the medulla and inner cortex. Cortical strips were prepared for cryopreservation using slow freezing.
Thawed-cortical tissue was cut into approximately 1mm3 cubes to fix or culture. (B) Total number of follicles and cubes analyzed per donor at
D0, sum and average ± standard deviation (SD). (C) Follicular distribution per donor at D0. (D) Ovarian cortical cubes were placed in microwells
(1-2/well) from m-slide III 3D perfusion plates. Microchannels were filled with culture medium and plates were either connected to the perfusion
pump for dynamic culture applying high flow rate (0.5ml/min), low flow rate (0.1ml/min) or no flow (0ml/min).
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6.1% was comparable to that observed at D0, but the number of

early atretic follicles (55.9 ± 7.1%) was significantly higher than

that observed at D0 (p_value=0.0001). This suggested that this

culture condition was not beneficial for folliculogenesis. By

contrast, the ovarian cubes exposed to flow (low and high)

exhibited a significant increase in the percentage of primary/

transitional follicles (61.6 ± 4.4% and 57.9 ± 5.1%, respectively),

compared to D0 (p_value=0.003 and p_value=0.009,
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respectively) (Figure 3D and Figures S1B–D). Moreover,

several secondary follicles were observed after four days of

culture, but the number was relatively low in all culture

conditions (Figure 3D and Figures S1B–D). Together, this

suggested that exposure to flow during four days stimulated

follicular activation.

Interestingly, the ovarian cubes cultured for eight days

without flow showed the highest percentages of both primary
B

C

D

A

FIGURE 3

Distribution of follicles in ovarian cortical cubes after in vitro culture. (A) Distribution of follicular stages after eight days in culture with or
without 1ng/ml of FSH. Results depict the percentage of each follicular stage per condition (mean ± SEM) compared per follicular stage. A total
of N=120 cortical tissue cubes containing in total 321 follicles were classified. Statistical analysis was performed using Shapiro-Wilk test for
normal distribution followed by multiple t-test. *=p_value < 0.05; ** = p_value < 0.01; ***=p_value <0.001. (B) Percentage of cortical tissue
cubes containing follicles per donor (mean ± SEM). (C) Follicular classification used in this study. Top row shows in vivo control ovarian follicles
in histological sections from freshly-isolated transmasculine donors. Bottom rows show in vitro cultured ovarian follicles. Scale bars = 40 mm.
(D) Distribution of follicular stages after D4 and D8 in static, dynamic low and dynamic high culture. Results depict the percentage of each
follicular stage per condition (mean ± SEM) compared per follicular stage. A total of N=497 cortical tissue cubes containing in total 3676
follicles were classified. Statistical analysis was performed using one-way ANOVA followed by Fisher test comparing each condition to D0 and
statistical significance visualized on top of each respective bar (*=p_value < 0.05; ** = p_value < 0.01; ***=p_value <0.001). Statistical analysis
was also performed among the three culture conditions within the same time point (blue lines) and between D4 and D8 within the same
condition (red lines).
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and transitional (51.0 ± 4.6%) and secondary follicles (7.0 ±

1.9%) from all culture conditions (Figure 3D and

Figures S1B–D). Moreover, the increment in secondary

follicles after eight days of culture was only statistically

significant in the static condition when compared to D0

(p_value=0.006). It is important to note that the total number

of secondary follicles obtained after culture was low in all

conditions (Figure S1B).

Together our results suggest that the use of flow may

accelerate follicular activation until four days of culture, but

may not be beneficial for further follicular growth at least in

combination with the used culture media.
Characterization of the granulosa cells in
the secondary follicles after culture

To further investigate the quality of the secondary follicles

obtained after culture under different flow rates, we performed

immunofluorescence for anti-Müllerian hormone (AMH) and

keratin 19 (KRT19) (Figure 4 and Figure S2). AMH is a member

of the TGFb-family involved in the regulation of folliculogenesis

and expressed in human ovarian follicles from the secondary

stage onwards (39) (Figure 4). KRT19 belongs to the keratin
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family of intermediate filaments, with a main role in the

structural integrity of epithelial cells. The expression of KRT19

in preantral follicles in humans has not been previously

reported, however we observed specific expression of KRT19

in granulosa cells of unilaminar follicles, but not in granulosa

cells of secondary follicles at D0 (Figure 4). Hence, we

considered the dynamic expression pattern of AMH and

KRT19 suitable to assess the transition from unilaminar to

secondary follicles after culture.

After four and eight days of culture, we observed an

increased disorganization in the granulosa cells of secondary

follicles, marked by the transcription factor forkhead box L2

(FOXL2), when compared to the granulosa cells in non-cultured

secondary follicles (Figure 4 and Figure S2). After four days in

culture, granulosa cells in secondary follicles showed both

expression of AMH and KRT19. By contrast, after eight days

in culture the granulosa cells of the secondary follicles cultured

under low flow rate showed both expression of AMH and

KRT19, whereas the granulosa cells of the secondary follicles

cultured under high flow rate or static showed expression of

AMH and absence of KRT19 (Figure 4). This suggested that the

granulosa cells present in the secondary follicles after eight days

in culture under low flow rate still retained characteristics of

those in unilaminar follicles.
FIGURE 4

Expression of FOXL2, AMH and KRT19 in secondary follicles after culture. Immunofluorescence for FOXL2, AMH and KRT19 in primordial,
primary and secondary follicles at D0 and after eight days (D8) culture in static, low and high flow rate. Scale bars = 50 mm.
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Cell viability and proliferation of the
granulosa cells in the secondary follicles
after culture

To study the viability of the cultured follicles and

surrounding stromal tissue, the TUNEL assay was used to

detect apoptosis through DNA fragmentation. Moreover, we

evaluated the presence of a continuous uninterrupted follicular

basement membrane using immunofluorescence for collagen

type IV (COLIV). The basement membrane surrounding the

ovarian follicles is rich in extracellular matrix proteins, such as

COLIV (40) and plays a fundamental role on follicular survival,

since its disruption compromises follicular viability (41, 42).

After four days in culture, secondary follicles showed no

TUNEL+ follicular cells. Only the stromal cells at the edge of the

cubes showed signs of apoptosis (Figure 5A), perhaps due to

tissue damage during sample preparation. Furthermore, all

secondary follicles exhibited an intact COLIV+ basement

membrane, as well as proliferative PCNA+ granulosa cells,

comparable to that observed in D0 (Figure 5B). After eight

days in culture, there were still no double positive

FOXL2+TUNEL+ granulosa cells in all culture conditions

(Figure 6A). However, there was a statistically significant

increase in TUNEL+ cells in the stromal compartment of the

ovarian cubes under high flow compared to both DO (p<0.0001)

and to the other D8 conditions (p=0.001) (Figure 6B).

Interestingly, the levels of proliferation (PCNA) observed after

eight days in culture were opposite to those of TUNEL, with high

levels of PCNA in the granulosa cells of secondary follicles

whereas the stroma was mostly PCNA-negative (Figure 6C).

Secondary follicles obtained after eight days of culture

showed a continuous COLIV+ basement membrane,

comparable with that of secondary follicles at D0 (Figure 6C).

In addition, the deposition of COLIV between the granulosa cells

(Call-Exner bodies) (43) was also present in the secondary

follicles in all culture conditions. Interestingly, after eight days

in culture, we observed a statistically significant increase in

COLIV deposition in the stromal compartment of the ovarian

cubes cultured with low or no flow (p_value=0.004 and

p_value=0.03, respectively), when compared to ovarian cubes

at D0 (Figure 6D). It remains to be investigated whether the

higher levels of COLIV deposition on the stromal compartment

have a detrimental effect on follicular growth in long-

term culture.
Discussion

Microfluidic devices including dynamic culture conditions

have proved to be an innovative system for creating a more

physiological microenvironment during in vitro culture of

embryos (44), ovarian cells (30), ovarian cortical tissue and
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isolated follicles from animal models (45). Here, we aimed to test

whether the culture of human ovarian cortical tissue under

dynamic conditions for eight days improved activation, growth

and viability of early follicles. We used human ovarian cortical

samples that have been cryopreserved-thawed following clinical-

grade protocols to increase applicability.

In vivo folliculogenesis from primordial to pre-ovulatory

follicle takes several months in humans (16, 17), but it has been

shown that in vitro this process is strongly accelerated (26, 27).

De Roo and colleagues have proposed that mechanical

fragmentation of the cortical tissue during sample preparation

for in vitro culture disrupts the Hippo pathway, promoting the

activation of dormant follicles as well as the growth of other

follicular stages (46). This could explain the formation of

preantral follicles in such a short period of culture. Moreover,

we have included a short-term treatment with S1P, a follicular

growth-promoting lipid that is involved in both the Hippo- and

PI3K- pathways (33) and could therefore promote and accelerate

in vitro folliculogenesis.

The quantification of the follicles in cryopreserved-thawed

cortex samples from gender-affirming donors at D0 already

revealed that an average of 19% of the follicles were atretic, a

much higher percentage than that reported in cisgender young

donors (47). As reported in non-human primates (48), a

detrimental effect from the androgen treatment on follicular

quality in the transmasculine ovarian samples at D0 cannot be

excluded, although De Roo and colleagues reported both a

comparable follicular distribution and in vitro maturation

potential of oocytes isolated from cumulus-oocyte-complex

between androgen-treated and untreated ovaries (49).

Alternatively, the cryopreserved-thawing procedure could

directly affect the percentage of atretic follicles at D0.

The number of secondary follicles that was formed in

cryopreserved-thawed ovarian cortical cubes after eight days of

culture in both static and dynamic conditions was low.

Moreover, although the secondary follicles obtained showed an

intact basement membrane and their granulosa cells showed

proliferative capacity and production of AMH, suggesting both

viability and functionality, the granulosa cells showed in general

a high level of cellular disorganization in the follicle that resulted

in the peripheral location of the oocyte. In agreement, Wang and

colleagues showed that a larger number of abnormal follicles was

observed as well as significantly lower expression of follicular

markers, as ZP3, CYP11A and AMH in ovarian tissue after

cryopreservation, slow freezing and vitrification, compared to

fresh counterparts after culture (50). By contrast, work by

Sanfilippo and colleagues did not find significant differences

regarding the percentage of viable follicles from frozen-thawed

versus fresh ovarian cortical tissue, and they reported 20% of

secondary follicles in cryopreserved fragments after culture (51).

In order to validate the in vitro growth capacity of the

cryopreserved-thawed cortical tissue obtained from
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transmasculine donors, a fresh age-matched control group

should be considered in future experiments.

The presence of apoptotic cells in the stroma deserves special

attention. Sanfilippo and colleagues reported a higher amount of

TUNEL+ stromal cells on ovarian cortical tissue induced by

cryopreservation-thawing (51). The correlation between stromal

cell function and follicular growth and survival have been
Frontiers in Endocrinology 10
118
previously investigated (52). Qui and colleagues carried out an

in vitro assay involving the co-culture of granulosa cells with

stromal/theca cells from goat ovaries to evaluate the effect of

factors secreted by the stromal cells in the survival and

functionality of granulosa cells. It was found that stromal/

theca cells promoted granulosa cells proliferation and

improved their viability by triggering pro-survival BCL2 gene
B

A

FIGURE 5

Apoptosis, proliferation and COLIV deposition in ovarian cortical cubes after four days of culture. (A) Immunofluorescence for FOXL2 together
with TUNEL assay in secondary follicles at D0 and after four days (D4) culture in static, low and high flow rate. Scale bars= 50 mm. (B)
Immunofluorescence for COLIV and PCNA in secondary follicles at D0 and after D4 culture in static, low and high flow rate. Scale bars= 50 mm.
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expression and inhibiting the production of pro-apoptotic BAX

gene and CASP3 activation (52). Therefore, increased levels of

apoptosis in the stroma may be highly detrimental to the

follicular growth and follicular quality. The fact that many

stroma cells were TUNEL+ indicated that this cellular

compartment showed high sensibility to the in vitro culture

conditions tested. By contrast, the granulosa cells seemed to be
Frontiers in Endocrinology 11
119
proliferative and produced AMH, reflecting less sensitivity, but

because they showed disorganization and retained expression of

KRT19, this may reflect a defective development.

After eight days in culture, in all the conditions investigated

(static, dynamic low, dynamic high) the ovarian cubes showed a

strongly collagenized stroma, with high deposition of COLIV,

when compared to D0. High collagenization has been reported
B

C

D

A

FIGURE 6

Apoptosis, proliferation and COLIV deposition in ovarian cortical cubes after eight days of culture. (A) Immunofluorescence for FOXL2 together
with TUNEL assay in secondary follicles after eight days (D8) culture in static, low and high flow rate. Scale bars= 50 mm. (B) Relative TUNEL
fluorescence intensity in ovarian cortical cubes at D0 and after D8 culture in static, low and high flow rate. Statistical analysis was performed
using one-way ANOVA followed by Fisher test (** = p_value < 0.01; (*** = p_value < 0.001). (C) Immunofluorescence for COLIV and PCNA in
secondary follicles after D8 culture in static, low and high flow rate. Scale bars= 50 mm. (D) Relative COLIV fluorescence intensity in ovarian
cortical cubes at D0 and after D8 culture in static, low and high flow rate. Statistical analysis was performed using one-way ANOVA followed by
Fisher test (* = p_value < 0.05; ** = p_value < 0.01).
frontiersin.org

https://doi.org/10.3389/fendo.2022.936765
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Del Valle et al. 10.3389/fendo.2022.936765
in aged ovaries of non-human primates, containing both lower

follicular density and a higher number of atretic follicles (53). It

seems unquestionable that the stroma plays a major role in the

regulation of folliculogenesis, hence it is likely that both higher

stromal apoptosis and collagenization may negatively affect

follicular growth in vitro and consequently result in low

number of secondary follicles. A possible reason for this is the

composition of the culture medium, that may be suitable to

culture fresh ovarian cortex, but not adequate to culture

cryopreserved-thawed ovarian cortex, that may have an altered

metabolic activity or decreased mitochondrial activity (54).

Moreover, as the ovaries of transmasculine donors are exposed

to an abrupt decrease in the levels of testosterone, they may not

respond adequately to the culture medium used.

Although cryopreserved-thawed ovarian cortical tissue has

proved viable and functional when retransplanted into the

patient’s body by restoring both endocrine ovarian function

and fertility (3, 4), their use for in vitro folliculogenesis remains

challenging. The culture of ovarian cortical tissue within

microwells in a dynamic culture system may offer advantages

compared to the traditional static culture, such as a more

physiologically relevant supply of culture media and a

reduction in manipulation. However, the application of a

dynamic culture system to support in vitro folliculogenesis

successfully will require several major improvements to

accelerate optimization. First, the use of a higher number of

ovarian cubes is desirable to obtain enough secondary follicles to

allow a deeper characterization of the in vitro culture system. In

order to do it, multiple m-slide III 3D perfusion plates should be

interconnected in series and perfused by a single pump.

Secondly, thinner cortical fragments or the use of a follicular

vital dye, such as Neutral Red (55) should be considered to

exclude cortical fragments empty of follicles from culture.

To focus on follicular distribution rather than on the total

number of follicles, we performed analysis on the percentage of

follicle types per donor per condition and used the sum of

follicles in all cubes per donor to eliminate the variation between

cubes per condition. Nevertheless, we cannot exclude that some

of the variation detected is caused by the inner variability among

donors or between cubes. To overcome this aspect, it is

important to use both a high number of cubes and a high

number of donors.

In conclusion, we report that the culture of cryopreserved-

thawed ovarian cortical tissue fragments under static condition

proved to be a more efficient method to obtain secondary

follicles after eight days in culture when compared to both the

low and high dynamic conditions tested. Moreover, high flow

rates seemed detrimental for the tissue quality. Ovarian cortical

tissue cubes cultured under static condition showed low TUNEL

levels in both follicular and stromal cells, displaying a higher

potential for being cultured for a longer period of time.

Nevertheless, the total number of secondary follicles obtained

under static culture remained very low, indicating that
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additional studies are required to elucidate the culture

conditions that can lead to efficient follicular growth in vitro.
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Objectives: Most of the currently available ovulation prediction kits provide a

relatively rough estimation of ovulation time with a short fertility window. This is

due to their focus on the maximum probability of conception occurring one day

before ovulation, with no follow-up after LH surge until ovulation nor during the

subsequent days thereafter. Earlier studies have shown that urine of reproductive

age women contains at least 3 different molecular forms of luteinizing hormone

(LH); 1) intact LH, 2) LH beta-subunit (LHb) and a 3) small molecular weight

fragment of LHb, LHb core fragment (LHbcf). The proportion of these LH forms in

urine varies remarkably during the menstrual cycle, particularly in relation to the

mid-cycle LH surge. In this exploratory study, we studied the potential

implications of determining the periovulatory course of total LH

immunoreactivity in urine (U-LH-ir) and intact LH immunoreactivity in serum

(S-LH-ir) in the evaluation of the fertility window from a broader aspect with

emphasis on the post-surge segment.

Methods: We determined total U-LH-ir in addition to intact S-LH-ir, follicle-

stimulating hormone (FSH), progesterone, and estradiol in 32 consecutive

samples collected daily from 10 women at reproductive age. Inference to the

non-intact U-LH-ir levels was made by calculating the proportion of total U-LH-

ir to intact S-LH-ir.

Results: Total U-LH-ir increased along with LH surge and remained at

statistically significantly higher levels than those in serum for 5 consecutive

days after the surge in S-LH-ir. S-LH-ir returned to follicular phase levels

immediately on the following day after the LH surge, whereas the same took 7

days for total U-LH-ir.

Conclusions: The current exploratory study provides preliminary evidence of the

fact that U-LH-ir derived from degradation products of LH remains detectable at

peak levels from the LH surge until ovulation and further during the early

postovulatory period of fecundability. Thus, non-intact (or total) U-LH-ir
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appears to be a promising marker in the evaluation of the post-surge segment of

the fertility window. Future studies are needed to unravel if this method can

improve the prediction of ovulation time and higher rates of fecundability in both

natural and assisted conception.
KEYWORDS

Luteinizing hormone, LH-beta, LH core fragment, estrone-3-glucuronide, E3G,
ovulation predictor kit, urine, women
Introduction

In order to optimize the probability of conception in a

menstrual cycle, the appropriate timing of intercourse is of

utmost importance. Randomized controlled trials show

evidence that ovulation predictor kits (OPKs) may increase

pregnancy rates (1).

In ovulatory cycles, ovulation usually occurs about 14 days

before the onset of the next period. The length of the normal

ovulatory cycle may vary considerably (26-35 days, mean 28 days),

and extensive variations both in follicular (10-23 days) and luteal

phases (7-19 days) have been reported (2, 3). Thus, making the

prediction of ovulation and appropriate timing for intercourse or

natural cycle intrauterine insemination is rather challenging (2, 4).

Since the ovulation time may vary from cycle to cycle,

women are required to apply a urine test daily from the mid-

follicular phase until getting a positive result, which causes

undue stress in addition to financial burden (5, 6). The

majority of currently commercially available OPKs accurately

detect the urinary LH (U-LH) surge, which gives only a rough

estimate of imminent ovulation. The LH surge occurs roughly 1

or 2 days prior to ovulation (7, 8). The maximum probability of

conception in intercourse is one day before ovulation. If testing

is performed after the LH peak has taken place due to various

reasons, such as personal reasons or variations in the expected

duration of the follicular phase, ovulation can be missed. Also,

the vast majority of ejaculated spermatozoa remains viable in the

female reproductive tract for 3-5 days (9), and an ovum can be

fertilized usually for 24 hours after ovulation (10). Thus, there is

a need to cover the early postovulatory segment of the fertility

window to improve the currently available OPKs.

We recently demonstrated the occurrence of three distinct

forms of LH immunoreactivity (LH-ir), i.e. intact LH and its

degradation products, namely LH beta-subunit (LHb), and a 12

kD fragment of LHb, called core fragment (LHbcf) by a

commercially available diagnostic method in urine samples

obtained from fertile women (11). The proportion of these

distinct forms of urinary LH-ir (U-LH-ir) varied significantly

during the periovulatory period and total U-LH-ir prevailed for

at least 3 days following the day of LH surge (12). Based on the
02
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findings of our recent studies (11, 12), we hypothesized that

evaluation of the periovulatory course of different forms of U-

LH-ir may provide valuable information about the post-surge

segment of the fertility window.

In this exploratory study, we investigated the potential use of

total U-LH-ir measurements along with S-LH-ir, serum estradiol

and progesterone determinations for the evaluation of a broader

fertility window beyond the LH surge, which may eventually

improve the prediction of ovulation time and fecundability.
Materials and methods

Subjects

This study was conducted at the Department of Growth and

Reproduction, Copenhagen University Rigshospitalet, Denmark

and the Children’s Hospital, University of Helsinki, Finland. Ten

healthy women (aged 18 to 40 years) visiting the former hospital

volunteered to participate in the study. Inclusion criteria

included being a healthy woman in the reproductive age

range. Any history of irregularity in menstrual cycles was an

exclusion criterion. Exclusion criteria also required that none of

the subjects had a history of endocrine or metabolic disease and

none were using any medication or hormonal contraceptives

known to interfere with reproductive function at the time of the

study. All the subjects had regular menstrual cycles (length of

cycle 29.9 ± 5.1 days, duration of menstrual flow 5.6 ± 0.8 days;

both expressed as mean ± 2 SD), and they were prospectively

enrolled in the study with due consent. The study protocol was

approved by the ethics committee of Copenhagen University

Rigshospitalet. Laboratory investigations of the samples

obtained from the subjects were performed in both institutions.
Study design

Blood and urine samples were collected every morning at

8:00 am for 32 consecutive days. Every second day the subjects

fasted overnight before blood sampling. The day of ovulation
frontiersin.org

https://doi.org/10.3389/fendo.2022.903831
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Demir et al. 10.3389/fendo.2022.903831
was determined in reference to the day of peak serum follicle-

stimulating hormone (FSH) and luteinizing hormone (LH)

levels. For each participant, the 32 consecutive days were

transformed into days in each individual cycle, based on the

data from the 3 consecutive menstrual cycles prior to initiation

of the study. The regularity of the menstrual cycles in each

individual was hence confirmed by a 3-month registration of

menstrual bleedings (without blood and urine sampling). Urine

was collected every morning except during menstrual flow and

stored at +4°C for up to 10 days (2-3 days on average) before

analysis. The term “LH surge” referred to the surge in LH-ir in

serum (S-LH-ir).
Assays

The immunofluorometric assays (IFMA) utilized in this

study are commercially available sandwich assays using

monoclonal antibodies (AutoDELFIA hFSH and hLH [the

latter formerly known as LHspec], Wallac, PerkinElmer

Finland Oy). One antibody is immobilized onto a microtiter

strip well and the other one is labeled with a europium chelate.

Both the capture and the detection antibody are directed toward

the ß-subunit of LH recognizing different, distinct epitopes (13).

This LH assay which has been designed specifically to detect

intact LH and LHb, but not human chorionic gonadotropin,

measured also LHbcf as shown in our earlier study (11).

Therefore, h-LH assay in this study measured total U-LH-ir,

deriving from the intact LH, LHb, and LHbcf. However, the

serum LH (S-LH) assay measured only intact S-LH-ir, because

LHb and LHbcf concentrations were at negligible levels in serum

(12). Due to the unavailability of a different assay for detecting

intact U-LH-ir in this study, the non-intact LH-ir could not be

determined as the arithmetic difference between total and intact

LH-ir as performed in our previous studies (11, 12). Therefore,

inference to the non-intact U-LH-ir levels was made by

calculating the proportion of total U-LH-ir to intact S-LH-ir

(Figure 2) because of the high correlation between U-LH-ir and

S-LH-ir at similar absolute concentrations as shown in our

earlier studies (14–16). The assays were performed according

to the instructions of the manufacturer. A sample volume of 25

µL was used for serum and urine. The total assay volume was 225

µL. The assays were calibrated against the WHO Second

International Standard for pituitary LH for immunoassay (80/

552) and the Second International Reference Preparation of

Pituitary FSH/LH (78/549), respectively. The limits of detection

calculated by utilizing both the measured limits of blank and test

replicates of a sample known to contain a low concentration of

the analyte for the U-LH, U-FSH, S-LH, and S-FSH assays were

0.015 IU/L, 0.018 IU/L, 0.020 IU/L, and 0.035 IU/L, respectively

(17). The intra- and inter-assay CVs for the U-FSH and U-LH

assays ranged between 2.3% and 5.7%, and 5.2% and 6.4%,

respectively (16). The intra-assay coefficients of variation for
Frontiers in Endocrinology 03
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both assays were <2% at levels between 3 and 250 IU/l and about

10% at 0.3 IU/L. The inter-assay coefficient of variation was <3%

at 4–18 IU/L for both FSH and LH (18). Hormone

concentrations were not corrected for variations in urine

excretion rate (such as urinary density or creatinine), because

the correlation with serum levels was not improved but even

impaired due to overcorrection in very dilute urine samples (14).

Serum samples were analyzed for progesterone and estradiol

by RIA assays (Diagnostic Products Corporation, Los Angeles,

USA and Immunodiagnostic System Ltd. Boldon, UK;

respectively). For the progesterone assay, sensitivity was 0.23

nmol/L, and intra‐ and inter-assay CVs were 3.8% and 8.6%,

respectively. For the estradiol assay, sensitivity was 18 pmol/L

and intra‐ and inter-assay CVs were 7.5% and 8.4%, respectively.
Statistics

The paired-samples t-test was used to analyze differences in

the concentrations of LH in urine and serum from the same

subjects on the same day, whereas the Kruskal-Wallis test was

chosen for the nonparametric comparison of day-to-day

variations of a hormone or ratio for analyzing the significance

of change between consecutive days of the menstrual cycle.

Pearson correlation coefficient was used for calculating

correlations. This study was designed as an exploratory study

with the aim of generating new hypotheses and therefore formal

power calculations were not performed.
Results

Overall changes in hormone levels
during periovulatory days

Normal changes in serum estradiol and progesterone levels

confirmed the ovulatory cycles in this study population

(Figure 1B). Serum LH concentrations increased steadily

starting from day -3 onwards, with the steepest increase

representing the LH surge on day 0, which was followed by a

steep drop on day +1 (Figure 1A). These changes were associated

with significant increases in serum progesterone concentrations

continuously from day -1 through day +1 (Figure 1B).

There was no significant difference between the mean

concentrations of S-LH and U-LH on day 0 (P=.74),

indicating a similar pattern of increase in the concentrations

of these two parameters on the day of LH surge. Also, serum

FSH levels showed a similar pattern with an abrupt increase on

day 0 followed by a drop on the following day; low serum FSH

and high progesterone concentrations were maintained

throughout the luteal phase (Figure 1B).

Urinary LH concentrations increased significantly again

between days 1 and 2. Total U-LH-ir levels remained at
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significantly higher levels than those of S-LH-ir for 5 consecutive

days following day 0 (P<.001). Unlike the steep fall in S-LH-ir levels

right after the surge in S-LH-ir, the decrease in U-LH-ir was gradual

over a one-week period following the LH surge. In contrast, S-LH-ir

levels returned to follicular phase levels immediately on the

following day after the LH surge and remained at similarly low

levels thereafter with no significant day-to-day variations for at least

14 days after LH surge (Figure 1A).

S-LH-ir levels started to increase already on day -1, causing a

significant difference (P=.001) compared to U-LH-ir levels on

the same day. The mean value of total U-LH-ir to S-LH-ir ratio

was 1.0 on day 0 (Figure 2). Mean values of this ratio rose

significantly over the next 2 days, 2 to 3-fold on day +1 and over

4 to 5-fold on day +2 (the former figure representing the fold

increase shows the cautious estimate as the fold increases were

calculated by considering not only the means but also the
Frontiers in Endocrinology 04
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distributions of all the concentrations for each consecutive

day). Likewise, the total U-LH-ir to S-LH-ir ratio did not fall

below 3.0, 2.2, and 1 within 5, 6, and 9 days from the LH surge,

respectively (Figure 2).

Serum estradiol concentrations measured on day -3 or -7 as

well as integrated estradiol concentrations for the last 3 or 7 days

before the LH surge correlated well with S-LH-ir levels on day 0

(Table 1). Serum estradiol concentrations measured on day -7 as

well as integrated estradiol concentrations for the last 3 or 7 days

before the LH surge correlated negatively with the U-LH-ir/S-

LH-ir ratio on day 0, but not positively or negatively with that on

day 1 (Table 1) . Additionally, serum progesterone

concentrations on day +1 (after significant increases on days 0

and +1, Figure 1B) correlated well with the U-LH-ir/S-LH-ir

ratio during the period following the LH surge, very strongly

during days 2-3, but not at all on day 0 (Table 2).
A

B

FIGURE 1

The course of total luteinizing hormone immunoreactivity (LH-ir) in urine and intact LH-ir in serum (total U-LH-ir and intact S-LH-ir,
respectively) [panel A], and follicle-stimulating hormone (FSH), progesterone, and estradiol in serum [panel B] during the menstrual cycle.
Symbols depict the mean values and bars represent the standard error of the mean. The statistically significant changes are denoted as follows:
*P<.05, **P<.01, ***P<.001.
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Discussion

Theperiod of high fertility prior to ovulationhas previously been

believed to include the five days prior to ovulation plus the day of

ovulation (19–22). However, Wilcox et al. have revealed that these

earlier assumptions areoutdated in the light of several recentfindings

(23). According to this, the fertility window may extend for a much

longer period, albeit with lower probabilities for conception, starting
Frontiers in Endocrinology 05
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with a preovulatory period of up to 4 to 7 days and continuingwith a

postovulatory period of up to 2 days. Indeed, earlier studies revealed

that themean lifespans for spermandovumare1.4daysand0.7days,

respectively, and sperm would have a 5% probability of surviving

more than 4.4 days and a 1% probability of surviving more than 6.8

days (9, 21, 24). Prediction of ovulation time is of crucial importance

for timing theencounterof spermandovumwithin their lifespans for

a conception with a reasonable probability.
FIGURE 2

Changes in the ratio of total luteinizing hormone immunoreactivity (LH-ir) in urine to intact LH-ir in serum (representing the non-intact LH-ir in
urine) during the menstrual cycle. Symbols depict the mean values and bars represent the standard error of the mean. The statistically significant
changes are denoted as follows: *P<.05.
TABLE 1 Correlation between serum estradiol concentrations and S-LH concentrations or the ratio of total luteinizing hormone immunoreactivity
(LH-ir) in urine to intact LH-ir in serum (representing the non-intact LH-ir in urine) around the days of LH peak.

S-estradiol
on day -3

from LH peak

S-estradiol
on day -7

from LH peak

S-estradiol integrated
for the last 3 days
before LH peak

S-estradiol integrated
for the last 7 days
before LH peak

S-LH on day 0 0.78* 0.72* 0.70* 0.75*

U-LH/S-LH on day 0 0.54 -0.70* -0.79* 0.78*

U-LH/S-LH on day +1 0.02 0.06 0.44 0.34
The statistically significant correlation (r) values are marked with an asterisk; *P<.05.
TABLE 2 Correlation of serum progesterone levels on the day after LH peak with the the ratio of total luteinizing hormone immunoreactivity (LH-ir)
in urine to intact LH-ir in serum (representing the nonintact LH-ir in urine) during the first week after LH peak.

U-LH/S-LH
(day 0)

U-LH/S-LH
(days 1-3)

U-LH/S-LH
(days 2-3)

U-LH/S-LH
(days 1-7)

S-progesterone (day + 1) 0.31 0.79* 0.85*** 0.76*
The statistically significant correlation (r) values are marked with an asterisk; *P<.05, ***P<.001.
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Ovulation time may vary considerably even during 28-

day-long regular cycles (23, 25, 26), making the prediction of

LH surge and optimal fertilization time challenging. In efforts

to overcome this challenge, a combination of different markers

was studied (27–33). Studies published by WHO have

demonstrated that the median time for a defined rise in the

concentration of urinary E3G occurred on day 9 of the

menstrual cycle, approximately 118 h (approximately 5

days) before the urinary LH peak in women with regular

menstrual cycles (32, 33). Indeed, a rise in the concentration of

E3G of 50% over the mean of the previous three values was

shown to locate the start of the potentially fertile period

(between day -3 and -7) in over 90% of the cycles (27, 28),

thus a combination of urinary E3G and LH determinations has

been used for the prediction of the optimal timing for

conception (29–31, 34). On the other hand, current

ovulation predictor kits (OPKs) do not detect any hormonal

activity beyond LH surge for those who were “too late” and

missed the day of LH surge, rather inform the ovulation time

as a projection derived from the E3G and LH measurements

from before the LH peak.

We recently demonstrated that urine from fertile women

contains three forms of U-LH-ir, i.e. intact LH, LH beta-subunit

(LHb), and a 12 kD fragment of LHb, called core fragment

(LHbcf), the latter two forming the non-intact portion of LH-ir

(11). The proportions of these forms vary remarkably during the

menstrual cycle; non-intact LH-ir, particularly LHbcf is the major

form of LH-ir for at least 3 days after the LH surge (11, 12). The

LH-ir determined in this study was comprised of mainly intact S-

LH-ir on the day of LH surge and of non-intact U-LH-ir during

the post-surge days (Figure 1A), confirming the findings of earlier

studies (11, 12).

The onset of the LH surge precedes ovulation by 35–44 hours,

and the peak serum level of LH precedes ovulation by 10–12 hours

(8, 35). This fact combined with the 24-hour fertilizability of an

ovulated ovum (10) (and the 3-5 day viability of the ejaculated

spermatozoa in the female reproductive tract (9)) indicates a

window of fecundability for almost 3 days after the onset of the

LH surge.

Findings of our earlier study had shown that the non-intact

(degraded) portion of the U-LH-ir predicts the LH surge one day

in advance and increases sharply after LH surge to five-fold until

day +2 (hence until the day of ovulation) and remains over five-

fold until day +3 and over three-fold until day +5 (12). All these

phenomena were observed exactly at the same time points and

magnitudes also in this study, further substantiating these

findings as seen in Figure 2.

Other aspects including serum LH, FSH, progesterone, E2,

inhibin A and B have previously been published (36, 37).

Table 2 shows that the non-intact U-LH-ir correlated

strongly with the progesterone levels immediately before and

after the ovulation but not any earlier (not on day 0), and at the
Frontiers in Endocrinology 06
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strongest level on days 2 and 3 (which is the highest probable

postovulatory period of time for conception).

Observations from our earlier studies (11, 12) also imply the

possibility of utilizing data derived from the decreasing total (or

non-intact) U-LH-ir before LH surge as an add-on to E3G in the

algorithm if the urine sample was taken too close to an imminent

LH surge or too late after an LH surge, because the fall in non-

intact U-LH-ir and increase in E3G levels herald an impending

LH surge within 1-3 days and 3-7 days in advance, respectively,

but neither E3G nor LH surge data provide any predictive

information in regard to the postovulatory segment of the

fertility window.

S-LH-ir and U-LH-ir/S-LH-ir ratio on the day of LH surge

correlated at similar levels positively and negatively, respectively,

with the serum estradiol concentrations measured on day -7 as

well as integrated estradiol concentrations for the last 3 or 7 days

before LH surge (27, 28). The negative correlation between

serum estradiol levels and U-LH-ir/S-LH-ir ratio disappeared

on day +1.

Also, the significant fall in non-intact U-LH-ir on day -1

(represented by the total U-LH-ir/S-LH-ir ratio in this study)

confirmed the findings of our earlier study (12). The falling trend

in total U-LH-ir during days -4 through -1 further supports this

finding (Figure 2). These findings together indicate the build-up

of an intact LH pool until day -1, after which the trend reverses

in favor of the non-intact U-LH-ir during the post-surge period

for at least 5 days, the peak being observed on day +3 ( (12); also

in Figure 2).

The current exploratory study provides preliminary

evidence of the fact that U-LH-ir derived from degradation

products of LH remains detectable at peak levels from the LH

surge until ovulation and further during the early postovulatory

period of fecundability. Thus, non-intact (or total) LH-ir appears

to be a promising marker in the evaluation of the post-surge

segment of the fertility window, which may improve the

prediction of ovulation time and fecundability in both natural

and assisted conception.

The current study design can be developed further by

incorporating an assay that can detect intact U-LH-ir for

assessing the total or non-intact to intact U-LH-ir ratio directly

without further calculations. This limitation can be overcome by

the availability of an assay to measure non-intact U-LH-ir or even

better urinary LHb and LHbcf concentrations separately.

Unfortunately, non-intact U-LH-ir or its components cannot be

measured directly at present due to the unavailability of antibodies

specific for LHb and LHbcf.
One other major reason behind the suboptimal functional

utility of current OPKs is the variability of LH surge patterns.

Park et al. and Direito et al. documented various examples of

short, medium, double, and prolonged LH surges with single,

double, multiple, or plateau peaks (10, 38). LH surges with

several peaks were associated with statistically significant smaller
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follicle sizes before rupture and lower LH levels on the day of

ovulation (10). Also, premature LH surges in women with

regular menstrual cycles were reported (39). These all suggest

that not all detected LH surges lead to ovulation even in regularly

ovulating women. Some anovulatory events may be associated

with false-positive results due to rises in LH, e.g., luteinized

unruptured follicles, and hemorrhagic anovulatory follicles (40).

False-positive results may also occur due to some OPKs of poor

specificity detecting epitopes for intact LH, LHb or LHbcf in the

form of double, multiple, or plateau peaks (10, 38) rather than

the targeted intact LH only, for which the product was designed

to detect at the first place. On the other hand, there may be

several missed cases in which signals of imminent ovulation

remained undetected by current OPKs. Such false-negative

results may be due to a failure to detect different naturally

occurring LH variants (13, 41). The current OPKs with some or

all of the above-mentioned drawbacks predict the LH surge by

E3G and the ovulation by the LH surge, with no follow-up after

the LH surge until ovulation nor during the subsequent

hours thereafter.

We suggest that the utilization of highly specific intact LH

assays designed for different LH variants to detect the true LH

peak jointly with total (or non-intact) U-LH-ir assays may be

combined with pre-surge E3G determinations for covering the

postsurge segment of the fertility window. The findings of this

study justify further research towards a novel OPKmodel, which

could employ a more extensive ray of predictors for attaining a

more accurate interpretation of the window of fertility as well as

for distinguishing the LH surges of menstrual cycles with true

ovulation from those without.

These preliminary findings yet lack clinical validation, thus

meriting further research in the clinical setting for validating

optimal test designs and algorithms, particularly due to the

findings of the current study being based on 10 volunteers

only. Another limitation was the lack of some exclusion

criteria like the factor of alcohol consumption and aging of

subjects, which may have induced alterations in the course of

menstrual cycles or LH-ir, respectively. However, irregularity in

menstrual cycles was an exclusion criterion for subjects in this

study, therefore this limitation may be considered a minor one.

On the other hand, the absence of ultrasound to confirm

structural changes consistent with ovulation/anovulation was a

major limitation of this study.

We conclude that future larger studies are needed to evaluate

the utility of U-LH-ir levels by employing a gold standard test

of ovulation, serum LH-ir and progesterone determinations

along with the ultrasonographic evidence of ovulation. Such

improved studies may unravel if a broader window of fertility

could be achieved through the detection of periovulatory total

LH-ir or its non-intact portion (LHb or LHbcf) along with E3G

concentrations in urine. This would mean improved algorithms

for OPKs and higher rates of success in predicting ovulation
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time and attaining fecundability in both natural and

assisted conception.
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