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Objectives

To investigate bone mineral density (BMD) differences between assisted reproductive technology (ART)-conceived children and naturally conceived (NC) children.



Study Design

This retrospective cohort study included ART-conceived children and controls aged 1 to 12 years assessed with a follow-up protocol. Maternal and paternal background, birth condition, and growth and development indicators were analyzed.



Results

The ART and NC groups exhibited differences in maternal and paternal childbearing age; maternal weight; maternal body mass index (BMI); maternal alcohol consumption; paternal smoking; delivery method; and serum zinc, iron, and lead levels. Multifactor analysis adjusted for relevant factors showed that paternal childbearing age and group significantly affected the BMD Z score. In the subgroup analysis, in vitro fertilization (IVF) (p=0.026) or intracytoplasmic sperm injection (ICSI) (p=0.008) had a positive impact on the BMD Z score. Male infertility only (p=0.010) or male infertility combined with polycystic ovary syndrome (PCOS) (p=0.026) may affect the BMD Z score. In the embryo transfer cycle subgroup analysis, compared with natural conception, both stimulation cycle fresh embryo transfer (p=0.019) and natural cycle frozen embryo transfer (p=0.006) had a positive effect on the BMD Z score.



Conclusions

The BMD levels of the ART and control groups were generally in the normal range. Paternal childbearing age and the use of ART independently affected the BMD Z score of the offspring.
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Introduction

Infertility has become an increasingly common health problem, affecting approximately 48.5 million couples worldwide (1). Due to its high prevalence, it is regarded as a social disease by the World Health Organization. There are many reasons for infertility, and they vary from person to person. Assisted reproductive technology (ART) is one of the three main treatment strategies used for infertility. In recent decades, there has been great progress in ART, especially in the fields of fertility preservation, pre-implantation aneuploidy screening, uterine transplantation and mitochondrial replacement technology to prevent serious diseases, and previously incurable cases have been successfully treated (2–5). However, the risks of multiple birth, premature birth, very premature birth, low birth weight, very low birth weight, small for gestational age, congenital malformations, and birth defects are significantly increased in ART offspring (6–10). Bone density is the most sensitive early warning factor for osteoporosis. Osteoporosis is a serious disease, and there is inconsistent evidence regarding whether there is a difference in bone mineral density (BMD) in the offspring conceived by ART.

A study in 2015 showed that the speed of sound (SOS) level measured within 96 hours in ART preterm infants was lower than that measured in the naturally conceived (NC) group (11). However, another population-based study reported that there was no statistically significant difference in BMD between offspring aged 4 and 10 years who were born via in vitro fertilization (IVF) and fresh embryo transfer and those born via natural conception (12).

BMD is defined as the mass of bone mineral per unit volume. BMD is an indicator not only of the status of bone salt deposition but also of the status of bone development in children and adolescents (13). Childhood and adolescence are critical periods for bone development. Osteoporosis that occurs later in life is thought to have originated in childhood or adolescence (14). Thus, prevention and treatment of bone mineral deficiency in children is a key step to reducing the occurrence of osteoporosis in adulthood. The study of BMD in childhood has important healthcare significance.

BMD is affected by many factors, including genetic factors, birth state (15–17), age (18), sex (18), height (18, 19), nutrition (vitamin D and calcium intake) (19–21), pubertal status (19), life behavior (sun exposure, duration of breastfeeding or dietary pattern) (19, 22, 23), physical activity (19, 21), body composition (overall body mass, lean body mass or body fat mass) (24–26) and diseases (27–34).

Additionally, the health of offspring born after ART has been a focus of public attention. Whether ART itself or parental infertility affects the BMD of the offspring has not yet been reported.

Therefore, the purpose of this study was to determine whether the BMD of ART offspring is affected by infertility or ART itself and to explore the possible mechanism by which parental fertility and ART influence BMD to promote the bone health of ART-conceived children.



Materials and Methods


Subjects

The children who were recruited were conceived via ART in our center (ART group) or were NC (NC group) and came to our hospital for a physical examination in the Child Health Department from 2012 to 2015. The ART-conceived offspring included live-born infants from 2001 to 2014 in the Clinic Center of Reproductive Medicine of Jiangsu Province Hospital. The two groups were matched according to their age in months. Local institutional (First Affiliated Hospital of Nanjing Medical University) ethical approval (2012-SR-048) was obtained prior to data collection.

The inclusion criteria for the ART group were as follows: willingness to participate voluntarily and cooperatively, prepubertal status, singleton birth, full-term birth, in vitro fertilization and embryo transfer (IVF-ET) or ICSI as the ART method, infertility factors that included polycystic ovary syndrome (PCOS) and/or male factors (oligoasthenospermia, spermatogenic dysfunction or obstructive azoospermia), and embryo transfer cycle that was carried out via a fresh embryo being transferred in a stimulated cycle or a frozen embryo being transferred in a natural cycle.

The inclusion criteria for the NC group were as follows: willingness to participate voluntarily and cooperatively, prepubertal status, singleton birth, full-term birth, and natural conception.

The exclusion criteria for the ART group were as follows: illness or use of drugs, trauma or fracture, high-intensity sports training, family history of metabolic diseases, use of glucocorticoids by the mother during pregnancy, and donated sperm or eggs.

The exclusion criteria for the NC group were as follows: illness or use of drugs, trauma or fracture, high-intensity sports training, family history of metabolic diseases, and use of glucocorticoids by the mother during pregnancy.

In total, 84 individuals were included in the ART group, and 123 individuals were included in the NC group. Informed consent was obtained from a guardian of each participant included in this study.



Follow-Up Process

Two weeks before follow-up, the subjects were notified by telephone of the time, place and contact person for the follow-up assessment.

The day before the follow-up assessment, the participants were called to confirm whether they were free to participate. The pregnancy information of the ART group was retrieved and printed from the Center of Clinical Reproductive Medicine system.

On the day of the follow-up, the specific follow-up procedure was explained, and an informed consent form was signed by the patient. The Pediatrics department conducted general physical examinations (height and weight), trace element analyses, and bone density tests. Parents filled out the questionnaire. After all the items were completed, the information was checked, and it was confirmed that there were no omissions; then, the data were entered into the computer.



Ultrasound Scans

Using an Omnisense 7000P ultrasonic bone densitometer (Sunlight Medical Co., Ltd., Tel Aviv, Israel), after calibration by professional operators each day, the ultrasonic propagation velocity value (SOS) in the middle of the left tibia was measured by a standard method. The Z score of the SOS value of Asian children of the same age and sex was used as the standard.



Measurement of Height and Weight

Height and weight were measured at the Department of Children’s Health Care by skilled personnel. The accuracy was within 0.1 cm and 0.1 kg, respectively. Body mass index (BMI)=weight (kg)/height (m)2.



Determination of Trace Elements

Peripheral blood was taken from the child’s ring finger. The levels of zinc (Zn), copper (Cu), iron (Fe), calcium (Ca), magnesium (Mg) and lead (Pb) in peripheral blood were analyzed by an AA7000M atomic absorption spectrometer (East & West Analytical Instruments Co., Ltd., Beijing, China). The following normal ranges for different elements were applied: Zn (mg/L): 5–11.94; Cu (mg/L): 0.76–2.5; Fe (mg/L): 418.48–660.8; Ca (mg/L): 84–62.86; Mg (mg/L): 28.3–50.4; and Pb (μg/L): 0–100.



Statistical Analysis

Data were analyzed using IBM SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA). In the single factor analysis, normally distributed continuous data are presented as the mean ± standard deviation (SD), and nonnormally distributed continuous data are presented as the median (interquartile range). Categorical data are presented as the frequency (%). Normally distributed continuous data were compared using an independent t test, and nonnormally distributed continuous data were compared using the Mann-Whitney U test. Unordered categorical data were compared using the chi-squared test, and ordered categorical data were compared using the rank-sum test. In the multifactor analysis, multiple linear regression analysis was used. Statistical significance was defined as p < 0.05.




Results


Single Factor Analysis of Bone Mineral Density-Related Factors

We evaluated whether there was a difference in indicators between the two groups (Table 1) and found that there was no significant difference in maternal height, smoking, paternal height, paternal weight, paternal BMI, alcohol consumption, full-term birth, amniotic fluid characteristics, birth length, birth weight, sex, age, height, weight, BMI, Cu, Ca, or Mg between the ART and NC groups. On the one hand, there was a significant reduction in Zn (p=0.009) and Fe (p=0.001) in the ART group compared with the NC group; on the other hand, maternal childbearing age (p=0.002), maternal weight (p=0.031), maternal BMI (p=0.021), paternal childbearing age (p=0.001), cesarean section rate (p=0.000) and Pb level (p=0.000) were significantly higher in the ART group than in the NC group. There was also a significant difference in maternal alcohol consumption (p=0.016) and paternal smoking (p=0.000) prevalence between the two groups.


Table 1 | Single-factor analysis of bone mineral density-related factors.



The medians of the Z scores of the two groups were within the normal range, indicating that the total bone density level was not significantly abnormal in the ART or NC children.



Multiple Linear Regression Analysis of Bone Mineral Density-Related Factors

After adjustments were made for the above confounding factors, paternal childbearing age (p=0.012) was still found to negatively affect the BMD Z score independently, which means that the higher the paternal age was, the lower the Z score would be. Grouping (p=0.004) positively affected the Z score of BMD, and the effect was greater than that of the father’s age. In other words, the Z score of the ART group was higher than that of the control group (Table 2).


Table 2 | Multiple linear regression analysis of bone mineral density group category.





Subgroup Analysis of Bone Mineral Density-Related Factors

Next, we divided the ART group into different subgroups according to the ART method, infertility factors and embryo transfer cycles to find the source of the difference in BMD between the two groups.

In the ART method subgroup analysis (Table 3) IVF (p=0.026) and ICSI (p=0.008) had a positive impact on the Z score of BMD, and ICSI had a greater impact. This finding indicates that IVF or ICSI technology may affect the Z score of BMD.


Table 3 | Multiple linear regression analysis of bone mineral density- ART methods.



In the infertility factor subgroup analysis (Table 4), PCOS alone was not shown to affect the Z score of BMD compared with natural conception; however, male infertility (p=0.010) or male infertility combined with PCOS (p=0.026) positively affected the Z score, and the impact of male infertility combined with PCOS was greater. This finding indicates that paternal infertility may affect the BMD of offspring.


Table 4 | Multiple linear regression analysis of bone mineral density—Infertility factors.



In the embryo transfer cycle subgroup analysis (Table 5), compared with natural conception, both stimulation cycle fresh embryo transfer (p=0.019) and natural cycle frozen embryo transfer (p=0.006) had a positive effect on the bone density Z score, and natural cycle frozen embryo transfer had a greater impact. This finding indicates that abnormal maternal hormone levels during fresh embryo transfer and frozen embryo technology may affect BMD.


Table 5 | Multiple linear regression analysis of bone mineral density- embryo transfer cycles.






Discussion

ART has been used to treat infertility for more than 40 years. It has been confirmed that ART is associated with adverse perinatal outcomes, including premature birth, low birth weight, and increased risk of birth defects. A poor ART intrauterine environment and ART gamete manipulation, among other factors, are considered to be possible causes of poor ART pregnancy outcomes (35, 36). Therefore, the following question remains: as the child ages, is the growth and development of the ART-conceived offspring the same as that of the NC offspring?

Bone density characterizes bone development. Childhood is a critical period for bone development. Prevention and treatment of childhood bone mineral deficiency is important for reducing childhood rickets and osteoporosis in adulthood. Therefore, it is particularly important to assess the bone density of offspring conceived via ART.

Previous studies focused mostly on the BMD of ART-conceived offspring at birth or within a short period of time after birth. There is no long-term follow-up study on the bone development of ART-conceived offspring at preschool age. Therefore, this study focuses on the BMD of preschool-aged ART-conceived offspring. Whether there is a difference between the ART-conceived children and the NC offspring at the same age and the possible influencing factors were examined.

We found that the BMD Z scores of the offspring of the ART group were generally in the normal range and showed no obvious abnormality. This result is consistent with that of a 2007 study: There was no statistically significant difference between the BMD of the offspring conceived via IVF fresh embryo transfer at 4-10 years old and the NC offspring (12). Another study in 2015 showed that the SOS level measured within 96 hours in ART-conceived preterm infants was lower than that in infants in the NC group (11). The author suggested that this difference may be due to epigenetic changes in imprinted genes or other genes that undergo epigenetic modifications and participate in growth and the bone state. However, the number of participants in the study was relatively small, including only 37 ART-conceived infants (IVF or ICSI, no distinction between fresh embryos or frozen embryos) and 51 NC infants.

Our results revealed that the offspring of the ART group and the NC group had differences in maternal and paternal age, maternal weight, maternal BMI, maternal alcohol consumption, paternal smoking, delivery method, and serum zinc, iron, and lead levels.

The maternal and paternal ages in the ART group were higher than those in the NC group. This finding is consistent with previous studies (12, 37). Age is an independent risk factor affecting fertility; the older the age is, the higher the incidence of infertility. Thus, the childbearing age in the ART group was obviously higher than that in the NC group. Interestingly, after adjustments were made for the relevant variables in this study, maternal age no longer showed an independent effect on the BMD Z score. Instead, paternal age negatively affected the BMD Z score. A paternal childbearing age > 40 years is associated with an increased risk of spontaneous abortion (38–41), and advanced paternal age is associated with autosomal dominant disorders, such as Alport syndrome, achondroplasia and neurofibromatosis (42–46). There are also cohort studies and population studies showing that advanced paternal age is related to autism spectrum disorders and schizophrenia. A large prospective study of autism in Denmark with 1 million children found that the relative risk associated with a father’s age from 40 to 44 years was 1.6 (47), and a cohort study in Israel found that the odds ratio for a father’s age from 40 to 49 years was 5.75 (48). A large American study found that for every 10-year increase in paternal age, the relative risk of autism was 1.3 (49). Another study in Israel showed that the relative risk of having offspring with schizophrenia was 2.0 for fathers 45 to 49 years and 3.0 for fathers >50 years (50). Similar results have been observed in studies of other ethnic populations, including populations in Denmark, Sweden, and Japan (51–53).

Multifactor analysis with adjustments for relevant factors showed that paternal childbearing age and group category still significantly affected the Z score of the BMD. The possible reasons are as follows.

First, ART progeny may have subtle changes in the DNA methylation patterns of imprinted genes related to bone development. It has been reported in the literature that there is an increased risk of Beckwith-Wiedemwann syndrome in offspring conceived via ART (54–56). Although there is no description of the bone density of children with Beckwith-Wiedemwann syndrome, relatives of children with Beckwith-Wiedemann syndrome have been found to have higher childhood heights (12, 57). The phenotypic characteristics of being tall and having normal body weight confirm that the increase in the bone density Z score of ART-conceived offspring may be a subtle change in the DNA methylation pattern of imprinted genes related to skeletal development.

Second, ART-conceived offspring are exposed to supraphysiological doses of oestrogen in utero. The process of ART ovulation induces a high estrogen environment in the mother’s uterus, and estrogen promotes the development of the child’s bones. Estrogen can reduce the strain set point of the mechanical regulation system on the bone surface of the endosteum and increase the accumulation of bone in the cortex, causing thickening of the cortex (58, 59). In this study, to identify the possible reasons for the higher BMD of the ART offspring, the ART group was divided into different subgroups according to the ART method, infertility factors or embryo transfer cycle. In the ART group (62 cases), the BMD Z score was higher than that in the control group, verifying our hypothesis.

Skeletal development is affected by a variety of confounding factors, including genetics (parental bone development), socioeconomic background, nutritional status, and puberty. In our previous research, we collected data on the height of parents and found that the difference in height between the two groups was not statistically significant. Therefore, when we recruited participants, we chose families located in Nanjing, Jiangsu Province, to reduce the gap between family socioeconomic backgrounds and increase follow-up compliance. This study failed to accurately collect data on the eating habits of each participant. When we collected the study data, we collected information regarding the family’s dietary preferences in the questionnaire: vegetarian, meat-eaters, balanced diet or special eating habits. The vast majority of families consumed a balanced diet, and the offspring’s nutritional status was evaluated during the physical examination. It can be roughly considered that there was no significant difference in nutritional status between the two groups. Both groups of offspring were prepubertal children, thus eliminating the influence of pubertal sex hormones on bone development. We used inclusion and exclusion criteria to reduce selection bias, but there may still be potential uncontrolled confounding factors.



Conclusion

Paternal childbearing age can independently affect the BMD Z score, and the higher the father’s age is, the lower the bone mineral density Z score will be. After adjustments were made for related confounding factors, the BMD Z scores of the ART group and the control group were still significantly different, that is, the bone density Z score in the ART group was significantly higher than that in the control group. The method of conception, ART indications and embryo transfer cycle all had a positive effect on the Z score of BMD.


Limitations

The sample size of the subgroups still needs to be expanded to verify the results. However, additional longer-term, prospective follow-up multicenter studies are required to understand the increased risks among children conceived via ART.
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Research Question: Is Raman spectroscopy an efficient and accurate method to detect sperm chromosome balance state by DNA content differences?

Design: Semen samples were provided by diploid healthy men, and the analysis parameters met the current World Health Organization standards. The DNA content was assessed by analysis of the corresponding spectra obtained from a laser confocal Raman spectroscope. The sperm sex chromosome information was obtained by fluorescence in situ hybridization (FISH). Comparative analysis was performed between FISH results and Raman spectral analysis results.

Results: Different parts of the sperm head showed different spectral signal intensities, which indicated that there were different chemical components. Standard principal component analysis (PCA) can preliminarily classify sperm with different DNA contents into two groups. Further analysis showed that there were significant differences in the 785 DNA backbone peaks and 714–1,162 cm−1 DNA skeleton regions among sperm with different DNA contents. The peak and regional peak of the DNA skeleton of X sperm were significantly higher than those of Y sperm (X vs. Y, p < 0.05). The above sperm types were confirmed by FISH. ROC curve analysis shows that there is a correlation between the Raman spectrum data and FISH results.

Conclusion: Raman spectroscopy can identify X and Y sperms by analyzing the DNA content difference. However, the accuracy of the detection still needs to be improved. Nevertheless, Raman spectroscopy has a potential application value in the field of sperm aneuploidy detection and may even be used as a non-invasive predictor of sperm aneuploid state in preimplantation genetic testing (PGT-A).

Keywords: laser confocal Raman spectroscopy, human sperm, fluorescence in situ hybridization, DNA content, preimplantation genetic testing


INTRODUCTION

Spermatogenesis is a highly complex biological process in which spermatogonia undergo two meioses to produce sperm cells and transform into mature sperm through a series of nuclear and organelle changes (De Jonge and Barratt, 2006). In the process of spermatogenesis, if once meiosis is wrong, the normal chromosome balance changes, which leads to sperm aneuploidy (Rieger, 1968; McFeely, 1993). With the advancement of molecular diagnostic detection technology, it has been found that the normal chromosomes of males are also important factors for obtaining normal embryos, and sperm aneuploidy is directly related to embryo quality, which can lead to the failure of embryo implantation (Jan et al., 2004; Speyer et al., 2010) or repeated abortion during embryo development (Rodrigo et al., 2010; Scott et al., 2014; Ramasamy et al., 2015). Above all, aneuploid sperm fertilization not only affects embryo qualities but also leads to oocytes being wasted.

Preimplantation genetic testing of aneuploids (PGT-A) has become an indispensable technology in the field of assisted reproductive technology (ART; Franasiak et al., 2014). Currently, PGT-A for aneuploidy can detect defects in embryo chromosomes and select euploid embryos for transplantation (Eccles et al., 2017; Wilch and Morton, 2018). PGT-A uses different methods to identify the aneuploidy of all chromosomes, including the fluorescence in situ hybridization (FISH), array comparative genomic hybridization (CGH), and single nucleotide polymorphism (SNP) haplotypes combined with next-generation sequencing (NGS; Chen et al., 2018; Hu et al., 2018; Zhou et al., 2018). Despite the high accuracy of PGT-A, the embryo safety is still under doubt because the embryos must be biopsied. To date, little is known about the safety of the test samples obtained, although the initial report claimed that the method had no negative effects (Jiang et al., 2020). Furthermore, PGT-A can only be used to test normal embryos but cannot increase the number of transplantable embryos. Therefore, the non-invasive aneuploidy detection of gametes, especially sperm, may be an important way to improve the efficiency of assisted reproduction (Ranjith et al., 2014). Although the existing FISH and NGS technologies can detect the aneuploidy of single sperm, the sperm which is detected can no longer be used in ART. FISH detection only estimates the frequency of chromosomal abnormalities, which cannot guarantee the normal chromosomes of sperm used in ART, and there is no non-invasive technology to detect sperm aneuploidy (Patassini et al., 2013). Therefore, there is an urgent need for a non-invasive, efficient, and sensitive technique to directly assess sperm aneuploidy.

Raman spectroscopy is a non-invasive technique that allows the biochemical analysis of cellular components. As a vibration spectroscopy technique, Raman spectroscopy can identify chemical moieties through specific spectral patterns and can observe molecular changes with high specificity (Fragouli et al., 2017; Munné, 2018). It provides a rapid, simple, repeatable, non-destructive qualitative, and quantitative analysis of multicomponent materials by using the inelastic scattering of light, which has received increasing attention in research and clinical laboratories (Eberhardt et al., 2015). As early as 2014, there was study on non-invasive sex assessment in bovine semen by Raman spectroscopy combined with PCA analysis (De Luca et al., 2014). It has been reported that Raman spectroscopy can identify aneuploidy and aneuploidy embryos through embryo culture medium (Liang et al., 2019). In addition, Raman spectroscopy has detected oxidative DNA damage and mitochondrial damage caused by ultraviolet radiation (Konrad Meister et al., 2010; Mallidis et al., 2011). Therefore, the Raman technique may have great potential in the non-invasive detection of aneuploidy in germ cells, especially sperm.

In this study, we detected the human sperm chromosome DNA content by Raman spectroscopy and compared the Raman spectra data of X and Y sperms confirmed by FISH. Data analysis indicated that there were significant differences between the X and Y sperms Raman spectra data. Our results suggest Raman spectroscopy has a broad clinical application prospect in non-invasive sperm detection. However, more accurate and non-invasive improvement for detecting sperm aneuploidy is still needed.



MATERIALS AND METHODS


Semen Sample Collection

Semen samples were provided by three diploid healthy men after G-banded karyotype, and the analysis parameters met the current World Health Organization (WHO, 2010) standards. All the ejaculation sperm samples were obtained by masturbation after 2–7 days of sexual abstinence, followed by liquefaction (37°C, 30 min).

This study was approved by the Ethics Committee of Reproductive Medicine of Xiangya Reproductive Heredity Hospital of CITIC (LL-SC-2018-038). The written informed consent was acquired from all donors who voluntarily participated in the research. The present study was conducted in accordance with the principles of the Helsinki Declaration and medical ethics.



Separation of Spermatozoa

The liquefied semen samples were placed in a centrifugal tube and centrifuged (Eppendorf 5810R, Germany) at 300 rcf for 15 min. A pipette was used to aspirate the supernatant and left the sediment at the centrifugal tube, and then, 1 ml phosphate-buffered saline (1 × PBS) was added to the centrifugal tube. After slowly whisking to mix and centrifuging at 300 rcf for 5 min, the semen samples were washed with PBS and recentrifuged at 300 rcf for 5 min. Aliquots of 1 μl of the sperm suspensions were coated on a glass slide (Fisher, Thermo Scientific), fixed in methanol/acetic acid (3:1) for 5 min, then cleaned by PBS, and air-dried.



Optimization of the Spectral Acquisition Method

The stepwise optimization of the spectral acquisition system is displayed in the supplementary graph. The laser power was constant at 10 mw. Firstly, we found that scanning a point once in 0.5 s generated stronger signals than scanning three times in 0.2 s did, which provided a better signal-to-noise ratio and clearer spectrum (Supplementary Figure S1A). Furthermore, we found that 15 scans in a point obtained better spectra than scanning only once (Supplementary Figure S1B).



Laser Confocal Raman Microscope

We carried out analysis using a laser confocal Raman system (DXR Laser Microscopic Raman, Thermo Science). The system was equipped with an Olympus BX41 microscope, 532 nm laser (10 mW), adjustable confocal pinhole, automatic platform for microscopic sampling, standard resolution grating, XYZ drawing stage, and CCD inspection tester. The aperture of the pinhole collected by spectroscopy was 25 microns. The Olympus X 100 objective lens was used. We used a 532 nm laser and 10.0 mW laser power, and its image pixel size was 0.6 μm. The Raman signals of the thole sperm heads were acquired in the standard mode with an exposure time of 0.5 s, and each single sperm sample was scanned 15 times according to the above results. The spectra were obtained in a spectral range from 60 to 3,400 cm−1, and the background control spectrum was reduced from each sample spectrum. The process of Raman analysis took approximately 15–30 min per sample. We collected the Raman spectra of more than 200 sperm heads.



Fluorescence in situ Hybridization

We dropped 20 μl dithiothreitol (DTT) onto a glass slide and covered the coverslip, removed the coverslip quickly after 7 min, immersed the slides in 1X PBS for 2 min, and then dehydrated the slides in an ethanol series (75, 90, and 100%) for 2 min each. We put the glass slides an incubator at 37°C overnight. Because there was a significant difference in Y and X chromosome content, the sex chromosome of the sperm was determined and distinguished by FISH with the following commercial probes: the X chromosome (DXZ1, Xcen alphasatellite, SpectrumGreen) and the long arm of the Y chromosome (DYZ1, Yq12 satellite III, SpectrumRed), which were purchased from Abbott-Vysis (Downers Grove, IL, United States). After hybridization and washing, the glass slides were stained using distamycin A/4(,6-diamidino-2-phenylindole; DAPI, Millipore, Temecula, CA, United States), observed under the Olympus BX51 fluorescence microscope (Olympus, Tokyo, Japan), and utilized to capture fluorescence signals and photograph the images with VideoTesT FISH 2.0 (VideoTesT, St Petersburg, Russia; Carmen et al., 2019). The sperm cells analyzed by Raman spectroscopy matched with FISH analysis one by one. Firstly, we marked the reverse side of the slide in the scanning area of Raman microscope with a diamond pen and took photographs to record the shape of sperm distribution under the Raman microscope. After Raman scanning and FISH procedure, we found the labeled area and obtained the FISH results under the fluorescence microscope. The Raman microscope figures were then compared with FISH figures to find the corresponding sperms. Due to the sperm loss during FISH procedure, only about one-third of the sperms analyzed by Raman spectrum were retained.



Analysis of Raman Spectra

Before spectrum analysis, all the Raman spectral data were processed using the TQ analyst EZ version. First, the Savitzky–Golay smoothing data points 11 and polynomial (5 degrees) options were used to correct the baseline and subtract the spectral background (Supplementary Figure S2), and then, the spectrum was filtered by using a denoising algorithm (denoising option) to improve the resolution without losing spectral information. The signals of 714.30–1161.86 cm−1 (DNA-PO4 skeleton region) and 785 DNA skeleton peaks were used to present the sperm DNA content according to previous report (De Luca et al., 2014).



Statistical Analysis

The measurements of all single sperm spectra data (over the 650–1,800 cm−1 spectral range) were grouped together and analyzed by standard principal component analysis (PCA) and were computed to acquire the corresponding PC vectors. Next, the scores concerning PC vectors were plotted singly in triangle and circle shapes for each group. Clustering according to the triangle and circle groups was observed in the score space diagram, suggesting that the sperm samples could be separated based on the spectra PCA analysis calculated using the MATLAB (R2010a) software system.

Data analysis was performed using SPSS 23.0, and values of p ≤ 5% were considered to be statistically significant. The data used in PCA were used for frequency distribution statistics. According to the results of FISH analysis, the corresponding sperm Raman spectrum data were divided into group x (X sperm) and group y (Y sperm). Mann–Whitney U-test was performed to calculate significant differences between the two groups. Then, the X and Y groups were categorized as dummy variables, and receiver operating characteristic (ROC) curve analysis was performed to evaluate the prediction value using the area under the curve (AUC) and to calculate the sex chromosome cutoff value.




RESULTS


Spectra and Mapping

To show the distribution of different chemical moieties clearly in the sperm head, we used the optimized final scheme to scan a single sperm. Four different colors of sperm head (blue, green, yellow, or red) were finally displayed, indicating the rich variety of chemical moieties in the sperm heads (Figures 1A,B). Then, we compared the Raman spectra of different parts of the human sperm head. The DNA skeleton, nucleotides, and phosphate skeleton were mainly located in the 725–1,162 cm−1 region. As shown in Figure 1C, the changes and intensities of Raman peaks of the glass (black), acrosome (blue), and nucleus (red) of sperm head were very different in this region. Next, to verify the specificity of the sperm nucleus Raman spectrum, we tested the other single sperm heads, which were very close to the previous sperm nucleus spectrum (Figures 2A–C). When the spectra of sperm were combined into the same profile, the spectral trends of the sperm were completely consistent, and only the peak values were slightly different, especially at peaks at 785, 1,095, and 1,250 cm−1 (Figure 2D).

[image: Figure 1]

FIGURE 1. The spectra of different regions in the sperm head. (A) Microscopic confocal picture of a human sperm cell head fixed on the glass slide. (B) The phase diagram of Raman microspectroscopy of the sperm head corresponding to (A). (C) Raman spectra of three different positions with glass (black), acrosome (red) and DNA at the sperm head. The x-axis units are displacement wavenumber (cm−1), nanometer (nm), and absolute wavenumber (cm−1). The y-axis unit is generally Raman strength.


[image: Figure 2]

FIGURE 2. Raman spectra of different sperm heads. (A–C) Three single sperm head Raman spectra. (D) The combined Raman spectra of the three sperms.




Raman Microspectroscopy and Sperm FISH

To test the chromosomal difference of Raman scanning sperm, we subsequently performed FISH analysis with chromosome X and Y probes on the same slides. The distribution of X and Y sperm was approximately 2:1, as shown in Figures 3A,B. As shown in Figure 3C, the corresponding spectra of X sperm and Y sperm showed the same general characteristics and peak changing trend, but there were some differences in the corresponding DNA peaks. The peak intensity of X sperm at the DNA skeleton at 785 cm−1 and the PO4 skeleton at 1095 cm−1 was higher than that of Y sperm.

[image: Figure 3]

FIGURE 3. Raman light micrograph and corresponding FISH result map. (A) Analysis of sperm sex chromosome status in FISH under a fluorescence microscope. The nucleus of sperm head is stained by DAPI. The red hybridization signal on the blue sperm head represents X sperm, and green represents Y sperm (scale bar, 100 μm). (B) Planar Map of Raman Spectrum Corresponding to FISH (scale bar, 100 μm). (C) The Raman spectra of X and Y sperm. Red arrows, I785; Dashed box, Area (714–1,162).




PCA of the Spectra and Frequency Statistics

Due to the time-consuming nature of the Raman spectroscopy scan, we were able to scan 251 sperm with high quality and excellent signal. Most sperms were eluted during FISH processing, only 59 sperm had a one-to-one correspondence, including 39 X sperm and 20 Y sperm. The Raman spectra of each sample head were accumulated to obtain the average central spectrum. Among them, only 53 sperm were finally included in PCA (six sperms were excluded which could not be analyzed by PCA due to data deviation). These sperm were divided into two groups according to the calculation and calibration results of PCA: 22 sperm in group A and 31 sperm in group B (Figure 4), which was not exactly corresponded to the result of FISH. This result indicated that PCA could not distinguish the sperm sex chromosome completely and accurately.

[image: Figure 4]

FIGURE 4. PCA statistics of sperm spectra. The sperm were divided into two groups: group A included 22 sperm, and group B included 31 sperm (A: triangle B: circle).


Then, we conducted frequency distribution histogram statistics on the 59 sperm data, and the results showed that there were obvious frequency difference trends in the frequency distribution at I785 = 23,750 and Area714–1,162 = 3,250,000. For 20 Y sperm, the value of I785 mainly existed in the range of 17,000–23,000, and the mean value and median value were 21749.8 and 22,321, respectively. The main value range of Area (714–1,162) was 3,400,000–3,500,000, and the mean value and median values were 3,091,373 and 2,981,509, respectively. For 39 X sperm, the value of I785 mainly existed in the range of 29,000–35,000, and the mean value and median value were 26260.92 and 27,242, respectively. The main value range of Area (714–1,162) was 3,400,000–3,500,000, and the mean value and median value were 3,828,693 and 4,143,128, respectively. The analysis results indicated that these values could be the critical values of the difference between X and Y sperm (Supplementary Figures S2A–D).



Discrimination of the Sperm With Different DNA Contents by Raman Spectroscopy

The total Raman spectra showed that there were significant differences between X sperm (n = 39) and Y sperm (n = 20) at 714–1162 cm−1 and I785 (Figure 5A). Because the distribution of X and Y sperm data frequency does not accord with the normal distribution (Supplementary Figures S3A–D), we further analyzed the sperm of 59 cases by Mann–Whitney U-test rather than Student’s t-test. The values of X and Y sperms in I785 (p = 0.044) and Area (714–1,162; p = 0.0136) were statistically different. Compared with the Y sperm group, the peak values at 785 and 714–1,162 cm−1 in the X sperm group were higher than those in the Y sperm group, and the difference was more obvious in the regional peak (Figure 5B). ROC curve analysis was used to evaluate the sensitivity of the correlation between sperm DNA content and Raman spectra. The results showed that the corresponding thresholds of I785 = 24986.5 and Area714–1,162 cm−1 = 3,748,990 were the best for distinguishing the two kinds of sperm. When the peak value of 785 or 714–1,162 cm−1 exceeds this value, the possibility of X sperm is greatly increased. The AUCs of the ROC curves in both cases were 0.662 and 0.696, respectively (Figures 5C). Our results indicated that sperm DNA content has potential applicable value in the detection of sperm aneuploidy.
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FIGURE 5. Discrimination of sperm with different DNA contents by Raman spectroscopy. (A) Raman spectra of the 500–1800 cm−1 area corresponding to X sperm and Y sperm. Black shows Y sperm and red shows X sperm. Raman peaks with the most significant difference for this study are highlighted by blue dotted lines. The x-axis units are displacement wavenumber (cm−1), nanometer (nm). and absolute wavenumber (cm−1). The y-axis unit is generally Raman strength. (B) The peak values of X and Y sperm in Area714-1,162 and I785. X, X sperm; Y, Y sperm. [n (X) = 39, n (Y) = 20, *, p < 0.05]. (C) Raman analysis data characteristics curve for sperm sex chromosomes. The area under the ROC curve indicates the prediction capacity of the model. Raman analysis data in I785 (AUC¼0.662). Raman analysis data in Area714-1,162 (AUC¼0.696).





DISCUSSION

Human sperm cells are usually divided into the head and the tail, including connecting pieces (neck) and flagella. The head is usually oval, with a length of 4–5.5 μm, a width of 2.5–3.5 mm, and an aspect ratio of approximately 1:1.5. The top of the head is its acrosome area, covering approximately 40–70% of the head. The nucleus is located in the back of sperm head. It has been suggested that the aneuploidy of embryos may be caused by the fertilization of aneuploid sperm and oocytes, which may cause aneuploid blastocysts, resulting in implantation failure or loss of early pregnancy and waste of oocytes (Rodrigo et al., 2010; Scott et al., 2014; Arumugam et al., 2019). Although sperm FISH technology has become an important technology for male sperm aneuploidy detection (Ranjith et al., 2014), some shortcomings of the technology hinder its clinical application (Ioannou et al., 2018). FISH only analyzes the percentage of aneuploidic spermatozoa, and sperm treated with FISH cannot be used for normal fertilization again. Currently, the only criteria of better sperms in IVF lab remain to the sperm intensity, motility rate, and morphology, which cannot represent the euploidy of the sperms. Therefore, non-invasive sperm aneuploidy detection is very important to reduce the oocyte waste rate and improve the success rate of ART (Jiang et al., 2020).

Raman spectroscopy is a promising method for non-invasive sperm aneuploidy detection. It uses the inherent characteristics of light, and its intensity can be adjusted without labeling. It can identify the biological components of biological samples without affecting the integrity of cell structure and function (Agarwal and Said, 2003; Practice Committee of American Society for Reproductive Medicine in Collaboration with Society for Reproductive Endocrinology and Infertility, 2008; Con et al., 2014). In addition, because it is coupled with confocal microscopy, it is possible to analyze single cells. These characteristics make this technique very suitable for harmlessly assessing the biochemical properties of chemical moieties (Practice Committee of American Society for Reproductive Medicine in Collaboration with Society for Reproductive Endocrinology and Infertility, 2008; Con et al., 2014). Laser confocal Raman spectroscopy has been widely used in various fields and has become a new hot spot in the ART field. Previous research has used this technology to detect embryo culture medium to evaluate the aneuploidy of embryos (Liang et al., 2019). In addition, it was used to analyze sperm morphology and sperm head composition and evaluate the state of nuclear DNA to identify DNA damage (Kubasek et al., 1986; Mallidis et al., 2011; Davidson et al., 2013). PCA was used to distinguish X- and Y-bovine sperm cells based on single-cell Raman spectra, which could have a highly significant impact on animal production management systems as well as genetic improvement programs in farm animals (De Luca et al., 2014). Above all, numerous studies have shown that Raman spectroscopy may offer an alternative to the existing methods, which avoids the clinical limitations of the existing methods.

In this study, we explored whether laser confocal Raman spectroscopy could be used as a potential non-invasive sperm chromosome aneuploidy detection technique in assisted reproduction. The total length of the X chromosome was 156 megabases (Mb), including 1973 genes, while that of the Y chromosome was 57 Mb, including 496 genes (Quintana-Murci and Fellous, 2001). Since X chromosome is much larger than Y chromosome, the DNA content of a normal haploid X sperm is slightly higher than that of a normal haploid Y sperm. In consideration of the difference in genetic material between the two kinds of sperm, we used laser confocal Raman spectroscopy to evaluate the DNA content of these two kinds of sperms. We used Raman spectroscopy to show the optical spectrum of the sperm head region. To compare the accuracy of different analysis strategy to evaluate the sperm head DNA, we calculated both the 714.30–1161.86 cm−1 (DNA-PO4 skeleton region) and the 785 DNA skeleton peaks. Statistical analysis showed that there were significant differences between X sperm and Y sperm in the 714.30–1161.86 cm−1 (DNA-PO4 skeleton region) and 785 DNA skeleton peaks. Moreover, the 714.30–1161.86 cm−1 region spectral intensity was more accurate than 785 DNA skeleton peak intensity in distinguishing X and Y sperms. Our results showed that the Raman spectroscopy could distinguish the two kinds of sperms with different DNA contents. The difference of the chromosomal DNA content between aneuploid sperms and normal sperms is larger than that between X and Y sperms. According to this study, Raman spectroscopy combined with data analysis can screen out aneuploid sperms to avoid aneuploid embryos in ART.

However, due to the limitation of the current Raman spectral microscope, we can only collect the spectra of multiple fixed points of the sperm head instead of the whole sperm head spectra. This operation may miss the Raman spectra information of other sperm head regions, which may affect the accuracy of Raman analysis results. These may be the reason that the predicted X-Y sperm DNA difference is about 3%, while the X sperm spectral intensity of I785 and area (714–1,162) was 17 and 19% higher than that of Y sperm, respectively.

In our experiment, FISH process needed DNA denaturation, which resulted in dramatic sperm loss and reduced the number of corresponding sperms that could be analyzed. On the other hand, FISH with only X and Y numeric probes cannot detect the aneuploidy of other chromosomes, which may also affect the accuracy of the final results. Low-pass whole genomic sequencing may be a better approach to confirm the sperm aneuploidy status.

It remains challenging for quantitative analysis using Raman spectroscopy accurately to detect the unbalanced translocation of chromosomes, there is no consummate data analysis model to accurately analyze sperm Raman spectrum for accurate quantitative analysis, it is necessary to learn deeply to Establish a more perfect algorithm for data analysis. On the other hand, the current laser confocal Raman technology still uses the principle of infrared spectroscopy to detect the sperm, which must be washed and fixed on slides. These operations are still harmful to sperm and do not allow the sperm to be used for ART. Therefore, these methods cannot be used in clinical screening at present. In addition, the current Raman technology scanning is relatively time-consuming. The experimental steps and spectrum acquisition process still need to be further optimized to completely avoid sperm damage and improve efficiency. It is necessary to evaluate the safety of sperms under high-intensity laser before ART. In summary, the potential of Raman’s clinical application still needs to be further explored.

In conclusion, our research shows that Raman microscopic spectroscopy can identify sperm with different DNA contents. To our knowledge, this was the first report which analyzed the sperm DNA content and confirmed the results with FISH technology. Current Raman spectroscopy is time-consuming, hazardous to sperm due to long-term laser exposure, and fixation requirement. Development of sensitive Raman flow cytometry and microfluidic technology may overcome the above drawbacks and may have a potential application value in the field of sperm aneuploidy detection.
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Supplementary Figure S1 | Optimization of spectral acquisition method. (A) Laser exposure time 0.5 s scanning once (red) and 0.2 s scanning three times spectrogram (black). (B) Laser exposure time 0.5 s scanning once and 15 times spectrogram. (C) Scanning map of a point in the sperm nucleus and its corresponding scanning position (scale bar, 100 μm). (D) The spectrogram of multiple sperm scans and corresponding Raman scans (scale bar, 100 μm).


Supplementary Figure S2 | Original and processed spectra. Comparison between original spectrum and spectrum after automatic correction and smoothing by software (purple line: origin, green line: correction; red line: correction and smoothing).


Supplementary Figure S3 | Frequency statistics of sperm spectra. (A–D) Frequency distribution histogram of 20 Y sperm and 39 X sperm data at I785 and Area (714–1,162); red dotted line: the potential critical value of the frequency distribution near the mean and median).
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Background

Thin endometrium on ovulation triggering day is associated with impaired pregnancy outcomes in women after in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI), but the role of thick endometrium on pregnancy outcomes remains controversial. Moreover, there has been insufficient evidence currently to analyze the influence of endometrial thickness (EMT) on obstetric complications and perinatal outcomes. Thus, we performed this meta-analysis to evaluate the effect of EMT on pregnancy, maternal, and perinatal outcomes in an enlarged sample size.



Methods

The databases Pubmed, Embase, Cochrane Libraries, and Web of Science were searched for English articles evaluating the correlation between EMT and pregnancy, maternal, or perinatal outcomes in women who underwent IVF/ICSI. We included studies that depicted a clear definition of outcomes and EMT grouping on ovulation triggering day. The EMT effect was analyzed in fresh cycle. Qualities of studies were assessed by the Newcastle-Ottawa Scale (NOS). Odds ratios (ORs) and weighted mean difference (WMD) with 95% confidence intervals (CIs) were calculated for analyzing dichotomous and continuous outcomes respectively, under a fixed or random effect model.



Results

A total of 22 pieces of literature were included for the final meta-analysis. A decreased trend towards pregnancy outcomes was observed, such as live birth rate (LBR), clinical pregnancy rate (CPR), and implantation rate (IR) in the thin endometrium groups (EMT <7 mm). In contrast, thick endometrium (EMT >14 mm) had no effect on pregnancy outcomes compared to medium EMT groups (EMT 7–14 mm). Moreover, thin endometrium (EMT <7.5 mm) enhanced the incidence of hypertensive disorders of pregnancy (HDP) and small-for-gestational-age (SGA) infants, and decreased the birthweight (BW) of babies.



Conclusions

Our studies indicated that thin endometrium not only had detrimental effect on pregnancy outcomes, but also increased the risk of HDP in women and SGA of babies, or decreased BW of babies. The thick endometrium does not have an adverse effect on IVF outcomes. Therefore, patients need to be informed on possible obstetric complications and perinatal outcomes caused by thin endometrium and are encouraged to actively cooperate with perinatal care.
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Introduction

Assisted reproductive technology (ART), namely, in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), have been accepted as effective options for treating infertility (1). Multiple factors contribute to the success of IVF/ICSI, such as age, embryo quality and endometrial condition (2). Herein, endometrial thickness (EMT) measured by ultrasound has become a common indicator for monitoring endometrial condition, as the procedure of ultrasonographic examination is widely available and noninvasive (3). It has also been reported that EMT on ovulation triggering day was associated with the outcome of IVF/ICSI (4).

Many studies found that patients with thin endometrium had lower chances to be pregnant, both in fresh cycles and frozen-thawed embryo transfer (FET) cycles (5, 6). However, the relationship between increased EMT (>14 mm) and pregnancy outcomes remains controversial. Weissman et al. demonstrated that women with thick endometrium had lower implantation and pregnancy rate, and higher miscarriage rate (7). On the contrary, a study from Zhang et al. showed that increased EMT tended to improve IVF treatment outcomes, such as clinical pregnancy rate (CPR) (8). Therefore, there is lacking of consensus on the effect of thick endometrium on pregnancy outcomes of IVF/ICSI.

Furthermore, maternal perinatal complications and neonatal health are of great concern following ART as well (9, 10). Notably, recent evidence indicated that EMT has a strong correlation with maternal and perinatal outcomes (11–13). Guo et al. revealed that the incidence of small-for-gestational-age (SGA) infants was higher in thin endometrium group (13). Besides, Liu et al. also found that there was more risk of hypertensive disorders of pregnancy (HDP) in women with thin EMT (14). Nonetheless, the influence of thin EMT on obstetric complications and perinatal outcomes still lack evidence from a large sample size. Hence, this systematic review and meta-analysis aimed to assess the correlation between the EMT and pregnancy, maternal, and perinatal outcomes after IVF/ICSI.



Methods

We performed this review according to the Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA) statement and a registered protocol (PROSPERO registration number: CRD42021242637).


Search Strategy and Data Collection

We searched four databases, namely, Pubmed, Embase, Cochrane Libraries, and Web of Science, for studies about the association between the EMT and outcomes of IVF/ICSI with no country or article type restrictions. Articles that published in English until April 2021 were recruited. The following terms were used: [(in vitro fertilization) OR (intracytoplasmic sperm injection) OR (artificial reproductive technology)] AND [(endometrial thickness) OR (endometrial sonographic parameters) OR (endometrial characters) OR (endometrial receptive)] AND [(live birth rate) OR (pregnancy outcomes) OR (neonatal outcomes) OR (maternal outcomes) OR (obstetric outcomes) OR (treatment outcomes)] (Supplementary Table 1).

After excluding duplicates, titles and abstracts were screened by two independent reviewers (ZL and LC). Studies relevant to our topic were assessed for eligibility. The flow chart of search strategy is shown in Figure 1. Full-text articles that met inclusion criteria were reviewed, data of which were extracted and recorded in pre-designed spreadsheets by two authors independently (ZL and LC). Any disagreement was resolved via discussion or consulting the third author (CL) if the consensus could not be reached. The following data were collected: authors, published year, type of study, time period, country, the number of live birth and clinical pregnancy, the number of implantation and miscarriage, the occurrence of obstetric complications [i.e., placenta previa (PP), placenta abruption (PA), and HDP], the incidence of perinatal outcomes [i.e., SGA, large-for-gestational-age (LGA), and preterm delivery (PTD)], the definition of outcomes, sample size of thin endometrial groups and thick endometrial groups, and other related information.




Figure 1 | Flow chart of searching and screening strategy.





Selection Criteria

Infertility women who underwent fresh cycles of IVF/ICSI treatment were included. Studies were included if these depicted the EMT of those women on ovulation triggering day and divided women into groups according to EMT. EMT, maximal distance from the endometrium–myometrium junction to the outer interfaces of the endometrium in the midsagittal plane of uterus, was measured by ultrasound examination. Moreover, the outcomes in those studies should be related to pregnancy, maternal or neonatal outcomes, such as live birth rate (LBR), CPR, SGA, and so on. The definition of outcomes should be specific.

We excluded studies, in patients with uterine pathology, such as fibroids, polyps, adenomyosis, and so on. Besides, donor oocytes, as a confounding factor, may affect generalizing the result as well, so studies with donor oocytes treatments were excluded. Those studies with no definition of outcomes or no EMT groups were also excluded.



Types of Outcomes

The primary outcome was LBR, which was defined as at least one live born baby was delivered per cycles, irrespective of the duration of pregnancy (15). In addition, data were provided concerning CPR (defined as the number of clinical pregnancies that diagnosed by ultrasonographic visualization of one or more gestational sacs after positive human chorionic gonadotrophin (hCG) tests per cycles), implantation rate (IR, defined as the ratio of the number of gestational sacs to number of embryos transferred), early miscarriage rate (EMR, defined as pregnancy loss before 12 weeks following clinical pregnancy), and miscarriage rate (MR, calculated as the ratio of any pregnancy loss after clinical pregnancy to the number of clinical pregnancy) in terms of pregnancy outcomes as well (15–17).

Maternal outcomes were PA (defined as premature separation of the normally implanted placenta from the uterus) and PP (defined as placenta implants in the lower segment of the uterus and may cover part or all of the opening of the cervix). Moreover, HDP were also analyzed. Herein, HDP included gestational hypertension (defined as blood pressure ≥140/90 mmHg after 20 gestational weeks), preeclampsia (coexistence of gestational hypertension and one or both of the following new disorders: proteinuria; dysfunction of other maternal organs) and eclampsia (onset of hyperreflexia, seizures, or coma in a previously diagnosed preeclamptic women) (13, 14).

The neonatal outcomes of dichotomous variables included SGA (defined as birthweight <10th percentile of the average body weight at the same gestational week), large-for-gestational-age (LGA, defined as birthweight >90th percentile of the average body weight at the same gestational week), preterm delivery (PTD, defined as delivery before 37 weeks of gestational age) (11, 13). The continuous variable was birthweight (BW).



Quality Assessment of Studies

The Newcastle-Ottawa Scale (NOS) that comprises eight items was employed to assess the quality of studies. It was used for evaluating the bias from selection, comparability and the outcomes assessment. One or two stars were awarded to each item and studies that met all criteria of the NOS would receive a maximum of nine stars. In the first item of NOS, representative cohorts were regarded as not restricted by diagnosis or by a type of ovarian stimulation protocol. Those cohort samples in fresh cycles that only received NC were also considered as unrepresentative. Moreover, studies adjusted for confounding factors (i.e., maternal age, body mass index, basal FSH, embryo score, chronic hypertension, previous pregnancy complications, and so on) by multivariable analysis or baseline data comparison were given a star or two stars in “comparability” item. Among them, age was the most important confounder that need to control. Besides, in “selection” and “outcome” items, information bias, such as the precision of measuring the EMT and evaluating the outcomes, were also taken into consideration. High-quality studies were considered as more than or equal 7 stars. Studies with medium quality had an total NOS score ≥5, but <7. Low quality studies had NOS score <5. Good quality and medium quality articles were included in the meta-analysis (18). Two investigators (ZL and LC) assessed risk of bias from each study via NOS independently. Disagreements between the two reviewers were settled by discussion and the third reviewer checked the accuracy of evaluation through view full-manuscript of those studies.



Statistical Analysis

Given that most studies were retrospective cohort studies, we used odds ratios (OR) with 95%CI to measure dichotomous outcomes. Weighted mean difference (WMD) with 95%CI was used to analyze the association between EMT and BW. Results were combined for meta-analysis using Mantel–Haenszel fixed or random effects models which depended on heterogeneity. Q statistic and I2 statistics were used to evaluate the heterogeneity of studies. P <0.10 indicated the presence of heterogeneity, and I2 <50% indicated that the heterogeneity was acceptable, thus, a fixed‐effects model was used; otherwise, a random-effect model was used. Results were expressed as forest plots. Sensitivity analysis was conducted to examine heterogeneity and the robustness of the results. For meta-analysis of more than 10 articles, we also analyzed publication bias, which was assessed by funnel plot asymmetry and Egger’s test (P <0.05 considered as significant). When the publication bias existed, trim-fill adjustment method was used to assess the effect of this bias on outcomes. Statistics tests were calculated by the Review Manager software (version 5.3). Egger’s test and trim-fill analysis were analyzed by R (version 4.0.3).




Results


Literature Selection

There were 2,351 potential records by searching electronic database. After removing duplicates and screening titles and abstracts, 121 full-text articles related to our topic were retrieved for review. Of these, 82 records were excluded due to many reasons that are shown in Figure 1. Finally, 39 studies were eligible for further analysis. Considering that most studies select 7 and 14 mm as the threshold values for EMT grouping, we chose those thresholds as the cutoff values to explore the influence of thin (<7 mm) and thick (>14 mm) endometrium on pregnancy outcomes in the fresh cycles. Likewise, 7.5 mm was used as thin endometrial cut-off value for evaluating pregnancy complications and perinatal outcomes. Other studies (15 studies) that did not provide the above threshold information were not included for meta-analysis. Since most of studies were retrospective cohort studies, one prospective cross-sectional study was not suitable for meta-analysis, only for systematic review (19). In a study of fresh cycles, clomiphene (CC)-based minimal stimulation protocol was used, which was different from other controlled ovarian hyperstimulation (COH) protocols. Similarly, this study was only for systematic review as well (20). Therefore, 22 studies were included for final meta-analysis (5, 7, 11, 13, 16, 21–37).



Description of Studies and Participants

Characteristics of included studies and patients are summarized in Table 1. The studies were published from 1991 to 2021. The articles used for meta-analysis were all observational studies, namely, retrospective and prospective cohort studies. Outcomes of most studies were LBR, CPR, IR, and MR. Herein, MR would be divided into two subgroups for meta-analysis, namely, EMR and MR. Only two articles described maternal (PP, PA, and HDP) and perinatal outcomes (SGA, BW, LGA, and PTD). Of these, BW was presented as mean with standard deviation (Mean ± SD).


Table 1 | Characteristics of included references and participants.



All women underwent the fresh cycles of IVF/ICSI treatment. Women were divided into three groups depending on EMT when analyzed pregnancy outcomes (Thin endometrium/decreased EMT group: EMT <7mm; Medium endometrium group: EMT 7–14 mm; Thick endometrium/increased EMT group: EMT >14 mm). The effect of thin endometrium on obstetric complications and perinatal outcomes was evaluated in endometrial cut-off value of < 7.5cm versus >7.5cm. The total number of reported patients and cycles that were related to LBR was about 27,225 and 31,763 respectively. The number of patients enrolled for maternal and perinatal outcomes was 4,021. The mean of female age was approximately between 29 and 36 years. COH, such as GnRH-agonist long or short protocols and GnRH-antagonist protocols, were used in patients. On hCG triggering day, the mean of E2 level of these patients was about from 1,329.78 pg/ml to 3,489.62 pg/ml.



Quality of Studies

The quality of studies based on NOS is shown in Supplementary Table 2. Qualities of 14 studies were good level, and 8 studies were medium level. Therefore, all 22 studies were included in analysis.



Live Birth Rate

Women with thin endometrium (EMT <7 mm) had a significantly lower LBR compared to those women with EMT >7 mm in fresh cycles (OR 0.47, 95%CI: 0.37, 0.61, P <0.00001) (Figure 2A). However, significant heterogeneity was observed in this result (I2 = 62%). Hence, sensitivity analysis was conducted to detect the stability of result by removing each study and re-analyzing the remaining studies, which did not change the direction of the effect. When one study (21) was excluded, the substantial heterogeneity was decreased (I2 declined from 62 to 0%). Women with thick endometrium (EMT >14 mm), had no significant higher LBR than those with medium EMT (7–14 mm) in fresh cycles (OR 1.08, 95%CI: 0.68, 1.72, P = 0.74, low heterogeneity: I2 = 29%) (Figure 2B).




Figure 2 | Comparison of LBR between EMT groups in fresh cycles. (A) Comparison between thin endometrium group and non-thin endometrium group. (B) Comparison between thick endometrium group and medium endometrium. LBR, Live birth rate; EMT, Endometrial thickness.





Clinical Pregnancy Rate

Twelve studies that reported CPR of women with thin endometrium in fresh cycles are shown in Figure 3. Subgroup analysis was conducted according to whether women underwent COH protocols. In fresh cycles, lower CPR of decreased EMT group was observed both in COH stimulation group (OR 0.40; 95%CI: 0.31, 0.50, P <0.00001, low heterogeneity: I2 = 40%) and in NC group. Since the analysis in COH stimulation group included more than 10 studies, funnel plot was presented (Supplementary Figure 1) and Egger’ test (intercept = −0.4333, t = −2.99, P = 0.0135) was estimated. However, those results indicated the presence of publication bias, so the trim-fill adjustment method was analyzed. After adjustment, the ORs changed from 0.40 to 0.48, and the significant level did not change, which suggested that the existing results were not affected by publishing bias.




Figure 3 | Comparison of CPR between EMT groups in fresh cycles. (A) Comparison between thin endometrium group and non-thin endometrium group. (B) Comparison between thick endometrium group and medium endometrium. CPR, Clinical pregnancy rate; COH, Controlled ovarian hyperstimulation; NC, Natural cycles.



Thirteen studies that reported CPR of women with thick endometrium in fresh cycles are also shown in Figure 3. We performed subgroup analysis as well according to the study types. When only retrospective studies included for meta-analysis, result showed that women with thick endometrium had higher chances to conceive (OR 1.30; 95%CI: 1.09, 1.56, P = 0.004). When, notwithstanding, prospective studies were also included for analyzing, it seemed that there was no significant difference in CPR between thick endometrium and medium endometrium group in fresh cycles (OR 1.22; 95%CI: 1.00, 1.49, P = 0.05). It should be noted that substantial heterogeneity existed among all studies (I2 = 64%), so we performed sensitivity analysis. When two (7, 31) of the studies was removed separately, the heterogeneity decreased (I2 declined from 64 to 54%, or to 45% respectively) and the result changed (OR 1.29, 95%CI: 1.09, 1.54; OR 1.29, 95%CI: 1.11, 1.51 respectively). This analysis indicated that the result was not robust to some extent. Similarly, there were 10 studies in retrospective studies subgroup, so publication bias also estimated via funnel plot and Egger’s test (Supplementary Figure 2). No publication bias was presented after assessed by Egger’s test (intercept = 0.4283, t = −1.61, P = 0.1471).



Implantation Rate

Similar to the results of LBR and CPR, thin endometrial patients had lower IR than those with EMT >7 mm as well (OR 0.27, 95%CI: 0.19, 0.39, P <0.00001, no heterogeneity: I2 = 0) (Figure 4A). However, there was no significant difference among patients with thick endometrium compared to medium endometrium group (OR 1.14, 95%CI: 0.88, 1.47, P = 0.32), though the substantial heterogeneity (I2 = 74%) existed (Figure 4B).




Figure 4 | Comparison of IR between EMT groups in fresh cycles. (A) Comparison between thin endometrium group and non-thin endometrium group. (B) Comparison between thick endometrium group and medium endometrium. IR, Implantation rate.





Miscarriage Rate

In a subgroup analysis, no significant difference was observed in EMR (OR: 1.43, 95%CI: 0.32, 6.41, P = 0.64, no heterogeneity: I2 = 0%) and MR (OR 1.42; 95%CI: 0.91, 2.22, P = 0.13, low heterogeneity: I2 = 30%) in women with thin endometrium than those with EMT >7 mm in fresh cycles (Figure 5A). In an analysis about the effect of thick endometrium on EMR or MR, there was also no significant difference comparing thick endometrium groups to medium endometrium groups (MR: OR 1.04, 95%CI: 0.65, 1.68, P = 0.87, low heterogeneity I2 = 30%; EMR: OR 0.75, 95%CI: 0.46, 1.20, P = 0.23, no heterogeneity I2 = 0%) (Figure 5B).




Figure 5 | Comparison of MR between EMT groups in fresh cycles. (A) Comparison between thin endometrium group and non-thin endometrium group. (B) Comparison between thick endometrium group and medium endometrium. MR, Miscarriage rate; EMR, Early miscarriage rate.





Systematic Review

A prospective cross-sectional study from Aydin et al. showed that there were significantly lower CPR and IR in thin endometrium group in fresh cycles (P <0.05, P <0.05, respectively), which also corroborated our results of meta-analysis. Furthermore, a study from Nishihara et al. also showed that CPR was significantly decreased in women with thin endometrium in fresh cycles of CC-based stimulation (P <0.05).



Maternal and Perinatal Outcomes

With respect to obstetric outcomes, as shown in Figure 6, thin endometrium (EMT <7.5 mm) had no effect on placenta previa (OR 0.49, 95%CI: 0.09, 2.55, P = 0.40, no heterogeneity I2 = 0%) and placenta abruption (OR 0.47, 95%CI: 0.06, 3.46, P = 0.46, no heterogeneity I2 = 0%). Incidence of hypertensive disorders of pregnancy was increased in women with thin endometrium, but there was no significant difference (OR 1.72, 95%CI: 1.01, 2.94, P = 0.05, no heterogeneity I2 = 0%).




Figure 6 | Comparison of maternal outcomes between EMT <7.5 mm and EMT >7.5 mm in fresh cycles. (A) Comparison of PP between thin endometrium group and non-thin endometrium group. (B) Comparison of PA between thin endometrium group and non-thin endometrium group. (C) Comparison of HDP between thin endometrium group and non-thin endometrium group. PP, Placenta previa; PA, Placenta abruption; HDP, hypertensive disorders of pregnancy.



Besides, perinatal outcomes, such as small-for-gestational-age, large-for-gestational-age, and preterm delivery are shown in Figure 7. A higher incidence of SGA was observed in infants from decreased EMT group (OR 1.81; 95%CI: 1.16, 2.83; P = 0.009, no heterogeneity I2 = 0%) and babies had significantly lower BW from women with thin endometrium (WMD: −0.12 kg, 95%CI: −0.19, −0.04, P = 0.004, no heterogeneity I2 = 0%). No significant difference was observed in the incidence of LGA (OR 0.96, 95%CI: 0.36, 2.56, P = 0.93, high heterogeneity: I2 = 83%) and PTD (OR 1.34, 95%CI: 0.84, 2.13, P = 0.23, no heterogeneity I2 = 0%) neonates in the thin endometrium group.




Figure 7 | Comparison of perinatal outcomes between EMT <7.5 mm and EMT >7.5 mm in fresh cycles. (A) Comparison of SGA between thin endometrium group and non-thin endometrium group. (B) Comparison of BW between thin endometrium group and non-thin endometrium group. (C) Comparison of LGA between thin endometrium group and non-thin endometrium group. (D) Comparison of PTD between thin endometrium group and non-thin endometrium group. SGA, Small-for-gestational-age; BW, Birthweight; LGA, Large-for-gestational-age; PTD, Preterm delivery.






Discussion

In this review, we analyzed the effect of EMT on pregnancy, maternal, and perinatal outcomes in women after fresh cycles of IVF/ICSI. Because there was no consensus on the definition of thin or thick endometrium, we selected cutoffs of thin or thick endometrium reported in most studies for our meta-analysis, such as 7 and 14 mm in fresh cycles. Similarly, as the number of studies related to maternal and perinatal outcomes was not enough and the cutoffs of thin endometrium in these studies also have not reached an agreement, 7.5 mm that reported in most studies was selected for analyzing.

We found that LBR, CPR, and IR were lower in patients with thin endometrium, which were consistence with previous studies (4, 22, 38). The underlying reason might not only be related to high oxygen levels in basal layer of endometrium, but also relevant to abnormal transcriptional changes in thin endometrium (39–41). For instance, a recent study revealed that differentially expressed genes and microRNAs, which were enriched in angiogenesis, cell growth regulation, and Wnt signaling pathway, were detected in the mid-secretary phase of thin endometrium compared to adjacent normal endometrial cells (41). Moreover, our results showed that though a thin endometrium had no effect on MR, but had higher chance of early miscarriage. Although the reason behind this phenomenon is unclear, we speculated that decreased EMT had detrimental effect on decidualized endometrium, so this disrupt might contribute to some implanted embryos destined to miscarry before 12 weeks of gestation (42).

In terms of thick endometrium, there was no significant association between increased EMT and LBR, CPR, IR and MR. It should be noted that no significant difference was demonstrated between CPR in thick EMT and medium EMT group due to the substantial heterogeneity that existed among the studies. From the above results, it is clear that thick endometrium does not increase MR nor decrease CPR. Thus, thick endometrium does not have adverse effects on IVF outcomes, which is also supported by previous studies (4, 34, 43).

Apart from pregnancy outcomes, the obstetric complications (like HDP) and the perinatal outcomes (such as BW and SGA), were revealed to be influenced by EMT. Of these, the thickness of the endometrium has a negative relationship with the incidence of HDP or SGA and a positive correlation with BW, which were in accordance with previous studies (13, 14, 44). Notwithstanding, the number included in the studies is still insufficient, so it cannot make a firm conclusion and demands to be confirmed in a large sample prospective cohort study. Normal placental function and fetal development are both relied on the intrauterine environment (45). It is believed that the development of HDP and fetal growth restriction result from the failure of transformation of uterine spiral arteries into large vessels (45, 46). We speculated there was abnormal uterine artery blood flow in thin endometrium, as a consequence that intrauterine environment could not be maintained and the risk of HDP or SGA also increased. Moreover, a study revealed that thin endometrium appears to be associated with an aberrantly activated inflammatory environment (40). Thus, the increased immunological factors in thin endometrium may also impair placentation and contribute to the occurrence of SGA or preeclampsia (47, 48). However, the underlying mechanism for this phenomenon is still unclear and needs to be elucidated.

Our study provided evidence that thin endometrium not only dampened the pregnancy outcomes following in IVF/ICSI, but also suppressed the fetal development, namely, increased the risk of SGA and decreased the BW of the fetus. The incidence of HDP arose, suggesting thin endometrium might also contribute to abnormal placental functions. However, because of the small number of included studies, the conclusion needs to be drawn with caution. In general, clinicians need to inform patients of possible obstetric complications caused by thin endometrium after IVF/ICSI and encourage patients to actively cooperate with prenatal examinations and receive more perinatal care after conceiving.

Previous studies showed that thick endometrium had negative effect on IVF/ICSI pregnancy (7). Our results suggested that increased EMT did not adversely affect the pregnancy outcome. This phenomenon might be helpful for clinicians to make decisions about embryo transplantation when they encounter thicker endometrium.

This was, to the best of our knowledge, the first meta-analysis that not only explored the role of thick endometrium on pregnancy outcomes but also analyzed the effect of EMT on obstetric complications and perinatal outcomes after IVF/ICSI. Understanding these influences may enable evidence-based support to be provided.

There are also some limitations in this study. Firstly, substantial heterogeneity among studies existed in some analysis, such as when analyzing the effect of thin endometrium on LBR or CPR, and the influence of thick endometrium on CPR or IR. Secondly, many of the included studies were retrospective studies and this study type is relevant to an inevitable risk of bias. Thirdly, as the different sonographers and equipment cause, the measurements of EMT are inherent with inter- and intra-variability, which might also bring some bias. Additionally, the definition of thin endometrium has not reached an agreement (38). In our study, 7 mm was chosen as the cutoff value for thin EMT as most studies reported, and thus, this selection method might ignore the influence of other thresholds on outcomes. Fourthly, the cause of thin endometrium is unclear in studies and it is possible that scarred thin endometrium, such as following curettage, entails a poorer prognosis than “natively” thin endometrium, which might also affect the results (49). Lastly, because the number of studies related to maternal and perinatal outcomes is insufficient and the inclusion of any studies relating to impaired fetal growth did not refer to long term neuro development, more well-conducted prospective studies are required.

In conclusion, our study indicated that thin endometrium had an adverse effect on LBR, CPR, IR and BW of infants, and increased the incidence of HDP in women and SGA of babies. However, it had little effect on MR, PA, and PP of patients, or on LGA and PTD among infants. More observational studies with large sample sizes and long-term follow-up or more randomized trials with preset protocols need to investigate the significance of the EMT on maternal or perinatal outcomes following in IVF/ICSI. The thick endometrium made no significant difference to pregnancy outcomes in fresh cycles.
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Introduction: Assisted reproductive technology (ART) and previous Cesarean section (CS) are independently associated with the risk of adverse obstetric and perinatal outcomes in general. Few studies have focused on the association between adverse obstetric and perinatal outcomes and ART used in the high-risk population of women with previous CS.

Materials and Methods: A retrospective cohort study including 14,099 women with a previous delivery and a subsequent delivery between April 2014 and April 2020 was conducted at our hospital. We assessed the risk of adverse obstetric and perinatal outcomes in pregnancies conceived by ART in women with previous CS, using log-binomial regression models.

Results: In women with previous CS, ART singleton pregnancies were associated with an increased risk of maternal complications, such as pregnancy complications, placental anomalies of implantation, postpartum hemorrhage, and preterm birth (PTB), as compared to spontaneously conceived pregnancies. The implementation of ART and previous CS interacted in a synergistic manner to increase the likelihood of the placenta accreta spectrum in women with singleton pregnancies [adjusted relative risk (aRR) 5.30, 95% confidence interval (CI) 4.01–7.00; relative risk due to interaction: 1.41, 95%CI 0.07–2.75]. In women with previous CS who underwent ART, women with singletons conceived through intracytoplasmic sperm injection were at increased risk of velamentous placenta (aRR 2.46, 95%CI 1.35–4.48) compared with those with singletons conceived through in vitro fertilization (IVF), whereas women with singletons conceived through cleavage-stage embryo transfer (ET) were at increased risk of gestational diabetes mellitus (GDM) (aRR 1.74, 95%CI 1.16-2.60) than those with singletons conceived through blastocyst–stage ET.

Conclusion: Pregnancies conceived through ART were at increased risk for adverse obstetric and perinatal outcomes in women who had previously delivered by CS, particularly for placental anomalies of implantation. In women with previous CS undergoing ART, IVF and blastocyst–stage ET may be a relatively safe treatment.

Keywords: assisted reproductive techniques, Cesarean section, complications, interaction, offspring health, safety


INTRODUCTION

It is well-documented that Cesarean section (CS) might increase the incidence of adverse obstetric and perinatal outcomes in subsequent conceptions, including persistent complete placenta previa, placental abruption, uterine Cesarean scar rupture, preterm birth (PTB), and low birth weight (LBW) (Ventura Laveriano and Redondo, 2013; Hu et al., 2018; Granfors et al., 2020). Thus, women with a Cesarean scar are a high–risk population for obstetric and perinatal complications in subsequent conceptions. Over the past decade, the number of infertile women with a Cesarean scar who seek assisted reproductive technology (ART) has been steadily increasing (Zhang et al., 2016). However, pregnancies conceived through ART have been suggested to have a higher risk of adverse obstetric and perinatal outcomes than spontaneously conceived (SC) pregnancies (Qin et al., 2016; Vannuccini et al., 2018; Yanaihara et al., 2018). Hence, the prevalence of adverse obstetric and perinatal outcomes in pregnancies conceived by ART in women with previous CS should be investigated. Nevertheless, few studies have focused on this topic. In addition, little is known about the effect of the type of ART procedure used in such women in relation to obstetric and perinatal outcomes.

The present retrospective cohort study aimed to assess the prevalence of adverse obstetric and perinatal outcomes associated with ART in women with previous CS precisely and to elucidate how to implement ART safely in infertile women with a Cesarean scar.



MATERIALS AND METHODS


Study Design and Participants

We conducted a retrospective cohort study, including all multipara women with a single previous full-term delivery and a subsequent delivery between April 2014 and April 2020 at the First Affiliated Hospital of Wenzhou Medical University. Obstetric and perinatal data of live newborns delivered after the 28th week of gestation were obtained from the delivery records. The exclusion criteria were as follows: (1) congenital uterine malformations, including uterus unicornis, uterus bicornis, septate uterus, and duplex uterus; (2) previous uterine myomectomy; and (3) stillbirths at current delivery. ART included in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI)–embryo transfer (ET), and frozen-thawed ET (FET). In women with a history of CS, pregnancies conceived through ART were assigned to the CS–ART group, whereas spontaneously conceived pregnancies were categorized into the CS–SC group. In women with a history of vaginal delivery (VD), pregnancies conceived through ART were assigned to the VD–ART group, whereas spontaneously conceived pregnancies were categorized into the VD–SC group.

Subsequently, the ART pregnancy group was divided into IVF and ICSI subgroups according to the fertilization mode, into the ET and FET subgroups according to different ET methods, and into blastocyst and cleavage-stage ET subgroups according to different embryo developmental stages. Using the unique personal identification number, all data were retrospectively collected from computer databases and stored in a deidentified database. Validation was performed on the data to check for errors and inconsistencies in documentation and coding.



Outcomes

The study outcomes consisted of four parts: pregnancy complications, including gestational hypertension, preeclampsia, gestational diabetes mellitus (GDM); placental anomalies of implantation (Vahanian et al., 2015; Jauniaux et al., 2020), including placenta previa, low-lying placenta, velamentous placenta, placenta accreta spectrum (defined as abnormal adherence of the placenta to the implantation site) (Miller et al., 2021); other complications, including placental abruption, postpartum hemorrhage, uterine rupture, preterm prelabor rupture of the membranes (pPROM, defined as rupture of the fetal membranes prior to 37 weeks of completed gestation), and perinatal outcomes, including PTB (delivery at < 37 completed weeks of gestation), very PTB (gestational age < 32 weeks), LBW (weight < 2,500 g), macrosomia (weight > 4,000 g), and Apgar score < 7 at 1 min.



Statistical Analysis

Categorical variables are presented as numbers with percentages. In women with previous CS, the risks of obstetric and perinatal outcomes in ART pregnancies (vs. non-ART) stratified by birth plurality were assessed using log-binomial regression models. The adjusted risk ratios (aRRs) with 95% confidence intervals (CIs) for each outcome and the interaction models were calculated after controlling for maternal age at the time of delivery (≤ 35, 36–39, and ≥ 40 years), interpregnancy interval (< 6, 6–12, and > 12 months) (Kangatharan et al., 2017), other previous intrauterine operation, body mass index at the time of delivery (< 24 and ≥ 24 kg/m2), and education level (≤ 9 and > 9 years). Other previous intrauterine operations included curettage, surgical termination of pregnancy, and evacuation of retained conception products. In the ART pregnancy group of women with previous CS, we compared the incidence of obstetric and perinatal complications between different fertilization modes, between different ET methods, and between different embryo developmental stages, to elucidate how to implement ART safely in infertile women with a Cesarean scar. For comparison between different fertilization modes, we additionally adjusted for ET methods and embryo developmental stages. For comparison between different ET methods, we additionally adjusted for fertilization modes and embryo developmental stages. For comparison between different embryo developmental stages, we additionally adjusted for fertilization modes and ET methods. For maternal outcomes, such as pregnancy complications, placental anomalies of implantation and other obstetric complications, as the dependent variable, the unit of analysis was the delivery. For perinatal outcomes as the dependent variable, the unit of analysis was the offspring. In addition, for perinatal outcomes in twin pregnancies, generalized estimating equations were used to account for the correlation between the twins of the same mother (Grove et al., 1993).

In addition, we investigated the interaction between ART implementation and previous CS on the risk of obstetric and perinatal complications stratified by birth plurality, in which the VD–SC group were used as the reference group. The interaction measure between ART implementation and previous CS on the risk of obstetric and perinatal complications should only be used if the two exposure factors are risk factors for obstetric and perinatal outcomes. The relative excess risk due to interaction (RERI) along with 95%CI on the additive scale were calculated using the method described by Hosmer and Lemeshow (1992). RERI represents the extent to which risk increases due to the interaction of two exposures, rather than the sum of the individual risks (Knol and VanderWeele, 2012). Positive interactions on the additive scale were represented by a RERI greater than 0. A positive interaction on the additive scale indicates that the estimated joint effect of the two exposure factors exceeds the sum of their individual effects. SPSS statistical software (version 25; SPSS Inc., Armonk, NY, United States) was used for data analysis.



Ethics Approval

All participants provided informed consent before undergoing routine treatment. Using the unique personal identification number, all data were retrospectively collected from computer databases and stored in a deidentified database. This study was approved by the ethics committee of the First Affiliated Hospital of Wenzhou Medical University (no. 2020–04) and performed according to the principles embodied in the Declaration of Helsinki.




RESULTS

A total of 14,099 participants were included in the analysis (Figure 1). We identified 6,025 women with previous CS and 8,074 women with previous VD. Of the women with previous CS, 666 were in the CS-ART group and 5,359 were in the CS–SC group. Of the women with previous VD, 823 were in the VD-ART group and 7,251 were in the VD–SC group.
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FIGURE 1. Flow chart of the population in a study of obstetric and perinatal outcomes in women with a single previous full-term delivery. ART, assisted reproductive technology; SC, spontaneously conceived; CS, Cesarean section; VD, vaginal delivery; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ET, embryo transfer; FET, frozen-thawed ET.


The maternal characteristics of singleton pregnancies and twin pregnancies are shown in Tables 1, 2, respectively. Obstetric and perinatal outcomes of singleton pregnancies are summarized in Table 3, and those of twin pregnancies are shown in Table 4. Uterine rupture occurred in 18 women with previous CS, 14 of whom were in CS–SC group, whereas none of the women with previous VD had uterine rupture. An overwhelming majority (> 90%) of women with previous CS had subsequent CS delivery, regardless of conception method and birth plurality.


TABLE 1. Maternal characteristics in subsequent singleton pregnancies according to the mode of delivery at the first birth.
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TABLE 2. Maternal characteristics in subsequent twin pregnancies according to mode of delivery at the first birth.

[image: Table 2]

TABLE 3. Obstetric and perinatal outcomes in subsequent singleton pregnancies according to mode of delivery at the first birth.
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TABLE 4. Obstetric and perinatal outcomes in subsequent twin pregnancies according to mode of delivery at the first birth.
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Comparison of Obstetric and Perinatal Outcomes in Women With Previous Cesarean Section Who Conceived by Assisted Reproductive Technology or Spontaneously, Stratified by Birth Plurality

In women with previous CS, ART singleton pregnancies were associated with an increased risk of gestational hypertension (aRR 2.06, 95%CI 1.27–3.35), GDM (aRR 1.39, 95%CI 1.15–1.67), velamentous placenta (aRR 2.46, 95%CI 1.70–3.56), placenta accreta spectrum (aRR 2.07, 95%CI 1.61–2.66), postpartum hemorrhage (aRR 8.65, 95%CI 3.83–19.57), and PTB (aRR 1.34, 95%CI 1.01–1.77), as compared to singletons in the CS–SC group (Table 5).


TABLE 5. The effect of ART procedures on obstetric and perinatal outcomes of singletons in women with previous CS.
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The implementation of ART and previous CS (Supplementary Table 1) are both risk factors for GDM and placenta accreta spectrum, when using VD–SC group as the reference group. We then investigated the interaction between the implementation of ART and previous CS on the risk of GDM and placenta accreta spectrum in singleton pregnancies (Supplementary Table 2). In singleton pregnancies, women with previous CS undergoing ART were found to have a significantly increased risk of placenta accreta spectrum (aRR 5.30, 95%CI 4.01-7.00; RERI 1.41, 95%CI 0.07–2.75), as compared to VD–SC group. This was due to a positive interaction on the additive scale between the implementation of ART and previous CS (Figure 2).
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FIGURE 2. The interaction between the implementation of ART and previous CS on the risk of placenta accreta spectrum. ART, assisted reproductive technology; CS, Cesarean section; aRR, adjusted risk ratio; CI, confidence interval.


In women with previous CS, twins born following ART had an increased risk of LBW (aRR 2.34, 95% CI 1.37–3.98) compared to twins in CS–SC group (Table 6). Previous CS is not a risk factor for LBW in twin pregnancies (Supplementary Table 3); therefore, the interaction between ART implementation and previous CS on the risk of LBW in twin pregnancies was not assessed.


TABLE 6. The effect of ART procedures on obstetric and perinatal outcomes of twins in women with previous CS.
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Obstetric and Perinatal Outcomes Between Different Types of Assisted Reproductive Technology Procedure Used in Cesarean Section-Assisted Reproductive Technology Group

As shown in Table 5, women with singletons conceived through ICSI were at an increased risk of velamentous placenta (aRR 2.46, 95%CI 1.35–4.48) as compared to those with singletons conceived through IVF. Women with singletons conceived through cleavage-stage ET were 1.74 times more likely to develop GDM (95%CI 1.16–2.60) than those involving singletons conceived through blastocyst-stage ET (Table 5). As shown in Table 6, no significantly increased incidence of GDM (aRR 0.54, 95%CI 0.29–1.01) was observed between twins conceived through blastocyst-stage ET and through cleavage-stage ET.




DISCUSSION

In this study, women with singletons in CS–ART group were at increased risk for adverse obstetric and perinatal outcomes when compared to those with singletons in CS–SC group. The risk was particularly increased for placental anomalies of implantation. In addition, the implementation of ART and previous CS interact synergistically to increase the likelihood of placenta accreta spectrum in women with singleton pregnancies. The obstetric and perinatal outcomes between different types of ART procedures used in women with previous CS were also examined: women with singletons conceived through ICSI were at increased risk of velamentous placenta compared with those with singletons conceived through IVF; whereas women with singletons conceived through cleavage-stage ET were at increased risk of GDM than those with singletons conceived through blastocyst-stage ET.

Women with singletons in CS–ART group were associated with an increased risk of maternal complications, such as gestational hypertension, GDM, velamentous placenta, placenta accreta spectrum, postpartum hemorrhage, as well as PTB, as compared with those with singletons in CS–SC group. This finding was in line with several recent cohort studies, and a 2016 meta–analysis including 50 cohort studies that showed high relative risks for adverse obstetric and perinatal outcomes in the ART group as compared with the spontaneous conception group (Qin et al., 2016; Zhu et al., 2016; Vannuccini et al., 2018; Yanaihara et al., 2018). Notably, the incidence of placenta accreta spectrum of singletons conceived through ART in our study (17.3%) was higher than that reported in a large-sample retrospective cohort study (6.9%) (Zhu et al., 2016). One of the possible explanations for this inconsistent result may be that our study was restricted to a high-risk population of women with previous CS, in contrast to previous studies. In the present study, women with singletons in the CS-ART group were 5.30 (95%CI 4.01–7.00) times more likely to develop placenta accreta spectrum than those with singletons in VD–SC group, which resulted from the positive interaction on the additive scale between the implementation of ART and previous CS. Although previous studies have identified previous CS as a risk factor for placenta accreta spectrum (Fitzpatrick et al., 2012), our study provided additional evidence suggesting that the implementation of ART and previous CS interacted synergistically to increase the likelihood of placenta accreta spectrum. This means that the joint effect of ART and previous CS exceeded the mere sum of their individual effects on placenta accreta spectrum.

The current hypothesis for the development of placenta accreta spectrum is that of a secondary defect of the endometrial–myometrial interface, leading to a failure of normal decidualization in the area of the uterine scar, allowing abnormally deep placentation (Jauniaux and Burton, 2018). Maternal pelvic factors, such as morphological, structural, and biological changes in the endometrium, are associated with infertility. Stimulation protocols or hormonal support in ART could also wholly or partly contribute to the incidence of placental disorders (Simon et al., 2003; Nakamura et al., 2015; Zhao et al., 2019; Jauniaux et al., 2020). The underlying mechanisms by which a Cesarean scar and ART interact in a synergistic manner to increase the risk of placenta accreta spectrum might require further investigation.

A recent cohort study confirmed the association between velamentous placenta and IVF and found that the odds ratio for velamentous placenta in women with IVF pregnancy was 1.72 (Yanaihara et al., 2018). However, the study involved only uncomplicated singletons conceived by IVF, and did not include ICSI. Our study established that ICSI had an enhanced effect on the incidence of velamentous placenta, as compared to IVF, in singleton pregnancies of women with previous CS. Possible mechanisms for this observation may relate to the genetic or epigenetic changes in trophectoderm cells due to ICSI, resulting in abnormal placentation (Tarín et al., 2014). Furthermore, our results indicated that cleavage-stage ET increased the risk of GDM in singleton pregnancies of women with previous CS, as compared with blastocyst-stage ET. Dysregulation of placental function may contribute to the pathogenesis of GDM (Souvannavong-Vilivong et al., 2019). Our findings raise the possibility that the improvement of uterine and embryonic synchronicity due to the prolonged in vitro culture of the trophectoderm cell may contribute to abnormal production or function of various placenta secrete molecules (Ming et al., 2012), which influences the pathogenesis of obstetric and perinatal outcomes. The exact mechanism by which different types of ART procedures might be related to placental abnormalities and subsequent obstetric and perinatal outcomes should be studied further.

Our study showed an increased risk for obstetric and perinatal outcomes in ART singletons as compared with spontaneously conceived neonates, but unexpectedly, we did not observe a similar trend in twin pregnancies. The reasons for this were probably as follows: (1) a lack of sufficient samples of twin pregnancies in women with previous CS; (2) most of the twins conceived naturally are monozygotic, while those conceived by ART are dizygotic. Therefore, the risk of adverse obstetric and perinatal outcomes in twin pregnancies conceived by ART compared with spontaneously conceived twins should be further studied, and conclusions should be drawn with caution.

Our findings provide valuable information for estimating and improving the safety of pregnancies in women with a Cesarean scar who seek ART, and might be useful in decision-making for women and clinical doctors to balance the risks and benefits of a Cesarean delivery in the first and subsequent births. With an enlarged sample size (> 10,000), we could adjust for confounders to enhance statistical power and thereby could provide more precise and reliable risk estimates. Our analyzed data were collected from case notes at the time of delivery, which minimized selection and recall bias. Additionally, our study indicated that ART singletons in women with previous CS carry an increased risk of adverse obstetric and perinatal outcomes, which has been poorly investigated to date.

This study had some limitations. The major weakness of this study lies in its retrospective nature and some confounders may be unavailable or unknown for adjustment. Although obstetric and perinatal outcomes during the first delivery may contribute to increased risks of adverse outcomes in the subsequent delivery, this information was only available in aggregated form in the delivery records for the second live birth. Therefore, there may have been residual confounding due to the lack of control for other potential confounding factors. It was difficult to confirm the indications for previous CS from the retrospective data. Further prospective studies are required to reduce the information bias. In addition, our database did not routinely record ultrasonographic features of Cesarean scar defect and therefore, we were unable to separately assess its role on obstetric and perinatal outcomes.



CONCLUSION

In women with previous CS, clinicians should be aware of the increased risk of adverse obstetric and perinatal outcomes in pregnancies conceived by ART, particularly placental anomalies of implantation. Compared with other types of ART procedures, IVF and blastocyst-stage ET may be relatively safe for the high-risk population of women with previous CS who are undergoing ART.
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Objective

This study was conducted in order to investigate whether non-assisted hatching trophectoderm (TE) biopsy increases the risks of adverse perinatal outcomes in livebirths following elective single cryopreserved-thawed blastocyst transfer.



Patients and Methods

A total of 5,412 cycles from 4,908 women who achieved singleton livebirths between 2013 and 2019 were included in this retrospective cohort study. All embryos in this study were fertilized by intracytoplasmic sperm injection (ICSI) and cryopreserved through vitrification. The main intervention is to open the zona pellucida (ZP) of day 5/6 blastocyst immediately for biopsy without pre-assisted hatching. The main outcome measures are the common maternal and neonatal outcomes, including hypertensive disorders of pregnancy (HDPs), gestational diabetes mellitus (GDM), abnormal placentation, abnormalities in umbilical cord and amniotic fluid, preterm birth, cesarean section, low birth weight, postpartum hemorrhage, and prolonged hospital stay (both mothers and infants). The generalized estimation equation (GEE) was used to control the effects of repeated measurements. The non-conditional logistic regression model was used to examine the associations between embryo biopsy status and each adverse perinatal event. Given that the selection bias and changes in learning curve might affect the results, we selected 1,086 similar (matching tolerance = 0.01) cycles from the ICSI group via propensity score matching (PSM) for second comparisons and adjustment (conditional logistic regression).



Results

After adjusting for confounders, we confirmed that the non-assisted hatching protocol did not increase the risks of most adverse maternal and neonatal outcomes. Despite this, there were increased risks of GDM (aOR: 1.522, 95% CI: 1.141–2.031) and umbilical cord abnormalities (aOR: 11.539, 95% CI: 1.199–111.067) in the biopsy group. In the second comparisons after PSM, GDM incidence in the biopsy group was still higher (7.26% vs. 5.16%, P = 0.042), yet all measurement outcomes were equally likely to occur in both groups after the second adjustment.



Conclusions

The non-assisted hatching TE biopsy does not increase the risks of most adverse perinatal outcomes. However, there is a higher GDM incidence in the biopsy group, and this association warrants further study. Considering its safety and simplicity, the non-assisted hatching protocol has the potential to become the preferred option for TE biopsy, especially in busy clinics and IVF laboratories.





Keywords: elective single-embryo transfer, gestational diabetes mellitus, non-assisted hatching trophectoderm biopsy, perinatal outcomes, preimplantation genetic testing



Introduction

Preimplantation genetic testing (PGT) is now a widely used tool, and its share of total assisted reproductive technology (ART) cycles nearly doubled in the USA and UK from 2014 to 2017 (1). Possible drivers of such use include the preference to have children after the age of 35, the clinical promotion of new sequencing techniques, the need to block hereditary diseases, and the rising number of unexplained infertilities. Compared with in-vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), embryo biopsy is the main technique in the PGT procedure and the most intrusive intervention for the embryo. The method to obtain 4–10 cells from the ectoderm of the blastocyst (5–7 days after fertilization) was defined as trophectoderm (TE) biopsy (2), which significantly reduced the proportion of biopsied cells in the total cell count of an embryo. Due to the little influence on developmental potential and high diagnostic accuracy (3), this gradually replaced the previous polar body (PB) biopsy and blastomere biopsy, becoming the mainstream approach in most centers.

Currently, there are three main strategies for TE biopsy: the day 3 and day 4 hatching-based strategies, the same-day hatching-based strategy, and the simultaneous zona pellucida (ZP) opening and TE cell retrieval strategy (4). The main difference resides on whether the ZP needs to be opened for pre-assisted hatching. The first two require a pre-drilled hole of about 5 µm in the ZP of cleavage/morula/blastula-stage embryos to allow TE cells to herniate for biopsy. The last one, the ZP of day 5/6/7 blastocyst, is open instantly before the biopsy; thus, it was also called the “day 5–7 sequential ZP opening and TE cells retrieval approach” (4). Protocols that require assisted hatching present several issues such as the risk of the early gap thinning the ZP and affecting the normal expansion of blastocyst (5) as it has been reported that laser opening at cleavage might reduce the development potential (6) and alter epigenetic modification (7) of embryos. Additionally, the component of the blastocyst cells that were hatched out might be uncontrollable, and if hatching starts from the inner cell mass (ICM), biopsy could only be performed once the blastocyst had completely hatched out. During this period, the embryos need to be observed more frequently, which not only prolonged the in-vitro exposure time of the embryos but also significantly increased the workloads of the embryologist. Finally, the timing required for hatching out is uncertain and the development speed for each embryo is not exactly in sync, requiring the operators to biopsy these embryos in batches. By contrast, the protocol without pre-assisted hatching does not require assisted laser drilling in advance; thus, the embryo can remain undisturbed until the blastocyst stage. Meanwhile, the blastocysts with different characteristics can be handled flexibly and the ICM can be clearly identified during the drilling and aspirating process. It is generally better to vitrify a collapsed blastocyst, and non-assisted hatching protocol exactly has the characteristic of easily inducing embryo collapse. Some reports suggest that cycles adopting the non-assisted hatching protocol achieved better pregnancy outcomes [blastocyst frozen rate (8), thawing survival rate/clinical pregnancy rate (9), and lower mosaic rate (10)], but some uncertainty remains regarding non-assisted hatching biopsy. Hatching-based protocols only require retrieval of cellular components outside the ZP leaving other embryonic components in the ZP less affected, particularly the ICM. Contrastingly, the pulling and aspiration movements are more intense during the non-assisted hatching biopsy, and the manipulations must be adapted to the characteristics of each blastocyst, sometimes requiring extra steps such as injection of culture medium (11).

The debate over the benefits and risks of PGT has persisted. Some studies reported that embryo biopsy did not increase the risks related to abnormal placentation, maternal complications, and neonatal adverse events (12–16). However, others claimed that embryo biopsy increased the incidence of pregnancy-induced hypertension (PIH) or preeclampsia (17, 18), preterm birth (19), and small-term for gestational age of the baby (20). The differences in biopsied time, position, and method might explain the inconsistency of these observations. Moreover, some IVF pregnancies were also mixed in the control group of previous studies. Since the fertilization method was different from that of the PGT group, we believe the conclusions of these studies are still open to discussion. Some embryologists have proposed that the TE biopsy protocols can affect pregnancy outcomes (9, 10), but in previous studies made by clinicians, they either adopted based day-3 hatching protocol or did not control for protocol types.

The invasive activity and syncytial degree of TE during the early stages of pregnancy directly determined the structure and function of mature placenta in late pregnancy. Considering that abnormal placentation could lead to a series of adverse perinatal events and higher long-term risks of chronic diseases in women and their offspring with obstetric complication histories (21), it is necessary to clarify the association between TE biopsy and each adverse perinatal event. Our goal is to provide definitive evidence with a large sample size to assess the safety of non-assisted hatching TE biopsy and PGT.



Material and Methods


Study Populations

A total of 22,754 cryopreserved-thawed cycles that achieved livebirths at the Center for Reproductive Medicine, Shandong University from 2011 to 2019 were included in our screening range. After excluding IVF cycles, transfers of mosaic embryo, multiple pregnancies, PB and blastomere biopsy, hatching-based TE biopsy, and others (stillbirth, premature death, vanishing twin syndrome, multifetal pregnancy reduction surgery), 5,412 cycles from 4,908 women were included in this retrospective study (a detailed flowchart is shown in Figure 1). The subjects in the ICSI group (n = 4,324) were transferred to a vitrified cryopreserved-thawed blastocyst fertilized by ICSI from 2013 to 2018. The subjects in the biopsy group (n = 1,088) received a biopsied blastocyst following general PGT procedure from 2014 to 2019. To keep the fertilization method consistent, the couples in the ICSI group underwent ART mainly due to male factor infertility, which might cause the basic physical conditions of women in the ICSI group to be better than those of the biopsy group. The non-assisted hatching TE biopsy was used for all transfer cycles in the biopsy group, which eliminated the interference of biopsy protocols.




Figure 1 | Flowchart of the study populations. IVF, in-vitro fertilization; ICSI, intracytoplasmic sperm injection; IVM, in-vitro maturation; PB, polar body; TE, trophectoderm.



This study was approved by the Ethics Committee of Reproductive Medicine Center of Shandong University, and all participants consented to their information being used for scientific research anonymously.



PGT Procedure

Controlled ovarian hyperstimulation (COH) was performed according to the clinical routines of our center, monitoring serum sex hormones and ultrasonography, and the dosage of gonadotropins was timely adjusted based on the response of the ovary. When at least two follicles reached 18 mm in diameter, exogenous recombinant human chorionic gonadotropin (rhCG) was injected and the oocytes were retrieved 24–36 h later. Oocytes that develop to metaphase II (MII) were fertilized by ICSI as previously described (8). Zygotes were cultured in vitro to the blastocyst stage (5–7 days) and cryopreserved through vitrification using the Mukaida protocol with cryoloop (22). For the embryos requiring PGT, the ZP was opened immediately and 4–10 TE cells were removed from high-quality blastocysts (>4BC) (23) through laser-mediated drilling (RI, England, Saturn Active) before freezing. TE cells were then rinsed three times in 1% polyvinyl pyrrolidone (PVP, Scandinavian IVF Science, Sweden, 10111) and enclosed into PCR tubes containing 2 µl phosphate-buffered saline (PBS, Solarbio, USA, P1020). The concrete experimental operation was conducted by equally skilled embryologists and the blastocysts were scored in accordance with the Gardner standards (24). Figure 2 illustrates the common procedure for non-assisted hatching TE biopsy. DNA was extracted from the isolated blastula cells and amplified (SurePlex whole genome amplification kit, Illumina, San Diego, CA, USA) to meet the sample requirements for the subsequent next-generation sequencing (NGS) or comparative genomic hybridization (CGH). The genetic diagnoses were made by a panel of professional geneticists.




Figure 2 | The common procedure for non-assisted hatching trophectoderm biopsy. (A) Laser drilling; (B) artificial separation by injection of culture medium; (C, D) pulling and suction; (E, F) the remaining blastocyst components collapsed in the zone pellucida.



At the second (or later) menstrual cycles after oocyte retrieval, endometrial preparation was performed, and the clinicians decided on the most appropriate implantation protocol based on the endometrial status of the patients and the previous embryo transfer history. Only one qualified blastocyst was selected for transplantation based on Gardner scoring and the advice of geneticists. The data of maternal and neonatal outcomes were collected 42 days after childbirth through clinical medical records and telephone follow-up.



Diagnostic Criteria

The diagnosis of polycystic ovarian syndrome (PCOS) was based on the consensus issued by the European Society of Human Reproduction and Embryology (ESHRE)/American Society for Reproductive Medicine (ASRM) in 2004 (25) and the Chinese Ministry of Health in 2011 (http://hbba.sacinfo.org.cn/stdDetail/78020832ca41940e1d0665507a75b539). The diagnoses of diabetes were based on the standard released by the American Diabetes Association (ADA) in 2010 (26). Thyroid disorders involved in this study included hyperthyroidism, hypothyroidism, chronic thyroiditis, and history of surgery or iodine treatment, the diagnoses of which were referred to the guideline recommended by the American Thyroid Association (ATA) in 2011 (27).

The diagnoses of HDPs were based on the guidelines issued by the American College of Obstetricians and Gynecologists (ACOG) in 2013 (28) and the Chinese Ministry of Health in 2012 (http://hbba.sacinfo.org.cn/stdDetail/d74604a6950738b4faf7e9ee34aa7b99). The diagnosis of gestational diabetes mellitus (GDM) was based on the criteria published by the International Association of Diabetes and Pregnancy Study Groups (IADPSG) in 2010 (29) and the Chinese Ministry of Health in 2011 (http://hbba.sacinfo.org.cn/stdDetail/97f630da575d4db3e9eee2e6ca3d1f45).

Other covariates were defined as follows: uterine congenital anomalies (infantile, unicornous, rudimentary horn, didelphic, bicornuate, arcuate), abnormal placentation (abruption, previa, increta, percreta, accreta), umbilical cord abnormalities (knot, torsion, polyp, vessel malformation), abnormal amniotic fluid (oligohydramnios, polyhydramnios, 3-degree contamination), preterm birth (<37 weeks), low birth weight (<2,500 g), postpartum hemorrhage (>500 ml for vaginal delivery or >1,000 ml for cesarean section), prolonged stay for mothers (>3 days for vaginal delivery or >5 days for cesarean section), and prolonged stay for infants (>3 days for vaginal delivery or >5 days for cesarean section among children >35 weeks of gestational age).



Statistical Analyses

To avoid the influence of blood sampling time, the values of hCG were transformed to hCG ratio (serum hCG concentration/gestational day at sampling). Because one woman might contribute to multiple transfer cycles in this study, a generalized estimation equation (GEE) was used to control the effects of repeated measurements. In GEE, the adjusted odds ratios (aORs) and 95% confidence intervals (CIs) derived from the non-conditional logistic regression model were used to describe the associations between embryo biopsy status and each adverse perinatal event. Considering the selection bias and the changes in learning curve might impact the results, we selected 1,086 similar (matching tolerance: 0.01) cycles from the ICSI group through propensity score matching (PSM) for second comparisons. The predictive variables included the maternal birth date, maternal age, maternal BMI, date of embryo biopsy, date of embryo transfer, date of delivery, parity, neonatal weight, and neonatal sex. A conditional logistic regression model was used for the second adjustment of the matched data.

Statistical tests were two-sided and P-value <0.05 was considered statistically significant. Due to the low percentage (<2%) of missing data, we supplemented the missing data through mean imputation. All analyses were conducted with software SPSS (version 25.0, Chicago, IL, USA).




Results

Table 1 summarizes the demographic characteristics of subjects in the two groups. There were statistical differences in age (31 vs. 30, P < 0.001), BMI (22.66 vs. 22.27, P < 0.001), times of previous miscarriages (P < 0.001), parity (P = 0.026), endometrial preparation protocols (P < 0.001), endometrial thickness of transfer day (0.9 vs. 1.0, P < 0.001), and hCG ratio (56.36 vs. 60.53, P < 0.001) between the groups. As for maternal basic diseases, there were statistical differences in thyroid disorders (11.76% vs. 14.43%, P = 0.023), chronic hypertension (1.29% vs. 2.43%, P = 0.022), family history of hypertension (15.81% vs. 11.22%, P < 0.001), family history of diabetes (6.71% vs. 4.35%, P = 0.001), and history of uterine surgery (13.05% vs. 16.93%, P = 0.002) between the groups.


Table 1 | Comparisons of demographic characteristics between the non-assisted hatching biopsy group and the ICSI group.



Comparisons of maternal and neonatal outcomes are shown in Table 2. Women in the biopsy group had a higher incidence of GDM (7.26% vs. 5.04%, P = 0.004) than those in the ICSI group. There were no statistical differences in PIH and preeclampsia (P = 0.784), preeclampsia with severe features and eclampsia (P = 0.517), HDP with GDM (P = 0.608), abnormal placentation (P = 0.341), umbilical cord abnormalities (P = 0.059), abnormal amniotic fluid (P = 0.804), preterm birth (P = 0.809), delivery mode (P = 0.782), neonatal sex (P = 0.099), low birth weight (P = 0.372), postpartum hemorrhage (P = 0.310), and prolonged stay for mothers (P = 0.188) and infants (P = 0.103).


Table 2 | Comparisons of maternal and neonatal outcomes between the non-assisted hatching biopsy group and the ICSI group.



Increased risks of GDM (aOR: 1.522, 95% CI: 1.414–2.031, P = 0.004) and umbilical cord abnormalities (aOR: 11.539, 95% CI: 1.199–111.067, P = 0.034) were observed in the biopsy group when using the ICSI group as the reference after adjusting for confounding factors such as maternal age, maternal BMI, parity, times of previous miscarriages, endometrial preparation protocols, endometrial thickness of transfer day, hCG ratio, PCOS, thyroid disorders, chronic hypertension, family history of hypertension, diabetes, family history of diabetes, history of uterine surgery, and neonatal sex. The remaining 11 outcome variables did not show increased risks (Figure 3, see Supplementary Table 1 for details).




Figure 3 | Adjusted odds ratios and 95% confidence intervals for maternal and neonatal outcomes by embryo biopsy status. Adjusted for maternal age, maternal BMI, times of previous miscarriages, parity, endometrial preparation protocols, endometrial thickness of transfer day, hCG ratio, PCOS, thyroid disorders, chronic hypertension, family history of hypertension, diabetes, family history of diabetes, history of uterine surgery, and neonatal sex. ICSI group is the reference group. PIH, pregnancy-induced hypertension; GDM, gestational diabetes; HDP, hypertensive disorders of pregnancy. * Statistically significant.



After PSM, the results of the second comparisons are shown in Table 3. Because the positive cases of umbilical cord abnormalities and postpartum hemorrhage in the matched ICSI group were zero, we were unable to compare and adjust these two outcome variables. Compared with the counterparts in the matched ICSI group, there were still more women with GDM in the biopsy group (7.26% vs. 5.16%, P = 0.042). Figure 4 (details are available in Supplementary Table 3) displays the results from the conditional logistic regression model that none of the 11 perinatal outcomes in the biopsy group showed an additional risk.


Table 3 | Comparisons of maternal and neonatal outcomes between the non-assisted hatching biopsy group and the matched ICSI group.






Figure 4 | Adjusted odds ratios and 95% confidence intervals for maternal and neonatal outcomes after matching. Adjusted for maternal age, maternal BMI, times of previous miscarriages, parity, endometrial preparation protocols, endometrial thickness of transfer day, hCG ratio, PCOS, thyroid disorders, chronic hypertension, family history of hypertension, diabetes, family history of diabetes, and history of uterine surgery. Matched ICSI group is the reference group. PIH, pregnancy-induced
hypertension; GDM, gestational diabetes; HDP, hypertensive disorders of pregnancy.





Discussion

Our study demonstrates the safety of non-assisted hatching TE biopsy and provides a reference for embryologists when selecting protocols for TE biopsy. Due to its simplicity and fewer effects on embryo development potential, non-assisted hatching TE biopsy might be a better option for the busy IVF laboratories with large PGT cycles or countries with large populations.

Our conclusions are consistent with that of Swanson and her colleagues (30). In their previous study, PGT was not associated with the risks of most perinatal adverse events but GDM. However, this was based on IVF pregnancies in the control group and neglected the effects of TE biopsy protocols. With a much larger sample size and more controlled and homogeneous groups, our study reinforced these findings.

Except for the GDM incidence, our results are in general agreement with the conclusions by Sites et al. (16). They aggregated the perinatal data of ART cycles at multiple clinics through the state health system and concluded that embryo biopsy for PGT did not increase the odds for diagnoses related to abnormal placentation, maternal complications (including GDM), and prolonged stay (both mothers and infants). Similar to our study, to allow the roles of biopsy to be more clearly apparent, only singleton livebirths were included in their study, but some IVF cycles were also incorporated in their control group, and there was no adjustment for fertilization methods and biopsy protocol types. The applicable indications of PGT in east USA and the selection for biopsy protocols between different IVF laboratories might explain the difference in our observations. Moreover, our study included the data of endometrial preparations, a significant limitation they mentioned in their study. Another meta-analysis (31) reported 785,445 participants from different countries enrolled over an 11-year period and found a lower rate of “very low birth weight” and “cesarean section” and a higher rate of “preterm birth” and “intrauterine growth retardation” in PGT pregnancies, compared with those of IVF/ICSI pregnancies. Over such a longtime period and with such a large sample size, some associations can simply be due to chance. Non-standardization of experimental procedures and changes in learning curve could both impact the final conclusions. The differences in race and region might also be another confounding factor.

Some scholars advocated that PGT was associated with the risk of preeclampsia. Zhang et al. found that PGT increased the risk of preeclampsia (17); however, their report was based on a small sample size and included multiple pregnancies that might account for the discrepancy with our report. Makhijani et al. (18) also only included singleton births, but they adjusted the number of embryos transferred as a confounding factor, suggesting the cycles in their study were not all elective single-embryo transfers (eSET). Additionally, the biopsy protocols between us differed, and they adopted the day 3 hatching-based TE biopsy. A randomized controlled trial (RCT) has already shown that frozen-thawed embryo transfers had higher risks of preeclampsia (32). Considering the embryos in the PGT cycle are almost frozen-thawed, it is necessary to clarify whether the increased risk of preeclampsia is caused by freeze-thaw or biopsy. A reasonable physiological explanation for increased preeclampsia risk was not described in previous studies. Sunkara et al. (14) and Li et al. (19) concluded that PGT was not associated with adverse neonatal outcomes (though Sunkara found a slightly higher risk of preterm birth in the PGT group), which were basically consistent with our findings with neonates.

By comparison, each of the three biopsy strategies has its own advantages and disadvantages. However, limited by several disadvantages we mentioned in the Introduction, the hatching-based strategies are not particularly practical for some large clinics or IVF labs (2), especially in countries with a large population such as China or India. The changes in the population policy of the Chinese government increased the pressure over IVF laboratories with a large number of cycles, and many laboratories have gradually abandoned the hatching-based protocols which are more time-consuming and require a constant check. Nonetheless, this is only the choice under the stress of workloads, not based on evidence. As Rubino et al. (9) proposed, it is high time to focus on the blastocyst biopsy protocols. Because clinicians are not the ones performing the biopsy, the impact of different protocols for TE biopsy on the clinical outcomes is often ignored in their previous studies. Similarly, the evidence provided by embryologists focuses mostly on embryo quality and laboratory parameters, rarely involving maternal and neonatal conditions throughout the perinatal period. Because the biopsy protocol was well controlled, our research makes a powerful complement to previous observations.

In terms of the increased risk of GDM, we believe it could be attributed to many reasons. Lower hCG ratio in the biopsy group at the first gestational month might play an important part in the development of GDM (33). hCG can lead to thyroid-stimulating hormone (TSH) activity and induce free thyroxine (FT4) surge (34, 35), facilitate early placentation to indirectly affect insulin resistance (IR) derived by placental endocrine (36), and play as an immune modulator to alleviate pancreatic autoimmunity (37). Liu et al. (38) demonstrated that higher hCG levels in early pregnancy were associated with a lower risk of GDM and maternal FT4 which may act as an important mediator (24%) in this association. While some scholars (39, 40) claim that TE biopsy might reduce the level of serum beta-hCG in early pregnancies, this is still controversial (41). In our study, hCG values were measured within 1 month of embryo transfer; at a stage when serum hCG concentration doubles rapidly, we were unable to convert the concentration values into the median of multiples (MoMs) and perform further mediation analysis. Furthermore, it was not clear whether this decrease in hCG levels occurred only in the first month of pregnancy or continued into the first trimester. Future studies will collect longitudinal serum samples for hCG, FT4, and TSH measurement, to assess the difference between the biopsy group and the no-biopsy group. Secondly, considering chromosomal abnormality is one of the indications for PGT, we thought the couples in the biopsy group had more complex genetic backgrounds, such as translocation or inversion, than their counterparts in the ICSI group. Numerous single nucleotide polymorphisms (SNPs) in susceptibility genes associated with both glucose metabolism and placental development, such as ADIPOQ (42), IL1B (43, 44), and ABCC8 (45), might go undetected due to the absence of carrier screening (20). Thirdly, the percentage of Asian women (46) included in our study might also contribute to some discrepancies with previous studies. The risk of GDM is significantly higher in Asian women, whose BMI was lower than that of women in the general population. In contrast, these were the least likely ethnic group to receive recommended diabetes screening (47–49). In fact, this might explain why our results align with the study of Swanson et al. (30) which also included a high percentage of Asians.

However, our study presents several limitations. The particularity of PGT populations leads to significant demographic differences which cannot be controlled outside of an RCT. Besides, some data of perinatal outcomes were obtained through telephone follow-up, which inevitably resulted in recall bias. Furthermore, we could not include HDP or GDM history as some patients with childbearing histories forgot the details of their last obstetric experiences.

Overall, our study demonstrated that despite the increased risk of GDM, non-assisted hatching TE biopsy is not associated with the increased risks of HDPs, abnormal placentation, preterm birth, postpartum hemorrhage, and prolonged stay (both mothers and infants), compared with ICSI pregnancies. Despite the findings of our study, further study and validation need to be conducted.
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Background

Blastocyst biopsy has become the most mainstream biopsy method. Currently, there are two blastocyst biopsy strategies. Many studies have compared the advantages and disadvantages between blastomere and blastocyst biopsy, but fewer articles have compared the two blastocyst biopsy strategies. For the moment, no published studies have explored the entire set of information on embryo development, next-generation sequencing results, and clinical outcomes, including the baby’s health status with the two blastocyst biopsy strategies.



Methods

A total of 323 preimplantation genetic testing cycles from April 2018 to May 2020, including 178 cycles with Strategy A and 145 cycles with Strategy B. Strategy A was to create a laser-assisted zona pellucid opening for cleavage embryo on the third day after insemination, but Strategy B was not. Strategy A performed a biopsy for artificially assisted hatching blastocysts, while Strategy B performed a biopsy for expanded blastocysts on day 5 or 6. In this study, embryo development, next-generation sequencing results, pregnancy outcomes, and offspring health of the two strategies were compared and analyzed.



Results

There were no statistical differences between the two groups in the rate of fertilization, blastocyst and abortion. The rate of cleavage from Strategy A was slightly higher than Strategy B, and the rate of high-quality cleavage embryo was lower than Strategy B, while the rate of high-quality blastocyst was higher than Strategy B. The rate of no-results blastocyst was significantly lower than Strategy B. In particular, the rate of biochemical pregnancy, clinical pregnancy, and live birth of Strategy A were significantly lower than those of Strategy B. The average Apgar scores of newborns were ≥8 in both groups, and there was no significant difference in average height and weight. In Strategy A, a baby was born with thumb syndactyly, and Strategy B had no congenital disabilities.



Conclusions

Blastocyst biopsy strategy without laser-assisted zona pellucid drilling on day 3 achieves better clinical treatment effects. Therefore, Strategy B is an optimal treatment regime for PGT.





Keywords: blastocyst biopsy, clinical outcomes, embryo development, human-assisted reproductive technology, next-generation sequencing, preimplantation genetic testing



1 Introduction

Preimplantation genetic testing (PGT) is one of the essential techniques in human-assisted reproductive technology (ART), which contributes to reducing the transmission of genetic diseases. With the growth of women’s age, especially after 40 years, the probability of embryo aneuploidy increases dramatically, which easily leads to implantation failure or miscarriage (1, 2). PGT is to identify embryos with normal chromosomes for transfer, containing Preimplantation genetic testing for aneuploidy (PGT-A), Preimplantation genetic testing for monogenic/single gene defects (PGT-M), and Preimplantation genetic testing for structural rearrangements (PGT-SR). It can significantly increase the success rate of ART. The first PGT baby was born in 1990, in which to avoid the transmission of recessive X chromosome disease to male offspring, DNA amplification was used to screen out female embryos for transfer, and finally, healthy female twins were delivered successfully (3).

Currently, the biopsy methods used in the clinic mainly include cleavage embryo biopsy, blastocyst biopsy, and polar body biopsy. Cleavage embryo biopsy extracts 1-2 blastomeres from the embryo containing 6 cells or more on the third day after insemination. Blastocyst biopsy is a dissection method of trophectoderm (TE) cells from blastocysts, usually performed on day 5 or 6. Polar body biopsy is to analyze the first polar body of mature oocytes or the second polar body of fertilized eggs. It is a diagnostic method for maternally derived genetic defects, but it cannot assess paternal factors (4). Recent studies have extracted DNA and blastocoel fluid from the conditioned blastocyst culture medium to verify the euploidy of chromosomes. In this way, non-invasive preimplantation genetic screening can be realized (5, 6). However, more research data are still insufficient for its application in clinical practice.

Many embryologists have studied the effect of biopsy methods on embryo safety and clinical outcomes. Kalma et al. demonstrated that blastomere biopsy performed 15-20 hours after the embryo develops to 8 cells is less harmful to the embryo (7). Chen Linjun et al. have shown that the blastocyst biopsy on day 5 after insemination has a higher embryo implantation rate and live birth rate than the day 6 (8). There are also many studies comparing cleavage stage biopsy and blastocyst stage biopsy, proving that blastomere biopsy significantly reduces the probability of embryo implantation and live birth, while blastocyst biopsy is relatively safer and has better clinical outcomes (9, 10). A growing number of reproductive medicine centers are using blastocyst biopsy. There are two blastocyst biopsy strategies currently. However, which method is more effective among the two blastocyst biopsy methods? This study compared the embryo development, NGS results, and clinical pregnancy outcomes of the two blastocyst stage biopsy strategies, hoping to provide a reference for this question.

In this research, the blastocyst biopsy method was applied to all PGT treatments. The cleavage embryos underwent laser hatching on the third day after insemination and left a hole, and then the laser was used again to biopsy TE cells herniating through that hole on day 5 or 6 (11, 12), which was called Strategy A here. The blastocysts reaching a morphologic grade of 4 with AA, AB, BA, or BB (also called as an expanded blastocyst) (13) were biopsied for TE cells on day 5 or 6 called Strategy B (14). The main difference between the two biopsy strategies is that Strategy A is to create a laser-assisted zona pellucida (ZP) opening for the cleavage embryo on the third day after insemination, while Strategy B does not. All biopsy samples in this study were assessed using next-generation sequencing (NGS). We analyzed the embryo development, NGS results, and clinical outcomes of the two strategies to determine which is safer and more effective.



2 Materials and Methods


2.1 Study Population

We practiced a total of 323 preimplantation genetic testing-thawed embryo transfer (PGT-TET) cycles at Reproductive Medicine Center of the First Affiliated Hospital of Anhui Medical University, from April 2018 to May 2020. Each patient was randomly assigned into one of the two strategies by lottery. There were 178 cycles of Strategy A and 145 cycles of Strategy B included, with 1187 embryos undergoing biopsy in Strategy A and 902 embryos in Strategy B (Table 3). Most patients were diagnosed with chromosomal abnormalities in one or both partners; recurrent miscarriage; abnormal gestation and birth or teratozoospermia.



2.2 Ethics Statement

The biological sample study was approved by the Medical Ethics Committee of Anhui Medical University (Ethics approval number: 2017002). All patients in this study had signed informed consent before PGT therapy cycles.



2.3 Oocyte Retrieval and ICSI

The female patients received classic controlled ovarian hyperstimulation program to promote ovulation. The specific drugs and procedures have been reported (15). Through the transvaginal ultrasound-guided oocyte retrieval, the cumulus-oocyte complexes were picked up from the follicular fluid under an inverted microscope. After ovum pick-up, the cumulus and corona cells were removed through the action of hyaluronidase solution (VitroLife, Gotebor, Sweden). Then, the mature oocytes were selected for intracytoplasmic sperm injection (ICSI). Operators with many years of experience performed all ICSI processes. The ICSI oocytes were cultured for three days in the environment containing 5% O2 and 6% CO2 at 37°C in a microdroplet (20-30 μL) of cleavage culture medium (COOK, Sydney, Australia), covered with mineral oil (VitroLife, Gotebor, Sweden). During the period, fertilization was evaluated 16 - 18 hours after ICSI. In this study, high-quality embryos refer to those reach 7–9 cells by day 3, with <15% fragmentation and no multinucleation, and have cleaved during the preceding 24 h (16). High-quality blastocysts refer to embryos which were ≥3BB on day 5 or ≥4BB on day 6 (13).



2.4 The Operation of Two Biopsy Strategies


2.4.1 Strategy A

Around 10:00 am on the third day, a ~10 µm hole in the ZP was made with a series of 500-μs laser pulses (Hamilton Thorne LYKOS, Beverly, MA, USA). Then the embryos were placed into a microdroplet of blastocyst medium (COOK, Sydney, Australia) covered with mineral oil and cultured to day 5 or 6 until the blastocyst was hatching. Embryo biopsy was performed around 11-12 am in a petri dish (Life Sciences, Durham, USA) containing 7.5 μL blastocyst medium. The holding pipette (Sunlight Medical Inc, Jacksonville, USA) was used to fix the hatching blastocyst at the 9 o’clock position. Then, 8-10 herniating TE cells were aspirated through the biopsy pipette (Sunlight Medical Inc, Jacksonville, USA) at the 3 o’clock position. The TE cells were disconnected with lasers along the flat mouth of biopsy pipette (Figure 1 and Video 1). The cells to be detected were transferred into a 200 μL PCR tube containing 2 μL phosphate buffered saline (ThermoFisher Biochemical Products Co., Ltd, Beijing, China). All of the operations were performed on the heated micromanipulator (Nikon, eclipse Ti2, Japan). The post-biopsy blastocysts were cryopreserved by vitrification in liquid nitrogen for future TET.




Figure 1 | Procedures of Strategy A. (A) The zona pellucida was opened a 10-15 µm hole (pointed by the black arrow in the picture) by lasers to assist hatching on day 3. (B) Expanding blastocyst with trophectoderm cells herniating from the artificial opening on day 5 or 6. (C) The biopsy pipette sucked the herniating cells. (D) Disconnected the junction in front of the biopsy pipette with lasers. (E) Trophectoderm cell samples isolated from the embryo’s body. (F) Blastocyst morphology after biopsy. Scale bar = 50 µm.





2.4.2 Strategy B

Around 10:00 am on the third day, the embryos were directly transferred to the microdroplet blastocyst medium covered with mineral oil and continued to be cultured until they reached the blastocyst stage with a morphologic grade of 4 (4AA, 4AB, 4BA, or 4BB) on day 5 or 6. The biopsy was performed around 11-12 am. Firstly, the expanded blastocyst was fixed with a holding pipette at the 9 o’clock position and then a small hole was left on the ZP with the assist of a laser. Secondly, the biopsy pipette was used to continuously press the blastocyst’s periphery until the TE shrunk and separated from the inner surface of the ZP. Subsequently, the laser was used again to drill an about 5 µm hole by multiple pulses, and the hole was far away from the inner cell mass (ICM). Finally, the biopsy pipette was inserted into the blastocyst through the hole, and the contracted TE was sucked tightly through the negative pressure, and then some of the TE cells are pulled out of the hole at the same time, the laser is emitted to cut TE cells along the flat mouth of the pipette (Figure 2 and Video 2). The following steps were as described in Strategy A.




Figure 2 | Procedures of Strategy B (A) Embryos on day 3 without zona pellucida opening. (B) High-quality blastocyst with an expansion grade of 4 with AA, AB, BA, or BB on day 5 or 6. (C) The zona pellucida was opened a small hole (pointed by the black arrow in the picture) to flow out blastocyst fluid. (D) After the trophectoderm cells shrunk, the lasers were used to make a hole in the zona pellucida. (E) The biopsy pipette entered the inner blastocyst to suck the cells out of the zona pellucida, and disconnected the junction in front of the biopsy pipette with lasers. (F) Trophectoderm cell samples isolated from the embryo’s body. Scale bar = 50 µm.






2.5 Embryo Selection and Transfer

The NGS was performed with an Ion Proton Sequencing (Life Technologies, Grand Island, NY, USA). High-quality blastocysts with normal chromosomes tested by PGT would be firstly recommended to thaw and transfer. If there was no euploid embryo with patients, mosaic embryos with mosaicism <30% could be transferred in our center. Single embryo transfer was used for all statistical cycles. A positive hCG value (≥25 IU/L) on day 14 after transplantation is a sign of biochemical pregnancy. The appearance of a pregnancy sac by ultrasound scanning is regarded as clinical pregnancy.



2.6 Statistical Analysis

Continuous variables were expressed as the mean ± SD (standard deviation), and categorical variables were evaluated by the Chi-square test (χ2). We used the χ2 test for the data of embryo development, NGS results, and clinical outcomes. The two-sample t-test for age, hormone values and neonatal health, including Apgar score, height, and weight. GraphPad Prism 8.0 software (GraphPad Software, San Diego, USA) was used for statistical analysis. P-values < 0.05 were considered statistically significant.




3 Results

In these cycles, the average age of the women in the two groups was about 30 years old, and the men was about 32 years old. In addition, the majority of the basal characteristics for all patients in the two groups are listed in Table 1. There were no significant differences in the baseline data between the two groups of patients.


Table 1 | Baseline level of patients from the two biopsy strategies.



We analyzed the embryo development, NGS results, and clinical outcomes of all PGT-TET with complete information from April 2018 to May 2020. The fertilization rate of Strategy A was slightly lower than that of Strategy B, with no statistical difference (82.74% vs 83.37%; P=0.547). Strategy A had a higher cleavage rate (98.73%) than Strategy B (97.69%). Although there was a statistical difference (P=0.01), both were above 97%, which may be related to the quality of patients’ oocytes and other factors. There were no significant differences in the blastocyst rate of the two strategies, both are above 50% (53.51% vs 52.56%; P=0.546). However, the high-quality blastocyst rate was obviously higher in Strategy A groups (47.73% vs 42.31%; P<0.001) (Table 2).


Table 2 | Embryo development and clinical outcomes.



The euploidy rate of Strategy A was significantly higher than that of Strategy B (35.80% vs 25.28%; P<0.001). While the aneuploidy rate (63.35% vs 68.40%; P=0.016), mosaic rate (10.45% vs 22.95%; P<0.001) and no-results rate (0.93% vs 5.65%; P<0.001) were significantly lower than those of Strategy B (Table 3).


Table 3 | NGS results.



In terms of clinical pregnancy outcomes, Strategy A’s biochemical pregnancy rate (48.31% vs 68.97%), clinical pregnancy rate (43.26% vs 66.21%), and live birth rate (38.76% vs 57.24%) were significantly lower than Strategy B (P<0.001). There was no difference in abortion rate between the two groups (10.39% vs 13.54%; P=0.528) (Table 2). Infants born with the two biopsy strategies were similar in Apgar score, height, and weight. The average length and weight of newborns in Strategy A were 50.03cm and 3346g, respectively, 50.04cm and 3290g in Strategy B (Table 4). Among them, Strategy A had 10 premature babies, including a pair of monozygotic twin daughters. Strategy B had 7 premature babies, including a pair of monozygotic twin daughters and sons. Strategy A had a baby girl born with thumb syndactyly, and Strategy B had no babies with congenital disabilities. The follow-up survey showed that these children were in good health.


Table 4 | Health of newborns.





4 Discussion

In the number of cycles we counted, 35 elderly females (≥35 years old) from Strategy A, accounting for 19.67% of the total number of cycles, while 32 elderly females from Strategy B, accounting for 22.07% of the total number of cycles. Advanced age may affect oocyte quality, embryo development potential, ovarian function, hormone level, embryo implantation, and pregnancy (17, 18), which may be why Strategy B had a higher abortion rate than Strategy A, but there was no statistically significant difference.

In terms of embryo development in both groups, it is noteworthy that the rate of high-quality embryos of Strategy A was significantly lower than that of Strategy B, but the rate of high-quality blastocyst was higher. This is very interesting and worth thinking about. We suspected that this might be because Strategy A perforated the ZP on day 3, which was more conducive to embryo hatching. Some hatching blastocysts may actually didn’t fully expand to a morphologic grade of 5 or greater with AA, AB, BA, or BB on day 5 or 6, but the ZP was opened, and the embryos were “squeezed” out, thus increasing the so-called “high-quality hatching blastocyst rate” in Strategy A. Study demonstrated that higher-quality blastocysts could achieve better implantation and live birth rates (8). This may explain why Strategy A had a higher-quality blastocyst rate but unsatisfactory pregnancy outcomes.

As for the biochemical pregnancy rate, clinical pregnancy rate, and live birth rate of Strategy A were far lower than Strategy B, several reasons may explain this phenomenon. Embryonic genome activation (EGA) mainly occurs at the stage of division from 4 to 8 cells (19). Both Dobson and Vassena’s teams demonstrated that the major wave of EGA in human occurs on the third day regardless of the number of cells (20, 21). On the third day, the ZP perforation caused trauma to the embryo during the cleavage stage, and the frequent manipulation of the embryo made the culture environment unstable, which may adversely affect the EGA and be detrimental to the growth of embryos (22). Furthermore, although drilling of the ZP with laser pulses on day 3 could promote early blastocyst hatching, the phenomenon of complete expansion of the blastocyst cavity and thinning of the ZP would not occur during the development of the blastocyst. Additionally, the number of TE cells would also be less than that of non-intervened blastocysts, which could only reach 60-80 cells in total, while non-assisted hatching blastocysts could reach 60-100 cells (23). Sufficient cell numbers could alleviate the negative impact of further reduction of cell numbers caused by biopsy on the results of embryo transfer. Another important reason may have to do with the ICM. Some studies have shown that the natural incubation site of human embryos is near the ICM, so that the embryos are more accessible to implant (24). Due to the randomness of the placement that zona breached by laser, the auxiliary incubation site may be far away from the ICM, thus reducing the chance of embryo implantation after TET. Moreover, if the ICM hatched out, in order to avoid hurting the ICM during the biopsy, a double zona drilling method for ICM incarceration may be used (25). Repeated laser stimulation would inevitably cause adverse effects on the embryo, thereby reducing the embryo quality and affecting the development potential of the blastocyst.

In contrast, Strategy B didn’t damage the embryos during the cleavage stage, which could effectively avoid the potential danger of warming by laser and exposure to a suboptimal environment for a long time. In addition, it was safer that ZP remained intact, which could prevent premature hatching of embryos when the number of cells was small, thus ensuring the normal development of embryos.

The NGS data showed that Strategy A had a higher euploidy rate, while the rate of aneuploidy, mosaic and non-result were lower. Why the NGS analysis results of Strategy A is better? We suspect that the possible reason is that the biopsy subject of Strategy B is contracted TE, which increases the operation difficulty of biopsy, thereby resulting in that the number of TE cells biopsied by Strategy B is generally smaller than that by Strategy A. Therefore, the no-results rate of Strategy B is higher. Contrary to Shun Xiong et al. (26), our results showed that Strategy A had a lower rate of mosaic blastocyst. Mosaic embryos with mosaicism <50% transplantation could lead to a healthy pregnancy, it may be related to reduced implantation rate, increased miscarriage rate, and increased risk of fetal 229 abnormalities (27, 28). There was a significant difference in the rate of mosaic embryo transfer in this study. Strategy A transferred 2 mosaic embryos, accounting for 1.11% of the cycles, while strategy B transferred 10 mosaic embryos, accounting for 6.45% of the cycles. However, the clinical pregnancy outcome of Strategy B was still more ideal than that of Strategy A, consistent with previous studies (29, 30). It demonstrated that Strategy B may be less harmful to the embryos. The study is reporting an experience of a single center, which may be limited in some aspects. More PGT cycles are needed for further exploration.

In a word, the embryos biopsied by Strategy B were more likely to implant and maintain the pregnancy, and the rate of biochemical pregnancy, clinical pregnancy, live birth were much higher than those of Strategy A (about 20%), showing better clinical outcomes. Therefore, based on the above results, Strategy B is an optimal treatment regime for PGT.
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Background

Previous studies have investigated the effect of maternal age on assisted reproductive technology success rates. However, little is known about the relationship between maternal age and neonatal birthweight in frozen embryo transfer (FET) cycles. Whether maternal age influences singleton birthweight in FET cycles remains to be elucidated.



Methods

This study was conducted at a tertiary care center, involving singleton live births born to women undergoing frozen–thawed embryo transfer during the period from January 2010 to December 2017. A total of 12,565 women who fulfilled the inclusion criteria were enrolled and grouped into four groups according to the maternal age: <30, 30–34, 35–39, and ≥40 years old. A multivariable linear regression analysis was conducted to reveal the relationship between maternal age and neonatal birthweight with controlling for a number of potential confounders.



Results

The highest proportions of low birthweight (LBW, 4.1%), high birthweight (1.2%), preterm birth (PTB, 5.9%), and very PTB (0.9%) were found in the group over 40 years old, but no significant difference was observed among the four groups. Additionally, the 35–39-year-old group had the highest rate of very LBW (0.6%), whereas the 30–34-year-old group had the lowest rate of small for gestational age (SGA, 2.7%). However, multivariate analyses revealed that neonatal outcomes including PTB, LBW, and SGA were similar between the different maternal age groups.



Conclusion

Grouping with different maternal age was not associated with mean birthweight and Z-scores of singletons resulting from FET.
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Background

In the past decades, many women delay childbearing until after the age of 40. The decline of fertility of elderly women forced them to seek the help of assisted reproductive technology (ART). According to statistics by the European IVF-monitoring Consortium, the proportion of women over 40 years of age that became pregnant through in vitro fertilization or intracytoplasmic sperm injection (IVF/ICSI) in Europe is increasing annually. For example, in the UK, the proportion increased from 12.7% to 26% in 1997 to 2015, and the same trend was observed in other high-income countries (1, 2).

Having a healthy baby is the ultimate goal of ART treatment. Increased risk of adverse neonatal outcomes is believed to appear in IVF/ICSI-conceived babies, even singletons, such as preterm birth (PTB), low birthweight (LBW), and small for gestational age (SGA), when compared with babies that are conceived spontaneously (3). Maternal age is a frequently used predictor of PTB, LBW, and perinatal mortality in women who have conceived naturally (4–7), and a number of studies have well revealed the negative correlation between maternal age and neonatal outcomes (8, 9). Women who have a baby through ART are, on average, older than those who conceive spontaneously as these techniques are often applied in response to age-related infertility problems (10). However, little is known regarding the influence of maternal age on birthweight in vitrified–thawed embryo transfer cycles.

To our knowledge, only few studies have examined the effect of maternal age on birthweight with ART, included different kinds of treatments, and considered sufficient confounders (11–14). Furthermore, the published data, except for Lin’s study (14), exclusively focused on fresh IVF cycles, without ruling out the possibility of adverse fetal growth caused by a hypoestrogenic milieu. Of note, supraphysiological estrogen levels during ovarian stimulation can create a suboptimal peri-implantation environment for implantation and placentation, thus causing abnormal fetal growth including LBW and SGA (15, 16). Unlike fresh ovarian stimulation cycles, frozen embryo transfer (FET) seems to provide a more physiological uterine environment for early fetal development (17). Thus, the current study aims to explore the effect of maternal age on the birthweight of newborns conceived through embryo transfers during FET cycles.



Methods


Study Design and Population

This retrospective study involved women who had undergone FET during the period from January 2010 to December 2017, which was performed at the Department of Assisted Reproduction of the Ninth People’s Hospital of Shanghai Jiao Tong University School of Medicine. Women who met the following inclusion criteria were included in the study: BMI <30 kg/m2 and transfer of embryos resulting in a live singleton birth. In all FET cycles, no more than two embryos can be transferred. Furthermore, only the first live birth IVF/ICSI cycles were retained for women who had more than one delivery during the study period. The exclusion criteria were as follows: vanishing twin syndrome, congenital uterine malformations, and presence of submucosal fibroids or polyps and intramural fibroids >4 cm determined by ultrasound or hysteroscopy. Women with gestational diabetes, pregnancy-induced hypertension, and preeclampsia were excluded as these pregnancy-related factors may have a negative effect on intrauterine fetal growth. This study was approved by the institutional review board of the hospital and was conducted in accordance with the Helsinki Declaration. Informed consent was not required due to the retrospective nature of the study, and patients’ data were used anonymously.



Laboratory Protocols

The procedures of ovarian stimulation, oocyte retrieval, and IVF/ICSI have been described in previous studies (18, 19). In brief, IVF or ICSI was conventionally performed according to semen parameters and previous fertilization histories. For IVF, oocytes were inseminated in human tubal fluid (HTF, Irvine Scientific), which was supplemented with 10% serum substitute supplement (SSS, Irvine Scientific) and ~300,000 progressively motile spermatozoa. For ICSI, oocytes were transferred into dishes immediately after microinjection with HTF+10% SSS. The assessment of fertilization was performed 16–18 h after insemination/injection. A dish containing pre-equilibrated culture medium was then prepared for the transfer of zygotes. Before 2013, embryos were cultured in Early Cleavage Medium (Irvine Scientific) before day 3 and then in MultiBlast Medium (Irvine Scientific). However, a continuous single culture medium (Irvine Scientific) was introduced after January 2013. All embryos were cultured under mineral oil and grown in an incubator at 37°C under 5% O2 and 6% CO2 concentration (the balance gas was nitrogen). Except for the change of culture medium types, no change was made for other laboratory conditions and IVF protocols throughout the study period.



Endometrial Preparation and Vitrification

The endometrial preparation protocols for FET have been previously described (20). Briefly, a natural cycle FET was suitable for women having regular menstrual cycles with the use of HCG for triggering ovulation. Artificial cycles were offered for women with irregular cycles according to the discretion of treating physicians. The procedure of vitrification and thawing have been previously described (19). In short, the Cryotop carrier system with dimethyl sulfoxide–ethylene glycol–sucrose was used as cryoprotectants for embryo vitrification. Dilution solution in a sequential manner (1 mol/L to 0.5 mol/L to 0 mol/L sucrose) was used for thawing embryos. All embryos were thawed on the day of transfer.



Maternal Age

Maternal age at the birth of the child was the key explanatory variable, which was divided into the following categories: <30, 30–34, 35–39, and ≥40 years old. The age group <30 years old was set as the reference category in our analyses.



Outcome Measures

The primary neonatal outcomes focused on live singleton birthweight, including Z-scores, birthweight categories, and birthweight percentiles. Secondary outcome measures were associated with neonatal outcomes, including GA at birth and newborn gender. The definition for live singleton birth was a delivery of a singleton viable infant after the 24th gestational week. GA in FET cycles was calculated from the day of embryo transfer (day 17 for cleavage-stage embryo transfer and day 19 for blastocyst embryo transfer) (21). The definitions for PTB and very PTB were live births at <37 and <32 completed gestational weeks, respectively. Z-scores were calculated according to GA and newborn gender on birthweight based on the national birthweight reference as previously described (22, 23). A birth weight <2500 g was defined as LBW, and that <1500 g was defined as very LBW. The birthweight of infant was divided as follows: LBW (<2500 g), very LBW (<1500 g), high birthweight (HBW, >4500 g), and normal birthweight. Birthweight percentiles were also based on the national birthweight reference (23) and were divided into the following categories: SGA defined as birthweight <10th percentile, very SGA defined as birthweight <3rd percentile, large for gestational age (LGA) defined as birthweight >90th percentile, and very LGA defined as birthweight >97th percentile.



Statistical Analysis

One-way analysis of variance was performed for continuous data, whereas Pearson’s chi-squared test or Fisher’s exact test was applied for categorical data. A post hoc Bonferroni correction was performed for multiple comparisons. The association between maternal age and neonatal outcomes was detected by multivariable logistic regression analysis, and the independent effect of maternal age on neonatal outcomes was analyzed by multiple linear regression.

The multivariable analyses included the following confounders: maternal BMI, paternal age, parity, infertility cause and duration, insemination method, type of endometrial preparation, endometrial thickness, year of treatment, and newborn gender. The continuous covariates (maternal BMI, paternal age, infertility duration, endometrial thickness, and year of treatment) and categorical covariates in multivariable models are listed in Table 1. Maternal age <30 years old was taken as a reference group in multivariable analyses. For the development of IVF techniques over time (24), a sensitivity analysis was performed on treating the year of treatment as a categorical variable. All analyses were conducted with SPSS Statistics (version 21.0), and P < 0.05 was considered to be statistically significant.


Table 1 | Patient treatment and demographic characteristics according to maternal age.






Results

The final dataset included 12,565 women who fulfilled the inclusion criteria, with no loss to follow-up. Baseline demographic and cycle characteristics are presented in Table 1. Comparison between the reference group and the other three groups revealed significant difference for maternal BMI, infertility cause, parity, infertility duration, FET cycle rank, fertilization method, number of embryo transferred, FET endometrial preparation, endometrial thickness, and year of treatment. Infertility duration and embryo developmental stage at transfer did not differ significantly among maternal age categories.

Neonatal outcomes stratified by maternal age are listed in Table 2. No significant difference was observed on GA and mean birthweight, and the gestation-adjusted Z-scores varied significantly according to maternal age categories. The 30–34-year-old group had the highest birthweight and Z-scores (3355.8 ± 483.3 g, 0.38 ± 1.03). With the increase of maternal age, a modest decrease of birthweight was observed, and the group over 40 years old had the lowest birthweight values (3321.6 ± 503.9 g). Additionally, no significant differences were found between any two groups by post hoc analysis on birthweight and Z-scores. The highest proportions of LBW (4.1%), HBW (1.2%), PTB (5.9%), and very PTB (0.9%) were found in the group over 40 years old, but no difference was observed among the four groups. Interestingly, the 35–39-year-old group had the highest rate of very LBW (0.6%), whereas the 30–34-year-old group had the lowest rate of SGA (2.7%). Furthermore, no difference was observed in very LGA, LGA, very SGA, and newborn gender between groups.


Table 2 | Neonatal outcomes of live born singletons by maternal age.



In multivariate analyses (Table 3), the neonatal outcomes including PTB, LBW, HBW, SGA, and LGA were similar between the different maternal age groups. The odds of PTB and LBW were lower in the group over 40 years old compared with the reference group, which did not reach a significant difference. Although the analysis of very PTB (<32 weeks) and very LBW (<1500 g) was performed, the number of cases in the two categories was too small to make any meaningful comparisons. In addition, no significant difference was found on birthweight percentile categories between the reference group and the other three groups.


Table 3 | Odds ratios for gestational age and birth weights by maternal age.



Multiple linear regression analyses were conducted to assess the relationship between maternal age and birthweight (Table 4). Even after correction for a number of potential confounders, no significant correlation was found between maternal age and neonatal birthweight. Moreover, maternal BMI (P < 0.001), parity (P < 0.001), FET cycle rank (P = 0.001), number of embryos transferred (P = 0.034), embryo developmental stage at transfer (P < 0.001), endometrial thickness (8–11 mm, P = 0.018; >11 mm, P = 0.001), year of treatment (P < 0.001), GA (P < 0.001), and newborn gender (P < 0.001) were all independent predictors for birthweight.


Table 4 | Results of multiple regression analysis of singleton birthweight.





Discussion

In recent years, much attention has been paid to the impact of maternal age on ART success rates, and several studies have revealed that a high maternal age (over 40 years old) has a negative effect on pregnancy outcomes (11, 13). However, our study showed that no significant association existed between maternal age and singleton birthweight in FET cycles with consideration for related confounders. Furthermore, linear regression indicated that maternal age was not an independent predictor of singleton birthweight in FET cycles.

To our knowledge, four studies have analyzed the potential relationship between maternal age and neonatal birthweight. Wennberg et al. investigated the influence of maternal age on adverse maternal and neonatal outcomes following ART treatment and found that the risk of LBW and very LBW was significantly higher in ART than in spontaneous conception (SC) singletons in all ages up to maternal age of 40 years (LBW: aORs 1.44–2.35; VLBW: aORs 1.67–3.44). Additionally, when the analysis was restricted to maternal age >35 years, an increased risk of LBW existed for SC pregnancies, but not for ART pregnancies (11). Due to medical, educational, and socioeconomic reasons, women aged >35 years who conceive through ART may pay more attention to their state of health and seek medical assistance more often than SC women, which could result in increased detection of complications and decreased risk of LBW. Second, Moaddab et al. found that maternal age did not predict newborns’ birthweight in pregnancies with maternal age grouping as <40, 40–44, 45–49, and ≥50 years old (12). However, the analysis on birthweight in the maternal age group <40 years old per se is inadequate, and important information is missing. There may be some interesting findings among groups at ages <25, 26–30, 31–34, and 35–40 years old, and the increased risk of LBW may appear at the age of 35 years old. However, this study seemed to miss this potential information. Many studies have set up more detailed groups with maternal age under 40 years old to assess the influence of maternal age on neonatal outcomes and gained more credible results (13, 14). Another study reported that the risk of LBW was increased only at maternal ages over 40 years old (6 percentage points, 95% CI: 0.2, 12) with medically assisted reproduction (MAR) compared with the risk of LBW at ages 30–34 years old (13). However, a limited number of confounders were included in the study, and the effect of different kinds of MAR treatments could not be reliably distinguished, which included less invasive treatments such as ovulation induction only that were less strongly associated with adverse birth outcomes (25). A recent study based on 4958 infertile women using a freeze-all strategy observed that maternal age grouping was not related with increased risks of LBW, very LBW, preterm LBW, and macrosomia (14). However, only 1450 singleton live births were involved for the analysis of LBW, and the 44–50-year-old group of singleton live births was very small (n = 9), which may limit the power of statistical analyses between groups.

Our study aimed to improve on the flaws of the abovementioned studies and focused on the exact role of maternal age in singleton birthweight after FET cycles. The current study based on 12,565 singleton newborns born after FET cycles demonstrated that maternal age itself had no impact on singleton birthweight, and neonatal outcomes including PTB, LBW, and SGA were similar between the different maternal age groups. Due to several confounding factors, direct comparability across different age groups has very limited clinical significance in Table 2. Because of the strict exclusion criteria, the generality of this finding may be, to some extent, restricted. The reason why no significant correlation existed between maternal age and birthweight in our study is likely complex. It is generally known that with aging comes a reduction in ovarian function, resulting in the decrease of ovarian response to ovulation-promoting drugs and the low number of oocytes retrieved (26). Additionally, the decreased quality of oocytes (27, 28), abnormal endometrial function, and degeneration of multiple organ function will appear in women with advanced maternal age (22, 29). All the above-mentioned factors would affect the development of the embryo and cause adverse effects on the newborn, leading to LBW. However, with the popularization of education, many women tend to choose late marriage and late childbearing and enjoy a simple single life before marriage. In this kind of life, they are less stressed and have more opportunities to get in touch with life than women who are married and have children. Meanwhile, these knowledgeable women tend to choose a healthy and regular life and possess good habits, physical quality, and economic conditions, thus having a better choice on ART treatment (11). Aging leads to an irreversible decline in fertility, forcing older women to pay more attention to pregnancy and to seek medical help more actively than young women. In addition, the spouse’s income increases with age to guarantee maternity. Most importantly, the development of ART has well fulfilled the reproductive needs of women with different ages to improve the quality of newborns.

In this study, the results of multiple linear regression analysis indicated that maternal BMI, embryo developmental stage at transfer, parity, number of embryos transferred, endometrial thickness, year of treatment, GA, and newborn gender were independent predictors for neonatal birthweight, which was consistent with previous results (22, 30, 31). Z-scores were calculated and compared across the four groups to reduce bias caused by newborn gender and GA, and no significant difference on Z-scores was found among different maternal age groups. In addition, significant differences were observed between the maternal age groups in baseline and cycle characteristics including infertility duration, infertility cause, and fertilization method. However, these confounders had no impact on neonatal birthweight based on the linear regression model.

This study has several limitations. The biggest one is its retrospective design, so we strictly checked the database with strict criteria. Second, due to personal privacy restrictions, we were unable to obtain the education and economic background of patients. Third, many confounding factors were strongly associated with birthweight in linear regression analysis. Data bias during the experimental design cannot be all corrected by regression equations. Furthermore, embryo quality and paternal BMI were important factors that may affect neonatal outcomes, yet these data were missed in this study. However, the large number of singleton live births from a single center can assure the practice consistency, which is the main strength of the current study. Additionally, aside from the change of culture medium types, all other laboratory conditions and protocols remained invariant throughout the study period. Furthermore, maternal age was recorded according to the identification card, and endometrial thickness was measured by the same trained sonographers, reducing recorder variability. Importantly, a number of potential confounders were included in our study, which may minimize their impact on the findings.



Conclusions

This study expands the current knowledge about the association between maternal age and neonatal outcomes and shows that maternal age is not associated with mean birthweight and Z-scores. This important finding should be adequately applied for women over 40 years old prior to FET and strengthen their confidence. A large prospective study, of course, is needed to verify our findings in the future.
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Background

With the increasing use of frozen embryo transfer (FET), the best endometrial preparation protocol is continuously being discussed. The hormone replacement therapy (HRT) cycle and letrozole-induced ovulation (L-OI) cycle are available protocols for patients with abnormal ovulation. Previous comparisons of the two protocols have focused on pregnancy outcomes, with less attention to perinatal outcomes, and population heterogeneity was large; thus, convincing conclusions about which protocol is more appropriate could not be drawn.



Methods

We performed a retrospective cohort study using propensity score matching (PSM) analysis for a population of patients undergoing FET cycles in the reproductive center of the Third Affiliated Hospital of Zhengzhou University from January 2016 to September 2020. The main outcome measures were clinical pregnancy rate, live birth rate, very preterm delivery (VPTD), preterm delivery (PTD), low birth weight (LBW), macrosomia, small for gestational age (SGA), large for gestational age (LGA), hypertensive disorders of pregnancy (HDP), gestational diabetes mellitus (GDM), premature rupture of membranes (PROM), placenta previa, and congenital abnormality.



Results

A total of 8010 women were enrolled. Due to the large heterogeneity among the patients, we conducted 1:1 PSM, and 1461 women matched in each group. Compared with the HRT group, the L-OI group had a smaller proportion of thin endometrium (27.38% vs. 41.07%) and thicker endometrium on the day of embryo transfer (9.63 ± 1.82 vs. 8.91 ± 1.38). There were no significant differences in clinical pregnancy rate, early abortion rate or live birth rate between the groups. There was no significant difference in perinatal outcomes of singleton live birth, including VPTD, PTD, postterm delivery, LBW, macrosomia, SGA, LGA, GDM, HDP, placenta previa, and congenital malformation.



Conclusion

For women with abnormal ovulation, the pregnancy and perinatal outcomes of HRT and L-OI protocols are reassuring. It seems that both protocols are safe and effective for endometrial preparation in frozen-thawed embryo transfer in the clinic.





Keywords: frozen-thawed embryo transfer, pregnancy outcomes, perinatal outcomes, letrozole-induced ovulation protocol, hormone replacement therapy protocol



Introduction

Since the first successful live birth following human frozen embryo transfer (FET) reported by Zeilmaker’s team (1), the number of FET cycles has increased steadily worldwide due to improvements in laboratory technology, especially vitrification technology, and an increase in the number of available embryos (2, 3). In addition, the “whole-embryo freezing” strategy, i.e., selective freezing of all embryos before FET, has become a suitable option, especially for patients with a high risk of ovarian hyperstimulation syndrome (OHSS), preimplantation genetic testing (PGT) and double ovarian stimulation (DuoStim), as it reduces complications while simultaneously enhancing the live birth rate (4, 5).

Recently, many studies have shown that the outcome of frozen embryo transfer cycles was not inferior to that of FET cycles (6, 7), and some studies have even suggested that FET was associated with a higher pregnancy rate and lower complication rate (8, 9). Nevertheless, a recent meta-analysis showed that FET was associated with an increased risk of hypertensive disorders of pregnancy (HDP), postterm delivery, macrosomia and large for gestational age (LGA) (10, 11), but with reduced risk of preterm birth (PTD), low birth weight (LBW) and small for gestational age (SGA) (12, 13).

Endometrial preparation protocols optimize the success rate of FET by synchronizing endometrial receptivity and embryonic development stage. Multiple protocols for endometrial preparation for FET have been explored. A natural cycle (NC), an artificial cycle with hormone replacement therapy (HRT), and a cycle with ovulation induction (OI) are the most common protocols. All three protocols are suitable for patients with normal ovulation, and the latter two are also appropriate for patients with ovulatory disorders. Several recent retrospective studies found that NC was the best choice for women with normal ovulation (14, 15); however, there is no unified conclusion on the optimal choice for patients with abnormal ovulation (16, 17).

Clomiphene (CC) and letrozole (LE) are commonly used drugs in the OI cycle. In recent years, LE has been most widely used in OI for patients with polycystic ovary syndrome (PCOS), and it is the first-line OI drug for PCOS patients (18, 19). LE, a third-generation aromatase inhibitor, is commonly used in the clinic because it does not consume estrogen receptors, maintains a normal central feedback system, and promotes normal follicular growth, and it has no negative impact on the endometrium (20, 21) or pregnancy or fetal development (22). Because of its convenience, low cost and time controllability, HRT cycles have been widely applied for patients with abnormal ovulation (2, 23).

Recent studies have demonstrated that by using exogenous estrogen and progesterone to prepare the endometrium and inhibit ovulation, the HRT protocol in FET affected maternal and neonatal outcomes, resulting in the loss of the corpus luteum (CL), which can lead to adverse perinatal outcomes (14, 24). However, at present, there are few studies on the specific population of patients with abnormal ovulation, and heterogeneity in this population is large. Furthermore, as most comparisons between HRT and OI cycles have focused on the clinical pregnancy rate or live birth rate and paid little attention to maternal and neonatal outcomes, convincing conclusions cannot be drawn.

Therefore, this study aimed to explore the relationship between exposure of patients with abnormal ovulation to different endometrial preparation protocols and pregnancy and perinatal outcomes, including pregnancy rate, live birth rate, adverse obstetric complications and neonatal outcomes, to further optimize maternal and infant health after FET in patients with abnormal ovulation.



Materials and Methods


Patients

A total of 8010 women who were undergoing FET cycles from January 2016 to September 2020 at our center were enrolled. We included FET cycles of oligoanovulation (menstrual cycle>37 d), anovulation with letrozole-induced ovulation (L-OI) or HRT after in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI). The following exclusion criteria were applied: 1) maternal age >40 years; 2) adenomyosis, uterine malformations or recurrent miscarriage; and 3) use of donor oocytes and PGT cycles.



Endometrial Preparation Protocols

For HRT cycles, patients were prescribed 2 mg of estradiol valerate (Bayer Co., Germany) to be taken orally three times daily, starting at days 2-4 of menstruation for 7 days. Then, the drug dose was adjusted according to the thickness of the endometrium (up to 9 mg per day). Endometrial transformation was performed when the medication was taken for more than 12 days and endometrial thickness was ≥7 mm; the cycle was cancelled if endometrial thickness was less than 7 mm.

LE (2.5 mg/5 mg) was administered orally for 5 days on the 3rd-5th days of menstruation, and the follicular development speed was monitored by ultrasound. If follicular development was poor, HMG (Lizhu Pharmaceutical Trading Co., China) (37.5-75 IU daily) was added as appropriate to aid in the development of follicles. When the dominant follicle developed to 14 mm, the serum luteinizing hormone (LH) level indicated that ovulation was about to occur, the estradiol (E2) level was more than 150 pg/mL, and the endometrium thickness was more than 7 mm, 10,000 IU urinary hCG was injected (Lizhu Pharmaceutical Trading Co., China). Endometrial transformation was then performed. The cycle was cancelled if follicular dysplasia occurred.

For HRT or L-OI cycles, oral dydrogesterone (2 times daily, 10 mg once) (Abbott Co. USA) and intravaginal administration of 90 mg of a progesterone sustained-release vaginal gel (Merck Co. Germany) were given as luteal phase support until the 12th week of pregnancy. The same dose of estrogen valerate as before transformation was taken until 14 days after embryo transfer. In the case of pregnancy, the drug was continued until clinical pregnancy, which was defined as the presence of an intrauterine gestational sac by ultrasonography at 7–8 weeks of gestation.



Data Collection and Outcome Definition

Patient characteristics, such as age, body mass index (BMI), type of infertility, indication for IVF, duration of infertility, basal serum follicle stimulating hormone (FSH), basal antral follicle count (AFC), the number of previous FET failures, endometrial thickness, number of transferred embryos, developmental stage of embryo, pregnancy or live birth, and singleton or twins, were collected through the electronic case system of our center.

For patients with a gestational sac echo and singleton live birth after embryo transfer, pregnancy complications were collected during a telephone follow-up and recorded by a designated nurse in our center. Maternal and neonatal outcomes were recorded and classified according to the information provided by the patients.

Early spontaneous abortion was defined as a clinical pregnancy that failed to reach the 12th gestational week. Live birth was defined as the birth of a live child after 28 weeks of gestation per embryo transfer cycle. Very preterm delivery (VPTD), preterm delivery (PTD), term birth and postterm delivery were defined as a baby born after <32 weeks, <37 weeks of gestation, ≤37 weeks ≤ 41 weeks and >41 weeks of gestation, respectively. The neonatal birth weight of singleton live births was as follows: LBW (<2500 g), SGA (<10th percentile for gestational age) (25), macrosomia (≥4000 g), and LGA (>90th percentile for gestational age) (25).



Statistical Analysis

All statistical management and analyses were performed using SPSS software, version 22.0.

Because there was obvious heterogeneity in basic characteristics, the data were analyzed after 1:1 propensity score matching (PSM).

The one-sample K-S test was used to check for normality. Continuous variables with abnormal distributions are expressed as the mean ± SD, and Student’s t test was used to assess between-group differences. Categorical variables are represented as the number of cases (n) and percentage (%).

Means from chi-square analyses were used to assess differences between the groups. Multiple logistic regression was applied to further analyze different items. Unadjusted odds ratios and adjusted odds ratios with 95% confidence intervals (CIs) were calculated. Statistical significance was set at P<0.05.




Results


Study Population

From January 2016 to September 2020, 8010 FET cycles were evaluated according to the inclusion and exclusion criteria. There were 6549 patients in the HRT group and 1461 patients in the L-OI group. We separately analyzed the patients with a gestational sac echo and singleton live birth after embryo transfer, with 395 patients in the HRT group and 457 in the L-OI group.



Baseline Characteristics

When comparing basic characteristics between the two groups, we found that there were differences in female and male age, type of infertility, indication for IVF, duration of infertility, basal serum FSH, and basal AFC (Table 1). Therefore, based on these differences, we conducted 1:1 PSM, and 1461 women were matched in each group. After matching, there were no significant differences in basic characteristics between the groups (Table 2 and Figure 1).


Table 1 | Patient clinical characteristics.




Table 2 | Patient clinical characteristics after PSM.






Figure 1 | After 1:1 PSM, the data heterogeneity between the two groups was significantly reduced.



We found that the number of previous FET failures was higher in the L-OI group than that of the HRT group. In terms of clinical data, the endometrium was thicker and the proportion of thin endometrium lower in the L-OI group (Table 3).


Table 3 | Patient clinical and embryological characteristics.





Clinical Outcomes

In terms of clinical outcome, there were no significant differences in clinical pregnancy rate, early abortion rate or live birth rate between the two groups, but the twin rate was higher in the HRT group, which may be because the number of transferred embryos was greater than that in the L-OI group (Table 4).


Table 4 | Clinical outcomes.



Regarding the main outcome measures, we conducted a multiple logistic regression analysis to adjust for the influence of confounding factors. The included factors were female age, number of previous FET failures, BMI, AFC, endometrial thickness on the day of embryo transfer, thin endometrium and number of transferred embryos. After adjustments for confounding factors, the clinical pregnancy rate, early spontaneous abortion rate, live birth rate and twin rate were not significantly different between the groups (Table 5).


Table 5 | Unadjusted and adjusted odds ratios of pregnancy outcomes following L-OI versus HRT cycles.



We mainly analyzed maternal and neonatal outcomes and observed no significant differences in perinatal outcomes, including VPTD, PTD, postterm delivery, LBW, macrosomia, SGA, LGA, GDM, HDP, placenta previa, and congenital malformation, between the groups (Table 6). The same conclusion was reached after further multiple logistic regression analysis (Table 7).


Table 6 | Perinatal and neonatal outcomes of singleton live birth.




Table 7 | Unadjusted and adjusted odds ratios of perinatal and neonatal outcomes of singleton live birth undergoing L-OI versus HRT FET cycles.






Discussion

Our study showed no difference in pregnancy rate, live birth rate or abortion rate between HRT and L-OI cycles for patients with abnormal ovulation. Moreover, there was no difference between the two groups regarding perinatal outcomes.

For patients with abnormal ovulation, both HRT and L-OI are common endometrial preparation protocols in the clinic. The safety and OI effect of LE have also been generally recognized (26). Previous studies have suggested that L-OI cycles resulted in a higher live birth rate than HRT cycles; nevertheless, these studies did not examine maternal and neonatal outcomes (16, 27). Interestingly, some studies reached the same conclusions as in our study. A prospective study including 116 PCOS patients reported similar clinical pregnancy rates for HRT and L-OI protocols (28). Another randomized controlled study including 100 patients found that the L-OI protocol did not improve pregnancy outcomes compared with HRT (17). However, these studies did not focus on maternal and infant outcomes.

Despite no difference in pregnancy outcomes between the two groups, endometrial thickness on the day of embryo transfer in the L-OI group was greater than that in the HRT group in our study, which was consistent with a previous study from our center (29). The reason may be that the proportion of patients with thin endometrium was relatively high in the HRT group. In addition, LE has no negative effects on endometrial or cervical mucus. LE can enable full endometrial pinopode expression and increase integrin αvβ3 expression in the endometrium during implantation (18, 30). LE further decreases intraovarian and serum estrogen levels by blocking conversion of androgens to estrogens in ovarian granulosa cells (20). Subsequently, low estrogen levels reduce ubiquitination of estrogen receptors. This process leads to faster endometrial proliferation and increased blood levels in the uterus and endometrium, with positive effects on pregnancy outcomes (31, 32). Thus, L-OI can be used to prepare endometrial tissue for FET for patients with thin endometrial tissue. However, a previous study in our center reported that L-OI cycles were associated with a higher live birth rate than HRT cycles. Although the live birth rate was increased in our study by using the L-OI protocol, there was no significant differences between the groups possibly due to a large difference in the number of cases included in the L-OI (502) and HRT (2280) groups. There was also heterogeneity in basic characteristics; a previous study adopted regression analysis for correction (29), which was different from the 1:1 PSM in our study.

Moreover, our study found no significant difference in maternal or infant health between the two groups. A large retrospective cohort study in Japan in 2017 that included 110,772 FET cycles, which were divided into an LE-induced ovulation group, NC group and HRT group according to the endometrial preparation protocol used, found that neonatal outcomes of the different treatment schemes were basically similar, consistent with our results. A previous study in our center also reached similar conclusions (29).

There have been few studies on the perinatal complications and infant safety of the two protocols. Studies have shown that newborns were likely to have LBW and macrosomia after HRT cycles (14, 33) while pregnant women had an increased risk of HDP and cesarean section (15, 34). Saito et al.’s study suggested that the HRT cycles were associated with a higher risk of HDP and placental implantation and a lower risk of GDM (35). Another meta-analysis demonstrated that compared with the NC protocol, the OI protocol was associated with an increased incidence of PTD and LBW (36). However, the studies mentioned above compared three protocols, and the study population was not limited.

Recent studies have shown that the HRT protocol lacks CL, which is a crucial hormone for embryo implantation, placenta and pregnancy maintenance. Recent studies emphasized that loss of CL is associated with altered vascular health and insufficient cardiovascular adaptation in early pregnancy, leading to the occurrence of preeclampsia, affecting placental formation and causing placental hyperplasia (37, 38), with impacts on the mother and newborn. CL not only provides estrogen and progesterone but also vasoactive substances, such as relaxin and vascular endothelial growth factor, which may be important for placental formation. These substances are not available in the HRT cycle, which may increase the incidence of obstetric complications (39, 40). In our study, there was no difference between the two groups with regard to singleton delivery. The reason may be due to the different doses and types of luteal support after FET.

In FET cycles, it is necessary to add progesterone to obtain sufficient corpus luteum support to obtain a good pregnancy outcome due to the lack of endogenous progesterone production. In our study, corpus luteum support was provided by a combination of oral and vaginal administration, and the dose was sufficient. In Hu et al.’s study, only oral dydrogesterone (20 mg/d) was applied as luteal support in HRT cycles (14). Previous studies have suggested that dydrogesterone alone was likely not effective as a monotherapy in FET (41) but that the combination of oral and vaginal administration increased the concentration of progesterone in the serum and endometrium and improved the reproductive outcome (42, 43). In the study of Zong et al. dydrogesterone (40 mg/d) and progesterone capsules (Utrogestan, Capsugel) (200 mg/d) were given as luteal-phase support in HRT and OI cycles (33). This was not consistent with our study, in which oral dydrogesterone (60 mg/d) and intravaginal administration of 90 mg of a progesterone sustained-release vaginal gel were given as luteal-phase support. A recent meta-analysis suggested that once-daily Crinone gel or micronized progesterone (200 mg) three times per day is the most suitable luteal support dose (44).

Another reason may be that in some studies, when there were significant differences in basic characteristics and obvious differences in the number of included populations between the groups, logistic regression was used to correct confounding factors instead of ex ante PSM. Although they could correct some confounding factors, the statistical effectiveness did not seem to be more convincing than PSM.

Several limitations associated with this study warrant mentioning. 1) The number of samples was lower after PSM than before, and the study was a retrospective study with some deviation; hence, additional prospective research is needed to verify our results. 2) Patients with diabetes and hypertension were not excluded, but blood pressure and blood glucose were controlled normally before FET, which might have led to some inaccuracy in the results. 3) Because maternal complications and offspring outcomes were obtained by telephone and reported by patients, incomplete and missing data were present. 3) Not all the patients included were undergoing their first FET cycle, though the number of previous transplantation failures between the two groups was compared, some bias in outcome may exist.

In conclusion, for women with abnormal ovulation undergoing FET, both HRT and L-OI protocols are safe and effective in the clinic. Although maternal and infant outcomes appear to be reassuring, they need to be confirmed by additional prospective research with large samples.
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Ovarian pregnancy (OP) coupled with tubal ectopic pregnancy is rare. We present a case of coexistent ovarian and tubal ectopic pregnancies in the same adnexa resulting from in vitro fertilization and embryo transfer (IVF-ET) for tubal occlusion. The patient presented with mild vaginal bleeding without abdominal pain. OP was diagnosed via sonographic findings of an ectopic gestational sac (GS) and yolk sac that seemed to be inside her left ovary. Laparoscopic exploration confirmed this diagnosis, and ipsilateral tubal ectopic pregnancy was suspected during surgery. The patient underwent left salpingectomy and resection of the ovarian lesion. A subsequent histopathological examination verified the diagnosis of coexistent ovarian and tubal ectopic pregnancy. Though the mechanism underlying concurrent OP and tubal ectopic pregnancy is still unclear, clinicians should be cautious of potential combined ectopic pregnancy when dealing with patients who have received more than one embryo transfer.
Keywords: ovarian pregnancy, tubal ectopic pregnancy, in vitro fertilization and embryo transfer, laparoscopy, mutiple embryo transfer
INTRODUCTION
Ovarian pregnancy (OP), a rare subgroup of ectopic pregnancy, comprised 0.15–3.2% of ectopic pregnancies (Bouyer et al., 2002; Raziel et al., 2004; Choi et al., 2011). It is even rarer for it to co-occur with tubal ectopic pregnancy (TP). To the best of our knowledge, only a few such cases have been reported (M Sueldo et al., 2014; Eom et al., 2018; Trindade et al., 2019).
Overall, the risk factors for OP are similar to those of TP, including a history of pelvic inflammatory disease, IVF, and previous abdominal surgery (Kamath et al., 2010; Weiss et al., 2016; Jennings and Krywko, 2020). In addition, polycystic ovarian syndrome, intra-uterine device usage, and endometriosis are also considered specific risk factors for OP patients (Wang et al., 2013; Parker and Srinivas, 2016; Alalade et al., 2017).
Most OP patients present with non-specific symptoms with lower abdominal pain and/or mild vaginal bleeding (Choi et al., 2011; Parker and Srinivas, 2016). If ultrasound fails to detect any signs of combined pregnancy, an integral preoperative diagnosis including OP can be difficult to determine. Most cases have been confirmed by operation and postoperative pathological analysis. Currently, the diagnosis of OP is still based on the original criteria reported by (Spiegelberg, 1878).
Here, we report a case of coexistent OP with unexpected TP after the transfer of two fresh embryos. Accordingly, we review several previous works for clinical features and advances in diagnosis and treatment.
CASE REPORT
A 35-year-old nulligravid woman was hospitalized with a suspected OP 28 days after the transfer of two fresh embryos. Her previous menstrual cycles had been irregular, with a period occurring every one to 3 months that lasted three to 5 days, with average flow and mild dysmenorrhea. She had experienced a hysterography (HSG), which revealed a complete obstruction in the right fallopian tube and a partial obstruction in the left fallopian tube. She underwent two cycles of conventional IVF, both of which failed. A third IVF procedure was performed. Ovarian stimulation was performed with clomiphene citrate 100 mg (days 3–7), followed by daily injections of HMG 75 IU/150 IU based on follicular response. When the follicle was found to have reached a size of ≥16 mm, GnRH antagonist Cetrorelix 0.25 mg was administered. Then, five eggs were retrieved, and, under ultrasonographic guidance, two fresh embryos (one 9-celled embryo/grade II and one 12-celled embryo/grade II) were transferred to cleavage state (D3). Dydrogesterone (30 mg/day, orally; Duphaston®, Abbott Biologicals B.V., Netherlands) was prescribed for luteal support. Two weeks after transfer, the patient was confirmed to have conceived, and the human chorionic gonadotrophin and beta fraction (β-hCG) levels were 414.2 IU/L. About 3 weeks after transfer, she had slight vaginal bleeding for 1 day, but no other discomfort.
Routine viability ultrasonography was performed at 4-week gestation. Transvaginal ultrasonography revealed an empty uterus measuring 71 mm × 65 mm × 54 mm with an endometrial thickness of 12 mm. Her right ovary and tubal structures seemed to be normal, and a 30 × 25 × 20 mm heterogeneous mass was noted in the left adnexal area. A gestational sac (GS) with a beating fetal heart was seen inside, surrounded by ovary-like tissue, suggesting OP. Vascular proliferation was detected around the GS under power Doppler (Figure 1).
[image: Figure 1]FIGURE 1 | Ultrasound image of the left ovarian ectopic pregnancy, showing the GS with a yolk sac inside and feeding vessels around.
The patient was asymptomatic and hemodynamically stable when sent to the wards. On bimanual examination, no tenderness or masses were palpable on any side of her abdomen; no cervical pain was reported. A speculum examination showed no active bleeding at the cervix and only a trace of bloodstain on the vaginal wall. Furthermore, no abnormality was found in laboratory analysis of blood routine and blood biochemistry. The patient denied any history of endometriosis, pelvic inflammatory disease, or other relevant medical history.
A provisional diagnosis of left OP was made, and laparoscopic exploration was performed immediately. The surgeons explored the pelvic and abdominal cavities after aspirating about 200 ml of blood from the pelvis. The right fallopian tube and ovary were found to be normal, and the left ovary was enlarged and blueish, swelling to 6 cm in diameter. The left tube was exposed in a routine manner and found to be slightly distended and purple in appearance in the ampulla, which was dilated about 1.5 cm in diameter; both were intact (Figure 2). Considering the patient’s recent embryo transfer, surgeons decided to perform the left salpingectomy and remove ectopic tissue while preserving the ovary. The trophoblastic tissue was removed from the left ovary with monopolar laparoscopic forceps, and the ovary was reconstructed with vicryl.
[image: Figure 2]FIGURE 2 | Laparoscopic view of unruptured left ovarian pregnancy and ipsilateral tubal pregnancy (Lt. Tu = Left Fallopian tube, Lt. Ov = Left Ovary, EP = ectopic pregnancy).
Pathological examination with hematoxylin and eosin staining of the surgical specimen showed a left OP (Figure 3) and ipsilateral tubal pregnancy (Figure 4) with the presence of trophoblastic tissues.
[image: Figure 3]FIGURE 3 | Histopathological image showed ovarian tissue and intermediate trophoblasts were seen in the pathology slide of ovarian lesion. Scale bars, (A), 100 μm (B), 200 μm and (C), 100 μm.
[image: Figure 4]FIGURE 4 | Histopathological staining showed a small amount of intermediate trophoblasts infiltration into the fallopian tube tissue. Scale bars, (A), 100 μm (B), 200 μm and (C), 100 μm.
DISCUSSION
Combined pregnancy is rare and poses early diagnostic challenges. In existing reports, the clinical features of OP and TP patients have been unspecific, thus posing a dilemma for rupture and massive intra-abdominal bleeding with delayed diagnosis (Trindade et al., 2019). Particularly in cases of OP, pre-operative diagnosis is difficult to perform; however, this situation is improving owing to recent advances in ultrasound. Some authors state that the ultrasonic appearance suggestive of OP is a hypo-echoic, predominantly solid mass surrounded with blood flow signals (Comstock et al., 2005; Joseph and Irvine, 2012; Alalade et al., 2017), which is called the “ring of fire” structure. Moreover, an ectopic yolk sac and cardiac activity can facilitate provisional diagnosis of OP during ultrasonography (Comstock et al., 2005). It should be noted that advances in ultrasound technology can rectify the shortcomings of intra- and post-operative diagnosis involving the criteria established. MRI can also be an effective adjunct to ultrasound in the case of a patient with a hemodynamically stable status (Alalade et al., 2017; Ramanathan et al., 2018).
Here, we reported a case of concurrent OP and TP following IVF-ET to determine the causes thereof. ART was observed as a major risk factor in this case, as shown in Supplementary Table S1. This was consistent with three previous reports (M Sueldo et al., 2014; Eom et al., 2018; Trindade et al., 2019). Among these, M Sueldo et al. and Trindade et al. reported concurrent OP and TP after the transfer of two fresh embryos, and Eom et al. reported a patient who had undergone IUI treatment. Importantly, multiple embryo transfer was believed to be an important cause that significantly raised the rate of ectopic pregnancy over elective single transfer (Clayton et al., 2006; Bu et al., 2016). Several retrospective cohort studies have shown that more patients following IVF were found to be associated with fresh embryo transfer than frozen embryo transfer (FET) (Ishihara et al., 2011; Shapiro et al., 2011; Shapiro et al., 2012; Huang et al., 2014; Fang et al., 2015; Londra et al., 2015). In addition, receiving an embryo at the cleavage state (D3) was associated with a higher risk of ectopic pregnancy than a blastocyst on day 5 (Huang et al., 2014; Fang et al., 2015). Thus, fresh embryo transfer at the cleavage stage and multiple embryo transfer may be risk factors for multi-site ectopic pregnancy after ART. Other specific risk factors were also speculated; moreover, a high volume of culture medium was used when loading embryo or embryos, when there was an excessive ovarian response, in the transfer of an embryo in an abnormally high estrogen environment, and when there was a decreased transfer distance from the fundus (Pope et al., 2004; Chang and Suh, 2010; Wang et al., 2013; Jeon et al., 2016; Weiss et al., 2016; Lin et al., 2019).
Two hypotheses may explain the mechanism underlying concurrent ectopic pregnancy. First, the embryo or blastocyst may migrate in retrograde through the tube and implant in the ovary. Second, it may pass into one of the puncture sites created by the aspiration needle (Boronow et al., 1965). During the fresh cycle, ovarian injury after oocyte retrieval may provide an opportunity for ectopic implantation (Ishihara et al., 2011). Elevation of the E2/P ratio with the administration of stimulating drugs or exogenous hormone supplementation may lead to uncoordinated movement of the uterus and fallopian tubes, causing the embryo to migrate in reverse into the abdominal cavity (Wang et al., 2013; Fang et al., 2015). Another mechanism is some manner of interference in the release of the ovum from the follicle, followed by fertilization in situ by the sperm (Dolinko et al., 2018).
As with tubal pregnancies, surgery remains the first choice treatment (Dolinko et al., 2018), especially for patients with significant hypoxia or hemodynamic instability (Odejinmi et al., 2011). Furthermore, minimal access surgery is now becoming a universal option (Joseph and Irvine, 2012). Although wedge resection of the ovary is still the most common procedure for OP (Choi et al., 2011), enucleation of the gestational product is receiving increasing acceptance from doctors, as it is considered the gentlest type of operation, able to preserve as much ovarian cortex as possible (Alkatout et al., 2011). Such a procedure includes enucleating the GS from the ovary, bluntly or with the help of monopolar or bipolar cautery (Einenkel et al., 2000; Nadarajah et al., 2002; Andrade et al., 2015), and subsequently hemostasis with electrocoagulation, thereby protecting the ovarian function to the greatest extent possible. However, for patients in life-threatening situations (e.g., excessive bleeding, difficult hemostasis), it may be appropriate to remove the entire ovary.
Furthermore, methotrexate therapy, including systemic application and local intra-GS injection (Shamma and Schwartz, 1992; Mittal et al., 2003; Dolinko et al., 2018), could be considered an alternative treatment with strict indications and monitoring (Andrade et al., 2015). However, it is not recommended as a first-line treatment by the American Society of Reproductive Medicine (ASRM).
Co-existing ectopic pregnancies may be misdiagnosed and treatment may be delayed, which may lead to life-threatening complications and necessitate additional surgery. Upon review of reported cases, we developed several specifications for the prevention of co-existing ectopic pregnancy after IVF-ET: 1) clinicians should be alert that more than one embryo was transferred in IVF-ET, or ovarian hyperstimulation was conducted in the pregnancy; 2) clinicians should be alert to abnormal changes in β-HCG after IVF-ET; 3) ultrasonography may show an empty uterus with GS occupying the position of the adnexa; 4) because either ipsilateral or contralateral ovarian and tubal pregnancy could occur, laparoscopic exploration of both lateral fallopian tubes and ovaries is needed, and clinicians should pay attention to laparoscopic images showing purple bulging of the tube or ovarian hemorrhage; and 5) pathologic evidence may include ovarian tissue in the wall of the GS and a GS in the fallopian tubal tissue.
CONCLUSION
Concurrent OP and tubal pregnancy after ART have been reported in a few cases. In this report, we found that preoperative diagnosis involves considerable challenges. Risk factors include the transfer of multiple embryos in IVF-ET or ovarian hyperstimulation. As such, surgery remains the preferred treatment. Routine intra-operatory inspection of both fallopian tubes and ovaries is strongly recommended in any ectopic pregnancy, especially in high-risk patients.
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Objective

The objective of the study was to explore the effect of insulin resistance on pregnancy outcomes in patients with polycystic ovary syndrome (PCOS) from the first embryo transfer cycle.



Design

This was a single-center, retrospective, observational cohort study.



Patients

Included in the study were women with PCOS for the first embryo transfer.



Main Outcome Measures

Early miscarriage rate and macrosomia rate were the main outcome measures.



Results

With increased HOMA-IR, the early miscarriage rate (7.14, 13.21, and 16.22%, respectively; P = 0.039), macrosomia rate (5.78, 11.79, and 17.58%, respectively; P = 0.026) and the incidence of gestational diabetes (GDM) (10.00, 14.50, and 25.67% respectively; P = 0.002) significantly increased, while the live birth rate markedly decreased (63.03, 55.27, and 47.88%, respectively; P = 0.004). No significant difference was found in clinical pregnancy rate, late miscarriage rate, low birthweight rate and baby gender ratio (all P >0.05). After adjusting for confounding factors, HOMA-IR was an independent risk factor of early miscarriage rate and macrosomia rate.



Conclusion

Insulin resistance is an independent risk factor for early miscarriage and macrosomia in PCOS patients during the first embryo transfer cycle. It is essential to give more attention before and after pregnancy for PCOS women with high HOMA-IR.
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Introduction

Polycystic ovary syndrome (PCOS) is a common endocrine disorder that affects about 5–10% reproductive women (1, 2). Common clinical features for PCOS patients include ovulatory disturbances, obesity, hyperandrogenism, hyperinsulinemia, and insulin resistance (IR). IR plays an important role in regulating energy metabolism and follicular growth and development, thus is considered as an important factor in the pathogenesis of PCOS. The incidence of IR in the PCOS population varies from 50 to 70% by different races and regions (3, 4). IR is defined as reduced insulin sensitivity and an increased amount of insulin is needed to perform its normal function. It is generally believed that IR is closely related to obesity. Women with PCOS combined with IR are more prone to metabolic syndrome and cardiovascular disease.

At present, the hyperinsulinemic–euglycemic clamp technique is considered as the gold standard for assessing insulin sensitivity (5), but the complexity and high expense of the method limit its large-scale clinical application. Clinically, the homeostasis model assessment of insulin resistance (HOMA-IR) provides an efficient formula for evaluating B-cell function and insulin sensitivity. It is now a widely used method for assessing IR in many studies (6, 7). For women undergoing assisted reproduction technology, IR is easy to be ignored when fasting blood glucose is normal. A deep understanding about the influence of IR on PCOS may help to explore the pathophysiology of PCOS (8). Moreover, bringing awareness of IR in the reproductive health is crucial for disease management among PCOS women. It was found that although the clinical pregnancy rate with assisted reproduction technology of PCOS was similar to that of non-PCOS patients, the adverse maternal and fetal complications such as the risk of miscarriage, premature delivery, macrosomia, gestational diabetes (GDM) and hypertension were significantly higher (9). Therefore, this study aims to examine the association between IR and clinical pregnancy outcomes by comparing the outcomes of PCOS women with different insulin resistance levels, and discussing the influence of IR on clinical outcomes after the first embryo transfer treatment.



Materials and Methods


Study Design and Population

This was a single-center retrospective cohort study approved by the Ethics Committee of the People’s Hospital of Zhengzhou University. Enrolled as subjects of the study were PCOS patients who underwent in vitro fertilization (IVF) or intracytoplasmic sperm microinjection (ICSI) procedures for the first time between January 2017 and June 2020 at the Reproductive Medicine Center of People’s Hospital of Zhengzhou University. The diagnosis of PCOS was based on the Rotterdam criteria established in the 2003 Rotterdam consensus workshop, which required that at least two of the following three criteria were met: oligomenorrhea and/or anovulation, clinical and/or biochemical signs of hyperandrogenism, and polycystic ovaries on ultrasound scanning (10).

The exclusion criteria included: 1): cycles with incomplete data; 2) no embryo transfer cycles; 3) with endometrium factors such as intrauterine adhesion and uterine malformation; 4) with recurrent spontaneous abortion and autoimmune disease; 5) with chromosome abnormalities screened by preimplantation genetic screening of preimplantation genetic diagnosis; and 6) other endocrine disorders such as thyroid diseases, diabetes mellitus, impaired fasting glucose and hyperprolactinemia (Figure 1). All couples in the study had been given informed consent and signed informed consent for assisted reproduction therapy. This study complied with the basic principles of the Declaration of Helsinki.




Figure 1 | Flow chart of patients’ selection and exclusions.



Fasting blood glucose and fasting insulin were included in the routine examination of IVF treatment in our center. The two tests were performed six months before the start of ovarian stimulation, and in the same laboratory. As there is no consensus about the cutoff value of IR at present, the patients was divided into three groups according to 25th and 75th quartile of the HOAM-IR in this study: Group 1: HOMA-IR ≤1.87 (n = 238); group 2: 1.87 <HOMA-IR <4.28 (n = 474); and group 3: HOMA-IR ≥4.28 (n = 236). The insulin resistance index was calculated using the HOMA-IR according to the following formula: HOMA-IR = fasting blood glucose × fasting insulin/22.5. The unit of fasting blood glucose was mmol/L and the unit of fasting insulin was μ U/ml.



Ovarian Stimulation Protocols

In this study, the controlled ovulation induction protocol was conducted by the same team according to the condition of the patients. All the women underwent either GnRH agonist or flexible GnRH antagonist protocol.



GnRH Agonist Protocol

For the GnRH agonist protocol, 30 to 35 days after a single injection of 3.75 mg of long-acting GnRH agonist (Diphereline, Ipsen, Tianjin) on the second or third day of menstrual cycle, or injection of the short-acting GnRH agonist (Decapeptyl, 0.1 mg/d, Germany ferring) for 14 to 18 days began in the middle luteal phase of the previous menstrual cycle. Once the condition reached the downregulation standard, a dose of 75–300 IU gonadotropin (Gn) was administered based on the age, ovarian reserve, body mass index (BMI), and anti-Mullerian hormone (AMH) level of the patient. Gonadotropin doses were adjusted according to ovarian response and hormone levels after 4 to 5 days. Urinary human chorionic gonadotropin (hCG) was administered subcutaneously for triggering when at least two follicles measured ≥18 mm or three follicles measured ≥17 mm. A dose of 4,000 to 10,000 IU of hCG (Lizhu Pharmaceutical Trading, China) was given to induce ovulation depending on peak estradiol level and age. Oocyte retrieval guided by vaginal ultrasound was performed 36–37 h later.



GnRH Antagonist Protocol

Gn was injected from the second or third day of menstruation, and the starting dose of Gn was the same as above. Follicular size and hormone levels were monitored after four or five days of Gn treatment. A daily dose of 0.25 mg GnRH antagonist was initiated when a dominant follicle reached a mean diameter of 12 mm or estrogen level ≥200 ng/L or when blood luteinizing hormone (LH) levels began to show a notable upward trend. The dose was administered until the day of hCG administration. When at least two follicles measured ≥18 mm or three follicles measured ≥17 mm, a dose of 4,000 to 10,000 IU hCG was administered subcutaneously for triggering. Oocyte retrieval guided by vaginal ultrasound was performed 35–36 h later.



Embryo Transfer and Luteal Support

IVF/ICSI fertilization was performed depending on male semen parameters. On the 3rd to 5th day after oocyte retrieval, 1–2 high-quality cleavage embryos or blastocysts were selected for embryo transfer. During the frozen embryo transfer cycle, the endometrial preparation protocol was selected individually according to the condition of the patient, and 1–2 cleavage embryos or blastocysts should be transferred timely after the endometrial transformation. The hCG level in peripheral blood was measured on the 14th day after embryo transfer. Clinical pregnancy was defined as the presence of at least one intrauterine gestational sac on the 4–5 weeks after transfer. Luteal support drugs were discontinued in non-pregnant patients, and luteal support drugs were continued in pregnant patients until 8–10 weeks of pregnancy.



Outcomes

The primary outcomes of this study were the early miscarriage rate, macrosomia birth rate, and live birth rate. Live birth was defined as the complete removal or delivery of the fertilized product from the mother after more than 28 weeks of gestation with the presence of respiration or any signs of life (heartbeat, umbilical cord pulsation, voluntary muscle movement) after separation from the mother. Early miscarriage was defined as embryo loss before 12 weeks of pregnancy. Low birth weight was defined as fetal birth weight <2,500 g. Macrosomia was defined as birth weight ≥4,000 g.



Statistical Analysis

All measurement data were expressed by mean ± standard deviation (mean ± SD). One-way ANOVA was used for comparison between groups. All counting data were expressed by percentage (%), and chi-squared test was used to compare the count data between groups. Logistic regression model was used for multivariate analysis.

All statistical management and analyses were performed using SPSS software, version 24.0. A two-sided P-value <0.05 was considered statistically significant.




Results


Study Population

A total of 948 PCOS women who underwent first embryo transfer cycle and met the study inclusion and exclusion criteria were enrolled (Figure 1). According to the 25th and 75th of HOMA-IR, all the patients were divided into three groups: group 1 with HOMA-IR ≤1.87 (n = 238), group 2 with HOMA-IR between 1.87 and 4.28 (n = 474), and group 3 with HOMA-IR ≥4.28 (n = 236).



Patient Demographic and Characteristics

Table 1 showed the demographic and clinical characteristics among the three groups. The mean HOMA-IR was significant different in the three groups (1.43 ± 0.35, 2.92 ± 0.68, 6.72 ± 2.78, respectively; P <0.001). The BMI (22.1 ± 2.9, 24.9 ± 3.4, 28.3 ± 3.4, respectively; P <0.001) and basal testosterone (T) (0.41 ± 0.2, 0.42 ± 0.19, 0.46 ± 0.22; P = 0.020) significantly increased with HOMA-IR. In group 3, obese patients (BMI ≥28 kg/m2) accounted for as high as 52.1%. The level of AMH, basal follicular stimulation hormone (FSH) and basal luteinizing hormone (LH) decreased significantly among the three groups. There were no significant differences in age, duration of infertility, type of infertility and fertilization method (P >0.05).


Table 1 | Comparison of demographic and clinical characteristics of the three groups.





Ovarian Stimulation and First Embryo Transfer Results

As shown in Table 2, with increased HOMA-IR, the starting dosage of Gn, the total dosage of Gn and the duration of Gn became higher, while the number of oocytes retrieved, number of mature oocytes, number of normal fertilization oocytes, number of available embryos and number of good embryos became significantly lower (P <0.05). No statistically significant difference was observed in type of protocol.


Table 2 | Ovarian stimulation characteristics among the three groups.



After the first embryo transfer, the type of transfer (fresh cycle or frozen cycle), number of embryos transferred and the thickness of endometrium were comparable among the groups (P >0.05). With increased HOMA-IR, the early miscarriage rate (7.14, 13.21, and 16.22%, respectively; P = 0.039), macrosomia rate (5.78, 11.79, and 17.58%, respectively; P = 0.026) and the incidence of GDM (10.00, 14.50, and 25.67% respectively; P = 0.002) significantly increased, while the live birth rate markedly decreased (63.03, 55.27, and 47.88%, respectively; P = 0.004). No macrosomia baby was born in twin pregnancy patients. Furthermore, the live birth rate of single baby was prominently lower, while the rate of twin live birth was comparable. No significant difference was found in clinical pregnancy rate, late miscarriage rate, low birth weight rate, and baby gender ratio (Table 3).


Table 3 | Outcomes of first embryo transfer cycle.



Multivariate logistic regression analysis was performed to explore the risk factors of early miscarriage rate and macrosomia rate. The regression model included the following factors: age, HOMA-IR, BMI, AMH, number of available embryos, number of embryos transferred, type of transfer embryo and endometrial thickness. The results showed that HOMA-IR was an independent risk factor of early miscarriage rate and macrosomia rate. Compared with group 1, the group 2 and group 3 had significantly higher early miscarriage rate (group 2, aOR = 1.640, 95% CI: 1.101–2.443, P = 0.015; group 3, aOR = 1.685, 95% CI: 1.049, 2.708, P = 0.031) and macrosomia rate (group 2, aOR = 1.983, 95% CI: 1.089–3.611, P = 0.025; group 3, aOR = 2.218, 95% CI: 1.149–4.281, P = 0.018). The details are shown in Table 4.


Table 4 | Logistic regression analysis to account for confounding variables of early miscarriage and macrosomia.






Discussion

In the present study, we found that HOMA-IR was associated with early miscarriage, macrosomia, live birth rate, and the incidence of GDM. With increasing of HOMA-IR, the early miscarriage rate, the macrosomia rate and the prevalence of GDM elevated remarkedly, and the live birth rate decreased significantly in their first embryo transfer. The influences still remained after adjusting for the following factors: age, BMI, AMH, number of available embryos, number of embryos transferred, type of transfer embryo and endometrial thickness.

Further, we found that with increased HOMA-IR, there were significant decreasing in number of oocytes retrieved, number of available embryos, and number of good embryos. We suspect that with fewer available embryos and good embryos, reduced chance for embryo selection in the first embryo transfer cycle might lead to adverse pregnancy outcomes, and high HOMA-IR may be detrimental to the oocyte and embryo quality.


IR and Early Miscarriage

Several previous studies have shown that PCOS patients had a higher miscarriage rate than non-PCOS patients in IVF treatment. Su et al. found that women with PCOS had an increased risk miscarriage (aOR 1.629, 95% CI 1.240–2.141) for the first IVF treatment (11). A meta-analysis including twenty-nine studies also demonstrated that PCOS women had higher risks of miscarriage (OR 1.41, 95% CI 1.04–1.91) than control group (9). Due to the complexity of endocrine disorders in PCOS population, no clear indicators exist concerning the exact risk factors for adverse pregnancy outcomes. A meta-analysis found that high BMI (OR 1.48, 95% CI [1.32, 1.67], MD = 1.35, 95% CI [0.58,2.12]) and insulin resistance (MD = 0.32, 95% CI [0.15, 0.49]) were associated with an increased risk of miscarriage in PCOS patients undergoing ART (12). Li et al. found that IR was an independent risk factor for spontaneous abortion (13), which was consistent with our study. However, the definition of IR used in our study was different compared with previous studies. In the study of Li et al. (13), patients with HOMA-IR greater than 4.5 were classified as IR, while in our study HOMA-IR was grouped by the percentile. At present time, there is no consensus on the definition of IR, as previous studies have variously defined IR with the level of HOMA-IR. In this study, we grouped the patients by 25th quantile and 75th quantile of HOMA-IR and explore the relationship between HOMA-IR and adverse pregnancy outcomes.

IR might affect early miscarriage through downstream physiological changes. IR or hyperinsulinemia may affect the secretion of androgen, and excess androgen can aggravate endocrine disorders and follicular dysplasia, which may further result in poor quality eggs and embryos. Besides, from an in vivo study, hyperandrogenism and insulin resistance could induce mitochondria-mediated damage and result in an imbalance between oxidative and antioxidative stress responses in the gravid uterus, which correlates with high abortion risk (14). An experiment in pregnant rats suggested that deleterious effects of hyperandrogenism and insulin resistance on fetal survival were related to placental mitochondrial abnormalities and elevated reactive oxygen species production (15). Additionally, gut microbiota dysbiosis can promote metabolism, immune response through interaction with the external environment, which may closely relate with IR in PCOS patients and cause adverse pregnancy outcomes (16). Other factors, such as serum testosterone and serum chemerin level, might also contribute to the early abortion in PCOS women (17, 18).



IR Affecting Macrosomia

In this study, we found that macrosomia rate and the incidence of GDM significantly increased with HOMA-IR elevation, and the influence was still remained after adjusting for the possible confounding factors. A meta-analysis including fifty-nine studies of Chinese PCOS women suggested that the estimates of GDM and macrosomia among women with PCOS were significantly higher than those in women without PCOS (all P <0.05). Further subgroup analysis found that PCOS women with pre-pregnancy insulin resistance were at an increased risk for GDM and macrosomia (all P <0.05) (19). A retrospective cohort study including 1,357 pregnant women with PCOS and 6,940 without PCOS suggested that PCOS women had a higher rate of macrosomia (9.14% vs 6.64%, P = 0.008), and the difference was prominent among obese PCOS women with no significant difference (18.92% vs 8.00%, P = 0.15) (20).

At present, a large number of studies have found that maternal weight was a high-risk factor of macrosomia (21–24). Additionally, a study found that insulin resistance was a link between maternal overweight and fetal macrosomia in nondiabetic pregnancies (25). Study has shown that there was a significant positive correlation between maternal weight and HOMA-IR (r = 0.248, P <0.05) (26). In our study, the BMI increased significantly in accordance with HOMA-IR (P <0.001), and more than half women (52.1%) were obese (BMI ≥28) when HOMA-IR was more than 4.28. PCOS is commonly characterized by endocrine disorder such as insulin resistance, hyperandrogenism, and obesity. Obesity and insulin resistance are closely interrelated.

Macrosomia has short-term and long-term adverse health effects and is thus an important public health concern. A murine model suggested that neonatal macrosomia was an independent risk factor of adult metabolic syndrome (27). Another research including 1,767 infants explored the risk of childhood under 3 years, and found that obesity for macrosomic babies was 3.74 (1.96–7.14) and 1.64 (0.89–3.00) times higher based on weight-for-age and BMI-for-age, respectively (28). It is essential to explore the risk factors and possible mechanisms of macrosomia. The higher rate of macrosomia maybe associated with the greater risk of GDM in PCOS patients. PCOS patients had a high incidence of GDM and prevalence of GDM diagnosis in the first trimester, especially in patients with obesity and insulin resistance (29–31). In our study, the incidence of GDM significantly increased with HOMA-IR, which was in accordance with the occurrence of macrosomia. However, even with no GDM during pregnancy, there still was an increased risk of macrosomia with insulin resistance (aOR:1.71; 95% CI: 1.12–1.97) (32). In addition, during pregnancy, maternal tissues become increasingly insensitive to insulin in order to liberate nutritional supply to the growing fetus. Thus, IR might be an important risk factor for macrosomia among PCOS patients.



Strengths and Limitations

To our best knowledge, this is the first study to explore the effects of insulin resistance both on early miscarriage and macrosomia in PCOS patients during their first embryo transfer cycles. Most of the previous studies have compared the influence of IR on PCOS patients and non-PCOS patients. It provides valuable data support for clinical consultation and new ideas for future clinical and basic research. This study also has certain limitations that should be noticed. First, this study was designed as a retrospective cohort study, and thus limited its scope to explore the relevant biological mechanism by which insulin resistance affects pregnancy outcomes. Additionally, the assessment of HOMA-IR has some limitations (33). HOMA-IR reflects predominantly hepatic insulin resistance, while peripheral insulin resistance is better described by oral glucose tolerance test-derived (OGTT) insulin resistance indices. However, the data of OGTT and other maternal complications during pregnancy were not studied in this study since the data were collected retrospectively.




Conclusion

In summary, this study showed that insulin resistance was an independent risk factor for early miscarriage and macrosomia in PCOS patients during the first embryo transfer cycle. The early miscarriage rate and macrosomia rate were significantly higher with the increasing of HOMA-IR. Therefore, for PCOS patients with high insulin level, it is essential to give effective treatment before pregnancy, and the perinatal period may require more attention from obstetricians and pediatricians.
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Objective

To study the influence of the previous cesarean section on the pregnancy outcomes and perinatal outcomes in single embryo transfer (SET) cycles in an in vitro fertilization/intracytoplasmic sperm injection-embryo transfer (IVF/ICSI-ET) setting compared to those with previous vaginal delivery (VD). In addition, the association between fertility outcomes and different cesarean scar defect (CSD) sizes was studied.



Method

This was a retrospective cohort study conducted in the Reproductive Center of the First Affiliated Hospital of Nanjing Medical University. A total of 4,879 patients with previous delivery history undergoing SET were included between January 2015 and April 2019. Patients were divided into the VD group and cesarean delivery (CD) group according to different modes of previous delivery. The primary outcome was live birth rate. The pregnancy outcomes of CD were analyzed as a subgroup and the relationship between pregnancy outcomes as well as the different sizes of CSD were explored by logistic regression analysis.



Results

There were no significant differences in live birth rate, clinical pregnancy rate, and miscarriage rate between the CD group and VD group. The incidence rates of pregnancy complications such as pregnancy hypertension, gestational diabetes mellitus, placenta abnormalities, premature rupture of membrane, and postpartum hemorrhage were similar in the two groups. Live birth rate was significantly lower in the CSD group (23.77% vs 37.01%, aOR: 0.609, 95% CI: 0.476-0.778) comparing to patients without CSD. There were also significant differences in clinical pregnancy rate (37.52% vs 47.64%, aOR: 0.779, 95%CI: 0.623-0.973) and miscarriage rate (34.55% vs 20.59%, aOR: 1.407, 95%CI:1.03-1.923). Large size CSD significantly decreased live birth rate (13.33% vs 26.29%, aOR: 0.422, 95%CI: 0.197-0.902) and clinical pregnancy rate (25.33% vs 40.09%, aOR: 0.503, 95%CI: 0.272-0.930) compared with small size CSD.



Conclusion

For women with previous cesarean sections, the pregnancy outcomes were similar to those with previous VD without increased perinatal complications following SET. The presence of CSD was associated with a marked reduction in live birth rate, especially in patients with large size CSD.





Keywords: live birth, single embryo transfer, in vitro fertilization, Cesarean delivery, Cesarean section defect



1 Introduction

In recent decades, the prevalence of cesarean section (CS) in the global scope grew two-fold, increasing from 12% in 2000 to 21% in 2015 in all deliveries (1). In China, the percentage of CS delivery increased from 28.8% to 36.7% from 2008 to 2018 (2), which was much higher than the reasonable range of 10-15% recommended by the World Health Organization (WHO). There are rising concerns regarding the short-term complications and long-term risks of CS, including placental implantation and uterine rupture in the next pregnancy (3). It is well established that pregnancy risks dramatically increase with twin pregnancies than singleton pregnancies (4), especially in patients with scarred uterus (5). There is an urgent need to reduce the multiple pregnancies rate in patients with the previous cesarean delivery(CD) (6). However, the incidence of multiple pregnancies increases in patients undergoing IVF by multiple embryos transfer to achieve a higher pregnancy rate (7). Single embryo transfer (SET) is an effective strategy to avoid multiple pregnancies without compromising the cumulative live birth rates compared with double embryos transfer (8). Previous studies showed SET not only decreased multiple pregnancies risk but also improved the perinatal outcomes compared with singletons resulting from double-embryo transfers (9). Hence, SET is recommended for patients with a scarred uterus. Keeping that in mind, the pregnancy and perinatal outcomes after SET in patients with previous CS are still unknown.

A significantly lower rate of natural conception after CD was reported (10). Several studies investigated the association of prior CD and pregnancy outcomes in IVF cycles. The conclusions have been controversial as these studies lack homogeneity and different studies evaluated different numbers (one or more) of embryos transfer including a mix of cleavage-stage and blastocyst-stage embryos transfer. It is important to further explore the effect of previous CD on pregnancy outcomes in a SET setting.

Cesarean scar defect (CSD) is also called niche or diverticulum, which refers to poor healing of uterine scar after CS (11). Its prevalence varies from 6.9-69% depending on the study population and methodology used (12). Some reports suggested that CSD impaired embryo implantation and subsequent fertility (13, 14). Residual myometrial thickness (RMT) measured less than 3mm is defined as large CSD (15) with a high risk of spontaneous uterine rupture (16, 17). No published studies have investigated the relationship between pregnancy outcomes with different sizes of CSD.

Therefore, this study aimed to investigate the impact of previous CD compared with previous vaginal delivery (VD) on the reproductive outcomes and perinatal outcomes in patients undergoing SET. We also explored the relationship between the pregnancy outcomes and different CSD sizes in patients undergoing IVF treatment.



2 Material and Method


2.1 Study Population

This retrospective study was conducted at the Department of Assisted Reproduction Center of the First Affiliated Hospital of Nanjing Medical University from January 2015 to April 2019. Patients included into this study had at least one previous delivery (including CS and VD) and SET was performed. Only the first embryo transfer was included in the analysis. According to the previous modes of delivery, patients were divided into two groups: the previous CD group and the previous VD group. Exclusion criteria was: advanced maternal age (>43years); recurrent pregnant loss: two or more pregnancy loss before 24 weeks of gestation; untreated mild to severe hydrosalpinx, endometriosis, uterine adhesion; Preimplantation Genetic Testing (PGT) cycles; and oocytes donation cycles.



2.2 CSD Evaluation

All patients were assessed by Voluson E8 ultrasound system (General Electric Voluson, 2014, USA) equipped with a 5-9 MHz three-dimensional transvaginal probe. The three-dimensional-transvaginal ultrasound (3D-TVS) was taken 3-7 days after menstruation. CSD is defined as a wedge-shaped anechoic area with an indentation of the myometrium larger than 2 mm at the site of CS. The depth, width of CSD, and RMT were measured in the sagittal plane (18). The large CSD was estimated as RMT less than 3mm, middle size CSD was RMT in a range of 3-6 mm, small size CSD was defined as RMT more than 6mm.



2.3 Treatment Protocol


2.3.1 Ovarian Stimulation

Conventional gonadotropin releasing hormone (GnRH) agonist (GnRHa) (midluteal GnRHa suppression) and GnRH antagonist (antagonist administration when the leading follicle diameter reaches 13mm) regimens were performed for ovarian stimulation. The initial dose of recombinant follicle-stimulating hormone (FSH) was 100–300 IU/day depending on age, body mass index (BMI), ovarian reserve, and possible response to stimulation.



2.3.2 Ovulation Trigger and Luteal Phase Support

When at least the diameter of two follicles reached 18 mm or three follicles greater than 17mm, a single bonus of 6500 IU recombinant human chorionic gonadotropin (hCG) injection was administered subcutaneously and oocyte retrieval was performed 36 hours later. Only one embryo was transferred 3–5 days after oocyte retrieval. The luteal phase was daily supported by progesterone from the day of oocyte retrieval and continued for 14 days after the embryo transfer. In the cases of potential severe ovarian hyperstimulation syndrome, all embryos were frozen.



2.3.3 Frozen-Thawed Embryo Transfer (FET) Protocol

Endometrial preparation for FET was performed by four regimens, including natural cycle, induced ovulation cycle, hormone replacement therapy (HRT), and GnRHa combined HRT (GnRHa+HRT) regimen. The natural cycle was performed in women with regular menstruation with or without hCG trigger. An induced ovulation cycle was conducted among anovulatory women with letrozole in combination with human menopausal gonadotropin (hMG). Luteal phase support was administered on the day of ovulation. For the HRT cycle, exogenous estrogen was administered until the endometrium reached optimal thickness, then the supplement of exogenous progesterone was performed. The GnRHa+HRT was mainly for women with endometriosis or adenomyosis. Pituitary down-regulation was achieved by a full dose of GnRHa 3.75mg at day 1 or day 2 of the menstrual cycle and HRT was performed 25-28 days later. A cleavage-stage or a blastocyst-stage embryo was transferred 3-5 days after endometrial development with progesterone.




2.4 Outcome Measures

The primary outcome was live birth rate, defined as live births after 28 gestational weeks. The secondary outcome parameters included biochemical pregnancy, clinical pregnancy, miscarriage, ectopic pregnancy, twin pregnancies, neonatal outcomes, and maternal pregnancy complications. Biochemical pregnancy was detected as positive serum hCG 14 days after embryo transfer. Clinical pregnancy was defined as the presence of a gestational sac with or without fetal heart detected by the ultrasound examination at the eighth gestational week. Miscarriage referred to pregnancy loss before 28 gestational weeks. Ectopic pregnancy referred to the gestational sac detected out of the uterine cavity. Twin pregnancies was defined as two fetal heartbeats detected by ultrasound. The interested maternal complications included gestational hypertension, gestational diabetes, placental abnormalities such as placenta previa and placental abruption, premature rupture of the membrane, and postpartum hemorrhage. Neonatal outcomes comprised preterm birth (<37 weeks of gestation), stillbirth (fetal death after 28 gestational weeks), low birth weight (< 2500g), and very low birth weight (<1500g).



2.5 Statistical Analysis

Data were analyzed by SPSS statistics (version 26; IBM, Armonk, NY). Continuous variables were described as mean values with standard deviation and categorical variables were described as numbers with percentages. Propensity score matching (PSM) was applied to balance the distributions of observed baseline characteristics between the CD groups and the VD groups with a 1:1 nearest-neighbor matching strategy and caliper was set as 0.2. Age, BMI, infertility diagnosis, fertilization methods, fresh or frozen-thawed cycle, the protocol of fresh and frozen embryo transfer, and endometrial thickness on the day of embryo transfer were selected as the matching factors. After PSM, Student’s t-test or Mann-Whitney U test was used for continuous variables, depending on the normality of the data distribution. Fisher’s exact test and Pearson’s χ2 were used for categorical data. Univariate and multivariate logistic regression analysis was performed to test the relationship between the presence of CSD and reproductive outcomes. The adjusted covariates of logistic regression included age, BMI, fresh or frozen-thawed cycle, the stage of embryo transferred, and endometrial thickness on the day of transfer. The association of the different sizes of CSD and the reproductive outcomes were performed by the logistic regression by the adjusted factors described above. The crude and adjusted results were expressed as odds ratio (OR) with 95% confidence intervals (CIs). A two-sided P value of less than 0.05 was considered statistically significant.




3 Results


3.1 General Information of Patients With Different Delivery Modes Following SET

As shown in Figure 1, 3,135 women who underwent single cleavage-stage embryo transfer and 1,744 women who underwent single blastocyst-stage embryo transfer were included. Before matching, the baseline characteristics such as age, BMI, and the thickness of the endometrium were not balanced in VD and CD groups. After subsequent propensity score matching, 1,350 patients were assigned to the VD and CD groups, respectively, in patients with single cleavage-stage embryo transfer and 729 patients were included in each group with single blastocyst-stage embryo transfer. The baseline variables such as age, BMI, infertility factors, endometrial thickness, the protocol of fresh and frozen embryo transfer were all comparable between the VD and CD groups in both cleavage-stage and blastocyst-stage embryo transfer populations (all P>0.05) (Table 1).


Table 1 | Demographics and cycle characteristics of patients with different previous delivery modes.






Figure 1 | Flow chart of the study. SET, single embryo transfer; VD, vaginal delivery; CD, cesarean delivery; PSM, propensity score matching; CSD, cesarean scar defect.





3.2 The Pregnancy and Perinatal Outcomes of VD and CD Groups

The pregnancy outcomes of the VD and CD groups are presented in Table 2. The biochemical pregnancy rate (cleavage-stage: 40.67% vs 39.18%, P=0.432; blastocyst-stage: 71.60% vs 69.41%, P=0.358), clinical pregnancy rate (cleavage-stage: 36.22% vs 34.29%, P=0.295; blastocyst-stage: 66.67% vs 65.29%, P=0.543), and live birth rate (cleavage-stage: 26.59% vs 23.70%%, P=0.084; blastocyst-stage: 57.20% vs 52.40%, P=0.066) were higher in the VD groups but the differences failed to reach significant difference. In addition, no significant differences were observed in miscarriage rate, ectopic pregnancy rate, or twin pregnancies rate in different groups. Table 3 shows the perinatal outcomes including maternal complications and neonatal outcomes. The prevalence rate of preterm birth, low birth, very low birth, and obstetric complications did not differ in VD and CD groups (all P>0.05). However, we observed a statistically significant decrease in gestational weeks of delivery in patients with previous CS (cleavage-stage: 38.39 ± 1.89 weeks vs 38.08 ± 1.55 weeks, P=0.02; blastocyst-stage: 38.36 ± 1.63  weeks vs 37.95 ±1.49 weeks, P<0.001).


Table 2 | Pregnancy outcomes of patients with different previous delivery modes.




Table 3 | Perinatal outcomes of patients with different modes of previous delivery.





3.3 The Baseline Characteristics and Logistic Regression Analysis of Reproductive Outcomes Between Previous CD Patients With and Without CSD

As shown in Table 4, the number of patients with previous CD without visible scars was 1,570 and the number of patients with CSD was 509. The baseline characteristics such as age, BMI, endometrial thickness, and the proportion of blastocyst-stage transfer were comparable between the patients with and without CSD (all P>0.05), while the proportion of fresh embryo transfer was significantly different between the two groups (34.77% vs 27.13%, P=0.001). We investigated the pregnancy outcomes by logistic regression to overcome the imbalance and the results are shown in Table 5. After adjusting for age, BMI, fresh or frozen-thawed cycle, the stage of embryo transferred, endometrial thickness, the live birth rate was significantly lower in patients with CSD than those without CSD (23.77% vs 37.01%, aOR: 0.609, 95%CI: 0.476-0.778). The probability of clinical pregnancy rate (37.52% vs 47.64%, aOR: 0.779, 95%CI: 0.623-0.973) also decreased in patients with CSD. A significantly increased risk of miscarriage was observed in the CSD group (34.55% vs 20.59%, aOR: 1.407, 95%CI: 1.03-1.923). There were no significant differences in biochemical pregnancy rate or ectopic pregnancy rate.


Table 4 | Baseline characteristics of patients with and without CSD.




Table 5 | Logistic regression analysis of reproductive outcomes of patients with and without CSD.





3.4 The Relationship Between the Reproductive Outcomes and Different CSD Size

After adjusting for important confounders (age, BMI, fresh or frozen-thawed cycle, the stage of embryo transferred, endometrial thickness), patients with large CSD were associated with a significantly lower live birth rate (13.33% vs 26.29%, aOR: 0.422, 95%CI: 0.197-0.902) compared with patients with small CSD. Similarly, biochemical pregnancy rate (32.00% vs 45.69%,aOR: 0.546, 95%CI: 0.305-0.978) and clinical pregnancy rate(25.33% vs 40.09%, aOR: 0.503, 95%CI: 0.272-0.93) were significantly lower in the large CSD group. However, there were no significant differences observed in miscarriage rate among patients with different sizes of CSD (Table 6). 


Table 6 | Logistic regression analysis of patients with different sizes of CSD.






4 Discussion

CS rate is increasing worldwide and continues to grow. CS leads to an anatomic change of the uterus and contributed to a lower rate of childbearing (9, 19). Recent studies attempt to demonstrate the relation between CD and subsequent pregnancy outcomes in IVF, but the results have been controversial. The underlying cause of the difference was considered to be the heterogeneity of these studies. One of the factors was the imbalanced baseline characteristics of the patients, including maternal age, endometrial thickness at the day of transfer, and BMI. Zhang et al. (20) observed no difference in live birth rate (40.59% vs 45.38%, P=0.466) between the CD and VD groups, however, there was imbalanced maternal age. Diao (21) et al. also revealed no significant difference in live birth rate (33.1% vs36.4%, OR: 0.86, 95%CI: 0.64~1.16, P>0.05) with thinner endometrial thickness in the CD group. In another study, Friedenthal J et al. (22) reported nearly a 10% reduction in the live birth rate of the CD group with imbalanced BMI. Our preliminary data also showed some imbalanced characteristics including higher age, larger BMI, and thinner endometrium in the CD group. To overcome this imbalance, we utilized PSM and reported a lower live birth rate, clinical pregnancy rate, and higher miscarriage rate without a statistically significant difference in women with previous CD compared with women with previous VD following SET. Furthermore, previous studies included patients with a mix of cleavage-stage and blastocyst-stage embryo transfers in different proportions, which could lead to a biased interpretation of the results. In a prospective study performed by Patounakis et al. (23), the live birth rate (39% vs 32%, P=0.366) was similar between different modes of the previous delivery with 35-39% blastocyst-stage embyro transfer rate. When the blastocyst transfer rate was only 7.9-9% [Huang et al. (24)], an obviously lower live birth rate (27.5% vs 33.4%, P=0.03) in patients with previous CD was discovered. Previous work demonstrates that blastocyst-stage embryo transfer was associated with an increased pregnancy rate than cleavage-stage embryo transfer (25, 26), so we further stratified patients with different stages of embryo development, respectively, to avoid bias. The results showed the same trend of lower live birth rate regardless of cleavage-stage embryo or blastocyst-stage embryo transfer.

Patients with previous CD history had an increased risk of life-threatening pregnancy complications with the subsequent twin gestation than singleton pregnancy (27). SET was defined as a multiple birth minimization strategy (28). Our data shows comparable perinatal outcomes following SET between patients with different previous delivery modes. The incidences of adverse obstetric and neonatal outcomes did not show significant differences between the CD and VD groups. The twin pregnancies rates were 0.63-1.64% in patients with CD history following SET. In contrast to our study, some studies (29, 30) transferred one or more embryos in patients with previous CS, and the twin birth rate approximately reached 30% with significantly higher preterm birth rate than singleton births. Some patients even received selective fetal reduction to decrease the risk of adverse events in twin birth. Selective fetal reduction was an invasive procedure complicated with infection and miscarriage (31) and SET was more likely to be the first option to achieve a healthy live birth. Moreover, the CD group showed a significantly lower gestational age than VD group (cleavage-stage: 38.39 ± 1.89 weeks vs 38.08 ± 1.55 weeks, P=0.02, blastocyst-stage: 38.36 ± 1.63  weeks vs 37.95 ± 1.49 weeks, P<0.001). This might be associated with the timing of elective repeat CS without labor. Most repeat cesarean deliveries were performed around 37-39 weeks of gestation (32) in patients with previous history of CS concerning maternal and neonatal safety (33).

The presence of CSD had a negative effect on subsequent fertility (34). In this study, the presence of CSD shows a detrimental effect on subsequent pregnancy. The results remained robust after adjusting for the possible confounders and effect-modifying factors. Patients with CSD were associated with a significantly lower rate of subsequent live birth (aOR: 0.609, 95%CI: 0.476~0.778, P<0.001) and clinical pregnancy (aOR: 0.779, 95%CI: 0.623~0.973, P=0.027), as well as a higher likelihood of miscarriage (aOR:1.407, 95%CI: 1.03~1.923, P=0.032) compared with those without defect at the site of the cesarean incision. The results were in agreement with previous studies (21, 35). The existence of CSD could lead to poor pregnancy outcomes in patients undergoing IVF.

In literature, large CSD (RMT<3mm) in non-pregnant women is regarded as a high risk of uterine dehiscence or rupture in subsequent pregnancies (36). However, there is no definitive classification of CSD to predict the pregnancy outcomes in IVF. This study explored the relationship between different sizes of scar defects and pregnancy outcomes with a logistic regression model adjusted for potential confounding factors. Live birth rate (13.33% vs 26.29%, aOR: 0.422, 95%CI: 0.197-0.902) and clinical pregnancy rate (25.33% vs 40.09%, aOR: 0.503, 95%CI: 0.272-0.930) sharply decreased in patients with large CSD compared with those with small CSD. The underlying mechanisms appear to be associated with reduced scar contractility around the fibrotic scar (37). The impaired ability of myometrium cannot expel the blood completely in the niche with degradation of hemoglobin (38). The fluid accumulated at the CS site may hamper the embryo implantation like in patients with hydrosalpinx (39). The toxic environment with excess iron might disturb the endometrial receptivity and uterine microbiota (40). Another explanation is that CSD may compromise the process of decidualization (41). The delayed endometrial maturation has a negative effect on steroid receptor expression and impairs embryo implantation (42). Furthermore, the altered immune microenvironment in the scar can lead to a decline in fertility with less vascularization and leukocytes (13).

The major weakness of our study was its retrospective design. We were unable to get more detailed previous information about the CS, such as previous pregnancy complications, emergent or elective CS, single or double-layer suture of the uterus and the ability to assess the role of related information on pregnancy outcomes was not available. Another limitation was the sensitivity of 3D-TVS examination for CSD. Saline contrast sonography, hysteroscopy, or magnetic resonance imaging (MRI) might provide more accuracy but were also more invasive and expensive (43, 44). A better diagnosis tool and classification for CSD needs to be explored.



5 Conclusion

This study demonstrated no significant differences in pregnancy outcomes and no higher incidences of perinatal complications in patients with different modes of previous delivery in SET cycles. Further subgroup analyses suggested the presence of CSD was associated with a lower live birth rate, and large CSD was identified as the main deleterious factor for live birth. Our findings suggest clinicians should assess the healing of uterus scars and inform patients of the adverse impacts of CSD in the subsequent pregnancy.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement 

The studies involving human participants were reviewed and approved by Reproductive Medical Ethics Committee of the first affiliated hospital of Nanjing Medical University. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

LW and FD conceived and designed the study. JW collected data and performed the statistical analysis. LW wrote the first draft which was revised by NL and JW. The study was supervised by JL and FD. All the authors contributed to the study and approved the submitted version.



Funding

This work was supported by National Key Research and Development Program of China (2018YFC100258, 2017YFC1001303) and National Natural and Science Foundation of China (81730041).



Acknowledgments

The authors thank all participants involved in this study.



References

1. Boerma, T, Ronsmans, C, Melesse, DY, Barros, AJD, Barros, FC, Juan, L, et al. Global Epidemiology of Use of and Disparities in Caesarean Sections. Lancet (2018) 392:1341–8. doi: 10.1016/S0140-6736(18)31928-7

2. Li, HT, Hellerstein, S, Zhou, YB, Liu, JM, and Blustein, J. Trends in Cesarean Delivery Rates in China, 2008-2018. JAMA (2020) 323(1):89–91. doi: 10.1001/jama.2019.17595

3. Sandall, J, Tribe, RM, Avery, L, Mola, G, Visser, GH, Homer, CS, et al. Short-Term and Long-Term Effects of Caesarean Section on the Health of Women and Children. Lancet (2018) 392(10155):1349–57. doi: 10.1016/S0140-6736(18)31930-5

4. Santana, DS, Surita, FG, and Cecatti, JG. Multiple Pregnancy: Epidemiology and Association With Maternal and Perinatal Morbidity. Rev Bras Ginecol Obstet (2018) 40(9):554–62. doi: 10.1055/s-0038-1668117

5. Ngene, NC, Naidoo, TD, Titus, M, Moodley, J, Craib, S, and Stutterheim, J. Antepartum Uterine Rupture in a Twin Gestation Presenting as an Advanced Extrauterine Pregnancy in a Patient With a Previous Lower Segment Caesarean Section. Trop Doct (2014) 44(3):176–8. doi: 10.1177/0049475514524954

6. Adamson, GD, and Norman, RJ. Why are Multiple Pregnancy Rates and Single Embryo Transfer Rates So Different Globally, and What do We do About it? Fertil Steril (2020) 114(4):680–9. doi: 10.1016/j.fertnstert.2020.09.003

7. Gleicher, N, Kushnir, VA, and Barad, D. Fertility Treatments and Multiple Births in the United States. N Engl J Med (2014) 370(11):1069. doi: 10.1056/NEJMc1400242

8. Thurin, A, Hausken, J, Hillensjö, T, Jablonowska, B, Pinborg, A, Strandell, A, et al. Elective Single-Embryo Transfer Versus Double-Embryo Transfer in In Vitro Fertilization. N Engl J Med (2004) 351(23):2392–402. doi: 10.1056/NEJMoa041032

9. Martin, AS, Chang, J, Zhang, Y, Kawwass, JF, Boulet, SL, McKane, P, et al. Perinatal Outcomes Among Singletons After Assisted Reproductive Technology With Single-Embryo or Double-Embryo Transfer Versus No Assisted Reproductive Technology. Fertil Steril (2017) 107(4):954–60. doi: 10.1016/j.fertnstert.2017.01.024

10. Gurol-Urganci, I, Bou-Antoun, S, Lim, CP, Cromwell, DA, Mahmood, TA, Templeton, A, et al. Impact of Caesarean Section on Subsequent Fertility: A Systematic Review and Meta-Analysis. Hum Reprod (2013) 28(7):1943–52. doi: 10.1093/humrep/det130

11. Tulandi, T, and Cohen, A. Emerging Manifestations of Cesarean Scar Defect in Reproductive-Aged Women. J Minim Invasive Gynecol (2016) 23(6):893–902. doi: 10.1016/j.jmig.2016.06.020

12. Antila-Långsjö, RM, Mäenpää, JU, Huhtala, HS, Tomás, EI, and Staff, SM. Cesarean Scar Defect: A Prospective Study on Risk Factors. Am J Obstet Gynecol (2018) 219(5):458.e1–8. doi: 10.1016/j.ajog.2018.09.004

13. Naji, O, Wynants, L, Smith, A, Abdallah, Y, Saso, S, Stalder, C, et al. Does the Presence of a Caesarean Section Scar Affect Implantation Site and Early Pregnancy Outcome in Women Attending an Early Pregnancy Assessment Unit? Hum Reprod (2013) 28(6):1489–96. doi: 10.1093/humrep/det110

14. Gubbini, G, Centini, G, Nascetti, D, Marra, E, Moncini, I, Bruni, L, et al. Surgical Hysteroscopic Treatment of Cesarean-Induced Isthmocele in Restoring Fertility: Prospective Study. J Minim Invasive Gynecol (2011) 18(2):234–7. doi: 10.1016/j.jmig.2010.10.011

15. Donnez, O, Donnez, J, Orellana, R, and Dolmans, MM. Gynecological and Obstetrical Outcomes After Laparoscopic Repair of a Cesarean Scar Defect in a Series of 38 Women. Fertil Steril (2017) 107(1):289–96.e2. doi: 10.1016/j.fertnstert.2016.09.033

16. Risager, JK, Uldbjerg, N, and Glavind, J. Cesarean Scar Thickness in non-Pregnant Women as a Risk Factor for Uterine Rupture. J Matern Fetal Neonatal Med (2022) 35(2):389–94. doi: 10.1080/14767058.2020.1719065

17. Kok, N, Wiersma, IC, Opmeer, BC, de Graaf, IM, Mol, BW, and Pajkrt, E. Sonographic Measurement of Lower Uterine Segment Thickness to Predict Uterine Rupture During a Trial of Labor in Women With Previous Cesarean Section: A Meta-Analysis. Ultrasound Obstet Gynecol (2013) 42(2):132–9. doi: 10.1002/uog.12479

18. Wang, CB, Chiu, WW, Lee, CY, Sun, YL, Lin, YH, and Tseng, CJ. Cesarean Scar Defect: Correlation Between Cesarean Section Number, Defect Size, Clinical Symptoms and Uterine Position. Ultrasound Obstet Gynecol (2009) 34(1):85–9. doi: 10.1002/uog.6405.5

19. Kjerulff, KH, Paul, IM, Weisman, CS, Hillemeier, MM, Wang, M, Legro, RS, et al. Association Between Mode of First Delivery and Subsequent Fecundity and Fertility. JAMA Netw Open (2020) 3(4):e203076. doi: 10.1001/jamanetworkopen.2020.3076

20. Zhang, N, Chen, H, Xu, Z, Wang, B, Sun, H, and Hu, Y. Pregnancy, Delivery, and Neonatal Outcomes of In Vitro Fertilization-Embryo Transfer in Patient With Previous Cesarean Scar. Med Sci Monit (2016) 22:3288–95. doi: 10.12659/MSM.900581

21. Diao, J, Gao, G, Zhang, Y, Wang, X, Zhang, Y, Han, Y, et al. Caesarean Section Defects may Affect Pregnancy Outcomes After In Vitro Fertilization-Embryo Transfer: A Retrospective Study. BMC Pregnancy Childbirth (2021) 21(1):487. doi: 10.1186/s12884-021-03955-7

22. Friedenthal, J, Alkon-Meadows, T, Hernandez-Nieto, C, Gounko, D, Lee, JA, Copperman, A, et al. The Association Between Prior Cesarean Delivery and Subsequent In Vitro Fertilization Outcomes in Women Undergoing Autologous, Frozen-Thawed Single Euploid Embryo Transfer. Am J Obstet Gynecol (2021) 225(3):287.e1–8. doi: 10.1016/j.ajog.2021.03.026

23. Patounakis, G, Ozcan, MC, Chason, RJ, Norian, JM, Payson, M, DeCherney, AH, et al. Impact of a Prior Cesarean Delivery on Embryo Transfer: A Prospective Study. Fertil Steril (2016) 106(2):311–6. doi: 10.1016/j.fertnstert.2016.03.045

24. Huang, J, Lin, J, Cai, R, Lu, X, Song, N, Gao, H, et al. Effect of a Prior Cesarean Delivery on Pregnancy Outcomes of Frozen-Thawed Embryo Transfer: A Retrospective Cohort Study in a Freeze-All Setting. Acta Obstet Gynecol Scand (2020) 99(10):1303–10. doi: 10.1111/aogs.13863

25. Glujovsky, D, Farquhar, C, Quinteiro Retamar, AM, Alvarez Sedo, CR, and Blake, D. Cleavage Stage Versus Blastocyst Stage Embryo Transfer in Assisted Reproductive Technology. Cochrane Database Syst Rev (2016) (6):CD002118. doi: 10.1002/14651858.CD002118.pub5

26. Chen, H, Lv, JQ, Wu, XM, Xiao, Y, Xi, HT, Zhu, CF, et al. Blastocyst-Stage Versus Cleavage-Stage Embryo Transfer in the First Frozen Cycles of OHSS-Risk Patients Who Deferred From Fresh Embryo Transfer. Gynecol Endocrinol (2015) 31(9):698–701. doi: 10.3109/09513590.2015.1062858

27. Kabiri, D, Masarwy, R, Schachter-Safrai, N, Masarwa, R, Hirsh Raccah, B, Ezra, Y, et al. Trial of Labor After Cesarean Delivery in Twin Gestations: Systematic Review and Meta-Analysis. Am J Obstet Gynecol (2019) 220(4):336–47. doi: 10.1016/j.ajog.2018.11.125

28. Meldrum, DR. In Vitro Fertilization Twins: Acceptable When Desired, or Iatrogenic Complication Preventable Through Elective Single Embryo Transfer? Fertil Steril (2018) 109(2):221–2. doi: 10.1016/j.fertnstert.2017.12.006

29. Wang, YQ, Yin, TL, Xu, WM, Qi, QR, Wang, XC, and Yang, J. Reproductive Outcomes in Women With Prior Cesarean Section Undergoing In Vitro Fertilization: A Retrospective Case-Control Study. J Huazhong Univ Sci Technolog Med Sci (2017) 37(6):922–7. doi: 10.1007/s11596-017-1828-3

30. Chen, T, Li, B, Shi, H, Bu, ZQ, Zhang, FQ, and Su, YC. Reproductive Outcomes of Single Embryo Transfer in Women With Previous Cesarean Section. Reprod Sci (2021) 28(4):1049–59. doi: 10.1007/s43032-020-00345-w

31. Evans, MI, Ciorica, D, Britt, DW, and Fletcher, JC. Update on Selective Reduction. Prenat Diagn (2005) 25(9):807–13. doi: 10.1002/pd.1261

32. Tita, AT, Landon, MB, Spong, CY, Lai, Y, Leveno, KJ, Varner, MW, et al. Timing of Elective Repeat Cesarean Delivery at Term and Neonatal Outcomes. N Engl J Med (2009) 360(2):111–20. doi: 10.1056/NEJMoa0803267

33. Landon, MB, Hauth, JC, Leveno, KJ, Spong, CY, Leindecker, S, Varner, MW, et al. National Institute of Child Health and Human Development Maternal-Fetal Medicine Units Network. Maternal and Perinatal Outcomes Associated With a Trial of Labor After Prior Cesarean Delivery. N Engl J Med (2004) 351(25):2581–9. doi: 10.1056/NEJMoa040405

34. Vissers, J, Hehenkamp, W, Lambalk, CB, and Huirne, JA. Post-Caesarean Section Niche-Related Impaired Fertility: Hypothetical Mechanisms. Hum Reprod (2020) 35(7):1484–94. doi: 10.1093/humrep/deaa094

35. Huang, L, Huang, S, Yuan, Y, Li, Y, Chen, M, and Zhou, C. Reduced Pregnancy and Live Birth Rates After In Vitro Fertilization in Women With Cesarean Section Scar Diverticulum: A Retrospective Cohort Study. J Obstet Gynaecol Res (2022) 48(1):146–54. doi: 10.1111/jog.15061

36. Api, M, Boza, A, Gorgen, H, and Api, O. Should Cesarean Scar Defect Be Treated Laparoscopically? A Case Report and Review of the Literature. J Minim Invasive Gynecol (2015) 22(7):1145–52. doi: 10.1016/j.jmig.2015.06.013

37. Donnez, O. Cesarean Scar Defects: Management of an Iatrogenic Pathology Whose Prevalence has Dramatically Increased. Fertil Steril (2020) 113(4):704–16. doi: 10.1016/j.fertnstert.2020.01.037

38. Van Langendonckt, A, Casanas-Roux, F, and Donnez, J. Iron Overload in the Peritoneal Cavity of Women With Pelvic Endometriosis. Fertil Steril (2002) 78(4):712–8. doi: 10.1016/s0015-0282(02)03346-0

39. Lawrenz, B, Melado, L, Garrido, N, Coughlan, C, Markova, D, and Fatemi, H. Isthmocele and Ovarian Stimulation for IVF: Considerations for a Reproductive Medicine Specialist. Hum Reprod (2020) 35(1):89–99. doi: 10.1093/humrep/dez241

40. Moreno, I, and Simon, C. Relevance of Assessing the Uterine Microbiota in Infertility. Fertil Steril (2018) 110(3):337–43. doi: 10.1016/j.fertnstert.2018.04.041

41. Brosens, JJ, and Gellersen, B. Something New About Early Pregnancy: Decidual Biosensoring and Natural Embryo Selection. Ultrasound Obstet Gynecol (2010) 36(1):1–5. doi: 10.1002/uog.7714

42. Ben-Nagi, J, Walker, A, Jurkovic, D, Yazbek, J, and Aplin, JD. Effect of Cesarean Delivery on the Endometrium. Int J Gynaecol Obstet (2009) 106(1):30–4. doi: 10.1016/j.ijgo.2009.02.019

43. Roberge, S, Boutin, A, Chaillet, N, Moore, L, Jastrow, N, Demers, S, et al. Systematic Review of Cesarean Scar Assessment in the Nonpregnant State: Imaging Techniques and Uterine Scar Defect. Am J Perinatol (2012) 29(6):465–71. doi: 10.1055/s-0032-1304829

44. Antila-Långsjö, R, Mäenpää, JU, Huhtala, H, Tomás, E, and Staff, S. Comparison of Transvaginal Ultrasound and Saline Contrast Sonohysterography in Evaluation of Cesarean Scar Defect: A Prospective Cohort Study. Acta Obstet Gynecol Scand (2018) 97(9):1130–6. doi: 10.1111/aogs.13367




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Wang, Lu, Liu and Diao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 24 May 2022

doi: 10.3389/fendo.2022.868335

[image: image2]


Birthweight After Frozen Embryos Formed on the Fifth Day Versus the Sixth Day: A Retrospective Analysis Including 17,127 Singleton Newborns


Junlan Yang 1†, Ze Wang 1†, Hairu Cao 1, Lu Liu 1, Qiaona Yuan 1, Haiyan Xu 1 and Rong Tang 1,2*


1 Center for Reproductive Medicine, Cheeloo College of Medicine, Shandong University, Jinan, China, 2 Shandong Provincial Hospital Affiliated to Shandong First Medical University, Shandong First Medical University, Jinan, China




Edited by: 

Yimin Zhu, Zhejiang University, China

Reviewed by: 

Luigi Carbone, University of Naples Federico II, Italy

Yingpu Sun, First Affiliated Hospital of Zhengzhou University, China

*Correspondence: 

Rong Tang
 r.tang.sduivf@hotmail.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 02 February 2022

Accepted: 24 March 2022

Published: 24 May 2022

Citation:
Yang J, Wang Z, Cao H, Liu L, Yuan Q, Xu H and Tang R (2022) Birthweight After Frozen Embryos Formed on the Fifth Day Versus the Sixth Day: A Retrospective Analysis Including 17,127 Singleton Newborns. Front. Endocrinol. 13:868335. doi: 10.3389/fendo.2022.868335




Background

Transferring blastocysts frozen on day 6 (D6) may adversely affect the pregnancy rate compared with day 5 (D5). Moreover, it remains unclear whether delayed embryo transfer affects neonatal birth weight.



Methods

A retrospective cohort study consisting of 17,127 singleton births from single frozen embryo transfer (FET) cycles, between January 2011 and January 2020, was performed including 14,166 blastocysts frozen on D5 and 2,961 on D6. The primary outcomes of this study were neonatal birth weight and incidence of small for gestational age (SGA), large for gestational age (LGA), low birth weight (LBW), and macrosomia.



Results

The mean neonatal birth weight in the D5 group (3.47 ± 0.49 kg) was significantly higher compared with the D6 group (3.45 ± 0.50 kg), although the discrepancy was only 0.02 kg. Multiple linear regression analysis for birth weight between the two groups showed no statistically significant difference (β= -0.01 t= -1.218; P>0.05). Logistic regression analysis revealed that the risks of SGA (OR 1.166; 95%CI, 0.911-1.491; P>0.05), LGA (OR 0.917; 95%CI, 0.831-1.012; P>0.05), LBW (OR 1.192; 95%CI, 0.926-1.533; P>0.05), and macrosomia (OR 0.975; 95%CI, 0.864-1.100; P>0.05) were similar in the two groups after adjusting for confounders.



Conclusions

In the FET cycle, the neonatal birth weight and incidence of LGA, SGA, LBW, or macrosomia were similar between the D5 and D6 groups, suggesting that delayed blastocyst transfer would not affect the neonatal birth weight.
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Introduction

Embryo transfer (ET) at the blastocyst stage has been widely recommended in assisted reproductive technology (ART), especially in the single ET program. Theoretically, prolonged in-vitro culture to blastocyst from the cleavage stage allows for better selection of the implantation potential of the embryo, thereby improving the pregnancy rate. Moreover, single ET reduces the incidence of multiple pregnancy rates, which is associated with a higher risk of maternal and neonatal complications (1). Blastocysts are usually formed on the fifth day (D5) of in-vitro culture, while blastulation of some embryos can be delayed to the sixth day (D6) or even later. The embryonic development rate is suggested as an essential indicator of reproductive outcomes. It has been reported that D6 blastocysts generally have a higher rate of aneuploidy than D5 blastocysts (2). Irani et al. have observed that the transfer of D5 euploid blastocysts results in higher rates of clinical pregnancy and live birth compared with those at D6 in preimplantation genetic testing (PGT) cycles (3). A proposed explanation is that the superior implantation potential of D5 blastocysts can be attributed to metabolic or epigenetic factors that may differ in the embryos at different development stages.

The birth weight of neonates has long been regarded as an indicator of the offspring’s health. Chiavaroli et al. have reported that infants born with small-for-gestational-age (SGA) or large-for-gestational-age (LGA) show adverse cardio-metabolic profiles during childhood and adolescence, leading to an increased risk of cardiovascular diseases later in life (4). In addition, LGA is associated with a high risk of offspring obesity and depression (5, 6). Previous findings have indicated that frozen embryo transfer (FET) is associated with a higher birthweight and an increased risk of delivering LGA babies as compared to fresh embryo transfer (7, 8), implying that the process of cryopreservation can adversely affect the embryo quality and developmental potential. Moreover, FET at the blastocyst stage is associated with higher birthweight and an increased risk of LGA compared with the cleavage stage (9, 10). However, limited studies have compared the perinatal outcomes after the transfer of frozen-thawed blastocysts formed on D5 and D6, and the results remain controversial (11, 12). In the present study, we aimed to explore the effect of frozen-thawed blastocyst, formed at different developmental stages, on perinatal outcomes.



Materials and Methods


Study Design and Participants

We performed a retrospective cohort study including 17,127 singleton live births after the transfer of frozen-thawed blastocysts from January 2011 to January 2020. Live birth was defined as a birth exhibiting life signs with ≥24 gestational weeks (13). This study was approved by the Institutional Review Board of the Centre for Reproductive Medicine affiliated with Shandong University. Inclusion criteria were as follows: (1) age ≤ 40 years; (2) body mass index (BMI) ≤35 kg/m2; and (3) the transfer of frozen-thawed blastocysts formed on D5 or D6. The exclusion criteria were as follows: (1) women with uterine malformations or intrauterine adhesions; (2) women diagnosed hypertensive disorders, chronic diabetes, and gestational diabetes mellitus (GDM). Hypertensive disorders included gestational hypertension (blood pressure ≥140/90 mm Hg after 20 weeks of gestation), preeclampsia, and eclampsia; and (3) frozen embryos that had undergone the re-cryopreservation process or preimplantation genetic testing.



Procedures

In vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) was performed after oocyte collection by the routine procedure. On D3 after insemination, embryos were observed and graded by morphological criteria based on the number and size of the blastomere.

The extended culture of embryos was determined according to the quantity and quality of cleavage-stage embryos, in combination with the request of patients and the evaluation of clinicians. On D3, embryos were removed from the cleavage medium and placed in the blastocyst medium, followed by incubation to D5 or D6, and even D7 until the blastocyst formed. The blastocyst quality was assessed based on the Gardner score system (14), which was frozen if it developed up to 4BC by vitrification.

Endometrial preparation was carried out under natural cycles, stimulation cycles, and artificial cycles, depending on the clinician’s discretion. In a natural ovulation regimen, detection of spontaneous or triggered ovulation was the indication of timing for FET. Oral dydrogesterone was administered for luteal phase support after ovulation (Duphaston, 20-30 mg, or Utrogestan, 200-300mg, once a day). The single frozen-thawed blastocyst was transferred on the 5th day after ovulation. If pregnancy was achieved, dydrogesterone was continued until the 10th week of gestation. In the artificial cycle, oral estradiol (Progynova, 4-8 mg) was taken once a day from day 1-3 of the menstrual cycle. Oral (dydrogesterone, 20 mg, once a day) and transvaginal progesterone (Crinone 8% vaginal gel, 90 mg, once a day) or (dydrogesterone, 40 mg, once a day) and transvaginal progesterone (Utrogestan, 200mg, once a day) was added when the endometrium reached 7 mm or more. Single FET was performed on the sixth day of the progesterone exposure. If pregnancy occurred, estrogen supplement was stopped at the 8th week of gestation and progesterone support was continued until the 10th week of gestation. For stimulation cycles, letrozole or human menopausal gonadotropin (HMG), either alone or in combination, was given from day 3-5 of the menstrual cycle. Ultrasound monitoring was repeated every 1-3 days according to follicle growth until ovulation triggering. When the dominant follicle reached a diameter of 17–20 mm, human chorionic gonadotropin (hCG) at a dosage of 5,000-10,000 IU was administered to trigger ovulation. Other procedures were the same as the natural cycle.



Outcome Measures and Definitions

The primary outcomes included birth weight (including absolute birth weight), SGA [defined as weighing less than the 10th percentile of birth weight (15)], LGA (defined as weighing more than the 90th percentile of birth weight), LBW (defined as birth weight less than 2,500 g), and macrosomia (defined as infant birth weight more than 4,000 g). The secondary outcomes were cesarean delivery, gestational age [defined as pregnancy weeks from the 19th day before FET to delivery (16)], and preterm birth (defined as a baby born at less than 37 weeks of gestation).



Statistical Analysis

Baseline characteristics and neonatal outcomes were compared between the study groups by t-test (for continuous variables) or chi-square test (for categoric variables). A multiple linear regression analysis was performed to assess the relationship between the blastocyst development rate and birth weight with adjustment for potential confounding factors, including maternal age (continuous variable), parity (binary variable), basal follicle-stimulating hormone (FSH, continuous variable), FET regimens for endometrial preparation (binary variable), fertilization method (binary variable), embryo quality (binary variable), and developmental stage (binary variable). Logistic regression analysis was performed to evaluate the effect on the incidence of LGA/SGA after adjustment for the potential confounding factors. Odds ratios (OR) and 95% confidence intervals (CI) were used. P<0.05 was considered statistically significant. All statistical analyses were performed in SPSS version 22 software.




Results


Baseline Characteristics

A total of 17,127 women who met the study inclusion criteria were enrolled, including 14,166 cases in the D5 group and 2,961 cases in the D6 group. Table 1 presents the baseline characteristics. No difference was observed in maternal BMI, gravidity, infertility cause, and endometrial thickness between the two groups. Maternal age, parity, basal FSH level, endometrial preparation protocols, and fertilization method showed significant differences between the two groups (P<0.05). These parameters were then adjusted as potential confounders in the logistic regression (Table 3) and multiple linear regression analyses (Table 4).


Table 1 | Demographics and cycle characteristics.





Neonatal Outcomes

Table 2 presents the neonatal outcomes based on blastocyst development rate. The mean birth weight was 3.47 ± 0.49 kg and 3.45 ± 0.50 kg in the D5 group and D6 group, respectively, showing a significant difference between the two groups, although the discrepancy was only 0.02 kg. Regarding the other neonatal outcomes, no differences were observed between the two groups in terms of the incidence of SGA (2.6% vs. 3.0%; P>0.05), LGA (23.9% vs. 22.7%; P>0.05), LBW (2.5% vs. 2.9%; P>0.05), macrosomia (14.0% vs. 13.6%; P>0.05), and preterm birth (5.0% vs. 5.4%; P>0.05). Notably, the rate of cesarean section was higher following the transfer of blastocysts vitrified on D6 compared with D5 (68.4% vs. 74.3%; P<0.05). Logistic regression was performed after adjustment for the effects of potential confounding factors on the risks of SGA, LGA, LBW, and macrosomia (Table 3). There were also no statistically significant differences in the risks of SGA (OR 1.166; 95%CI, 0.911-1.491; P>0.05), LGA (OR 0.917; 95%CI, 0.831-1.012; P>0.05), LBW (OR 1.192; 95%CI, 0.926-1.533; P>0.05), macrosomia (OR 0.975; 95%CI, 0.864-1.100; P>0.05), and preterm birth (OR 1.104; 95%CI, 0.917-1.329; P>0.05) between the two groups. Regression analysis showed that women who received D6 embryos were more likely to undergo cesarean section (OR 1.262; 95%CI, 1.148-1.387; P<0.05) compared with those who received D5 embryos. Following multiple linear regression, no difference was observed between the D5 and D6 groups in terms of birth weight (β= -0.01 t= -1.218; P>0.05), as shown in Table 4.


Table 2 | Neonatal outcomes transferred from blastocysts frozen at day 5 vs day 6.




Table 3 | Logistic regression analysis of potential confouderse for neonatal outcomes from frozen blastocyst at day 5 or day 6.




Table 4 | Multiple regression analysis of potential confounders associating with neonatal birth weight.






Discussion

To the best of our knowledge, our current study was, to date, the largest investigation on the effect of embryonic development duration before freezing at the blastocyst stage on neonatal birth weight after FET. The results of this retrospective cohort study indicate that embryonic development duration before freezing at the blastocyst stage did not affect neonatal birth weight, confirming the findings of previous small-scale retrospective studies (11, 17). Meanwhile, in our present study, no association was found between delayed blastocysts and increased risks of SGA, LGA, LBW, and macrosomia, suggesting that delayed blastulation did not adversely affect the birth weight of offspring in FET cycles. Hiraoka et al. have reported that there are no significant differences in gestational age, preterm delivery rate, and birth weight when the embryonic development duration is different. However, only 71 deliveries are included in their study (17). Wang et al. have also reported that the gestational age and birth weight show no significant difference between the D5 and D6 groups (11), with 515 cases in their study. Furthermore, both the above-mentioned studies are undermined by the presence of twins and the limited population size and none of them have reported the outcomes with adjustment for gestational age and gender. Our results show that there was no difference in the risks of LGA and SGA in singletons born from the blastocysts frozen on D6 compared with D5 after adjustment for gender and gestational age, which was consistent with previous findings (11). Regarding birth weight, there was no significant difference after multiple linear regression.

It remains unclear whether the blastocyst development rate affects the perinatal outcomes. Several studies have found that slow-growing blastocysts with delayed expansion on D6 have no impact on clinical results after transferring good-quality embryos, suggesting that delayed blastulation is not related to viability (18, 19). In Yang’s study, the blastocyst quality is a crucial factor that affects pregnancy outcomes (18). Meanwhile, some other studies have indicated that implantation rate, clinical pregnancy rate, and live birth rate derived from the D5 group are higher compared with the D6 group (20–22). Ferreux et al. have speculated that the difference in clinical outcomes is ascribed to chromosomal abnormalities (20). Previous studies have reported a higher aneuploidy rate in D6 blastocysts (2, 23). These findings indicate that there are significant differences in reproductive potential between women undergoing D5 and D6 blastocyst transfers. The differences are partly ascribed to a higher aneuploidy rate among D6 blastocysts. Some studies have reported that D5 blastocysts exhibit significantly higher mitochondrial DNA (mtDNA) levels compared with the D6 group. Moreover, aneuploid blastocysts have higher amounts of mtDNA than euploid blastocysts (24, 25). Animal studies have reported a higher incidence rate of apoptosis in delayed blastocysts compared with blastocysts transferred early. Moreover, the gene expression profile and diameter of blastocysts depend on the developmental stage of the blastocysts (26). In addition, Hashimoto et al. have shown that the incidence of spindle abnormalities is higher in growth-retarded embryos. However, no significant differences are found in the birth weight and gestational age between the groups receiving embryos vitrified on D5 and D6. They conclude that most blastomeres with abnormal spindles are eliminated before implantation (27).

Wang et al. have reported a higher proportion of LBW in the D5 group compared with the D6 group. They consider that the increased birth weight is associated with the extended culture (11). Inconsistent with Cai’s study, they have reported a significantly higher risk of LGA in singletons born after delayed blastocyst transfer on D6 (12). Ferreux’s study has also found that the birth weight of neonates derived from the D5 group is less compared with the D6 group. They have proposed that extended in vitro culture contributes to the heavier birth weight. Nevertheless, they have not reported the outcomes with adjustment for gestational age and gender (20). Existing data on the effect of culture duration on neonatal birth weight are conflicting. Some studies have reported that compared with cleavage embryos, blastocyst transfer tends to have a higher mean birth weight and an increased proportion of LGA (9, 10, 28). An animal study has demonstrated that the effects of delayed blastulation and extended culture on blastocysts can be cumulative (26). However, others have shown that culture duration is not correlated with neonatal birth weight (29, 30). Du et al. have reported retarded embryos do not result in a high risk of LBW, congenital malformations, and early neonatal death (31). Our data further indicated that there was no difference in neonatal weight with the increased duration to 6 days compared with 5 days for blastulation.

Previous studies have shown that the neonatal birth weight may be affected by circumstances of embryonic development, such as endometrial receptivity (32, 33), different culture medium (16, 34), vitrification (35), endometrium preparation (36), and endometrial thickness (37). After logistic regression analysis, we found that obstetrical history (parity), basal FSH level, and endometrial preparation regimens were independent risk factors for neonatal birth weight.

In our present study, we found that delayed blastocyst transfer did not pose adverse effects on neonatal birth weight. Therefore, it was reasonable to speculate that the growth potential of blastocysts could affect blastocysts at the early preimplantation period. The implantation process might eliminate blastocysts with lower adaptation capacity, thus theoretically selecting blastocysts with better growth potential. Several studies have illustrated that embryos with comparable developmental potential of cell division may eliminate a genetically abnormal cell line (38, 39).

In the present study, we focused on the effects of FET on singleton births based on a large sample, which ruled out the possibility of adverse fetal growth caused by some other factors, including twins and related pregnancy complications, and the possibility of adverse fetal growth caused by high estrogen levels in fresh cycles. Indeed, we acknowledged certain limitations in the present study. First, the present study was limited by the bias inherent in its retrospective nature. Despite adequate control for confounding factors, unavailable or unknown confounders may generate bias because of the retrospective design. Although anti-Mullerian hormone levels (AMH), thyroid-stimulating hormone (TSH), and polycystic ovary syndrome (PCOS) might be related to neonatal birth and endometrial thickness of HCG day (the day of HCG administration day) these variables were not available or had extensive missing data (>50%), and could not be included in this study. Second, in some cycles, top-quality embryos on D3 were transferred as a priority, while the morphologically poorer embryos were placed in extended culture until the blastocyst stage. The blastocyst quality was graded before being frozen, which might bias the difference. Third, most of the neonatal outcomes were accessed by telephone interview, which might result in underestimated birth defect rates. Finally, we showed that the rate of cesarean section was higher in the D6 group compared with the D5 group, while no statistically significant differences were found in the analysis of gestational age between the two groups. Moreover, there might be other factors that were not included in this study since the database was not fully completed. Further studies should investigate the mechanisms underlying the effect of delayed blastulation on neonatal outcomes.



Conclusions

In summary, neonatal birth weight and the proportion of LGA, SGA, macrosomia, or LBW were similar between the D5 and D6 groups. We concluded that frozen and delayed blastocysts would not affect neonatal birth weight. However, further large prospective studies should be carried out to confirm these results and the underlying mechanisms should also be investigated.
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Objective

This study aims to evaluate the association between polycystic ovary syndrome (PCOS) phenotypes and adverse perinatal outcomes, comparing the characteristics, ovarian response, and assisted reproductive outcomes in patients with various PCOS phenotypes after in-vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI).



Methods

This study comprised 6,732 patients who underwent the first cycle of IVF/ICSI treatment in our outpatient department from January 2017 to July 2018. Propensity score matching (PSM) was used in PCOS and non-PCOS groups to balance the influence of intergroup confounding factors. After the PSM procedure, 1,186 patients were included in the two groups, and the PCOS patients were further divided into four PCOS phenotype groups based on the Rotterdam criteria.



Results

Patients with various PCOS phenotypes had similar rates of biochemical pregnancy, clinical pregnancy, and live birth (all P-values > 0.05). The overall incidence of adverse pregnancy outcomes (including ectopic pregnancy, miscarriage, preterm birth) was significantly higher in PCOS phenotype A and D groups than in the control group (44% and 46.4% vs. 28.7%, P = 0.027). The rates of hypertensive disorder of pregnancy (HDP) were significantly higher in PCOS phenotype A and C groups than in the control group (9.3% and 12.5% vs. 3.1%, P = 0.037). After adjustment for potential confounders, the differences in adverse pregnancy outcomes persisted (P = 0.025).



Conclusions

The overall incidence of adverse pregnancy outcomes is higher in women with PCOS phenotypes A and D than in women with non-PCOS.





Keywords: polycystic ovarian syndrome, phenotype, assisted reproductive technology, hypertensive disorder of pregnancy, adverse pregnancy outcomes



Introduction

Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of reproductive age and the main cause of anovulatory infertility (1–3), which is characterized by obesity, hyperandrogenism, anovulation, insulin resistance, polycystic ovary, and infertility. The global prevalence of PCOS ranges from 6% to 21% (4); however, the etiology of PCOS is unclear (5). Moreover, because anovulation in women with PCOS often results in infertility (6), assisted reproductive technology (ART) is usually required for these women to become pregnant. According to the Rotterdam criteria, PCOS patients can be divided into the following four phenotypes: phenotype A—coexistence of clinical hyperandrogenism/hyperandrogenemia, oligomenorrhea/anovulation, and polycystic ovaries (HA+OA+PCO); phenotype B—clinical hyperandrogenism or hyperandrogenemia and oligomenorrhea/anovulation (HA+OA); phenotype C—clinical hyperandrogenism or hyperandrogenemia and polycystic ovaries (HA+PCO); and phenotype D: oligomenorrhea/anovulation and polycystic ovaries (OA+PCO) (7). For different PCOS phenotypes, the ovarian response to gonadotropin (Gn) is varied in controlled ovarian hyperstimulation (COH) (8), which in turn affects the outcome of ART.

Because PCOS patients have the characteristics of reproductive endocrine dysfunction and metabolic disorder (9), they were more prone to having pregnancy complications (10, 11), which increases the risk of adverse perinatal outcomes (12). Previous studies found that the risk of pregnancy-related complications and adverse pregnancy outcomes via ART was higher than via spontaneous conception (13–15), and a recent meta-analysis showed that patients with PCOS undergoing IVF were associated with higher risks of adverse pregnancy outcomes (16). However, studies on the association between various PCOS phenotypes after IVF/ICSI and adverse perinatal outcomes were relatively small.

The present study retrospectively analyzed the adverse perinatal outcomes of patients with various PCOS phenotypes who underwent IVF/ICSI.



Materials and Methods


Study Patients

We screened patients who underwent their first IVF/ICSI cycle at the Center for Reproductive Medicine, Cheeloo College of Medicine, Shandong University between January 2017 and July 2018. All patients were divided into the PCOS group and the control group. PCOS was defined according to the Rotterdam consensus criteria (2004) (17); that is, PCOS was diagnosed if at least two of the following criteria were present: oligomenorrhea/anovulation (defined as delaying of >35 days or <8 spontaneous hemorrhagic episodes/year), clinical and/or biochemical hyperandrogenism [biochemical hyperandrogenism was defined as total testosterone levels above 48.1 ng/dl detected in patients with no clinical evidence of hyperandrogenism or menstrual disturbances and not taking hormonal medication, and hirsutism was defined as patients with a total score ≥6 by the modified Ferriman–Gallwey score (18)], and polycystic ovary on ultrasonography (≥12 small follicles measuring 2–9 mm in at least one ovary and/or ovarian volume ≥10 cm3), and it is necessary to exclude other endocrine dysfunctions. Furthermore, the PCOS group was classified into four phenotype subgroups as follows (19): phenotype A—HA+OA+PCO, phenotype B—HA+OA, phenotype C—HA+PCO, and phenotype D—OA+PCO. Women in the control group had regular menstrual cycles (21–35 days), without evidence of HA or PCO. All patients with the following conditions were excluded: age >38 years old, serum FSH level >15 IU/L, diabetes, hypertension, abnormal parental karyotypes, severe intrauterine adhesion or uterine abnormality, chronic medical conditions that contraindicated pregnancy or with other endocrine dysfunction (such as Cushing’s syndrome, primary hyperprolactinemia, thyroid dysfunction, congenital adrenal hyperplasia, androgen producing neoplasm), and history of recurrent spontaneous abortion (RSA) or unilateral oophorectomy.

In total, we identified 6,732 women who met the study criteria, consisting of 1,186 in the PCOS group and 5,546 in the control group. This study was approved by the Institutional Review Board of the Center for Reproductive Medicine, Cheeloo College of Medicine, Shandong University (2017-53).



Measurement

All patients underwent clinical history (including but not limited to the menstrual cycle and infertility type), physical examination [including but not limited to body mass index (BMI), Ferriman–Gallwey score, and gynecologic examination], biochemical analysis [including but not limited to the levels of fasting blood glucose (FBG), follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol, progesterone, total testosterone (To), anti-Müllerian hormone (AMH) and thyroid-stimulating hormone (TSH), and prolactin], and transvaginal ultrasonography for calculated antral follicle count (AFC) on follicular phase. Blood samples were drawn for biochemical analyses on days 2–3 of a spontaneous or progestogen-induced menstrual cycle. All the hormonal assays were made at the Center for Reproductive Medicine Laboratory, Cheeloo College of Medicine, Shandong University.



Treatment Protocol

According to a routine method (18), all patients received a standardized ovarian stimulation regimen; underwent oocyte retrieval, fertilization, and transfer embryos; and were provided luteal phase support. All patients underwent COH with standard long agonist protocol or antagonist protocol [as previously described (20, 21)]. As monitored on ultrasound and based on the level of serum sex hormones (including FSH, LH, E2, progesterone), Gn doses were adjusted based on the ovarian response. Human chorionic gonadotropin (HCG) at a dose of 4,000 to 8,000 IU was administered when at least two follicles were ≥18 mm. Oocyte retrieval was performed 34–36 h later under transvaginal ultrasound guidance. According to sperm quality, IVF/ICSI was performed. The embryo quality was graded according to the number of blastomeres, percent fragmentation, and regularity. Embryos were transferred on day 3 or day 5 after oocyte retrieval according to the patient’s condition (such as embryo quality, abdominal distention, and endocrine examination results). Cycle cancellation is defined if the patient does not have a fresh embryo transfer after oocyte retrieval (and we excluded cycles canceled before HCG triggering). Luteal phase support was provided after oocyte retrieval for those women who planned to transfer fresh embryos, as previously described (18, 20). Fourteen days after embryo transfer, the serum HCG levels were measured. If conception occurred, the luteal phase support was maintained. Transvaginal ultrasonography was performed 35 days after embryo transfer.



IVF/ICSI Outcomes

In this study, the primary outcome measures were adverse perinatal outcomes, while the secondary outcome measures included biochemical pregnancy, clinical pregnancy (CP), and live birth (LB). Adverse perinatal outcomes were categorized into adverse pregnancy outcomes and pregnancy complications. Adverse pregnancy outcomes included ectopic pregnancy, miscarriage, and premature birth, and pregnancy complications included hypertensive disorders of pregnancy (HDP), gestational diabetes mellitus (GDM), and others (postpartum hemorrhage, placenta previa, placental abruption, premature rupture of membrane, cardiac diseases complicating pregnancy). Ectopic pregnancy was considered as developing blastocyst implanted outside the endometrial cavity. Miscarriage was defined as clinical pregnancy lost before 28 weeks of gestation. Premature birth was defined as a baby born between the 28th and 37th week of pregnancy. In this study, HDP included gestational hypertension (333 cases) and preeclampsia (1 case). Gestational hypertension and preeclampsia were defined as previously described (22–24). GDM was defined as the variable severity of glucose intolerance with onset or first recognition during pregnancy (25). Biochemical pregnancy was defined as serum HCG level ≥10 IU/L. CP was defined as the presence of gestational sacs by ultrasonography. LB was defined as the delivery of any viable infant at 28 weeks or more of gestation. Additionally, the cycle cancellation rate was calculated as the number of canceled fresh embryo transfer cycles divided by the number of oocyte retrieval cycles. Embryos of grades I and II, with 7–10 cells on day 3, were defined as high-quality embryos, and high-quality embryo rate, defined as the number of high-quality embryo/number of zygotes, was calculated. Fertilization rate (FR) was calculated as the number of 2PN divided by the number of oocyte retrieval, and implantation rate (IR) was calculated as the number of observed gestational sacs divided by the number of transferred embryos.



Statistical Analysis

Comparisons between groups were performed using one-way analysis of variance (with the LSD post-hoc test) for continuous variables and the chi-squared test (or Fisher’s exact test when the expected frequencies were less than five) for categorical variables. The results were expressed as mean ± standard deviation (SD) for continuous variables and as percentages for categorical variables. The study was retrospective to balance basic patient characteristics (including age, infertility type, and stimulation protocol) between groups. We used 1:1 propensity score matching (PSM) to match control patients to PCOS patients, and 0 is the matching caliper of PSM in this study. In the PCOS subgroups, logistic regression was used to evaluate the relationship between PCOS phenotype and IVF/ICSI outcomes while adjusting for relevant confounders, and the results were expressed as odds ratios (OR) with 95% confidence intervals (CI).

All statistical analyses were performed using the Statistical Package for Social Sciences (version 26.0, SPSS Inc., Chicago, USA) and R software. P-value <0.05 was considered statistically significant.




Results

A total of 6,732 patients were recorded, with 1,186 in the PCOS group and 5,546 in the control group. After the PSM procedure, 1,186 patients were included in the control group, and there were 293 cases of phenotype A, 53 cases of phenotype B, 77 cases of phenotype C, and 763 cases of phenotype D in the PCOS groups (Figure 1).




Figure 1 | Flow chart database searching pathway and group divisions.




Patients’ Characteristics

The basic characteristics of the patients among the five groups are shown in Table 1. The results showed significant differences in BMI, FBG, FSH, LH, LH/FSH ratio, To, AMH, and AFC among the five groups (all P < 0.001). Of these, BMI, FBG, LH, and To were higher in the PCOS phenotype A group than in the other groups (all P < 0.001). The basic characteristics before PSM are shown in Supplementary Table 1. In addition, we only compared the 2-h plasma glucose concentrations after OGTT in various PCOS phenotype groups, and the results showed no statistically significant differences between groups (P = 0.633, data not shown).


Table 1 | Basic characteristics of the patients among the four PCOS phenotype groups and the control group.





Ovarian Response and Pregnancy Outcomes

The ovarian response and pregnancy outcomes of patients among the four PCOS phenotype groups and the control group are presented in Table 2. Significant differences in HCG dose, endometrial thickness, the number of follicles of diameter ≥14 mm and E2 levels on the trigger day, the number of retrieved oocytes and frozen embryos, and high-quality embryo rate among groups were observed (all P < 0.05). Of these, the number of follicles of diameter ≥14 mm and E2 levels on the trigger day and the number of retrieved oocytes were significantly higher in PCOS phenotype A and C groups compared with the other phenotype groups and the control group (all P < 0.05). It is worth noting that the high-quality embryo rate of PCOS phenotype A and D groups was lower than that of the other groups, especially the control group (P = 0.019). Although there were significant differences in Gn priming dose, stimulation duration, and the number of 2PN among the five groups (all P < 0.001), the total dose of Gn and FR were not statistically different (all P > 0.05). We can see that the cycle cancellation rate of the PCOS phenotype D group is lower than that of PCOS phenotype A and C groups and higher than that of PCOS phenotype B and control groups (62.8% and 68.8% vs. 53.9% vs. 39.6% and 34.8%, P < 0.001). The patients in the five groups had similar biochemical pregnancy rates, CPRs, ectopic pregnancy rates, miscarriage rates, premature birth rates, and LBRs (all P > 0.05). The data on ovarian response and pregnancy outcomes before PSM are shown in Supplementary Table 2. In addition, we compared the incidence of ovarian hyperstimulation syndrome (OHSS) in various PCOS phenotype groups after IVF-ET, and the results showed no statistically significant differences between groups (P = 0.788, data not shown).


Table 2 | Comparison of ovarian response and pregnancy outcomes among the four PCOS phenotype groups and the control group.





Adverse Perinatal Outcomes

The adverse perinatal outcomes of the five groups are displayed in Table 3. The adverse pregnancy outcome rate was higher in PCOS phenotype A and D groups than in the control group (44.0% and 46.4% vs. 28.7%, P = 0.027). Despite the differences in HDP rate of PCOS phenotype A and C groups and the control group (9.3% and 12.5% vs. 3.1%, P = 0.037), the incidence of total pregnancy complications, GDM, or other pregnancy complications was similar among the five groups. There was no difference between the groups for the rates of ectopic pregnancy, miscarriage, premature birth, cesarean section, and multiple births (all P > 0.05). The data on adverse perinatal outcomes before PSM are shown in Supplementary Table 3. In addition, the statistical power of the R×C square test was calculated via the “pwr” package in R software, where the effect size was determined as 0.55 using the ES.w2() function, and the statistical power was calculated as pwr.chisq.test(w = ES.w2(prob), N = 799, df = 4, sig.level = 0.05) >0.99, based on which we admit that the results in Table 3 are accurate.


Table 3 | Comparison of adverse perinatal outcomes among the four PCOS phenotype groups and the control group.





Logistic Regression Assessment of Adverse Perinatal Outcomes

According to the previous results of adverse perinatal outcomes, a univariate logistic analysis of adverse pregnancy outcomes and HDP was performed. Compared with the control group, PCOS phenotypes A and D were the risk factors for adverse pregnancy outcomes [cOR (crude odds ratio)-A: 1.952, 95% CI-A: 1.185–3.216; cOR-D: 1.401, 95% CI-D: 1.001–1.960] and PCOS phenotype A was the risk factor for HDP (cOR: 3.228, 95% CI: 1.258–8.285). The factors with significant differences in the univariate analysis (these results are shown in Supplementary Tables 4, 5) were included in the multivariate logistic regression analysis. After adjusting for confounding factors, PCOS phenotypes A and D were shown as independent risk factors for adverse pregnancy outcomes (aOR-A: 1.835, 95% CI-A: 1.095–3.075; aOR-D: 1.435, 95% CI-D: 1.025–2.008) (see Table 4).


Table 4 | Logistic regression analysis of maternal and perinatal outcomes.






Discussion

In this study, the relationship between PCOS phenotypes and pregnancy was retrospectively analyzed in patients who underwent the first cycle of IVF/ICSI treatment. The results revealed that the PCOS phenotype was correlated with adverse pregnancy outcomes (ectopic pregnancy, miscarriage, and premature birth), and PCOS phenotypes A and D were the independent risk factors for adverse pregnancy outcomes. Moreover, CPR and LBR in various PCOS phenotypes were comparable.

Adverse pregnancy outcomes have been the subject of considerable attention, and the relationship between PCOS and adverse pregnancy outcomes has been a topic of great interest in the assisted reproductive field. A meta-analysis of pregnancy-related outcomes and complications in PCOS patients reported that PCOS patients present a high risk of adverse pregnancy outcomes despite the fact that they achieved a better LBR (16). Previous studies concluded that PCOS increased the risk of adverse pregnancy outcomes by affecting the reproductive endocrine and metabolic functions (6, 10, 26, 27). In addition, women with PCOS present with an abnormal endometrial phenotype and function (28), which possibly explains some of the adverse pregnancy outcomes such as miscarriage and premature birth (29).

The results of this study, for the first time, showed that PCOS phenotypes A and D were the independent risk factors for adverse pregnancy outcomes. In other words, higher incidences of adverse pregnancy outcomes occurred in women with PCOS phenotypes A and D. It was found that these two phenotypes of PCOS exist with common characteristics: OA and PCO. We speculated that the higher rates of adverse pregnancy in patients with PCOS result from a combined action of OA and PCO. A menstrual disorder in PCOS patients mainly results from insulin resistance, and it can reflect the degree of metabolic dysfunction (30). Recent findings showed that the menstrual patterns of PCOS patients might be correlated with the higher rates of adverse pregnancy outcomes (27). The result of a retrospective study showed that amenorrhea in PCOS patients was an independent risk factor for adverse pregnancy outcomes. Also, oocyte maturation and fertility rate in women with anovulation were lower than in women with regular cycling, and the development rate of the embryo shared a similar trend (31). Another study involving dairy cattle with anovulation reported that anovulation results in significant alterations in gene expression. Specifically, transcripts linked to the control of energy metabolism and DNA repair were downregulated, whereas genes involved in apoptosis and autophagy were upregulated. It was also found that the risk factors for OA have a direct impact on embryo development and endometrial receptivity (32).

Moreover, several studies suggested that PCO were associated with poor oocyte quality, and they also found elevated levels of homocysteine in the blood of PCOS patients (33–35) and in the follicular fluid of patients with PCO (36). These findings suggested that abnormally high homocysteine levels of follicular fluid were related to the poor quality of oocytes and low fertilization rates, even to the poor quality of embryos and adverse pregnancy outcomes (36). In a previous study, Jia et al. reported that the quality of oocytes in PCO has decreased, which could be due to mtDNA hypermethylation and abnormal activation of one-carbon metabolism (37). In addition, we also found that the high-quality embryo rate of PCOS phenotype A and D groups was lower than that of the other groups, especially the control group. This result supports our speculation. The coexistence of OA and PCO may be associated with higher rates of adverse pregnancy by affecting the quality of oocyte and embryo.

At present, advanced maternal age (38, 39), high levels of BMI (40, 41), and a thin endometrium (42–44) as risk factors for adverse pregnancy outcomes are well recognized in the literature. Therefore, multivariate logistic regression analyses in our study were performed to exclude the potential influences of these confounding factors, but the effect of PCOS phenotypes A and D on adverse pregnancy outcomes persists. In addition, a recent meta-analysis suggested that HA has adverse effects on assisted reproductive outcomes in patients with PCOS (45). However, the contribution of HA to miscarriage is still debated (46, 47). The effect of HA on adverse pregnancy outcomes was not found in our study, but the aOR of PCOS phenotype A (with HA) was higher than that of PCOS phenotype D (without HA) in the logistic analysis of adverse pregnancy outcomes. It was hypothesized that HA may have a role in the incidence of adverse pregnancy outcomes in IVF/ICSI and that this effect would be weak. Simultaneously, OA and PCO were the primary influencers in adverse pregnancy outcomes. As we all know, OHSS is also an important factor affecting adverse pregnancy outcomes (48), and patients with PCOS are at a greater risk to develop OHSS (49). In the present study, we compared the incidence of OHSS in various PCOS phenotype groups after IVF-ET, and the results showed no statistically significant differences between groups. These results were probably due to some PCOS patients with a higher OHSS risk canceling fresh embryo transfer and selecting all-embryo cryopreservation (50).

The results of our study highlight the need for individualized treatment and intensive follow-up after pregnancy in patients with PCOS phenotypes A and D, to decrease the incidence of adverse pregnancy outcomes. However, as with all retrospective data analyses, we were not able to completely rule out all potential confounders. Moreover, our study inevitably suffers from several limitations, even though we used PSM statistical methods to diminish bias. Although we have expanded the sample size compared with those reported in previous studies (8, 51), the sample size of some PCOS phenotypes is still the main limitation of the study. We think that one possible explanation could be the characteristics of the study population. Therefore, further prospective research with a sufficient sample size will be needed to confirm these findings in the future.

Taken together, our data revealed that PCOS phenotypes A and D were the independent risk factors for adverse pregnancy outcomes. Specifically, the higher incidences of adverse pregnancy outcomes occur in women with PCOS phenotypes A and D compared with women with non-PCOS. Therefore, for women with PCOS phenotypes A and D, individualized treatment during assisted reproduction and close follow-up after clinical pregnancy are necessary.
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Purpose

This work aimed to evaluate the adverse effect of polycystic ovary syndrome (PCOS) on pregnancy outcomes of singletons after vitrification in women with frozen-thawed embryo transfer (FET).



Methods

Patients with/without PCOS who underwent FET from January 2013 and December 2018 were included. Propensity score matching (PSM) was used to reduce the influence of bias. Logistic regression was applied to identify the risk factors of adverse pregnancy outcomes of singletons in women with PCOS.



Result

After PSM, the PCOS group had shorter gestational age (P<0.001) and lower newborn birth weight than the non-PCOS group (P=0.045). Compared with the non-PCOS group, the PCOS group had an increased risk of gestational diabetes mellitus (GDM) and pregnancy-induced hypertension (PIH) (P<0.001), placenta and membrane abnormality (P<0.001), stillbirth (P<0.001), neonatal complication (P=0.014), and miscarriage rate (P<0.001). Neonatal complication was associated with parity (adjusted OR=1.202, 95% CI=1.002–1.443, P=0.048) and basal P level (adjusted OR=1.211, 95% CI=1.021–1.436, P=0.028). According to multivariable logistic regression analysis, the miscarriage rate was related to parity (adjusted OR=1.201, 95% CI=1.057–1.166, P=0.005) and basal E2 (adjusted OR=1.002, 95% CI=1.000–1.004, P=0.019) and P levels on the day of embryo transfer (adjusted OR=0.971, 95% CI=0.957–0.985, P<0.001).



Conclusions

Compared with non-PCOS women, women with PCOS have a higher risk of GDM and PIH, and neonatal complications and therefore require additional care during pregnancy and parturition.





Keywords: PCOS, FET, propensity score-matched study, pregnancy, hormone



Introduction

PCOS is the most common hormonal disorder in women of reproductive age and accounts for 80% of women with anovulatory infertility (1, 2). Upon exclusion of other specific diagnoses, PCOS is characterized by a combination of androgen excess and ovarian dysfunction. In women with PCOS, ineffectual aromatization to estrogens and increased androgen level lead to a low FSH level, resulting in androgen excess and estrogen shortage (3). Abnormal hormone levels in women with PCOS may lead to poor pregnancy outcomes (4, 5). As one of the clinical manifestations of PCOS, obesity is also related to poor pregnancy outcomes in women with PCOS (6) and is usually associated with high circulating insulin levels, which in turn increase ovarian androgen production (7). The abnormal hormones prevent women of reproductive age from ovulation, the main cause of infertility caused by PCOS.

In vitro fertilization (IVF) has been widely used in infertility treatment for decades. Compared with spontaneous pregnancies, IVF pregnancies in women with PCOS are associated with increased risks of adverse pregnancy outcomes (8, 9). During the treatment, the serum levels of hormones change dramatically. A previous research showed that frozen-thawed embryo transfer (FET) is associated with preeclampsia in infertile women with PCOS (10), and other studies found that sex hormones such as testosterone and FSH are associated with pregnancy outcomes in IVF treatment (11, 12). However, the adverse effect of PCOS on pregnancy outcomes in women with FET has never been clarified.

Therefore, this study aims to evaluate the adverse effect of PCOS on pregnancy outcomes in frozen embryo transfer cycles. The risk predictors of adverse pregnancy outcomes in women with PCOS were also identified. Propensity score matching (PSM) was performed to exclude the confounding bias between women with and without PCOS. A logistic regression model was established for the precise evaluation of the risks factors of adverse pregnancy outcomes in women with PCOS. The findings would serve as a basis for the implementation of management measures during routine clinical practice.



Methods and Materials


Study Population and Characteristics

Patients who underwent IVF/intracytoplasmic sperm injection (ICSI) with FET were identified, and the women who conceived singleton were selected. PCOS was diagnosed by two gynecologists on the basis of the 2003 Rotterdam criteria for the patients who met two of the following criteria (1): oligo- or anovulation, (2) clinical and/or biochemical signs of hyperandrogenism, and (3) polycystic ovaries and exclusion of other related etiologies (13). Patients with the following diseases were excluded: (1) congenital uterine malformations; (2) severe cerebrovascular, liver, heart, or kidney diseases; (3) gynecological cancers; (4) metabolic or endocrine disorders (diabetes or pituitary adenomas); and (5) autoimmune diseases, such as systemic lupus erythematosus or scleroderma. We only included the patients with fallopian tubal blockage or infertility couples due to paternal factors in the non-PCOS group to minimize the influence of confounding factors. Cases with missing information of cycles, embryo, and clinical pregnancy data were also excluded. The following clinical data were collected: maternal age, maternal BMI, paternal age, duration of infertility, parity, cycle method, sperm origin, fertilization method, scoring for cleavage-stage and blastocyst-stage embryo, number of embryo transferred, basal LH, basal E2, basal FSH, basal P, basal testosterone (T), serum levels of E2 and P on the day of embryo transfer, neonatal gender, gestational age, birth weight, ectopic pregnancy, GDM and PIH, placenta and membrane abnormality, birth defect, stillbirth, complications of labor and delivery, neonatal complication, and miscarriage. This study was approved by the Research Ethics Committee of the Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, and Changhai Hospital, Naval Medical University and complied with the Declaration of Helsinki. Owing to the retrospective design of this study, informed consent was waived.



Laboratory Protocols and Embryo Assessment

Blood samples for basal LH, E2, FSH, P, and T assessment were collected in the morning after overnight fasting, preferably on days 2–5 of the menstrual cycle of women with regular menstruation or during withdrawal bleeding in women with amenorrhea. Hormonal assays were performed with UniCel DxI 800 Access Immunoassay System (Beckman Coulter, Brea, CA) using commercial kits following the manufacturers’ protocol. E2 and P on the day of FET were measured to assess their effect on pregnancy outcomes. Conventional IVF or ICSI was conducted depending on semen parameters and previous fertilization histories. All embryos were incubated in oil under 5% O2, 6% CO2, and 37°C. Vitrification and thawing were performed as previously described (14). Embryo quality was assessed during cleavage (day 3) or blastocyst stage (day 5/6). The scoring system for cleavage-stage embryos was based on the Istanbul consensus workshop (15). The blastocysts was grouped into four categories based on inner cell mass and trophectoderm scoring (15–17).



Statistical Analysis

All analyses were conducted in SPSS (version 26.0 IBM Corporation, Armonk, NY) and R software (http://www.r-project.org/). Student’s t-test was used to compare continuous variables, which were expressed as mean ± standard deviation (SD). Chi-squared test or Fisher’s exact test was employed to analyze categorical data. Kruskal–Wallis test was applied to assess the relationship between PCOS and embryo quality. Propensity score was used to match the following independent variables to balance the influence of confounding factors: maternal age, paternal age, sperm origin method, stage at cryopreservation, and number of embryos transferred. A 1:1 match between the PCOS group and the non-PCOS group was obtained by nearest neighbor matching with a caliper width of 0.01 and without replacement. PSM was performed with R software using the MatchIt package. Univariable and multivariable logistic regression analyses were carried out to identify risk factors such as maternal BMI, parity, cycle method, fertilization method, basal LH, basal E2, basal FSH, basal P, total T, and E2 and P on the day of embryo transfer in adverse pregnancy outcomes. Hazard ratio (HR) and 95% confidence interval (95% CI) were calculated to assess the relationship between serum levels and pregnancy outcomes. All P values were two-tailed, and <0.05 was considered statistically significant.




Results

A retrospective cohort including 1384 patients with PCOS and 14606 patients without PCOS was enrolled at the Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine between January 2013 and December 2018. After PSM, 1376 patients with PCOS and 1376 patients without PCOS were included in the PCOS and non-PCOS groups, respectively. In the non-PCOS group, 1337 patients with fallopian tubal blockage and 39 patients with paternal factors. The baseline characteristics, PCOS-associated characteristics, and pregnancy outcomes of singletons conceived after FET before and after PSM were evaluated.


Patient Baseline Characteristics

Before PSM, the baseline characteristics of the two groups were unevenly distributed. The maternal and paternal ages of the PCOS group were younger than those in the non-PCOS group (maternal age: 30.54 ± 3.51 vs. 32.61 ± 4.45, P<0.001; paternal age: 32.42 ± 4.32 vs. 34.53 ± 5.53, P<0.001). The spouses of the non-PCOS group were more inclined to testicular sperm extraction than ejaculation (P<0.001). After matching, the baseline characteristics of the two groups were not different except for the scoring of blastocyst-stage embryo. The maternal age, paternal age, parity, cycle method, sperm origin method, fertilization method, stage at cryopreservation, and number of embryos transferred were similar in the two groups as shown in Table 1.


Table 1 | The baseline characteristics of singletons conceived after frozen/thawed embryo transfer (FET).





PCOS-Associated Characteristics

After matching, the maternal BMI differed between the PCOS and non-PCOS groups (23.58 ± 6.08 vs. 21.53 ± 5.03, P<0.001). Non-PCOS patients used natural cycles, and those with PCOS employed artificial cycles (P<0.001). The parity of the non-PCOS group was higher than that of the PCOS group (P=0.038). The number of patients in the non-PCOS group who underwent IVF+ICSI or ICSI was significantly higher than that in the PCOS group (P<0.001).

For sex hormonal panels, the serum levels of basal LH, basal FSH, and total T were higher in the PCOS group than in the non-PCOS group (basal LH: 5.42 ± 3.92 vs. 4.62 ± 3.42, P<0.001; total T: 0.04 ± 0.13 vs. 0.03 ± 0.12, P=0.048). The serum concentration of basal E2 and basal FSH were lower in the PCOS group than in the non-PCOS group (basal E2: 39.51 ± 51.17 vs. 60.08 ± 62.69, P<0.001; basal FSH: 5.07 ± 1.41 vs. 6.02 ± 3.78, P<0.001). Other hormonal indicators such as basal P and serum E2 and P levels on the day of embryo transfer were not different between the two groups. All the PCOS-associated characteristics are summarized in Table 2.


Table 2 | The PCOS-associated characteristics of singletons conceived after frozen/thawed embryo transfer (FET).





Pregnancy Outcomes

Comparison of pregnancy outcomes between the two groups is shown in Table 3. The PCOS group displayed a shorter gestational age (P<0.001) and a slighter birth weight (P<0.001) than the non-PCOS group. For adverse pregnancy outcomes, the PCOS group had higher probabilities of GDM and PIH, (P<0.001), placenta and membrane abnormality (P<0.001), stillbirth (P<0.001), neonatal complications (P<0.001), and miscarriage (P<0.001) than the non-PCOS group. However, the PCOS group showed a lower probability of ectopic pregnancy(P<0.001) and birth defects (P<0.001) than the non-PCOS group.


Table 3 | The pregnancy outcomes of live born singletons in women with and without PCOS after FET.





Relationship Between Serum Sex Hormones and Adverse Pregnancy Outcomes

Logistic regression was performed to clarify the association between serum hormones and adverse pregnancy outcomes in patients with PCOS who underwent IVF. Table 4 shows that after the adjustment for basal LH, basal E2, basal FSH, basal P, E2, and P levels on the day of embryo transfer, no factor was associated with GDM and PIH. The parity in PCOS group was associated with neonatal complications (including congenital anomalies, urogenital defects, jaundice, and pneumonia) (adjusted OR=1.202, 95% CI=1.002–1.443, P=0.048). The serum levels of basal P (adjusted OR: 1.211, 95% CI= 1.021–1.436, P=0.028) was associated with neonatal complications in women with PCOS (Table 5). Multivariate logistic regression revealed that parity (adjusted OR=1.201, 95% CI=1.057–1.366, P=0.005) and basal E2 (OR: 1.003, 95% CI=1.001–1.006, P<0.018) were related to an increased risk of miscarriage. Meanwhile, a high serum P level on the day of embryo transfer was associated with a significantly decreased risk of miscarriage in the PCOS group (adjusted OR=0.971, 95% CI=0.957–0.985, P<0.001) (Table 6).


Table 4 | Risk factors of GDM and PIH in women with PCOS.




Table 5 | Risk factors of neonatal complications in women with PCOS.




Table 6 | Risk factors of miscarriage in women with PCOS.






Discussion


Main Findings

To our knowledge, this is the first propensity score-matched study to identify the risk factors of adverse pregnancy outcomes in women with PCOS who received IVF treatment. PCOS is a common endocrine disorder that affects about 6%–10% of women and is characterized by hypotestosteronemia, hyperinsulinemia, high LH/FSH ratio, and obesity (18). One of its most prevalent consequences is oligo/amenorrhea anovulation, leading to infertility problems in women of childbearing age (19). In the past decades, IVF has increased the pregnancy rate in women with PCOS compared with that in non-PCOS controls. However, an increased risk of developing unfavorable pregnancy complications was reported in women with PCOS (20). In one study, PCOS was considered as an independent risk factor associated with late miscarriage in women treated with IVF (21). Although the negative effects of PCOS on the assisted reproductive outcome of IVF/ICSI in women with PCOS have been widely investigated, the association between serum sex hormone levels and pregnancy outcome remains unclear. Thus, the influence of each hormone on pregnancy outcomes in women with PCOS cannot be accurately elucidated. In the present work, we compared the serum sex hormone levels and pregnancy outcomes between women with and without PCOS after PSM. The results showed that the patients with PCOS had a higher maternal BMI, higher basal LH, and higher testosterone levels than the non-PCOS women. Our study also retrospectively analyzed the pregnancy outcomes of women with and without PCOS. Our primary finding is that patients with PCOS who received IVF had a short gestational age and an increased risk of GDM and PIH, neonatal complications, and miscarriage. Furthermore, parity and basal P were associated with neonatal complications. In women with PCOS who received IVF treatment, parity and high basal E2 level had a negative effect on miscarriage. Meanwhile, P level on the day of embryo transfer was a protective factor on miscarriage.

In our study, women with PCOS who underwent IVF had worse pregnancy outcomes compared with non-PCOS women. Among the patients with PCOS, those who underwent IVF had an increased risk of small gestational age and low birth weight compared with those who got pregnant spontaneously. Mostinckx et al. (22) compared the obstetric and neonatal outcome of in vitro maturation and controlled ovarian stimulation for assisted reproductive technology in patients with PCOS and found that women with PCOS who received in vitro maturation had a shorter gestational age than those who received controlled ovarian stimulation. By contrast, Liu and colleagues (20) reported that the gestational age was not significantly different between women with PCOS and without PCOS; however, the authors did not adjust for confounding factors when they analyzed the pregnancy outcomes of a cohort of 666 women with PCOS and 7012 controls using chi-square test. This phenomenon may explain the inconsistency between their results and ours. The newborn birthweight in the PCOS group was slightly lower than that in the non-PCOS group possibly due to the relatively short gestational age of women with PCOS. Our result was in line with the conclusion of previous studies. Sunkara et al. (23) found that women with PCOS had an increased risk of low birthweight; however, no specific risk factor was identified in their study. In another case-control research, Sir-Petermann and colleagues (24) observed that women with PCOS who had spontaneous pregnancy exhibited a higher prevalence of small gestational age and low birth weight compared with the control group. Han et al. (25) found that the incidence of low gestational age infants was higher in women with PCOS than in women with infertility due to tubal factors (25). A previous animal experiment showed that placenta insufficiency and prenatal exposure to sex steroids may be the reason for the small gestational age (26).

Obesity is one of the typical clinical characteristics of PCOS and may result from insulin resistance. Univariable logistic regression analysis found a positive correlation between maternal BMI and GDM and PIH in patients with PCOS who received IVF treatment. GDM and PIH are the two most common pregnancy complications. A high risk of GDM and PIH is frequently reported in women with PCOS (27, 28). GDM and PIH may result from some of the clinical characteristics of PCOS, such as polycystic ovaries, insulin resistance, and hyperandrogenism (29, 30). Early evidence suggested that obesity increases the risk of type 2 diabetes during pregnancy in patients with PCOS, and this finding was in agreement with our result (31). However, multivariable analysis indicated that maternal BMI was not associated with GDM and PIH. Kouhkan and colleagues (27) identified PCOS history as a risk factor for GDM in women with treated PCOS. Regardless of spontaneous pregnancy or IVF, patients with PCOS have a significantly increased risk of GDM during pregnancy due to the metabolic disorders caused by insulin resistance that lead to obesity and diabetes (32, 33). For PIH, women with PCOS undergoing IVF treatment have a higher risk of PIH than non-PCOS women. In the current study, logistic regression showed that maternal BMI was positively related to the risk of PIH in women with PCOS who underwent IVF. This finding was in agreement with Joham et al. (34), who analyzed the data from the Australian Longitudinal Study on Women’s Health and found that the incidence of hypertension was higher among obese women with PCOS than among lean women with PCOS. Palomba et al. (35) conducted a meta-analysis and found that women with PCOS had a three- to fourfold increased risk of PIH when BMI was not adjusted. According to the present multivariable logistic regression analysis, although obesity was not a risk factor of GDM and PIH, the patients with obesity must be given additional attention to prevent the occurrence of adverse pregnancy events.

In our study, we found that the risk of stillbirth was higher in the PCOS group than in the non-PCOS group. Our result is consistent with the findings of Valgeirsdottir et al. (36), who conducted a nationwide register-base cohort study and found that PCOS was associated with stillbirth. Two meta-analyses reported that PCOS is related to the risk of perinatal death, including stillbirth and early neonatal death (37, 38). However, the association between PCOS and stillbirth remains unclear.

The offspring of women with PCOS are at an increased risk of cardiovascular and other anomalies. Battaglia et al. (39) found that daughters born to patients with PCOS had an increased cardiovascular risk. Doherty and colleagues (40) demonstrated that the offspring of women with PCOS were at a high risk of postnatal hospitalizations, congenital anomalies, and urogenital defects. Our results suggested that the risk of neonatal complications in the offspring of women with PCOS is higher than that in the offspring of women with other infertile causes.

After PSM, the clinical miscarriage rate in women with PCOS was significantly different compared with that in non-PCOS women. However, we demonstrated that parity and serum basal E2 level were related to an increased risk of miscarriage, and a high serum P level on the day of embryo transfer was associated with a significantly decreased risk of miscarriage in the PCOS group. Progesterone is an essential hormone for maintaining early pregnancy and decidualized endometrium, relaxing uterine smooth muscle, improving uterine blood supply, and regulating immunity in early pregnancy (41). Supplement progesterone is widely used for miscarriage prevention and treatment of assisted reproductive technology. Miscarriage occurs in 15%–20% of all clinical pregnancies, and most of the causes remain unknown (42). In our article, we demonstrated that the serum progesterone level on the day of embryo transfer was a protective factor for miscarriage, and the estrogen level was related to an increased risk of miscarriage. Women with PCOS have a high risk rate of miscarriage; the increase in estradiol caused by endocrine disorders works synergistically with factors such as hyperinsulinemia, free insulin-like growth factors, and obesity, thus ultimately leading to infertility and miscarriage (43). Nevertheless, only a few studies focused on the prognosis of serum estrogen and progesterone levels on the day of embryo transfer for the pregnancy outcomes in patients with PCOS; large-scale studies are needed in the future. Compared with the non-PCOS group, the PCOS group had greater percentage of first-time pregnancy. However, parity was a risk factor of neonatal complication and miscarriage in our study. To date, limited studies have focused on parity and the occurrence of adverse pregnancy events in patients with PCOS. Additional research is needed to clarify this relationship in the future.



Strengths and Weaknesses

The strengths of our study are as follows. First is the large cohort that focused on women with PCOS who underwent FET, which was adjusted the confounding factors by propensity score matching. Maternal age, paternal age, sperm origin, stage at cryopreservation, and number of embryos transferred were matched to reduce the potential bias when analyzing the risk factors between women with and without PCOS. Second, we conducted a comprehensive analysis to identify the risk factors of adverse pregnancy outcomes in women with PCOS. The sex hormone levels in women with PCOS greatly differ from those in women without PCOS. In this work, we analyzed the association of the sex hormones in patients with PCOS with GDM and PIH, neonatal complications, and miscarriage. We revealed the relationship between factors, such as maternal BMI, duration of infertility, parity, cycle method, fertilization method, basal serum of FSH, P, and E2, and adverse pregnancy events in patients with PCOS. However, this study also has several limitations. First, selection and information bias cannot be ruled out because of the retrospective design of this study. Second, this research is a single-center study, and the cases are all Chinese national. Hence, the relationship between the sex hormones and pregnancy outcomes must be validated in multiple centers. Third, PCOS patients are treated with drugs while undergoing IVF treatment, which can affect the serum level of sex hormones. Such drug treatment will lead to the development of patients with PCOS on the bright side, leading us to underestimate the impact of PCOS disease on IVF results. Fourth, owing to the observational nature of this study, the positive results are just a statistical correlation. Hence, causality cannot be established. Further investigation is needed to determine the underlying mechanism of the relationship between sex hormones and pregnancy outcomes in women with PCOS who received IVF treatment.




Conclusion

This study evaluated the incidence of adverse pregnancy outcomes in women with and without PCOS. The results showed that women with PCOS have a higher risk of GDM and PIH, stillbirth, neonatal complications, and miscarriage than non-PCOS women. Neonatal complication was associated with parity and basal P level. Parity and basal estradiol were an increased risk factor of miscarriage, and serum progesterone level on the day of embryo transfer was a protective factor in women with PCOS.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Author Contributions

CY and YK conceived the study. ZN, SM, and SY extracted and analyzed the data. YL and WC contributed to the acquisition, analysis, and interpretation of the data. ZN and SM wrote the first draft of the manuscript which was revised by SY and LZ. This study was supervised by CY and YK. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (82004408), Leading Project of Traditional Chinese Medicine of Shanghai Science and Technology Committee (19401930200) and Shanghai Sailing Program (20YF1448600).



Acknowledgments

The authors thank the nurses and laboratory staff of the Department of Assisted Reproduction for their contribution to this work. Moreover, the authors thank the infertile couples who participated in this study.



References

1. ESHRE/ASRM. Consensus on Infertility Treatment Related to Polycystic Ovary Syndrome. Hum Reprod (2008) 23(3):462–77. doi: 10.1093/humrep/dem426

2. Balen, AH, Morley, LC, Misso, M, Franks, S, Legro, RS, Wijeyaratne, CN, et al. The Management of Anovulatory Infertility in Women With Polycystic Ovary Syndrome: An Analysis of the Evidence to Support the Development of Global WHO Guidance. Hum Reprod Update (2016) 22(6):687–708. doi: 10.1093/humupd/dmw025

3. Turhan, NO, Artini, PG, D'Ambrogio, G, Droghini, F, Battaglia, C, Genazzani, AD, et al. A Comparative Study of Three Ovulation Induction Protocols in Polycystic Ovarian Disease Patients in an In Vitro Fertilization/Embryo Transfer Program. J Assist Reprod Genet (1993) 10(1):15–20. doi: 10.1007/bf01204435

4. Singh, N, Mishra, N, and Dogra, Y. Do Basal Luteinizing Hormone and Luteinizing Hormone/Follicle-Stimulating Hormone Ratio Have Significance in Prognosticating the Outcome of In Vitro Fertilization Cycles in Polycystic Ovary Syndrome? J Hum Reprod Sci (2021) 14(1):21–7. doi: 10.4103/jhrs.JHRS_96_20

5. Jayasena, CN, and Franks, S. The Management of Patients With Polycystic Ovary Syndrome. Nat Rev Endocrinol (2014) 10(10):624–36. doi: 10.1038/nrendo.2014.102

6. Cena, H, Chiovato, L, and Nappi, RE. Obesity, Polycystic Ovary Syndrome, and Infertility: A New Avenue for GLP-1 Receptor Agonists. J Clin Endocrinol Metab (2020) 105(8):e2695-709. doi: 10.1210/clinem/dgaa285

7. Rachoń, D, and Teede, H. Ovarian Function and Obesity–Interrelationship, Impact on Women's Reproductive Lifespan and Treatment Options. Mol Cell Endocrinol (2010) 316(2):172–9. doi: 10.1016/j.mce.2009.09.026

8. Bosdou, JK, Anagnostis, P, Goulis, DG, Lainas, GT, Tarlatzis, BC, Grimbizis, GF, et al. Risk of Gestational Diabetes Mellitus in Women Achieving Singleton Pregnancy Spontaneously or After ART: A Systematic Review and Meta-Analysis. Hum Reprod Update (2020) 26(4):514–44. doi: 10.1093/humupd/dmaa011

9. Tang, T, Glanville, J, Hayden, CJ, White, D, Barth, JH, and Balen, AH. Combined Lifestyle Modification and Metformin in Obese Patients With Polycystic Ovary Syndrome. A Randomized, Placebo-Controlled, Double-Blind Multicentre Study. Hum Reprod (2006) 21(1):80–9. doi: 10.1093/humrep/dei311

10. Chen, ZJ, Shi, Y, Sun, Y, Zhang, B, Liang, X, Cao, Y, et al. Fresh Versus Frozen Embryos for Infertility in the Polycystic Ovary Syndrome. N Engl J Med (2016) 375(6):523–33. doi: 10.1056/NEJMoa1513873

11. Qin, Y, Zhao, Z, Sun, M, Geng, L, Che, L, and Chen, ZJ. Association of Basal Serum Testosterone Levels With Ovarian Response and In Vitro Fertilization Outcome. Reprod Biol Endocrinol (2011) 9:9. doi: 10.1186/1477-7827-9-9

12. Xu, H, Deng, K, Luo, Q, Chen, J, Zhang, X, Wang, X, et al. High Serum FSH Is Associated With Brown Oocyte Formation and a Lower Pregnacy Rate in Human IVF Parctice. Cell Physiol Biochem (2016) 39(2):677–84. doi: 10.1159/000445658

13. Group REASPCW. Revised 2003 Consensus on Diagnostic Criteria and Long-Term Health Risks Related to Polycystic Ovary Syndrome. Fertil Steril (2004) 81(1):19–25. doi: 10.1016/j.fertnstert.2003.10.004

14. Kuwayama, M, Vajta, G, Kato, O, and Leibo, SP. Highly Efficient Vitrification Method for Cryopreservation of Human Oocytes. Reprod BioMed Online (2005) 11(3):300–8. doi: 10.1016/s1472-6483(10)60837-1

15. Gardner, DK, Surrey, E, Minjarez, D, Leitz, A, Stevens, J, and Schoolcraft, WB. Single Blastocyst Transfer: A Prospective Randomized Trial. Fertil Steril (2004) 81(3):551–5. doi: 10.1016/j.fertnstert.2003.07.023

16. Tannus, S, Cohen, Y, Henderson, S, Al Ma'mari, N, Shavit, T, Son, WY, et al. Fresh Transfer of Day 5 Slow-Growing Embryos Versus Deferred Transfer of Vitrified, Fully Expanded Day 6 Blastocysts: Which Is the Optimal Approach? Hum Reprod (2019) 34(1):44–51. doi: 10.1093/humrep/dey351

17. Zhao, YY, Yu, Y, and Zhang, XW. Overall Blastocyst Quality, Trophectoderm Grade, and Inner Cell Mass Grade Predict Pregnancy Outcome in Euploid Blastocyst Transfer Cycles. Chin Med J (Engl) (2018) 131(11):1261–7. doi: 10.4103/0366-6999.232808

18. Azziz, R. Polycystic Ovary Syndrome. Obstet Gynecol (2018) 132(2):321–36. doi: 10.1097/aog.0000000000002698

19. Ożegowska, K, Plewa, S, Mantaj, U, Pawelczyk, L, and Matysiak, J. Serum Metabolomics in PCOS Women With Different Body Mass Index. J Clin Med (2021) 10(13):1–17. doi: 10.3390/jcm10132811

20. Liu, S, Mo, M, Xiao, S, Li, L, Hu, X, Hong, L, et al. Pregnancy Outcomes of Women With Polycystic Ovary Syndrome for the First In Vitro Fertilization Treatment: A Retrospective Cohort Study With 7678 Patients. Front Endocrinol (Lausanne) (2020) 11:575337. doi: 10.3389/fendo.2020.575337

21. Yang, AM, Xu, X, Han, Y, Wei, JJ, Hao, GM, Cui, N, et al. Risk Factors for Different Types of Pregnancy Losses: Analysis of 15,210 Pregnancies After Embryo Transfer. Front Endocrinol (Lausanne) (2021) 12:683236. doi: 10.3389/fendo.2021.683236

22. Mostinckx, L, Segers, I, Belva, F, Buyl, R, Santos-Ribeiro, S, Blockeel, C, et al. Obstetric and Neonatal Outcome of ART in Patients With Polycystic Ovary Syndrome: IVM of Oocytes Versus Controlled Ovarian Stimulation. Hum Reprod (2019) 34(8):1595–607. doi: 10.1093/humrep/dez086

23. Sunkara, SK, La Marca, A, Seed, PT, and Khalaf, Y. Increased Risk of Preterm Birth and Low Birthweight With Very High Number of Oocytes Following IVF: An Analysis of 65 868 Singleton Live Birth Outcomes. Hum Reprod (2015) 30(6):1473–80. doi: 10.1093/humrep/dev076

24. Sir-Petermann, T, Hitchsfeld, C, Maliqueo, M, Codner, E, Echiburú, B, Gazitúa, R, et al. Birth Weight in Offspring of Mothers With Polycystic Ovarian Syndrome. Hum Reprod (2005) 20(8):2122–6. doi: 10.1093/humrep/dei009

25. Han, AR, Kim, HO, Cha, SW, Park, CW, Kim, JY, Yang, KM, et al. Adverse Pregnancy Outcomes With Assisted Reproductive Technology in non-Obese Women With Polycystic Ovary Syndrome: A Case-Control Study. Clin Exp Reprod Med (2011) 38(2):103–8. doi: 10.5653/cerm.2011.38.2.103

26. Manikkam, M, Crespi, EJ, Doop, DD, Herkimer, C, Lee, JS, Yu, S, et al. Fetal Programming: Prenatal Testosterone Excess Leads to Fetal Growth Retardation and Postnatal Catch-Up Growth in Sheep. Endocrinology (2004) 145(2):790–8. doi: 10.1210/en.2003-0478

27. Kouhkan, A, Khamseh, ME, Moini, A, Pirjani, R, Valojerdi, AE, Arabipoor, A, et al. Predictive Factors of Gestational Diabetes in Pregnancies Following Assisted Reproductive Technology: A Nested Case-Control Study. Arch Gynecol Obstet (2018) 298(1):199–206. doi: 10.1007/s00404-018-4772-y

28. Bahri Khomami, M, Earnest, A, Loxton, D, Teede, HJ, and Joham, AE. Predictors of Hypertensive Disorders in Pregnancy in Women With and Without Polycystic Ovary Syndrome: The Australian Longitudinal Study of Women's Health. Clin Endocrinol (Oxf) (2021) 95(2):323–31. doi: 10.1111/cen.14451

29. Cenk Sayin, N, Gücer, F, Balkanli-Kaplan, P, Ali Yüce, M, and Yardim, T. Insulin Resistance and Lipid Profile in Women With Polycystic Appearing Ovaries: Implications With Regard to Polycystic Ovary Syndrome. Gynecol Endocrinol (2003) 17(5):387–96. doi: 10.1080/09513590312331290278

30. Qin, JZ, Pang, LH, Li, MJ, Fan, XJ, Huang, RD, and Chen, HY. Obstetric Complications in Women With Polycystic Ovary Syndrome: A Systematic Review and Meta-Analysis. Reprod Biol Endocrinol (2013) 11:56. doi: 10.1186/1477-7827-11-56

31. Ollila, MM, West, S, Keinänen-Kiukaanniemi, S, Jokelainen, J, Auvinen, J, Puukka, K, et al. Overweight and Obese But Not Normal Weight Women With PCOS are at Increased Risk of Type 2 Diabetes Mellitus-a Prospective, Population-Based Cohort Study. Hum Reprod (2017) 32(2):423–31. doi: 10.1093/humrep/dew329

32. Boudreaux, MY, Talbott, EO, Kip, KE, Brooks, MM, and Witchel, SF. Risk of T2DM and Impaired Fasting Glucose Among PCOS Subjects: Results of an 8-Year Follow-Up. Curr Diabetes Rep (2006) 6(1):77–83. doi: 10.1007/s11892-006-0056-1

33. Gambineri, A, Patton, L, Altieri, P, Pagotto, U, Pizzi, C, Manzoli, L, et al. Polycystic Ovary Syndrome Is a Risk Factor for Type 2 Diabetes: Results From a Long-Term Prospective Study. Diabetes (2012) 61(9):2369–74. doi: 10.2337/db11-1360

34. Joham, AE, Kakoly, NS, Teede, HJ, and Earnest, A. Incidence and Predictors of Hypertension in a Cohort of Australian Women With and Without Polycystic Ovary Syndrome. J Clin Endocrinol Metab (2021) 106(6):1585–93. doi: 10.1210/clinem/dgab134

35. Palomba, S, de Wilde, MA, Falbo, A, Koster, MP, La Sala, GB, and Fauser, BC. Pregnancy Complications in Women With Polycystic Ovary Syndrome. Hum Reprod Update (2015) 21(5):575–92. doi: 10.1093/humupd/dmv029

36. Valgeirsdottir, H, Kunovac Kallak, T, Sundström Poromaa, I, Jonsson, M, Roos, N, Lindström, L, et al. Polycystic Ovary Syndrome and Risk of Stillbirth: A Nationwide Register-Based Study. BJOG (2021) 128(13):2073–82. doi: 10.1111/1471-0528.16890

37. Yu, HF, Chen, HS, Rao, DP, and Gong, J. Association Between Polycystic Ovary Syndrome and the Risk of Pregnancy Complications: A PRISMA-Compliant Systematic Review and Meta-Analysis. Med (Baltimore) (2016) 95(51):e4863. doi: 10.1097/md.0000000000004863

38. Boomsma, CM, Eijkemans, MJ, Hughes, EG, Visser, GH, Fauser, BC, and Macklon, NS. A Meta-Analysis of Pregnancy Outcomes in Women With Polycystic Ovary Syndrome. Hum Reprod Update (2006) 12(6):673–83. doi: 10.1093/humupd/dml036

39. Battaglia, C, Mancini, F, Cianciosi, A, Busacchi, P, Persico, N, Paradisi, R, et al. Cardiovascular Risk in Normal Weight, Eumenorrheic, Nonhirsute Daughters of Patients With Polycystic Ovary Syndrome: A Pilot Study. Fertil Steril (2009) 92(1):240–9. doi: 10.1016/j.fertnstert.2008.05.018

40. Doherty, DA, Newnham, JP, Bower, C, and Hart, R. Implications of Polycystic Ovary Syndrome for Pregnancy and for the Health of Offspring. Obstet Gynecol (2015) 125(6):1397–406. doi: 10.1097/aog.0000000000000852

41. Wahabi, HA, Fayed, AA, Esmaeil, SA, and Bahkali, KH. Progestogen for Treating Threatened Miscarriage. Cochrane Database Syst Rev (2018) 8(8):Cd005943. doi: 10.1002/14651858.CD005943.pub5

42. Cohain, JS, Buxbaum, RE, and Mankuta, D. Spontaneous First Trimester Miscarriage Rates Per Woman Among Parous Women With 1 or More Pregnancies of 24 Weeks or More. BMC Pregnancy Childbirth (2017) 17(1):437. doi: 10.1186/s12884-017-1620-1

43. Giudice, LC. Endometrium in PCOS: Implantation and Predisposition to Endocrine CA. Best Pract Res Clin Endocrinol Metab (2006) 20(2):235–44. doi: 10.1016/j.beem.2006.03.005




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ni, Mei, You, Lin, Cheng, Zhou, Kuang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 June 2022

doi: 10.3389/fendo.2022.905263

[image: image2]


Follicular-Phase GnRH Agonist Protocol Is Another Choice for Polycystic Ovary Syndrome Patients With Lower LH/FSH and Lower AMH Levels Without Increasing Severe OHSS Risk


Rui Gao 1,2,3†, Xin Liao 2,4†, Wanrong Huang 5, Rujun Zeng 1,2, Lang Qin 1,2* and Peng Bai 6*


1The Reproductive Medical Center, Department of Obstetrics and Gynecology, West China Second University Hospital, Sichuan University, Chengdu, China, 2Key Laboratory of Birth Defects and Related Diseases of Women and Children of the Ministry of Education, West China Second University Hospital, Sichuan University, Chengdu, China, 3West China School of Medicine, Sichuan University, Chengdu, China, 4Department of the Central Operating Unit, West China Second University Hospital, Sichuan University/West China School of Nursing, Sichuan University, Chengdu, China, 5Department of Dermatology, The First Hospital of China Medical University, Shenyang, China, 6Department of Forensic Genetics, West China School of Basic Medical Sciences & Forensic Medicine, Sichuan University, Chengdu, China




Edited by: 

Yimin Zhu, Zhejiang University, China

Reviewed by: 

Junhao Yan, Shandong University, China

Diao Feiyang, Nanjing Medical University, China

Jiming Chen, Changzhou No. 2 People’s Hospital, China

Hong Cai, Hangzhou First People’s Hospital, China

*Correspondence: 

Peng Bai
 535946167@qq.com 

Lang Qin
 cacier@163.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 26 March 2022

Accepted: 09 May 2022

Published: 10 June 2022

Citation:
Gao R, Liao X, Huang W, Zeng R, Qin L and Bai P (2022) Follicular-Phase GnRH Agonist Protocol Is Another Choice for Polycystic Ovary Syndrome Patients With Lower LH/FSH and Lower AMH Levels Without Increasing Severe OHSS Risk. Front. Endocrinol. 13:905263. doi: 10.3389/fendo.2022.905263




Purpose

To explore another choice for a controlled ovarian stimulation (COS) protocol that does not increase severe ovarian hyperstimulation syndrome (OHSS) risk among polycystic ovarian syndrome (PCOS) patients with specific clinical features.



Methods

A retrospective study was performed. Two hundred and fifty-nine participants were divided into two groups, group 1 (fixed GnRH antagonist protocol, n = 295) and group 2 (follicular-phase GnRH agonist protocol, n = 69) according to COS protocols. The basic characteristics and laboratory indicators between these two groups were compared. The severe OHSS rate and clinical pregnancy rate were selected as indicators to evaluate the risks and benefits of the two COS protocols. Subgroup analyses for the severe OHSS rate and clinical pregnancy rate were performed based on baseline luteinizing hormone/follicle-stimulating hormone (bLH/FSH) and anti-Mullerian hormone (AMH) levels.



Results

The severe OHSS rate was statistically higher in group 2 than in group 1 (11.6% vs. 3.7%, p = 0.008), but the biochemical pregnancy rate and clinical pregnancy rate showed no statistical difference between the groups (71.9% vs. 60.3% and 62.5% vs. 54.3%). In the higher bLH/FSH subgroup (≥1.33) and the higher serum AMH level subgroup (>3.4 ng/ml), severe OHSS incidence was statistically higher in group 2 compared to group 1, but this incidence was lower in the bLH/FSH subgroup (<1.33) and the subgroup with lower serum AMH levels (≤3.4 ng/ml); a difference in severe OHSS risk was not observed. There was no statistical difference between the two groups regarding clinical pregnancy rate in any subgroup.



Conclusion

The limited evidence from this study indicates that in PCOS patients with lower bLH/FSH levels (<1.33) and lower serum AMH levels (≤3.4 ng/ml), a follicular-phase GnRH agonist protocol may be another choice that does not increase the risk of severe OHSS.





Keywords: controlled ovarian stimulation (COS), polycystic ovarian syndrome, in vitro fertilization, intracytoplasmic sperm injection (ICSI), ovarian hyperstimulation syndrome (OHSS), clinical pregnancy rate (CPR)



Introduction

Polycystic ovary syndrome (PCOS) is one of the most common and heterogeneous endocrinological problems among women of reproductive age (1). PCOS affects more than 10% of women around the world (1), and the prevalence of PCOS in Chinese women aged 19–45 years old is 5.6% (2). The clinical manifestations of PCOS are complicated and individualized. According to the Rotterdam criteria, a diagnosis of PCOS must include at least two of the following three features: oligo-anovulation, clinical and/or biochemical hyperandrogenism, and polycystic ovaries on ultrasonography, excluding other endocrinopathies (3). Thus, irregular menstruation, amenorrhea, hairiness, acne, a higher baseline antral follicle count (AFC; the presence of 12 or more follicles in each ovary measuring 2–9 mm in diameter), or increased ovarian volume (>10 ml) are always observed in PCOS patients. In addition, other clinical manifestations include a higher baseline luteinizing hormone/follicle-stimulating hormone ratio (bLH/FSH) (4, 5), higher levels of anti–Müllerian hormone (AMH) (5, 6), insulin resistance (7), and obesity, all of which are common among PCOS patients despite not being included in the diagnosis criteria for PCOS.

About 80% of anovulation infertility is caused by PCOS according to the European Society of Human Reproduction and Embryology (ESHRE) and the American Society for Reproductive Medicine (ASRM) (3). For PCOS patients suffering infertility, assisted reproductive technology (ART) is an important strategy for achieving pregnancy (8). Controlled ovarian stimulation (COS) is an essential step for in vitro fertilization (IVF) and/or intracytoplasmic sperm injection (ICSI), as its purpose is to induce the maturation of more oocytes, thus maximizing the chance of successful pregnancy. Ovarian hyperstimulation syndrome (OHSS) is an uncommon but serious complication associated with COS, and evidence from well-designed cohort or case–control studies indicates that PCOS is a risk factor of OHSS; it may also be related to higher ovarian reserve markers such as elevated AMH levels, peak estradiol levels, and higher AFC (9). Previous studies have demonstrated that a gonadotropin-releasing hormone (GnRH) antagonist protocol can reduce the risk of OHSS (10–12). Thus, the GnRH antagonist protocol is recommended as a first-line COS protocol for PCOS patients, according to the World Health Organization (WHO) (13). No high-quality, randomized, controlled trials providing direct evidence for COS selection in PCOS patients have, however, been performed, and some studies also suggest that the GnRH antagonist protocol might result in lower cumulative live birth rates (cLBRs) (14) and lower ongoing pregnancy rates (12) compared to a GnRH agonist protocol used in fresh embryo transfer cycles. Failure in IVF/ICSI is a psychological stressor for women, and patients with poor IVF/ICSI outcomes are more likely to suffer anxiety and depression (15, 16). Improving clinical pregnancy rates, ongoing pregnancy rates, and LBR without increasing the incidence of OHSS is a key point of IVF/ICSI, as this balances the risk of OHSS against clinical benefit.

Some demographic characteristics and biomarkers were found to have predictive value for severe OHSS, and among them, convenient peripheral blood biomarkers associated with ovarian reserves such as AMH and bLH/FSH have been widely used to predict the risk of OHSS. For example, a previous study showed that an AMH value over 3.4 ng/ml is an independent risk factor for severe OHSS, but for PCOS patients with AMH values less than or equal to 3.4 ng/ml, severe OHSS is acceptable (9). Thus, whether the GnRH antagonist protocol leads to lower severe OHSS rates compared to the GnRH agonist protocol in PCOS patients with lower AMH and lower bLH/FSH levels is a point of confusion that has not been investigated by previous studies. In addition, the possibility of clinical pregnancy is worth considering, especially for patients with a history of recurrent IVF/ICSI failure. Clinical pregnancy outcomes directly depend on COS protocols in IVF/ICSI and fresh embryo transfer cycles, but for PCOS patients, the available COS protocols are restricted because of severe OHSS risks. The effect of follicular-phase GnRH agonist protocols on clinical pregnancy outcomes in PCOS patients with lower AMH and lower bLH/FSH levels have not been explored. Therefore, in this retrospective study, the severe OHSS rate and clinical pregnancy rate of PCOS patients receiving a fixed GnRH antagonist protocol and a follicular-phase GnRH agonist protocol—based on subgroups classified by AMH and bLH/FSH levels—were evaluated, thereby providing more evidence for the selection of individualized COS protocols for PCOS patients.



Materials and Methods


Participants and Study Design

A retrospective cohort study was performed by analyzing the records of PCOS patients who had entered their first cycle undergoing standard IVF/ICSI due to infertility at the Reproductive Center of West China Second University Hospital, Sichuan University, Chengdu, China, from June 2020 to June 2021. Infertility is defined as a disease of the reproductive system characterized by the failure to achieve a clinical pregnancy after 12 months or more of regular, unprotected sexual intercourse. Only patients who underwent a fixed GnRH antagonist protocol and follicular GnRH agonist protocol were included. Patients were divided into two groups according to their COS protocols. PCOS among the patients was diagnosed according to the Rotterdam criteria. Patients with a history of genital tuberculosis, a history of recurrent pregnancy loss, a history of ovarian surgery, evidence for hyper-prolactinoma or hypothyroidism, and other associated infertility factors, except for tubal factors, were excluded. Patients receiving preimplantation genetic diagnoses were also excluded. Ultimately, 295 patients received the fixed GnRH antagonist protocol (group 1), and 69 patients received the follicular phase GnRH agonist protocol (group 2). All these patients met the inclusion criteria and were included in this study. This study was performed according to the World Medical Association Declaration of Helsinki and was approved by the Ethics Committee of West China Second University Hospital.



Controlled Ovarian Stimulation Protocol

In the fixed GnRH antagonist protocol, patients were started on intramuscular injections of recombinant FSH (injection Gonal-f, Merck Serono Specialties, Italy) from the second day of their menstrual cycle. The starting dose was between 150 and 225 IU/day. A GnRH antagonist (injection Cetrotide acetate, Aeterna Zentaris, Canada) was administered at a dose of 0.25 mg/day from the sixth day of the menstrual cycle until the ovulation trigger day. In the follicular phase GnRH agonist protocol, transvaginal ultrasounds (TVS) were performed on the second or third day of the menstrual cycle to assess AFC, and the intramuscular injection of the GnRH agonist (Triptorelin; Ferring, Kiel, Germany) was commenced at 3.75 mg if no follicle reached 10 mm in diameter. Twenty-eight days later, a serum sex hormone assessment and TVS were performed, and pituitary downregulation was completed if the patients met the following criteria: E2 ≤ 30 pg/ml, LH ≤ 5 IU/l, ovarian follicle diameter ≤ 5 mm, and endometrial thickness (ET) ≤ 5 mm. The intramuscular injection of recombinant FSH was provided (150 to 225 IU/day) for ovarian stimulation based on patient age, BMI, and AFC. The dose of recombinant FSH was adjusted every 3–4 days according to the ovarian response until the trigger day. These cycles were cancelled in patients with no follicle greater than 10 mm in diameter after 10 days of recombinant FSH stimulation. For all these protocols, when at least two follicles reached 18 mm or three follicles reached 17 mm, the final stage of triggering ovulation was performed using human chorionic gonadotropin (hCG; Lizhu Pharmaceutical Trading, Zhuhai, China) at doses from 8,000 to 10,000 IU. For women at a high risk for OHSS, low doses of hCG (4,000 to 5,000 IU) were used to trigger ovulation. Serum sex hormone levels and ET were measured on the trigger day.



Oocyte Retrieval and Embryo Transfer

Oocyte retrieval was performed 36–38 h after triggering ovulation by transvaginal-guided, single-lumen needle aspiration. Oocyte assessment was performed by the standard morphology criteria (17), and a nuclear maturity assessment was performed for cases subjected to ICSI. Conventional IVF or ICSI was performed depending on semen parameters and previous fertilization history. Ultrasound guidance was used for all embryo transfers and was performed 3 or 5 days after oocyte retrieval. Embryo transfer was cancelled for severe OHSS or high OHSS risk (peak E2 > 4,500 pg/ml) patients, and all embryos were frozen. Severe OHSS was diagnosed via clinical evidence of ascites and/or hydrothorax, severe dyspnea, oliguria/anuria, intractable nausea/vomiting, severe hemoconcentration (Hct > 55%), a white cell count over 25 × 109/l, creatinine clearance (CrCl) < 50 ml/min, creatinine (Cr) > 1.6 mg/dl, sodium (Na+) <135 mEq/l, potassium (K+) > 5 mEq/l, and elevated liver enzymes according to the ARSM guidelines for OHSS (9).

All patients were given luteal phase support via the intramuscular injection of progesterone at 100 mg/day. Two weeks after embryo transfer, pregnancy was assessed by serum β-hCG assay (where serum β-hCG > 50 IU/l was regarded as biochemical pregnancy) and confirmed via TVS after another 2 weeks (the presence of the gestational sac was regarded as clinical pregnancy). The measurement of E2, progesterone, LH, FSH, and βhCG was done by fully automated electro-chemiluminescence technology (Roche Cobas e411 analyzer, Hitachi, Tokyo, Japan).



Information Collection

Basic patient information on age; height; weight; BMI; the duration of infertility, the type of infertility (primary infertility or secondary infertility); basic serum FSH, LH, E2, and P levels (via detection on the second day of the menstrual cycle); serum levels of AMH and T; and AFC were collected from hospital records. PCOM was defined as the presence of 12 or more follicles in each ovary measuring 2–9 mm in diameter and/or increased ovarian volume (>10 ml). Information associated with COS was also collected, including information on the rate of OHSS, the Gn starting dose, the total number of Gn days, the total Gn dose, and serum E2, P, and LH levels on the day of hCG, ET on the day of hCG, the number of follicles greater than or equal to 14 mm in diameter, the number of oocytes retrieved, the number of MII oocytes, the 2PN number, the fertilization rate, the cleavage rate, the number of available D3 embryos, the number of high-quality D3 embryos, the number of available blastocysts, the number of high-quality blastocysts, and the rate of cancelled cycles. The MII oocyte rate was defined as the percentage of MII oocytes among the total number of oocytes retrieved. The cleavage rate was defined as the percentage of cleavage embryos among the total number of zygotes. The high-quality D3 embryo rate was defined as the percentage of high-quality D3 embryos among the total number of normal cleavage embryos. The available D3 embryo rate was defined as the percentage of available D3 embryos among the total number of cleavage embryos. The high-quality blastocyst rate was defined as the percentage of high-quality blastocysts among the total number of cleavage embryos used in blastocyst cultures. Moreover, the available blastocyst rate was defined as the percentage of available blastocysts among the number of cleavage embryos used in blastocyst cultures. Embryo grading was done by standard morphology assessment according to modified Veecks’ scoring (18). Blastocysts graded as AA, AB+, AB−, B+A, B−A, B+B+, and BB were classified as high-quality embryos. Fertilization was defined as the presence of pronuclei 16–18 h after insemination/injection. Primary outcome measures consisted of the severe OHSS rate and the clinical pregnancy rate (defined as the presence of a gestational sac per ET).



Statistical Analysis

Multiple imputation by chained equations was used for missing values in the covariates of the adjusted statistical models. This was performed in the study population and was conducted separately for each group. Continuous variables were expressed as medians (interquartile range) and were compared via the Mann–Whitney U test. Categorical measurements are presented as a percentage, and these rates were compared via the chi-squared test; if numbers were less than 5 in at least 20% of the cells, Fisher’s exact test was performed. The study population was stratified by bLH/FSH (<1.33 and ≥1.33) and AMH (≤3.4 and >3.4 ng/ml), both of which were reported as risk factors for severe OHSS in previous studies. In addition, cutoff values were also made according to previous studies or guidelines (4, 9, 19–21), and if events in two or more subgroups were zero, the related indicator was excluded from subgroup analysis. The differences between two groups were presented as odds ratios (OR) and 95% confidence intervals (CI). P values less than 0.05 were considered statistically significant, but P values less than 0.1 were also noted. Statistical analyses were performed by SPSS, version 25.0 (SPSS Inc., Chicago, IL, UPL).




Results


Basic Participant Information

Basic information on the participants in this study is shown in Table 1. There were no statistical differences in age, height, weight, BMI, the duration of infertility, the type of infertility, T serum levels, serum sex hormone levels on days 2–3 of the menstrual cycle, and the fertilization type between the two groups. The prevalence of irregular menstruation was, however, higher in group 1 than in group 2 (90.2% vs. 81.2%, p = 0.035), and the levels of serum AMH were significantly higher in group 1 than in group 2 [10.42 (6.24–145.23) vs. 6.03 (3.61–10.20), p < 0.001]. Also, the prevalence of PCOM was higher in group 1 than in group 2 (68.1% vs. 46.4, p = 0.001).


Table 1 | Basic information on the patients in this study.





Laboratory and Clinical Outcomes Between the Two Groups

The clinical outcomes for the PCOS patients in group 1 and group 2 are shown in Table 2. The durations of Gn stimulation were shorter in group 1 than in group 2 [10 (9–11) vs. 12 (10–13), p < 0.001], and the total Gn doses in group 1 were also lower [1700.0 (1375.0–2175.0) vs. 2175.0 (1725.0–2800.0), p < 0.001]. On the trigger day, serum E2, P, and LH levels were higher in group 1 than in group 2 [p = 0.001, 0.014 and p < 0.001], but there was no statistical difference in single ET and the number of follicles greater than or equal to 14 mm in diameter. The numbers of oocytes retrieved were similar in both groups [14 (10–20) vs. 13 (10–20), p = 0.71], and there was no statistical difference in the ICSI fertilization rate, cleaved oocyte rate, blastocyst formation rate, available blastocyst rate, high-quality blastocyst rate, or embryo transfer cancellation rate among the two groups. The IVF fertilization and severe OHSS rates were, however, higher in group 2 than in group 1 [82.7% vs. 77.3% and 11.6% vs. 3.7%; p < 0.001 and p = 0.008]. The available D3 embryo rate and the high-quality D3 embryo rate were higher in group 1 than in group 2 [71.4% vs. 66.4% and 50.3% vs. 45.0%; p = 0.004 and 0.012]. Also, although the biochemical pregnancy rate and clinical pregnancy rate showed no statistical differences among the two groups (p = 0.23 and 0.41), these measures still demonstrated a lower trend in group 1 than in group 2 (60.3% vs. 71.9% and 54.3% vs. 62.5%).


Table 2 | Comparison of clinical outcomes between the two groups.





A Subgroup Analysis of the Severe OHSS Rate

The results of a subgroup analysis for the severe OHSS rate are shown in Table 3. A subgroup analysis based on bLH/FSH shows that, in patients with bLH/FSH levels of at least 1.33, the severe OHSS rate was different between the two groups [OR (95% CI): 5.08 (1.64–15.76), p = 0.005] but was similar in patients with bLH/FSH levels less than 1.33 [OR (95% CI): 1.09 (0.11–10.05), p = 0.94]. The study population was further divided into two subgroups by serum AMH levels; in the AMH > 3.4-ng/ml subgroup, the severe OHSS rate was higher in group 2 [OR (95% CI): 4.42 (1.66–11.76), p = 0.003], but in the AMH ≤ 3.4-ng/ml subgroup, the corresponding statistics could not be calculated because of zero events.


Table 3 | A subgroup analysis of the severe OHSS rate.





A Subgroup Analysis of the Clinical Pregnancy Rate

The results of a subgroup analysis of the clinical pregnancy rate are shown in Table 4. In patients with lower bLH/FSH (<1.33) and lower AMH (≤3.4 ng/ml) levels, group 2 had a higher clinical pregnancy rate compared to group 1 (61.1% vs. 51.3 and 77.8% vs. 64.3%), but this difference did not reach statistical significance [OR (95% CI): 0.67 (0.24–1.92) and 0.51 (0.08–3.49); p = 0.45 and 0.49]. In patients with higher bLH/FSH (≥1.33) and higher AMH (>3.4 ng/ml) levels, the clinical pregnancy rate was similar in both groups [64.3% vs. 60.0% and 56.5% vs. 52.9%, OR (95% CI): 0.83 (0.24–2.95) and 0.87 (0.35–2.15); p = 0.78 and 0.76].


Table 4 | A subgroup analysis of the clinical pregnancy rate.






Discussion

As the most common endocrinal disorder characterized by oligo-anovulation, hyperandrogenemia, and polycystic ovaries on ultrasonography, PCOS seriously affects female reproductive health. In addition to reproductive disorders, women with PCOS are also at high risk for other long-term health problems, metabolic complications, and psychological problems, such as type II diabetes mellitus, cardiovascular disease, and anxiety (2). Hence, the diagnosis, prediction, treatment, and prognosis of PCOS deserve the attention of clinicians. For women suffering from PCOS with oligo-anovulation, carefully conducted and monitored pharmacological ovulation induction can be considered. Clomiphene citrate (CC) and letrozole are used as first-line pharmacotherapy, and gonadotropins and laparoscopic surgery appear to be a good alternative as a second-line treatment (13). As PCOS increasingly causes infertility (about 80% of anovulation infertility is caused by PCOS (3)), ART has been widely used in PCOS to help patients achieve pregnancy as a third-line treatment.

COS is an important step in IVF/ICSI, embryo transfer cycles, and, in particular, fresh embryo transfer. The fixed GnRH antagonist protocol and follicular phase GnRH agonist protocol are two important and classical COS protocols with different advantages and disadvantages. A rare but severe complication associated with COS is severe OHSS, which is regarded as related to the overreaction of the ovaries to Gn. Elevated serum AMH levels, multi-follicular development, and a high number of oocytes retrieved are acknowledged risk factors of severe OHSS (9). Higher bLH/FSH has also recently been shown to be associated with severe OHSS (4, 20). PCOS has been regarded as a risk factor of severe OHSS because some clinical features of PCOS typically reflect high ovarian sensitivity, such as high AMH levels and high bLH/FSH levels. The GnRH antagonist protocol can reduce the incidence of severe OHSS compared to the follicular phase GnRH agonist protocol; thus, it has been regarded as a first-line COS protocol for PCOS patients (13). It must be recognized, however, that the GnRH antagonist protocol results in lower clinical pregnancy and lower live birth rates than the GnRH agonist protocol in the general population (12, 14). Compared to the GnRH antagonist protocol, the follicular phase GnRH protocol may achieve better clinical outcomes, which can be explained by its positive effect on endometrial receptivity (22). It can be concluded that the follicular phase GnRH protocol may be an option for PCOS patients with lower AMH levels and lower bLH/FSH levels, especially for patients with a history of poor clinical outcomes.

In this study, we found that the severe OHSS rate in the follicular phase GnRH agonist group was significantly higher than that of the fixed GnRH antagonist group, but no statistical differences were observed in the biochemical pregnancy rates and the clinical pregnancy rates of the two groups. These results are generally consistent with those of previous studies (10, 11, 23). In this study, however, PCOS patients were innovatively stratified into subgroups according to their bLH/FSH and serum AMH levels. It was found that in PCOS women with higher bLH/FSH and higher serum AMH levels, severe OHSS incidence was higher in the follicular phase GnRH agonist group, but among PCOS women with lower bLH/FSH and lower AMH levels, severe OHSS incidence between the two groups was similar. These results indicate that bLH/FSH and serum AMH levels are worth considering when selecting COS protocols for PCOS patients. Regarding subgroup analyses of clinical pregnancy rates, it seems that no statistically valuable indicator has shown to be a good reference for COS selection in PCOS. Combining the results of these two subgroup analyses, the wild guess that follicular GnRH agonist protocols may be considered as an alternative choice for PCOS patients with lower bLH/FSH and lower serum AMH levels was entertained in this study, as such protocols do not increase the risk of severe OHSS. This assumption must be based, however, on the close observation of OHSS risk, and other OHSS risk factors must be fully considered. The cutoff values of bLH/FSH and serum AMH levels that predict severe OHSS should be verified with large-sample studies, and highly sensitive cutoff values should be selected.

We attempted to explain the results of this study by reviewing related physiological mechanisms. LH and FSH are both pituitary gonadotropin hormones essential for female fertility, and they are regulated by the frequency of pulsatile GnRH. According to the two-cell theory, LH stimulates follicular theca cells to produce androstenedione, and FSH stimulates the synthesis of aromatase in granulosa cells, thus catalyzing the conversion of androstenedione to estradiol. LH and FSH work together to stimulate sex hormone secretion and oocyte development in the ovaries. On days 2–3 of the menstrual cycle, the dominant follicle continues to mature in physiological status under FSH. Increased LH levels can trigger ovarian follicular theca cells to secrete more androgen during this period, and FSH can trigger granulosa cells to convert extra androgens to estrogen (24). Thus, high bLH/FSH has been shown to impair the formation of follicles (25). In PCOS patients receiving GnRH antagonist protocols, endogenous LH was not suppressed during the early stages of Gn stimulation; thus, potential ovarian overstimulation may be inhibited by endogenous LH. In PCOS patients receiving follicular phase GnRH agonist protocols, however, endogenous LH generation is inhibited, and the body loses the potential mechanism of inhibiting ovarian overstimulation due to the downregulated pituitary function. AMH is produced in granulosa cells by pre-antral and small antral follicles and is highly correlated with bLH/FSH in PCOS women (26, 27). For this reason, AMH is also considered to represent ovarian reactivity. For PCOS patients with higher bLH/FSH levels or higher serum AMH levels, the ovaries are more like to respond to Gn, and the GnRH antagonist can thus restrict this reactivity via endogenous LH. However, for PCOS women with lower bLH/FSH levels and lower serum levels of AMH, the reactivity of their ovaries to Gn is not as obvious. These mechanisms may explain why the incidence of early-stage OHSS does not show significant differences among PCOS patients with lower bLH/FSH levels and lower AMH levels between the two COS protocols. Also, late-stage OHSS is strongly associated with pregnancy and is restricted to cycles in which clinical pregnancy occurred. PCOS is a strong risk factor of late-stage OHSS because the risk factor for high bLH/FSH levels and high AMH levels among PCOS patients with lower bLH/FSH and lower AMH levels is offset to some extent. Therefore, for PCOS patients with lower bLH/FSH levels and lower serum AMH levels, the follicular phase GnRH agonist protocol may be a viable choice.

It is worth emphasizing that there are some limitations that restrict the credibility of this study. Its results must therefore be carefully interpreted. The most important limitation is its small sample size, which is especially true for its PCOS patients who received the follicular phase GnRH agonist protocol. Because of guidelines published in recent years (13), GnRH antagonist protocols have been widely used in PCOS patients even though the individual differences of PCOS are not discussed in these guidelines. This could explain why there were significantly fewer patients in this study’s follicular phase GnRH agonist group as compared to its GnRH antagonist group. In addition, severe OHSS is a rare complication of COS, and severe OHSS events in some subgroups are numbered as low as zero. All these factors restricted the sample size of this study, but considering the rarity of the resulting events and the interpretability of the results, these results are still worth reporting. Another limitation is due to the inherent nature of retrospective studies, as some potential confounding factors were not excluded in this study. In addition, other clinical outcomes such as the miscarriage rate and the live birth rate were not acquired. In the opinion of this study’s authors, the greatest value of this study is that it provides another choice for controlled ovarian stimulation for PCOS patients with lower bLH/FSH and lower serum AMH levels. The results of this study must be validated by prospective studies with larger samples in the future.

In conclusion, GnRH antagonist protocols should serve as first-line COS protocols for PCOS patients undergoing IVF/ICSI and fresh embryo transfer cycles, but the limited evidence of this study suggests that for PCOS patients with lower bLH/FSH (<1.33) and lower serum AMH levels (≤3.4 ng/ml), follicular phase GnRH agonist protocols may be another safe choice that does not increase severe OHSS risks. The results of this study must be interpreted with caution.
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Objective

To explore the clinical application value of half-ICSI treatment for infertility in assisted reproductive technology.



Method

A retrospective analysis of 1130 half-ICSI treatments was conducted at the Affiliated Reproductive Hospital of Shandong University from January 2011 to December 2015. Patients with low fertilization rates in previous cycles, primary infertility for >5 years with unexplained reason, or secondary infertility for >5 years without fallopian tube factor were involved in this study. The 2PN rate, high-quality embryo rate, oocyte utilization rate, and clinical outcomes were compared between IVF insemination group (IVF group) and ICSI insemination group (ICSI group). The clinical outcome of half-ICSI insemination treatment, grouped according primary and secondary infertility, was also analyzed.



Results

Compared with IVF, ICSI resulted in a significantly higher 2PN rate (74.8% vs. 62.9%), high-quality embryo rate (54.6% vs. 51.7%), and oocyte utilization rate (35.9% vs. 32.8%; P<0.05). Among the 884 fresh-embryo transfer cycles, there were no notable differences in clinical pregnancy rate, live birth rate, or neonatal abnormality rate between the IVF and ICSI groups. Among the 792 primary infertility cycles, ICSI resulted in a significantly higher 2PN rate, high-quality embryo rate, and oocyte utilization rate compared with IVF (75.3% vs. 62.4%, 54.3% vs. 50.8%, 36.4% vs. 32.6%, P<0.05). For the 338 secondary infertility cycles, ICSI resulted in a significantly higher 2PN rate (73.6% vs. 63.9%, P<0.05) compared with IVF, but there were no notable differences in other laboratory results. Moreover, the biochemical pregnancy rate of the ICSI group was significantly lower than for IVF in secondary infertility cycles (49.3% vs. 65.6%; P<0.05). A total of 89 cycles (7.9%) with complete IVF fertilization failure showed a low second polar body (2PB) rate (33.6%) after a 5-h short-time fertilization period, including 34 cycles (3.0%) with no 2PB oocytes observed in the IVF group.



Conclusion

ICSI insemination improved laboratory results compared with IVF insemination, however, fresh-embryo transfer of ICSI originated embryos did not improve clinical pregnancy and live birth rates. Rescue ICSI has been successfully applied in clinical IVF insemination to avoid fertilization failure. Therefore, as an extra intervention, it is suggested that ICSI be used judiciously.





Keywords: half-ICSI, 2PN, high-quality embryo, oocyte utilization rate, clinical outcome, live birth



Introduction

Oocyte fertilization is a critical step in assisted reproductive technology (ART). A low fertilization rate or complete fertilization failure may occur in some infertility treatment cycles, and the subsequent repeated assisted pregnancy therapy may result in psychological and economic pressure on patients. The incidence of complete fertilization failure ranges from 10% to 20% (1). In 2003, Jaroudi et al. (2) first expressed that intracytoplasmic sperm injection (ICSI) and conventional in vitro fertilization (IVF) are complementary techniques in the management of unexplained infertility. Nevertheless, despite the high fertilization rate (3), it is still not recommended that ICSI be a blanket fertilization method in ART, as ICSI treatment is more invasive and costly than IVF.

Recently, increasing evidence has shown the positive role of half-ICSI in ART. Half-ICSI results in more high-quality embryos for transfer and improves the rate of pregnancy for patients with a high risk of fertilization failure (4). In 2010, Guo et al. (5) reported that half-ICS treatment may be useful for patients with unexplained infertility and primary infertility, but not for patients with oligo-asthenozoospermia, teratozoospermia, or secondary infertility. However, controversy exists between some studies. Sauerbrun-Cutler et al. (6) report that in a split sibling oocyte cohort, although ICSI had a higher fertilization rate and more high-quality day-2 embryos, it had a lower blastulation rate.

The purpose of this study was to further evaluate the effect of half-ICSI treatment in ART. We conducted a retrospective analysis of 1130 half-ICSI insemination treatments at our center from January 2011 to December 2015. We evaluated the effects of different insemination methods on the clinical outcomes of these patients, in order to provide a reference for more focused clinical treatment in the future.



Materials and Methods


Patients

A total of 1130 half-ICSI patients were enrolled in this study from January 2011 to December 2015. Half-ICSI treatment was given to patients with the following infertility backgrounds: patients with a fertilization rate between 30% and 50% in previous IVF cycles; patients with primary unexplained infertility for >5 years, or secondary infertility for >5 years without fallopian tube problems. All the patients involved in half-ICSI treatments had at least eight oocytes retrieved and the semen profile was normal.



Ovarian Stimulation

All patients underwent controlled ovarian hyperstimulation(COH). Ovarian stimulation protocols included controlled ovarian hyperstimulation after gonadotropin-releasing hormone (GnRH) agonist down-regulation or an antagonist protocol. Recombinant follicle-stimulating hormone (rFSH, PUREGON; MSD Organon, Oss, Netherlands) was started on day 1–3 of the menstrual cycle. The dose adjustment of gonadotropin, monitoring of the ovarian response, and the timing for triggering the final oocyte maturation during ovarian stimulation was performed under the discretion of the supervising clinician. Oocyte retrieval was performed 34–36 h after the administration of human chorionic gonadotropin (hCG) at a dose of 4000–10 000 IU.



Oocyte Insemination, Embryo Culture, and Embryo Transfer

Oocytes were inseminated approximately 3–6 h after follicular aspiration using a conventional insemination method and ICSI. The oocytes were divided into two groups equally and randomly. One group underwent IVF insemination and the other group underwent ICSI insemination. If the total number of oocytes is odd, one more oocyte was divided into the ICSI group. Short-time insemination in the IVF group was used, but no rescue ICSI was performed on the oocytes. Sequential culture media from Vitrolife (G-IVF, G1 and G2; Scandinavian IVF Science, Goteborg, Sweden) were used in all steps. Embryos were cultured separately in pre-equilibrated culture media overlaid with mineral oil. The culture dishes were housed in 37 °C tri-gas tabletop incubators (K-system, Denmark) containing 5% O2 and 6% CO2, balanced with N2. Two or three high-quality embryos were selected for fresh transfer on day 3. For patients who could only accept a single embryo transfer, a single blastocyst was selected and transferred on day 5. High-quality embryos in the IVF group were selected for transfer as a priority. High-quality embryos in the ICSI group were selected for transfer if there was only one or no high-quality embryo in the IVF group. Supernumerary embryos were cultured for blastocyst cryopreservation. Morphologic criteria were used for day-3 embryo scoring based on the amount of anucleate fragments expelled during early cleavage, and on developmental speed (7). Embryos transferred and cryopreserved by vitrification on day 5 were assessed to be above grade 4BC according to Garden and Lane criteria (8). Embryo transfer was performed using a Wallace catheter under ultrasound guidance.



Outcome Measures

In both the ICSI insemination group (ICSI group) and the IVF insemination group (IVF group), the 2PN rate of matured oocytes, the high-quality day-3 embryo rate, and the utilized oocyte rate, including embryos transferred and embryos vitrified, were calculated.

When embryos originated from different insemination groups in fresh-embryo transfer cycles, the clinical results were calculated separately. All the fresh-embryo transfer cycles were divided into three groups: the IVF group, where IVF insemination embryos were transferred; the ICSI group, where ICSI insemination embryos were transferred; and the IVF plus ICSI group, where IVF embryos and ICSI embryos were both transferred at the same time. A serum hCG level>10 IU/L at 14 days after embryo transfer was diagnosed as a biochemical pregnancy and cardiac activity 7 weeks after embryo transfer was defined as a clinical pregnancy. Live birth was defined as the delivery of a live-born infant at≥28 weeks of gestation. Preterm birth rate and neonatal abnormalities were also calculated.



Statistical Analysis

All analyses were performed using SPSS Statistics (version 22.0). Statistical analyses were conducted using the t-test and chi-square test. P-value was bilateral and P<0.05 was considered statistically significant. Statistical analysis was performed using a χ2 test. A P-value<0.05 was considered statistically significant.




Results


Description of the Study Patients

Patient characteristics are listed in Table 1. A total of 1130 patients were involved in this study. Their average age was 32.4 ± 4.1. Of these, 792 cases were primary infertility and 382 cases were secondary infertility. Finally, 884 cycles from these patients underwent fresh embryo transplantation. Cryopreservation was performed in 202 cycles, and 45 cycles were completely abandoned with no embryo transferred or frozen. The ovarian stimulation protocols used in the study included super long-term, long-term, short-term, antagonist, microstimulation protocol, and other protocols.


Table 1 | Characteristics of the 1130 half-ICSI patients.





Embryo Development Analysis of the Half-ICSI Treatment Cycles

The 2PN rate, high-quality embryo rate, and utilized oocyte rate of ICSI embryos were significantly higher than for IVF embryos (74.8%vs. 62.9%, 54.6%vs. 51.7%, 35.9%vs. 32.8%, P<0.05; Table 2). Additionally, for the 792 primary infertility patients, the 2PN rate, high-quality embryo rate, and utilized oocyte rate of ICSI embryos were significantly higher than for IVF embryos (75.3%vs. 62.4%, 54.3%vs. 50.8%, 36.4%vs32.6%, P<0.05). For the 338 secondary infertility patients, the 2PN rate of ICSI insemination embryos was significantly higher than for IVF insemination embryos (73.6%vs. 63.9%, P<0.05), but the high-quality embryo rate and utilized oocyte rate did not differ between IVF embryos and ICSI embryos (Table 3).


Table 2 | Embryo outcome of the total 1130 half-ICSI patients.




Table 3 | Embryo outcome of the 792 primary infertility and 338 secondary infertility patients.





Clinical Outcome Analysis of the Half-ICSI Treatment Cycles

A total of 884 patients underwent fresh embryo transfer. Biochemical pregnancy rates of the ICSI group and IVF plus ICSI group were both lower than for the IVF group (53.6%vs. 64.2%, 55.5%vs. 64.2%, P<0.05; Table 4). However, the clinical pregnancy rate, live birth rate, preterm birth rate, and the neonatal abnormality rate did not differ among the three groups. For primary infertility patients, all clinical indexes showed no clear difference. For secondary infertility patients, the biochemical pregnancy rate of the ICSI group and IVF plus ICSI group were both lower than for the IVF group (49.3%vs. 65.5%, 47.6%vs. 65.5%, P<0.05), and the clinical pregnancy rate, the live birth rate, and the preterm birth rate did not differ among the three groups (Table 5). There was no notable difference in neonatal abnormalities among the different transfer groups. The clinical outcome of patients with fresh embryo transplantation ≤ 35 years old was also analyzed (Supplementary Tables 1,  2). The result is in accordance with the total fresh embryo transfer infertility patients.


Table 4 | Clinical outcome of half-ICSI patients with fresh embryo-transfer cycles.




Table 5 | Clinical outcome of primary infertility and secondary infertility half-ICSI patients with fresh embryo-transfer cycles.





Embryo and Clinical Outcome of the 89 Complete IVF Fertilization Failure Cycles

A total of 89 cycles (7.9%) with complete IVF fertilization failure showed a low second polar body expulsion (2PB) rate (33.6%) after a 5-h short-time fertilization period, which included 34 cycles (3.0%) with no 2PB oocytes observed in the IVF group. The 2PN rate, high-quality embryo rate and utilized oocyte rate of ICSI embryos were 71.1%, 62.9%, and 45.0%, respectively. The live birth rate, biochemical pregnancy rate, clinical pregnancy rate, preterm birth rate, nd the neonatal abnormality rate were 47.1%, 60%,55.7%, 3.0%, and 4.9%, respectively (Table 6).


Table 6 | Embryo and clinical outcome of 89 cycles of complete IVF infertility failure.






Discussion

Oocyte fertilization is a complex process affected by a series of factors, including state of oocyte maturation, sperm maturation, and vitality or fusion of genetic material. Any abnormality in these steps leads to fertilization failure. For oligozoospermia and asthenozoospermia patients, ICSI greatly improves oocyte fertilization rate. In recent years, several studies have found that ICSI fertilization can also be effective in improving the fertilization rate of patients with unexplained infertility (3). Based on existing research, we adopted the half-ICSI treatment for some patients. The selected patients exhibited: primary or secondary fertilization failure for >5 years, or had a low IVF fertilization rate in past cycles. Our results showed that for primary infertility patients, ICSI resulted in a significantly higher 2PN rate, high-quality embryo rate, and oocyte utilization rate compared with the IVF group. However, biochemical pregnancy rate, clinical pregnancy rate, and live birth rate did not differ among the IVF group, ICSI group, and IVF plus ICSI group. The application of ICSI improved embryo quality but did not ultimately increase clinical pregnancy rate. We speculated that although ICSI guarantees embryo fertilization and early development, it does not improve the later developmental potential of embryos after transfer into the uterus.

For secondary infertility patients, ICSI only resulted in a significantly higher 2PN rate compared with IVF. The high-quality embryo rate and the utilized oocyte rate did not differ between IVF and ICSI groups. Moreover, ICSI embryos had a lower biochemical pregnancy rate. Therefore, according to our results, ICSI is not necessary for secondary infertility patients. Furthermore, the ICSI procedure may decrease embryo implantation capacity.

ICSI was first used for male-factor infertility, but in recent years, it has also been used in non-male-factor infertility cycles (9). The application of ICSI reduces the risk of complete fertilization failure, but does not increase the cumulative live birth rate in non-male factor infertility (10). Recently, accumulating information has shown the risk of ICSI on offspring, including congenital malformations, chromosomal abnormalities, and epigenetic syndromes (11–13). Cai et al. (14) reported that a sex ratio imbalance following blastocyst transfer is also associated with ICSI but not with IVF. A previous study also reported that for male-factor infertility, ICSI affects the fertility of male offspring, decreasing semen quality and quantity in young adults conceived by ICSI (15). Considering these risk, ICSI should be used with caution.

Short-time insemination and immediate rescue ICSI have been widely used in recent years, which has decreased complete fertilization failure. ICSI can be performed on oocytes that do not discharge a second polar body within 4–6 hours post-insemination (16). In our study, a total of 89 cycles with complete IVF fertilization failure showed a low second polar body (2PB) expulsion rate (33.6%) after a 5-h short-time fertilization period, which included 34 cycles with no 2PB oocytes in the IVF group. For this group of patients, immediate rescue ICSI after short-time insemination could avoid complete IVF fertilization failure.

This retrospective study had a large sample size and was conducted at one IVF laboratory. The laboratory results were valuable in comparing the effect of ICSI and IVF treatment for sibling oocytes. However, based on the benefit to patients, the embryo transfer selection order decreased the clinical significance of this study. A further study on cumulative pregnancy rate in the future may provide more conclusive answers. A second limitation was the absence of exclusively IVF or exclusively ICSI matched groups based on the same infertility factors. Hence, further studies, including prospective, randomized, controlled trials, are required to evaluate the clinical significance of half-ICSI.

In conclusion, this study demonstrated that half-ICSI insemination may be successful for primary infertility patients; however, for secondary infertility patients, ICSI is not necessary and may be an excessive intervention. For patients with a lower fertilization failure rate in conventional IVF, the use of short-time insemination and rescue ICSI would be key. With concern for the safety of ART, we suggest that half-ICSI is not necessary for patients with normal semen and that ICSI should be used with more caution.
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Objective

This study aimed to evaluate potential predictors for recovery time in pregnant patients with moderate to severe ovarian hyperstimulation syndrome (OHSS).



Methods

A total of 424 pregnant patients with moderate to severe OHSS who underwent in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) were retrospectively identified. The clinical features and laboratory findings within 24 h after admission were collected. Treatment for OHSS was carried out according to standard procedures, including fluid replacement therapy, human albumin, aspirin, low-molecular-weight heparin, and paracentesis, when necessary. Patients were discharged from the hospital when the tmorning hematocrit was <40% and no obvious clinically relevant symptoms existed, such as abdominal distension, abdominal pain, and shortness of breath. Meanwhile, ultrasound indicating little pleural or abdominal effusion and biochemical abnormalities returning to normal were required. Spearman’s correlation analysis was used to assess the association between the blood-related parameters and recovery time. Multiple linear regression models were used to assess the relationship between the clinical or laboratory parameters and recovery time.



Results

The median recovery time of these patients was 11 days. In Spearman’s correlation test, leukocytes, hemoglobin, platelets, hematocrit, creatinine, prothrombin time (PT), fibrinogen (Fib), D-dimer, and fibrinogen degradation products (FDPs) were positively correlated with recovery time. On the other hand, albumin and thrombin time (TT) were negatively correlated with recovery time. Multiple linear regression analysis showed that polycystic ovary syndrome (PCOS), hemoglobin, platelets, albumin, and Fib were significantly associated with the recovery time of patients with OHSS (p = 0.023, p < 0.001, p = 0.007, p < 0.001, and p = 0.019, respectively).



Conclusions

In pregnant patients with OHSS, PCOS and hypoalbuminemia were associated with a significantly longer recovery time. Meanwhile, the recovery time was longer when patients have high levels of hemoglobin, platelets, and Fib.





Keywords: ovarian hyperstimulation syndrome (OHSS), clinical features, recovery time, potential predictors, coagulation function



Introduction

Ovarian hyperstimulation syndrome (OHSS) is a self-limiting disease classically encountered in patients who undergo controlled ovarian hyperstimulation (COH) cycles. The mild manifestations of OHSS include nausea, vomiting, abdominal distension, and shortness of breath. In severe cases, ascites and pleural fluid may occur, causing respiratory, circulatory, and coagulation dysfunction, and especially thrombosis may endanger a patient’s life (1).

Evidence from initial investigations indicates that some women are at increased risk of OHSS. The risk factors include young age (2, 3), body mass index (BMI) (4, 5), diagnosis of polycystic ovary syndrome (PCOS) (3, 6) high anti-müllerian hormone (AMH) levels (7, 8), large number and size of follicles in the ovary (8, 9), high serum estradiol (E2) concentrations (3, 9, 10) high number of retrieved oocytes (3, 9, 11), pregnancy following fresh embryo transfer (12), and a history of OHSS (13). The exact cause of OHSS is currently complex and remains subject to controversy. Latest research has demonstrated that OHSS is related to age, BMI, ovarian function, and the ovulation stimulation protocol.

Evidence has shown that OHSS occurs only after exposure to human chorionic gonadotropin (hCG), which has a significantly longer half-life than that of luteinizing hormone (LH) and a higher receptor affinity, thus causing extensive luteinization in the granulosa cells within the corpus luteum (14). This, in turn, leads to the production of vasoactive substances, including vascular endothelial growth factor (VEGF), renin–angiotensin system, interleukin 6, interleukin 1b, angiotensin II, insulin-like growth factor 1, and transforming growth factor b, of which VEGF is the most important in causing increased vascular permeability and hemoconcentration (15–17). VEGF stimulates endothelial cell mitogenesis and renders capillaries highly permeable to high-molecular-weight proteins (15). The pathophysiology of OHSS is characterized by arteriolar vasodilation and an increase in capillary permeability, leading to the leakage of fluid from the vascular compartment, with third space fluid accumulation and intravascular dehydration, causing intravascular volume depletion, hemoconcentration, hypoalbuminemia, electrolyte imbalance, and even thrombosis.

Whereas treatment for OHSS is largely supportive, prevention is crucial. Most current studies have been devoted to prevention and treatment strategies for OHSS, with relatively little attention paid to its clinical prognosis. This study provides clinicians with potential predictors of time to cure by describing some clinical features and laboratory findings in pregnant patients with OHSS.



Materials and Methods


Study Population

This retrospective study was performed in the Reproductive Medical Center of The First Affiliated Hospital of Zhengzhou University, Henan Province, China. Patients who underwent in vitro fertilization (IVF)/intracytoplasmic single sperm injection (ICSI) after assisted conception with late-onset moderate to severe OHSS between January 2018 and December 2020 were selected. The access and processing of patient data was approved by the ethics committee under a protocol for retrospective studies. The inclusion criteria were as follows: 1) diagnosis of OHSS according to the Golan criteria; 2) patients with IVF/ICSI-assisted pregnancy in the first cycle; 3) patients given a long-acting gonadotropin-releasing hormone (GnRH) agonist by subcutaneous injection; 4) patients with a positive pregnancy test; and 5) age <35 years. The exclusion criteria included: 1) women treated with antithrombotic drugs; 2) women with known coagulopathies; and 3) uncertain laboratory results and missing laboratory data. To analyze the relationship between the recovery time of patients with OHSS and the blood parameters such as leukocyte, hemoglobin, platelet, hematocrit, creatinine, total protein, albumin, prothrombin time (PT), activated partial thromboplastin time (APTT), thrombin time (TT), fibrinogen (Fib), D-dimer, and fibrinogen degradation products (FDPs) within 24 h after admission.

Treatment of OHSS usually involves fluid replacement to maintain intravascular perfusion and supportive care, such as low-molecular-weight dextrose and hydroxyethyl starch. The patient’s blood count, coagulation profile, electrolytes, creatinine, and albumin were observed. Depending on the patient’s condition, albumin was given intravenously, and anticoagulant drugs were given to patients with thrombotic tendency and hypercoagulable state to prevent thrombosis (18). Moreover, when the patient has large quantities of pleural and ascites, puncture and drainage were performed under ultrasound guidance. The details of the patients’ treatments are shown in Table 1.


Table 1 | Conventional intervention for ovarian hyperstimulation syndrome (OHSS).



A patient is clinically cured when the morning hematocrit was <40% and no obvious clinically relevant symptoms existed, such as abdominal distension, abdominal pain, and shortness of breath (19). On the other hand, ultrasound should indicate no pleural and abdominal effusion or a small amount of effusion, and the leukocyte count, creatinine, albumin, alanine transaminase (ALT), aspartate transaminase (AST), electrolytes, and other biochemical indicators should return to normal. The discharge criteria were considered the patients’ cure criteria.



Laboratory Variables

The patients underwent basic blood routine, liver and kidney function, blood coagulation function, D-dimer, FDP, and other tests 24 h after admission. The levels of these parameters were measured using the Roche HP800 automatic biochemical analyzer and Sysmex series automatic blood analyzer.



Controlled Ovarian Hyperstimulation Protocol

On the second to the third day of menstruation, the patients were given a long-acting GnRH agonist (Diphereline, 3.75 mg; Beaufour-Ipsen, Dreux, France) by subcutaneous injection. After 30 days, when the follicle-stimulating hormone (FSH) level was <5 IU/L, the LH level was <3 IU/L, and the antral follicle was nearly 5 mm in diameter, COH was initiated. We determined the individualized dosage of gonadotropin (Gn) (GONAL-f; Merck Serono, Darmstadt, Germany) according to the patient’s age, BMI, and ovarian reserve. The Gn dosage was maintained or adjusted according to the follicle growth and serum hormone levels during the course of the drug administration. When one dominant follicle was ≥20 mm in diameter and at least three dominant follicles were ≥17 mm in diameter, a trigger injection of hCG (recombinant hCG alpha for injection; Merck Serono) was administered on the same night. After 36–37 h of the trigger injection, we performed transvaginal oocyte retrieval; the luteal phase support was routinely given approximately 14 days after oocyte retrieval.

Two fresh cleavage embryos or one blastocyst was transferred on day 3 or 5 after egg retrieval. The transplant was cancelled if the patient was deemed at high risk of OHSS, the P level on the day of hCG was >3 ng/ml, or a uterine effusion was demonstrated.



Statistical Analysis

All statistical analyses were conducted using IBM SPSS Statistics for Windows, version 26.0 (IBM Corp., Armonk, NY, USA). Descriptive variables were expressed as the mean and standard deviation (SD) if the data were normally distributed, as median and interquartile range (IQR) if the data were not normally distributed, or as frequency and percentage for nominal data. Spearman‘s correlation analysis was used to evaluate the associations between the variables of interest and the clinical outcomes. Multiple linear regression analysis was used when the outcomes were continuous variables. A bilateral p-value <0.05 was considered as significant.




Results

A total of 424 pregnant patients who developed moderate to severe OHSS after IVF/ICSI treatment were included in this study. Table 2 summarizes the basic information of these patients. The median recovery time of these patients was 11 days. A detailed distribution of the recovery times is shown in Figure 1.


Table 2 | Baseline characteristics and cycle outcomes.






Figure 1 | The recovery time distribution of the 424 OHSS patients.



The patients’ primary laboratory findings are shown in Table 3. Spearman‘s correlation coefficients were calculated between the patients’ recovery times and the laboratory indices examined on the day of their admission to the hospital. The levels of leukocytes, hemoglobin, platelets, hematocrit, creatinine, albumin, PT, Fib, TT, D-dimer, and FDPs were correlated with the time to healing. Leukocytes, hemoglobin, platelets, hematocrit, creatinine, PT, Fib, D-dimer, and FDP were positively correlated with recovery time. On the contrary, albumin and TT were negatively correlated with recovery time.


Table 3 | Relationship between the laboratory findings and recovery time of patients with ovarian hyperstimulation syndrome (OHSS).



All data with p < 0.05 in the above-mentioned correlation analysis and the high-risk factors affecting OHSS reported in the literature were included in the multiple linear regression. The results showed that PCOS, hemoglobin, platelets, albumin, and Fib significantly influenced the patients’ recovery times (p = 0.023, p < 0.001, p = 0.007, p < 0.001, and p = 0.019, respectively) (Table 4). Moreover, scatter diagrams were used to clearly describe the relationship between the recovery time and the levels of hemoglobin, platelets, albumin, and Fib (Figure 2). The remaining indicators were not highly correlated with the recovery time of patients.


Table 4 | Multiple linear regression analysis of factors affecting recovery time.






Figure 2 | Relationship between the recovery time and hemoglobin, platelets, albumin and Fib.





Discussion

OHSS is a major iatrogenic complication that arises during the process of assisted reproductive technology (ART), affecting 0.5%–2% of IVF cycles. There are two distinct types of OHSS: early-onset OHSS occurs in response to the hCG trigger within 7 days of ovulation, while late-onset OHSS is caused by the rising hCG hormone levels produced by the placenta in conception cycles (10). The present study focused on the recovery time of conceived women with OHSS requiring hospitalization.

To date, there is no universally accepted definition of OHSS recovery. The definition used in this research was based on a previous study (19). Patients were discharged from the hospital when the morning hematocrit was <40% and no obvious clinically relevant symptoms existed, such as abdominal distension, abdominal pain, and shortness of breath. On the other hand, ultrasound indicating little pleural or abdominal effusion and biochemical abnormalities returning to normal were required. The median recovery time in our study population was 11 days. This is much longer than that reported in the literature, partly due to the particular population and our strict release criteria.

Current studies have revealed that the incidence of OHSS was associated with numerous clinical and laboratory parameters. The concentration of E2 on the day of hCG >4,500 pg/ml and the number of oocytes retrieved >15 are commonly proposed to be risk factors for OHSS (3). However, our results showed that the median concentration of E2 on the day of hCG was 3,437 pg/ml and that the median number of oocytes retrieved was 13. This is consistent with the study of Wiser et al. because the freeze-all strategy was carried out in women at high risk of OHSS after retrieval of oocytes (20). In addition, the concentration of E2 on the day of hCG is not the main reason for the late-onset OHSS: pregnancy remains the main cause (21). Despite scholars having proposed multiple pregnancy as a predictive factor for recovery time from OHSS, our research found no differences between patients with singleton and multiple pregnancies.

As demonstrated in Table 4, the presence of PCOS was negatively correlated with the recovery time of pregnant OHSS patients, which is in accordance with the result of Nouri et al. (19). PCOS appeared to be the major predisposing factor for OHSS in a large number of studies (2). The explanation might be that PCOS cases are known to produce three times more follicles and oocytes than do normal ovulation patients when stimulated according to similar protocols (6). However, the reason for the prolonged recovery time of patients with PCOS remains unknown. VEGF is thought to be the major mediator of OHSS (22). An increased expression of VEGF mRNA in women with PCOS has been reported, and this may be responsible for the prolonged recovery time (23). Nevertheless, this is completely unproven. Further investigations are necessary to confirm this hypothesis. It is our suggestion that more stringent embryo transfer criteria should be administered or that patients with PCOS undergo whole embryo cryopreservation.

The second predictive factor for recovery time is serum albumin. Hypoalbuminemia is associated with a significantly longer recovery time. The mechanisms underlying the potential effect of serum albumin on OHSS are unknown. Some studies have suggested that the binding properties of albumin are beneficial in neutralizing vascular permeability mediators (24). Other studies have shown that serum albumin could maintain the intravascular volume in the event of capillary leakage, thus avoiding hypovolemia and hemoconcentration (25). Therefore, the level of serum albumin may reflect the severity of OHSS.

Studies have demonstrated that the levels of leukocytes, platelets, hematocrit, Fib, D-dimer, and FDP in OHSS patients were higher in routine laboratory tests (26). As shown in Table 3, this is consistent with our study. Moreover, in multiple linear regression analysis, hemoglobin, platelets, and Fib were positively correlated with the recovery time, and the difference was statistically significant. There are two reasons for the changes in these blood-related parameters: stress and hemoconcentration (27). OHSS is a potentially lethal disease, the pathophysiological hallmark of which is massive extravascular exudate accumulation combined with profound intravascular volume depletion and hemoconcentration (28). The degree of hemoconcentration seems to have the best correlation with the severity of OHSS (29). The levels of hemoglobin, platelets, and Fib are the earliest and most sensitive indicators of changes in the blood and are also ideal predictors for recovery time from OHSS.

It seems that an elevation in circulating estrogens during ovulation induction causes a shift in the hemostatic balance in the direction of a procoagulable state. Fib is a conventional coagulation indicator that indicates the activation of the coagulation system. Coagulation causes an increased Fib consumption and promotes Fib synthesis in the body, resulting in increased plasma Fib levels. Thrombosis is the most serious complication of OHSS, leading to dysfunction of coagulation and fibrinolysis in vivo. Thrombosis causes secondary hyperfibrinolysis; as plasma D-dimer and FDP are degradation products of fibrinogen, their levels will therefore increase rapidly. Therefore, monitoring the levels of plasma Fib, D-dimer, and FDP can prompt clinical correction of hypercoagulable blood concentration. Heparin ameliorates the risk of thrombotic complications associated with OHSS and has become the recommended treatment protocol (30). VEGF plays a leading role in increasing vascular permeability, and a 5-kDa heparin fragment can inhibit VEGF-A-mediated angiogenesis (31). Tissue factor (TF) is also important in angiogenesis because it enhances the expression of VEGF-A, and heparin reduces this by inhibiting the release of TF (32).

This is the first study to comprehensively assess the coagulation function and recovery time of conceived women with moderate to severe OHSS. As a result of OHSS-specific symptoms and the costs of the treatment program, decreased quality of life and economic losses are inevitable. Therefore, recovery time should be a clinically important parameter, and our study is of great value. Simultaneously, this study has some limitations. We conducted this retrospective study without considering all confounding factors. Only patients receiving a particular ovulation induction program were included in our study. Moreover, differences in the dietary habits of patients during hospitalization have a certain impact on the recovery time from OHSS.

In general, the existence of PCOS and the levels of hemoglobin, platelets, albumin, and Fib may contribute to the prognostic evaluation of OHSS. In consideration of the particular study population and limitations, large-scale, multicenter, prospective studies are necessary to confirm our results.
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The application of anticoagulants and immune agents in assisted reproduction technology has been in a chaotic state, and no clear conclusion has been reached regarding the effectiveness and safety of this treatment. We aimed to explore the potential association between adjuvant medication and pregnancy outcomes and offspring safety in a retrospective cohort study including 8,873 frozen-thawed embryo transfer cycles. The included cycles were divided into three groups according to the drugs used, namely, the routine treatment group (without anticoagulant agents and immune agents), the anticoagulant agent group, and the immunotherapy group. Among normal ovulatory patients, those who used immune agents had a 1.4-fold increased risk of miscarriage (≤13 weeks), but a 0.8-fold decreased chance of birth (≥28 weeks) compared with the routine treatment group. Among patients with more than 1 embryo transferred, those who used anticoagulant agents showed a 1.2-fold higher risk of multiple birth than those undergoing routine treatment. Among patients without pregnancy complications, anticoagulant treatment was associated with a 2.1-fold increased risk of congenital anomalies. Among young patients (<26 years) with a singleton pregnancy, the neonatal birth weight of the immunotherapy group and the anticoagulant treatment group was 305.4 g and 175.9 g heavier than the routine treatment group, respectively. In conclusion, adjuvant anticoagulants or immune agent treatment in assisted reproductive technology should be used under strict supervision, and the principle of individualized treatment should be followed.
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1 Introduction

With the rapid and dramatic development of assisted reproductive technology (ART) (1, 2), the demand of infertile couples for ART has expanded from helping to obtain pregnancy to improving the ongoing pregnancy rate and live birth rate and reducing the miscarriage rate per embryo transfer cycle, reflecting people’s enthusiastic expectation of a high pregnancy rate with a low risk of adverse events. In particular, the etiologies of recurrent miscarriage, repeated implantation failure, and long-term infertility with unknown reasons remain unclear, resulting in the lack of standardized investigation and management. Therefore, numerous adjuvant therapies have been introduced, such as the application of anticoagulants, immunosuppressants, and immunomodulators (3, 4). Due to the lack of strict supervision, the clinical application of such medications lacks standardization, bringing a potential risk of drug abuse. On this issue, some experts suggested that overtreatment should be avoided when prescribing individualized therapy according to couples’ preferences (5). The application of anticoagulants and immune agents in ART has been in a chaotic state (5–7), and no clear conclusion has been reached. Frozen-thawed embryo transfer (FET) cycles are ideal models for investigating the independent effect of adjuvant drugs since the confounding effect of ovarian stimulation is removed. Thus, we aimed to explore the effectiveness and safety of the adjuvant use of anticoagulants and immune agents in this retrospective cohort study on FET cycles.



2 Materials and Methods

This retrospective cohort study was conducted in the Reproductive Medicine Center of the Second Hospital of Hebei Medical University, a tertiary hospital. A total of 12,053 FET cycles from January 1, 2017 to May 1, 2021 were reviewed for eligibility. Women aged 20–49 years who underwent FET were included in this study. Subjects who met any of the following criteria were excluded: (a) thin endometrium (<7 mm, measured at least three times) (8); (b) uterine malformation; (c) preimplantation genetic testing (PGT); (d) missing essential data and information; and (e) chromosome polymorphism. After excluding 3,180 subjects, a total of 8,873 cycles (resulting in 9,918 newborns) with complete data were included in the study (Figure 1). The study protocol was approved by the Ethics Committee of the Second Hospital of Hebei Medical University. The Second Hospital of Hebei Medical University provided administrative permission for the research team to access and use the data included in this research.




Figure 1 | Study flowchart.




2.1 Cycle Regimens


2.1.1 Hormone Replacement Therapy

The transfer of thawed embryos was carried out when the endometrial thickness reached 8 mm after a step-up regimen for endometrial preparation. Estradiol valerate (Progynova®, Bayer) was administered orally at 6–8 mg/day on day 2 of the menstrual cycle, which was followed by vaginal administration of micronized progesterone (Uterogestan, Besins International, France) 400 mg BID or combined administration of oral dydrogesterone (Duphaston®; Abbott Biologicals, Netherlands) 10 mg BID and progesterone/oil injection (Progesterone Injection 20 mg/ml, Zhejiang Xianju Pharmaceutical Co., Ltd., China) 40–60 mg QD.



2.1.2 Natural Cycle

A serial ultrasound scan was performed every 2 days from menstrual cycle day 10–12. Once the dominant follicle reached 16–20 mm in diameter, HCG was injected for the trigger of ovulation, and progesterone/oil injection or oral dydrogesterone was prescribed at 40 mg QD or 10 mg BID, respectively, as luteal phase support.



2.1.3 Ovulation Induction Cycle

Letrozole 2.5–5 mg QD was started from menstrual cycle day 2–3, followed by human menopausal gonadotropin (HMG) injections for ovulation induction. The starting dose of HMG (37 or 75 IU) was determined by follicular development. When the dominant follicle reached 18 mm in diameter and the endometrial thickness reached 8 mm, HCG was administered at 10,000 IU for the trigger of ovulation. The transfer of frozen-thawed cleavage-stage embryo was performed 4 days later and luteal phase support was given as described above.



2.1.4 Gonadotropin-Releasing Hormone Agonist Downregulation Combined With Hormone Replacement Therapy

Patients received a single injection of 3.75 mg of long-acting triptorelin acetate on menstrual cycle day 2 after an ultrasound scan confirmed ovarian quiescence and the presence of a thin endometrium (<5 mm). After 28 to 30 days, sequential estrogen and progesterone were prescribed as in the HRT cycles.




2.2 Adjuvant Medication

Patients who used aspirin or low-molecular-weight heparin were allocated into the anticoagulant group, while those who used prednisone, hydroxychloroquine, or cyclosporine (whether in combination with anticoagulants or not) were allocated into the immunotherapy group. The remaining patients without anticoagulant and immune agent treatment were allocated into the routine treatment group.

Anticoagulants

Aspirin: Aspirin Enteric-Coated Tablets (Bayer Health Care Manufacturing S.r.l.), 50-75 mg, QD was started from the day of estradiol valerate tablets or progesterone initiation until 10–12 weeks of pregnancy.

Low-molecular-weight heparins: Enoxaparin Sodium Injection (Clexane, Sanofi-Aventis SA, Paris, France) 0.6 ml: 6000AxaIU or Nadroparin Calcium Injection (Fraxiparine, Glaxo Smith Kline, Brentford, UK) 0.4 ml: 4100AxaIU or Low-molecular-weight heparin calcium injection (Aosida, Hebei Changshan, Shijiazhuang, China) 0.4 ml: 4100AxaIU was injected subcutaneously QD from the day of embryo transfer until 6–8 weeks after transfer.

Immune agents

Prednisone (Prednisone Acetate Tables, Xianju, Taizhou, China), 5 mg, QD or Hydroxychloroquine Sulfate tablets (Fenle, SPH zhongxi, Shanghai, China) 0.1 g*14/Hydroxychloroquine Sulfate tablets (Plaquenil, Sanofi-Aventis SA, Paris, France) 0.2 g*10, 0.2 g, BID or Cyclosporine Soft Capsules (New sespin, Zhongmeihuadong Pharmaceutical Co. Hangzhou, China) 50 mg*50, 50 mg, BID were prescribed from the day of embryo transfer until 6–8 weeks after transfer.



2.3 Clinical and Birth Outcomes

Two authors independently extracted and reexamined the clinical and birth outcome data from medical records. The diagnosis of clinical outcomes or diseases was made by professional physicians using standardized criteria. Miscarriage was defined as pregnancy loss before 13 weeks of gestation; birth referred to both live birth and stillbirth after 28 weeks of gestation. Preterm delivery was defined as birth between 28 and 37 gestational weeks. Pregnancy complications included hypertensive disorder of pregnancy (HDP) (329 cycles) (9, 10), gestational diabetes mellitus (GDM) (83 cycles) (11), HDP and GDM (13 cycles), premature rupture of membranes (296 cycles) (12), cervical insufficiency (20 cycles) (13), oligohydramnios (28 cycles) (14), polyhydramnios (6 cycles) (15), placenta previa (36 cycles) (16), abruptio placentae (7 cycles) (17), postpartum hemorrhage (6 cycles) (18), disseminated hematogenous tuberculosis (1 cycle) (19), intrahepatic cholestasis of pregnancy (2 cycles) (20), postpartum thrombotic disease (3 cycles) (21), chronic nephritis (1 cycle), and unclear diagnosis (45 cycles). The categorization of pregnancy complications is shown in Table S2 as Supplemental Material. The diagnosis criteria for the above-mentioned pregnancy complications were reported previously.

There were 85 cases of congenital anomalies involving six major systems; 7 cases were found to have chromosomal abnormalities or abnormal nuchal translucency and 4 cases were without clear description. Detailed information is shown in Table S1 as Supplemental Material.



2.4 Statistical Analysis

Continuous variables were presented as median (interquartile range) or mean ± standard deviation (SD) according to the normality of distribution. Kruskal–Wallis test was used to compare the continuous variables among the three groups. Categorical variables were presented as count (percentage) and compared using the chi-square test. Logistic regression analysis and stratified analysis were used to explore the associations between adjuvant medication and miscarriage, birth, multiple birth, congenital anomaly, and birth weight with the generalized estimation equation (GEE) model to deal with the repeat cycles and data of twins. Two regression models were applied: baseline characteristics of study subjects in model 1, while other confounding factors were adjusted in model 2. Confounders on the basis of their associations with the outcomes of interest or a change in effect estimate of more than 10% were selected. All the analyses were performed using R 3.6.3 (http://www.r-project.org) and EmpowerStats (www.empowerstats.net, X&Y Solutions Inc., Boston, MA, USA), and a two-sided p-value of <0.05 was considered to indicate statistical significance.




3 Results


3.1 Baseline Characteristics, Laboratory Data, Pregnancy, and Neonatal Outcomes of Study Subjects

As shown in Table 1, there were 8,873 FET cycles included in this retrospective study, among which 4,253 cycles were allocated into the routine treatment group, 3,698 cycles were allocated into the anticoagulant group, and 922 were allocated into the immunotherapy group.


Table 1 | Patient characteristics (8,873 FET cycles).



As for the baseline characteristics of the study population, the age of couples in the immunotherapy group was greater than those in the routine treatment group (female: 31.4 ± 4.3 vs. 30.6 ± 4.3, p < 0.001; male: 32.2 ± 5.0 vs. 31.4 ± 4.8, p < 0.001). Patients in the immunotherapy group had longer infertility duration (4.6 ± 2.8 vs. 4.4 ± 3.0, p = 0.055), higher proportion of patients with 1–2 previous miscarriages [313 (33.9%) vs. 1,126 (26.5%), p < 0.001], and more repetition cycles (≥3) [233 (25.3%) vs. 417 (9.8%), p < 0.001], but the proportion of infertility type, etiology of infertility, and body mass index (BMI) was comparable between the two groups. Compared with the routine treatment group, the anticoagulant treatment group had a higher proportion of patients with 1 cycle [2,570 (69.5%) vs. 2,838 (66.7%), p = 0.027] and more patients with ovulation disorders [400 (10.8%) vs. 396 (9.3%), p = 0.026], while the age of couples, infertility duration, BMI, infertility type, and previous miscarriages were comparable between the two groups.

In terms of laboratory variables, the routine treatment group had a higher proportion of cleavage-stage embryo transfer [3,148 (74.0%) vs. 2,653 (71.7%) vs. 448 (48.6%)], while the immunotherapy group had a higher proportion of blastocyst transfer [473 (51.3%) vs. 1,085 (25.5%) vs. 1,034 (28.0%)]. As for pregnancy outcomes, the immunotherapy group demonstrated a higher miscarriage rate [104 (21.4%) vs. 370 (16.3%) vs. 358 (17.5%)] but a lower multiple birth rate [74 (19.8%) vs. 488 (26.4%) vs. 455 (27.6%)] and birth rate [373(76.7%) vs.1,849 (81.3%)vs.1,648 (80.5%)). However, there was no significant difference in the gestational weeks at birth, pregnancy location, and pregnancy complications among the three groups.

Neonatal outcomes are shown in Table 2, including 9,918 newborns. There were 4,758 newborns in the routine medication group, 4,164 newborns in the anticoagulant treatment group, and 996 newborns in the immunotherapy group. No significant differences were found in congenital anomaly and gender, while the immunotherapy group had greater neonatal weight (3,031.3 ± 684.2 vs. 2,960.9 ± 692.7 vs. 2,965.5 ± 678.4, p = 0.048).


Table 2 | Neonatal characteristics (9,918 neonates).





3.2 Adjuvant Medications Were Associated With Inferior Pregnancy Outcomes by Multivariate Regression Analysis With Stratification

Multivariate regression analysis with stratification was used to investigate the effectiveness of adjuvant medication on improving pregnancy outcomes. After adjusting for age of the couples, BMI, infertility duration, the number of transferred embryos, endometrial echogenicity, FET protocol, number of previous miscarriage, and cycle number, normal ovulatory patients undergoing immunotherapy demonstrated a 40% (OR = 1.4, 95% CI: 1.0, 1.8) higher risk of miscarriage (Table 3) and a 20% (OR = 0.8, 95% CI: 0.6, 1.0) lower probability of birth (Table 3) compared with those without adjuvant medication. Moreover, patients with more than 1 embryo transferred and anticoagulant treatment showed an increased risk of multiple birth (OR = 1.2, 95% CI: 1.0, 1.4) after controlling for confounding factors including age of the couples, BMI, infertility duration, endometrial thickness, cycle number, and the number of previous miscarriage (Table 4).


Table 3 | Multivariate logistic regression of miscarriage and birth (≥28 weeks) stratified by the etiology of infertility among patients undergoing routine treatment, anticoagulant treatment, and immunotherapy.




Table 4 | Multivariate logistic regression of multiple birth stratified by the number of transferred embryos among patients undergoing routine treatment, anticoagulant treatment, and immunotherapy.





3.3 Adjuvant Medications Significantly Impact Offspring Safety by Multivariate Regression Analysis With Stratification

After controlling for gestational weeks at birth, multiple birth, age of the couples, BMI, developmental stage of transferred embryos, infertility type, the number of embryos transferred, and cycle number, neonates of patients without pregnancy complications but undergoing anticoagulant therapy showed an increased risk of congenital anomalies (adjusted OR = 2.1, 95% CI: 1.0, 4.5) (Table 5). However, in patients with pregnancy complications, the risk of congenital anomaly was comparable among the three groups.


Table 5 | Univariate and multivariate logistic regression of congenital anomaly stratified by pregnancy complications among patients undergoing routine treatment, anticoagulant treatment, and immunotherapy.



Given the significant influence of maternal age on neonatal birth weight, stratification by female age was performed when investigating the association between adjuvant medication use and neonatal birth weight. The results showed that, among young patients (<26 years) (23) with a singleton pregnancy, the neonatal birth weight of the immunotherapy group was 305.4 g heavier than the routine treatment group (adjusted β = 305.4; 95% CI: 55.2, 555.5), while that of the anticoagulant treatment group was 175.9 g heavier than the routine treatment group (adjusted β = 175.9, 95% CI, 68.1, 283.7) after adjusting for gestational weeks at birth, male age, BMI, developmental stage of transferred embryos, cycle number, infertility type, and the number of embryos transferred (Table 6). In other age strata and among patients with multiple pregnancy, the neonatal birth weight was comparable among the three groups.


Table 6 | Univariate and multivariate linear regression of birth weight stratified by maternal age among singletons and non-singletons.






Discussion

In this retrospective cohort study of 8,873 FET cycles (9,918 newborns), we observed that anticoagulation and immunotherapy had a significant influence on pregnancy outcomes and offspring safety.

Compared with the routine treatment group, using immune agents was associated with an increased risk of miscarriage and a decreased rate of birth in normal ovulatory patients. A fetus has antigens of maternal and paternal origins (5). The physiological mechanisms of the immunotolerance of paternal antigens during pregnancy are poorly understood. However, a dysfunction in immune modulation has been hypothesized to be one of the causes of infertility or miscarriage. Several systematic reviews (24–26) have evaluated the effectiveness and safety of immunological interventions for recurrent miscarriage, and none of such interventions were associated with a reduction in miscarriages or an increase in live births. Thus, there was insufficient evidence to recommend immunotherapy in the management of recurrent miscarriage. In this study, we found that the adjuvant immunotherapy during FET cycles significantly increased the risk of miscarriage, but markedly decreased the probability of birth among normal ovulatory patients only. In contrast, an increase in birth and a decrease in miscarriage were witnessed among non-ovulatory patients undergoing immunotherapy, although both were without statistical significance. This suggested that patients with ovulation disorder may have underlying defects in immunomodulation during embryo implantation, so that they can benefit from immunotherapy. However, among patients with normal ovulation, the administration of exogenous immune agents may in turn disturb their immunotolerance to fetal antigen, resulting in an increased miscarriage rate and a decreased birth rate.

Using anticoagulant agents was associated with a higher risk of multiple deliveries and an increased risk of congenital anomalies. In terms of anticoagulant therapy, several systematic reviews and meta-analyses (4, 27–29) have shown that low-dose aspirin and low-molecular-weight heparin could effectively reduce the miscarriage rate and increase the live birth rate in women with antiphospholipid syndrome or a history of recurrent miscarriage. The combination of low-molecular-weight heparin and aspirin during pregnancy may increase the live birth rate in women with persistent anti-phospholipid (aPL) when compared with aspirin treatment alone. In this study, anticoagulant therapy significantly increased twin birth rate in patients with more than 1 embryo transferred. Our finding is consistent with the published studies suggesting the improvement in live birth rate by using anticoagulation therapy. However, there were few articles focusing on the relationship between anticoagulation therapy and congenital malformations. A randomized controlled trial reported few cases of congenital anomalies, but this may be underestimated given the small sample size (30). Our study collected the clinical data of 9,918 neonates, among which 96 cases of congenital anomalies were observed. We classified fetal congenital anomalies according to the human body system (Table S1). There were 44 cases in the routine treatment group, 46 cases in the anticoagulant group, and 6 cases in the immunotherapy group. In the anticoagulant group, 44 cases were exposed to aspirin and 2 cases were exposed to both aspirin and low-molecular-weight heparin, suggesting that aspirin was associated with congenital anomalies. Aspirin can inhibit prostaglandin synthesis and subsequent reduction of platelet aggregation by inactivating cyclooxygenase (31). According to the latest guideline on low-dose aspirin use during pregnancy by the American College of Obstetricians and Gynecologists (ACOG), low-dose aspirin use during the first and the second trimester was considered to be effective and safe (32). In this study, the incidence of congenital anomalies was comparable among the three groups in patients with pregnancy complications, which was consistent with the ACOG guideline. However, in patients without comorbidities during pregnancy, the risk of fetal malformation increased when adjuvant anticoagulants were prescribed. The relationship between aspirin and genitourinary abnormalities and gastroschisis has been reported (33–36). In our study, there were four cases of genitourinary abnormalities: two cases of cryptorchidism (one exposed to aspirin, while the other was from the routine treatment group), one case of hypospadias (from the routine treatment group), and one case of gastroschisis (from the routine treatment group). In addition, after excluding cases with parental chromosomal abnormalities, malformations of systems other than the genitourinary system and gastrointestinal systems were also reported, which is interesting and unexpected. Furthermore, high-quality prospective studies and comprehensive neonatal physical examination are warranted to evaluate the safety of aspirin in the field of reproduction.

In terms of the effect of adjuvant medication on neonatal birth weight, previous systematic reviews only focused on fetal growth restriction and no firm conclusions were drawn (4, 7). In this study, the neonatal birth weight of each group was quantitatively analyzed, and multivariate linear regression was performed to adjust for confounding factors. The results showed that there was a statistically significant increase in neonatal birth weight after the adjuvant use of either anticoagulants or immune agents among patients under the age of 26. This is different from previous reports that fetal weight increases with maternal age (37, 38), suggesting that anticoagulation combined with or without immunotherapy has a positive impact on birth weight.

To summarize, using immune agents was associated with an increased risk of miscarriage and a decrease in birth among normal ovulatory patients. Using anticoagulant agents was associated with a higher risk of multiple birth and an increased risk of congenital anomalies. Young mothers had heavier newborns after either anticoagulant agent or immune agent treatment during FET cycles. Therefore, adjuvant anticoagulant or immune agent treatment in ART should be used under strict supervision, and the principle of individualized treatment should be followed.
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Introduction

Women with diminished ovarian reserve (DOR) have a lower pregnancy rate and higher cancellation rate compared to those without DOR when seeking assisted reproductive technology. However, which factors are associated with reproductive outcomes and whether AMH is a predictor of clinical pregnancy remain unclear.



Objective

This retrospective study was designed to find factors associated with reproductive outcomes in DOR patients and then discuss the role of AMH in predicting cycle results among this population.



Method

A total of 900 women were included in the study. They were diagnosed with DOR with the following criteria: (i) FSH > 10 IU/L; (ii)AMH < 1.1 ng/ml; and (iii) AFC <7. They were divided into different groups: firstly, based on whether they were clinically pregnant or not, pregnant group vs. non-pregnant group (comparison 1); secondly, if patients had transferrable embryos (TE) or not, TE vs. no TE group (comparison 2); thirdly, patients undergoing embryo transfer (ET) cycles were divided into pregnant I and non-pregnant I group (comparison 3). The baseline and ovarian stimulation characteristics of these women in their first IVF/ICSI cycles were analyzed. Logistic regression was performed to find factors associated with clinical pregnancy.



Results

Of the 900 DOR patients, 138 women got pregnant in their first IVF/ICSI cycles while the rest did not. AMH was an independent predictor of TE after adjusting for confounding factors (adjusted OR:11.848, 95% CI: 6.21-22.62, P< 0.001). Further ROC (receiver operating characteristic) analysis was performed and the corresponding AUC (the area under the curve) was 0.679 (95% CI: 0.639-0.72, P< 0.001). Notably, an AMH level of 0.355 had a sensitivity of 62.6% and specificity of 65.6%. However, there was no statistical difference in AMH level in comparison 3, and multivariate logistic regression showed female age was associated with clinical pregnancy in ET cycles and women who were under 35 years old were more likely to be pregnant compared to those older than 40 years old (adjusted OR:4.755, 95% CI: 2.81-8.04, P< 0.001).



Conclusion

AMH is highly related to oocyte collection rate and TE rate,and 0.355 ng/ml was a cutoff value for the prediction of TE. For DOR patients who had an embryo transferred, AMH is not associated with clinical pregnancy while female age is an independent risk factor for it.





Keywords: IVF in vitro fertilization, AMH (anti-Müllerian hormone), DOR (diminished ovarian reserve), reproductive outcomes, antral follicle count (AFC)



Background

Diminished ovarian reserve (DOR) refers to the reduction of the quantity of oocytes in the ovary, which is one of the major causes of infertility in women of child-bearing age (1). Ovarian surgery and gene mutation may be associated with DOR while most patients with DOR cannot find an identified etiology (2, 3). Patients with DOR have a lower number of oocytes acquired and a rate of high-quality embryos compared to those with normal ovarian reserve (NOR), and the rate of a clinical pregnancy is lower while the early miscarriage rate is higher (4–6). Although various treatments are made to assist them to improve the outcome of pregnancy, it remains a big challenge for clinicians.

Based on the Bologna criteria (7), follicle-stimulating hormone (FSH), anti-mullerian hormone (AMH), and antra follicular count (AFC) are the most frequently used biomarkers to access the ovarian reserve, and the latter two have gained widespread attention in recent years. Generally, AMH levels and AFC decline while the incidence of DOR increases, however, discordance between AFC and AMH levels is not rare in clinical work. Measuring by ultrasound, AFC is highly affected by different machines and operating doctors. Studies have demonstrated that priority should be given to AMH compared to AFC in predicting ovarian marker and fertility (8–10).

Controversy has existed on whether AMH is associated with reproductive outcomes in assisted reproductive technology (ART) cycles. A meta-analysis reviewed 19 articles including unspecified ovarian reserve, DOR, and polycystic ovary syndrome (PCOS) patients. Results showed that AMH had weak association with clinical pregnancy but could be a predictor in DOR women (11). A study analyzed 85,062 fresh and embryo-thawed (ET) cycles and demonstrated AMH cannot be a reliable independent predictor of live birth rate (12).

In this retrospective study, we collected data from the first IVF/ICSI cycles of patients with DOR and analyzed baseline and controlled ovarian stimulation (COS) characteristics to find out factors associated with reproductive outcomes and then discuss the role of AMH in predicting cycle results among this population.



Methods and Materials


Patient Selection

Patients who came to the First Affiliated Hospital of Zhengzhou University for autologous IVF/ICSI cycles were enrolled into this study during January 2011 to December 2019. Patients who have fulfilled the following criteria were included: (i) FSH > 10 IU/L and AMH < 1.1 ng/ml and AFC <7; (ii) the first fresh IVF/ICSI cycle in our center. While the participants who had (i) endometriosis, polycystic ovarian syndrome (PCOS); (ii) chromosomal abnormalities; (iii) hypertension, diabetes, or other chronic diseases; (iv) immune system diseases, such as hypothyroidism; (v) multiple uterine fibroids or a history of ovarian surgery or chemotherapy or radiation exposure; (vi) experienced IVF/ICSI cycles at other hospitals; (vii) premature ovarian insufficiency were excluded (Figure 1) as our purpose was to characterize women with idiopathic decrease in ovarian reserve and eliminate other possible confounding factors that had influence on reproductive outcomes. This study was performed under institutional review board approval.




Figure 1 | Flow chart of patient selection.





Grouping Method

A total of 900 patients with DOR were included (Figure 1). To find out factors associated with reproductive outcomes in DOR patients at their first ART cycles, firstly, patients were divided into two groups based on whether they were clinically pregnant or not: pregnant group vs. non-pregnant group (comparison 1); secondly, patients who had transferrable embryos (TE) were compared with those did not: TE vs. no TE group (comparison 2); thirdly, patients undergoing embryo transfer (ET) cycles were divided into two groups: pregnant I and non-pregnant I group (comparison 3). Clinical pregnancy was defined as the following: 35 days after transplantation, transvaginal ultrasound examination showed that there was at least one gestational sac in the uterus, including ectopic pregnancy (13).



AMH Level Detection

Two ml blood samples were aseptically collected from the subjects on days 2 – 4 of the menstrual cycle to assess basal AMH. After centrifugation, serum was analyzed by an electrochemical luminescence analyzer (Roche, Cobas e601, Canada) to detect AMH levels (ng/ml). The theoretical sensitivity of the method was 0.006 ng/ml. Within batches and between batches coefficient of variations were ≤10% and ≤15%, respectively.



Controlled Ovarian Stimulation Protocol

The ovarian stimulation protocol was determined by the ovarian reserve testing (AMH, AFC and basal FSH) of each patient.


Progestin-Primed Ovarian Stimulation Protocol (PPOS)

Medroxyprogesterone acetate and human menopausal gonadotropin (HMG) were used on the third day of menstruation, human chorionic gonadotropin (HCG) was used at the time of triggering.



Follicular Phase Long-Acting Protocol

Patients were given a starting dose of 3.75 mg GnRH agonist (GnRH-a) on the second day of menstruation. Gonadotropins (Gn) were used to induce ovulation, and we adjusted the dose according to the number, size, and growth of the follicles.



Mild Stimulation Protocol

Letrozole was given to patients at a dose of 2.5 mg per day on the third day of menstruation, and HMG was added on the fifth day. Once the diameter of a primary follicle was > 18 mm, HCG and Gn were used.



Natural Cycle

The number, size, and growth of follicles and hormone levels, especially LH, E2, and P4, were observed during menstruation to determine the time of triggering.



Luteal Phase Short-Acting Long Protocol

GnRH-a was used on the 21st day of menstruation, and ultrasound and hormone levels were used to observe the growth of the follicles. Ovulation was induced using HCG according to the size of the follicles.



GnRH Antagonist Protocol

FSH was given to patients on their second day of menstruation, and Gn and HCG were injected when the diameter of the primary follicle was > 18 mm.

In the above protocols, HCG was used for 36-37 h before oocyte retrieval. IVF or ICSI was used according to the semen quality of the husband.




Statistical Methods

The baseline and ovarian stimulation characteristics of patients were compared between each two groups (the grouping method was as described above). Continuous variables were compared by Mann–Whitney U since they were not normally distributed. Chi-squared tests were used to compare categorical variables. The numerical data are presented as the mean with standard deviation (SD), while categorical variables are shown as % (n/N). We performed the univariate and multivariate logistic regression analyses to examine factors that were associated with reproductive outcomes. IBM SPSS version 26.0 (IBM Corp., Armonk, NY, USA) was used, and a P value < 0.05 was considered statistically significant.




Results

Of the 900 patients who met the criteria in the study, 778 (86.44%) women had oocytes retrieved at their first cycle, 551 (61.22%) women had transferrable embryos after egg collection, 139 (15.44%) patients had embryos frozen, and 138 (15.33%) women got pregnant after implantation.


Baseline Characteristics

As shown in Table 1, in comparison 1, both women and their husbands in the pregnant group were younger than those in the non-pregnant group (34.64 ± 0.43 vs. 38.16 ± 0.22, P < 0.001; 35.13 ± 0.51 vs. 38.80 ± 0.24, P < 0.001). Compared to the non-pregnant group, patients in the pregnant group had shorter years of infertility (4.14 ± 0.31 vs. 5.02 ± 0.16, P=0.045) and experienced fewer times of delivery (0.47 ± 0.05 vs. 0.63 ± 0.02, P =0.010); their basal follicle-stimulating hormone (FSH) and luteinizing hormone (LH) levels were much lower (15.23 ± 0.58 vs. 17.46 ± 0.36, P =0.006; 6.17 ± 0.33 vs. 8.10 ± 0.28, P = 0.003) while basal AMH levels and AFC were much higher (0.54 ± 0.02 vs. 0.37 ± 0.01, P< 0.001; 3.70 ± 0.14 VS 2.79 ± 0.07, P< 0.001). There was no significant difference in the type of infertility, number of pregnancy or abortion, body mass index (BMI), basal estradiol (E2), progesterone (P4), testosterone (T) levels, or basal endometrial thickness between two groups.


Table 1 | Baseline characteristics and hormonal profiles between groups of women with DOR undergoing IVF/ICSI.



In terms of transferrable embryo, only age of female (37.30 ± 0.24 vs. 38.09 ± 0.42, P = 0.021), basal FSH levels (15.79 ± 0.33 vs. 18.00 ± 0.72, P = 0.001), basal AMH levels (0.48 ± 0.01 vs. 0.30 ± 0.02, P < 0.001), and AFC (3.18 ± 0.08 vs. 2.72 ± 0.12, P = 0.002) differed between TE and no TE group. Others were not significantly different.

In comparison 3, FSH (15.23 ± 0.58 vs. 14.25 ± 0.29, P = 0.155) and AMH (0.54 ± 0.02 vs. 0.53 ± 0.02, P = 0.68) had no statistical difference between pregnant I and non-pregnant I group, while AFC (3.70 ± 0.14 vs. 3.33 ± 0.11, P = 0.049) was at the threshold value of P < 0.05. Both maternal (34.64 ± 0.43 vs. 38.13 ± 0.29, P < 0.001) and paternal (35.13 ± 0.24 vs. 39.07 ± 0.36, P< 0.001) age differed significantly between the two groups.



Ovarian Stimulation Characteristics

As shown in Table 2, patients in the pregnant group used more gonadotropin (Gn) and the length of stimulation was much longer than those in the non-pregnant group. In addition, their E2 levels on the day of HCG administration was much higher (1673.67 ± 92.12 vs. 1036.99 ± 32.80, P< 0.001) and the endometrial thickness on that day was much thicker (11.57 ± 0.23 vs. 10.05 ± 0.11, P< 0.001). Not surprisingly, pregnant women had more oocytes retrieved (5.11 ± 0.26 vs. 3.11 ± 0.10, P< 0.001) and had more embryos to implant (2.70 ± 0.14 vs. 1.82 ± 0.07, P< 0.001) compared to women who were not pregnant. Women who were pregnant were more likely to be treated with follicular phase long-acting protocol (74/138 53.62%) and luteal phase ultra-long protocol (51/138 36.96%), however, there was no significant difference in the embryo stage when transferring between two groups.


Table 2 | Ovarian stimulation characteristics between groups of women with DOR undergoing IVF/ICSI.



In comparison 2, the usage of Gn, hormone levels on the day of HCG administration, type of ART, and the choice of stimulation protocol were different between two groups. Due to the difference of protocol choice, more dosage and days of Gn were used in TE group (P < 0.001).

In ET cycles, all patients underwent embryos implantation, number of oocytes (retrieved and MII oocytes, P = 0.004 and 0.001, respectively) and embryos (P < 0.001) differed significantly between pregnant and non-pregnant groups; hormone levels, Gn usage, embryo stage, and type of ART had no significant difference.



Multivariate Logistic Regression and ROC Curve

To find which factors were associated with reproductive outcomes in women with DOR, univariate and multivariate logistic regression analyses were performed (Table 3).


Table 3 | Factors associated with reproductive outcomes in women with DOR.



Model 1 included factors associated with TE, and results showed that AMH was an independent predictor of TE after adjusting for confounding factors (adjusted OR:11.848, 95% CI: 6.21-22.62, P< 0.001). Further ROC (receiver operating characteristic) analysis was performed and corresponding AUC (the area under the curve) was 0.679 (95% CI: 0.639-0.72, P< 0.001). Notably, AMH level of 0.355 had sensitivity of 62.6% and specificity of 65.6%. (Figure 2)




Figure 2 | Receiver operating characteristics curve of the predictive utility of AMH for TE among women with DOR (area under the curve (AUC) = 0.679, 95% CI: 0.639-0.72, P < 0.001).



Model 2 included factors associated with clinical pregnancy in ET cycles. Female age was the only factor associated with clinical pregnancy in ET cycles and women under 35 years old were more likely to be pregnant compared to those older than 40 years old (adjusted OR:4.755, 95% CI: 2.81-8.04, P< 0.001).




Discussion

In a woman’s life, the development of follicle pools begin when in utero. However, it begins to decline before the time of birth and continues to decline throughout the fertile years (14). Generally, the ovarian reserve drops sharply in the mid-40s, which is a normal physiological phenomenon. Some women, however, experience DOR long before the usual time, which causes infertility in their child-bearing years (15). DOR has multiple adverse implications for a woman’s health due to the change of ovarian hormones. A previous study demonstrated that it impairs renal function, increases the risk of cardiovascular disease and decreases bone mineral density (4). The most disastrous impact of DOR for a woman, however, may be infertility. With the development of ART, the number of patient visits is increasing rapidly, and about 31%of patients who go to reproductive centers for help have reduced ovarian reserve, and the incidence rises significantly with age (16). However, due to the long period and high cost of IVF/ICSI cycles, patients and families may have heavy burdens after failure, not only economically but also psychologically.

Therefore, we designed this study to find factors that affect fecundity in DOR women. Like previous reports (17, 18), patients were divided into groups based on if they were clinically pregnant in their first IVF/ICSI cycle, and age, AMH, and AFC were highly different between the two groups. Yet many patients (n = 139) had embryoes frozen because of elevated progesterone levels, uterus factor, or self-factors, and they were divided into the non-pregnant group. Biases may exist in the results above. It’s believed that women with higher AMH could have more eggs collect after COS (19). Next, to demonstrate AMH is also associated with the rate of embryo formation after retrieving oocytes, comparison 2 was constructed. Results showed AMH is an independent predictor of TE rate, and 0.355 ng/ml was a cutoff value for the prediction of TE. Last, we wondered if AMH can affect clinical pregnancy after embryo implantation, comparison 3 was made. Not surprisingly, female age is the only factor related to success in ET cycles.


There Is No Best Protocol for DOR Patients Due to the Existence of Huge Individual Differences

Of the 900 women included, 762 women did not conceive. These patients were older and had much lower ovarian reserve according to FSH, AFC, and AMH compared to those who are pregnant. Considering baseline characteristics and poor ovarian response (POR) of these women, appropriate stimulation protocol was selected to avoid the adverse reactions of high-dose exogenous hormones and reduce the economic burden on patients. In COS cycles, patients in the non-pregnant group tended to use GnRH antagonist protocol and Follicular phase long-acting protocol. Natural protocol and mild stimulation protocol were in the non-pregnant group only. Correspondingly, women in non-pregnant group used much lower Gn and got fewer oocytes and embryos. Published data compared various protocols in DOR patients, GnRH agonist protocol and modified natural cycle were thought to be more effective than other protocols, since they could improve the quality of oocytes and probability of live birth of women with DOR (20, 21). The latest meta-analysis does not promote GnRH antagonist protocol for DOR patients because it correlates with higher cancellation rates and less pregnancies compared to agonist protocols (22). Ovarian stimulation protocol choice should be based on physical condition of DOR patients, which may be different each cycle. It is our opinion that there is no best protocol for this population because of the existence of huge individual differences.



AMH Is an Independent Predictor of TE But Not of Clinical Pregnancy in ET Cycles

Produced by developing antral follicles in the ovaries and involved in the regulatory process of maturation of primordial follicles, AMH is considered an accurate biomarker to access ovarian reserve and ovarian response (15, 23). Recent studies tried to find out whether AMH had an association with reproductive outcomes, including rate of oocyte collected, clinical pregnancy, live birth, and miscarriage. A retrospective study reviewed 34,540 cycles with AMH<1 ng/ml and demonstrated serum AMH is highly correlated with cumulative live birth rates (CLBR) in women with DOR independent of age (24). Similarly, AMH was statistically differed between TE and no TE group in our study, and we identified 0.355 ng/ml as a cutoff value for the prediction of TE. Yet it had no correlation with clinical pregnancy in ET cycles, which means the AMH level was not associated with pregnancy rate in patients with implanted embryos. This result is consistent with a previous report (25). The ability of AMH on predicting the likelihood of IVF/ICSI success continues to be a subject of debate. Our study demonstrated that AMH is highly related to the oocyte acquired rate and TE rate but not to the clinical pregnancy rate in ET cycles. Large cohort studies are needed to discuss the relationship between them.



Female Age Is a Risk Factor of Clinical Pregnancy in ET Cycles

Follicles in female ovarian apoptosis and the decrease with increasing of age means the capacity of fertility is dropping over time, therefore, age can largely determine whether conception can be successful. Studies have shown that in DOR patients, younger women have higher pregnancy rate and lower miscarriage rate compared to their older peers (8, 26, 27). Similar results were found in our study. Patients 35-40 years of age were 2.16 times more likely to getpregnant compared to those > 40 years old, and the number increased to 4.755 in patients < 35 years old. Researchers believe that DOR not only has adverse implications on oocyte quantity but also on quality (28). Moreover, data from our center investigated by Zhang et al. (29) showed that the aberration-related miscarriages among women with DOR were more frequent in patients older than 32 years old, and they demonstrated age is an independent risk factor for chromosomal abnormality after adjustment. For those who are diagnosed with DOR, younger women can have better reproductive outcomes with ART compared to older ones. This should be explained to patients so they can get a better understanding of their situation and get anxiety and stress released.



Strength and Limitation

This study has some strengths. First, due to the rigorous definition of DOR, the homogeneity of the patients included was high, and possible confounding factors were removed. Second, we divided the patients into different groups step by step, and deeply explored the relevant factors related to the fecundity of DOR patients. This grouping method is conducive to controlling the influence of confounding factors.

There were also several limitations in our study. One is the nature of the retrospective study. Data from a single center also weakened the reliability. In addition, we only included the first IVF/ICSI cycle of these patients; CLBR were not analyzed. Conception, not live birth, was our main outcome, while live birth is crucial for accessing fecundity. Therefore, the conclusions from this study are not definitive but indicative, and these findings need to be confirmed by more prospective and multi-center studies.




Conclusion

AMH is highly related to oocyte collection rate and TE rateand 0.355 ng/ml was a cutoff value for the prediction of TE. For DOR patients who had embryo transferred, AMH is not associated with clinical pregnancy while female age is an independent risk factor for it.
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Objective

To investigate the effectiveness and limitations of multifetal pregnancy reduction (MFPR) on the improvement of pregnancy outcomes of triplet or twin pregnancies conceived by in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI).



Methods

We performed a cohort study of women undergoing IVF or ICSI from 2002–2016 in reproductive center, women’s hospital, Zhejiang University School of Medicine. The cohort included 502 women who underwent MFPR and 9641 non-reduced women. Pregnancy outcomes were gestational age (GA) at delivery, pregnancy loss, preterm delivery, low birth weight (LBW), very low birth weight (VLBW), and small for gestational age (SGA). Multiple linear regression and logistic regression models were used to compare pregnancy outcomes between groups.



Results

Triplets reduced to singletons had a longer median GA (39.07 vs 37.00, P<0.001), and lower rates of LBW (8.9% vs 53.2%, P<0.001) and SGA (17.8% vs 44.7%, P=0.001) than triplets reduced to twins, with a similar pregnancy loss rate (6.7% vs 6.6%, P=0.701). Twins reduced to singletons had a comparable pregnancy loss rate (4.8% vs. 6.5%, P=0.40), a longer median GA (38.79 vs. 37.00, P<0.001), and lower rates of LBW (13.5% vs. 47.0%, P<0.001) and SGA (13.5% vs. 39.6%, P<0.001) than primary twins. Triplets reduced to twins had higher rates of LBW (53.2% vs. 47.0%, P=0.028) and SGA (44.7% vs. 39.6%, P=0.040) than primary twins, with a similar pregnancy loss rate (6.6% vs. 6.5%, P=0.877). Singletons reduced from triplets/twins had higher rates of preterm delivery (15.8% vs. 7.3%, P<0.001), LBW (12.3% vs. 4.32%, P<0.001), VLBW (2.3% vs. 0.4%, P=0.002), and SGA (14.6% vs.6.6%, P<0.001) than primary singletons, with a comparable pregnancy loss rate (5.3% vs. 5.4%, P=0.671).



Conclusions

This study suggests that the pregnancy loss rate is similar between reduction and non-reduction groups. MFPR improves pregnancy outcomes, including the risk of preterm delivery, LBW, and SGA, but still could not completely reverse the adverse pregnancy outcomes of multiple pregnancies.





Keywords: multifetal pregnancy reduction, assisted reproductive technology, pregnancy outcome, twins, triplets



Introduction

There has been a growing trend for the increasing use of assisted reproductive technology (ART) to combat infertility in recent years. However, ART constitutes a major risk factor for the prevalence of multiple pregnancies (1, 2). Multiple pregnancies are associated with an increasing risk for mothers and fetuses, including maternal complications, as well as low birth weight (LBW) and small for gestational age (SGA) (3, 4).

As the risks of multiple pregnancies have gradually been recognized, several countries have legally mandated a decrease in the number of embryos transferred and advocated for elective single embryo transfer (SET) (5–8). However, transfer of more than one embryo is still common in many countries (9, 10). Multifetal pregnancy reduction (MFPR) is a secondary preventive measure for managing multiple pregnancies that have occurred. MFPR began in the 1980s to salvage pregnancies with too many fetuses by ART (11). Because MFPR is an interventional operation, a major difficulty is the lack of clarity regarding the explicit benefits and limitations of MFPR when counselling for triplet or twin pregnancies conceived by IVF or ICSI (12). It can always be difficult for couples with triplet or twin pregnancies conceived by IVF or ICSI to weigh the pros and cons to decide whether to reduce fetus since the fetuses are hard-won for them. In recent years, with a growing awareness of the adverse outcomes of multiple pregnancies and accumulating data supporting the safety of MFPR, reduction of triplets is a widely accepted option (13, 14). However, for triplet pregnancies, reducing to singles or twins is still a tough decision. Moreover, the effectiveness of reduction from twins to singletons is controversial (15–17). Previous studies regarding pregnancy outcomes after MFPR were based on limited and conflicting data, which require further investigation.

In this study, we aimed to address this inconsistency and to further investigate whether MFPR get equal benefit as primary singleton/twin pregnancies using a large dataset from a single center during 15 years. Pregnancy outcomes of triplets and twins who underwent MFPR were recorded, and the benefits and limitations from reduction were evaluated to provide a comprehensive understanding of MFPR.



Materials and Methods


Study Design

This is a cohort study performed in reproductive center, women’s hospital, Zhejiang University School of Medicine (Figure 1). The reduction group included a cohort of multiple-pregnant women conceived by IVF or ICSI who underwent MFPR and continued follow-up in the reproductive center from 2002 to 2016. Exclusion criteria for the reduction group: 1) initial fetuses >3;2) ectopic pregnancy;3) heterotopic pregnancy; 4) ART or reduction data missed in database; 5) data on pregnancy outcomes were not available. After exclusion, the reduction group included a cohort of 502 women conceived after ART with triplet or twin pregnancies and reduced to twins or singletons at 6-16 weeks of gestation. In this cohort, there were 331 women with twins reduced from triplets at 6-13 weeks, 45 women with singletons reduced from triplets at 7-12 weeks, 126 women with singletons reduced from twins at 7-16 weeks. This study was approved by the Women’s hospital, Zhejiang University School of Medicine, and written informed consents were obtained from all participants.




Figure 1 | Study design.



All women conceived by IVF or ICSI at our center during the same period without undergoing MFPR who met the inclusion criteria were enrolled in the non-reduction group. Inclusion criteria for non-reduction group: 1) with integrated ART data in database; 2) underwent ultrasound exam at our center confirmed singletons or twins intrauterine live pregnancies between 6-8 weeks of gestation; 3) continued follow-up in this reproductive center from 2002 to 2016. The non-reduction group included 2788 women with primary twins and 6853 women with primary singletons.

All MFPR procedures were carried out by highly skilled physicians. All patients underwent counseling regarding the risks and benefits of MFPR, and were advised to reduce the number of embryos to one or two, depending on previous obstetric history, religious beliefs, and patient preference. The reason for reduction could be either a genetic abnormality or structural abnormality in one or two of the fetuses diagnosed by ultrasound or an invasive diagnostic test, the prevention of preterm birth or completely elective. Fetal reduction procedures were performed transvaginal between 6 to 16 weeks gestation. The patient with an empty bladder was in the lithotomy position. After cleaning the vagina with povidone iodine, the fetuses were visualized using a transvaginal ultrasound transducer to verify the number, position, size, and heart activity of each fetuses. The smallest or abnormal fetuses and/or the fetuses that was located in a position with the easiest access route was selected for reduction. An appropriate size needle was inserted into the fetal heart to aspirate the fluid and fetus from the sac or inject potassium chloride solution. Prophylactic antibiotic therapy was used for 3 days in all cases. Women were discharged from the clinic after bed rest and an average observation period of 120 minutes. A follow-up ultrasound was carried out within 1 week.

Maternal and ART characteristics were prospectively recorded in inpatient database of reproductive center, women’s hospital, Zhejiang University. All patients underwent subsequent follow-up by telephone. Delivery and offspring characteristics were collected through telephone interview and review of medical records. GA was calculated based on the embryo transfer (ET) time and was correlated to a first trimester ultrasound exam. Reduction weeks was defined as the GA at the MFPR. Parental characteristics included maternal age at conception, height, weight and BMI before pregnancy. ART characteristics included type of infertility, ART methods, embryo transplantation, and source of semen. Primary infertility was defined as the inability to ever become pregnant after at least one year of having sex and not using birth control methods. Secondary infertility was defined by the inability of a couple that already has conceived and delivered a newborn to conceive again. ART methods were defined as IVF or ICSI, ET was defined as fresh-ET or Frozen-ET, source of semen was defined as ejaculated semen, sperm aspiration and donor semen.



Outcomes

Pregnancy outcomes assessed in this study included GA at delivery, the rates of preterm delivery before <32 weeks, <34 weeks, and <37 weeks of gestation, pregnancy loss < 24 weeks, abortion of one fetus and caesarean section as well as neonatal outcomes such as neonatal birth weight, the rates of at least one fetus LBW, at least one fetus very low birth weight (VLBW) and SGA. LBW was defined as birth weight below 2500g, and VLBW was defined as birth weight below 1500g. SGA was defined as birth weight below the 10th percentile for the gestational age at delivery (18).



Statistical Analysis

Comparison of continuous variables was analyzed using Mann–Whitney U tests. Categorical variables were compared by using Chi-square tests or Fisher’s exact test. Logistic regression and linear regression were used for adjusting certain confounders. Significance was accepted at P<0.05. All reported P values were two-sided. Statistical analyses were conducted using the IBM SPSS 23.0 (IBM, USA).




Results

The study cohort and groups are shown in Figure 1. The demographics and ART characteristics for five groups are given in Table 1.


Table 1 | Demographic and ART characteristics.




Triplets Reduced to Singletons Versus Triplets Reduced to Twins

Pregnancy outcomes of the two groups are shown in Table 2. For triplets reduced to singletons, the median GA at delivery was more than 2 weeks longer than that for triplets reduced to twins (39.07 vs 37.00 weeks; P<0.001). Triplets reduced to singletons had significantly lower rates of preterm delivery at <37 weeks (13.3% vs 45.3%; adjusted OR, 0.58; 95% CI, 0.43–0.79; P<0.001) and cesarean section compared with triplets reduced to twins (66.7% vs 93.9%; adjusted OR, 0.51; 95% CI, 0.38–0.67; P<0.001). There was no difference observed in rate of preterm delivery at <32 weeks (2.2% vs 5.1%, P=0.412) or <34 weeks (4.4% vs 11.5%, P=0.206). Similarly, no significant differences were found in the rates of pregnancy loss at <24 weeks (6.7% vs 6.6%) and at least one VLBW (0% vs 3.3%) between the two groups. Singletons reduced from triplets had a significantly higher rate of all surviving (93.3% vs 79.5%, adjusted OR, 1.62; 95% CI, 1.07-2.44; P=0.023), and higher median birth weight than twins reduced from triplets (3050 g vs 2500 g, P <0.001, Figure S1). Women with singletons reduced from triplets had a significantly lower risk of having at least one LBW neonate compared with women with twins reduced from triplets (8.9% vs 53.2%; adjusted OR, 0.44; 95% CI, 0.31–0.63; P<0.001). Additionally, we analyzed the incidence of SGA to exclude the effect of different gestational ages. Women with singletons reduced from triplets had a significantly lower risk of having at least one SGA neonate than women with twins reduced from triplets (17.8% vs 44.7%; adjusted OR, 0.62; relative risk, 0.48–0.82, P=0.001).


Table 2 | Pregnancy outcomes of triplets reduced to singletons versus triplets reduced to twins.





Twins Reduced to Singletons Versus Primary Twins

Pregnancy outcomes of twins reduced to singletons and primary twins are shown in Table 3. No significant differences were found in the rates of pregnancy loss at <24 weeks (4.8% vs 6.5%), preterm delivery at <32 weeks (4.0% vs 4.5%) or <34 weeks (5.6% vs 10.1%), and at least one VLBW (3.2% vs 3.8%) between the two groups. The rate of all surviving was significantly higher in twins reduced to singletons than primary twins (78.5% vs 95.2%; adjusted OR, 1,44; 95% CI, 1.22-1.70; P<0.001). For twins reduced to singletons, the median GA at delivery was 38.79 weeks, which was significantly longer than 37.00 weeks for primary twins (P<0.001). Twins reduced to singletons had significantly lower rates of preterm delivery at <37 weeks (16.7% vs 44.5%; adjusted OR, 0.76; 95% CI, 0.69–0.83; P<0.001) and cesarean section (76.7% vs 92.7%; adjusted OR, 0.76; 95% CI, 0.69–0.83; P<0.001) compared with primary twins. Singletons reduced from twins had a significantly higher birth weight (3080g vs 2550 g, P<0.001, Figure S1) and significantly lower rate of at least one LBW (13.5% vs 47.0%, adjusted OR, 0.71; 95% CI, 0.64-0.79; P<0.001) compared with primary twins. The incidence of at least one SGA in singletons reduced from twins was significantly lower than that in primary twins (13.5% vs 39.6%; adjusted OR, 0.75; 95% CI, 0.68–0.85; P<0.001).


Table 3 | Pregnancy outcomes of twins reduced to singletons versus primary twins.





Triplets Reduced to Twins Versus Primary Twins

Pregnancy outcomes of triplets reduced to twins versus primary twins are given in Table 4. No significant differences were found in the rates of preterm delivery at <32 weeks (5.1% vs 4.5%), <34 weeks (11.5% vs 10.5%), and <37 weeks (45.3% vs 44.5%), pregnancy loss at <24 weeks (6.6% vs 6.5%), abortion of one fetus (13.9% vs 14.1%), all surviving (78.5% vs 79.5%), cesarean section (93.9% vs 92.7%) between twins reduced from triplets and primary twins. Likewise, median birth weight (2500 vs 2550 g, P=0.195, Figure S1) and the rate of at least one VLBW (3.3% vs 3.8%, P=0.708) were also comparable between two groups. Twins reduced from triplets had a significantly higher rate of at least one LBW (53.2% vs 47.0%; adjusted OR, 1.07; 95% CI, 1.01–1.13; P=0.028) compared with primary twins. Additionally, the incidence of at least one SGA in triplets reduced to twins was significantly higher than that in primary twins (44.7% vs 39.6%; adjusted OR, 1.06; 95% CI, 1.00–1.13; P=0.040).


Table 4 | Pregnancy outcomes of triplets reduced to twins versus primary twins.





Triplets/Twins Reduced to Singletons Versus Primary Singletons

Pregnancy outcomes of triplets/twins reduced to singletons and primary singletons are shown in Table 5. Triplet/twin pregnancies reduced to singletons included 126 singletons reduced from twins and 45 singletons reduced from triplets. No significant differences were found in the rates of pregnancy loss at <24 weeks (5.4% vs 5.3%) and live birth (94.1% vs 94.7%) between the groups. Although GA at delivery was comparable between the two groups, analysis across different GA cut–offs showed a significant disadvantage for triplet/twin pregnancies reduced to singletons, with higher rates of preterm delivery either at <37 weeks (15.8% vs 7.3%; adjusted OR, 1.51; 95% CI, 1.07–1.24; P<0.001), <34 weeks (5.3% vs 1.7%; adjusted OR, 1.22; 95% CI 1.09–1.37; P=0.001), or <32 weeks (3.5% vs 0.9%; adjusted OR, 1.25; 95% CI, 1.08–1.44; P=0.002). Newborns in triplet/twin pregnancies reduced to singletons had significantly lower median birth weights (3055 vs 3340 g, P<0.001, Figure S1) and higher rates of LBW (12.3% vs 4.3%; adjusted OR, 1.21; 95% CI, 1.11–1.30; P<0.001) and VLBW (2.3% vs 0.4%; adjusted OR, 1.32; 95% CI, 1.10–1.58; P=0.002) compared with primary singletons. Additionally, the incidence of SGA in triplets/twins reduced to singletons was significantly higher than that in primary twins (14.6% vs 6.6%; adjusted OR, 1.17; 95% CI, 1.09–1.26; P<0.001). Additionally, the comparison between triplets reduced to singletons and primary singletons, twins reduced to singletons and primary singletons are given in Table S1.


Table 5 | Pregnancy outcomes of triplets or twins reduced to singletons versus primary singletons.






Discussion

This cohort study showed that MFPR improved pregnancy outcomes, including preterm delivery, LBW, and SGA, but still could not completely reverse the adverse pregnancy outcomes of multiple pregnancies. Additionally, MFPR was a relatively safe operation that did not increase pregnancy loss at <24 weeks. To the best of our knowledge, this is the largest study to compare the pregnancy outcomes of transvaginal MFPR in women with triplet or twin pregnancies, which provides a systematic and comprehensive interpretation to the benefits and limitations of MFPR.

Multiple pregnancies are an inevitable consequence of more than one embryo transfer in ART, which is responsible for increasing risks in prematurity (19). Numerous studies have shown that twins reduced from triplets have better pregnancy outcomes than ongoing triplets (13, 14, 20). Therefore, the benefits of MFPR for triplet pregnancies have been recognized. However, the decision of whether to reduce to twins or a singleton is still difficult. Some previous small size studies compared triplets reduced to twins and to singletons as follows. Haas et al. compared 55 twins and 19 singletons reduced from triplets and showed that reduction to a singleton resulted in a longer GA at delivery and higher birth weight (21). However, some researchers still believe that MFPR from triplets to singletons is associated with a higher risk of pregnancy loss (22). In our study, triplets reduced to singletons did not increase pregnancy loss at <24 weeks compared with triplets reduced to twins. Triplets reduced to singletons had better outcomes in almost every aspect compared with primary twins, including a longer GA, lower preterm delivery rate, lower cesarean section rate, higher birth weight, and lower frequency of LBW or SGA newborns.

For twin pregnancies, there is still controversy regarding whether to perform MFPR. A previous study (23) showed that in the twins reduced to singletons group, the percentage of women without any surviving child was significantly higher compared with the ongoing twin. Gupta et al. (24) reported that reduction of twin pregnancies decreased the risk of preterm delivery at <37 weeks and birth weight below the 10th percentile, but not the risk of preterm birth at <34 weeks or birth weight below the 5th percentile. There is no doubt that an increased risk of adverse pregnancy outcomes is associated with twin pregnancies (3, 4, 25). In our study, we found that twins reduced to singletons had better outcomes in almost every aspect compared with primary twins, including a longer GA, lower preterm delivery rate, lower cesarean section rate, higher birth weight, and lower frequency of LBW or SGA newborns. Importantly, twins reduced to singletons did not increase pregnancy loss at <24 weeks. These findings are consistent with previous studies (26) (27), which suggest that MFPR from twins to singletons has a clear advantage for twin pregnancies.

The conclusion can be drawn from previous studies and the present study that MFPR improves the outcomes of triplet or twin pregnancies. However, there is still controversy whether reduced singletons or twins after MFPR have the same pregnancy outcomes as non–reduced singletons or twins.

To date, the findings of studies have been inconsistent with the pregnancy outcomes of reduced twins and primary twins. In some studies, reduced twins have similar outcomes compared with primary twins. Hershko–Klement et al. (28) evaluated the pregnancy outcomes of 70 twins after reduction, and found that the mean GA at delivery and birth weight were comparable between the reduced and non–reduced twins. Lipitz et al. (29) also showed that the mean GA at delivery was similar in reduced and non–reduced twins, as well as the risk of LBW. Our study included 331 women with twin pregnancies who underwent MFPR. This is the largest cohort described to date and it provides a more precise estimation of preterm delivery and birth weight. In the current study, most of the pregnancy outcomes were comparable between twins reduced from triplets and primary twins, including the rates of preterm delivery at <32, <34, and <37 weeks, pregnancy loss at <24 weeks, abortion of one fetus, and cesarean section. However, the probability for women who had twins reduced from triplets to have a LBW or SGA neonate was higher than that for those who had primary twins. The findings of our study are consistent with those presented by Cheang et al. (30) and Hwang et al. (16), which suggested the higher risk of prematurity in reduced twins.

Due to the sample size, we combined the triplets reduced to singletons group and twins reduced to singletons group for statistics analyze. Triplets/twins reduced to singletons were more likely to have preterm delivery at <32, <34, and <37 weeks. Birth weight of reduced singletons was 285g lighter than that of primary singletons. Women who had triplets/twins reduced to singletons were more likely to have a LBW, VLBW or SGA neonate compared with women who had primary singletons. Moreover, the rates of pregnancy loss at <24 weeks and cesarean section were comparable between the two groups in our study. Consistent with our study, van de Mheen al (23). found that reduced singletons had a shorter GA at delivery and lower birth weight than primary singletons.

The major strength of this study is that it is the largest study to analyze the pregnancy outcomes of twin or triplet pregnancies undergoing MFPR to date. In this single–center study, all of the experienced operators followed a unified operating standard, reducing the interference caused by operating variability. Moreover, we included patients over a long timeframe, which increased the validity of the study. However, this study has some limitations. Although this is the largest study to date, the numbers of some subgroups were small, which might have restricted our ability to detect differences in some pregnancy outcomes of low probability, such as extreme preterm delivery and VLBW. Data regarding pregnancy complications and perinatal mortality were not available. Our study has a large sample size over a long period. Over this time, the outcomes of IVF/ICSI pregnancies in our center were relatively stable, and all MFPR procedures were performed by the same five highly skilled physicians, thus ensuring the reliability of this study. Thus, the year of conception or birth was not put in regression model in our study, sine time-changes might not significantly contribute to apparent group differences. In addition, some baseline characteristics were different between groups, because this was not a randomized trial owing to the fact that randomization of patients was not applicable. To reduce interference of confounding factors, we used multiple regressions to verify our results.

In conclusion, MFPR is a relatively safe and efficacious procedure based on our findings, but the objective of our study was not to advocate MFPR. MFPR could improve but still cannot completely reverse adverse pregnancy outcomes of multiple pregnancies. The best way to prevent multiple pregnancies and all related risks is limiting the number of transferred embryos and the advocating of SET. For those infertile couples seeking for ART, we must attach particular importance to inform them the risk of multiple pregnancies and benefits of SET. We should be aware that it is SET, not MFPR, the optimal choice for reducing the risk of multiple pregnancies from the beginning (31). All of this information should be considered when counselling couples about the number of embryos transferred or women with multiple pregnancies who are considering MFPR. The long-term impact of MFPR on the health of the offspring should also been further investigated in the future.
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Background

The aim of this study was to explore the risk factors for early spontaneous abortion (ESA) in fresh- and frozen-embryo transfers.



Methods

This retrospective cohort study comprised a total of 35,076 patients, including 15,557 women in the fresh-embryo transfer group and 19,519 women in the frozen-embryo transfer group from January 2016 to December 2020. The primary outcome of this study was ESA, which we defined as the termination of embryonic development before 12 weeks of pregnancy (i.e., an early abortion after artificial multi-fetal pregnancy reduction was excluded).



Results

In the 35,076 ART transfer cycles, the incidence of ESA was 5.77% (2023/35,076), and the incidence rates for ESA in fresh and frozen cycles were 4.93% (767 of 15,557) and 6.43% (1,256 of 19,519), respectively. Using a multivariate logistic regression analysis model, maternal age, body mass index (BMI), and number of embryos transferred were independent predictors for ESA. In addition, frozen-thawed transfer was a risk factor for ESA as compared with fresh transfer (OR = 1.207; 95% CI, 1.094–1.331; P = 0.000), blastocyst transfer was risk factor for ESA as compared with cleavage transfer (OR =1.373; 95% CI, 1.186–1.591; P = 0.000 in the total group; OR = 1.291; 95% CI, 1.111–1.499; P = 0.001 in the frozen-transfer group), and unexplained infertility was a protective factor for ESA only in the frozen group (OR = 0.746; 95% CI, 0.565–0.984; P = 0.038).



Conclusions

Maternal age, BMI, number of embryos transferred, and frozen-thawed transfer were independent risk factors for ESA in assisted reproductive technology treatment cycles.





Keywords: early spontaneous abortion, assisted reproductive technology, fresh embryo, frozen embryo, transfer cycles



Introduction

Assisted reproductive technology (ART) is a common option for infertility patients who wish to achieve pregnancy (1), but women undergoing ART still face many challenges in the period from clinical pregnancy to live birth—including biochemical pregnancy loss, spontaneous abortion (SA), and premature delivery. Of these, SA caused by ART has evolved into one of the greatest challenges (2). Early spontaneous abortion (ESA)—defined as a miscarriage in which the an embryo halts development prior to 12 weeks of pregnancy (3)—exhibits high incidence rates that range from 9.3% to 18.3%, and ESAs have recently been reported in ART (4, 5). Considering the economic and mental burden that infertile couples participating in ART experience with ESA, it remains uncertain whether embryo freezing improves the ESA rate compared to fresh embryos after in vitro fertilization (IVF). Thus, it is necessary to explore and determine the prevalence of miscarriage and its related risk factors, and provide appropriate guidance and a valuable reference for predicting the probability of ESA in ART.

In recent years there has been a sharp rise in the number of frozen-thawed embryo-transfer cycles, and although the development and maturation of embryo-freezing technology allow embryos to be frozen and stored safely for further use, it remains unclear as to whether the cryopreservation technique always provides the greatest benefit to patients (6). Several studies have revealed that compared to fresh-ET recipients, frozen-ET cycles were more likely to display a history of spontaneous abortion (SA) (7, 8); however, these studies were more concerned with live births and did not describe the factors affecting SA. In contradistinction, investigators in several other reports detected no significant difference in the risk of SA when they compared frozen-embryo transfer with fresh-embryo transfer (5, 9–12). Unfortunately, these studies did not entail subgroup analysis of SA rates according to different population characteristics, and the results may have therefore been biased. There are also some studies depicting a freeze-all strategy as associated with fewer miscarriages (13, 14).

It is not surprising to observe inconsistent results from cohort studies, which indicates that not only is a large sample size required, but that multivariate and multi-subgroup analyses are also needed. Therefore, for this study we included more than 35,000 transfer cycles by ART at our center, so as to investigate whether embryo freezing constituted a possible risk factor for ESA in a multivariate and multi-subgroup analysis approached from multiple perspectives.



Materials and Methods

This retrospective cohort study consisted of all embryo-transfer patients at the Reproductive and Genetic Institute of Chongqing Health Center for Women and Children between January of 2016 and December of 2020. Exclusion criteria were patients with uterine malformation, chromosomal abnormality, those undergoing preimplantation genetic testing (PGT) cycles, having a history of artificial multiple-pregnancy reduction, and those who underwent oocyte-donation cycles. We ultimately included 35,076 embryo-transfer patients in our research analysis, of which 15,557 cycles were fresh-embryo transfers and 19,519 were frozen-embryo transfers. This study strictly followed the relevant requirements of the Declaration of Helsinki of the World Medical Association, and was approved by our Hospital Ethics Committee; and written informed consent was obtained from all patients at their first consultation.

The primary outcome of this study was ESA, which was defined as the stoppage of embryonic development before 12 weeks of pregnancy. Basic patient parameters included maternal age, body mass index (BMI), infertility diagnosis, ovarian-stimulation protocols (for fresh-transfer cycles), fresh/thawed-embryo transfers, endometrial preparation protocols (for frozen-transfer cycles), stage/number of embryos transferred, insemination method (for fresh-transfer cycles), and concomitant gynecological disorders.


Statistical Analysis

Participants were first allocated to different groups according to their basic parameters, and the ESA rate was compared using the chi-squared test. We executed multivariate logistic regression to evaluate the association between the variables and ESA. All analyses were performed using IBM SPSS Statistics 21 (IBM Corp.), and all P values were two-sided, with statistical significance defined as P <0.05.




Results

The overall incidence of ESA in the 35,076 ART transfer cycles was 5.77% (n=2023). ESA rate differed according to maternal age, BMI, infertility diagnosis (primary/secondary infertility), type of embryo transfer performed (fresh/frozen-thawed), embryonic stage (cleavage/blastocyst), and the number of embryos transferred (1, 2, or 3). In addition, in fresh-ET cycles, ESA differed among patients according to controlled ovarian stimulation (COS) protocol (GnRH agonist/GnRH antagonist, or others), and no difference was found between the IVF and ICSI insemination groups. We observed no difference in ESA rate in frozen-ET cycles among estrogen-progesterone (EP), pituitary down-regulation-EP, and natural protocols-frozen. Concomitant gynecological disorders (endometriosis/polycystic ovarian syndrome/unexplained infertility) were not different overall or in the fresh- or frozen-transfer groups (Table 1).


Table 1 | Early spontaneous abortion in ART treatment cycles according to different parameters.



In Table 1, the incidence of ESA in fresh and frozen cycles was 4.93% (767 of 15,557) and 6.43% (1,256 of 19,519), respectively. For the fresh-ET group, the incidence of ESA was statistically different among maternal age, protocols-fresh cycle (GnRH agonist/GnRH antagonist or others), and the number of embryos transferred (1, 2, or 3). For the frozen-ET group, ESA varied among patients according to maternal age, BMI, and the number of embryos transferred. Moreover, ESA in women aged <35 years in the frozen-transfer group was significantly elevated relative to that of the fresh-transfer group (P<0.001), and we noted no disparity with women over 35 years of age. The ESA among the three subgroups of BMI was higher in the frozen-transfer group than in the fresh-transfer group, and the ESA rate in the latter was augmented over that in the fresh-transfer group regardless of the presence of primary or secondary infertility. In the cleavage-stage embryo-transfer group, the ESA rate in the frozen-transfer group was enhanced relative to the fresh-transfer group [6.3% (1001/15944) vs. 4.9% (764/15516), P=0.000], but there was no difference with respect to the blastocyst- transfer group [7.1% (255/3575) vs. 7.3% (3/41), P=0.964]. When the number of embryos transferred was one or two, the ESA rate in the frozen-transfer group was higher than that in the fresh-transfer group, but there was no difference when three embryos were transferred. Among the three subgroups of women with concomitant disease such as endometriosis or unexplained infertility, the ESA rate was higher in the former than in the latter group. Nevertheless, we observed no difference the ESA rate in young women (<35 years) between the diminished ovarian reserve (DOR) group and non-DOR group (P>0.05), and advanced age women (≥35 years), consistent results were also observed. After stratification according to fresh embryo and frozen embryo, there was still no statistical difference in ESA rate between the DOR group and the non-DOR group (P>0.05). However, after stratification according to the DOR and non-DOR, the ESA rate of the advanced age group was significantly higher than that of the younger group (P<0.05) (Table S1).

In Table 2, all of the ESA-related factors depicted above were re-analyzed simultaneously using a multivariate logistic regression analysis model with adjusted data. In the total and fresh- and frozen-transfer groups, maternal age, BMI, and the number of embryos transferred were independent predictors of ESA. In addition, frozen-thawed transfer was a risk factor for ESA as compared with fresh transfer (OR = 1.207; 95% CI, 1.094–1.331; P = 0.000). In both the total and frozen-transfer groups, blastocyst transfer was a risk factor for ESA compared with the transfer of cleavage-stage embryos (OR =1.373; 95% CI, 1.186–1.591; P = 0.000 in the total group and OR =1.291; 95% CI, 1.111–1.499; P = 0.001 in the frozen-transfer group); while unexplained infertility was a protective factor with regard to ESA only in the frozen-transfer group (OR = 0.746; 95% CI, 0.565–0.984; P = 0.038).


Table 2 | Factors associated with ESA rate using logistic regression analysis.





Discussion

The use of fresh-embryo transfers in relation to frozen transfers is diminishing readily worldwide. Freeze-all embryo protocols followed by elective frozen-embryo transfer constitute an effective method for the prevention of ovarian hyperstimulation syndrome (OHSS), as a recent Cochrane review by Zaat and co-authors showed that the risk of OHSS was reduced by 75% with their freeze-thawing procedures (15). Frozen-embryo transfer also significantly lowers the risk of a baby being born small-for-gestational age (SGA) or with a low birthweight compared to babies born from fresh transfers, as shown in the systematic review by Maheshwari and co-workers in 2018 (16). Several randomized controlled trials (RCTs) have shown that frozen- embryo transfer portends better pregnancy and live-birth rates than with fresh-embryo transfer (17–20). Frozen-embryo transfer is also being increasingly used in clinical practice instead of fresh embryo transfer due to the benefits reported above, but whether this relatively new transfer strategy affects ESA is presently unknown; and there is a current lack of studies that entail both a large sample size and multi-dimensional research.

Infertile women today face tremendous biological and societal pressures, and a miscarriage during ART treatment further aggravates their psychological and financial stresses (21). It is conventional scientific knowledge that advanced age and obesity in women increase their risk of ESA, and our research reached the same conclusion; but whether frozen-embryo transfer will ultimately increase ESA rates remains controversial, and whether it can bring added benefit has aroused the concerns of both physicians and patients (22, 23). Our study first showed that the incidence of ESA in overall ART transfer cycles was 5.77%, that in fresh- and frozen-embryo transfer cycles the rates were 4.93% and 6.43%, respectively; and that the frozen-embryo transfer rate was significantly higher than in fresh-embryo transfers. Investigators uncovered an early miscarriage rate as slightly higher in women conceiving with frozen-embryo transfer compared with those conceiving with intrauterine insemination (IUI) (24). IUI, which only involves sperm preparation and/or ovulation induction, emulates natural conception more closely. The disparity in ESA rates between frozen-embryo transfer and IUI cycles highlights the impact of embryonic in- vitro manipulation on ESA, and the distinction in ESA between frozen-embryo and fresh-embryo transfer cycles also further accentuates the effects of the in vitro manipulation of frozen-thawed embryo on ESA. However, we need to further consider that the different population characteristics may have interfered with our results.

In view of the basic patient characteristics, we explored the impacts of maternal age, BMI, and infertility diagnosis on ESA with respect to the total ART transfer cycles, as well as on the fresh-embryo and frozen-embryo transfer subgroups. Our data revealed that women of advanced maternal age, who were obese, and/or with secondary infertility were at greatest risk of ESA in the 35,076 ART transfer cycles; and this was consistent with previous findings (25–27). Whereas only advanced maternal age was correlated with a greater risk for ESA in the fresh-embryo and frozen-embryo transfer subgroups, only obese women in the frozen-embryo transfer subgroup exhibited a greater risk of ESA. This suggests that age, obesity, and frozen-thawed embryo protocols adversely impact ESA rates collectively. Nevertheless, we observed no difference the ESA rate in young women (≤35 years) between the DOR group and non-DOR group, and advanced age women (>35 years), consistent results were also observed. After stratification according to fresh embryo and frozen embryo, there was still no statistical difference in ESA rate between the DOR group and the non-DOR group. However, after stratification according to the DOR and non-DOR, the ESA rate of the advanced age group was significantly higher than that of the younger group. These results suggest that women of advanced age rather than DOR increase ESA rates. In the fresh-embryo transfer subgroup, the ESA rate in GnRH antagonist (GnRH-ant) or other COS protocols was significantly higher than in GnRH agonist (GnRH-a) protocols, which was also congruent with previous RCT findings; but this may have also been due to the small sample size in the aforementioned study (28). However, a previous multivariate logistic regression analysis of 18,853 patients recruited to our Center revealed that the cumulative live-birth rate in the GnRH-ant group was lower than that in the GnRH-a group (OR=2.11; 95% CI, 1.69–2.63), particularly with respect to the suboptimal ovarian responders (where 4–9 oocytes were retrieved) (29). In another retrospective analysis, authors compared the efficiency of the GnRH-ant protocol with that of the GnRH-a protocol in patients with DOR, and demonstrated that the former possessed a lower ET-cancellation rate and higher implantation rate than the latter (30). Our data revealed that a GnRH-a protocol may be superior to a GnRH-ant protocol in terms of ESA rates, and from their different outcome indicators the previous authors suggested that GnRH-a protocols may relate to improved embryo quality or endometrial receptivity; this, however, warrants further investigation. The ESA rate for blastocyst transfers was markedly higher than for cleavage-stage embryo transfers, but we noted no difference in the subgroup analysis of fresh and frozen cycles—which was inconsistent with previous studies (31, 32). This discrepancy may be caused by data bias between the groups, and the data divergence between the groups therefore needs to be further adjusted to the numerical disparities; and we need to balance the confounders between groups. Needless to say, the higher the number of embryos transferred, the higher the abortion rate. And ESA rates with respect to the insemination method were indistinguishable between fresh-embryo transfer and frozen-embryo transfer cycles (i.e., estrogen-progesterone/natural cycles), which agreed with previous findings (33). Recognizing that some concomitant diseases in women who undergo ART may also affect ESA, we selected endometriosis, PCOS, and unexplained infertility as representatives for our subgroup analysis; and uncovered no statistical difference in ESA rates among the total, fresh-, and frozen-transfer groups. However, ESA was higher in the frozen-transfer group than in the fresh-transfer group regardless of the presence of endometriosis or unexplained infertility. This suggests that embryo freezing itself increases the ESA rate after excluding the influences of the aforementioned accompanying diseases.

Another intriguing principal finding from the current study was that the ESA rate in women under 35 years of age in the frozen-transfer group was significantly higher than that in the fresh-transfer group, while the difference was not statistically significant for women over 35. This indicated that by excluding the influence of advanced reproductive age on abortion, embryonic freezing itself still increased ESA rates. In the BMI subgroup analysis, we also ascertained that by discounting the BMI subgroup, the ESA rate of the frozen-embryo group was still higher than that of the fresh embryo-transfer group, indicating that after excluding the influence of BMI on abortion, embryo-freezing technology still increased the risk of miscarriage (7, 8). The same results were also shown in the subgroup analysis of infertility diagnosis and the number of transferred embryos. In addition, multivariate logistic regression analysis further confirmed the above conclusion: that compared with fresh-embryo transfer, frozen-thawed-embryo transfer was an independent risk factor for ESA. The novelty of the present study, then, was our analysis from the perspective of multiple dimensions that showed that the ESA rate with frozen-embryo transfer was higher than that with fresh-embryo transfer, while ESA was observed to be either higher or not different between fresh-embryo transfers and frozen-embryo transfers in the majority of the previous studies (9–14). We posit that several reasons may explain the discrepancy among studies. First, most investigators—including ourselves—did not exclude all possible confounding factors related to ESA in their analyses. In addition, small-sample, single-center cohort studies may generate data bias, while large-sample cohort studies contain data from multiple centers or are performed over long periods of time where the methods of embryo cryopreservation, embryo thawing, and in vitro culture may have changed dramatically during follow-ups. These bias effects are difficult to avoid in actual work, so it is challenging to strictly control confounding factors in real-world investigations. Finally, it is unfortunate that our study lacked data on whether patients experienced a spontaneous abortion before undergoing ART; this partially limited our conclusions, as patients with a history of spontaneous abortion may manifest a higher risk of recurrent spontaneous abortion.



Conclusions

This cohort study confirmed that the transfer of frozen embryos increased the risk of ESA during ART cycles relative to fresh embryos. In addition, maternal age, BMI, and number of embryos transferred also increased ESA. Therefore, frozen-transplantation strategies need to be more cautiously assessed so as to provide patients with the greatest benefits possible with respect to safety.
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Objective

To evaluate the clinical outcomes and maternal-neonatal safety of gonadotropin releasing hormone antagonist (GnRH-ant) and gonadotropin releasing hormone agonist (GnRH-a) protocols.



Methods

A total of 2505 women undergoing their first in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) were retrospectively analyzed. Patients were divided into GnRH-ant group (n = 1514) and GnRH-a group (n = 991) according their stimulation protocol. Propensity Score Matching (PSM) was used for balancing the baseline of two groups. The pregnancy outcomes were analyzed in fresh transfer cycles, and the obstetric and perinatal outcomes were calculated in singleton live births of fresh cycles. The primary outcome was the live birth rate. The secondary outcome measures were maternal complications, preterm birth rate, low birthweight rate, multiple pregnancy rate, and moderate-severe OHSS rate.



Results

After 1:1 PSM, baseline characteristics of the GnRH-ant group and GnRH-a group were matched and assigned 991 cycles in each group. Before PSM, there were 700 fresh cycles including 237 singleton live births in the GnRH-ant group and 588 fresh cycles including 187 singleton live births in the GnRH-a group. After PSM, there were 471 fresh cycles including 166 singleton live births in the GnRH-ant group and 588 fresh cycles including 187 singleton live births in the GnRH-a group. No significant differences were observed in the live birth rate (44.6% vs 48.8%), maternal complications, preterm birth rate (9.0% vs 6.4%), and low birthweight rate (17.5% vs 24.1%) between two groups after PSM (P > 0.05). The moderate-severe OHSS rate (2.9% vs 6.0%, P = 0.002) and multiple pregnancy rate (24.5% vs 33.1%, P = 0.025) was significantly lower in the GnRH-ant group than that in the GnRH-a group after PSM.



Conclusion

GnRH-ant protocol was comparable with GnRH-a protocol in clinical outcomes, obstetric and perinatal outcomes, and with a lower risk of OHSS. For those who want to get an effective and safe outcome, and a shorter treatment period, GnRH-ant is a suitable choice.





Keywords: GnRH antagonist, GnRH agonist, fresh embryo transfer, live birth, obstetric, perinatal, safety



1 Introduction

Gonadotropin releasing hormone agonist (GnRH-a) has been applied in controlled ovarian stimulation (COS) in assisted reproductive technology (ART) for several decades (1). It binds the GnRH receptor of the pituitary gland and then greatly depletes the receptors, thereby reducing the secretion of follicle stimulating hormone (FSH) and luteinizing hormone (LH). Thanks to the effect of pituitary down- regulation of GnRH-a, the occurrence of premature LH surge is prevented and the homogeneity of follicle development improves (2). However, due to the ‘flare up’ effect and subsequent inhibition of the pituitary gland, the dosage and duration of gonadotropin also increase, and may lead to luteal insufficiency and increase the incidence of ovarian hyperstimulation syndrome (OHSS) (3). Recently, gonadotropin releasing hormone antagonist (GnRH-ant) protocol is increasingly favored in clinical practice because of its physiological advantages. GnRH-ant directly competes with the receptor for binding without pituitary stimulation, therefore inhibiting the secretion of endogenous gonadotropin in a short time. Its strengths include lower dosage and shorter duration of medication, and a reduction of the risk of OHSS (4).

Considerable stimulation outcomes such as the quality of oocytes and embryos, and pregnancy outcomes especially live birth rate are the concerns of reproductive doctors. Several studies have focused on these indicators but the results are controversial (5–7). Evidence shows ART may be related to a higher risk of maternal complications and adverse neonatal outcomes including preterm birth, low birth weight compared with natural pregnancy (3, 8, 9). GnRH-ant protocol and GnRH-a protocol are two mainstream protocols in reproductive centers of China. Few studies have simultaneously analyzed the efficiency and maternal-neonatal safety of the two stimulation protocols, which is essential for reproductive doctors to make the decision for women undergoing in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI).

The aim of this study was to evaluate the clinical outcomes and maternal-neonatal safety of GnRH-ant protocol and GnRH-a protocol.



2 Materials and Methods


2.1 Study Design and Population

This is a retrospective cohort study. The information of patients was obtained from the electronic medical records system. Patients receiving their IVF/ICSI treatment in the Center for Reproductive Medicine, The Third Affiliated Hospital of Sun Yat-sen University who met the inclusion criteria and exclusion criteria from January 2016 to May 2021 were retrospectively analyzed. Inclusion criteria (1): Patients undergoing their first IVF/ICSI cycles; (2) Infertility caused by only pelvic oviduct disorder or male sterility; (3) Age between 21~39 years old; (4) Body mass index (BMI) between 18.5~23.9 kg/m2; (5) Menstrual cycle between 21~35 days; (6) Received GnRH-ant protocol or GnRH-a protocol for their COS treatment. Patients with uterine malformations, endometriosis, polycystic ovarian syndrome (PCOS), and physical diseases such as hypertension and diabetes mellitus were excluded. Finally, a total of 2505 women were included in the present study, and 1514 women underwent treatment with GnRH-ant protocol and 991 patients underwent treatment with GnRH-a protocol.



2.2 Controlled Ovarian Stimulation Protocols


2.2.1 GnRH Antagonist Protocol

Gonadotropin (Merck Serono, Switzerland; MSD, USA; Lizhu Pharmaceutical Trading, China) was administered on the second or third day of the menstrual cycle with a dose of 75~300 IU, depending on the age, BMI, and ovarian reserve of patients. Cetrorelix (Merck Serono, Switzerland) or ganirelix (Organon, The Netherlands; Zhengdatianqing Pharmaceutical Group, China) of 0.25 mg/day was initiated once the diameter of dominant follicle >14 mm or serum estradiol (E2) >400 ng/mL or serum luteinizing hormone (LH) >10 IU/L (10), continue to trigger day.



2.2.2 GnRH Agonist Long Protocol

Subcutaneous injection of triptorelin (Ipsen, France; Ferring GmbH, Germany) at a dose of 0.1 mg/day was commenced in the middle luteal phase of the previous menstrual cycle. If the pituitary down-regulation criteria achieved (serum E2 <50 pg/mL, FSH <5 IU/L, LH <5 IU/L and the endometrial thickness <5 mm), gonadotropin (Merck Serono, Switzerland; MSD, USA; Lizhu Pharmaceutical Trading, China) was administered of 75~300 IU, based on the age, BMI, and ovarian reserve of patients, until the trigger day.




2.3 Trigger, Embryo Transfer, and Luteal Support

6000 IU human chorionic gonadotropin (hCG. Lizhu Pharmaceutical Trading, China) or 250 μg rhCG (Merck Serono, Italy) was injected when at least two follicles >18 mm in diameter. Part of patients with a high risk of OHSS from GnRH-ant cycles was administered 0.2 mg GnRH-a or GnRH-a plus hCG for trigger. Oocyte pick-up (OPU) was performed after 34~36 hours. Fresh embryo transfer was carried out 3 days (cleavage embryo) or 5 days (blastocyst) after OPU. Whole embryos were frozen if patients with a high risk of OHSS, high progesterone level, severe hydrosalpinx, or endometrial polyp. Oral progesterone combined vaginal progesterone or intramuscular progesterone was used for luteal support since the day of OPU for fresh transfer cycles.



2.4 Follow-Up

The obstetrical complications and neonatal information were obtained from the medical records if women receiving their prenatal care and delivery in our hospital, otherwise women were contacted by telephone during pregnancy and after delivery.



2.5 Outcome Measures

To minimize confounding factors of comparing the two stimulation protocols, all the pregnancy indexes including implantation rate, biochemical pregnancy rate, clinical pregnancy rate, multiple pregnancy rate and live birth rate were analyzed in fresh transfer cycles. The indexes of maternal complications, preterm birth rate, birth weight, low birthweight rate, macrosomia rate and neonatal malformation rate were counted in singleton live births of fresh cycles. The primary outcome was the live birth rate, which was defined as the rate of at least one live-born baby in one fresh transfer cycle. The secondary outcome measures were maternal complications, preterm birth rate, low birthweight rate, multilpe pregnancy rate, and moderate-severe OHSS rate. Preterm birth was defined as live birth greater than 26 and less than 37 weeks’ gestation. Low birthweight was defined as <2500 g birth weight, and macrosomia rate was defined as ≥4000 g birth weight.



2.6 Statistical Analysis

Data analysis was performed by IBM SPSS Statistics software, version 26.0. The K-S test was used for the normality test. The Student’s t-test was used to compare the measurement data conforming to normal distribution, and the results were expressed by mean ± standard deviation (SD). Otherwise, the Mann-Whitney U-test was adopted, and the results were expressed by median (quartile range). The Chi-square test was performed for the comparison of counted data, and the results were expressed by percentage (%). Propensity Score Matching (PSM) was used for sampling by 1:1 matching with ‘maximize execution performance’ and caliper (0.02) to balance the baseline of the two groups. The significant level was set at P<0.05.




3 Results


3.1 Subjects and Stimulation Characteristics

A total of 2505 women were included in this study and divided into the GnRH-ant (n = 1514) and GnRH-a (n = 991) groups. The results of the normality test showed that all the measurement data in the present study were non-normally distributed. Before PSM, significant differences existed in age, basal FSH, basal LH (P < 0.05). After 1:1 PSM, patients in the two groups were matched in age, basal FSH, basal LH, and assigned 991 cycles in each group (Table 1).


Table 1 | Baseline information and stimulation characteristics of women before and after PSM.



The age, BMI, duration of infertility, basal LH, basal E2, type of infertility, and fertilization type were comparable in the two groups after PSM. The basal FSH level was a bit higher in the GnRH-a group (P < 0.05). The duration of stimulation, dosage of gonadotropins, E2 values on the trigger day, No. of oocytes retrieved, moderate-severe OHSS rate were significantly lower in the GnRH-ant group than those in the GnRH-a group (P < 0.05). The MII rate, fertilization rate, and D3 high qualified embryo rate were significantly higher in the GnRH-ant group than those in the GnRH-a group (P < 0.05) (Table 1).



3.2 Pregnancy Outcomes of Fresh Transfer Cycles

There were 700 fresh cycles in the GnRH-ant group and 588 fresh cycles in the GnRH-a group before PSM, and 471 fresh cycles in the GnRH-ant group and 588 fresh cycles in the GnRH-a group after PSM. The average number of embryos transferred and the multiple pregnancy rate after fresh embryo transfer was significantly lower in the GnRH-ant group than that in the GnRH-a group no matter before or after PSM (P < 0.05). No significant differences were observed in the embryo type of transfer, implantation rate, biochemical pregnancy rate, clinical pregnancy rate, miscarriage rate, and live birth rate of fresh cycles between two groups before and after PSM (P > 0.05) (Table 2).


Table 2 | Pregnancy outcomes of fresh cycles before and after PSM matching.





3.3 Maternal Complications and Neonatal Outcomes of Singleton Live Births

There were 237 singleton live births of fresh cycles in the GnRH-ant group and 187 singleton live births of fresh cycles in the GnRH-a group before PSM, and 166 singleton live births of fresh cycles in the GnRH-ant group and 187 singleton live births of fresh cycles in the GnRH-a group after PSM. There were no significant differences in the maternal complications such as gestational diabetes mellitus (GDM), gestational hypertension, with GDM and gestational hypertension at the same time, and other complications like anemia, thrombocytopenia, intrahepatic cholestasis of pregnancy (ICP) between the two groups before and after PSM (P > 0.05). The preterm birth rate, birth weight, low birthweight rate, macrosomia rate and neonatal malformation rate were comparable between the two groups before and after PSM (P > 0.05) (Table 3). There was one case of ventricular septal defect (VSD), one case of patent ductus arteriosus (PDA) and one case of persistent left superior vena cava (PLSVC) in the GnRH-ant group, and one case of inherited metabolic disorder (IMD), one case of patent ductus arteriosus (PDA) and one case of patent foramen ovale (PFO) in the GnRH-a group after PSM.


Table 3 | Obstetric and perinatal outcomes of singleton live births before and after PSM matching.






4 Discussion

In recent years, the advantages of GnRH-ant have gradually emerged with its promotion and application in ART treatments. Compared with GnRH-a, GnRH-ant competitively binds to the GnRH receptor of the pituitary gland, without waiting for receptor exhaustion and desensitization, and there is no ‘flare up’ effect. It inhibits the secretion of gonadotropin within a few hours and avoids excessive pituitary inhibition. Therefore, GnRH-ant can effectively reduce the consumption of gonadotropin and greatly shorten the treatment time (11, 12). The results of the present study suggested that the duration of stimulation and the dosage of gonadotropins of GnRH-ant group were significantly lower than those of GnRH-a group, which was consistent with the previous studies (6, 13).

Live birth is the common goal of patients and reproductive doctors. Optimistic ovarian stimulation outcomes are closely related to favourable live birth rate. Although the number of oocytes retrieved of the GnRH-ant group was slightly inferior to the GnRH-a group in our study, the MII rate, fertilization rate, and D3 high qualified embryo rate were significantly higher. These results indicated that the GnRH-ant protocol had a positive effect on follicular maturity, fertilization ability, and embryonic developmental potential (5). In order to obtain more objective results, evaluate the impact of stimulation protocols on subsequent pregnancy outcomes, and avoid some confounding factors of frozen cycles, we only selected fresh cycles to analyze the pregnancy outcomes of the two protocols. The implantation rate, clinical pregnancy rate, and live birth rate were comparable in the GnRH-ant and GnRH-a protocols, suggesting GnRH-ant protocol was as effective as GnRH-a protocol. Recently, a real-world study of 18853 women from China concluded that the cumulative live birth rate (CLBR) was similar in GnRH-ant and GnRH-a groups (5). Its large sample and real-world data provided a powerful reference for clinical practice. Although we focused on live birth rate but not CLBR in the present study, the conclusion was consistent, and was significative for explaining to patients the success chance of one fresh cycle. Several studies have reported live birth rates with GnRH-ant protocol and yielded the same conclusions as to the present study (7, 14, 15). A meta-analysis including 29 randomized controlled trials (RCTs) showed that there were no significant differences in the clinical pregnancy rate, ongoing pregnancy rate, and live birth rate between the GnRH-ant and GnRH-a groups (14). A clinical research reported that there were no significant differences in the clinical pregnancy rate and live birth rate among the modified agonist, mild-stimulation and antagonist protocols (7). Some studies have come to different conclusions. Another meta-analysis suggested that the live birth rate with GnRH-ant protocol averaged 1.5% lower than GnRH-a protocol (16), but it only included 9 RCTs involving 1515 women, the sample of which was too small.

The safety of treatments was another considerable thing, including maternal and neonatal safety. In the present study, the moderate-severe OHSS incident rate and multiple pregnancy rate of GnRH-ant group were significantly lower than those of GnRH-a group, which was consistent with previous reports (17–19). The follicle development of GnRH-ant protocol is not as synchronous as that of the GnRH-a protocol, and the gonadotropin dosage and estrogen levels of trigger day were lower, which may be the reasons for reducing the occurrence of OHSS (17). Because of a bit less number of embryos transferred and slightly lower implantation rate in the GnRH-ant group, its multiple pregnancy rate was lower. Previous studies indicated higher rates of pregnancy complications and adverse neonatal outcomes in women receiving ART (8, 20, 21). All women of fresh transfer cycles will receive exogenous progesterone as luteal support, which increases the risk of insulin resistance and leads to gestational diabetes mellitus (GDM) (22). Studies also suggested that hyperphysiological doses of estrogen were associated with preeclampsia and low birth weight (3, 9, 23). However, few researches focused on the relationship between stimulation protocols and perinatal outcomes. Our results suggested that there were no significant differences in the maternal complications, preterm birth rates, birth weight, low birthweight rates, macrosomia rates, and neonatal malformation rates between GnRH-ant and GnRH-a groups. That was to say, the differences in steroid hormone levels, placental gene imprinting and epigenetic changes caused by the two protocols did not seem to affect perinatal outcomes (21). The results of an RCT including 521 gestations showed that in singletons after fresh embryo transfer, the preterm birth rates, mean birthweight, and low birthweight rates were similar of GnRH-ant and GnRH-a protocols (3). A large prospective, pregnancy and infant follow-up trial indicated that there were more multiple pregnancies in the GnRH agonist, but no significant differences in major congenital malformations in fetuses of GnRH antagonist and GnRH agonist (19). These results were consistent with the results of the present study.

The greatest advantage of this study was using PSM for balancing the baseline characteristics of two groups. Not only the stimulation and pregnancy outcomes, but also the obstetric and perinatal conditions of the two protocols were evaluated with strict inclusion and exclusion criteria. The limitation was that this was a retrospective analysis with a limited sample. The control for confounding factors and the preciseness of the conclusions were not as good as prospective RCTs. The information may be inaccurate because part of women were followed up only by telephone. However, this was a study that was from the real world, which was closer to the clinical practice.

In summary, GnRH-ant protocol was comparable with GnRH-a protocol in clinical outcomes, obstetric and perinatal outcomes, and with a lower risk of OHSS. For patients who want to get an effective and safe outcome, and a shorter treatment period, GnRH-ant is a suitable choice. The results of the present study require a well-designed RCT and larger samples to be identified.
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Background

A large registry-based study found the increasing disorders of cardiovascular and metabolism in IVF children but underlying mechanism is still unknown. Few studies have investigated any association between OHSS and cardiovascular or metabolic function in subsequent children.



Objective

To evaluate the effect of ovarian hyperstimulation syndrome (OHSS) on blood pressure of singletons after in vitro fertilization (IVF) with or without intracytoplasmic sperm injection (ICSI).



Study Design

The singlet-center corhort study included 1780 singletons born with IVF/ICSI and 83 spontaneously conceived children from 2003 to 2014. Follow-up has lasted more than 10 years, and is still ongoing. This study analyzed data from follow-up surveys at 3 to 6 years of age.



Participants, Setting and Methods

We recruited 83 children (Group E) spontaneously conceived (SC) as control group and 1780 children born with IVF/ICSI including 126 children born to OHSS-fresh embryo transfer (ET) women (Group A), 1069 children born to non OHSS-ET women (Group B), 98 children conceived by women who developed into moderate or severe OHSS after oocyte retrieval and selected the frozen-thawed embryo transfer (FET) (Group C), 487 children conceived with non OHSS-FET (Group D). We evaluated cardiometabolic function, assessed BP in mmHg, heart rate, anthropometrics, and metabolic index including glucose, serum lipid (triglyceride, total cholesterol, low density lipoprotein, high density lipoprotein), thyroid function, of those children. The BP and heart rate were measured twice on the same day. We applied several multiple regression analyses to investigate the effect of OHSS in the early pregnancy.



Main Findings

By the single factor analysis, the SBP and DBP in the SC group (SBP: 99.84 ± 8.9; DBP: 55.27 ± 8.8) were significantly lower than OHSS-ET group’s, while the blood pressure was similar between the SC group and other three ART groups. Children had higher BP in the OHSS-ET group (SBP: 101.93 ± 8.17; DBP: 58.75 ± 8.48) than in the non OHSS-ET (SBP: 99.49 ± 8.91; DBP: 56.55 ± 8.02) or OHSS-FET group (SBP: 99.38 ± 8.17; DBP: 55.72 ± 7.94). After using multiple regression analysis to adjust current, early life, parental and ART characteristics, the differences in the SBP and DBP (B (95% confidence interval)) between OHSS-ET and non OHSS-ET remained significant (SBP: 3.193 (0.549 to 2.301); DBP: 3.440 (0.611 to 2.333)). And the BP showed no significant difference complementarily when compared non OHSS-FET group with non OHSS-ET group. In addition, the anthropometrics, fast glucose, serum lipid, and thyroid index did not differ among the ART groups.



Principal Conclusions

OHSS might play an independent key role on offspring’s BP even cardiovascular function. Electing frozen-thawed embryo transfer for high risk of OHSS population may reduce the risk of the high BP trend.



Wider Implications of the Findings

It is a large sample study to investigate the effect of OHSS on offspring’s health. These findings provide a clinic evidence of the impact of early environment (embryo even oocyte stage) on the offspring’s cardiovascular health. Our study emphasis the importance of the accuracy of IVF clinic strategy and preventing the OHSS after fresh embryo transfer.





Keywords: OHSS, art, child development, blood pressure, IVF (ICSI)



Introduction

Worldwide, assisted reproductive techniques (ARTs) are used increasingly for those infertile couples. In western industrialized countries, nowadays 1–6% of all newborn children are conceived with the help of IVF with or without ICSI (1). The long-term effect on the development and health of the IVF offspring has aroused people’s attention.

Nowadays a large number of studies in the reproductive area focus on adult chronic diseases which are considered of the fetal origin in the ART offspring, such as cardiovascular diseases, overfat, diabetes, chronic kidney diseases and so on. The cardiovascular disease has still been the most frequently occurring disease, also the leading cause of death in the world. Poorer cardiometabolic outcome after IVF may be due to the higher rates of preterm birth and low birth weight (2), which are risk factors for hypertension and adiposity (3). However, previous studies indicated that poorer cardiometabolic outcome in IVF offspring could not be explained by these factors alone (4–9). As the proposal of the Baker theory (10), there is a shred of increasing study evidence suggesting that the early environment shapes an individual’s health in later life. IVF might compromise the environment of the early embryo (11) as the exposure of high estradiol and progesterone level in the uterus.

As a serious and potentially life-threatening complication of IVF, ovarian hyperstimulation syndrome (OHSS) is characterized by elevated serum estradiol level, massive cystic ovarian enlargement and fluid shift from the intravascular compartment into the third space of the body (12), which has a globally incidence of 23.3% and 1.5% in different published reports (13). In cycles with fresh embryo transplantation, there is still a risk for the development of severe OHSS, which occurs in around 1–14% of IVF cycles (12, 14). OHSS, which shows high estrogen and progesterone during early pregnancy (15, 16) is considered as a good model to study the effects of ovarian stimulation and high sex hormone on the health and development of offspring. Till now far fewer studies have investigated the health and development of the offspring such as cardiometabolic characteristics. Of these studies, some indications of increased cardiovascular and cognitive dysfunction among OHSS-children need further investigation (17, 18).

The objective of this prospective study was to assess the impact of the OHSS in the early pregnancy on BP (Blood Pressure), anthropometrics and some metabolic functions of 3 to 6-year-old singletons. Our primary outcomes were systolic BP (SBP) and diastolic BP (DBP) in mmHg. Secondary outcomes were the measurements of heart rate, weight, standing height, BMI, fasting glucose, parameters of serum lipid metabolism (including total cholesterol (TG), triglyceride (TC), low density lipoprotein (LDL), high density lipoprotein (HDL)) and thyroid function.



Materials and Methods


Study Design and Recruitments

For the ART population, this study is a corhort, longitudinal follow-up study of children born to subfertile couples. All the reproductive information of patients was extracted from the patient database of the reproductive center, Women’s Hospital, School of Medicine, Zhejiang University. Between 2003 and 2014, subfertile women who had a successful pregnancy after undergoing IVF/ICSI at the reproductive center of the Women’s Hospital, School of Medicine, Zhejiang University were included in the study. And we randomly recruited SC children born in the above hospital at the same time. Exclusion criteria: 1) ART characteristics: sperm or oocyte donation, preimplantation genetic diagnosis/screening (PGD/PGS); 2) couple’s characteristics: woman with hypertension or diabetes before pregnancy, male with a history of hypertension or diabetes, one member of the couple smoked or abused alcohol before pregnancy, one member of the couple had family history of hypertension or diabetes; 3) pregnancy and neonatal outcomes: multiple pregnancy, abortion, fetal loss, stillbirth, neonatal death or with serious diseases; 4) data missing in database. According to Golan and Wasserman’s 2009 criteria (19), besides the abdominal distension, nausea and ovary enlarged, the criteria of moderate or severe OHSS should match at least one of the two following entries in our study: 1) ultrasonic or clinical evidence of ascites or hydrothorax or breathing difficulties; 2) blood volume changed, haemoconcentration, coagulation abnormalities, and renal dysfunction. Then women who satisfied with the moderate or severe OHSS criteria were accepted into the trial, while those who were with clinically diagnosed mild OHSS (only with the abdominal distension, nausea and ovary enlarged, without the above two performance) were excluded in case of interference. After exclusion and screening, the 1780 women were divided into two groups, one group was ET group (n=1195) and the other group was FET group (n=585) on the basis of fresh transplantation or frozen-thawed embryo transfer. According to the criteria we divided those women in the trial into four subgroups: 1) Group A (OHSS-ET, n=126): women who suffered moderate or severe OHSS in their early pregnancy after fresh ET; 2) Group B (non OHSS-ET, n=1069): women without obvious OHSS in their cycle of fresh ET; 3) Group C (OHSS-FET, n=98): women who followed the adoption of the freeze-all strategy in case of the high risk of OHSS while ultimately developed into moderate or severe OHSS after oocyte retrieval; 4) Group D (non OHSS-FET, n=487): women without OHSS after oocyte retrieval and accepting elective FET due to various reasons. Until the study ends, 83 mother and their spontaneously conceived singletons who fulfill the criteria were recruited in the Group E (SC, n=83).

The study investigates the independent effects of ovarian hyperstimulation syndrome on the offspring’s health and development especially the BP level and metabolic function.

Parents gave written informed consent and the study design was approved by the Ethics Committee of the Women’s Hospital, School of Medicine, Zhejiang University.



Follow-Up Examination

Between 2006 and 2017, we contacted the women whose children were at 3 to 6 years by telephone and invited them to the Reproductive Follow-up clinic of the Women’s Hospital, School of Medicine, Zhejiang University to participate the follow-up assessments. Follow-up work were carryied out on every working day. The trained assessors were blinded to the mode of conception. Each child was requested to come with an empty stomach for the peripheral blood examination in the morning and avoid acute exacerbations of childhood illness including respiratory or intestinal diseases. After a brief introduction on the test to be performed (blood examination, cognitive, cardiovascular and anthropometric assessment), BP and heart rate were measured once. The BP measurement on the non-dominant arm, while the child was seated, was taken with an appropriate cuff size. Then the child would do the peripheral blood examination including the blood routine, blood biochemistry (covering fasting blood glucose, blood fat, hepatorenal function), thyroid function, hepatitis B-virus and trace element examination. It is necessary for the child to have breakfast after finishing the blood examination. Next, BP was measured for the second time. Finally, anthropometric data were collected. In total, BP and heart rate were measured twice. The two readings were averaged to obtain the BP data in mmHg and heart rate in beats/min. In the present paper, cardiovascular, anthropometric outcomes and a part of metabolic function index are reported.



Statistical Analysis

Group differences in background variables and outcome measures were investigated with Student t-test, Mann-Whitney U tests, Pearson’s Chi-square test when appropriate. In case significant differences were found between two groups, Student’s t-tests and Mann-Whitney U-tests were used to specify the pair-wise differences. At the same time, it was a coincidence between the children’s mother and father in their age in our analysis. Thus, in this study, we did not put father’s age into the multivariable regression analysis.

We performed multivariable linear regression analyses to explore potential differences in BP between the OHSS and non OHSS groups while correcting for possible confounders. In line with other studies in the field (7, 20, 21), the mean differences were adjusted to control for certain confounders according to different models with the linear regression analysis. Models separately were performed for current risk indicators (Weight, gender, age, BMI, pulse and TSH), for early life factors (preterm birth, birth weight, cesarean section), for parental characteristics (maternal age, maternal pre-pregnancy BMI, pregnancy-induced hypertension, gestational diabetes, PCOS), for IVF characteristics (gonadotropin dosage, type of IVF) and finally for all current, early life, parental and IVF variables. Results were expressed as unstandardized regression coefficients (B) with their 95% confidence intervals (95% CI). The analyses were performed using the IBM Statistical Package for the Social Sciences version 23. Probability values of 0.05 were considered statistically significant.




Results


Demographics/Maternal Background Data and Subfertility, ART Characteristics

It was shown in Table 1 of the data of Parental, subfertility and ART characteristics. Most basal characteristics were similar among five or four groups, but several difference were found, like the maternal pregnancy age, the basal FSH or LH levels, estradiol or progesterone level on hCG day, the incidence of PCOS, dosage of GN. Maternal pregnancy age seemed older in the non OHSS-ET group than other four groups. When referring to maternal hormone level, non OHSS-ET group had higher basal FSH and lower basal LH level, lower estradiol level on hCG day. The dosage of gonadotropin was lower in OHSS-ET group as compared with other three groups.


Table 1 | Demographic data on mothers, subfertility and ART characteristics.





Perinatal Characteristics and Blood Pressure, Anthropometrics, Metabolic Function of Offspring

Tables 2, 3 showed an overview of all outcome measures for the five groups. As to the obstetric complications, there was no significant difference among groups in the incidence of complications such as gestational hypertension, gestational diabetes. The cesarean section was more often performed in the ART groups than the SC group. Children born to non OHSS-FET had a higher weight, BMI than other groups. SBP, DBP and heart rate were differ among five groups. Metabolic index including fasting blood glucose, serum lipid, and thyroid function seemed no significantly difference.


Table 2 | Demographic data on children and perinatal characteristics.




Table 3 | Blood pressure (in mmHg) and metabolic function for 3 to 6-year-old singletons born after IVF/ICSI with OHSS-ET (Group A), non OHSS-ET (Group B), OHSS-FET (Group C) or non OHSS-FET (Group D) and SC (Group E).



A single factor analysis was performed for the SC with ART groups. The BP in the SC group was lower than the OHSS-ET group while similar with other 3 groups, which was showed in the Table 4.


Table 4 | Comparison the BP of SC (group E) and ART group.





Multiple Regression Analysis on the Blood Pressure of 3 to 6-Year-Old Singletons

Subsequently, we performed multiple linear regression analysis of SBP and DBP among the ART groups in mmHg showed in Table 5. Children born following OHSS-ET had higher SBP and DBP in mmHg than children born following non OHSS-ET and OHSS-FET, also after correction for various sets of variables. While in the comparison of non OHSS-FET with non OHSS-ET, the blood pressure showed no obvious and unstable differences after adjusting those concomitant variables.


Table 5 | Multiple linear regression analysis of the effect of OHSS on blood pressure.






Comment

It is a large sample and prospective study to investigate the effect of OHSS on offspring’s health. Evidence is accumulating in animals and humans that ART alters the cardiovascular phenotype. For example, there is evidence in normal mice that ART causes premature vascular aging and arterial hypertension that is related to an epigenetic mechanism and associated with a shortened life span (22). In line with these findings, studies demonstrate that ART has shown to cause morphological alteration of the vascular in the systemic circulation (9) and increase arterial BP (7, 20) in apparently healthy ART children. Although variety studies demonstrating ART-induced alterations of the offspring phenotype, it is lack of the researches on a large sample or adjusting multiple relative factors like ours. This study showed that children born from OHSS mothers might have higher BP than SC children or non-OHSS children. After adjusting other risk factors, OHSS-ET children also showed significantly higher blood pressure when compared with non OHSS-ET children. Meanwhile, to our knowledge, it’s the first follow-up study that set the OHSS-FET and non OHSS-FET as the control group to confirm the benefits of freeze-all strategy for those at high risk OHSS after oocyte retrieval and their offspring. The BP displayed no obvious differences when compared SC with non-OHSS ET/FET, non OHSS-FET with non OHSS-ET. Through setting multiple control groups and preforming multiple regression analysis, our study indicated that OHSS in early pregnancy might play an impendent key role on offspring’s BP even cardiovascular function. As we known, an OHSS pregnancy compared with a spontaneously conceived pregnancy showed high estrogen and progesterone in early pregnancy (16). To some extent, it indicates that higher estrogen and progesterone probably influence the offspring’s cardiovascular. In the present study, we found that 4-year-old IVF children born after ovarian stimulation have higher blood pressure (23). OHSS children showed an alteration of cardiovascular functions, which may be related to the mother’s super-physiological dose of estrogen and progesterone (17). To date, the association between prenatal exposure of high estradiol/progesterone and cardiovascular changes of offspring is still unclear. Also, the angiotensin II was significantly increased in the ascites of OHSS pregnancy (24). Angiotensin II is been considered as a consensus cardiovascular factor. The mechanism under those researches needs further data support and experimental research.

From a clinical point of view, it may seem like a tiny gap that OHSS children have 2 to 4-mm Hg higher systolic and diastolic blood pressure than non OHSS children. And researches shows the prevalence of hypertension in children is low: for example, a study conducted in Switzerland suggested a prevalence of only 2 % (25). However, a slight increase in blood pressure may significantly raise the risk of future cardiovascular disease. Hypertension is a major risk factor for coronary heart disease, peripheral artery occlusive disease, stroke, and even chronic kidney disease (26–29). For instance, lowering mean systolic blood pressure in adults by 2 mm Hg corresponds to an 8% reduction in the risk of stroke. Furthermore, it cannot be excluded that increased blood pressure after IVF may be amplified throughout life because blood pressure is known to track from childhood into adult life (30, 31).

Existing research shows that use of hCG to trigger ovulation or luteal support was significantly associated with early-onset OHSS (32–34). Elevate endogenous hCG in early pregnancy is associated with late-onset OHSS. Selective embryo freezing is a routine method for preventing late-onset OHSS by avoiding continued exposure to hCG during the luteal phase, avoiding cycle cancellation, and guaranteeing cumulative pregnancy rates. Current clinical pregnancy rates for FET cycles are comparable to fresh embryo transfer cycles (35). Although selective embryo freezing cannot completely avoid the occurrence of early-onset OHSS, it can more effectively reduce the incidence of early-onset OHSS and avoid the occurrence of late-onset OHSS compared with other methods. Therefore, the establishment of the FET group in our study has certain practical significance.

The purpose of this study was primarily to focus on the health of ART offspring. Therefore, the follow-up nodes set up cover almost the entire period of children, including birth, infancy, preschool, school, and adolescence. Follow-up studies have been ongoing for more than 10 years and are continuing. This sub-project study focuses on the cardiovascular and metabolic changes of the offspring. The starting point of the first study is in the preschool age (3 to 6 years old). And a series of follow-up studies will be carried out in the future, aiming to discover the dynamic changes of the relevant indicators throughout childhood and even adulthood through very early follow-up examinations.

When interpreting our study, the limitations of our study also need to be considered. In our study, BP was measured in office twice on one day and the mean of the two measurements was used for analysis. This may deviate the final blood pressure value from the actual value and miss differences between groups. Similarly, we found other published studies in the area also have the difficulty to measure the BP multiple times. Studies evaluating the effects of reproductive technologies most opted to measure BP on a single day (7, 8, 20). Using gold standard assessment (24h-ambulatory blood pressure measurements, ABPM) of arterial blood pressure, evidence for increased blood pressure in young adult ART participants have been presented at the ESC meeting (36). Such measurements, in addition to settling the issue of ART-induced hypertension in humans, also would provide important information on additional independent predictors of cardiovascular risk (i.e. night-time dipping, blood pressure variability). In future research, we will consider using ABPM in the hope of getting more accurate cardiovascular data.

There is abundant evidence that essential hypertension is a highly heritable condition. Although at the beginning of the research, we had excluding the couple who had the history of hypertension, diabetes, and family history of those diseases, we did not collect the basic blood pressure indicators of both husband and wife. It, therefore, appears possible that BP in the parents of Group A is higher than in the parents of the other groups and that they transmit this trait to the offspring. Additionally, although the pregnancy-induced hypertension is as a well-established cardiovascular risk factor in naturally conceived humans, the effect of the ART combined with pregnancy-induced hypertension on the blood pressure of the offspring was not studied separately in this research. We put the pregnancy-induced hypertension as a factor into the multiple regression analysis that showed pregnancy-induced hypertension also affect offspring blood pressure (data was not labeled).

In addition, there were some differences in the baseline data among these groups, which may seem to affect the outcomes. First women in the SC group seemed much younger than the ART group. Since the SC group is a randomly selected voluntary participant who meets the criteria, the age of infertile patients is generally larger than that of non-infertile patients in the clinical status. In the OHSS group, the basal LH value of the mother was higher than that in the control group, and the basal FSH value was also increased in the non OHSS group. It was consistent with clinical that the ovarian function of the OHSS patients was superior to that of the non-OHSS women. It can also explain the result that mothers in the OHSS group were younger than those in the control group, as the ovarian function is known to decrease linearly with age. At the same time, the higher total dose of Gn during ovulation induction in the OHSS group can be fully explained from a clinical point of view. Out of clinician’s experience, younger infertile women of better ovarian function often take the ovulation induction programs in low doses to avoid OHSS although eventually developed into OHSS. In our study, we took multivariable regression analyses to assess the outcome to control these confounders. In another way, it also reflects the reliability and authenticity of the data in this study. In addition, we also did a propensity matching analysis for Group A (OHSS-ET) and Group B (non OHSS-ET). Although the sample size after matching (maternal age, basal FSH and trigger day estradiol levels) was only 76 cases in each group, the final univariate analysis showed that Children had higher BP in the OHSS-ET group than in the non OHSS-ET (SBP: 101.79 ± 8.02 vs. 98.63 ± 8.34, P=0.019; DBP: 59.87 ± 8.18 vs. 56.18 ± 7.47, P=0.004). There were no significant differences in other metabolic indicators between the two groups.

The study also included IVF and ICSI children. As it is unknown whether IVF and ICSI share the same cardiometabolic risk for offspring (20), we performed a linear regression analysis. Indeed, several studies suggested cardiometabolic alterations in IVF/ICSI offspring (5, 6, 8, 9).

It can be found that the cesarean section rate in our study was extremely high. The main reason was that the offspring conceived through IVF/ICSI was viewed as “precious child”. Most parents view cesarean section as a safer way to deliver. There is also a focus on having a “perfect baby” under the “one child policy” in the past (37).

In conclusion, the results of the present study suggest that OHSS in the early pregnancy is associated with higher blood pressure in mmHg including systolic blood pressure and diastolic blood pressure in 3 to 6-year-old offspring. While electing frozen-thawed embryo transfer for high risk of OHSS population may reduce the risk of that high BP trend. In addition, we found no significant evidence for an adverse effect of OHSS on anthropometrics and metabolic function. Future research is needed to confirm the role of OHSS or early environment for oocyte and embryo in a poorer cardiometabolic outcome and investigate the underlying mechanisms. Our findings emphasize the importance of the accuracy of the IVF clinic strategy and preventing the OHSS after fresh embryo transfer, calling for the cardiovascular monitoring of the growing number of children conceived with IVF worldwide.
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Background

Conceptions following in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) have an increased risk of congenital anomalies. Few studies have explored the prognosis of fetuses with congenital anomalies. This study aimed to investigate the prevalence and prognosis of congenital anomalies in IVF/ICSI pregnancies, and to analyze the influencing factors contributing to poor prognosis.



Methods

In this multicenter retrospective cohort study, we followed 405,473 embryo transfer cycles at 15 reproductive centers between January 2010 and December 2019 and enrolled 2,006 intrauterine pregnancies with congenital anomalies. The relatively positive prognosis group with one or more live births and neonatal survival for more than 7 days was compared with the poor prognosis group with poorer outcomes.



Results

Among the 168,270 ongoing intrauterine pregnancy cycles, the prevalence of congenital anomalies was 1.19%, wherein the malformation rates of cycles with late abortion and delivery were 2.37% (716/30,202) and 0.93% (1,290/138,068), respectively. Among all IVF/ICSI cycles with congenital anomalies, the relatively positive prognosis rate was 61.39%. Moreover, the fertilization failure rate (2 pro-nuclei rate < 25%) in the poor prognosis group was significantly higher than that in the relatively positive prognosis group (10.89% vs. 5.09%, p < 0.001). Multivariate logistic regression analysis revealed no significant differences in the relatively positive prognosis rate among the various IVF/ICSI protocols. The relatively positive prognosis rate of fertilization failure cycles was 0.180 times that of normal fertilization cycles.



Conclusion

Poor fertilization rates during IVF/ICSI treatments are more likely to have poor prognosis in fetuses or neonates with congenital anomalies, and obstetric management should be strengthened in pregnant women, with which pregnant women should be recommended to strengthen obstetric management.
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Introduction

Over the decades, with the continuous development and social acceptance of assisted reproductive technologies (ARTs), an increasing number of infertile couples have conceived by undergoing in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI). In European countries, approximately 2% of infants are born annually through ART (1). In Beijing, the rate of births attributed to ART has reached 1.4%, which is close to the estimated rate of ART conceptions in China (1%–2%) (2). Although this technique primarily aims to improve pregnancy outcomes in infertile couples, there remains widespread concern and controversy about whether IVF/ICSI increases the incidence of adverse obstetric and perinatal outcomes due to its unnatural in vitro procedures.

Congenital anomalies are a leading cause of fetal or neonatal death in the perinatal period. Their treatment is complicated, resulting in great psychological and financial burden on the child and his family. Recently, several studies have demonstrated that pregnancies conceived with IVF/ICSI have an increased risk of congenital anomalies compared to spontaneous conceptions (3–7), and some meta-analyses have concluded that the pooled risk estimation ranges from 1.32 to 1.37 (8–10).

The underlying mechanisms explaining the association between the risk of congenital anomalies and ART remain unclear, including infertility itself (6) and the increased proportion of multiple births (4, 11). In addition, specific ART procedures, such as ICSI and embryos frozen and thawed, may increase the risk of birth defects (8).

However, few studies have assessed the clinical pregnancy outcomes of fetuses or infants with congenital anomalies born after IVF/ICSI. This study aimed to evaluate the prevalence and prognosis of congenital anomalies among pregnancies conceived through IVF/ICSI treatments from 2010 to 2019, and to explore the factors contributing to poor prognosis.



Materials and Methods


Study Design

This retrospective, multicenter, cohort study collected infertile patients undergoing IVF/ICSI cycles at 15 reproductive centers in China. This study was approved by the Medical Science Research Ethics Committee of Peking University Third Hospital (IRB00006761-M2019487). All data collection and analysis procedures conducted in this trial were performed in accordance with the Declaration of Helsinki. Individual informed consent was waived, as it is a retrospective study.



Patients

From January 2010 to December 2019, we followed up 199,591 IVF-fresh cycles and 114,816 IVF-frozen cycles from 15 reproductive centers. Then, a total of 405,473 embryo transfers were performed. Finally, 174,639 women obtained clinical pregnancy, including 6,369 heterotopic pregnancy or early miscarriage and 168,270 intrauterine pregnancy of more than 12 weeks (Figure 1).




Figure 1 | Flowchart showing patient selection.



We collected and recorded detailed information from all centers in this study, including parental basic characteristics (age, body mass index, infertility duration, and parity), IVF/ICSI indications, IVF/ICSI specific techniques (oocyte retrieval protocols, type of fertilization, and fresh or frozen embryos), and IVF/ICSI outcomes (mature oocytes, 2 pro-nuclei [2PN], and fertilized embryos).

Clinical pregnancy outcomes were primarily follow-up data recorded at the end of the pregnancy. Pregnancies ≥28 weeks and <28 weeks but with a live birth were considered deliveries. Pregnancy loss referred to late abortions between 12 and 28 weeks, including spontaneous abortions, embryo damage, and induced abortions for various reasons, divided into miscarriages <20 and ≥20 weeks.

After confirming intrauterine pregnancy, women were scheduled for a systematic prenatal examination in the obstetrics department to identify the presence of deformities or chromosomal abnormalities. In addition to the malformations detected during pregnancy, any structural, functional, and genetic anomalies diagnosed after late abortion or delivery were defined as congenital anomalies (12), which were classified according to the diagnostic codes of the International Classification of Diseases version 10 (ICD-10).

IVF/ICSI cycles with congenital anomalies were grouped into relatively positive prognosis and poor prognosis based on the outcomes of fetuses or neonates. Based on the Manual of Maternal and Child Health Surveillance of China (13), hospital monitoring on birth defects is from 28 weeks of gestation to 7 days after birth. Thus, we defined the relatively positive prognosis as having one or more live births and neonatal survival for more than 7 days. Poor prognosis covered intrauterine deaths, stillbirths, neonatal deaths within 7 days of birth, therapeutic abortions for fetuses with severe fatal and disabling malformations detected by prenatal examination or non-fatal malformations but requested by their parents, and spontaneous abortions after 12 weeks of gestation with chromosomal abnormalities.



Influencing Factors

To explore the potential factors influencing the prognosis of offspring with congenital anomalies, we made a comparison on the details collected between the relatively positive prognosis group and the poor prognosis group.

Between the two groups, we also compared the rate of fertilization failure, when the number of 2PN embryos accounted for was less than 25% of the number of oocytes collected in one IVF/ICSI cycle, and their pregnancy outcomes, including pregnancy loss rate, delivery rate, live birth rate, birth weight, and birth height.



Statistical Analysis

All statistical analyses were conducted using SPSS software, version 26.0 for Windows (SPSS, USA). Continuous variables were reported as mean ± standard deviation (SD). The characteristics of two groups were compared using an independent sample t-test or the chi-squared test, as appropriate. Given that many factors may affect the prognosis of pregnancies with congenital anomalies, multivariate logistic regression analysis was performed to analyze the potential influencing factors contributing to poor prognosis, with using the odds ratios (ORs) and corresponding 95% confidence intervals (CIs). Statistical significance was defined as a two-sided p < 0.05.




Results

Over the study period, we followed up a total of 168,270 IVF/ICSI cycles with ongoing intrauterine pregnancies and finally enrolled 2,006 pregnancies with congenital anomalies. The overall prevalence of congenital anomalies in the study population was 1.19%, wherein the prevalence of cycles with late pregnancy loss and delivery was 2.37% (716/30,202) and 0.93% (1,290/138,068), respectively. Based on ICD-10 codes, the incidence of congenital anomalies in specific organ systems is shown in Table 1. Malformations of the circulatory system were the most common in all pregnancies following IVF/ICSI, with a frequency of 0.34%, while genital malformations were the least common (0.02%). In IVF/ICSI cycles with late abortion, chromosomal abnormality was the main congenital anomaly, accounting for 37.99% of cases (272/716).


Table 1 | Congenital anomalies from in vitro fertilization cycles.



Among all IVF/ICSI cycles with congenital anomalies, the rate of relatively positive prognosis was 61.39% (1,258/2,006). Mothers in the relatively positive prognosis group tended to be younger (31.77 ± 4.30 vs. 32.95 ± 4.80, p < 0.001); the trend continued for the fathers (33.44 ± 5.27 vs. 34.75 ± 5.93, p < 0.001). Furthermore, they were more likely to have primary infertility (57.87% vs. 51.34%, p = 0.004) and be nulliparous (89.43% vs. 85.70%, p = 0.013) than were those in the poor prognosis group. No statistically significant differences were found in mean body mass index (BMI) of the couples, infertility duration, or IVF/ICSI indications (Table 2).


Table 2 | Basal characteristics of patients with congenital anomalies after in vitro fertilization.



Of the 2,006 IVF/ICSI cycles, 522 frozen cycles had missing IVF/ICSI laboratory information. There was a statistically significant difference in the method of fertilization between the two study groups. The rate of ICSI was higher in the relatively positive prognosis group (35.93% vs. 29.46%, p = 0.011). In cycles treated with ICSI, the rates of mature oocytes (84.41% vs. 87.30%, p = 0.002) and 2PN embryos (68.84% vs. 72.90%, p = 0.002) were lower in pregnancies with poor prognosis. Furthermore, the rate of fertilization failure (2PN rate <25%) in the poor prognosis group was significantly higher than in the relatively positive prognosis group (10.89% vs. 5.09%, p < 0.001) (Table 3). In addition, no differences were observed when comparing the oocyte retrieval protocols, fresh or frozen embryo transfer, and the embryo stage at transfer during IVF/ICSI conception between the two groups.


Table 3 | Characteristics of IVF.



The clinical outcomes of the study populations were demonstrated in Table 4. Newborns with relatively positive prognosis yielded a significantly superior birth weight (2,616.06 ± 754.53 g vs. 1,936.07 ± 1,186.61 g, p = 0.001) and birth height (47.25 ± 4.29 cm vs. 40.33 ± 7.58 cm, p < 0.001).


Table 4 | Clinical outcomes.



Multivariate logistic regression analysis showed that pluriparity, early preterm birth (delivery at 28–34 weeks), and fertilization failure were factors for poor prognosis in IVF/ICSI pregnancies with congenital anomalies after adjusting for all confounding variables (Table 5). The resulting adjusted OR for fertilization failure was 0.180 (95% CI: 0.061–0.528, p = 0.002) for patients with a relatively positive prognosis.


Table 5 | Logistic regression of the relatively positive prognosis rate in IVF cycles.





Discussion

In this 2010–2019 multicenter comprehensive follow-up study in China, the overall prevalence of congenital anomalies among intrauterine pregnancies ≥12 weeks conceived through IVF/ICSI was 1.19%. Nearly two-thirds could obtain a relatively positive prognosis with one or more live births surviving more than 7 days. Moreover, patients with fertilization failure were more likely to have a poor prognosis for fetuses with congenital anomalies.

The prevalence of congenital anomalies in the present study was similar to the rate of 1.23% observed in a multicenter study conducted from 2004 to 2008 (14). Another single-center study indicated that congenital anomalies among infants conceived using ART ranged from 1.10% to 1.20% (15). However, both studies were limited to live births, and other pregnancy outcomes, such as stillbirths or therapeutic labor induction, were not considered. In contrast, our study showed a lower prevalence of birth defects (0.93%) in cycles that resulted in delivery.

Consistent with previous studies (5, 15), the most common anomalies were malformations of the circulatory system in pregnancies after IVF/ICSI. Chromosomal and musculoskeletal anomalies followed behind. The incidence of chromosomal abnormalities in patients who experienced abortion was 33 times higher than in women who gave birth (odds ratio [OR] = 33.010, 95% CI = 23.504, 46.362). Infertile patients may have underlying genetic anomalies, and some chromosomal abnormalities and genetic pathogenic variants could lead to infertility (16). The genetic defects might transmit to offspring, associated with congenital anomalies (17). In the process of IVF/ICSI treatment, preimplantation genetic testing (PGT) or single-nucleotide polymorphism (SNP) technology can effectively reduce the prevalence of recurrent pregnancy loss or chromosomal karyotype abnormalities (18, 19). Therefore, a PGT biopsy should be performed in patients with indications. Among the infants born, circulatory malformations remain the most common birth defects, followed by musculoskeletal deformities, while chromosomal abnormalities were the rarest after genital malformations. This finding was different from the results of Han et al., in which gastrointestinal anomalies were the second and cheilopalatognathus was the third.

To date, several studies have indicated that ART use is associated with an increased risk of congenital anomalies (2–7, 11, 20, 21). Levi et al. enrolled pregnancies of more than 12 weeks and early spontaneous abortions and ectopic pregnancies (3). They reported a prevalence of 3.8% for congenital anomalies after ART, which was significantly higher than the general population (2.05%). Shechter et al. only included live births and found that newborns conceived with ART were more likely to have birth defects compared with those conceived without ART in the US (OR = 2.14, 95% CI = 1.94, 2.35) (7). Another recent research on offspring obtained through ART or non-ART in Beijing showed a higher rate of birth defects in ART offspring (crude RR = 1.49; 95% CI = 1.26, 1.76) (2). A meta-analysis by Hansen et al. (8) reviewed 45 cohort studies and identified a pooled relative risk estimation of 1.32 (95% CI = 1.24, 1.42). The observed increased incidence of congenital anomalies may be explained by advanced parental age (22, 23), multiple pregnancies (4, 11), and underlying causes of infertility (3, 6, 24) among infertile patients undergoing ART treatments.

Few studies have explored the prognosis of fetuses with congenital anomalies. Our study showed that the relatively positive prognosis rate was 61.39% (1,258/2,006). Previously, Zhang et al. recorded the outcomes of fetuses with congenital heart disease (25). In this study, less than one in five newborns was born alive (346/1,851), of whom 34 died within 7 days after birth. They indicated that gestational age at delivery was the only risk factor contributing to neonatal death in the first week of life (p < 0.001).

The present study found statistically significant differences between female sex, male mean age, and delivery history (nulliparous or not) between the two prognosis groups. Older women have a lower quality of oocytes and an increased risk of chromosomal abnormalities in their offspring (26), resulting in a poor prognosis for fetuses with congenital anomalies. Primary infertility and nulliparity were more common in the relatively positive prognosis group. After controlling for other underlying influencing factors, nulliparity still showed a relatively positive outcome. The hypothesis was that a history of abnormal gestation and birth might impact pregnancy outcomes in infertile patients undergoing IVF/ICSI cycles.

It has been proposed that specific ART procedures, such as fresh or frozen embryo transfer after IVF/ICSI or ICSI, have little impact on the prevalence of congenital anomalies (27, 28). A 2012 meta-analysis did not find any difference in risk between the two insemination methods (10). Furthermore, in our study, although more ICSI cycles were observed in the relatively positive prognosis group (35.93% vs. 29.46%, p = 0.011), there was no substantial difference in the effect on prognosis whether patients were treated with ICSI (p = 0.161) after excluding other confounding factors. When comparing fresh and frozen-thawed embryo transfers, our study showed a similar rate of relatively positive prognosis (p = 0.808). The consensus is that the transfer of a single embryo has better perinatal outcomes for both mothers and offspring (29, 30). In contrast to previous reports, our study found that single-embryo transfer was associated with a lower chance of favorable prognosis; however, the multivariate logistic regression analysis identified that the number of transferred embryos had no significant effect on prognosis (p = 0.931).

More importantly, pregnancies with a poor prognosis had a lower rate of mature oocytes and a higher fertilization failure rate (2PN rate < 25%). Multivariate logistic regression analysis showed that the relatively positive prognosis rate of fertilization failure cycles was 0.180 times that of normal fertilization cycles. Epigenetic remodeling, including DNA methylation, chromatin accessibility, and histone modifications, occurs primarily during human gametogenesis and early embryonic development (31). ART procedures may affect epigenetic reprogramming processes, causing severe defects in offspring (32, 33). Additionally, several genes reportedly cause oocyte maturation arrest, fertilization failure, embryonic arrest, and preimplantation embryonic lethality (34). Combined with the results of the current study, infertility patients with fewer mature oocytes and more failed fertilization have a plausible increased risk of abnormal gametes, consequently leading to poor quality embryos. Poor quality day 5 embryos transferred were more likely to have major anomalies and chromosomal abnormalities (35) and had a further poor prognosis.

Several limitations exist in our study. First, there are no clear guidelines for defining favorable or unfavorable prognosis. In this study, we defined a relatively positive prognosis as having one or more live births surviving for more than 7 days. However, quite a few babies suffering from congenital anomalies die within the first month of life. At present, in majority of reproductive centers in China, the routine follow-up endpoint for ongoing pregnancies conceived by IVF/ICSI is 1–2 weeks after the expected date of confinement. The terminal point of the Chinese hospital-based birth defect surveillance system is 7 days after birth (35). As a multicenter study, it was difficult to obtain the outcomes of newborns aged 1 month age or older. Second, we did not compare the clinical outcomes of fetuses or infants with congenital anomalies after IVF/ICSI with those conceived naturally, as the participants were recruited from centers for reproductive medicine. Further research is needed to compare the prognosis of IVF/ICSI and spontaneous conceptions with congenital anomalies. Third, some laboratory data for fresh oocyte retrieval cycles corresponding to frozen-thawed embryo transfer cycles were unavailable, because some participating centers had limited electronic medical record systems. However, these deletions were completely random and did not significantly influence the results of our study.

In conclusion, this is the first multicenter study on the prognosis of pregnancies with congenital anomalies after IVF/ICSI. Moreover, our study suggests that poor fertilization rates during IVF treatment are associated with a poor prognosis in fetuses or neonates with congenital anomalies. Hence, couples experiencing fertilization failure should be recommended to strengthen obstetric management and active prenatal diagnosis.
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Background

Recurrent implantation failure (RIF) is a challenge during assisted reproductive technology (ART). In the present study, potential diagnostic biomarkers for the immune status of peripheral blood lymphocyte subsets in patients with RIF were analyzed, with the aim of identifying novel biomarkers that may predict RIF.



Methods

A total of 41 participants, including 21 women with RIF and 20 fertile controls, were included in the present study. Functional analysis was performed and the cytokine status of natural killer (NK), T, CD8+ T, T helper (Th), and γδ T cells which are lymphocyte subsets in peripheral blood was measured using flow cytometry. Binary logistic regression analysis adjusted for T follicular helper 1 (Tfh1), Tfh2, Tfh17, and early NK cells was performed to determine the relationship between the peripheral blood lymphocyte subsets and RIF. Potential diagnostic biomarkers were assessed by logistic regression analysis and receiver operating characteristic curves.



Results

There were significantly more Tfh1, Tfh17, and NK cells in the RIF group compared with the control group (all P < 0.05). However, the percentage of T, regulatory T (Tregs), and Tfh2 cells, as well as early inhibitory NK cells, was significantly lower in the RIF group compared with the control group (all P < 0.05). Following logistics regression analysis, Treg, Tfh17, and early inhibitory NK cells exhibited significant differences between the two groups. Combination diagnosis using these 3 biomarkers had a higher area under the curve of 0.900 (95% confidence interval: 0.808–0.992, P < 0.001) in the RIF group compared with that in the control group.



Conclusion

T, Tregs, Tfh1, Tfh2, Tfh17, NK cells, and early inhibitory NK cells may play important regulatory roles in embryo implantation. The combination of 3 molecular markers (Treg, Tfh17, and early inhibitory NK cells) could provide a high diagnostic value for women with RIF, thus providing novel potential biomarkers for RIF in ART. The present findings could provide a reference either for the clinical treatment of patients with RIF or for future large, well-designed studies.
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Introduction

Recent advances in the optimization of assisted reproductive technology (ART) have led to marked improvements in embryo implantation. However, low implantation rates remain a challenge. In vitro fertilization (IVF) is associated with low pregnancy rates due to recurrent implantation failure (RIF), which has become a research hotspot in ART. RIF, which can lead to considerable financial losses, as well as inflict physical or mental pressures on patients and their families, has been reported to have an incidence rate of 5–10% in women undergoing IVF cycles and therefore requires urgent attention (1). However, no unified and standardized diagnostic methods have been reported for RIF worldwide.

Embryo implantation mainly includes three stages: apposition, adhesion, and invasion (2). RIF may be caused by multiple factors, including parental chromosomal abnormalities, embryo quality, endometrial receptivity, and immunological disturbance (3). Among them, immunologic factors are thought to play an important role in RIF. At the maternal–fetal interface, a multitude of immune cells, including T cells, natural killer (NK) cells, macrophages, and dendritic cells, form a vast network of cellular connections (4). A cellular immunological abnormality in any of these cell types may lead to pregnancy failure. Currently, the etiology of RIF is unclear. Considerable evidence suggests that RIF is caused as a result of maternal immune activation in semi-allograft embryos that will be rejected by the mothers’ endometrium (5, 6).

NK cells are a type of lymphocyte found in human peripheral blood and the endometrium; they are primarily responsible for nonspecific immunity. NK cells can recognize target cells through natural cytotoxicity receptors (7). Approximately 90% of peripheral blood NK cells turn into cytotoxic NK cells (4). Compared with NK cells, T cells, which take up 10–20% of the lymphocytes in the decidua, are responsible for cellular immunity. A total of 30–45% of the T cells are CD4+ and 45–75% are CD8+ (8). A relationship between T cell activation and Th1 immunity was reported in women with RIF and recurrent pregnancy losses (RPLs) (9). The findings by Yin et al. indicated that peripheral CD8+ T cells may contribute to immune disorders in women with RIF (10).

In recent years, the detection of peripheral blood lymphocyte subsets has been used for the diagnoses of other diseases, including diffuse large B-cell lymphomas and coronavirus disease 2019 (COVID-19) (11, 12). The diagnostic value for women with RIF remains unknown. In the present study, a comprehensive analysis was conducted on the subsets of peripheral blood lymphocytes, including T cells, NK cells, and γδ T cells, in patients with RIF, as compared with the same subsets in patients with successful pregnancies by embryo transfer. The aim of the present study was to explore the regulatory mechanisms of peripheral blood lymphocytes in patients with RIF during the implantation window and attempt to find novel and valuable diagnostic biomarkers for RIF in ART.



Materials and Methods


Study Population

The present study was carried out on patients from the Reproductive Medicine Center, Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region and approved by the Ethics Committee of the Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region for Reproductive Medicine. Informed consent was obtained from all individual participants.

Participants were recruited between January and December 2018 according to the following inclusion criteria: (i) age or <35 years; (ii) normal menstrual cycle of 21–35 days; (iii) single frozen-thawed blastocyst transfer cycle; and (iv) embryo grade of ≥3BB, according to the Garden and Lane criteria (13). Patients with one or more than one of the following conditions were excluded: uterine adenomyosis, endometriosis, intrauterine occupational disease, intrauterine adhesions, an endocrine disorder, abnormal chromosome, genital tract malformation, and inflammation. In the end, a total of 41 participants were selected and divided into two groups: the RIF and control groups. The participants who experienced pregnancy failure after at least 3 consecutive IVF attempts (involving either fresh or frozen-thawed cycles) and transplantation of 1–2 embryos of high-grade quality in each cycle were included in the RIF group (14). Participants with fallopian tube malfunctions who were able to achieve successful IVF-assisted pregnancies and their babies (aged >1 years) were included in the control group. The information collected from each participant included age, body mass index (BMI), infertility time, endometrial thickness, and basal and mid-luteal period (luteinizing hormone day 5–7) sex hormone levels.



Sample Collection and Flow Cytometry

Peripheral blood samples were collected during the mid-luteal period. Blood samples (100 μl) and a mixture of antibodies for CD4+ T, CD8+ T, NK, γδT, Th, and B cells (10 μl) were added to six tubes, respectively, according to the manufacturers’ instructions. The color scheme of antibodies and the combination of surface antibodies for each cell are detailed in Supplementary Tables S1, S2. An additional step-wise gating procedure for the flow cytometry can be seen in Supplementary Figure S1, including the gate for CD4+ T, CD8+ T, NK, and γδ cells and their subsets. Following shaking for 30 s, cells were incubated at room temperature to avoid light for 15 min. Cells were then lysed and fixed with 800 μl AKC lysing solution (Becton, Dickinson and Company) in an incubator in the dark at 4°C for 15 min, followed by centrifugation at 1,000×g for 5 min. After removing the supernatant, 200 μl AKC lysing solution was added to each tube while avoiding the light, followed by further incubation for 3 min after which the pellets were washed with 2 ml PBS and centrifuged at 1,000×g for 5 min. Finally, 350 μl PBS was added to each tube and centrifuged, and the supernatants were removed. The pellets were measured in a FACSCanto flow cytometer (Mountain View; Becton, Dickinson and Company). The results were analyzed using FlowJo software (TreeStar).



Statistical Analysis

All statistical analysis was performed with SPSS (version 23.0; IBM Corp.). The Kolmogorov–Smirnov test was used to confirm whether the data were normally distributed. All data are presented as the mean ± standard deviation or a median (25–75% quartiles). Differences between two groups were compared using a Student’s t test or Mann–Whitney U tests. Considering that T and NK cells are large group of lymphocytes, their fluctuation and significance are markedly affected by cell changes in each of the other lymphocyte subsets. Therefore, binary logistic regression analysis adjusted for the 5 indicators was performed to determine differences among them, and an ROC curve was created. Logistic regression analysis and areas under the curve (AUC) of ROC curves with 95% CI were used to predict diagnostic value. The statistical tests were two-tailed and P < 0.05 was considered to indicate a statistically significant difference.




Results


Baseline Characteristics

There were 21 patients in the RIF group and 20 in the control group. The median age of participants in the RIF group and fertile controls were 32.00 (28.50–32.50) and 30.00 (28.00–31.50) years, respectively. The characteristics of the two groups are presented in Table 1. There was no significant difference in age, BMI, infertility time, baseline hormone levels of estradiol (E2) and progesterone (P), mid-luteal period of endometrial thickness, E2, P, and luteinizing hormone levels between the two groups (all P > 0.05).


Table 1 | Baseline characteristics of the study population.





Comparisons of Lymphocyte Subsets Between Groups

To investigate the potential relationship between the immune status of peripheral blood lymphocytes and RIF, the lymphocyte subsets were first assessed between the two groups. Results showed that patients with RIF had a significantly lower percentage of T cells (P = 0.010) and a significantly higher percentage of NK cells (P = 0.019) in their peripheral blood samples (Table 2). No significant differences were observed in the other lymphocyte subsets (T helper, killer T cells, and double-positive T lymphocytes) or in the T helper (Th) to T cytotoxic (Tc) ratio, between the two groups (Table 2).


Table 2 | Comparisons of lymphocyte subsets between the recurrent implantation failure and control groups.





Comparisons of Functions and Differentiation of T Cell Subsets Between Groups

To assess the functions and differentiation of T cells between groups, an analysis of T cells in peripheral blood samples was performed (Table 3). The percentage of CD3+ regulatory T cells (Tregs) in the RIF group was found to be significantly lower than that in the control group (P = 0.005). No significant differences were observed in the other subsets. As compared with the control group, the RIF group exhibited a higher percentage of Tfh1 (P = 0.024) and Tfh17 (P = 0.004) cells and a lower percentage of Tfh2 cells (P = 0.008) among the total number of Tfh cells. In addition, the RIF group exhibited a significantly higher percentage of Th17 to Th2 (P = 0.003) and Th1+Th17 to Th2 (P = 0.002). No differences were observed in the functions of CD8+ T and γδ T cell subsets between the two groups.


Table 3 | Comparisons of functions and differentiation of T cell subsets between the recurrent implantation failure and control groups in peripheral blood samples.





Comparisons of NK Cell Subsets Between Groups

NK cell subsets in the peripheral blood were also measured. It was found that the percentage of early inhibitory NK cells was lower in the RIF group than that in the control group (P = 0.004; Table 4). No significant differences in the percentages of T, immature, mature, late inhibitory, activated, conventional killer, and virus-specific NK cells were observed between groups (all P > 0.05; Table 4).


Table 4 | Comparisons of NK cell subsets between the RIF and control groups.



Binary logistic regression analysis was performed for the 5 different indicators, and the results showed that Treg, Tfh17, and early inhibitory NK cells exhibited significant differences between the two groups (P < 0.05; Table 5).


Table 5 | Logistic regression analysis of the effect of the five peripheral blood lymphocyte subsets on the RIF.





Comparisons of Lymphocytes Between Groupsin Peripheral Blood Mononuclear Cells Between Groups

To investigate the differences in peripheral blood lymphocytes between groups, their percentages in peripheral blood mononuclear cells were analyzed using flow cytometry. There were significant differences in the percentages of Tregs (CD3+CD4+CD25+CD127-), Tfh1 (CD3+CD4+CXCR5+CXCR3+CCR4-), Tfh2 (CD3+CD4+CXCR5+CXCR3-CCR4+), Tfh17 (CD3+CD4+CXCR5+CXCR3-CCR4-CCR6+), and early inhibitory NK cells (CD3-CD56+CD94+KIR-) between the two groups (Figure 1). The RIF group exhibited a significantly lower percentages of Tregs (2.24 ± 0.91 vs. 3.17 ± 1.09; P < 0.05; Figure 1A), a higher percentage of Tfh1 cells (11.70 ± 3.34 vs. 9.58 ± 2.33; P < 0.05; Figure 1B), a lower percentage of Tfh2 cells (37.72 ± 6.57 vs. 42.72 ± 4.56; P < 0.05; Figure 1B), a higher percentage of The Th17 cells (6.52 ± 2.45 vs. 4.42 ± 1.82; P < 0.05; Figure 1C), and a lower percentage of the early inhibitory NK cells (41.79 ± 13.17 vs. 55.10 ± 14.62; P < 0.05; Figure 1D), compared with the control group.




Figure 1 | Comparison of Tregs (A), Tfh1 (B), Tfh2 (B), Tfh17 (C), and early inhibitory NK cells (D) between the RIF and control groups. RIF, recurrent implantation failure; NK, natural killer; Tregs, regulatory T; Tfh, T follicle helper.





Diagnostic Value of Biomarkers for RIF

In order to identify potential biomarkers for the diagnosis of RIF, logistic regression analysis and ROC curves were used to evaluate the diagnostic efficiency of single and combined biomarkers (Figure 2). The results showed that the AUCs of T cells, Tregs, Tfh1, Tfh2, Tfh17, NK cells, and early inhibitory NK cells were 0.746 (95% CI = 0.590–0.903, P = 0.007), 0.745 (95% CI = 0.595–0.896; P = 0.007), 0.723 (95% CI = 0.561–0.884; P = 0.015), 0.777 (95% CI = 0.629–0.926; P = 0.002), 0.750 (95% CI = 0.595–0.905; P = 0.006), 0.702 (95% CI = 0.540–0.864; P = 0.027), and 0.757 (95% CI = 0.604–0.910; P = 0.025), respectively. A combination diagnosis including all 3 markers revealed a significantly higher AUC of 0.900 (95% CI = 0.808–0.992; P < 0.001) than any marker alone. A combined diagnosis using these 3 markers had a high diagnostic value and may be able to distinguish the patients with RIF from patients with other conditions during ART.




Figure 2 | ROC curve for the efficiency of single (Tregs, Tfh1, Tfh2, Tfh17, and early inhibitory NK cells) and of combined biomarker diagnosis for RIF. ROC, receiver operating characteristic; RIF, recurrent implantation failure, NK, natural killer; Tregs, regulatory T; Tfh, T follicle helper.






Discussion

Previous studies have focused on the aggregation of immune cells in endometrial tissue during the window of implantation, including NK cells, macrophages, dendritic cells, and Tregs, which provide a unique immune microenvironment for embryo implantation (15, 16). The immune cells found in the peripheral blood and endometrium are heterogeneous under different situations (17). We therefore assumed that there may be certain special biomarkers that may become abnormal under RIF. The detection of potential biomarkers to predict RIF in the peripheral blood would be preferable to endometrial biopsies. To the best of our knowledge, no reliable peripheral blood biomarker for RIF during the window of implantation has been reported yet.

In the present study, a systematic comparison of the subsets of peripheral blood lymphocytes, including T, CD4+ T, CD8+ T, NK, and γδ T cells in women with RIF (RIF group) and those with successful pregnancies (control group), was performed. The results showed that the RIF group exhibited a significantly higher percentage of Tfh1, Tfh17, and NK cells, compared with the control group. On the contrary, a significantly lower percentage of T cells, Tregs, Tfh2, and early inhibitory NK cells was identified in the RIF group, as compared with that in the control group. Finally, these findings indicated that a combined diagnosis using these 7 biomarkers (T cells, Tregs, Tfh1, Tfh2, Tfh17, NK cells, and early inhibitory NK cells) has a high diagnostic value and may be able to distinguish patients with RIF from other patients during ART. These findings suggested that the use of peripheral blood samples may be a safe and reliable potential diagnostic tool for women with RIF who underwent ART.

T cells could be divided into CD4+ and CD8+ T cells, according to their cell surface antigens (18). T cell subsets could be further differentiated into stem cell memory, central memory, effector memory, and effector T cells, which exist in peripheral tissues and blood, based on their effector memory differentiation. Those T cells can produce effector molecules upon activation (19). Our results indicated that there may be a decreased percentage of T cells in patients with RIF compared with fertile controls. A relationship between T cell activation and Th1 has previously been reported in women with RIF or RPLs (9). In addition, Li et al. further analyzed the levels of peripheral blood T cells in women with chronic endometritis (CE) and compared them with that in a non-CE group, in which patients had undergone recurrent miscarriage (RM) and RIF. However, no statistical difference was identified between the two groups (20), suggesting that peripheral blood T cells were not involved in the regulation of inflammatory responses in either RM or RIF. In the present study, flow cytometry was first used to investigate the expression of CD4+ and CD8+ T cell subsets for effector memory differentiation in women with RIF. However, no significant differences were observed between these subsets.

Of note, once the antigens were stimulated, naive CD4+ and CD8+ T cells could be characterized by several effector subsets based on their pattern of cytokine expression. These include type 1 T helper (Th1), Th2, Th17, Tregs, and T follicle helper cells (Tfh) for CD4+ T cells (21), as well as Tc1, Tc2, and Tc17 for CD8+ T cells (19), all of which play critical roles in maintaining immune tolerance. Tfh cells are generally considered the dominant T cell population, which could induce B cells to help reduce inflammation (22). The programmed cell death-1 molecule has been demonstrated to regulate the positioning and function of Tfh cells (23). A previous study also revealed an association between Tfh cells and human immunodeficiency virus (HIV) infection and showed that Tfh cells may play critical roles in antimicrobial defense, cancer, and autoimmunity (24, 25). A recent study found that E2 and P4 cooperate in the humoral immune response by favoring the expansion of different cyclic Tfh cell subsets (26). No study has yet reported the relationship between Tfh cells and RIF. To the best of our knowledge, the present findings were the first to suggest that Tfh1, Tfh2, and Tfh17 cells are associated with pregnancy outcomes in IVF treatment, and these types of cells may serve as novel indicators for the prediction of implantation success in patients undergoing ART.

Tregs that are distributed in peripheral blood circulation and tissues have been suggested to be necessary for the maintenance of maternal–fetal tolerance. An elevated expression of Tregs in the peripheral blood has been reported to be correlated with a favorable pregnancy outcome (27). It has also been shown that human chorionic gonadotropin could regulate the differentiation of Tregs in order to affect pregnancy outcomes in women with RIF (28). The results of certain studies focusing on human and murine models have revealed a reduction in the percentageof Tregs during RIF or unexplained infertility (29). A lower percentage of Tregs was also observed in the peripheral blood of women with RIF (30). In the present study, the levels of Tregs were significantly lower in patients with RIF, as compared with fertile controls, and these findings were consistent with previous studies. These findings provide a foundation for the use of Tregs for the detection of RIF.

NK cells constitute the dominant cell population in the endometrium, and they make contact with the extravillous trophoblast cells in the decidua during the early stage of pregnancy. Previous studies have focused on the role of NK cells in recurrent spontaneous abortion and RIF. The expression of NKP30 on cytotoxic NK cells (CD56dim CD16pos/neg) significantly increased in RIF (31). High NK cell numbers may be adisadvantage for ovarian reserve or function (32). Sacks et al. (33) reported that women with RIF had a higher NK cell activity in the peripheral blood, which was consistent with the findings of the present study. The present findings showed that patients with RIF may exhibit an increased number of NK cells. However, a study by Kolanska et al. (17) showed that peripheral blood NK cells alone were not able to reflect the risk of pregnancy failure or miscarriage, and it should therefore not be recommended for the management of RM and RIF. Nevertheless, differences in subsets of NK cells in the RIF and control groups were observed in the present study. The results showed a decrease in the percentage of early inhibitory NK cells in patients with RIF, which may provide some insights into the pathogenesis of RIF. To the best of our knowledge, no studies have investigated the early inhibition of NK cells in RIF to date. Further studies with larger samples need to be performed to re-verify these findings.

Pregnancy success or failure has been found to be correlated with the number of γδ T cells in the decidua of pregnant mice (34). Clark et al. (34) reported that γδ T cells could produce cytokines through an imbalance of Th1/2/3 cells in murine pregnancy decidua, leading to abortions. The present study focused on the relationship between γδ T cells in the peripheral blood and the success or failure of pregnancy, and the γδ T cells and subsets in the peripheral blood samples of patients with RIF were identified using flow cytometry. The results showed that there was no significant difference between groups. We therefore hypothesized that the γδ T cells in the peripheral blood and decidua were heterogeneous.

In conclusion, the present findings indicated that an increase in the percentage of Tfh1, Tfh17, and NK cells and a decrease in the percentages of Tregs, and T, Tfh2, and early inhibitory NK cells were associated with RIF. The data was strengthened by binary logistic regression modeling and the screening of three significant difference indicators: Treg, Tfh17, and early inhibitory NK cells. Combined diagnosis using these 3 molecular markers showed high diagnostic efficacy for assessing patients with RIF and could act as a novel potential biomarker for ART. We hope that our findings could provide a reference either for the clinical treatment of patients with RIF or for future large, well-designed studies.
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Background

The GnRH agonist long-acting protocol and GnRH antagonist protocol are widely used in ovarian stimulation. Which protocol eliciting higher live birth rate for IVF/ICSI patients with different ages, different ovarian reserves and different body mass index (BMI) has not been studied. However, among these protocols, the one that elicits higher live birth  in IVF/ICSI patients with different ages, ovarian reserves and body mass indexes (BMI) has not been identified.



Methods

This was a retrospective cohort study about 8579 women who underwent the first IVF-ET from January, 2018 to August, 2021. Propensity Score Matching (PSM) was used to improve the comparability between two protocols.



Results

After PSM, significant higher live birth rates were found in the GnRH agonist long-acting protocol compared to GnRH antagonist protocol (44.04% vs. 38.32%) (p<0.001). Stratified analysis showed that for those with AMH levels between 3 ng/ml and 6 ng/ml, with BMI ≥ 24 kg/m2 and were aged ≥ 30 years old, and for those women with BMI < 24kg/m2 and were aged ≥30 years whose AMH levels were ≤ 3ng/ml, the GnRH agonist long-acting protocol was more likely to elicit live births [OR (95%CI), 2.13(1.19,3.80)], [OR (95%CI), 1.41(1.05,1.91)]. However, among women with BMI ≥ 24kg/m2 and were aged ≥30 years whose AMH levels were ≤ 3ng/ml, the GnRH agonist long-acting protocol had a lower possibility of eliciting live births [OR (95%CI), 0.54(0.32,0.90)]. Also, among women with AMH levels between 3 ng/ml and 6 ng/ml, with BMI ≥ 24 kg/m2 and with age < 30 years and for those with AMH levels between 3 ng/ml and 6 ng/ml, regardless of age, and with BMI<24kg/m2,, the possibility of live births was similar between the two protocols [OR (95%CI), 1.06(0.60,1.89)], [OR (95%CI), 1.38(0.97,1.97)], [OR (95%CI), 0.99(0.72,1.37)]. Among the women with AMH levels ≤ 3 ng/ml and with were aged < 30years, regardless of BMI, the possibility of live birth was similar between the two protocols [OR (95%CI), 1.02(0.68,1.54)], [OR (95%CI), 1.43(0.68,2.98)]. Moreover, among women with AMH levels ≥ 6ng/ml, the possibility of live birth was similar between the two protocols [OR (95%CI),1.42(0.75,2.69)], [OR (95%CI),1.02(0.19,5.35)], [OR (95%CI), 1.68(0.81,3.51)], [OR (95%CI), 0.51(0.10,2.55)].



Conclusions

The suitability of the GnRH agonist long-acting protocol or GnRH antagonist protocol to infertility patients is dependent on specific biological characteristics of the patients.





Keywords: GnRH agonist long-acting protocol, GnRH antagonist protocol, live birth rate, ovarian reserve, body mass index



Introduction

In vitro fertilization and embryo transfer (IVF-ET) is the most commonly patronized treatment option for women experiencing infertility. This is attributable to the increase in pregnancy rates of patients undergoing IVF-ET. A key to the improvement in pregnancy rate is the application of the controlled ovarian stimulation (COS) protocols (1, 2). Among the COS protocols that have been developed are the gonadotropin-releasing hormone (GnRH) agonist long protocol and the GnRH antagonist protocol (2, 3). The GnRH agonist long-acting protocol is one of the mainstream protocols of COS in China because of its advantages such as effectively improving endometrial receptivity and increasing the clinical pregnancy rate of fresh IVF cycles (4, 5). The GnRH antagonist protocol, on the other hand, is widely used because of its shorter duration of stimulation and its association with a low incidence of ovarian hyperstimulation syndrome (OHSS) (5–7).

Since both protocols are advantageous to some extent, clinicians have become indecisive about which one to fully rely upon. Previous studies that compared both protocols on live birth rates yielded seemingly conflicting findings. Yang et al. reported (8) that live birth rate, clinical pregnancy rate and implantation rate of the GnRH agonist long-acting protocol are significantly higher than those of the antagonist protocol. However, Wang et al. found (9) that there is no significant difference in live birth rate between both protocols in patients with normal ovarian reserves. Li et al. (10) observed that in patients with poor ovarian response, the GnRH agonist long-acting protocol is associated with higher live birth rates than the GnRH-antagonist protocol. These seemingly conflicting reports, together with the confounding factors such as variation in the basic characteristics of women, make it difficult to decide on which of the two protocols is optimal for IVF women. Hence, it is necessary to implement individualized COS protocols in accordance with the specific characteristics of the patients.

An important clinical feature of female infertility is ovarian reserve, which is also a crucial factor used in selecting the most appropriate COS protocol (11–13). Several studies have shown that AMH is a reliable marker of ovarian reserve (14–18), and has a significant correlation with age (19, 20). Due to this, AMH, combined with age, is commonly used to evaluate ovarian reserve in clinical practice.

It has been found that increased body mass index (BMI) affects the success of IVF (21, 22) as well as live births following IVF (23). Also, it has been observed that serum AMH is positively correlated with BMI in normal weight women with normal ovarian reserve (24). However, in women with polycystic ovary syndrome (PCOS), serum AMH was observed to correlate negatively with BMI (25). These findings indicate that BMI and AMH serum levels should be taken into account when establishing an individualized COS protocol. Thus, in this study, we retrieved the data of infertile women who had been exposed to the GnRH agonist long-acting protocol or the antagonist protocol, and assessed their live birth rate by combining the basic characteristics: age, BMI and AMH levels. Our findings would provide reference for clinical guidance and treatment of female infertility.



Material and Methods


Participants

Women who had undergone their first IVF/ICSI cycles between January, 2018 and August, 2021 at the Chengdu Xinan Gynecology Hospital and Chengdu Jinjiang Hospital for Women’s and Children’s Health were retrospectively identified in the institutional database. Only women who received COS with GnRH agonist long-acting protocol or the GnRH antagonist protocol and received fresh embryo transfer were included in this study. Exclusion criteria were abnormal results on parental karyotyping, missing lab data, and incomplete live birth information. Patients' flow chart detailing  the whole process is shown in Figure 1.




Figure 1 | Flow chart.





GnRH Agonist Long-Acting Protocol

Each woman received a GnRH agonist (Diphereline, 3.75mg, Beaufort-Ipson, France) on the 2nd to 4th day of menstruation (follicular phase). Serum levels of sex hormones and ultrasound assessment of developing follicles were monitored on the 28th to the 35th day after GnRH agonist administration. The following criteria were used: (a) endometrial thickness < 5mm, (b) estradiol (E2) < 50pmol/L, luteinizing hormone (LH) < 5IU/L follicle-stimulating hormone (FSH) <5 IU/L, progesterone (P) of <1 ng/ml, (c) no functional cyst, (d) follicle size 3–5 mm under ultrasound. In accordance with the patient’s age, BMI, antral follicle number (AFC) and AMH levels, we determined the initial dose of gonadotropin (Gn) that could control ovulation. The dosage was adjusted continually according to the patient’s ovarian reaction and follicular growth. 250 µg of recombinant human chorionic gonadotropin (rhCG, Merck Schlano, Germany) were given to each woman until two to three ovarian follicles were, at least, 17–18 mm in diameter. Oocyte retrieval was performed 36 hours post-hCG injection.



GnRH Antagonist Protocol

In accordance with the patient’s age, BMI, antral follicle number (AFC) and AMH levels, recombinant FSH 100 ~ 300 IU/d (rFSH, Gonal-F, Merck Serono S.A., Switzerland) administration was done from the 2nd to the 4th day of the menstrual cycle. This was followed by Gn administration. The Gn dosage was adjusted as the follicles developed. A daily dose of 0.25 mg GnRH-ant (Ganerik acetate, Merck Serono, Switzerland) was started either on the 6th day of rFSH stimulation until the hCG injection or when the dominant follicle’s diameter was ≥ 12-14 mm. The induction of ovulation was performed by administering the women with 250 µg of rhCG (Merck Schlano, Germany) or with the 0.2 mg of Decapeptyl either alone or in combination with, 2000 IU of urinary hCG [Merck Schlano]). This was done during the period when two to three ovarian follicles were, at least, 17–18 mm in diameter. Oocyte retrieval was performed 36 hours after the ovulation induction.



Embryo Transfer and Luteal Support

On the 3rd to 5th day after fertilization, 1 to 2 of grade I-II high-quality embryos were selectively transferred. Embryo grading was done in accordance with the proceedings of the Istanbul consensus (26). The luteal phase support was started on the day when the oocytes were retrieved with 200 mg intravaginal progesterone soft capsules for 8 hours/times. 20mg of dydrogesterone (Dupbaston, Dutch) was taken twice on each day.



Outcome Measures

The primary outcome measure was the live birth which was defined as the delivery of any living baby at or after 28 weeks of pregnancy during the first embryo transfer. Live birth rate = number of live birth cycles/number of embryo transfer cycles. The secondary outcomes were biochemical pregnancy rate, clinical pregnancy rate, incidence of ovarian hyperstimulation syndrome (OHSS), number of retrieved oocytes, number of metaphase II (MII) oocytes, and number of 2 pronuclear (2PN) embryos. The biochemical pregnancy was defined as the serum β-HCG>25U/L 14 days after embryo transfer Clinical pregnancy, defined as the presence of gestational sac or fetal heart, was confirmed with transvaginal ultrasound 28 days after embryo transfer. The OHSS was defined according to the Golan et al’ criteria (27).



Statistical Analysis

Propensity Score Matching (PSM) was used in data analysis to balance the baseline and improve the comparability between GnRH agonist long-acting protocol group and GnRH antagonist protocol group. The variables in PSM model included female age, BMI, duration of infertility, type of infertility, basal sex hormone (E2, P, FSH, LH), AFC, AMH, insemination methods, the number of good quality embryos transferred and the type of embryos transferred. A 1:1 nearest neighbor matching method with caliper (0.1) was used to match data between groups.

Continuous variables are expressed as mean ± SD or median (IQR); and Categorical variables are expressed as number (n) and percentage (%). Normality was checked through Shapiro-Wilk normality test. Mann-Whitney U test or Student’s t-tests were used for continuous variables and the Chi-square test was used for categorical variables.

Multivariate logistic regression analysis was performed to compare the live birth rates between the two protocols. Additional analyses were performed after stratification of the participants by age (age<30 years vs age≥30 years) (28), BMI (BMI<24 kg/m2 vs BMI≥24 kg/m2), AMH levels (AMH ≤ 3ng/ml vs 3ng/ml<AMH<6ng/ml vs AMH≥6ng/ml) (29) and also after combining the above three parameters. All analyses were performed using the Statistical Package for the Social Sciences (Version 25.0; SPSS, Chicago, IL). P <0.05 was used to indicate a significant statistical difference.




Results


Demographic, Cycle Characteristics and Pregnancy Outcomes Calculated Without Specific Stratification

The demographic characteristics, cycle characteristics and pregnancy outcomes of the study participants before and after PSM are shown in Tables 1, 2. Before PSM, a total of, 8579 cycles were included in this study. Significant differences in the comparison of baseline characteristics were observed between two groups in age, BMI, AMH, AFC, basal FSH, basal LH, basal E2, basal P, Gn dose, duration of Gn, number of good quality embryos transferred., 4972 of the cycles used the GnRH agonist long-acting protocol and generated 45.09% of live birth rate while, 3607 of the cycles used the GnRH antagonist protocol and generated 38.70% of live birth rate. After 1:1 matching, a total of, 6608 cycles were analyzed in this study. There were no significant differences in age, BMI, basal FSH, basal LH, and the number of good quality embryos transferred between the two groups. However, the GnRH agonist long protocol group still received a higher gonadotropin dosage (1875IU vs, 1800IU) and longer gonadotropin exposure duration (12 vs 9) than the antagonist protocol group., 3304 of the cycles used the GnRH agonist long-acting protocol and generated 44.04% of live birth rate while, 3304 of the cycles used the GnRH antagonist protocol and generated 38.32% of live birth rate. The live birth rate of the GnRH agonist long-acting protocol group was significantly higher than that of the GnRH antagonist protocol group before and after matching(P<0.001).



Table 1 | Comparison of baseline parameters between the GnRH agonist long-acting protocol and GnRH antagonist protocol and after PS matching.




Table 2 | Comparison of clinical outcomes between the GnRH agonist long-acting protocol and GnRH antagonist protocol and after PS matching.



After matching, the number of oocytes retrieved (9.69 ± 4.22 vs 9.16 ± 4.28), the mature eggs number (8.51 ± 3.90 vs 8.05 ± 3.91), the biochemical pregnancy rate (60.90% vs 55.75%), the clinical pregnancy rate (53.03% vs 47.79%) and the incidence of OHSS (4.57% vs 1.91%) were higher in the GnRH agonist long-acting protocol group than in the antagonist protocol group. Nonetheless, the ectopic pregnancy rates (1.43% vs 4.12%) in the GnRH agonist long-acting protocol group were significantly lower than those of the GnRH antagonist protocol group. There was no significant difference in the two-Pro-Nuclei (2PN) fertilized eggs number (6.07 ± 3.27 vs 6.05 ± 3.32), early miscarriage (13.87% vs 14.06%) and late miscarriage rate (1.94% vs 2.28%) between two groups (Table 2).



Live Birth Measured With Stratification Analysis Using Multivariate Logistic Regression

Before and after matching, and after adjusting for potential confounding factors (such as age, BMI, AMH, AFC, basal FSH, basal LH, basal E2, basal P, Gn dose, duration of Gn, number of good quality embryos transferred), the multivariate logistic regression analysis showed that the GnRH agonist long-acting protocol was associated with a higher possibility of having live birth than that of the GnRH antagonist protocol [OR (95%CI), 1.25(1.01,1.53)], P<0.001; [OR (95%CI), 1.20(1.00,1.43)], P=0.002 (Table 3).


Table 3 | Comparison of live birth rate of the GnRH agonist long-acting protocol and GnRH antagonist protocol using multivariable logistic regression analysis in subgroup women with different BMI, AMH and age and after PS matching. (the GnRH antagonist protocol as a reference).



To find the live birth rate of the GnRH agonist long or antagonist protocols in patients with different characteristics, we carried out a further analysis by stratifying the patients according to their ages, BMIs and AMH levels. After matching, the multivariate logistic regression analysis showed a significantly higher possibility of having live births of each layer stratified by age in the GnRH agonist long protocol group than in the GnRH antagonist protocol group [OR (95%CI), 1,24(1.10,1.40)], [OR (95%CI), 1.24(1.08,1.42)]. For women with BMI <24kg/m2, the GnRH agonist long-acting protocol was associated with a higher opportunity of getting live births [OR (95%CI), 1.28(1.10,1.50)]; for women with overweight (BMI≥24kg/m2), the two protocols had similar live birth rates [OR (95%CI),1.17(0.90,1.52)]. When the population was stratified by AMH, for women with normal ovarian reserves (3ng/ml<AMH<6ng/ml), we found a significantly higher possibility of live birth in the GnRH agonist long protocol group than in the GnRH antagonist protocol group [OR (95%CI), 1.24(1.02,1.52)]; Among women with AMH≥ 3ng/ml or AMH≥ 6ng/ml, the chances of getting live births were similar between the two groups. [OR (95%CI),1.12(0.92,1.38)], [OR (95%CI), 1.41(0.92,2.15)] (Table 3).

After matching, the study population was divided into 12 groups according to the combination of AMH levels, age and BMI (Table 4). The multivariate logistic regression analysis showed that for younger women (age<30 years old), regardless of their BMI and ovarian reserves, the GnRH agonist long-acting protocol was more likely to elicit live births than the antagonist protocol, although the difference was not statistically significant. However, among women who were above 30 years old and who had normal ovarian reserves (3ng/ml<AMH<6ng/ml) and variable BMI, the abilities of the two protocols to elicit live births may differ significantly. For women who had AMH levels from 3ng/ml to 6ng/ml (3ng/ml<AMH<6ng/ml), were aged ≥ 30 years old and had BMI ≥ 24kg/m2, the GnRH agonist long-acting protocol was more likely to have live births than the antagonist protocol [OR (95%CI), 2.13(1.19,3.80)]; while among the women with normal ovarian reserves, were aged ≥30 years old and had BMI < 24kg/m2, the chances to have live births were similar between the two protocol groups [OR (95%CI),0.99(0.72,1.37)]. Among women with AMH ≤ 3ng/ml, aged ≥ 30 years old and with BMI < 24kg/m2, the GnRH agonist long-acting protocol had a higher possibility to live births than the antagonist protocol [OR (95%CI), 1.41(1.05,1.91)]. Interestingly, for women with AMH ≤ 3ng/ml, age ≥ 30 years old and BMI≥ 24kg/m2, the GnRH agonist long-acting protocol had a lower possibility of live births the antagonist protocol [OR (95%CI), 0.54(0.32,0.90)]. Among the women who had AMH level ≥ 6ng/ml, aged ≥ 30 years old and had BMI < 24kg/m2, the possibilities to have live births were similar between the two protocols [OR (95%CI), 1.68(0.81,3.51)] However, among the women who had AMH level ≥ 6ng/ml, aged ≥ 30 years old and with BMI≥ 24kg/m2, the GnRH agonist long-acting protocol had a lower possibility of eliciting live birth than the antagonist protocol [OR (95%CI), 0.51(0.10,2.55)]. Before matching, and after adjusting potential confounding factors, the multivariate logistic regression analysis showed that for younger women (age<30 years old), who had normal ovarian reserves and with BMI < 24kg/m2, the GnRH agonist long-acting protocol was more likely to elicit live births than the antagonist protocol [OR (95%CI),1.58(1.16, 2.16)] (Supplemental Table 1).


Table 4 | Multivariable logistic regression analysis of live birth rate of the GnRH agonist long-acting protocol and GnRH antagonist protocol for women with different AMH, Age and BMI (after PS matching) (the GnRH antagonist protocol group as a reference).






Discussion

Providing an individualized IVF-ET protocol, via individual characteristics, so as to maximize the rate of pregnancy and live births while reducing OHSS and adverse pregnancy outcomes, is still a big challenge in clinical medicine. In this study, we first analyzed the variables of the participants without any special stratification; and observed that the GnRH agonist long-acting protocol group had higher live birth rates, biochemical pregnancy rates and clinical pregnancy rates than the antagonist protocol group (Tables 2, 3). This is consistent with the findings of other studies (4, 30) which showed that in the fresh cycle, the GnRH agonist long-acting protocol group had a higher clinical pregnancy rate and implantation rate than the GnRH antagonist protocol group. The mRNA and protein levels of HOXA10, MEIS1 and LIF, which are markers of uterine development and endometrial receptivity (31, 32), were found to be higher in the GnRH agonist long-acting protocol group than in the antagonist protocol group. This indicates that the GnRH agonist long-acting protocol, unlike the antagonist protocol, may have a less association with the impairment of the patients’ endometrial receptivity. In addition, we found that the GnRH agonist long-acting protocol was associated with a higher risk of OHSS (4.57% vs 1.91%), which is consistent with Toftager et al’s results (33). These findings indicate that the GnRH agonist long-acting protocol, rather than the GnRH antagonist protocol, may be more beneficial to women who undergo ART therapy.

To date, there is no single COS solution that works for all infertile women. Zhang et al. (34) indicated that the choice of COS protocol is highly dependent on ovarian reserve and age. Marci et al. (35) reported that high BMI could impair the ovarian response to exogenous gonadotropins. However, it is not a common practice to combine these factors to select a COS protocol for infertile women. Therefore, to explore whether women with different characteristics are more suitable for any protocol, we divided the study population into several groups according to the ages, AMH levels and BMI of the study participants. We found that among women with normal ovarian reserve, BMI < 24kg/m2 and age <30 years old, the GnRH agonist long-acting protocol was associated with a higher possibility of having live birth than that of the GnRH antagonist protocol [OR (95%CI),1.58(1.16,2.16)] (Supplemental Table 1). Grow et al. (36) reported that good-prognosis patients had higher live birth rate with the GnRH agonist long-acting protocol than with the antagonist protocol [OR (95%CI),1.13(1.03,1.25)]. The results of this study are consistent with our findings. Additionally, in overweight women (BMI ≥ 24 kg/m2) with normal ovarian reserve, the women aged ≥ 30 years old had higher live birth rates with the GnRH agonist long-acting protocol than with the antagonist protocol [OR (95%CI), 2.13(1.19,3.80)]. Also, our results showed that a higher number of oocytes was retrieved in the GnRH agonist long-acting protocol group than in the antagonist protocol group. Since a decline in the number of oocyte as well as the increase of age, old age (37) and embryo aneuploidy (38) are crucial factors of infertility, the GnRH agonist long-acting protocol is recommended for infertile women with normal ovarian reserve, who have BMI<24kg/m2 and are aged <30 years old as well as those who have normal ovarian reserve have BMI ≥ 24kg/m2 and are aged ≥ 30 years.

Further, in women with normal ovarian reserve (3ng/ml < AMH < 6ng/ml), with BMI < 24kg/m2 and are aged ≥30 years old or with BMI ≥ 24 kg/m2 and with ages < 30 years old, the possibilities to have live births were similar between the two protocols [OR (95%CI), 0.99(0.72,1.37)], [OR (95%CI), 1.06(0.60,1.89)]. Our results are consistent with that of a meta-analysis (9) which showed no difference between the agonist protocol group and the antagonist protocol group of women with normal ovarian reserves (OR [95% CI] = 0.95 [0.74, 1.09], P = 0.27). Al-Inany et al. [35] found that compared to the GnRH agonist long-acting protocol, the antagonist protocol significantly reduced the incidence of any grade of OHSS (OR 0.61, 95% C 0.51 to 0.72; 36 RCTs, n = 7944, I2 = 31%, moderate quality evidence) without affecting the live birth rate (OR 1.02, 95% CI 0.85 to 1.23; 12 RCTs, n = 2303, I2 = 27%, moderate quality evidence). Therefore, the antagonist protocol is recommended for infertile women with normal ovarian reserve, with BMI < 24kg/m2 and with ages ≥30 years or with BMI ≥ 24kg/m2 and with ages < 30 years.

Other studies (33, 39–41) have reported that the GnRH antagonist protocol is safer for women with a low and high ovarian reserve, just that live birth rates are similar in both protocols. Our study with larger sample size further revealed that, regardless of age and BMI, among women with relatively high ovarian reserve (AMH ≥ 6 ng/ml), the two protocols had similar live birth rates. Particularly, in women with relatively high ovarian reserve (AMH ≥ 6 ng/ml), with BMI ≥ 24kg/m2 and have ages ≥30 years, the possibility of getting live birth in the GnRH agonist protocol was lower although the difference was not significant [OR (95%CI), 0.54(0.32,0.90)]. Moreover, among younger (age <30 years) women with relatively low ovarian reserve (AMH≤ 3ng/ml), regardless of BMI, the live birth rate was similar in the two protocols. Therefore, the GnRH antagonist protocol is strongly recommended for women with the above characteristics.

Li et al. (10) reported that among women in POSEIDON group 4 of advanced age and have diminished ovarian reserves, the GnRH agonist long-acting protocol and the antagonist protocol achieved comparable live birth rates. However, our study found that among the women with relatively low ovarian reserve (AMH ≤ 3ng/ml), with ages ≥ 30 years old and with BMI < 24kg/m2, the GnRH agonist long-acting protocol was more likely to have live births than the antagonist protocol [OR (95%CI), 1.41(1.05,1.91)]; while among women with relatively low ovarian reserve (AMH ≤ 3ng/ml), with age ≥ 30 years old and with BMI ≥ 24kg/m2, the GnRH agonist long-acting protocol had a lower possibility of live birth than the antagonist protocol [OR (95%CI), 0.54(0.32,0.90)]. These indicate that BMI is a vital factor to be considered in a personalized COS protocol. Unfortunately,  to the best of our knowledge, there have been no studies comparing the GnRH agonist long-acting protocol and the GnRH antagonist protocol in women who have low ovarian reserve and who have different BMIs. Rabinson et al. (42) showed that in general women with BMI < 25kg/m2, the GnRH agonist protocol had a higher pregnancy rate. Although the ovarian reserve of women included in the study was not selected, the trend of their results was consistent with ours. These findings show that the GnRH agonist long-acting protocol may be more suitable for women with relatively low ovarian reserve (AMH ≤ 3ng/ml), with ages ≥ 30 years old and with BMI < 24kg/m2. Nevertheless, among women with relatively low ovarian reserve (AMH ≤ 3ng/ml), with age ≥ 30 years old and with BMI ≥ 24kg/m2, the GnRH antagonist protocol is recommended since it can help avoid the excessive suppression of the pituitary-gonadal axis and the concentrations of endogenous FSH and LH (43).

To our knowledge, this is the first study to compare the live birth rates of the GnRH agonist long-acting protocol and antagonist protocol in women with different characteristics by combining BMI with ovarian reserve markers. In spite of all the efforts to control bias, this study is inherently limited by the review of a retrospectively collected data set. In addition, this study did not follow up to the frozen embryo cycle, and could not provide relevant indicators such as cumulative live birth rate.



Conclusion

Among infertile women who receive fresh embryo transfer after the first IVF treatment, the GnRH agonist long-acting protocol is recommended for women with normal ovarian reserve (3ng/ml < AMH < 6ng/ml), with BMI<24 kg/m2 and with ages<30 years, and for those with normal ovarian reserve (3ng/ml < AMH < 6ng/ml), with BMI ≥ 24 kg/m2 and are aged above 30 years. It is also recommended for women with BMI < 24kg/m2 and with ages<30 years whose AMH levels are ≤ 3ng/ml. However, among the remaining infertile women in the cohort, the antagonist protocol may suite them because of the lower incidence of ovarian hyperstimulation syndrome, duration and dosage of Gn. Taken together, our results may provide a personalized recommendation in COS protocol selection. The recommendation of two protocols for women in different characters is shown in Supplemental Table 2.
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Objective

This study aims to evaluate neonatal and children growth outcomes of cryotransfer of embryos developed from frozen gametes [double frozen transfer (DFT)].



Methods

This nested case-control study included 6,705 women who had a singleton live birth after embryo transfer at the Center for Reproductive Medicine, Shandong University, from 2008 to 2020. Of these, 745 women underwent frozen embryo transfer (FET) using embryos developed from frozen gametes (DFT). Propensity score methodology was used to balance the two groups by maternal age and body mass index (BMI) before evaluating outcomes. After age and BMI were matched using the propensity score methodology in a ratio of 1:4, the control groups enrolled 2,980 women who underwent fresh embryo transfer (ET) and 2,980 women underwent FET from fresh gametes. The children born were followed to at least 5 years of age, and some were followed up to 10 years. Neonatal outcomes and childhood growth measurements were compared among the three groups.



Results

The average birth weight of the DFT group (3,462 g) was significantly higher than the FET group (3,458 g) and ET group (3,412 g). The rate of large for gestational age (LGA) babies in the DFT and FET group was higher than that for the ET group (30.9% vs. 24.8%; 29.4% vs. 24.8%, respectively). After adjusting for different confounder combinations in the three models, the birth weight and risk of LGA in the DFT and FET groups were still higher than in the ET group, and the values group of P for trend in the models were significant. In multiple linear regression analysis of the children’s development, the height Z-score of children born from the DFT and FET group was higher than that for children from the ET group (β = 0.21, 95% CI 0.07–0.35; b = 0.17, 95% CI 0.05–0.28, respectively). However, childhood growth measurements including body weight Z-score and BMI Z-score were not significantly different among the three groups. In addition, the proportion of male children born from DET was higher than that from ET.



Conclusions

There is an increased risk of LGA babies associated with pregnancies conceived from DFT. Children are inclined to be taller in the future in this group than after FET. The related etiology and pathophysiology mechanisms still need to be revealed. In the future, well-designed, observational studies with in-depth collection of patients’ characteristics may shed more light on this issue.





Keywords: frozen embryo transfer (FET), double frozen transfer, gamete cryopreservation, fresh embryo transfer (ET), neonatal outcome, children growth



Introduction

Worldwide, more than eight million children have been conceived after assisted reproductive technology (ART) (1). However, studies have shown that pregnancies and deliveries resulting from ART are generally associated with adverse obstetric and perinatal outcomes when compared to spontaneously conceived (SC) pregnancies (2, 3). Concerns about the safety of ART are increasing, and frozen embryo transfer (FET) and gamete cryopreservation, as important components of ART, have recently focused on perinatal and neonatal outcomes (4, 5).

Literature shows that FET is related to a decrease in the incidence of low birth weight, small for gestational age (SGA), preterm birth, placenta previa, and placental abruption compared with fresh embryo transfer (ET). However, evidence from two recent meta-analyses shows some adverse obstetrics and perinatal outcomes after FET including pregnancy-induced hypertension (PIH), large for gestational age (LGA), and postpartum hemorrhage (4, 6). There are also studies on the perinatal and neonatal outcomes from gamete cryopreservation applied in ART. Most cohort studies show no increased risk of adverse perinatal outcomes following donor sperm compared with partner sperm in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) treatment (7–9). A recent systematic review regarding the impact of oocyte vitrification on offspring shows that vitrification seems to be a safe method for oocyte cryopreservation and child health, at least in the short term (10).

However, to the best of our knowledge, almost no studies have focused on the obstetric and offspring outcome from the cryotransfer of embryos developed from frozen gametes. It is interesting to speculate that there may be an accumulating effect on the offspring after double frozen transfer (DFT). The present study aimed to evaluate the effect of DFT on the outcomes of neonatal and children growth by comparing it with “single frozen transfer” FET and fresh ET in a nested case-control study.



Materials and Methods


Study Design and Oversight

To determine whether double freezing-thawing procedures influence the short- and long-term health of offspring, we assess perinatal and neonatal outcome along with children growth of DFTs, FETs, and ETs. We conducted a single-center, retrospective, nested case-control analysis at the Center for Reproductive Medicine Affiliated to Shandong University. The study was approved by the Institutional Review Board of the Second Hospital, Cheeloo College of Medicine, Shandong University. The ethics approval document number is 2022(37). Written informed consent was obtained from patients and parents or guardians of all participants.



Study Population

This was a matched case-control retrospect analysis including DFT, FET and ET during April 2008 and May 2020 (Supplementary Figure 1). A total of 6705 patients were included in this study. The 745 patients in the DFT group underwent cryotransfer of embryos developed from frozen gametes; of which, 721 cycles involved sperm cryopreservation and 24 cycles involved oocyte vitrification. After maternal age and body mass index (BMI) were matched with the propensity score methodology in a ratio of 1:4, the control group enrolled 2980 cycles that underwent FET and 2980 cycles that underwent ET. All embryos transferred resulted in a singleton birth. Children were followed from birth to at least 5 years to assess growth information including height, weight, and BMI; some children were followed to 10 years of age. Patients were excluded if they were multi-gestation or had been delivered before 28 weeks of pregnancy or stillbirth.



Study Procedures

After routine ovarian stimulation protocols, as previously described (11, 12), transvaginal ultrasound-guided oocyte retrieval was carried out 34–38 h after Human chorionic gonadotropin (HCG) administration. Oocyte fertilization was achieved by IVF or ICSI based on the male partner’s sperm quality. High-quality embryos were selected for transfer at the cleavage-stage or blastocyst stage, and a maximum of two embryos were transferred. Fresh embryos are preferentially transferred at cleavage stage, whereas FET tends to transfer blastocyst embryos. Surplus or all blastocysts were vitrified on day 5 or day 6, based on embryo development, for future transfer. Sperm cryopreservation was used in two situations: the first was autologous sperm cryopreservation as a backup sperm source and the second was cryopreserved donor semen. Oocyte vitrification was used in clinical scenarios such as the unavailability of sperm at the time of egg retrieval or for couples who did not wish to cryopreserve supernumerary embryos in cases where plenty of oocytes were retrieved. Another indication for oocyte vitrification that has now become a reality is the establishment of donor oocyte banks.



Pregnancy Assessment and Follow-Up

Endometrial preparation for FET is described in detail elsewhere (13). Luteal support continued until 11–12 weeks of gestation. Clinical pregnancy was determined through transvaginal ultrasonography by detecting one or more gestational sacs. Early miscarriage was defined as the spontaneous loss of clinical pregnancy within the first 13 weeks of gestation. Subsequently, each patient would receive a telephone survey and standardized questionnaires delivered by trained nurses. Information would be collected including perinatal complications, gestational weeks, birth date, delivery mode, newborn gender and birth weight, neonatal diseases, treatment, and prognosis. All follow-up information was recorded in the electronic medical records (14).

A live birth was defined as the delivery of a viable infant after 28 weeks of gestational age. Low birth weight was defined as a newborn baby weighing below 2,500 g. small for gestational age (SGA) was defined as a birth weight below the 10th percentile for gender and gestational age according to the reference population. Birth weight for gender- and gestational age–specific standard score (z-score) was calculated on the basis of a Chinese reference chart (15). Z-score was calculated according to the following formula: (weight of an individual infant at a given gestational age − mean weight of the reference population at the same gestational age)/standard deviation (SD) in the reference population. Pediatric growth parameters included height in centimeters, weight (kg), and BMI (kg/m2). Data recorded also included whether or not the infant was breastfed.



Statistical Methods

All data analyses were performed using SPSS statistical software v26 and R v4.0.2. Propensity score matching was used to balance the baseline maternal characteristics among the three groups. Patients of DFT, FET and ET groups were evaluated using the propensity score methodology with nearest neighbor matching (caliper 0.2). The matching ratio was 1:4 with the matching factors referring to maternal age and BMI.

Confounders were enrolled according to clinical experience and up-to-date literatures. Continuous variables were presented as mean ± standard deviation with one-way analysis of variance (ANOVA) for between-group differences. Categorical variables were expressed as frequencies and percentages, and the distribution among groups was analyzed by the chi-square test or the Fisher’s exact test. We considered P-values of <0.05 to be statistically significant. Multiple logistics and linear regression analysis were used to adjust confounders. Different regression models were adjusted for different confounder combinations (see Results). All confounders adjusted in multiple regression analysis for obstetric and perinatal parameters fertilization methods, stage of the embryo, fertilization rate, number of embryos transferred, endometrial thickness before transplanting, type of infertility, weight gain during pregnancy,parity,preterm birth, fetal gender, birth weight, gestational diabetes mellitus, (GDM), and PIH hypertensive disorder of pregnancy (HDP). All confounders were adjusted in multiple regression analysis for the height, weight, and BMI of children, including gender, age, weight gain during pregnancy, parity, endometrial thickness, before transplanting, fertilization methods, stage of the embryo, fertilization rate, type of infertility, number of embryos transferred, breastfeeding, GDM, HDP, preterm birth socio-economic status (highest education, job occupation, and income per month), maternal height, and maternal weight.




Results

There were 6,705 patients enrolled in this study. Among these, 745 patients were in the DFT group, and 2,980 patients were enrolled separately in FET and ET groups (Table 1). Women in the DFT group gained the least weight compared with ET group and FET group. More women in the ET group were experiencing their first delivery than in the FET and DFT groups. The type of infertility and cause of infertility in the DFT group were different to the other two groups. More blastocyst transfers were carried out in the DFT and FET groups (96.4% and 96.7%, respectively) than in the ET group (24.0%; Table 1).


Table 1 | Demographic and clinical characteristics of the patients at the baseline.



Table 2 presents perinatal and neonatal outcomes. The proportion of males born in the DFT group was higher than in the ET group (56.9% vs. 51.1%). The birth weight in both DFT and FET groups were heavier than that for ET (3462 g vs. 3412 g; 3458 g vs. 3412 g). The birth weight and risk of LGA tend to increase as the times of freezing increased (P-value for trend <0.001). The FET group had the lowest rate of vaginal delivery (27.2%) compared with DFT (31.8%) and ET (39%). The ratio of LGA was highest in the DFT group, and the FET group showed a higher LGA ratio than the ET group. Both neonatal disease and birth defect ratio were highest in the FET group.


Table 2 | Obstetric and neonatal outcomes.



Tables 3 and 4 show the multiple regression analysis for obstetrics and neonatal and child development. The ET group was set as the reference. After adjustment for different confounder combinations in the three models, the difference of birth weight, LGA, and neonatal diseases was still significant among groups (Table 3). In multiple linear regression analysis of child development, the height Z-score of children born from the DFT and FET groups was higher than that for children from the ET group  (β = 0.21, 95% CI 0.07–0.35; b = 0.17, 95% CI 0.05–0.28, respectively). Increasing height was also associated with times of freezing procedures increased ((P-value for trend = 0.003). However, body weight Z-score and BMI Z-score were not significantly different among the three groups (Table 4).


Table 3 | Multivariate regression models for obstetrics and neonatal outcomes.




Table 4 | Height, weight, and BMI z scores and their coefficients and 95% CIs from unadjusted and adjusted regression models.



For the high ratio of donor sperm in the DFT group, a subgroup analysis, excluding the male partners age >35 years and with severe sperm deficiency or azoospermia, was carried out. The subgroup outcomes were consistent with overall outcomes (see Supplementary Tables 1 and 2).



Discussion

This nested case-control study included 6,705 women who had a singleton live birth after embryo transplant. We found that the birth weight and LGA proportion in the DFT and FET groups were significantly higher compared with that in the ET group. In addition, the test for trend showed that the birth weight and risk of LGA tended to increase as the times of freezing increased. In the comparison of children’s development, the height Z-score of children in the DFT group was greater than in the ET group and the trend test also was significant. However, there was no significant difference in body weight and BMI Z-scores of children born from DFT group than that from FET and ET group after adjustment.

Embryo cryopreservation methods especially for blastocysts have changed from slow freezing to vitrification according to safety and efficacy of the reports over the past decade (16–18). Vitrification is an ultrarapid cryopreservation method with a high concentration of permeable cryoprotectants, which have raised concerns about possible “toxicity” to the embryos and even to the offspring (19). Studies have observed reduced risks of preterm birth and low birth weight in FET cycles compared with that in fresh ETs (6). However, in a large cumulative meta-analysis, singletons born after FET were found to have an increased risk of being born LGA and having a heavier birth weight; there was also an increased risk of HDP (4, 5). We demonstrated similar effects in the present study. The birth weight and LGA rate in the DFT and FET groups were both significantly higher than that in ET group. After adjusting confounders by multiple regression analysis, we found that the birth weight was still higher in the FET and DFT groups. In terms of LGA rate, there was still a significant difference between the DFT and ET groups after adjustment, but the significance was no longer present in a comparison between FET and ET group. Moreover, it is important to realize that there was an increased trend among three groups in birth weight, birth weight Z-score, and LGA rates (showed by the P-values for trend), when the ET group was set as the reference in multiple regression analysis. This situation continued in the multiple regression analysis of height Z-score in the results of child development. All these outcomes demonstrated a cumulative effect of gamete cryopreservation and embryo cryopreservation.

Several pathophysiological processes may play roles in the low risk of SGA and higher risk of LGA in FET cycles than that in fresh ET cycles. The first one is that increased hormone blood levels, especially high estrogen levels, might alter the timing of endometrial receptivity and exert a detrimental effect on spiral artery remodeling by the trophoblast (20, 21). A potential role in placental function dysregulation for elevated estrogen exposure has been associated with higher rates of low birth weight and fetal growth restriction. (22). The second explanation proposed for the increased risk of LGA with frozen cycles is the epigenetic changes during freezing and thawing. The cryopreservation technique may cause epigenetic changes within the embryos, such as DNA methylation and histone modification (23, 24). In the present study, DFT and FET group were mostly at the blastocyst stage. It has also been shown that higher birth weight, and higher risk of LGA and VLGA are found in blastocyst vs. cleavage stage transfer, which is related to the greater number of epigenetic changes during extended culture (25–27). However, the variable of embryo stage at transfer was adjusted by multiple regression analysis, and the higher risk of LGA still existed in the DFT group compared with that in the ET group. Therefore, DFT group showed an increased trend in birth weight and LGA rate compared with FET group; this might possibly be related to epigenetic changes, as the DFT group had all the same parameters as FET group except for one additional gamete cryopreservation procedure. The freezing and thawing procedures performed in gametes and embryo stages might induce cumulus epigenetic changes and stress reactions. Moreover, the results of the long-term follow-up supported the theory that an epigenetic programming of metabolism during prenatal and postnatal periods, as a response to imprinting alterations, occurred during early embryonic development (28, 29).

However, as we mentioned previously, most studies show no increased risk of adverse perinatal outcome following the use of cryopreserved sperm or oocytes. In the present study, DFT group mostly involved cryotransfer of embryos from cryopreserved donor sperm. So why does gamete cryopreservation alone not exhibit an influence on perinatal outcomes, whereas the combination of gametes and embryo cryopreservation shows different outcomes from embryo cryopreservation alone? There might be a threshold for the epigenetic changes or the remodeling of epigenetics during meiosis and early embryo development (30) that covers the epigenetic changes during gamete freezing and thawing. The clear etiological and pathophysiological mechanisms need to be revealed.

Some studies related to double frozen procedures include repeated cryopreservation of embryos. One situation when this may take place is when a surplus of zygotes or day 3 embryos are warmed and cultured for blastocyst development (31, 32). When more blastocysts are formed than required for transfer, repeated cryopreservation may be considered. Another scenario is the repeated vitrification and warming of blastocysts for preimplantation genetic diagnosis (PGD) (33); in such repeated embryo cryopreservation, the clinical pregnancy rate and live birth rate were found to be decreased (31–33). However, limited data regarding perinatal outcomes and long-term follow up have been reported.

Interpretation of associations from observational studies is always challenging. Although we conducted a strict nested case-control study with a large sample size and adjusted for many confounders, several limitations of this study should still be noted. First, most gamete cryopreservation was of donor frozen sperm. As sperm donors are relatively young and have normal semen, there was a selection bias in the DFT population. Therefore, a subgroup analysis, excluding those male partners age >35 years and with severe sperm deficiency or azoospermia, was carried out, and the subgroup outcomes were consistent with the overall findings. Second, not all confounders were taken into accounts, owing to the retrospective nature of this study. Third, all children conceived by ART in this study were from a single medical center in Shandong, China; therefore, caution should be taken in generalizing these findings.



Conclusions and Perspectives

In conclusion, there is an increased risk of LGA babies associated with pregnancies conceived from DFT. Furthermore, the children are inclined to be taller in the future in this group compared with offspring following FET. The related etiology and pathophysiology mechanisms still need to be revealed. In the future, well-designed, observational studies with an in-depth collection of patient characteristics may shed more light on this issue.
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Objectives

This study aimed to investigate the potential mechanism of hyperoestrogensim elicited by ovulation induction affects endometrial receptivity and leads to embryo implantation abnormality or failure.





Study design

Establishment of ovulation induction mouse model. Changes in mouse body weight, ovarian weight, serum E2 level and oestrous cycle were observed. During the peri-implantation period, morphological changes in the mouse uterus and implantation sites and the localization and protein levels of oestrogen receptors ERα and ERβ, the tight junction factors CLDN3 and OCLN, the aquaporins AQP3, AQP4 and AQP8, and the sodium channel proteins SCNN1α, SCNN1β and SCNN1γ were observed. The expression and cellular localization of ERα, CLDN3, AQP8 and SCNN1 β in RL95-2 cell line were also detected by western blotting and immunofluorescence.





Results

Ovarian and body weights were significantly higher in the 5 IU and 10 IU groups than in the CON group. The E2 level was significantly higher in the 10 IU group than in the CON group. The mice in the 10 IU group had a disordered oestrous cycle and were in oestrus for a long time. At 5.5 dpc, significantly fewer implantation sites were observed in the 10 IU group than in the CON (p<0.001) and 5 IU (p<0.05) groups. The probability of abnormal implantation and abortion was higher in the 10 IU group than in the CON and 5 IU groups. CLDN3, OCLN, AQP8 and SCNN1β in the mouse endometrium were localized on the luminal epithelium and glandular epithelium and expression levels were lower in the 10 IU group than in the CON group. The protein expression level of ERα was increased by 50% in the 10 IU group compared to the CON group. The expressions of CLDN3, AQP8, SCNN1β in RL95-2 cell line were significantly depressed by the superphysiological E2, ERα agonist or ERβ agonist, which could be reversed by the oestrogen receptor antagonist.





Conclusion

ART-induced hyperoestrogenism reduces CLDN3, AQP8 and SCNN1β expression through ERα, thereby destroying tight junctions and water and sodium channels in the endometrial cavity epithelium, which may cause abnormal implantation due to abnormal uterine fluid secretion and absorption.





Keywords: assisted reproductive technology, hyperoestrogenism, embryo implantation, uterine fluid, superovulation




1 Introduction

Although assisted reproductive technology (ART) has been significantly improved and overcomes many potential causes of infertility, the pregnancy success rate is still relatively low, mainly due to the failure of embryo implantation (1–6).

Embryo implantation, the most critical step in mammalian pregnancy (7), is an extremely complex physiological process regulated by a variety of factors, and its underlying mechanism has not yet been fully elucidated (7, 8). It requires an implantable blastocyst and a receptive endometrium, which communicate and interact with each other to achieve conception (8, 9). Oestrogen and progesterone are the main hormones that regulate this process (6, 10–12). During ART, a large number of eggs need to be collected and fertilized to increase the number of high-quality embryos available for transfer. The development of multiple follicles is induced by hormone stimulation. Although this method can be used to select high-quality embryos for transfer, ovarian stimulation can also lead to superphysiological levels of E2 (13, 14). It has been reported that hyperoestrogensim during the fresh embryo transfer cycle of ovulation induction leads to a decrease in the embryo implantation rate and clinical pregnancy rate (15–22).

The main function of the endometrium, the main target of oestrogen, is embryo implantation. Oestrogen mainly acts through two classic oestrogen receptor subtypes, ERα and ERβ, in the endoderm. Studies have revealed that ERα knockout mice are infertile, while embryo implantation does not seem to be disturbed in ERβ knockout mice (23). Elevated levels of sex steroids may impair endometrial receptivity (5, 21, 22, 24), leading to decreases in the embryo implantation and clinical pregnancy rates. However, the mechanism underlying the effect of superphysiological E2 levels on embryo implantation is still unclear.

Tight junctions (TJs) exist between the epithelial or endothelial cells of vertebrates that function to tightly join the plasma membranes of adjacent cells, and no gaps are present in cell junctions (25). TJs mainly function to close the gaps between adjacent cells, prevent molecules in solution from penetrating the body through gaps between cells, and maintain the relative stability of the bodily environment (26). TJs are composed mainly of members of two protein superfamilies, namely, the transmembrane protein family, which includes occludin (OCLN) and CLDN, and the perimembrane protein family, which includes zonula occludens (ZO) (27). Whether ovarian stimulation alters the structure and function of TJs among endometrial epithelial cells by changing the expression of TJ proteins, leading to abnormal embryo implantation, has not been reported.

Aquaporins in the mammalian reproductive system mainly function to regulate the amount of water in the uterus and fallopian tubes (28–32). The latest research shows that the expression of Aqp3, Aqp4, Aqp5 and Aqp8 is induced by E2 but not P4, while the expression of Aqp1 and Aqp11 is increased by P4. P4 inhibits the expression of Aqp3 and Aqp4 induced by E2, and E2 inhibits the expression of Aqp1 and Aqp11 induced by P4. Aqp9 expression is not significantly altered. Ovarian stimulation is known to alter the expression of D4 Aqp3, Aqp5 and Aqp8 (33). However, whether ovarian stimulation changes the amount of water in the uterine cavity by changing the expression of aquaporins and then disrupting embryo implantation has not been addressed.

Ion channels have proven to be essential for reproduction. An increasing number of studies have shown that ion channels in the endometrium play an important role in regulating endometrial receptivity and embryo implantation. Abnormal expression or function of endometrial ion channels may lead to impaired endometrial receptivity and/or implantation failure. The epithelial sodium ion channel (ENaC), which is encoded by the SCNN1 gene of the ENaC superfamily, is highly expressed in epithelial cells of the lung, kidney, brain, and reproductive tract. In the female reproductive tract, ENaC regulates the absorption of uterine fluid during the reproductive cycle. Thus far, the α, β, γ, and δ subunits of mammalian ENaC have been cloned. However, which ENaC subunits play important roles in ovarian stimulation has not been determined.

Therefore, this research focuses on the specific mechanism by which hyperoestrogensim regulates embryo implantation during ART-induced ovulation induction. It is technically and ethically difficult to study the process of human embryo implantation in vivo. Therefore, we established a hyperoestrogenic mouse model and observed whether it sufficiently simulates the clinical ovulation stimulation cycle of the embryo implantation process. We also used cell line RL95-2 to simulate the process of human embryo implantation in vitro. To investigate whether high oestrogen levels affect the mouse endometrium during the peri-implantation period and thus cause embryo implantation anomalies or failures and explored the possible mechanisms.




2 Materials and methods



2.1 Animals

All procedures involving the use of animals were approved by the Experimental Animal Ethics Committee of the University of Nanjing Medical University (Nanjing, China) with the ethics number IACUC-1702002.

Eight-week-old specific pathogen-free (SPF) ICR mice were bred under controlled environmental conditions (12 h light/dark cycle, relative humidity of 40–70%, and temperature of 20–25°C).




2.2 Treatment with gonadotropin to induce superovulation

The oestrous cycle phase was determined based on vaginal smears and staining with methylene blue (Shanghai Yuanye Biotechnology Co., Ltd., CAS: 7220-79-3). The oestrous cycle was divided into proestrus, oestrus, metestrus and dioestrus.

Female mice in proestrus or oestrus were injected intraperitoneally (ip) with 10 IU pregnant mare serum gonadotropin (PMSG, Sigma, USA) and then with 10 IU human chorionic gonadotropin (HCG, Sigma) 48 h later (the 10 IU group). Female mice in metestrus were injected ip with 5 IU PMSG and then with 5 IU HCG 48 h later (the 5 IU group).

Female mice in dioestrus were injected ip with physiological saline and then with physiological saline 48 h later (the CON group). Immediately after the HCG or physiological saline injection, female mice were mated with males at a ratio of 2:1. Mating was confirmed the next morning by the presence of a vaginal plug, and this day was considered 0.5 days postcoitum (dpc). If no vaginal plug was observed, vaginal smears were performed for one week.

We have 6 mice in each group. The mice were weighed at 8 a.m. At 3.5, 4.5 and 5.5 dpc, 0.7–0.8 ml of peripheral blood was taken from the inner canthal vein after anaesthetization with 0.2 ml/10 g tribromoethanol. Female mice were sacrificed after the injection of 0.1 ml/10 g trypan blue solution (Sigma, catalogue number: 93595) into their tail vein, and successful injection was confirmed by the mouths and ears of the mice turning blue. The uterus and ovaries were removed immediately and rinsed in precooled phosphate-buffered saline (PBS) (Beyotime, China, catalogue number: ST476). The uterus and ovaries were harvested and photographed immediately and then used for subsequent experiments. The number of implantation sites was determined by trypan blue staining. The ovaries were weighed; half of the uterus was fixed in 4% paraformaldehyde solution, and the other half was placed in a cryotube and stored at -80°C. The blood taken from the inner canthal vein was centrifuged at 3500 rpm for 5 min, and the supernatant was then stored at -80°C before the analysis of 17β-oestradiol levels. The next morning, the 4% paraformaldehyde was replaced with 75% ethanol, and 5 μm sections were used for haematoxylin and eosin (H&E) staining and immunohistochemistry (IHC).

The body weight, size and weight of the ovaries, serum E2 level, oestrous cycle, size and number of implantation sites in the uterus, and localization and expression of oestrogen receptors, TJ proteins, aquaporins and sodium channel proteins in endometrial epithelial cells were assessed.




2.3 Cells and cell culture techniques

RL95-2 cells (an endometrial adeno-carcinoma cell line with microvilli on the cell surface) were maintained in 25-cm2 flasks using Dulbecco’s minimal essential medium (DMEM)/F12 supplemented with 10% (vol/vol) fetal bovine serum (FBS). The cells were maintained at 37°C in a humidified atmosphere and 5% CO2. RL95-2 cells were initially passaged using a standard trypsinization protocol, plated in 24-well culture dishes, and grown to 70% confluence. The cells were then grown in serum-free, phenol red-free medium for 12 hours before the experimental treatments. The cells were then treated for another 24 hours with either 10-6M E2 (Sigma, USA, catalogue number: E8875), 10-6M ERα agonist (PPT) (Tocris, UK, catalogue number: 1026), 10-6M ERβ agonist (DPN) (Tocris, UK, catalogue number: 1494), or 10-6M ER antagonist (ICI 182,780) (Tocris, UK, catalogue number: 1047).




2.4 Analysis of serum 17β-oestradiol levels

A chemiluminescence detection kit (oestradiol determination kit, Beckman Coulter) and a chemiluminescence instrument (UniCel DxI 800, Beckman Coulter) were used for this analysis. Both the intra- and interassay variation were within the set range.




2.5 H&E staining

The morphological features of the implantation site were analysed by H&E staining. Uterine tissues isolated from mice were fixed with 4% paraformaldehyde overnight, embedded in paraffin, and cut into 5-μm-thick sections. The sections were deparaffinized and hydrated by brief incubations in xylene, ethanol, and water. Then, the sections were stained with haematoxylin, rinsed, and stained with eosin. The stained sections were dehydrated by brief incubations in water, alcohol and xylene. After mounting, the sections were observed with a bright-field microscope.




2.6 IHC

The expression of oestrogen receptors, TJ proteins, aquaporins and sodium channel proteins was assessed by IHC. The primary antibodies utilized are listed in Table 1. PBS rather than the primary antibody served as the negative control.


Table 1 | Primary antibodies used.



Tissue was fixed overnight in 4% paraformaldehyde, embedded in paraffin, and cut into 5-μm-thick sections. The sections were deparaffinized, hydrated, and incubated in a histochemistry box containing 10 mM citrate buffer (pH 6.0) at 95°C for 15 min for antigen retrieval. The sections were pretreated with 3% H2O2 in 0.1 M Tris-buffered saline (TBS, pH 7.4) for 10 min to block endogenous peroxidase activity. The sections were washed with PBS three times for 3 min each and then treated with protein blocking solution at 37°C for 10 min and with a primary antibody (diluted 1:100 in 5% BSA or IHC primary antibody dilution buffer) overnight at 4°C. The sections were washed with PBS three times for 3 min each time, covered with enzyme-labelled anti-mouse/rabbit polymer or Solution C and incubated for 10 min at room temperature. They were then covered with horseradish peroxidase (HRP)-labelled streptavidin or Solution D and incubated at room temperature for 10 min. The slides were washed thoroughly with PBS (pH=7.4) between incubations.

After treatment with 3,3’-diaminobenzidine (DAB) chromogen substrate solution, peroxidase bound to the antibody complex was observed. The DAB reaction was monitored under a microscope to determine the optimal incubation time, and the reaction was stopped by washing with 0.1 M TBS multiple times. The immunolabelled sections were dehydrated via a graded ethanol series, cleared in xylene, and fixed. The slides were counterstained with haematoxylin before mounting. Brown deposits indicated positive signals and were evaluated under a Nikon Eclipse Ti microscope (Nikon, Japan).




2.7 Immunofluorescence analysis

RL95-2 cells were fixed in 4% paraformaldehyde for 20min. Sections were washed three times with phosphate buffered saline (PBS) for 5 min. Treat with 0.4% Triton X-100 for 10min, and then washed three times with PBS for 5min. Non-specific binding was blocked with 5% bovine serum albumin (BSA) for 30min. Sections were incubated with the following primary antibodies diluted (1:100) in blocking solution (5% BSA) overnight at 4°C. ERα (Abcam ab32063), CLDN3 (Invitrogen, 34-1700), AQP8 (bioworld, BS71279) and SCNN1β (Sigma, SAB5200106). Sections were then washed three times with PBS for 5 min. For the fluorescent detection Alexa Fluor™ 488 goat anti-rabbit (dilution 1:500, Thermo Fisher Scientific) secondary antibody was used and nuclear counterstaining was performed with 4,6-diamidino-2-phenylindole (DAPI, Life Technologies, 10236276001). Evaluation of the sections was performed using confocal microscopy (Nikon, Eclipse Ti, Japan).




2.8 Western blot analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed routinely. Frozen uterine samples were homogenized in tissue lysis buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% NP40) containing 1% protease and phosphatase inhibitors. The tissue homogenates were clarified by centrifugation at 12,000×g for 15 min at 4°C. A BCA protein concentration determination kit (Biyuntian, China, catalogue number: P0010) was used to determine the protein concentration, and the clarified supernatants were mixed with 6× SDS loading buffer (5:1) and transferred to a 70°C water bath for 10 min to denature the proteins. The samples were separated on NuPAGE™ 7% Tris-acetate protein gels (Invitrogen, catalogue number: EA0358BOX) and electrotransferred onto a PVDF Hybond nitrocellulose membrane (Millipore). The membrane was blocked in TBST (10 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% (w/v) Tween 20) containing 5% skim milk for 1 h at room temperature. Then, the membrane was incubated with a primary antibody (1:1000 dilution) at 4°C overnight, and a rabbit anti-mouse GAPDH polyclonal antibody (1:5000 dilution, Bioworld, catalogue number: AP0063) was used as a control. After washing with TBST, the membrane was incubated in 5% skim milk in TBST containing a secondary antibody (diluted 1:5000, HRP-conjugated goat anti-rabbit IgG, Invitrogen, catalogue number: Ab6721; HRP-conjugated goat anti-mouse IgG), Invitrogen, catalogue number: Ab6789) for one hour at room temperature. The membrane was washed 3 times with TBST, and an ECL kit (Thermo, catalogue number: 1863096; 1863097) was then used to visualize the bands. The membrane was scanned with a luminescence imaging analyser. The relative protein levels were evaluated with ImageJ analysis software (National Institutes of Health, Maryland, Baltimore, USA). The concentration in each sample is expressed as the grey value relative to that of GAPDH or ACTIN.




2.9 Statistical analysis

The data are presented as the means ± SDs of three or more independent experiments. For group comparisons, one-way ANOVA or Student’s t test was performed using Prism software version 5.0 for statistical data analysis (GraphPad Software, Inc.). Differences were considered significant at *p < 0.05, **p< 0.01, and ***p< 0.001.





3 Results



3.1 Characteristics of female mice after PMSG/HCG injection

To investigate the effects of superovulation treatments on female ​mice, 5 IU or 10 IU PMSG/HCG was injected ip into the mice. We assessed their body weight, ovarian morphology, ovarian weight, serum oestradiol levels and oestrous cycle. There was no significant difference in the mouse weight, which was measured every other day, among the different groups (Supplemental Figure 1).




3.2 Ovarian morphology and ovarian weight of the CON, 5 IU and 10 IU groups from 3.5 to 5.5 dpc

During the peri-implantation period (from 3.5 to 5.5 dpc), the ovaries of the mice in the 5 IU and 10 IU groups were larger than those of the mice in the CON group (Figure 1A), and the ovarian weight showed a dose-dependent increase, as the ovarian weights of the 5 IU and 10 IU groups were increased compared with that of the CON group (Figure 1B). However, there was no significant increase in the mouse weight (Supplemental Figure 1). These changes were consistent with the clinical characteristics of ovaries after superovulation.




Figure 1 | Ovarian morphologies and ovarian weights in the CON, 5 IU and 10 IU groups from 3.5 dpc to 5.5 dpc. (A) Changes in ovarian morphology from 3.5-5.5 dpc among the three groups. (B) Change in ovarian weight from 3.5-5.5 dpc among the three groups. The blue colour of the ovary in Figure A is due to the injection of trypan blue into the tail vein of the mouse. Compared with the control group, *p<0.05, ***p<0.001.






3.3 Differences in the serum oestrogen levels and oestrous cycles between the CON and 10 IU groups

We measured the peripheral serum oestradiol and progesterone concentrations during the peri-implantation period. The serum oestradiol level in the 10 IU group was 2-fold higher than that in the CON group (Figure 2A), while the serum progesterone level in the 10 IU group increased by 100% at 3.5dpc and increased by 50% at 4.5dpc compared to the CON group, but the difference was not statistically significant (Supplemental Figure 2). The mice in the CON group had a normal oestrus cycle, progressing from proestrus to oestrus, metestrus and dioestrus. In contrast, the oestrous cycle of the 10 IU group was disordered, and these mice remained in oestrus for a long time (Figure 2B). The above results indicate that our model sufficiently simulates the endocrine hormone alterations caused by clinical superovulation and a long-term hyperoestrogen state.




Figure 2 | Serum oestrogen level and oestrus cycle changes between the CON and 10 IU groups. (A) Serum oestrogen levels of mice in the CON and 10 IU groups during the peri-implantation period. (B) Changes in the oestrous cycle of the mice in the CON and 10 IU groups. The abscissa depicts the number of days of detection, and the ordinate depicts the oestrus cycle. P: pro-oestrus, E: oestrus, M: meta-oestrus, D: dioestrus. Compared with the control group, *p<0.05, **p<0.01.






3.4 Effect of superovulation on embryo implantation during the peri-implantation period

To study the effect of superovulation treatment on embryo implantation, we compared the uterine morphologies, implantation site numbers, and H&E staining of implantation sites among the three different groups.




3.5 Uterine morphologies and implantation site numbers in the CON, 5 IU and 10 IU groups during the peri-implantation period

At 3.5 dpc, no embryos were implanted in the uteri of mice in the CON group, but the uteri of mice in the 10 IU group showed obvious oedema and stubs. At 4.5 dpc, the uteri of mice in the CON group began to show implantation sites, but those of mice in the 5 IU group and 10 IU group did not yet show obvious implantation sites. At 5.5 dpc, the uteri of mice in the CON group showed complete implantation, while implantation in the uteri of mice in the 5 IU group and the 10 IU group occurred later than that in the CON group, and the spacing between the implantation sites was uneven (Figure 3A). There were significantly fewer implantation sites in the 10 IU group than in the CON group (p<0.001) and the 5 IU group (p<0.05) (Figure 3B).




Figure 3 | Uterine morphologies of mice during the peri-implantation period, implantation site numbers and implantation sites in the endometrium at 5.5 dpc among the CON, 5 IU and 10 IU groups. (A) Morphological changes in the mouse uteri from 3.5-5.5 dpc. A: Morphological changes in the uteri of mice from 3.5-5.5 dpc among the three groups. The implantation sites were stained with trypan blue. (B) Comparison of the implantation site numbers among the three groups of mice at of 5.5 dpc. Compared with the CON group, ***p<0.001. Compared with the 5IU group, #p<0.05. (C) Implantation sites in the endometrium at 5.5 dpc among the CON, 5 IU and 10 IU groups. Bar=200 μm. (D) Implantation site in the endometrium at 5.5 dpc among the CON, 5 IU and 10 IU groups. Bar=100 μm. ***p<0.001, *p<0.05. The arrows indicate abnormal sites of embryo implantation. The asterisk indicates the site of miscarriage.






3.6 Endometrial implantation sites in the CON, 5 IU and 10 IU groups at 5.5 dpc

To investigate the effect of hyperoestrogenism on implantation sites in mice at 5.5 dpc, we performed H&E staining. Morphological changes in the uteri were observed. Embryos in the CON group were evenly spaced and of the same size, and no gap existed between the embryo and the inner membrane. The implantation sites were mainly normal, the embryo spacing was even, and the gap between the embryo and the inner membrane was not obvious in the 5 IU group compared with the CON group; however, the embryo sizes differed between the two groups. In the 10 IU group, the gap between the embryo and the inner membrane was large, the embryo spacing was uneven, and the embryos were too small, resulting in abnormal implantation (Figure 3C). The probability of entry and miscarriage was higher in the 10 IU group than in the CON and 5 IU groups (Figure 3D).




3.7 Possible mechanism by which hyperoestrogenism affects embryo implantation

To study the possible mechanism by which hyperoestrogenism disrupts embryo implantation during ovulation induction, IHC and western blotting were performed to assess the localization and expression of the oestrogen receptors, tight junction factors, the aquaporins and the sodium channel proteins in the endometria of 5.5 dpc mice and RL95-2cell line.




3.8 Localization and western blot analyses of the ERα and ERβ proteins in the mouse uterus during the peri-implantation period

The results showed that ERα was localized in the luminal and glandular epithelia of the mouse endometrium (Figure 4A). The protein expression of ERα increased by 50% in the 10 IU group compared to the CON group (Figure 4B), and ERβ was not obviously expressed (Figure 4A). In RL95-2 cell line, ERα localized in cytoplasm. High oestrogen levels and oestrogen receptor agonists increased the expression of ERα, while oestrogen receptor inhibitors can inhibited the expression of ERα (Figure 5). This result suggeststhat hyperoestrogenism regulates embryo implantation through ERα.




Figure 4 | The localization and protein expression of the oestrogen receptors ERα and ERβ in the mouse endometrium at 4.5 dpc and 5.5 dpc in the CON, 5 IU and 10 IU groups. (A) Localization of ERα and ERβ in the endometria of mice at 5.5 dpc. Bar=50 μm. (B): Protein expression of ERα in the endometria of mice in the CON, 5 IU and 10 IU groups at 4.5 dpc and 5.5 dpc. NC, negative control. The arrows indicate the localization of target protein.






Figure 5 | Localization of ERα, CLDN3, AQP8, and SCNN1β in RL95-2 cell line. CON: control group, E2: treat with 10-6M oestrogen, PPT: treat with 10-6M ERα agonist, DPN: treat with 10-6M ERβ agonist, ICI: treat with 10-6M oestrogen receptor antagonist, E2+ICI: treat with both 10-6M E2 and 10-6M ICI. The blue colour: nucleus stained by DAPI. The red colour: localization of target proteins.






3.9 Localization and western blot analyses of the CLDN3 and OCLN proteins in the mouse uterus during the peri-implantation period

At 5.5 dpc, CLDN3 and OCLN were localized in the epithelium of the mouse endometrial cavity (Figure 6A). At 4.5 and 5.5 dpc, the CLDN3 protein level in the 10 IU group was lower than that in the CON group (p<0.05 and p<0.01, respectively, Figure 6B). In RL95-2 cell line, CLDN3 was mainly localized in membrane. High oestrogen levels and oestrogen receptor agonists depressed the expression of CLDN3, while oestrogen receptor inhibitors can promote the expression of CLDN3 (Figures 5, 7). This result suggeststhat high oestrogen levels can reduce the expression of CLDN3 through ERα.




Figure 6 | Localization and protein expression of the tight junction proteins CLDN3 and OCLN in the mouse endometrium at 4.5 dpc and 5.5 dpc among the CON, 5 IU and 10 IU groups. (A) Localization of CLDN3 and OCLN in the endometria of mice in the CON and 10 IU groups at 5.5 dpc. Bar=50 mm. (B) Protein expression of CLDN3 in the endometria of mice in the CON, 5 IU and 10 IU groups at 4.5 dpc and 5.5 dpc. NC: negative control Compared with the CON group, *p<0.05, **p<0.01. The arrows indicate the localization of target protein.






Figure 7 | protein expression of CLDN3, AQP8, and SCNN1β in RL95-2 cell line. CON: control group, E2: treat with 10-6M oestrogen, PPT: treat with 10-6M ERα agonist, DPN: treat with 10-6M ERβ agonist, ICI: treat with 10-6M oestrogen receptor antagonist, E2+ICI: treat with both 10-6M E2 and 10-6M ICI. *p<0.05.






3.10 Localization and western blot analyses of the AQP3, AQP4 and AQP8 proteins in the mouse uterus during the peri-implantation period

At 5.5 dpc, AQP3, AQP4, and AQP8 were not obviously expressed in the murine endometrial cavity epithelium or glandular epithelium (Figure 8A). At 4.5 dpc, the expression of AQP8 in the 10 IU group was significantly lower than that in the CON group (p<0.05). At 5.5 dpc, the expression of AQP8 in the 10 IU group was lower than that in the CON group (Figure 8B). In RL95-2 cell line, AQP8 was mainly localized in cytoplasm. High oestrogen levels and oestrogen receptor agonists depressed the expression of AQP8, while oestrogen receptor inhibitors can promote the expression of AQP8 (Figures 5, 7). This result suggeststhat high oestrogen levels can also reduce the expression of aquaporin AQP8 through ERα.




Figure 8 | Localization and protein expression of the aquaporins AQP3, AQP4 and AQP8 in the mouse endometrium at 4.5 dpc and 5.5 dpc among the CON, 5 IU and 10 IU groups. (A) Localization of AQP3, AQP4 and AQP8 in the endometria of mice in the CON and 10 IU groups at 5.5 dpc. Bar=50 μm. (B) Protein expression of AQP8 in the endometria of mice in the CON, 5 IU and 10 IU groups at 4.5 dpc and 5.5 dpc. NC: negative control. Compared with the CON group, *p<0.05. The arrows indicate the localization of target protein.






3.11 Localization and western blot analyses of the SCNN1α, SCNN1β and SCNN1γ proteins in the mouse uterus during the peri-implantation period

At 5.5 dpc, SCNN1α and SCNN1γ were not obviously expressed. SCNN1β was localized in the murine endometrial cavity epithelium and glandular epithelium (Figure 9A).




Figure 9 | Localization and protein expression of the sodium channel proteins SCNN1α, SCNN1β and SCNN1γ in the mouse endometrium at 4.5 dpc and 5.5 dpc among the CON, 5 IU and 10 IU groups. (A) Localization of SCNN1α, SCNN1β and SCNN1γ in the endometria of mice in the CON and 10 IU groups at 5.5 dpc. Bar=50 μm. (B) Protein expression of SCNN1β in the endometria of mice in the CON, 5 IU and 10 IU groups at 4.5 dpc and 5.5 dpc. NC: negative control. Compared with the CON group, *p<0.05. The arrows indicate the localization of target protein.



At 4.5 dpc, the expression of SCNN1β in the 5 IU group was significantly lower than that in the CON group (p<0.05); its expression in the 10 IU group was reduced, but the difference was not significant. At 5.5 dpc, the expression of SCNN1β did not significantly differ among the three groups (Figure 9B). In RL95-2 cell line, SCNN1β was mainly localized in cytoplasm and showed polarity. High oestrogen levels and oestrogen receptor agonists depressed the expression of SCNN1β, while oestrogen receptor inhibitors can promote the expression of SCNN1β (Figures 5, 7).





4 Discussion

Exogenous gonadotropins are used to induce superovulation in humans and animals to increase the number of oocytes and embryos, thereby increasing the success rate of pregnancy (34). The PMSG/HCG regimen has been used in many laboratories to induce superovulation in mice for more than 60 years (35). However, superovulation in female mice increases the number of unhealthy follicles that are ovulated and leads to an increase in the number of low-quality oocytes (36–38). Superovulation treatment can induce changes in the maternal fallopian tubes that make them unsuitable for the transport of oocytes and cause alterations in the uterine environment, thereby impairing implantation and preventing subsequent pregnancy in female mice (39). Therefore, gonadotropin superovulation therapy seems to have an adverse effect on the maternal environment.

The doses of PMSG and hCG that are commonly used to construct mouse models of superovulation are 5 IU (40), 7.5 IU (41, 42), and 10 IU (43). The 10 IU dose was previously verified to seriously decrease the embryo implantation rate (43), but the specific mechanism has not been studied. This study revealed that the administration of PMSG and HCG to stimulate ovulation in mice simulated the increase in the ovarian volume caused by the clinical ovulation stimulation cycle, induced a continuous increase in serum oestrogen levels, and induced abnormal or failed embryo implantation in a dose-dependent manner.

E2 is reportedly a key determinant of the duration of the endometrial receptive implantation window (9) and mainly acts through nuclear oestrogen receptors (mainly ERα but not ERβ) (44, 45). Recently, Chai et al. compared the effects of high serum E2 levels on endometrial steroid receptor levels during the gonadotropin stimulation cycle and the natural cycle. Their results showed that oestrogen receptor expression was significantly reduced during the stimulation cycle (46). The results of this study showed that ERα expression but not ERβ expression was increased by 50% in the 10 IU group compared to the CON group at 5.5 dpc. However, the difference is not statistically significant. This finding confirms that at superphysiological concentrations, E2 exerts its effects via ERα.

Secreted uterine cavity fluid initially allows the transport of and provides support for sperm and untransferred embryos, while the absorption of uterine cavity fluid in early pregnancy leads to the closure of the cavity and allows the blastocyst to establish close contact with the uterine epithelium. The content and volume of fluid in the uterine cavity are jointly regulated by TJs, water channels, and ion channels, among others (47).

The results of this study show that an imbalance in uterine cavity fluid during embryo implantation may cause embryo implantation failure. Embryo implantation was delayed after ovulation induction, the spacing between embryos was uneven, the number of embryos was reduced, and the incidence of abnormal implantation and miscarriage was high.

There is some evidence that TJs play a role in the uterus and implantation. Previous studies have shown that both CLDN3 and CLDN7 are expressed in the luminal and glandular epithelium in the mouse endometrium during the oestrous cycle and that CLDN10 is expressed in only the glandular epithelium. At 4.5 dpc, the time point at which embryo implantation occurs, the CLDN3 protein is localized at the top of the epithelium, while CLDN7 is not expressed in the epithelium at the implantation site. Moreover, CLDN3 and CLDN7 are not expressed in the matrix, but CLDN10 is strongly expressed in the primary decidual area (48). CLDN3 mRNA and protein are highly expressed in the luminal epithelia of mice on the 3rd and 4th days of pregnancy, but by the 5th day of pregnancy, when blastocysts are implanted, the expression of CLDN3 is downregulated. At this time, the downregulation of CLDN-3 expression may be beneficial for the loss of the luminal epithelial barrier, and changes in the expression and morphology of TJ proteins help blastocysts to invade the endometrium (49–52). At the same time, CLDN3 and CLDN10 are expressed in human endometrial epithelial cells (48). Thus, CLDN3 plays an important role in the process of embryo implantation. In this study, we evaluated the dynamic expression of CLDN3 and OCLN in mice subjected to PMSG+HCG-induced ovulation induction during the peri-implantation period. The results showed that CLDN3 and OCLN were localized in the luminal epithelium of the mouse endometrium at 5.5, 4.5 and 5.5 dpc and that the expression of CLDN3 in the 10 IU group was lower than that in the CON group. The decreased expression of CLDN3 is mainly mediated by ER α, which can be blocked by oestrogen receptor blocker ICI182780. These results suggest that the reduced CLDN3 expression in the present study suggest that the embryo implantation in the 10 IU group was affected by the highly female bodily environment.

The expression of AQP3 in the middle and late stages of human endometrial secretion is significantly higher than that in other stages. The protein expression of AQP5 in uterine cavity epithelial cells was shown to be increased in pregnant rats subjected to controlled ovarian hyperstimulation (COH) compared to normal pregnant rats. At the time of implantation, the distribution of AQP5 staining in rats subjected to COH was altered (53). There was no significant difference in the pregnancy rate between AQP8 knockout mice and wild-type mice. Compared with that in wild-type control mice, the number of embryos in pregnant AQP8 knockout mice was shown to be significantly increased (54).

Ovarian stimulation alters the expression of D4 Aqp3, Aqp5 and Aqp8 (33). Our results suggest that AQP8 plays a role in ovulation induction-induced hyperoestrogensim leading to abnormal or failed embryo implantation. Hyperoestrogenism decreased the expression of AQP8 through ERα. The decreased expression of AQP8 may affect the embryo implantation process by regulating the uterine fluid.

It was previously demonstrated that ENaC-α in the mouse endometrium is activated to the greatest extent at the time of implantation. ENaC deficiency or low expression of ENaC in the endometrium may lead to a low pregnancy success rate or abortion in patients undergoing in vitro fertilization (IVF) (55). In this study, high oestrogen levels during ART led to reduced expression levels of SCNN1β through ERα, which may account for the reduced endometrial receptivity, abnormal embryo implantation or implantation failure.

At physiological concentrations, E2 and P regulate the volume of fluid in the uterine cavity during embryo implantation. In this study, we found that superphysiological concentrations of E2 significantly affected the expression of TJ, water channel, and sodium channel proteins in endometrial epithelial cells in vivo. This result provides a possible mechanism for low endometrial receptivity during the COH cycle. We found that superphysiological concentrations of E2 played a role in destroying TJs, water channels, and sodium channels. At superphysiological concentrations, E2 may impair embryo implantation by inducing fluid imbalance in the peri-implantation uterine cavity through ERα, thus hindering endometrial receptivity for implantation. We have shown that uterine fluid imbalance during COH is mediated by abnormal downregulation of CLDN3, AQP8 and SCNN1β expression. Our research lays the foundation for further research on the role of these factors in clinical phenomena such as embryo implantation failure and miscarriage.




5 Conclusions

These results suggest that in the 10 IU group, the implantation of mouse embryos was affected by the highly female bodily environment, implantation was delayed, the embryos were unevenly spaced, and the abortion rate was high, while the oestrogen environment in the 5 IU group had a smaller effect on receptivity. High oestrogen levels during ART alter the expression levels of TJ, aquaporin and sodium channels proteins through ERα, thereby destroying the TJs, water and sodium channels between the epithelium of the endometrial cavity and resulting in reduced endometrial receptivity, delayed implantation, and abnormal embryo implantation. These factors are associated with E2 and are the result of the co-regulation of multiple E2-related pathways.




6 Limitations

Further research is needed to clarify the downstream mechanism via which hyperoestrogensim related to ART mediates the regulation of TJ, aquaporin and sodium channel proteins.
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Phenotype A (n =293) Phenotype B (n =53) Phenotype C (n =77) Phenotype D (n = 763) Matched control (n = 1,186) P-value*

Age (years) 28.92 + 3.36 28.87 + 3.02 28.90 + 3.12 29.49 + 3.46 29.28 + 3.40 0.095
BMI (kg/m?) 25.79 + 3.91°° 24.78 + 3.25° 24.45 + 3.75°% 25.35 + 3.88%° 23.43 + 3.54°0,% <0.001
FBG (mmol/L) 5.37 + 0.74° 522 +0.38 533+ 041 5.32 + 0.50° 5.22 +0.45% <0.001
FSH (U/L) 5.71+1.36° 6.08 + 1.49° 5.88 + 1.17° 5.57 + 1.25°° 6.37 + 1.67%4 <0.001
LH (UL 11.68 + 5.30°°% 8.80 + 4.67%° 8.34 + 5.55% 8.20 + 4.94% 5.20 + 2,95%% <0.001
LH/FSH 2.07 + 0.89°% 1.49 + 0.82% 1.42 + 0.86% 1.48 + 0.87% 0.86 + 0.58%°* <0.001
To (ng/dl) 62.28 + 14.57°% 60.00 + 12.18% 58.29 + 11.31%% 31.78 + 10.15%° 25.04 + 1072864 <0.001
AMH (ng/mi) 12.35 + 6.03°% 7.05 + 3.91%% 8.86 + 4.37°° 9.37 + 4.80%°° 4.43 + 3,05%% <0.001
AFC 33.73 + 11.64°%% 16.70 + 3.66%¢ 27.74 + 8.62%% 28.98 + 8.10%%* 16.33 + 6.11%¢ <0.001
Infertility type, n (%) 0.222
Primary 176 (60.1) 35 (66.0) 57 (74.0) 468 (61.3) 737 (62.1)

Secondary 117 (39.9) 18 (34.0) 20 (26.0) 295 (38.7) 449 (37.9)

BMI, body mass index; FBG, fasting blood glucose; FSH, follicle-stimulating hormone; To, total testosterone concentration; AMH, anti-Muillerian hormone; AFC, antral follicle count.
aSignificantly different from phenotype A.

“Significantly different from phenotype B.

°Significantly different from phenotype C.

"S/‘gm'ﬁcant/y different from phenotype D.

°Significantly different from the control group.

*All P-values for quantitative variables were determined by post-hoc analysis (LSD).
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Stimulation protocol, n
(%)

Long agonist

Antagonist

Gn priming dose (IU)
Total dose of Gn (IU)
Stimulation duration
(days)

HCG dose (IU)
Endometrial thickness on
the trigger day (mm)

No. of follicles of
diameter >14 mm on the
trigger day

E- levels on the trigger
day (pg/ml)

No. of retrieved oocytes
No. of 2PN

FR (%)

High-quality embryo rate
(%)

Cycle cancellation rate, n
(%)

No. of transferred
embryos

No. of transferred high-
quality embryos

IR (%)

Biochemical pregnancy
rate/ET cycles (%)
CPR/ET cycles (%)

LBR (%)

Phenotype A (n = 293)

121 (41.3)
172 (58.7)

140.49 + 28.87%

1,812.47 + 947.69
10.55 + 2.52°

6,139.93 + 1,756.85°%
10.43 £ 2.01%

15.72 + 6.04%%

4,882.83 +2,918.41°%
15.82 + 8.07°%
8.44 + 4.50°
0.61 +0.21°
34.20 + 22.08°
184/293 (62.8)°%
1.72 £ 0.45°
1.69 + 0.52°

56.40 + 44.67
84/109 (77.1)°

75/109 (68.8)°
59/109 (54.1)

Phenotype B (n = 53) Phenotype C (n = 77)

26 (49.1)

27 (50.9)
152.83 + 36.50°
1,834.67 + 818.40

1015 £ 2.17

6,660.38 + 1,640.16*°
10.69 + 2.62

13.02 + 4.85%%

4,161.73 + 2,444.63%
12.60 = 6.11%¢
7.98 + 4.61
0.65 +0.24
38.16 + 20.45
21/53 (39.6)*
1.72 + 0.46°
1.72 + 0.46°

57.80 + 44.19
23/32 (71.9)

22/32 (68.8)
17/32 (53.1)

41 (53.2)
36 (46.8)
143.99 + 33.91°
1,721.27 + 887.01
10.04 + 2.40

6,272.73 + 1,675.18°
10.67 £ 1.94

16.26 = 5.97°%

4,790.87 + 2,823.48%
16.17 + 7.12°%
8.92 + 3.85°
0.63 +0.21
38.48 + 21.72
53/77 (68.8)°%
1.71+ 046
1.67 £ 057

56.30 + 44.99
18/24 (75.0)

16/24 (66.7)
15/24 (62.5)

Phenotype D (n = 763)

332 (43.5)
431 (56.5)
143,38 + 30.53°
1,827.65 + 857.09
10.48 + 2.39°

6,570.12 + 1,672.30%°
10.90 + 1.92%

14.56 + 5.57%0%

4,168.88 + 2,488.18%°

14.56 + 6.94%°%
8.29 + 3.98°
0.64 = 0.21

35.75 + 22.06°

411/763 (53.9)°%

1.64 + 0.48°
1.61 +0.53°

55.00 + 44.30°
258/352 (73.3)°

233/352 (66.2)°
190/352 (54.0)

Matched control
(n =1,186)

520 (43.8)
666 (56.2)
158.27 + 45.32%¢
1,842.21 + 758.18
9.87 + 1.81%

7,265.18 + 1,502.00%°%
10.96 + 1.95°

10.77 + 4.73%%4

3,233.50 + 1,826.45%

11.08 + 5.45°
6.90 + 3.78%¢
0.64 +0.23*

38.45 + 23.79%

413/1,186 (34.8)°

1.54 + 0.50°¢
1.52 + 0.53%¢

48.30 + 44.52¢
521/773 (67.4)*

453/773 (58.6)*
386/773 (49.9)

Gn, gonadotropin; HCG, human chorionic gonadotropin; FR, fertilization rate; IR, implantation rate; CPR, clinical pregnancy rate; LBR, live birth rate.
*Significantly different from phenotype A.
°S/‘gnlﬁcant/y different from phenotype B.
°Significantly different from phenotype C.
"S/‘gmﬁcant/y different from phenotype D.
°Significantly different from the control group.
*All P-values for quantitative variables were determined by post-hoc analysis (LSD).

value*

0.386

<0.001
0.781
<0.001

<0.001
0.001

<0.001

<0.001
<0.001
<0.001
0.269
0.019
<0.001
<0.001
0.001

0.077
0.123

0.051
0.543
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Phenotype A Phenotype B Phenotype C Phenotype D Matched control P-

(n=75) n=22) (n=16) (n =233 (n = 453) value*
Adverse pregnancy outcome 33/75 (44.0)° 10/22 (45.5) 4/16 (25.0) 84/233 (46.4)° 130/453 (28.7)*¢ 0.027
rate (%)
Ectopic pregnancy rate (%) 2/75 (2.7) 0/22 (0.0) 0/16 (0.0) 5/233 (2.1) 13/453 (2.9) 0.959
Miscarriage rate (%) 14/75 (18.7) 5/22 (22.7) 1/16 (6.3) 39/233 (16.7) 53/453 (11.7) 0.121
Premature birth rate (%) 17/75 (22.7) 5/22 (22.7) 3/16 (18.8) 40/233 (17.2) 64/453 (14.1) 0.266
Pregnancy complication rate (%) 13/75 (17.3) 4/22 (18.2) 2/16 (12.5) 40/233 (17.2) 57/453 (12.6) 0.429
HDP rate (%) 7/75 9.3 1/22 (4.5) 2/16 (12.5)° 13/233 (5.6) 14/453 (3.1)%¢ 0037
GDM rate (%) 7/75 9.3) 2/22 (9.1) 0/16 (0.0) 21/233 (9.0) 25/453 (5.5) 0.257
Rate of others (%) 0/75 (0.0) 1/22 (4.5) 0/16 (0.0) 7/233 (3.0) 19/453 (4.2) 0343
Rate of cesarean section (%) 41/75 (54.7) 16/22 (68.2) 9/16 (56.3) 129/232 (55.6) 254/453 (56.1) 0.851
Multiple birth rate (%) 18/59 (30.5) 5/17 (29.4) 5/15 (33.3) 54/190 (28.4) 90/386 (23.3) 0.470

HDP, hypertensive disorders of pregnancy; GDM, gestational diabetes mellitus.

*Significantly different from phenotype A.
°Significantly different from phenotype C.
ISignificantly diifferent from phenotype D.
°Significantly different from the control group.

*All P-values for quantitative variables were determined by post-hoc analysis (LSD).
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Outcomes Phenotypes cOR (95% CI) P-value aOR (95% ClI) P-value

Adverse pregnancy outcomes 0.030 0.0256
Control Reference ™ =
PCOS phenotype A 1.952 (1.185-3.216) 0.009 1.835 (1.095-3.075) 0.021
PCOS phenotype B 2.071 (0.873-4.910) 0.099 2.084 (0.873-4.974) 0.098
PCOS phenotype C 0.828 (0.262-2.615) 0.748 0.538 (0.169-1.720) 0.296
PCOS phenotype D 1.401 (1.001-1.960) 0.049 1.435 (1.025-2.008) 0.035

HDP 0.085 0.898
Control Reference - -
PCOS phenotype A 3.228 (1.258-8.285) 0.015 1.415 (0.337-5.944) 0.635
PCOS phenotype B 1.493 (0.187-11.898) 0.705 0.807 (0.080-8.127) 0.856
PCOS phenotype C 4.480 (0.928-21.624) 0.062 2.573 (0.436-15.185) 0.297
PCOS phenotype D 1.853 (0.856-4.010) 0.117 1.385 (0.614-3.125) 0.433

cOR, crude odds ratio; Cl, confidence interval; aOR, adjusted odds ratio.
The indicators with statistical differences in adverse pregnancy outcomes included patient type, BMI, To, HCG dose, E; levels on the trigger day, no. of transferred embryos, and no. of
transferred high-quality embryos, and the indicators with statistical differences in HDP included as patient type, BMI, and To.
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Outcomes OR (95% CI) P Adjust OR (95% CI) P

Cesarean section 1.336 (1.221-1.461) <0.05 1.262 (1.148-1.387) <0.05
Preterm birth (<37 weeks) 1.086 (0.910-1.295) 0.360 1.104 (0.917-1.329) 0.297
Low birthweight 1.160 (0.912-1.475) 0.226 1.192 (0.926-1.533) 0.173
SGA 1.192 (0.943-1.507) 0.141 1.166 (0.911-1.491) 0.222
LGA 0.943 (0.850-1.027) 0.157 0.917 (0.831-1.012) 0.083
Macrosomia 0.967 (0.862-1.085) 0.566 0.975 (0.864-1.100) 0.678

®potential confouders including matemnal age (continuous variable), parity (binary variable), basal follicle-stimulating hormone (continuous variable), FET regimens for endometrial
preparation (binary variable), fertilization method (binary variable), embryo quality(binary variable), developmental stage (binary variable).
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Unstandardized  Standardized

coefficients coefficients

B  Std. error B t P
Model
(constant) 3.547 0.037 97.167 <0.05
Maternal age, (year) -0.001 0.001 -0.009 -1.016 0.309
Nulliparity 0.041 0.01 0.035 4.143 <0.05
Basal FSH level (IU/L) -0.006  0.002 -0.026 -3.349 <0.05
Fertilization method -0.007 0.008 -0.007 -0.864 0.388
Embryo quality 0017 001  -0014 -1749 0.08

Endometrial preparation protocols  0.02 0.004 0.041 5304 <0.05
Blastocyst (Day5/6) -0.012  -0.009 -0.01 -1.218 0.223
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Total patients underwent the first cycle of IVF/ ICSI
treatment from January 2017 to July 2018

.
I

7423 patients were excluded

6732 patients met the inclusion criteria

5546 in the control group 1186 in the PCOS group
1186 matched control 1186 matched PCOS

293 cases of 53 cases of 77 cases of 763 cases of
phenotype A phenotype B phenot) pe C phenot} pe D
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Characteristics

Baseline demographics
Maternal age, (year)

Maternal BMI, (kg/m?)

Nulligravida, n (%)

Nulliparity, n (%)

Causes of infertility, n (%)
Tubal factors
Anovulatory factors
Unexplained factors
Male factors
Combined factors®
Others”

Basal FSH level (IU/L)

Fasting blood glucose level (mmol/L)

Fresh cycle characteristics

Fertilization method, n (%)
IVF
ICSI

Embryo quality, n(%)

Good
Poor
FET cycle characteristics

endometrial preparation protocols, n (%)
Natural cycle
Stimulated cycle
Artificial cycle

Endometrial thickness, (cm)

D5 (n=14166)

30.14 (£3.79)
23.11 (+3.39)

8038 (56.7)
11756 (83.0)

8654 (61.1)
385 (2.7)
390 (2.8)
2368 (16.7)
2229 (15.7)
140 (1.0)
6.28 (£1.72)
5.21 (+0.39)

10290 (72.6)
3876 (27.4)

12422 (87.7)
1744 (12.3)

7898 (55.8)
1344 (9.5)
4924 (34.8)
0.98 (+0.16)

D6 (n=2961)

30.82
(+3.98)
23.11
(£3.46)
1643 (55.5)
2298 (77.6)

1750 (59.1)
74 (2.5)
95 (3.2)

557 (18.8)

456 (15.4)
29 (1.0)
6.81 (£2.26)
5.23 (+0.36)

1807 (61.0)
1154 (39.0)

1926 (65.0)
1035 (35.0)

1739 (58.7)
301 (10.2)
921 (31.1)
0.98 (0.16)

<0.05
0.99
0.21

<0.05
0.07

<0.05
0.09

<0.05

<0.05

<0.05

017

Data are presented as mean + SD, median (IQR) or n (%).
“Combined factors, both with Male and female factors.
®Others, advanced age and/or diminished ovarian function.
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Outcomes D5

Cesarean section, n (%) 9683 (68.4)
Gestational age (wk) 39.23 (+1.57)
Gestational age, n (%)

24-28w 10(0.1)
28-37w 704 (5.0)
37-42w 13415 (94.7)
242w 37 (0.3
Birth weight (kg) 3.47 (+0.49)
Z-scores 0.62 (+1.07)
Male gender, n (%) 7635 (63.9)
Preterm birth (<37 weeks), n (%) 708 (5.0)
Low birthweight, n (%) 352 (2.5)
SGA®, n (%) 363 (2.6)
LGAY, n (%) 3392 (23.9)
Macrosomia, n (%) 1985 (14.0)

D6

2199 (74.3)
39.19 (+1.58)

2(0.1)
156 (5.3)
2792 (94.3)
11 (0.4)
3.45 (+0.50)
0.58 (£1.07)
1600 (54.0)
160 (5.4)
85 (2.9)
90 (3.0)
673 (22.7)
408 (13.6)

<0.05
0.14
0.612

<0.05

0.067
0.89
0.36
0.23
0.14
0.16
0.57

Data are expressed as mean + SD, or number (percent).

°SGA, small for gestational age.
9 GA, large for gestational age.
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Total (n = 364)

Age (year) 29 (27-32)
Height (cm) 159.0 (155.0-162.0)
Weight (kg) 57.0 (52.0-63.0)
BMI (kg/m?) 22.82 (20.58-24.94)
Duration of infertility (year) 3@2-5
Type of infertility [n(%)]

Primary 247 (67.9)

Secondary 117 (32.1)
Irregular menstruation [n(%)]

Yes 322 (88.5)

No 42 (11.5)
Serum levels of T (ng/mL) 0.40 (0.31-0.55)
Serum levels of AMH (ng/mL) 9.75 (5.40-14.76)
Serum levels on days 2-3 of the menstrual cycle

E2 (pg/mL) 39.4 (30.3-51.0)

P (ng/mL) 0.44 (0.31-0.58)

LH (UA) 7.5(4.9-12.1)

FSH (IUL) 6.4 (5.5-7.7)

LH/FSH 1.26 (0.79-1.88)
PCOM [n(%)] 233 (64.0)
Fertilization type [n(%)]

IVF 311 (85.4)

ICsI 12 (3.3

IVF+ICSI 41 (11.3)

Group 1 (n = 295)

29 (27-32)
160.0 (155.0-162.0)
57.0 (52.0-63.0)
22.46 (20.50-24.97)
3(2-5)

198 (67.1)
97 (32.9)

266 (90.2)
29(9.8)
0.41 (0.32-0.55)
10.42 (6.24-14.52)

39.5 (30.7-48.6)
0.4 (0.32-0.55)
7.9(6.0-11.8)
6.4 (56-7.7)
1.24 (0.81-1.88)
201 (68.1)

247 (83.7)
10 (3.4)
38 (12.9)

Group 2 (n = 69)

29 (27-32)
158.0 (1556.0-162.0)
56.5 (53.5-62.25)
22,89 (20.83-24.30)
3(2-5)

49 (71.0)
20 (29.0)

56 (81.2)
13(188)
0.37 (0.28-0.53)
6.03 (3.61-10.20)

39.2 (26.1-57.5)
0.47 (0.27-0.59)
6.6 (3.7-12.9)
6.3 (5.0-7.9)
1.30 (0.58-1.88)
32 (46.4)

64 (92.8)
229
349

P-value

0.73
0.44
0.58
0.48
0.96

0.53

0.035

0.15
< 0.001

0.90
1.00
0.19
0.37
0.47
0.001

0.12

T, free androgen; AMH, anti-Mullerian hormone; E2, estrogen; P, progesterone; LH, luteinizing hormone; FSH, follicle-stimulating hormone; PCOM, polycystic ovarian morphology; IVF, in

vitro fertilization; ICSI, intracytoplasmic sperm injection.
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Duration of Gn (days)
Total Gn dose (IU)
On the trigger day

E2 (pg/mL)

P (ng/mL)

LH (IuL)

Single ET (mm)

No. of follicles > 14 mm
No. of oocytes retrieved
IVF fertilization rate [n(%)]
ICSI fertilization rate [n(%)]
Cleaved oocyte rate [n(%)]
Available D3 embryo rate [n(%)]
High-quality D3 embryo rate [n(%)]
Blastocyst formation rate [n(%)]
Available blastocyst rate [n(%)]
High-quality blastocyst rate [n(%)]
Embryo transfer cancelled [n(%)]]
Severe OHSS rate [n(%)]
Biochemical pregnancy rate [n(%)]
Clinical pregnancy rate [n(%)]

Total (n = 364)

10 (9-12)
1,800.0 (1,425.0-2,250.0)

4,134.3 (2,749.0-6,424.0)
0.92 (0.65-1.31)
1.6 (0.7-3.0)
5.0 (4.5-59)
9(8-12)

14 (10-20)
4,116/5,252 (78.4)
424/473 (89.6)
4,474/4,540 (98.5)
3,150/4,474 (70.4)
1,673/3,395 (49.3)
1,605/2,259 (71.0)
1,396/1,605 (87.0)
466/1,605 (29.0)
216 (59.3)

19 (5.2)
93/148 (62.8)
83/148 (56.1)

Group 1 (n = 295)

10 (9-11)
1,700.0 (1,375.0-2,175.0)

4,552.4 (2,813.0-6,652.0)
0.96 (0.68-1.39)
2.0(1.0-3.4)
5.0 (4.5-5.8)
9(8-13)

14 (10-20)
3,276/4,236 (77.3)
392/434 (90.3)
3,612/3,668 (98.5)
2,578/3,612 (71.4)
1,370/2,721 (50.3)
1,349/1,890 (71.4)
1,176/1,349 (97.2)
387/1,349 (29.7)
179 (60.7)

137)
70/116 (60.3)
63/116 (54.3)

Group 2 (n = 69)

12 (10-13)
2,175.0 (1,725.0-2,800.0)

2,972.1 (2,400.8-4,865.2)
0.75 (0.57-1.19)
05(0.3-0.7)
5.5 (4.5-6.0)
10 (8-11)
13(10-20)
840/1,016 (82.7)
32/39 (82.1)
862/872 (98.9)
572/862 (66.4)
308/674 (45.0)
256/369 (69.4)
220/256 (85.9)
79/256 (30.9)
37 (53.6)
8(11.6)
23/32 (71.9)
20/32 (62.5)

P-value

< 0.001
< 0.001

0.001
0.014
< 0.001
0.23
0.84
0.71
< 0.001
0.10
0.40
0.004
0.012
0.44
0.59
0.48
0.28
0.008
0.23
0.41

Gn, gonadotropin; E2, estrogen; P, progesterone; LH, luteinizing hormone; ET, endometrial thickness; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; OHSS, ovarian

hyperstimulation syndrome.
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Outcomes Before PSM After PSM

PCOS group Non-PCOS group P PCOS group Non-PCOS group P

(N=1387) (N=14606) (N=1376) (N=1376)
Gender* 0.741 <0.001
Male 641 (46.2%) 6630 (45.4%) 635 (46.1%) 577 (41.9%)
Female 586 (42.2%) 5940 (40.7%) 585 (42.5%) 731 (58.1%)
Gestational age (wk) <0.001 <0.001
<32 186 (13.4%) 2075 (14.2%) 182 (13.2%) 71 (5.2%)
32-36 124 (8.9%) 769 (56.3%) 123 (8.9%) 39 (2.8%)
=37 1077 (77.6%) 11762 (80.5%) 1071 (77.8%) 1266 (92.0%)
Birth weight 0.097 <0.001
<2500g 63 (4.5%) 504 (3.5%) 63 (4.6%) 29 (2.1%)
2500-4000g 1092 (78.7%) 11261 (77.1%) 1085 (78.9%) 1164 (84.6%)
>4000g 75 (5.4%) 865 (5.9%) 75 (5.5%) 121 (8.8%)
Ectopic pregnancy 3(0.2%) 63 (0.4%) 0215 3(0.2%) 6 (0.4%) <0.001
GDM and PIH* 206 (14.8%) 1302 (8.9%) <0.001 205 (14.9%) 96 (7.0%) <0.001
Placenta and membrane 24 (1.7%) 311 (2.1%) 0.265 24 (1.7%) 20 (1.5%) <0.001
abnormality”
Birth defects 16 (1.2%) 223 (1.5%) 0.243 16 (1.2%) 27 (2.0%) <0.001
Stilloirth 2(0.1%) 5 (0.03%) 0.122 2(0.1%) 0 <0.001
Complication of labor and delivery® 9 (0.6%) 94 (0.6%) 0.961 9 (0.6%) 9 (0.6%) 1.000
Neonatal complication 55 (4.0%) 373 (2.6%) 0.003 55 (4.0%) 41 (3.0%) <0.001
Miscarriage 157 (11.3%) 1973 (13.5%) 0.022 163 (11.1%) 62 (4.5%) <0.001

*Excluding excludes ectopic pregnancy and miscarriage cases; “GDM and PIH, Gestational Diabetes Mellitus and Pregnancy-Induced Hypertension; *Including placenta previa and
premature rupture of membrane. $including postpartum hemorrhage, amniotic fluid embolism, rupture of uterus and dysfunction of cord.
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Maternal BMI (Kg/m?)

Parity (high order vs. first)

Cycle method (artificial vs. natural)
Fertilization method (ICSI vs. IVF)
Fertilization method (IVF+ICSI vs.
IVF)

Basal LH (mlU/mL)

Basal E2 (pg/mL)

Basal FSH (U/L)

Basal P (ng/mL)

Total T (ng/mL)

Indicators on the

day of embryo transfer

E2 (pg/mL)

P (ng/mL)

Crude OR

1.000 (1.000-1.000)
1.037 (0.995-1.081)
1.278 (1.125-1.453)
0.965 (0.858-1.085)
1.097 (0.935-1.287)

0.982 (0.971-0.992)
0.997 (0.996-0.998)
0.994 (0.978-1.010)
0.932 (0.818-1.042)
1.000 (0.764-1.310)

1.000 (1.000-1.000)
1.006 (1.002-1.010)

Before matching

P

0.836
0.088
<0.001
0.550
0.258

0.001

<0.001
0.456
0.196
0.998

0.058
0.003

Adjusted OR

1.000 (1.000-1.000)
1.047 (1.003-1.092)
1.104 (0.959-1.271)
0.973 (0.863-1.096)
1.118 (0.950-1.316)

0.999 (0.987-1.010)
0.998 (0.997-0.999)
0.991 (0.974-1.009)
0.961 (0.865-1.067)
1.007 (0.750-1.350)

1.000 (1.000-1.000)
1.006 (1.002-1.010)

P

0.850
0.037
0.168
0.662
0.180

0.842
0.001
0.332
0.453
0.965

0.065
0.006

Crude OR

1.011 (1.001-1.020)
1.053 (0.937-1.184)
0.835 (0.577-1.288)
0.850 (0.640-1.130)
0.928 (0.680-1.265)

0.985 (0.959-1.012)
0.998 (0.995-1.001)
0.994 (0.946-1.046)
0.627 (0.284-1.383)
0.820 (0.439-1.531)

1.000 (1.000-1.000)
1.008 (0.999-1.016)

After matching

P

0.027
0.386
0.338
0.263
0.635

0.278
0.259
0.826
0.247
0.632

0.405
0.096

Adjusted OR

1.009 (0.999-1.020)
1.043 (0.925-1.176)
0.726 (0.489-1.076)
0.869 (0.651-1.159)
0.956 (0.697-1.312)

0.995 (0.943-1.050)
0.998 (0.994-1.002)
0.995 (0.943-1.050)
0.682 (0.307-1.518)
0.860 (0.463-1.596)

0.998 (0.994-1.002)
1.008 (0.999-1.017)

P

0.072
0.489
0.111
0.338
0.071

0.855
0.277
0.855
0.349
0.632

0.277
0.079
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Before matching

Crude OR

Maternal BMI (Kg/m?) 1.000 (1.000-1.000

( )
Parity (high order vs. first) 1.036 (0.959-1.120)
Cycle method (artificial vs. natural) 1.466 (1.143-1.880)
Fertilization method (ICSl vs. IVF) 1.197 (0.969-1.478)
Fertilization method (IVF+ICSI vs. IVF) 1.045 (0.762-1.433)
Basal LH (miU/mL) 0.989 (0.971-1.007)
Basal E2 (pg/mL) 0.998 (0.997-1.000)
Basal FSH (U/L) 1.012 (0.987-1.036)
Basal P (ng/mL) 1.016 (0.895-1.153)
Total T (ng/mL) 1.083 (0.718-1.634)
Indicators on the day of embryo transfer
E2 (pg/mL) 1.000 (1.000-1.000)

P (ng/mL) 1.004 (0.996-1.012)

P

0.943
0.372
0.003
0.095
0.786
0.243
0.060
0.352
0.807
0.704

0.454
0.316

Adjusted OR

1.000 (1.000-1.000)
1.054 (0.974-1.041)
1.379 (1.048-1.814)
1,213 (0.979-1.504)
1.085 (0.786-1.497)
0.997 (0.975-1.019)
0.999 (0.997-1.001)
1.011 (0.984-1.038)
1.027 (0.910-1.160)
1.104 (0.716-1.701)

1.000 (1.000-1.000)
1.003 (0.996-1.011)

P

0.943
0.193
0.022
0.078
0.620
0.789
0.604
0.431
0.664
0.655

0.471
0.387

Crude OR

1.000 (0.965-1.036)
1.194 (0.999-1.427)
1.612 (0.787-8.303)
1.045 (0.646-1.689)
1.090 (0.632-1.880)
0.990 (0.948-1.035)
1.000 (1.000-1.001)
1.011 (0.952-1.074)
1.174 (0.998-1.381)
1.749 (0.730-4.188)

1.000 (1.000-1.001)
1.000 (0.983-1.016)

After matching

P

0.996
0.051
0.192
0.858
0.757
0.660
0.060
0.714
0.053
0.210

0.060
0.957

Adjusted OR

0.999 (0.964-1.036)
1.202 (1.002-1.443)
1.585 (0.731-3.438)
1.086 (0.665-1.774)
1.192 (0.683-2.079)
1.001 (0.952-1.052)
0.999 (0.984-1.004)
1.010 (0.948-1.077)
1.211 (1.021-1.436)
1.754 (0.737-4.171)

1.000 (1.000-1.001)
0.999 (0.983-1.016)

0.966
0.048
0.244
0.742
0.587
0.967
0.722
0.749
0.028
0.204

0.080
0.927
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Before matching

After matching

Crude OR

Maternal BMI (Kg/m?) 1.000 (1.000-1.000)

( )
Parity (high order vs. first) 1.169 (1.134-1.205)
Cycle method (artificial vs. natural) 0.999 (0.906-1.102)
Fertilization method (ICSI vs. IVF) 0.967 (0.877-1.066)
Fertilization method (IVF+ICSl vs. IVF)  0.972 (0.841-1.123)
Basal LH (miU/mL) 0.998 (0.991-1.005)
Basal E2 (pg/mL) 1,000 (1.000-1.000)
Basal FSH (U/L) 1.011 (1.000-1.022)
Basal P (ng/mL) 1,036 (0.987-1.087)
Total T (ng/mL) 0.302 (0.209-0.436)
Indicators on the day of embryo transfer
E2 (pg/mL) 0.999 (0.999-1.000)

P (ng/mL) 0.986 (0.982-0.990)

P

0.793
<0.001
0.985
0.496
0.699
0.633
0.294
0.052
0.149
<0.001

<0.001
<0.001

Adjusted OR

1.000 (1.000-1.000)
1.181 (1.145-1.218)
1.031 (0.927-1.147)
1.045 (0.946-1.154)
1.100 (0.949-1.274)
0.995 (0.987-1.003)
1.000 (1.000-1.001)
1.010 (0.999-1.023)
1.085 (0.987-1.086)
0.346 (0.239-0.502)

0.999 (0.999-1.000)
0.986 (0.982-0.990)

P

0.835
<0.001
0.569
0.390
0.207
0.238
0.155
0.087
0.155
<0.001

<0.001
<0.001

Crude OR

1.006 (0.991-1.022)
1.176 (1.039-1.330)
0.855 (0.544-1.343)
0.942 (0.675-1.313)
1.056 (0.740-1.507)
0.978 (0.946-1.012)
1.001 (1.001-1.003)
0.948 (0.874-1.027)
0.815 (0.382-1.742)
0.898 (0.446-1.809)

0.999 (0.999-1.000)
0.970 (0.956-0.984)

P

0.418
0.010
0.496
0.723
0.765
0.209
0.052
0.190
0.598
0.763

0.076
<0.001

Adjusted OR

1.005 (0.987-1.023)
1.201 (1.067-1.366)
0.918 (0.577-1.461)
1.008 (0.720-1.411)
1.181 (0.785-1.629)
0.970 (0.932-1.011)
1.002 (1.000-1.004)
0.970 (0.893-1.053)
0.829 (0.472-1.454)
0.952 (0.476-1.904)

1.000 (0.999-1.000)
0.971 (0.957-0.985)

0.590
0.005
0.718
0.963
0.509
0.148
0.019
0.467
0513
0.888

0.085
<0.001
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Characteristic

Maternal Age (y, mean + SD)
Paternal age (y, mean + SD)
Sperm origin

Ejaculation

Testicular sperm extraction
Stage at cryopreservation
Cleavage stage

Blastocyst

Scoring for cleavage-stage embryo*
Good

Fair

Poor

Scoring for blastocyst-stage
embryo*

Excellent

Good

Average

poor

No. of embryos transferred
1

>2

Before PSM (N=15990)

After PSM (N=2752)

PCOS group
(N=1384)

30.54 + 3.51
32.42 + 4.32

1374 (99.3%)
10 (0.7%)

1138 (82.2%)
246 (17.8%)

151 (13.3%)
830 (72.9%)
157 (13.8%)

18 (7.3%)

39 (15.9%)
138 (56.1%)
51 (20.7%)

250 (18.1%)
1134 (81.9%)

Non-PCOS group
(N=14606)

32.61 £ 4.45
34.53 + 5.53

14290 (97.8%)
316 (2.2%)

12008 (82.2%)
2598 (17.8%)

1776 (14.8%)
8240 (68.6%)
1992 (16.6%)

178 (6.9%)
377 (14.5%)
1353 (52.1%)
690 (26.6%)

2953 (20.2%)
11653 (79.8%)

<0.001
<0.001
<0.001

0.991

0.447

0.097

0.056

PCOS group
(N=1376)

30.58 + 3.49
32.45 + 4.31

1373 (99.8%)
3(0.2%)

1133 (82.3%)
243 (17.7%)

151 (13.3%)
825 (72.8%)
157 (13.9%)

18 (7.4%)
39 (16.1%)
136 (55.9%)
50 (20.6%)

248 (18.0%)
1128 (78%)

Non-PCOS group
(N=1376)

30.63 + 3.60
32.35 +4.21

1366 (99.3%)
10 (0.7%)

1161 (84.4%)
215 (15.6%)

136 (11.7%)
845 (72.8%)
180 (15.5%)

10 (4.7%)
26 (12.1%)
119 (65.3%)
60 (27.9%)

222 (16.1%)
1154 (83.9%)

0.711
0.543
0.052

0.152

0.134

0.023

0.188

*Scoring system for cleavage-stage embryos was based on the Istanbul consensus workshop; *Blastocyst was grouped into four categories based on inner cel mass and trophectoderm

scoring (15-17).
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Characteristics

Maternal BMI (Kg/m?, mean + SD)

Duration of infertility (y, mean + SD)

Parity

first

High order

Cycle method

Natural cycle

Artificial cycle

Fertilization method

IVF

ICSI

IVF+ICSI

Basal LH (mlU/mL, mean + SD)
Basal E2 (pg/mL, mean + SD)
Basal FSH (U/L, mean + SD)
Basal P (ng/mL, mean + SD)
Total T (ng/mL, mean + SD)
Indicators on the day of embryo
transferred

E2 (pg/mL, mean + SD)

P (ng/mL, mean + SD)

Before PSM (N=15990)

PCOS group
(N=1384)

23.44 £ 3.74
3.46 +2.55

917 (66.3%)
467 (33.7%)

45 (3.3%)
1339 (96.7%)

817 (59.0%)
298 (21.5%)
269 (19.4%)
5.43 + 3.93
39.48 + 51.04
5.08 +1.41
0.26 +0.31
0.511 £ 0.29

260.56 + 479.39
9.95 + 11.95

Non-PCOS group

(N=14606)

21.65 + 4.24
3.41+£298

7618 (52.2%)
6988 (47.8%)

4021 (27.5%)
10585 (72.5%)

9092 (62.2%)
4109 (28.1%)
1405 (9.6%)
5.48 + 6.35

62.52 + 76.09
6.09 + 3.55
0.31 £0.71
0.26 + 0.16

218.03 + 343.61
9.74 + 11.93

<0.001
0.553
<0.001

<0.001

<0.001

0.740
<0.001
<0.001

0.007
<0.001

<0.001
0.535

PCOS group
(N=1376)

23.58 + 6.08
3.44 £ 2.49

912 (66.3%)
464 (33.7%)

45 (3.3%)
1331 (96.7%)

811 (58.9%)
298 (21.7%)
267 (19.4%)
5.42 +3.92

3951 +61.17
5.07 + 1.41
0.26 + 0.31
0.04 +0.13

146.97 + 330.72
9.97 + 11.96

After PSM (N=2752)

Non-PCOS group
(N=1376)

21.63 + 5.03
3.37 £2.48

860 (62.5%)
516 (37.5%)

381 (27.7%)
995 (72.3%)

806 (58.6%)
391 (28.4%)
179 (13.0%)
462 +3.42

60.08 + 62.69
6.02+3.78
0.29 + 0.49
0.08 +0.12

170.38 + 389.62
10.19 + 12.05

<0.001
0.490
0.038

<0.001

<0.001

<0.001
<0.001
<0.001
0.092
0.048

0.089
0.629
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Item

Group 1 Group 2 Group 3 P

No. of cases 238 474 236
Protocol (%) 0.078

GnRH agonist protocol 83.2 (198/236) 86.5 (410/474) 90.3 (213/236)

GnRH antagonist protocol 16.8 (40/236) 13.5 (64/474) 9.7 (13/236)
Starting dosage of Gn (IU) 1221 £27.7 131.9+ 29.2 1429 £ 31.7 <0.001
Total dosage of Gn (IU) 1,741.4 + 87.6 2,200.8 + 1,202.6 2,880.0 + 1,254.2 <0.001
Duration of Gn (d) 11.2+32 122 +3.7 187 +37 <0.001
No. of oocytes retrieved 16077 148+79 188+7.8 0.011
No. of mature oocytes 186+7.0 12771 11.8+6.8 0.017
No. of normal fertilization oocytes 9.6+5.6 9.0+55 81+52 0.009
No. of available embryos 77+48 76+50 6.7+45 0.048
No. of good embryos 41+25 38+24 36+21 0.036
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Item Group 1 Group 2 Group 3 P
No. of cases 238 474 236
Type of transfer (%) 0.128
Fresh cycle 43.3 (103/238) 47.3 (224/474) 52.5 (124/236)
Frozen cycle 56.6 (135/238) 52.7 (250/474) 47.4 (112/236)
No of embryo transferred 1.47 £ 0.50 1.47 + 0.50 1.50 + 0.50 0.631
Type of transfer embryos (%) 0.021
cleavage 57.1 (136/238) 56.9 (265/474) 66.5 (157/236)
blastocyst 42.9 (102/238) 44.1 (209/474) 33.5 (79/236)
Endometrium (mm) 98+1.9 10.0+2.0 101 +£22 0.337
Clinical pregnancy rate (%) 70.59 (168/238) 67.09 (318/474) 62.71 (148/236) 0.188
Early miscarriage rate (%) 7.14 (12/168) 13.21 (42/318) 16.22 (24/148) 0.039
Late miscarriage rate (%) 2.38 (4/168) 2.83 (9/318) 5.41 (8/148) 0.258
Live birth rate (%) 63.03 (150/238) 556.27 (262/474) 47.88 (113/236) 0.004
Single live birth rate (%) 50.84 (121/238) 44.73 (212/474) 38.56 (91/236) 0.027
Low birth weight rate (%) 5.78 (7/121) 6.60 (14/212) 9.89 (9/91) 0.478
Macrosomia rate (%) 5.78 (7/121) 11.79 (25/212) 17.58 (16/91) 0.026
Twin live birth rate (%) 12.18 (29/238) 10.55 (50/474) 9.32 (22/236) 0.597
Low birthweight rate (%) 31.03 (18/58) 44 (44/100) 50 (22/44) 0.125
Macrosomia rate (%) 0 0 0
GDM (%) 10.00 (15/150) 14.50 (38/262) 25.67 (29/113) 0.002
Baby gender ratio (male/female) At 117 1.11 0.948
Total Male 94 168 4l
Total Female 85 144 64
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ltem Group 1 Group 2 Group 3 P
No. of cases 238 474 236
Age (year) 29.1£89 28.9+ 3.6 285 +4.2 0.208
HOMA-IR 1.43 + 0.35 2.92 +0.68 6.72£2.78 <0.001
BMI (kg/m?) 221 +£29 249+ 3.4 283 £34 <0.001
<24 76.5 (182/238) 43.0 (204/474) 9.3 (22/236)
24-27.9 19.7 (47/238) 38.9 (184/474) 38.6 (91/236)
>28 3.8 (9/238) 18.1 (86/474) 52.1 (123/236)
AMH (ng/mi) 92+49 83+45 7244 <0.001
FSH (IU/L) 6.1+15 57+13 55+1.4 <0.001
LH (UL 105+5.8 8747 76+42 <0.001
T (ng/ml) 041+02 0.42 £ 0.19 0.46 +0.22 0.020
Duration of infertility (year) 25+0.1 25+01 25+0.2 0.068
Type of infertility (%) 0.108
Primary 63.9 (152/238) 61.8 (293/474) 69.9 (165/236)
Secondary 36.1 (86/238) 38.2 (181/474) 30.1 (71/236)
Methods of ART (%) 0.314
IVF 84.5 (201/238) 87.6 (415/474) 89.0 (210/236)

ICSI

15.5 (37/238)

12.4 (59/474)

11.0 (26/236)
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Parameter Cleavage-stage embryo Blastocyst -stage embryo

VD group (n=359) CD group (n=320) P value VD (n=417) CD (n=382) P value
Maternal complications, n (%) 43 (11.98) 47 (14.69) 0.299 41 (9.83) 52 (13.61) 0.096
Gestational diabetes mellitus, n (%) 18 (6.01) 24 (7.50) 0.179 26 (6.24) 28 (7.33) 0.538
Gestational hypertension, n (%) 11 (3.06) 8 (2.50) 0.656 3(0.72) 5(1.31) 0.403
Placenta previa, n (%) 8(2.23) 8 (2.50) 0.816 4(0.96) 9(2.36) 0.119
Placental abruption, n (%) 1(0.28) 0 (0.00) 0.345 1(0.24) 0(0.00) 0.338
Premature rupture of membrane, n (%) 4(1.11) 6(1.88) 0.411 6(1.44) 7(1.83) 0.660
Postpartum hemorrhage, n (%) 1(0.28) 1(031) 0935 1(0.24) 3(0.79) 0275
Neonatal outcomes
Gestational age of delivery (weeks) 38.39+1.89 38.08+1.55 0.020* 38.36+1.63 37.95+1.49 <0.001*
Birth weight (g) 3497.78+614.20 3418.38+539.95 0.646 3481.08+513.40 3408.96+536.82
Preterm birth, n (%) 35 (9.75) 34 (10.63) 0.379 34 (8.15) 41 (10.79) 0.212
Stillbirth, n (%) 2(0.55) 0 (0.00) 0.182 0(0.00) 1(0.26) 0.317
Low birth weight (<2500g), n (%) 10 (5.29) 13 (4.06) 0.400 9(2.16) 13 (3.40) 0.283
Very low birth weight (<1500g), n (%) 1(0.28) 2(062) 0.462 1(0.24) 1(0.26) 0.950

VD, vaginal delivery; CD, cesarean delivery. Values are described as mean+standard deviation or number (percentage) *P<0.05.
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ltem Without CSD group (n=1570) CSD group (n=509) P value

Ages (years) 35.04+4.71 35.84+4.99 0.339
BMI (kg/m2) 22.85+2.86 23.56 +2.87 0.240
Endometrial thickness(mm) 9.59 £1.73 9.49 +1.79 0.522
Blastocyst-stage embryo transfer rate, %(n/N) 36.18% (568/1570) 31.63% (161/509) 0.062
Fresh embryo transfer rate, %(n/N) 27.13% (426/1570) 34.77% (177/509) 0.001*

CSD, cesarean section defect; BMI, body mass index; Values are described as mean+standard deviation or percentage (number/total number); *P<0.05.
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Parameter Without CSD group (n=1570)

Biochemical pregnancy rate, % (/N) ~ 51.78 (813/1570)

Clinical pregnancy rate, % (n/N) 47.64 (748/1570)
Miscarriage rate, % (n/N) 20.59 (154/748)
Ectopic pregnancy rate, % (n/N) 1.74 (13/748)
Live birth rate, % ('VN) 37.01 (681/1570)

CSD group (n=509)

43.61 (222/509)
37.52 (191/509)
34.55 (66/191)
2.09 (4/191)
23.77 (121/509)

Crude OR

0.720 (0.589-0.881)
0.660 (0.538-0.810)
1.370 (1.007-1.863)
0.949 (0.308-2.923)
0531 (0.422-0.667)

P value

0.001*
0.001*
0.045*
0.927
<0.001*

Adjusted OR

0.865 (0.696-1.076)
0.779 (0.623-0.973)
1.407 (1.030-1.923)
1.088 (0.349-3.389)
0.609 (0.476-0.778)

P value

0.194
0.027*
0.032*
0.885
<0.001*

CSD, cesarean section defect. Values are described as percentage (number/total number); Adjusted for age, BMI, fresh or frozen-thawed cycle, the stage of embryo at transfer,

endometrial thickness; *P<0.05.
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Parameter

Biochemical pregnancy rate
Small CSD

Middle CSD

Large CSD

Clinical pregnancy rate
Small CSD

Middle CSD

Large CSD

miscarriage rate

Small CSD

Middle CSD

Large CSD

Live birth rate

Small CSD

Middle CSD

Large CSD

(%) (n/N)

45,69 (106/232)
45,54 (92/202)
32.00 (24/75)

40.09 (93/232)
39.11 (79/202)
25.33 (19/75)

31.18 (29/93)
35.44 (28/79)
47.37 (9/19)

26.29 (61/232)
24.75 (50/202)
13.33 (10/75)

Crude OR (95%Cl)

reference
0.994 (0.681-1.452)
0559 (0.323-0.969)

reference
0.960 (0.653-1.412)
0.507 (0.283-0.908)

reference
1.126 (0.645-1.967)
0.955 (0.430-2.120)

reference
0.922 (0.598-1.422)
0.431 (0.208-0.892)

P value

0.976
0.038*

0.836
0.022*

0.675
0.909

0.714
0.023*

Adjusted OR (95%Cl)

reference
0.884 (0.586-1.334)
0546 (0.305-0.978)

reference
0.862 (0.567-1.310)
0.503 (0.272-0.930)

reference
1.105 (0.620-1.967)
1.012 (0.450-2.278)

reference
0.832 (0.522-1.326)
0.422 (0.197-0.902)

P value

0.557
0.042*

0.488
0.028*

0.735
0.976

0.439
0.026*

CSD, cesarean section defect; Values are described as percentage (number/total number ); Adjusted for age, BMI, fresh or frozen-thawed cycle, stage of embryo transferred, endometrial

thickness:*P<0.05.
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Patients with previous delivery history

after SET
(n=4879)

Single cleavage—-stage embryo transfer Single blastocyst stage embryo transfer
(n=3135) (n=1744)
VD group CD group VD group CD group
(n=1707) (n=1428) (n=926) (n=818)
PSM
(n=

PSM

VD group CD group VD group CD group
(n=1350) n=1350) (n=729) (n=729)
With CSD Without CSD
(n=509) (n=1570)
Large CSD Middle CSD Small CSD
(n=75) (n=202) (n=232)
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Age (year)
BMI (kg/m2)

Infertility diagnosis, n (%)
Tubal factors

Decreased ovarian reservation
Unexplained infertility
Combined factors

Fertilization method, n (%)
IVF

ICSI

transfer cycle, n (%)
Fresh

Frozen

Stimulation protocol, n (%)
Agonist

Antagonist

Endometrial preparation
method, n (%)

Natural cycle

Induced ovulation
Hormone replacement
treatment (HRT)
GnRHa+HRT

Endometrial thickness (mm)

Cleavage-stage embryo

Blastocyst -stage embryo

before PSM after PSM
vD CcD P VD cb
(n=1707) (n=1428) value (n=1350) (n=1350)
35.52 36.81 <0.001* 36.52 36.3+4.64
+4.71 +5.00 +4.96
23.13 23.63 0.004* 23.13 23.25
+2.78 +2.79 +2.82 +2.96
597 469 0.294 438 446
(34.97) (32.84) (32.44) (33.04)
551 448 402 426
(32.28) (31.37) (29.78) (31.56)
157 135 (9.45) 125 118
9.20) (9.26) 8.74)
402 376 385 360
(23.55) (26.33) (28.52) (26.67)
1371 1139 0.699 1090 1065
(80.32) (79.76) (80.74) (78.89)
336 289 260 285
(19.68) (20.24) (19.26) @1.11)
720 602 0.990 526 575
(42.18) (42.16) (38.96) (42.59)
987 826 824 775
(67.82) (67.84) (61.04) (67.41)
371 319 0.596 277 305
(561.53) (52.99) (52.66) (63.04)
349 283 249 270
(48.47) 47.01) (47.34) (46.96)
435 375 0.314 384 352
(44.07) (45.40) (46.6) (45.42)
302 272 246 261
(30.60) (32.93) (29.85) (33.69)
169 119 135 106
(17.12) (14.41) (16.38) (13.68)
81 60 59 56
®.21) (7.26) (7.16) (7.23)
962+1.89 950£1.70  0.040

value

0.237

0.283

0.613

0.231

0.055

0.899

0.272

0.56+185 9.49+1.79 0296 9.76+1.74 9.59+1.64 0.040

before PSM after PSM
VvD CD P VvD CD P
(n=926) (n=818) value (n=729) (n=729) value
33.48 33.39 0.707 33.43 33.30 0.58
+4.76 +4.25 +4.77 +4.41
22.38 2368 0.028" 2238 2263  0.079
+2.73 +2.81 +2.74 2.7
460 402 0.976 376 363 0.898
(49.68)  (49.14) (51.58)  (49.19)
195 169 149 154
(21.06)  (20.66) (20.44)  (20.87)
95 85 61 60
(10.26)  (10.39) (8.37) 8.13)
176 162 143 162
(1901)  (19.8) (19.62) (206
745 687 0.055 599 602 0.837
(80.45) (83.99) (82.17) (82.58)
181 131 130 127
(1955)  (16.01) (17.83)  (17.42)
40(4.32) 45(550) 0.253 24 (329) 28(3.84) 0572
886 773 705 701
(95.68) (94.50) (96.71) (96.16)
32 (80) 35 0.802 22 20 0.065
(77.79) (91.67)  (71.43)
8(20) 10 2(8.33) 8
(22.22) (28.57)
357 305 0.292 270 280 0.641
(40.29) (39.46) (38.30) (39.94)
350 299 275 277
(39.50) (38.68) (39.01) (39.51)
108 87 93 7
(12.19)  (11.25) (1819)  (10.98)
71 82 67 67
801  (10.61) (9.50) (9.56)

9.70£1.68 9.65+1.67 0.505

PSM, propensity score matching; VD, vaginal delivery; CD, cesarean delivery; BMI, body mass index; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; GnRHa, gonadotropin-

releasing hormone agonist; Values are described as mean + standard deviation or number (percentage); *P<0.05.
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Parameter

Biochemical pregnancy rate, %(n/N)
Clinical pregnancy rate, %(r/N)
Miscarriage rate, %(n/N)

Ectopic pregnancy rate, %(n/N)
Twin pregnancies rate, %(n/N)

Live birth rate, %(n/N)

Cleavage-stage embryo

VD group (n=1350)

40.67 (549/1350)
36.22 (489/1350)
24.13 (118/489)
2.86 (14/489)
1.02 (5/489)
26,59 (359/1350)

CD group (n=1350)

39.18 (529/1350)
34.29 (463/1350)
28.94 (134/463)
1.94 (9/463)
0.86 (4/463)
23.70 (3820/1350)

P value

0.432
0.295
0.093
0.356
0.179
0.084

VD, vaginal delivery; CD, cesarean delivery. Values are described as percentage (number/total number),*P<0.05.

Blastocyst-stage embryo

VD (n=729)

71.60 (522/729)
66.67 (487/729)
13.78 (67/487)
062 (3/487)
1.64 (8/487)
57.20 (417/729)

€D (n=729)

69.41 (506/729)
65.29 (476/729)
18.07 (86/476)
1.68 (8/476)
0.63 (3/476)
52.40 (382/729)

P value

0.358
0.543
0.067
0.120
0.139
0.066
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HOMA-IR
Group 1
Group 2
Group 3

Early miscarriage rate

Macrosomia rate

0.495
0.522

aOR (95% confidence interval)

Ref (1)
1.640 (1.101, 2.443)
1.685 (1.049, 2.708)

0.039

0.015
0.031

0.685
0.779

aOR (95% confidence interval)

Ref (1)
1.983 (1.089, 3.611)
2.218 (1.149, 4.281)

P

0.035

0.025
0.018





OPS/images/fendo.2022.877471/table6.jpg
Characteristic IVF ICsI
No. of matured oocytes a7 478
2PN: no. (%) 0 340 (71.1)
High-quality embryo: no. (%) 0 214 (62.9)
No. of embryos transferred 0 124
No. of vitrified embryos 0 91
Utilized oocytes: no. (%) 0 215 (45.0)
Fresh embryo transfer cycle 0 70
Live birth: no. (%) = 33 (47.1)
Singleton live birth per woman - 25 (35.7%)
Twin live birth per woman = 8 (11.4%)
Biochemical pregnancy: no. (%) - 42 (60)
Clinical pregnancy: no. (%) - 39 (65.7)
Preterm birth: [no./total no. (%)] - 1/33 (3.0)
Neonatal abnormalities: [no./total no. (%)) - 2/41 (4.9)
Second polar body expulsion: no. (%) 140(33.6)
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Primary infertility (608 cycles)

Secondary infertility (276 cycles)

Characteristic IVF ICsI IVF+ICSI IVF ICsI IVF+ICSI
Fresh embryo transfer cycle: no. (%) 244 (40.1) 201 (33.1) 163 (26.8) 119 (43.1) 73 (26.4) 84 (30.4)

No. fresh embryo transferred per cycle (mean + STD) 20+0.3 1.9+04 21+03 20+0.2 1.9+05 22+04
Age (y) (mean + STD) 320+37 31.9+40 32.7+45 336+38 33740 338+45
Live birth: no. (%) 107 (43.9) 86 (42.8) 66 (40.5) 57 (47.9) 28 (38.4) 34 (40.5)

Singleton live birth per woman 75 (30.7%) 65 (32.3%) 48 (29.4%) 40 (33.6%) 21 (28.8%) 23 (27.4%)
Twin live birth per woman 32 (18.2%) 21 (10.5%) 18 (11.1%) 17 (14.3%) 7 (9.6%) 11 (13.1%)
Biochemical pregnancy: no. (%) 155 (63.5) 111 (85.2) 97 (59.5) 78 (65.5) 36 (49.3° 40 (47.6)°
Clinical pregnancy: no. (%) 135 (55.3) 100 (49.8) 81(49.7) 65 (54.6) 32 (43.8) 39 (46.5)

Preterm birth: [no./total no. (%)) 6/107 (5.6) 5/86 (5.8) 3/66 (4.5) 5/57 (8.8) 4/28 (14.3) 3/34 (8.8)
Neonatal abnormalities: [no./total no. (%)] 5/139 (3.6) 3/107 (2.8) 2/84 (2.4) 0/74 0.0) 1/35 (2.9) 0/45 (0.0)

Values are presented as number (%).
IP<0.05 ICSI compared to IVF groups.
5P<0.05 IVF+ICSI compared to IVF groups.
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Characteristic

Fresh embryo transfer cycles
No. fresh embryo transferred
per cycle (mean + STD)

Age (y) (mean + STD)

Live birth: no. (%)

Singleton live birth per woman
Twin live birth per woman
Biochemical pregnancy: no. (%)
Clinical pregnancy: no. (%)
Preterm birth [no./total no. (%)]
Neonatal abnormalities [no./total no. (%]]

Values are presented as number (%).
P<0.05 ICSI compared to IVF groups.
5p<0.05 IVF+ICSI compared to IVF groups.

IVF

363
20+03

325+38
164 (45.2)
115 (31.7%)
49 (13.5%)
233 (64.2)
200 (55.1)
11/164 (6.7)
5/213 (2.3)

ICsI

274
1.9+£05

324 =41
114 (41.6)
86 (31.4%)
28 (10.2%)
147 (63.6)
132 (48.2)
9/114 (7.9)
4/142 (2.8)

IVF+ICSI

247
22+04

33.0+45
100 (40.5)
71 (28.7%)
29 (11.8%)
137 (55.5)°
120 (48.6)
6/100 (6.0)
2/129 (1.6)
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Primary infertility Secondary infertility

Characteristic IVF ICsI IVF ICsI
Matured oocytes: no. 4752 4947 1976 2067
2PN: no. (%) 2067 (62.4) 3724 (75.3) 1264 (63.9) 1521 (73.6)*

High-quality embryo: 1507 (50.8) 2021 (54.3) 678 (53.7) 841 (56.3)
no. (%)

Transferred embryo: no. 650 547 328 235
Vitrified embryo: no. 897 1256 330 481
Utilized oocytes: no. (%) 1547 (32.6) 1803 (36.4)* 658 (33.3) 716 (34.6)

Values are presented as number (%).
*P <0.05 ICSI compared to IVF groups.
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Characteristic IVF ICslI
Matured oocytes: no. 6728 7014
2PN: no. (%) 4230 (62.9) 5245 (74.8)*
High-quality embryo: no. (%) 2185 (51.7) 2862 (54.6)"
Transferred embryo: no. 978 782
Vitrified embryo: no. 1227 1737
Utilized oocytes: no. (%) 2205 (32.8) 2519 (35.9)*

Values are presented as number (%).
*P <0.05 ICSI compared to IVF groups.
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Characteristic

Age (y) (mean + STD)
Infertility factors

Primary

Secondary

Regimen of ovarian hyperstimulation
super long-term protocol
long-term protocol
short-term protocol
Antagonist protocol

other protocol
microstimulation protocol
Result of treatment

Fresh embryo-transfer cycles
Cryopreserved cycles
Complete abandoned cycles

No. cycles

792 (70.1%)
338 (30.0%)

12 (1.1%)
954 (84.4%)
104 (9.2%)
41 (3.6%)
16 (1.4%)
3(0.3%)

884 (78.2%)
202 (17.9%)
45 (4.0%)

Value

32.43 + 4.05
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Group 1 (n = 116) Group 2 (n = 32) OR (95% CI) P-value
Total Events (%) Total Events (%)
bLH/FSH
<1.33 76 39 (51.3) 18 11 (61.1) 0.67 (0.24-1.92) 0.45
>1.33 40 24 (60.0) 14 9 (64.3) 0.83 (0.24-2.95) 0.78
AMH
<3.4 ng/ml 14 9(64.3) 9 7(77.8) 0.51 (0.08-3.49) 0.49
>3.4 ng/ml 102 54 (62.9) 28 13 (56.5) 0.87 (0.35-2.15) 0.76

LH, luteinizing hormone; FSH follicle-stimulating hormone; AMH, anti-Mullerian hormone; OR, odds ratio; Cl, confidence interval.
Group 1 = “0”: group 2 =
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Group 1 (n = 295) Group 2 (n = 69) OR (95% CI) P-value

Total Events (%) Total Events (%)
bLH/FSH
<1.33 161 4(2.5) 37 1(2.7) 1.09 (0.11-10.05) 0.94
>1.33 134 7(5.2) 32 7(21.9) 5.08 (1.64-15.76) 0.005
AMH
<3.4 ng/ml 20 1(5.0) 13 0(0) = -
>3.4 ng/ml 275 10 (3.6) 56 8(14.3) 4.42 (1.66-11.76) 0.003

LH, luteinizing hormone; FSH, follicle-stimulating hormone; AMH, anti-Mullerian hormone; OR, odds ratio; Cl, confidence interval.
Group 1 = “0”; group 2 = “1.”
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Univariate Multivariate

crude OR 95% CI P value adjusted OR 95% CI P value
Model 1*
Female age 0.096 0.95-1.00 0.978 0.981 0.95-1.01 0.191
Basal FSH (mIU/mL) 0975 0.96-0.99 0.003 0.996 0.98-1.02 0.696
AFC 1.147 1.05-1.25 0.002 0.989 0.90-1.09 0.833
AMH (ng/mL) 11.848 6.21-22.62 <0.001 11.848 6.21-22.62 <0.001
Model 2"
Type of infertility 1.676 1.08-2.60 0.021 0.995 0.54-1.83 0.988
No. of previous pregnancy 0.820 0.68-0.98 0.033 0.996 0.75-1.32 0.979
No. of previous deliveries 0.602 0.43-0.85 0.004 0.95 0.68-1.57 0.84
AFC 1.134 1.01-1.28 0.041 1.076 0.95-1.22 0.266
Female age
<35 4.755 2.81-8.04 <0.001 4.755 2.81-8.04 <0.001
35-40 2.160 1.21-3.85 0.009 2.16 1.21-3.85 0.009
>40 reference reference
Male age
<35 4.124 2.52-6.76 <0.001 2.067 0.93-4.62 0.077
35-40 1.504 0.83-2.73 0.181 1.049 0.52-2.10 0.893
>40 reference reference

OR, odds ratio; Cl, confidence interval; AMH, anti-Muillerian hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count.
*Model 1 included factors associated with TE: *Model 2 included factors associated with clinical pregnancy in ET cycles.
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Comparison 1 Comparison 2 Comparison 3

Pregnant Non- P TE No TE P Pregnant | None- P
pregnant value value pregnant | value
Number 138 762 551 227 138 274
Total amount of Gn (IU) 3823.46 + 3039.97 + <0.001 3524.21 + 2968.22 +  <0.001 3823.46 + 3828.10 = 0.767
82.49 50.26 50.20 89.92 82.49 59.99
Duration of stimulation (d) 1323 £0.24 1095+ 0.15 <0.001 12.30+0.15 10.68+027 <0.001 13.23+0.24 13.09+0.19  0.453
Endometrial thickness on HCG 11.53 £ 0.23 1023 +0.13 <0.001 10.96 +0.12 9.93+020 <0.001 11.57+0.23 1148+ 0.15  0.904
(mm)
Hormone levels on HCG
E2 (pg/mL) 1673.67 1036.99 + <0.001 1435.10 + 768.02 + <0.001 1673.67 = 1679.76 + 0.326
9212 32.80 44.88 37.21 92.12 64.24
LH (mIU/mL) 5.85 £ 0.33 821+£069 <0001 3.36+0.18 7.47 £057 <0.001 1.95+0.19 232+0.14 0.070
P4 (ng/mL) 0.63 + 0.04 0.61+0.03  0.293 0.67 +0.04 0.53 + 0.05 0.001 0.63 + 0.04 0.75 + 0.07 0.483
No. of =14mm oocytes 4.32 +0.31 320+0.17 <0.001 3.42+0.10 1.81£0.09 <0001 4.11+0.20 3.73+0.13 0.098
Total oocytes retrieved 5.86 + 0.48 390+0.23 <0.001 4.06+2.91 202+184 <0001 511+0.26 4.26+0.16 0.004
Rate of MIl oocytes 5.02 £ 0.41 329+020 <0.001 3.41+255 134+131 <0001 438023 354 +0.14 0.001
Rate of 2PN embryos 3.86 + 0.32 254 +0.15 <0.001 272+1.94 066 +1.02 <0001 3.55+0.19 278+0.11 <0.001
No. of transferrable embryo 279+0.18 1.87+0.09 <0.001 204124 0 2.68 £0.12 205+£007 <0.001
No. of good-quality embryos 254 £0.17 1.72+0.09  <0.001 / / 239+0.12 1.80+0.07  <0.001
No. of embryo transferred 1.68 + 0.07 0.95+0.06 <0.001 / / 1.76 £ 0.04 1.59 + 0.03 0.001
Stimulation protocol <0.001 <0.001 0.010
PPOS 0(0) 75 (9.84) 25 (4.54) 18 (7.93) 0(0) 0(0)
Follicular phase long-acting 74 (53.62) 188 (24.67) 214 (38.84) 45 (19.82) 74 (53.62) 124 (45.26)
protocol
GnRH antagonist protocol 12 (8.70) 233 (30.58) 133 (24.14) 79 (34.80) 12 (8.70) 54 (19.71)
Mild stimulation protocol 1(0.72) 81 (10.63) 20 (3.63) 30 (13.22) 1(0.72) 0(0)
Luteal phase short-acting long 51 (36.96) 169 (22.18) 157 (28.49) 50 (22.03) 51 (36.96) 96 (35.04)
protocol
Natural cycle 0(0) 16 (2.10) 2(0.36) 5(2.20) 0(0) 0()
Type of ART 0.005 0.005 0.881
IVF 113 (81.88) 686 (90.03) 469 (85.12) 210 (92.51) 113 (81.88) 226 (82.48)
csl 25 (15.22) 76 (9.97) 82 (14.89) 17 (7.49) 25 (18.12) 48 (17.52)
Embryo stage 0.587 0.587
D2 3(2.17) 11 (1.44) / / 3(2.17) 11 (4.01)
D3 132 (95.65) 258 (33.86) / / 132 (95.65) 258 (94.16)
D5 3(2.17) 5 (0.66) / / 3(2.17) 5(1.82)

Data are mean + standard deviation or N (% of response group). TE, transferrable embryos; Gn, gonadotropin; E2, estradiol; P4, progesterone; LH, luteinizing hormone; IVF, in vitro
fertilization; ICSI, intracytoplasmic sperm injection; on HCG, on the day of human chorionic gonadotropin used.
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Comparison 1 Comparison 2 Comparison 3

Pregnant Non-pregnant p value TE No TE pvalue Pregnantl Non-pregnantl p value
Number 138 762 551 227 138 274
Female age 34.64 + 0.43 38.16 £ 0.22  <0.001 37.30 £ 0.24 38.09 + 0.42 0.021  34.64 +0.43 38.13+0.29 <0.001
Male age 35.13 + 0.51 38.80 £ 0.24  <0.001 37.99 £ 0.27 38.97 + 0.46 0.0585 35.13+0.51 39.07 £ 0.36 <0.001
Type of infertility 0.100 0.612 0.020
Primary infertiity 51 (36.96) 228 (29.92) 167 (30.31) 73 (32.16) 51(36.96) 71 (25.91)
Secondary infertiity 87 (63.04) 534 (70.08) 384 (69.69) 154 (67.84) 87 (63.04) 203 (74.09)
Years of infertility 414 031 5.02 +0.16 0.045 4.80 +0.19 5.04 +0.30 0.350 4.14 +031 513 +0.29 0.086

No. of previous pregnancy 1.23 +0.10 1.40 +0.04 0.126 1.36 +049 1.36 +0.08 0.875 1.23 +0.10 1.49 +0.07 0.024
No. of previous deliveries 0.47 +0.05 0.63 +0.02 0.010 0.59 +0.03 0.62 +0.04 0573 047 +£005 066 =+0.04 0.005

No. of previous abortion 0.49 +0.06 0.59 +0.08 0.149 0.56 +0.03 0.59 +0.05 0723 049 006 062 +0.04 0.083
BMI 22.86 + 0.24 23.07 £ 0.10 0.506 23.01 +0.12 23.24 £ 0.20 0644 22.86+0.24 23.04+0.17 0.544
Basal FSH (mlIU/mL) 16.23 +0.58 17.46 + 0.36 0.006 15.79 + 0.33 18.00 + 0.72 0.001 1523 +0.58 14.25+0.29 0.155
Basal E2 (pg/mL) 38.09 + 3.76 80.48 + 9.80 0177 7310 +£1260 7719 +11.52 0682 38.09+376 9398 +2376 0219
Basal P4 (ng/mL) 0.45 +0.03 0.46 +0.01 0.215 0.45 +0.01 0.46 +0.02 0213 045 +003 045 +0.02 0.227
Basal LH (mlU/mL) 6.17 +0.33 810 +0.28 0.003 719 028 7.67 +£0.47 0295 6.17 +033 6.55 +0.39 0.980
Basal T (ng/mL) 0.20 +0.01 0.19 +0.00 0.927 0.20 +0.01 0.19 +0.01 0345 020 =001 019 +0.01 0.968
AMH (ng/mL) 0.54 +0.02 037 £0.01 <0.001 0.48 +0.01 030 £0.02 <0.001 054 £002 053 +0.02 0.677
Antral follicular count 370 +0.14 279 £007 <0.001 3.18 +£0.08 272 £0.12 0002 370 +0.14 333 =0.11 0.049

Basal endometrial thickness 6.21  +0.331 6.24 +0.13 0.764 6.32 +£0.15 6.07 +0.23 0591 621 +£033 665 +0.21 0.205
Live birth* 96 (10.67) /

Abortion* 38 (4.22) /
Ectopic pregnancy* 4 (0.44) /
Transferrable embryos* 138 (15.33) 227 (25.22)
Embryo frozen* 0 (0.00) 139 (15.44)

Data are mean = standard deviation or N (% of response group * % of all participants). FSH, follicle-stimulating hormone; E2, estradiol; P4, progesterone; LH, luteinizing hormone; T,
testosterone; BMI, body mass index; AMH, anti-Mullerian hormone; TE, transferrable embryo.
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Y = Birth Weight (g) Singleton
<26 years 226, <38 years >38 years Total
B (95% CI) P B (95% CI) P B (95% CI) P B (95% CI) P

Non-adjusted

Routine treatment® 0 0 0 0

Anticoagulant treatment 200.3 (50.2, 350.5) 0.009 —-11.6 (-69.8, 46.6) 0696 -172.8(-4356,89.9) 0.197 2.2(-51.2,55.6) 0.936

Immunotherapy 382.9 (119.3, 646.4) 0.004 -26.7 (-106.3, 52.9) 0.511 -37.4 (-293.2, 218.4) 0.775 9.2 (-65.2, 83.7) 0.808
Model |

Routine treatment 0 0 0 0

Anticoagulant treatment ~ 210.1(55.3,365.0)  0.008  -10.7 (-68.9,47.5) 0718 -2359(-491.8,200) 0.071 3.0 (-50.4, 56.5) 0.911

Immunotherapy 351.1(77.1, 625.0) 0012 -296 (-110.6,51.5) 0475 -90.8 (-339.1,157.4)  0.473 4.0 (-72.0, 80.1) 0.917
Model Il

Routine treatment 0 0 0 0

Anticoagulant treatment 175.9 (68.1, 283.7) 0.001 -14.0 (-68.2, 25.2) 0.484 —-175.4 (-354.5, 3.8) 0.085 -1.1(-37.2,35.0) 0.951

Immunotherapy 305.4 (55.2, 555.5) 0017  -486(-110.2,13.1)  0.123  -159.9 (-406.6,86.8)  0.204 -21.6 (-80.8, 37.5) 0.473

Non-singleton

Non-adjusted

Routine treatment® 0 0 0 0

Anticoagulant treatment -8.8 (-174.0, 156.3) 0.916 39.7 (-22.5,101.8) 0.211 40.9 (-384.1, 465.9) 0.851 33.6 (-24.0,91.2) 0.253

Immunotherapy 30.5 (-151.7, 212.8) 0743 -8.7(-152.8,1354) 0906 110.5(-259.6,480.6) 0558 -6.8(-143.1,129.5) 0.922
Model |

Routine treatment 0 0 0 0

Anticoagulant treatment ~ —~13.0 (-178.4, 152.4)  0.878  43.6(-19.6,106.7) 0177 -36.8(-461.8,3882) 0.865  36.8(-21.5951)  0.216

Immunotherapy 63.8 (-174.3, 301.8) 0600 -6.3(-145.3,1327) 0929 169.6(-171.2,510.5) 0.329 -9.1(-140.3,122.2) 0.892
Model Il

Routine treatment 0 0 0

Anticoagulant treatment ~ -40.5 (-182.8, 101.7)  0.576 33.4 (-20.3,87.2) 0.223 23.7 (-25.3,72.8) 0.344

Immunotherapy 17.2 (-189.9, 224.3) 0.870  20.0(-104.8,144.8)  0.753 2.3(-115.5, 120.1) 0.970

Non-adjusted model adjusted for: None

Model | adjusted for Age—male, BMI, and Cycle Number.
Model Il adjusted for Age—male, BMI, Gestational weeks at birth, No.

ARoutine treatment group served as the reference.

of transferred embryos, Developmental stage of transferred embryos, and Cycle Number.
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Y = Congenital Anomalies Without pregnancy complications With pregnancy complications Total
OR (95% CI) P OR (95% CI) P OR (95% CI) P

Non-adjusted

Routine treatment® 1.0 1.0 1.0

Anticoagulant treatment 1.9(1.1,3.4) 0.022 0.6(0.3,1.2 0.121 1.2(08,1.8) 0.470

Immunotherapy 1.0(0.3,3.0) 0.992 0.4(0.1,1.8) 0.228 0.7 (0.3, 1.6) 0.372
Model |

Routine treatment 1.0 1.0 1.0

Anticoagulant treatment 1.9(1.1,34) 0.021 0.6(0.3,1.2) 0.132 1.2(0.8,1.8) 0.493

Immunotherapy 0.9(0.3, 2.6) 0.881 0.5(0.1,2.0) 0.320 0.7 (0.3, 1.6) 0.358
Model Il

Routine treatment 1.0 1.0 1.0

Anticoagulant treatment 2.1(1.0, 4.5 0.046 0.6(0.3, 1.4) 0.234 1.1(0.7,1.9) 0.629

Immunotherapy 09(0.2, 4.8 0.946 0.6(0.1, 2.5) 0.498 0.700.2, 2.1) 0.528

Non-adjusted model adjust for: None.
Model | adjusted for Age—female, Age—male, BMI, and Cycle Number.

Model Il adjusted for Age—female, Age—male, BMI, Gestational weeks at birth, No. of transferred embryos, Developmental stage of transferred embryos, Multiple birth, and Cycle

Number.

ARoutine treatment group served as the reference.
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Y = Multiple birth Routine treatment Anticoagulant treatment Immunotherapy

No. of transferred embryos n Reference OR (95% CI) P OR (95% CI) P

1 785 1.0 06(02,1.8) 0.286 1.0 (0.3, 35) 0.971
>1 3,085 1.0 12(1.0,1.4) 0.021 1.0(07,1.3) 0.880

Adjusted for Age—female, Age—male, BMI, Infertility duration, Endometrial thickness, Previous miscarriage, and Cycle number.
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N Routine treatment Anticoagulant treatment Immunotherapy

Reference OR (95% CI) P OR (95%Cl) P
Y=miscarriage
Etiology of Infertility
oD 529 1.0 0.8 (0.5, 1.4) 0.414 0.6 (0.3, 1.5) 0.302
Other 4,276 1.0 1.1(09, 1.3) 0.441 1.4(1.0,1.8) 0.021
Y = birth (>28 weeks)
Etiology of Infertility
oD 529 1.0 1.3(0.8,2.1) 0.385 1.7(0.7, 3.9 0.230
Other 4,276 1.0 1.0(0.8, 1.1) 0.710 0.8 (0.6, 1.0) 0.032

OD, ovulation disorder.
Adjusted for Age—female, Age—male, BMI, Infertility duration, No. of transferred embryos, Endometrial echogenicity, FET protocol, Previous miscarriage, and Cycle number.





OPS/images/fendo.2022.884972/table2.jpg
Neonatal weight (g)
Gender
Female
Male
Congenital anomaly
No
Yes

Routine treatment
4,758
Mean = SD/N (%)

2,960.9 + 692.7

1,221 (51.6%)
1,146 (48.4%)

4,714 (99.1%)
44 (0.9%)

Anticoagulant treatment

4,164
Mean = SD/N (%) P
2965.5 + 678.4 0.824
0.355
1,125 (63.0%)
999 (47.0%)
0.396

4,118 (98.9%)
46 (1.1%)

Immunotherapy

996
Mean + SD/N (%)

3,031.3 + 684.2

243 (54.2%)
205 (45.8%)

990 (99.4%)
6 (0.6%)

0.048
0.302

0.319
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Routine treatment Anticoagulant treatment Immunotherapy

N (cycles) 4,253 3,698 922
Mean = SD/N (%) Mean = SD/N (%) P Mean = SD/N (%) P
Age—Female (years) 30.6 4.3 30.7 £4.3 0.248 31.4£43 <0.001
Age—Male (years) 314+48 31.5+47 0.407 322+50 <0.001
Infertility Duration (years) 4.4 +£30 45+30 0.192 46+2.8 0.055
BMI 23.4 +3.6 235+ 3.6 0.301 233+34 0.519
Cycle Number 1.5+£08 1.4+08 0.014 20+ 141 <0.001
Endometrial Thickness (mm) 9715 96+15 0.008 9.6+ 1.5 0.033
No. of Transferred Embryos 1.8+ 04 18+04 / 16+05 <0.001
Infertility (type) 0.549 0.049
Primary infertility 2,200 (51.7%) 1,888 (51.1%) 444 (48.2%)
Secondary infertilty 2,053 (48.3%) 1,810 (48.9%) 478 (51.8%)
Etiology of Infertility 0.026 0.125
Ovulation disorders 396 (9.3%) 400 (10.8%) 101 (11.0%)
Other 3,857 (90.7%) 3,298 (89.2%) 821 (89.0%)
Previous Miscarriage 0.441 <0.001
0 3,002 (70.6%) 2,563 (69.3%) 582 (63.1%)
1-2 1,126 (26.5%) 1,026 (27.7%) 313 (33.9%)
>3 125 (2.9%) 109 (2.9%) 27 (2.9%)
FET Protocol <0.001 <0.001
NC 643 (15.1%) 74 (2.0%) 43 (4.7%)
ol 180 (4.2%) 42 (1.1%) 45 (4.9%)
HRT 2,980 (70.1%) 3,089 (82.2%) 674 (73.1%)
GnRHa-HRT 450 (10.6%) 543 (14.7%) 0 (17.4%)
Endometrial Echogenicity 0.812 <0.001
A 2,791 (65.6%) 2,433 (65.8%) 453 (49.1%)
B 1,442 (33.9%) 1,244 (33.6%) 462 (50.1%)
c 20 (0.5%) 21 (0.6%) 7 (0.8%)
Developmental Stage of the Transferred Embryo 0.025 <0.001
Cleavage-stage embryo 3,148 (74.0%) 2,653 (71.7%) 448 (48.6%)
Blastocyst 1,085 (25.5%) 1,034 (28.0%) 473 (561.3%)
Sequential transfer of cleavage stage Embryo and blastocyst 20 (0.5%) 11 (0.3%) 1(0.1%)
Pregnancy Location 0.341 0.837
No 1,980 (46.6%) 1,652 (44.7%) 436 (47.3%)
Intrauterine pregnancy 2,213 (52.0%) 1,999 (54.1%) 476 (51.6%)
Ectopic pregnancy 51 (1.2%) 40 (1.1%) 9 (1.0%)
Heterotopic pregnancy 9(0.2%) 7(0.2%) 1(0.1%)
Early Miscarriage (<13 weeks) 0.285 0.007
No 1,908 (83.7%) 1,688 (82.5%) 382 (78.6%)
Yes 370 (16.3%) 358 (17.5%) 104 (21.4%)
Birth (>28 weeks) 0.504 0.020
No 424 (18.7%) 398 (19.5%) 113 (23.3%)
Yes 1,849 (81.3%) 1,648 (80.5%) 373 (76.7%)
Multiple Birth 0.418 0.008
No 1,361 (73.6%) 1,193 (72.4%) 299 (80.2%)
Yes 488 (26.4%) 455 (27.6%) 74 (19.8%)
Gestational Weeks at Birth 0.891 0.708
Preterm 406 (22.0%) 363 (22.0%) 79 (21.2%)
Term 1,441 (77.9%) 1,284 (77.9%) 293 (78.6%)
Postterm 2(0.1%) 1(0.1%) 1(0.3%)
Pregnancy Complications 0.662 0.934
No 3,817 (90.2%) 3,294 (89.9%) 825 (90.3%)
Yes 416 (9.8%) 371 (10.1%) 89 (9.7%)
Cycles (categorized) 0.027 <0.001
1 2,838 (66.7%) 2,570 (69.5%) 359 (38.9%)
2 998 (23.5%) 785 (21.2%) 330 (35.8%)
>3 417 (9.8%) 343 (9.3%) 233 (25.3%)

% Ovulation disorders refers to the patients with ovulation disorder of group Il and Il as defined by WHO (22).
FET, frozen-thawed embryo transfer; BMI, body mass index; NC, natural cycle; Ol, ovulation induction; HRT, hormone replacement therapy; GnRHa-HRT, gonadotropin-releasing
hormone (GnRH) agonist downregulation combined with hormone replacement therapy.
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Medical records from January 1, 2017
to May 1,2021 (12,053 Frozen-thawed

embryo transfer cycles )

9,340 cycles

Delete: PGT-138 cycles

Delete: thin endometrium 193 cycles
Delete: Chromosomal factors 29 cycles

Delete: Uterine malformation 107 cycles

8,873 FET cycles

Delete : Missing BMI 1,324 cycles

Delete: Unclear cause of infertility 332 cycles

Delete: Missing medication 239 cycles

Delete: Absence of endometrial morphology or thickness 603 cycles

Delete: others 215 cycles

10,413 newborns

Delete:PGT-138 newborns

Delete: thin endometrium 213 cycles

Delete: Chromosomal factors 30 newborns

Delete: Uterine malformation 114 newborns

9,918 newborns
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Indexes Unstandardized coefficients Standardized coefficients t value p-value Collinearity statistics

B SE B Tolerance VIF
Age (years) -0.006 0.089 -0.003 -0.066 0.947 0.939 1.065
BMI (kg/m?) -0.130 0.104 -0.055 -1.244 0.214 0.901 1.110
AMH (ug/L) -0.086 0.082 -0.049 -1.051 0.294 0.805 1.242
PCOS -1.988 0.871 -0.105 -2.281 0.023 0.821 1.218
Serum E2 level on hCG day (pg/mi) 0.000 0.000 0.005 0.102 0.919 0877 1141
No. of oocytes retrieved 0.073 0.059 0.061 1.245 0.214 0.733 1.365
Cleavage embryo or blastocyst -0.314 0.582 -0.028 -0.540 0.589 0.669 1.495
Clinical pregnancy (singleton or multiple) -0.190 0.607 -0.015 -0.312 0.755 0.779 1.284
Leukocyte (10%L) 0.077 0.079 0.057 0.981 0.327 0.523 1.910
Hemoglobin (g/L) 0.146 0.024 0.349 6.213 <0.001 0.552 1.811
Platelets (10/L) 0.010 0.004 0.129 2.690 0.007 0.752 1.329
Hematocrit (L/L) 0.039 0.069 0.025 0.570 0.569 0.939 1.065
Creatinine (mmol/L) 0.015 0.026 0.029 0.562 0.575 0.656 1.523
Albumin (g/L) -0.239 0.067 -0.154 -3.587 <0.001 0.944 1.060
PT (s) 0.046 0.052 0.037 0.880 0.379 0.981 1.019
Fib (g/L) 0.835 0.356 0.113 2.348 0.019 0.755 1.324
TT (s) -0.227 0.269 -0.043 -0.843 0.400 0.662 1.510
D-dimer (mg/L) 0.537 0.553 0.056 0.969 0.333 0517 1.934
FDP (g/L) -0.032 0.071 -0.024 -0.442 0.659 0.587 1.705

AMH, anti-mdillerian hormone; PCOS, polycystic ovary syndrome; hCG, human chorionic gonadotropin; PT, prothrombin time; Fib, fibrinogen; TT, thrombin time; FDP, fibrinogen
degradation product.
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Laboratory findings

Normal range

Measures

Spearman's correlation

Correlation coefficient p-value
Leukocyte (10%L) 3.5-9.5 12.97 (10.6-15.91) 0.401 <0.001
Hemoglobin (g/L) 115-150 143.65 (135.25-153) 0.494 <0.001
Platelets (10%/L) 125-350 340.5 (293-386) 0.245 <0.001
Hematocrit (L/L) 0.35-0.45 0.429 (0.402-0.458) 0.478 <0.001
Creatinine (mmol/L) 20-116 58.75 (62-66.18) 0.352 <0.001
ALT (U/L) 0-40 26 (15.25-41) -0.027 0577
AST (UL) 0-58 22.5(17-32.75) -0.071 0.146
Albumin (g/L) 35-55 37.5 (34.9-40.1) -0.202 <0.001
PT (s) 8.8-13.6 10.3(9.9-10.8) 0.151 0.002
APTT (s) 26-40 28.3 (26.6-30.2) -0.075 0.125
Fib (/L) 2-4 4,65 (4.3-5.32) 0.175 <0.001
T (s) 10-18 126 (12.1-13.1) -0.113 0.020
D-dimer (mg/L) 0-03 0.70 (0.52-0.95) 0.136 0.005
FDP (mg/L) 0-5 7.23 (5.19-10.54) 0.114 0.018

ALT, alanine aminotransferase; AST, aspartate transaminase; PT, prothrombin time; APTT, activated partial thromboplastin time; TT, thrombin time; Fib, fibrinogen; FDP, fibrinogen

degradation products.
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Variables Measures
Age (years) 30 (27-31)
BMI (kg/m?) 20.8 (19.6-22.8)
AVH (ug/L) 4.27 (2.83-6.33)

Type of infertility (n, %)
Primary infertility
Secondary infertility
Fertilization method (n, %)
IVF
ICSI
PCOS (n, %)
Gn use duration (days)
Gn dosage (IU)
Serum LH level on hCG day (mlIU/ml)
Serum E2 level on hCG day (pg/ml)
Serum P level on hCG day (ng/ml)
No. of oocytes retrieved
Cleavage embryo or blastocyst (day 3 or 5)
Day 3
Day 5
Severity of OHSS (n, %)
Moderate
Severe
Recovery time (d)
Pregnancy rate (n, %)
Multiple pregnancy rate (n, %)

241 (56.8%)
183 (43.2%)

321 (75.7%)
103 (24.3%)
51 (12%)

13 (12-14)
1,662.5 (1,350-2,162.5)
0.91 (0.5-1.79)
3,437 (2,370.5-4,769)
0.81 (0.51-1.25)

13 (11-17)

315 (74.3%)
109 (25.7%)

181 (42.7%)
243 (57.3)
11 (7-15)

386 (91.0%)

151 (35.6%)

BMI, body mass index; AMH, anti-mdillerian hormone; IVF, in vitro fertilzation; ICSI,
intracytoplasmic sperm injection; PCOS, polycystic ovary syndrome; LH, luteinizing
hormone; E2, estradiol; P, progesterone; OHSS, ovarian hyperstimulation syndrome;

hCG, human chorionic gonadotropin.





OPS/images/fendo.2022.870008/table1.jpg
%

Treatment n

Heparin 46 10.8

Albumin 321 75.7

Paracentesis

Peritoneal puncture 219 51.7
52 12.3

Pleural puncture






OPS/images/fendo.2022.870008/fendo-13-870008-g002.jpg
(6voL)sielsield

- v = v

(B)uigojBowey

o
=3
-

recoverytime (d)

recoverytime (d)

(/B)usbounqiy

=3 o o
] < ©

(B)urwngly

recoverytime (d)

recoverytime (d)





OPS/images/fendo.2022.870008/fendo-13-870008-g001.jpg
% of cycles

0-7 8-14 >14

recovery time( d)





OPS/images/fendo.2021.814648/fendo-12-814648-g004.jpg
EMTImm  EMTSTmm Odds Ratio Odds Ratio

Znao 2014 13100 1350 4003 367%  029[0.16,053)
Zna0 2012 12 47 S 1886 232%  031[0.16,050)
Song 2018 6 B 7 TeST 401%  024[013,042)

39)

Tota (95% CI) 1756 1000%  0270:

Totalovents

o 0o o1 T o W
EMT<Tmm EMT> 7

EMT>t4mm  EMT7-tdmm Odds Ratio Odds Ratio

Song 2010 B3 o6 M 621 Fa%  1L970105,130]
Woissman 1969 3 10 23 180 43% 0181006058 -

Zo 2 132 2w I M2 10101184

Znwo 04 "3 2 2w I 2% 1290101184

Tota (95% C1) e 15469 1000%  114[088, 147

Toalovens 1002 551

Hotorogoney:Tau? = 0,04, Cht= 11,5, df = 3 (P = 0.008) F =745 TR T T

Testfor overal efect: Z = 100 (P = 0.32) i, Ty





OPS/images/fendo.2021.814648/fendo-12-814648-g005.jpg
ol

a vants Tosal_ waio a5
Fibaia 3018 B s e eax  oosise ey
R 2007 F T |
Stmoonoy 200 e w2 i s
Song 2010 DN % i ssmwieiee)
SRt cn 50 AR v R

Vtrigoneiy: Tout = 0.08; Gt = .74, -4 (P = 0.22) 1= 0%,

e e
] TR — ——

o S N ——

e by

—— e amnsess o

Vtargonaiy: Tau = 0.00; Gt = 601,816 (» = 042 1= 0.

G

[
EMT>t4mm  EMT 7-t4mm Ouds Ratio Ouds Ratio

s

Song 2010 3 s 1 2om 4s7% 090[060, 138

Shakerian 2021 11 @ w0 o7 13805234063 +——

Ricer 2007 wos % 7 Wew 113062200 >

Subtotal (95% CI) o w0 eron  to4l0ss el

Tota everts w6 20

Hoterogenely: Tau? = 0.06; CNF = 286, df =2 (B = 0245 = 30%

Testforoveal effect 2 0.16 (7= 087)

2426MR

W zot4 3 m w e sa%  oss(026.269 —

Chen 2010 23 s e zew  o7a0aiz) =

Subtotal (95% CI) w25 now  orswse iz -

Tota vents 2

Hotorogeneiy Taut = 0.0; G o

Tostforoveraloffct 2+ 1.20 (P = 023)

Total 5% 0 o1 s 000% 0901088, 119 .

Tou vents o 2

Heterogenaty: Tau* = 0.00; Cnf = 385, df = 4 (P = 0.43; = 0% R ]

Tostlor overall afoct 2= 072 (P =047) LI 3 T

e R e EMT >14mm  EMT 7-14mm





OPS/images/fendo.2021.814648/fendo-12-814648-g006.jpg
Lo

emras  EMT>TS Odds Ratio Odds Ratio
—StdyorSubgroup _ Eventa Total Evants Total Weight MH Fied 95%Cl MM Figdosucl
Gu0 2020 o 12 35 w5 ser%  ospozs2) W
Oron 2018 1@ 12 m2 sk 070009541 _—
‘Total (95% CI) 24 97 1000%  0.49[009,255) ———
Totl ovents 1
Helorogenaly: C1 =0.20, = 1 N T o
Testfor overal effect; 2= 085 P = 040) N Marasamrst
8
EMTTS  EMTSTS Odds Ratio Odds Ratio
Guo 2020 0 12 o 25 208% 1200072070 o
Oron 2018 o @ 14 772 795% 02002478 — W
Total(95% C1) 2 97 1000%  047[006,348] ——
Tollavents 2
Heterogeneily CI = 0,54, df = 1 (P = 046) P =0% e
Tostforoveral efect 2=0.74 (= 0.46) M Marasemrs
c
EMTTS  EMTSTS Odds Ratio Odds Ratio
_Study or Subgroup _Evanta Total Events Total Weight MM, Fixed 95% CI M Flxgd, 959,01
Guo 2020 10 132 125 %025 s81% 1900087371 -
Oron 2018 6 @ 3% T2 419%  147080,35] e
Total (95% CI) 24 79T 1000% 1720101294 e
Totlavents 16 180
—
Holorogenely C1¥ =021, df =1 (P =0.65), P=0% iy T —

Test for overal sffect Z = 1.98 (P = 0.05)

EMT <15 EMT>75





OPS/images/fendo.2021.814648/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.814648/fendo-12-814648-g001.jpg
s
£
£
El
2

2
3
]

Relevant records identified throughl

database searching
2351)

Duplicates excluded (n=847)

Records scre

1353 records excluded afler screening
titles and abstracts:
No full text (n-25);
Unrelated to topic (
Reviews (n=5):
Conference abstracts (n~16);
Comments (n=2),

v

Full-text articles assessed
for eligibility (n=121)

v

Studies included for analysis

0=39)

2 records excluded afler sereening
fll-te
FET eyeles (n-13);
1UL eyeles (n=4);
EMT not measured on ovulation
triggering day (n=16).
With uterine abnormalities (n-=6):
‘With donor ooeytes (n-3);
No cut-off (n=28).
No analyzed outcomes (n=3);
No definition of outcomes (
No raw data (n-6)
Other language (n=1);
Patients with special discases (n=1).






OPS/images/fendo.2021.814648/fendo-12-814648-g002.jpg
A

EMT<Imm  EMT>Tmm Odds Ratio Ouds Ratio
_Study or Subgroup _ Events Total Events Total Weight M-, Random, 95% Ci M4, Random, 95% C1

Chan 2018 0 3 81 15 07% 0230001451

Holden 2018 © 315 172 565 204%  058[044,077) b

Lv2020 73 829 G255 183 243% 033028040 -

Ovayolu 2019 3 11 101 w8 31% 0920024353 =T

Ribeiro 2018 & 288 1057 086 201%  055[041,073 =

Richtor 2007 fosm o 7a2 we 8% 035047073 -

‘Shakerian 2021 6 23 &1 249 55% 0730028193 =

Simeonov 2020 3 312 1009 42 1% 0460032086 =

Total (95% C1) 1810 20952 100.0% 047 (0.37, 0.61] *

Toll evers 352 11058

Hoterogenaiy: Tau? = 0.06; Ch = 18.19, 01 =7 (P = 0.01); = 62% e T

o1 o1 1 0 10

Tt for overall ffect: 2= 684 (P < 0.00001) EMT<7mm EMT> 7mm

B
EMT>t4mm  EMT7-t4mm Odds Ratio Odds Ratio

_Studyor Subgroup  Events Total Events Total Weight MM Random.95%Cl  M.Random.9%Cl
Chan 2018 5 w75 s 13s% 0520017162

Ovayolu 2018 6 15 95 37 156% 1630056470

Richtor 2007 9 13 7a2 1125 507%  138[093,205)

Shakeran 2021 7w 74 22 wex 070028173

Total (85% ) 102 1819 1000%  108(068,172)

Tolal events. " 86

Holeroganely: Tau* = 0.07: N = 423, df =3 (P = 0.24) = 26% T T

Test for overal ffect: 2= 0.33 (P = 0.74) B A P





OPS/images/fendo.2021.814648/fendo-12-814648-g003.jpg
A
_Study or Subaroun__Evania Toal Evants Tolal Weiaht M.H.Random.95%Cl M. Random.95%CL

AGhamai 2008 16 s2 e 202 osw  os203s 110
Chon 2010 2 1391 Zos asx  031(016.060)
ok 2018 H 20 ‘o sex  ozs(oiooes
Noyes 1995 H 3 s 3% oarfonr e
Oamuo 2009 o 06 23 owx 005000 da
Rivaro 2018 82 204 130 006 a7k 049(030.065)
Ricnor 2007 % % 'ade ey 7o oseioms 1ie
Simeonov 2020 62 12 1810 e aan  Osiloatora)
Song 2010 §O% e & NI ohpiooim
Yndors s 2 ‘o0 20m s  o2s(010.080
Zneazorz 18 &7 osa e sk oatloncosa
Znaazors 4 e dems am  omjotaoen
Sutouat o5 ¢ 1004 2ere saa  oacloarose)

Fetarapenaty: Tau? = 0.06; O = 18.45,df = 11 (P = 0.07) 1= 40%.

ot to overai offect = 7,68 (7 < 0.00001)

Tomie 2020 s w0 o 2 sex  o1zosoza
on o e a2 SR

e o soarai oteck 2 457 (< 0.00001)

s 20561 100.0% 038 (020,047
: Tau = 0.10; OV = 20.47. 1 - 12 (° = 0,009 "= 55%

i ofack 2 7.62 5 < 0,00001) 00

s
Sty oe Suboroun__Evanta. Total_Evants. Total Wieloht M.
2 Rrospacie studten

23 am v e s

0 1 i s v

ST T e B4

oo o i e
Vitarapanaky: Tout = 0,04 ot = 10,80, - 8.5 = 0023 1 - 8%
T o varah ock 2 = .08 (5 .00
222 prospective studtes
Royen 1995 3 e e am 7ex  1iepesiem e ca
Soorzoon. 1 B i ses e S;oeasam =
Sioalloen cn 47 oA aROREIE e
Hetaroganoty: Tau" = 1.00; G = 14,50, o =2 7 = 0.0007) F = 00%

e 058

P o137 so0o%  r220100, 149 13






OPS/images/fphys-13-827941/fphys-13-827941-g003.jpg
DIC Raman






OPS/images/fphys-13-827941/fphys-13-827941-g004.jpg
PCA analysis o—g
& T
S
a Lo i
og o O & g, i
% o B 6§
2 0w g i 8 s &
£ . a
7 3
8
A a L 284
o
-0.1 Distance to X 22






OPS/images/fphys-13-827941/fphys-13-827941-g005.jpg
sensitivity

sensitivity

A
s
- Sk
] remt
I
g o] )
5 am] | N
H I g
e 1 I
5 h H v \\w\
2 1od h
H | ;
«\,v‘w
e (I
|
————
) etz
oo o
7 o
" <0000-
-
p
T 7 T T
1(785) Areal162

specificity

specificity






OPS/images/fendo.2022.817555/table5.jpg
Model

Unadjusted

Current risk indicators

Early life factors

Parental characteristic

IVF characteristic

All above

Covariate

OHSS-ET (A

non OHSS-FET (D)
OHSS-ET (A)

non OHSS-FET (D)
OHSS-ET (A)

non OHSS-FET (D)
OHSS-ET (A)

non OHSS-FET (D)
OHSS-ET (A)

non OHSS-FET (D)
OHSS-ET (A)

non OHSS-FET (D)

Reference

non OHSS-ET (B)
OHSS-FET (C)
non OHSS-ET (B)
non OHSS-ET (B)
OHSS-FET (C)
non OHSS-ET (B)
non OHSS-ET (B)
OHSS-FET (O)
non OHSS-ET (B)
non OHSS-ET (B)
OHSS-FET (C)
non OHSS-ET (B)
non OHSS-ET (B)
OHSS-FET (C)
non OHSS-ET (B)
non OHSS-ET (B)
OHSS-FET (C)
non OHSS-ET (B)

SBP mean difference (95% Cl)

unadjusted

2.443 (0.830 to 4.050)
2551 (0.250 to 4.850)
0.073 (-0.860 to 1.010)
3.306 (0.574 to 2.249)
2142 (0.185 to 4.450)
-0.369 (-1.268 to 0.531)
3.046 (0.463 to 2.139)
2.339 (0.407 to 4.776)
0.070 (-0.875 to 1.015)
3.178 (0.521 to 2.201)
2.210 (0.370 to 6.604)
-0.202 (-1.686 t0 1.282)
2.910 (0415 10 2.132)
2.420 (0.726 10 7.198)
-0.317 (-1.885 to 1,201)
3.193 (0.549 to 2.301)
2147 (0.290 to 7.271)
-1.187 (-2.674 t0 0.299)

P value

0.003
0.021
0.878
0.001
0.033
0.421
0.002
0.020
0.885
0.002
0.029
0.789
0.004
0.017
0.682
0.001
0.034
0.117

DBP mean difference (95% CI)

unadjusted

2.197 (0.720 to 3.680)
3.022 (0.900 to 5.140)
-0.412 (-1.263 to 0.440)
3.260 (0.507 to 2.038)
2.889 (1.006 to 5.330)
-0.838 (-1.651 o -0.025)
3.077 (0.435 to 1.966)
2.872 (1.018 t0 5.470)
-0.420 (-1.274 t0 0.434)
3.251 (0.506 to 2.045)
1.787 (-0.307 to 6.103)
-0.429 (-1.761 t0 0.904)
3.028 (0.429 t0 2.010)
1.298 (-1.187 to 5.442)
-0.649 (-2.020 t0 0.722)
3.440 (0.611 t0 2.239)
0.747 (-2.269 10 5.012)
1,218 (-2.572 t0 0.145)

P value

0.004
0005
0.348
0.001
0.004
0.043
0.002
0.004
0.335
0.001
0.076
0.528
0.003
0.198
0.353
0.001
0.457
0.080

Data is represented by the mean difference (unadjusted 95% confidence interval). P values were calculated by multiple regression analysis. Statistically significant results (P value<0.05) are

displayed in bold numbers.

SBP, systolic blood pressure; DBP, diastolic blood pressure.
Current risk indicators: adjust standing height, weight, gender, age, BMI, pulse, and TSH of the child for the BP analysis.
Early life factors: adjust preterm birth, birthweight, and cesarean section.
Parental characteristics: adjust matemal age, maternal BMI before pregnancy, pregnancy-induced hypertension, gestational diabetes, PCOS, infertility duration and type of infertility for the

BP analysis.

IVF characteristic: adjust for the dosage of gonadotrophin, ICSI, Spermatozoa origin.
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Covariate Reference SBP mean difference (95% CI) unadjusted P value DBP mean difference (95% CI) unadjusted P value

C(E,n=83) OHSS-ET (A n=126) 2,097 (-4.930 to -0.090) 0.042 -3.481 (-5.700 to -1.260) 0.002
non OHSS-ET (B, n = 1069) -0.064 (-2.010 to 1.890) 0.949 -1.284 (-3.080 t0 0.510) 0.160
OHSS-FET (C, n = 98) 0.044 (-2.510 to 2.600) 0973 0.701 (-2.810 to 1.890) 0.701
non OHSS-FET (D, n = 487) -0.137 (-2.170 to 1.890) 0.895 -0.873 (-2.740 0 0.990) 0.360

P value were calculated by one-way ANOVA test.
Statistically significant results are displayed in bold numbers.
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Characteristic Group A
(OHSS-ET)
(N = 126)
Blood pressure, pulse pressure, and heart rate
SBP (mm Hg) 101.93 (8.17)
DBP (mm Hg) 58.75 (8.48)
SBP>110mmHg, 20 (15.9)
n(%)
DBP>70mmHg, 7 (5.6)
n(%)
Pulse pressure 42.10 (8.60)
(mm Hg)
Heart rate (beats/ 95.23 (69-124)
min)
Fasting blood- 4.95 (0.52)
glucose (mmol/L)
Serum lipid
Triglyceride 0.65 (0.50-1.62)
(mmol/L)
Total cholesterol 4.49 (1.12)
(mmol/L)

LDL (mmol/L) 2.40 (0.94)
HDL (mmol/L) 1.42(0.32)
Uric acid (umol/L) 265.55 (68.09)
TSH (miU/L) 1.98 (1.23-4.84)

Group B
(non OHSS-ET)
(N = 1069)

99.49 (8.91)
56.55 (8.02)
117 (10.9)
6(1.5)
43.12 (9.33)
97.17 (70-126)

4.87 (0.39)

0.69 (0.35-3.34)
4.29 (0.76)

2.23 (0.60)
1.44 (0.30)
251.58 (51.58)
2.23 (0.32-8.41)

Group C
(OHSS-FET)
(N = 98)

99.38 (8.17)
55.72 (7.94)
9(9.2)
6(6.1)
42,06 (8.15)
92.29 (69-110)

4.85 (0.41)

061 (0.36-0.84)
429 (0.62)

2.05 (0.46)
1.51 (0.26)
261.00 (54.17)
2.32 (1.00-5.73)

Group D
(non OHSS-FET)
(N =487)

99.56 (8.50)
56.14 (7.77)
45(9.2)
408
42.74 (9.50)
99.66 (75-122)

4.85 (0.43)

0.70(0.36-1.70)
4.25(0.72)

2.16 (0.58)
1.41(0.32)
266.72 (49.47)
217 (0.72-4.91)

Group E
(SC group)
(N = 83)

99.84 (8.9)
55.27 (8.8)
6(7.2)
3(36)
44.58 (8.88)
93.98 (70-122)

4.84 (0.4)

0.66 (0.36-1.53)
4.34 (0.79)

2.30 (0.61)
1.40 (0.28)
262.90 (56.72)
221 (0.86-7.71)

P values

0.048
0.008
0.199
<0.001
0.481
0.004

0.428

0.065

0.847

0.826
0.049
0.532
0.063

P values were calculated by one-way ANOVA test, Chi-square test. Statistically significant results are displayed in bold numbers. Data represent mean (standard deviation), percentages, or

median (range).

SBP, systolic blood pressure; DBP, diastolic blood pressure; Pulse pressure: SBP minus DBP: LDL, low density lipoprotein; HDL, high density lipoprotein; TSH, thyrotropin hormone.
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Characteristic Group A Group B Group C Group D Group E P values
(OHSS-ET) (non OHSS-ET) (OHSS-FET) (non OHSS-FET) (SC group)
(N =126) (N = 1069) (N = 98) (N = 487) (N =83)
Gestational characteristics
Gestational diabetes, n (%) 9(7.1) 95 (8.9 992 48 (9.9) 7(8.4) 0.907
Pregnancy-induced 4(3.2) 73 (6.8 0(10.2) 33 (6.8) 3(3.6) 0.123
hypertension, n (%)
Preeclampsia, n (%) 3(2.4) 70 (6.5) 9(9.2 32 (6.6) 1(1.2 0.072
Perinatal characteristics
Preterm birth (<37week), n 1187) 120 (11.2) 992 52 (10.7) 6(7.3) 0.728
(%)
Birth weight () 3306 (525) 3252 (543) 3388 (424) 3530 (373) 3305 (653) 0.915
Cesarean section, n (%) 93 (73.8) 923 (86.3) 81(82.7) 444 (91.2) 44 (53.0) <0.001
Children characteristics
Age (yr) 4.1 (0.3) 4.1(0.4) 4.1(0.4) 1(0.2 4.3(0.6) 0.357
Male gender, n (%) 70 (55.6) 549 (51.4) 44 (44.9) 251 (51.5) 50 (60.2) 0.283
Standing Height (cm) 109.0 (99.0-116.0) 109.0 (94.3-130.0) 108.4 (102.0-116.2) 110.8 (102.0-120.0) 109.0 (97.5-124.5) 0.241
Weight (kg) 17.6 (14.4-28.0) 18.0 (12.7-31.8) 18.4 (16.3-22.0) 19.6 (15.2-28.5) 17.8 (14.3-29.0) 0.040
BMI? (kg/m?) 15.0 (13.3-20.8) 15.1 (12.4-23.2) 15.6 (13.9-19.4) 16.0 (13.1-22.1) 14.9 (12.6-19.9) 0.023
BMI>18kg/m?, n(%) 118.7) 65 (6.1) 5(5.1) 45(9.2) 4(4.8) 0.142

P values were calculated by one-way ANOVA test, Chi-square test. Statistically significant results (P value<0.05) are displayed in bold numbers. Data represent mean (standard deviation),

percentages, or median (range).

2Body mass index was defined as weight divided by height squared.
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Characteristic Group A

(OHSS-ET)
(N =126)
Maternal characteristics
Pregnancy age (yr) 29.5(3.8)
BMI before 21.7 (1.0)
pregnancy? (kg/m?)
Basal sexual hormone levels®
FSH (IUL) 6.2 (1.4)
LH (IUL) 5.4 (3.1)
Estradiol (pmol/L) 123.1 (62.1)
Hormone level on hCG administration day
Estradiol (pmol/L) 17810 (6825)
Progesterone 29(1.2)
(nmol/L)
Fertility parameters
Infertility duration (yr) 3.0 (1.0-9.0
PCOSE, n (%) 10 (7.9)
ART characteristics
Gn dosage* (U) 1830 (640)
Spermatozoa origin 9(7.1)
(TESA/PESA)®, n (%)
ICS, n (%) 32 (25.4)

Group B
(non OHSS-ET)
(N = 1069)

31.037)
21.6(1.1)

692
4.9(2.6)
177.9 (67.8)

11196 (6104)
26(22)
4.0 (0.5-14.0)

47 (4.4)

2273 (897)
66 (6.2)

281 (26.3)

Group C
(OHSS-FET)
(N = 98)

28.9 (4.0)
21.5(0.8)

5.8(1.3)
6633
199.2 (69.0)

29129 (8900)
4322
3.8 (1.0-10.0)

13 (13.3)shi

1916 (678)
6(6.9)

24 (24.5)

Group D
(non OHSS-FET)
(N =487)

30.1(4.0)
21.4(1.3)

6.4 (2.4)
47 (2.6)
127.4 (98.0)

13787 (6556)
25(1.3)
4.1 (1.0-15.0)

31(6.4)

2160 (919)
22 (4.6)

118 (24.2)

Group E
(SC group)
(N =83)

2807 (33)
21.6(1.2)

NA
NA
NA

NA
NA
NA

NA

NA
NA

NA

P values

<0.001
0.178

<0.001
0.010
0.862

<0.001
<0.001
0.556

0.001

<0.001
0.383

0.847

P values were calculated by one-way ANOVA test, Chi-square test.
Statistically significant results (P value<0.05) are displayed in bold numbers. Data represent mean (standard deviation), percentages, or median (range).
“Body mass index was defined as weight divided by height squared.

5The hormone level between the Day1 to Day 3 of the menstrual cycle.
°Polycystic ovary syndrome, diagnosed by the Rotterdam criteria.

The dose of gonadotrophin during the controlled ovarian hyperstimulation.

®Testicular Sperm Aspiration/percutaneous epididymal sperm aspiration. NA, Not Available.
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Before matched/After matched GnRH-ant group GnRH-a group P value

Fresh transferred cycles/(n) B 700 588
A 47 588
Cleavage embryo or blastocyst transfer
Cleavage embryo B 511/700 (73.0) 451/588 (76.7) 0.229
A 351/471 (74.5) 451/588 (76.7) 0.411
Blastocyst B 189/700 (27.0) 137/588 (23.3)
A 120/471 (25.5) 137/588 (23.3)
Implantation rate B 460/1126 (40.9) 436/1030 (42.3) 0.487
A 301/751 (40.1) 436/1030 (42.3) 0.341
Average No. of embryos transferred B 2(1~2,1.61 = 0.50) 2(1~2,1.75 £ 0.47) <0.001
A 2 (1~2, 1.59 + 0.50) 2(1~2,1.75 £ 0.47) <0.001
Biochemical pregnancy rate B 29/700 (4.1) 22/588 (3.7) 0.713
A 23/471 (4.9) 22/588 (3.7) 0.360
Clinical pregnancy rate B 366/700 (52.3) 329/588 (56.0) 0.188
A 241/471 (51.2) 329/588 (56.0) 0.121
Multiple pregnancy rate B 94/366 (25.7) 109/329 (33.1) 0.031
A 59/241 (24.5) 109/329 (33.1) 0.025
Miscarriage rate B 23/366 (6.3) 32/329 (9.7) 0.093
A 14/241 (5.8) 32/329 (9.7) 0.090
Live birth rate B 329/700 (47.0) 287/588 (48.8) 0.517
A 210/471 (44.6) 287/588 (48.8) 0.171

Data are presented as the M(P25~P75, mean + SD) for the average No. of embryos transferred, and the n (%) for categorical variables.
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Before matched/After matched GnRH-ant group GnRH-a group P value
Cycles/(n) B 1514 991
A 991 991
Age/(year) B 31 (28~34) 31 (29~35) 0.002
A 31 (28~34) 31 (29~35) 0.207
BMI/(kg/m?) B 20.83 (19.72~22.10) 20.81 (19.72~22.10) 0517
A 20.83 (19.72~22.04) 20.81 (19.72~22.10) 0.732
Duration of infertility/(year) B 3.00 (1.75~4.00) 3.00 (1.00~4.00) 0.959
A 3.00 (2.00~4.00) 3.00 (1.00~4.00) 0.887
bFSH (U/L) B 6.67 (5.66~7.47) 6.84 (5.92~7.84) <0.001
A 6.73 (5.72~7.60) 6.84 (5.92~7.84) 0.032
bLH (UL) B 5.42 (3.97~6.56) 4.99 (3.76~6.31) 0.001
A 5.22 (3.91~6.27) 4.99 (3.76~6.31) 0.240
bE> (pg/mL) B 40.26 (29.78~48.53) 39.44 (29.86~50.71) 0.763
A 40.14 (29.53~48.02) 39.44 (29.86~50.71) 0.555
Type of infertility
Primary B 720/1514 (47.6) 465/991 (46.9) 0.756
A 467/991 (47.1) 465/991 (46.9) 0.928
Secondary B 794/1514 (52.4) 526/991 (53.1)
A 524/991 (52.9) 526/991 (53.1)
Fertilization type
IVF B 1256/1514 (83.0) 795/991 (80.2) 0.082
A 821/991 (82.8) 795/991 (80.2) 0.132
ICsI B 258/1514 (17.0) 196/991 (19.8)
A 170/991 (17.2) 196/991 (19.8)
Duration of stimulation/(days) B 8 (7~9) 10 (8~11) <0.001
A 8 (7~9) 10 (8~11) <0.001
Dosage of gonadotropins/(IU) B 1500 (1125~1800) 1950 (1250~2400) <0.001
A 1550 (1200~1900) 1950 (1250~2400) <0.001
E, values on the trigger day/(pg/mL) B 2682 (1744~3765) 2821 (1920~3880) 0.027
A 2635 (1701~3699) 2821 (1920~3880) 0.005
No. of oocytes retrieved/(n) B 12 (7~16) 12 (8~16) 0.290
A 1(7~17) 12 (8~16) 0.049
Mil rate B 16696/19019 (82.0) 9921/12611 (78.7) <0.001
A 9992/12171 (82.1) 9921/12611 (78.7) <0.001
Fertilization rate B 14822/19019 (77.9) 9679/12611 (76.8) 0.014
A 9492/12171 (78.0) 9679/12611 (76.8) 0.020
D3 high qualified embryo rate B 6326/12360 (51.2) 3839/8304 (46.2) <0.001
A 4059/7985 (50.8) 3839/8304 (46.2) <0.001
Moderate-severe OHSS rate B 44/1514 (2.9) 59/991 (6.0) 0.002
A 33/991 (3.3) 59/991 (6.0) 0.030

Data are presented as the M(P25~P75) for continuous variables and n (%) for categorical variables. BMI, body mass index; bFSH, basal FSH; bLH, basal LH; bEy, basal Ey; IVF, in vitro

fertilization; ICSI, intracytoplasmic sperm injection.
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ICSI (36)

NC (reference)

*0 < 0.05, *p < 0.01.

B-value
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-0.126
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0.186

0.279

0.715

0.121
0.026*
0.008™
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B-value 95% CI P value
Maternal childbearing age 0.025 -0.032 0.082 0.386
Maternal weight -0.010 -0.056 0.037 0.677
Maternal BMI -0.013 -0.149 0.122 0.846
Maternal alcohol consumption -0.136 -0.327 0.055 0.160
Paternal childbearing age -0.057 -0.103 -0.011 0.016*
Paternal smoking -0.061 -0.188 0.067 0.348
Delivery mode: spontaneous delivery -0.222 -0.575 0.130 0.214
Cesarean section (reference)
Zn -0.178 -0.480 0.124 0.246
Fe 0.001 -0.004 0.006 0.678
Pb -0.010 -0.023 0.003 0.117
Infertility factors: PCOS (22) 0443 -0.095 0982 0.106
male infertility (52) 0.5564 0.182 0976 0.010"
male infertility combined with PCOS (10)  0.861 0.106 1615 0.026*

NC (reference)

0 < 0.05.
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B-value 95% CI P value
Maternal childbearing age 0.027 -0.030  0.083 0.359
Maternal weight -0.012 -0.057  0.084 0.611
Maternal BMI -0006  -0.136  0.125 0.932
Maternal alcohol consumption -0.131 -0.320 0.057 0.301
Paternal childbearing age -0.059 -0.104  -0.013 0.012*
Paternal smoking -0.062 -0.188  0.064 0.333
Delivery mode: spontaneous delivery -0.239 -0.588  0.111 0.179
Cesarean section(reference)
Zn -0.177 -0.477 0.124 0.247
Fe 0.001 -0.004 0.006 0.692
Pb -0.010 -0.022 0.003 0.123
Group category: ART group 0.559 0.186 0.931 0.004**

NC group (reference)

*n<0.05, *p<0.01.
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B-value 95% CI P

value
Maternal childbearing age 0.023 -0.035 0.080 0.439
Maternal weight -0.014 -0.060 0.032 0.545
Maternal BMI 0.002 -0.130 0.133 0.981
Maternal alcohol consumption -0.129 -0.318 0.059 0.177
Paternal childbearing age -0.057 -0.103 -0.011 0.015*
Paternal smoking -0.063 -0.189 0.063 0.321
Delivery mode: Spontaneous delivery -0.247 -0.596 0.103 0.165
Cesarean section (reference)
Zn -0.180 -0.480 0.121 0.239
Fe 0.001 -0.004 0.006 0.682
Pb -0.010 -0.022 0.003 0.126
Embryo transfer cycles: fresh embryo 0.481 0.082 0.881 0.019*
transferred stimulation cycle (62)
Frozen embryo transferred natural cycle (22) 0.765 0.228 1.303 0.006**

NC (reference)

*0 < 0.05, **p < 0.01.
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Al (35,076) Fresh (15,557) Frozen (19,519)

Adjusted OR (95% CI) P Adjusted OR (95% Cl) P Adjusted OR (95% Cl) P
Female age 1.044 (1.035-1.054) 0.000** 1.084 (1.067-1.102) 0.000* 1.026 (1.014-1.037) 0.000*
BMI (kg/m?) 1.035 (1.019-1.052) 0.000** 1.028 (1.002-1.056) 0.035* 1.041 (1.020-1.062) 0.000*
Type of transfer (frozen/fresh) 1.207 (1.094-1.331) 0.000** - - - -
Stage of embryo (blastocyst/cleavage) 1.373 (1.186-1.591) 0.000** - - 1.291 (1.111-1.499) 0.001**
Number of embryos transferred 1.295 (1.141-1.469) 0.000** 1.326 (1.074-1.637) 0.009* 1.239 (1.058-1.450) 0.008*
Unexplained infertility = E = - 0.746 (0.565-0.984) 0.038*

BMI, body mass index; *P < 0.05; **P < 0.01.





OPS/images/fendo.2022.875798/table1.jpg
Early spontaneous abortion rate P (Fresh vs. Frozen)

Al P Fresh (15,557) P Frozen (19,519) P
Female age (years) 0.000** 0.000** 0.000**
<80 4.6% (470/10289) 3.29% (157/4840) 5.7% (313/5449) 0.000"
30-34 5.2% (845/16174) 4.3% (316/7337) 6.0% (529/8837) 0.000"*
>35 8.2% (708/8613) 8.7% (294/3380) 7.9% (414/5233) 0.194
BMI (kg/m? 0.000** 0.128 0.001**
<185 5.1% (150/2964) 3.8% (44/1166) 5.9% (106/1798) 0.011*
18.6-24.9 5.6% (1495/26618) 4.9% (585/11912) 6.2% (910/14703) 0.000*
225 6.9% (378/5494) 5.6% (138/2476) 8.0% (240/3018) 0.000*
Infertility diagnosis 0.000** 0.054 0.088
Primary infertility 5.3% (924/17342) 4.7% (425/9139) 6.1% (499/8203) 0.000*
Secondary infertiity 6.2% (1099/17734) 5.3% (342/6418) 6.7% (757/11316) 0.000"
Stage of embryo transfer 0.000** 0.480 0.060
Cleavage-stage embryo transfer 5.6% (1765/31462) 4.9% (764/15516) 6.3% (1001/15944) 0.000**
Blastocyst transfer 7.1% (258/3614)) 7.3% (3/41) 7.1% (255/3575) 0.964
Number of embryos transferred 0.000* 0.000* 0.045*
One embryo 5.3% (209/3945) 4.3% (66/1521) 5.9% (143/2424) 0.033*
Two embryos 5.7% (1745/30470) 4.9% (670/13791) 6.4% (1075/16679) 0.000**
Three embryos 10.4% (69/661) 12.7% (31/245) 9.1% (38/416) 0.153
Type of transfer 0.000** - - - - -
Fresh embryo 4.9% (767/15557) = = = = =
Thawed embryo 6.4% (1256/19519) - - - N =
Fresh-cycle protocols - - 0.004* - - -
GnRH agonist e - 4.6% (527/11387) = -
GnRH antagonist/others - - 5.8% (240/4170) - -
Insemination method-fresh cycle - - 0.451 - - -
IVF = = 4.9% (624/12814) = = =
ICSI = N 5.2% (143/2743) = = =
Frozen-cycle protocols - - - 0.704
EP & = . 6.4% (875/13588) =
Pituitary down-regulation-EP 6.5% (368/5679)
Natural cycle - - - 5.2% (13/252) -
Concomitant diseases, women
Endometriosis 6.0% (311/5175) 0.380 5.0% (118/2365) 0.886 6.9% (193/2792) 0.266 0.004*
PCOS 5.7% (134/2332) 0.963 4.5% (31/689) 0.593 6.3% (103/1643) 0.775 0.094
Unexplained infertility 6.3% (86/1355) 0.351 4.2% (28/673) 0.345 8.5% (568/682) 0.025 0.001**

BMI, body mass index; GnRH, gonadotrophin-releasing hormone; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; PCOS, polycystic ovarian syndrome; EP, estrogen-
progesterone; *P < 0.05; **P < 0.01.
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Primary singletons Triplets/twins reduced Unadjusted Unadjusted OR Adjusted Adjusted OR
(n=6853) to singletons (n=171) P Value (95%Cl) P Value (95%ClI)

GA at delivery 39.00 (38.0-40.0) 38.93 (37.71-39.57) 0.830 = 0.155 =
Delivery<32weeks 65 (0.9) 6(3.5) 0.004 3.80 (1.62-8.89) 0.002 1.25 (1.08-1.44)
Delivery<34weeks 119 (1.7) 9(6.3) 0.002 3.14 (1.57-6.30) 0.001 1.22 (1.09-1.37)
Delivery<37weeks 500 (7.3) 27 (15.8) <0.001 2.38 (1.56-3.63) <0.001 1.51 (1.07-1.24)
Pregnancy loss 371 (6.4) 9(5.3) 0.932 0.97 (0.49-1.92) 0.671 0.98 (0.87-1.09)
<24weeks

Live birth 6450 (94.1) 162 (94.7) 0.734 1.13 (0.57-2.22) 0.496 1.04 (0.93-1.17)
Caesarean section 4871/6463 (75.4) 120/162 (74.1) 0.706 0.93 (0.65-1.33) 0.325 0.97 (0.91-1.08)
Birth weight (g) 3340 (3038.73-3650) 3055 (2750-3312.50) <0.001 - <0.001 ol

LBW 295 (4.3) 21 (12.3) <0.001 3.11 (1.94-4.99) <0.001 1.21 (1.11-1.30)
VLBW 29 (0.4) 423 0.008 5.64 (1.96-16.21) 0.002 1.32 (1.10-1.58)
SGA 451 (6.6) 25 (14.6) <0.001 2.43 (1.57-3.76) <0.001 1.17 (1.09-1.26)

Data are presented as median (IQR) or number (%). Mann-Whitney U tests and Chi-square tests or Fisher’s exact test were used for unadjusted analysis. Logistic regression and linear
regression were used for adjusting certain confounders, including maternal age at conception, maternal BMI before pregnancy, type of infertility, ART methods, embryo transplantation,
source of semen.

GA, gestational age; LBW, low birth weight; VLBW, very low birth weight; SGA, small for gestational age; OR, odds ratio; Cl, confidence interval.
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Primary twins Triplets reduced to twins Unadjusted Unadjusted OR Adjusted Adjusted OR

(n=2788) (n=331) P Value (95% Cl) P Value (95% Cl)

GA at delivery 37.00 (35.71-38.00) 37.00 (35.71-37.86) 0.992 = 0.957 =
Delivery<32weeks 126 (4.5) 17 (5.1) 0.612 1.14 (0.68-1.92) 0.590 1.04 (0.91-1.19)
Delivery<34weeks 281 (10.1) 38 (11.5) 0.426 1.16 (0.81-1.66) 0.284 1.05 (0.96-1.15)
Delivery<37weeks 1240 (44.5) 150 (45.3) 0.771 1.04 (0.82-1.30) 0.764 1.01 (0.95-1.07)
Pregnancy loss 182 (6.5) 22(6.6) 0.934 1.02 (0.65-1.61) 0.877 1.01 (0.90-1.14)
<24weeks

Abortion of one fetus 392 (14.1) 46 (13.9) 0.936 0.99 (0.71-1.37) 0.549 0.98 (0.90-1.06)
All surviving 2188(78.5) 263(79.5) 0.682 1.06 (0.80-1.41) 0.397 1.03(0.96-1.11)
Caesarean section 2401/2591 (92.7) 290/309 (93.9) 0.447 1.21(0.74-1.97) 0.371 1.06 (0.94-1.20)
Birth weight (g) 2550 (2225-2850) 2500 (2200-2800) 0.130 = 0.195 =

At least one LBW 1311 (47.0) 176 (53.2) 0.034 1.28 (1.02-1.61) 0.028 1.07 (1.01-1.13)
At least one VLBW 106 (3.8) 11 (3.3) 0.665 0.87 (0.46-1.64) 0.708 0.97 (0.83-1.14)
At least one SGA 1103 (39.6) 148 (44.7) 0.071 1.24 (0.98-1.55) 0.040 1.06 (1.00-1.13)

Data are presented as median (IQR) or number (%). Mann-Whitney U tests and Chi-square tests or Fisher's exact test were used for unadjusted analysis. Logistic regression and linear
regression were used for adjusting certain confounders, including maternal age at conception, matemal BMI before pregnancy, type of infertility, ART methods, embryo transplantation,
source of semen.

Birth weight, at least one LBW, and at least one VILBW were additionally adjusted for GA at delivery.

GA, gestational age; LBW, low birth weight; VLBW, very low birth weight; SGA, small for gestational age; OR, odds ratio; Cl, confidence interval.
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Primary twins Twins reduced to singleton Unadjusted Unadjusted OR Adjusted Adjusted OR

(n=2788) (n=126) P Value (95% CI) P Value (95% CI)

GA at delivery 37.00 (35.71-38.00) 38.79 (37.46-39.43) <0.001 = <0.001 =
Delivery<32weeks 126 (4.5) 5(4.0) 0.770 0.87 (0.35-2.17) 0.743 0.97 (0.81-1.17)
Delivery<34weeks 281 (10.1) 756 0.096 0.53 (0.24-1.14) 0.116 0.88 (0.76-1.03)
Delivery<37weeks 1240 (44.5) 21 (16.7) <0.001 0.25 (0.16-0.40) <0.001 0.76 (0.69-0.83)
Pregnancy loss 182 (6.5) 6(4.8) 0.430 0.72 (0.31-1.65) 0.400 0.93 (0.79-1.10)
<24weeks

All surviving 2188(78.5) 120 (95.2) <0.001 5.48 (2.40-12.52) <0.001 1.44(1.22-1.70)
Caesarean section 2401/2591 (92.7) 92/120 (76.7) <0.001 0.26 (0.17-0.41) <0.001 0.76 (0.69-0.83)
Birth weight (g) 2550 (2225-2850) 3080 (2750-3350) <0.001 = <0.001 =

At least one LBW 1311 (47.0) 17 (13.5) <0.001 0.18 (0.11-0.30) <0.001 0.71 (0.64-0.79)
At least one VLBW 106 (3.8) 4(3.2) 0.903 0.83 (0.30-2.29) 0.703 0.96 (0.78-1.18)
At least one SGA 1103 (39.6) 17 (13.5) <0.001 0.24 (0.14-0.40) <0.001 0.75 (0.68-0.85)

Data are presented as median (IQR) or number (%). Mann-Whitney U tests and Chi-square tests or Fisher's exact test were used for unadjusted analysis. Logistic regression and linear
regression were used for adjusting certain confounders, including maternal age at conception, maternal BMI before pregnancy, type of infertility, ART methods, embryo transplantation,
source of semen.

GA, gestational age; LBW, low birth weight; VLBW, very low birth weight; SGA, small for gestational age; OR, odds ratio; Cl, confidence interval.
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Triplets reduced to singleton  Triplets reduced to twins ~ Unadjusted ~ Unadjusted OR  Adjusted Adjusted OR
(n=45) (n=331) P Value (95%Cl) P Value (95% CI)
GA at delivery 39.07 (38.25-40.04) 37.00 (35.71-37.86) <0.001 = <0.001 -
Delivery<32weeks 122 17 (6.1) 0.626 0.42 (0.06-3.23) 0.412 0.75 (0.37-1.50)
Delivery<34weeks 2 (4.4) 38 (11.5) 0.239 0.36 (0.08-1.54) 0.206 0.73 (0.44-1.19)
Delivery<37weeks 6(13.3) 150 (45.3) <0.001 0.19(0.08-0.45)  <0.001 0.58 (0.43-0.79)
Pregnancy loss 3(6.7) 22 (6.6) 1.000 1.00 (0.19-3.50) 0.701 0.92 (0.59-1.42)
<24weeks
All surviving 42 (93.3) 263 (79.5) 0.026 3.62 (1.09- 0.023 1.62 (1.07-2.44)
12.08)

Caesarean section 28/42 (66.7) 290/309 (93.9) <0.001 0.13(0.06-0.29)  <0.001 051 (0.38-0.67)
Birth weight (g) 3050 (2775-3300) 2500 (2200-2800) <0.001 = <0.001 -
At least one LBW 4(8.9) 176 (63.2) <0.001 0.09 (0.03-0.25) <0.001 0.44 (0.31-0.63)
At least one VLBW 0 133 0.441 - 0.997 -
At least one SGA 8(17.8) 148 (44.7) 0.001 0.27 (0.12-0.59) 0.001 0.62 (0.48-0.82)

Data are presented as median (IQR) or number (%). Mann-Whitney U tests and Chi-square tests or Fisher's exact test were used for unadjusted analysis. Logistic regression and linear
regression were used for adjusting certain confounders, including matemal age at conception, maternal BMI before pregnancy, type of infertility, ART methods, embryo transplantation,
source of semen, and weeks of reduction.

GA, gestational age; LBW, low birth weight; VLBW, very low birth weight; SGA, small for gestational age; OR, odds ratio; Cl, confidence interval.
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Maternal age at
conception
Maternal height
before pregnancy

Maternal weight
before pregnancy
Maternal BMI
before pregnancy
Type of infertility
Primary infertility
Secondary infertility
ART methods

IVF

ICSI

Embryo
transplantation
Fresh-ET
Frozen-ET

Source of semen
Ejaculated semen
Sperm aspiration
Donor Semen
Reduction weeks

Primary
singletons
(n=6853)

30 (28-33)

160.0
(157.0-
163.0)
55.0 (50.4-
60.0)
21.6 (20.0-
23.6)

3054 (44.6)
3799 (55.4)

5774 (84.3)
1079 (15.7)

3460 (50.5)
3393 (49.5)

6623 (96.6)
154 (2.2)
76 (1.1)

Primary
twins
(n=2788)

30 (28-33)

160.0 (157.0-

163.0)

55.0 (51.0-
61.0)
217 (20.0-
23.9)

1278 (46.8)
1510 (54.2)

2374 (85.2)
414 (14.8)

1561 (56.0)
1227 (44.0)

2668 (95.7)
76 2.7)
44 (1.6)

Twins reduced to
singletons (n=126)
33 (29-35)

159.0 (155.0-162.3)

56.0 (50.9-60.1)

22.2 (20.3-23.9)

101 (80.2)
25 (19.8)

62 (49.2)
64 (50.8)

125 (99.2)
108
0
83 (7.7-9.0)

Triplets reduced to
singletons (n=45)
30 (28-35)

158.0 (156.0-160.0)

53.0 (48.0-58.8)

20.9 (19.5-23.4)

14 (31.1)
31 (68.9)

36 (80.0)
9(20.0)

23 (51.1)
22 (48.9)

41 (91.1)
122
3(6.7)
8.1(7.7-86)

Triplets reduced to
twins (n=331)
31 (28-34)

160.0 (157.0-163.0)

55.0 (51.0-60.0)

21.6 (20.0-23.7)

179 (54.1)
152 (45.9)

221 (66.8)
110 (33.2)

168 (50.8)
163 (49.2)

316 (95.5)
8(2.4)
7(@21)

80 (7.7-8.4)

P
value
1

<0.001

0.786

0.426

0.407

0.005

<0.001

0.070

0.731

P
value

0.616

0.123

0.090

0.242

0.004

0.073

0.094

0.178

0.161

P
value

0.474

0.118

0.087

0.203

0.070

0.435

0.934

0.019

P
value

<0.001

0.056

0.778

0.346

0.026

0.125

0.134

0.191

P
value

<0.001

0.073

0.558

0.070

0.048

0212

0.775

0.254

Data are presented as median (IQR) or number (%). Comparison of continuous variables was analyzed using Mann-Whitney U tests. Categorical variables were compared by using Chi-
square tests or Fisher's exact test. P value 1 represents for triplets reduced to twins versus primary twins; P value 2 represents for triplets reduced to twins versus triplets reduced to
singleton; P value 3 represents for triplets reduced to singleton versus primary singleton; P value 4 represents for twins reduced to singleton versus primary twins; P value 5 represents for
twins reduced to singleton versus primary singleton;
BMI, body mass index (kg/mz),' ART, assisted reproduction technique; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ET, embryo transplantation; TESA, testicular sperm
aspiration; PESA, percutaneous epididymal sperm aspiration; MESA, microsurgical epididymal sperm aspiration. Sperm aspiration includes TESA, PESA, and MESA.





OPS/images/fendo.2022.851167/fendo-13-851167-g001.jpg
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Before matching

after matching

Adjusted OR (95% CI) P Adjusted OR (95% Cl) P

Total 1.24 (1.10,1.40) <0.001 1.24 (1.08,1.42) 0.002
Age (year)

<30 1.35 (1.12,1.61) 0.001* 1.25 (1.01,1.53) 0.036*
>30 1.14 (0.973,1.33) 0.105 1.20 (1.00,1.43) 0.047*
BMI (kg/m2)

<240 1.30 (1.13,1.49) <0.001* 1.28 (1.10,1.50) 0.002*
>24.0 1.11(0.88,1.41) 0.382 1.17 (0.90,1.52) 0.249
AMH (ng/ml)

AMH < 3 1.12 (0.94,1.34) 0.205 1.12 (0.92,1.38) 0.264
3 <AMH<6 1.31 (1.09,1.57) 0.004* 1.24 (1.02,1.52) 0.035*
AMH=6 1.21(0.83,1.76) 0.314 1.41(0.92,2.15) 0.115

Cl, confidence interval

adjusting for confounders of female age, female BMI, AMH, AFC, basal E2, basal FSH, basal LH, basal P, number of good quality embryos, total dose of Gn, duration of Gn.

*Statistically significant (P < 0.05).
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Before matching after matching

GnRH antagonist GnRH agonist P value GnRH antagonist GnRH agonist P value
Number of retrieved oocytes 9.30 + 4.37 9.73 + 4.22 <0.001* 9.16 £ 4.28 9.69 + 4.22 <0.001*
Number of MIl cocytes 8.17 £ 3.99 8.57 + 3.90 <0.001* 8.05+ 391 8.51 £ 3.90 <0.001*
Number of 2PN embryos 6.13 £ 3.37 6.14 + 3.29 0.941 6.05 + 3.32 6.07 +3.27 0.802
> OHSS rate 2.18% (77/3607) 4.42% (220/4972) <0.001* 1.91% (63/3304) 4.57% (151/3304) <0.001*
° Live birth 38.70% (1396/3607) 45.09% (2242/4972) <0.001* 38.32% (1266/3304) 44.04% (1455/3304) <0.001*
> biochemical pregnancy 55.78% (2012/3607) 61.38% (3052/4972) <0.001* 55.75% (1842/3304) 60.90% (2012/3304) <0.001*
° Clinical pregnancy 47.91% (1728/3607) 53.74% (2672/4972) <0.001* 47.79% (1579/3304) 53.03% (1752/3304) <0.001*
 ectopic pregnancy 3.99% (69/1728) 1.46% (39/2672) <0.001* 4.12% (65/1579) 1.43% (25/1752) <0.001*
 Early Miscarriage 13.54% (234/1728) 13.14% (351/2672) 0.699 14.06% (222/1579) 13.87 (243/1752) 0.875
> Late Miscarriage 2.26% (39/1728) 1.72% (46/2672) 0.208 2.28% (36/1579) 1.94% (34/1752) 0.495

MiIl, metaphase II; 2PN, 2 pronuclear; OHSS, ovarian hyperstimulation syndrome;

Data are presented as mean + SD and n (%).

Student’s t-tests and Chi-square test were used for comparison of clinical outcomes between the two groups.
*Statistically significant (P < 0.05).
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NO. of cycles

Female age (year)

BMI (kg/m2)

®Duration of infertility (years)
*Basal FSH (MIU/mL)
*Basal LH (MIU/mL)
®Basal E2 (p g/mL)
®Basal P (ng/mL)

"AFC

*AMH (ng/mL)

*Total dose of Gn (IU)
*Duration of Gn (d)
Cause of infertility

Tubal factor

Pelvic and uterine factor
PCOS

male factor

female and male factors
Other causes

Infertility type (n, %)
Primary infertility
Secondary infertility
Fertilization method (n, %)
IVF

ICSI

No. of embryos transferred (n, %)
1

2

Embryo type (n, %)
Day3

Day5

No. of good quality embryos transferred (n, %)

0
1
2

Before matching

after matching

GnRH antagonist

3607
3059 + 4.18
2228 +3.20

3(25)

754 (6.49,8.77)
3.96 (2.95,5.30)
44 (34,57)
0.56 (0.38,0.80)
15 (10,21)
3.28 (1.98,5.21)
1800 (1425,2100)
9(8,10)

2036 (56.45%)
309 (8.57%)
200 (6.54%)

593 (16.44%)
185 (5.13%)
284 (7.87%)

1837 (50.93%)
1770 (49.07%)

2931 (81.26%)
676 (18.74%)

725 (20.10%)
2882 (79.90%)

2648 (73.41%)
959 (26.59%)

1118 (31.00%)
1153 (31.97%)
1336 (37.04%)

GnRH agonist

4972
30.39 + 3.75
2192 +3.01

3(25)

7.45 (6.35,8.70)
3.87 (2.84,5.17)
47 (36,62)
0.58 (0.39,0.84)
14 (11,18)
311 (2.31,4.17)
1875 (1500,2325)
12 (11,18)

2868 (57.68%)
407 (8.19%)
256 (5.15%)
815 (16.39%)
245 (4.93%)
381 (7.66%)

2503 (50.34%)
2469 (49.66%)

4064 (81.74%)
908 (18.26%)

992 (19.95%)
3980 (80.05%)

3600(72.41%)
1372 (27.59%)

1371 (27.57%)
1732 (34.84%)
1869 (37.59%)

P value

0.021*
<0.001*
0.107
0.002*
0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
0.872

0.592

0.572

0.866

0.301

0.001*

GnRH antagonist

3304
30.58 + 4.17
22,45 +3.13

3(25)

7.54 (6.49,8.77)
3.88 (2.89,5.12)
44.(34,57)
0.56 (0.38,0.80)
14 (10,20)
3.04 (1.90,4.82)
1800 (1488,2175)
9(8,10)

1863 (56.39%)
290(8.78%)
190 (5.75%)

531 (16.07%)
174 (5.27%)
256 (7.75%)

1665 (50.39%)
1639 (49.61%)

2689 (81.39%)
615 (18.61%)

658 (19.92%)
2646 (80.08%)

2429 (78.52%)
875 (26.48%)

987 (29.87%)
1087 (32.90%)
1230 (37.23%)

GnRH agonist

3304
3049 + 3.78
2210 +3.10

3(25)

7.52 (6.46,8.84)
3.92 (2.90,5.27)
47 (35,61)
0.58 (0.39,0.84)
15 (11,19)
3.25 (2.38,4.38)
1875 (1500,2325)
12 (10,13)

1894 (57.32%)
266 (8.05%)
176 (5.33%)

549 (16.62%)
161 (4.87%)
258 (7.81%)

1665 (50.39%)
1639 (49.61%)

2693 (81.51%)
611 (18.49%)

647 (19.58%)
2657 (80.42%)

2432 (73.61%)
872 (26.39%)

976 (29.54%)
1085 (32.84%)
1243 (37.62%)

P value

0.884
0.523
0.809
1
0.389
<0.001*
<0.001*
0.002*
<0.001*
<0.001*
<0.001*
0.755

0.899

0.734

0.933

0.936

BMI, body mass index; AFC, antral follicular count; AMH, anti-Mllerian hormone; FSH, folicle stimulating hormone; LH, luteinizing hormone; E2, estradiol; P, Progesterone; Gn,
Gonadotropin; ICSI, intracytoplasmic single sperm injection; IVF, in vitro fertilization;
Data are presented as mean = SD, median (IQR) and n (%).
Chi-square test, Mann-Whitney U test and Student’s t-tests were used for the preliminary comparison between the two groups.

“Cited as median (IQR).
*Statistically significant (P < 0.05).
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women who received COS with GnRH
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antagonist protocol(n=29889)
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Not the first cycles (n=5104)

Excluded: n=14258

All frozen embryo n=13460
No available embryo n=728
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Other reasons n=42

women started the first IVF/CSI
cycles(n=24785)

women received fresh embryo
transfer(n=10527)

Excluded: n=1948

abnormal results on parental karyotyping
n=557
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Cell type P value HR (95% CI)

Early inhibitory NK cells 0.023 0.900 (0.821-0.985)
Treg 0.018 0.246 (0.077-0.785)
Tfh1 0.775 1.076 (0.650-1.781)
T2 0.124 0.836 (0.666-1.050)
Tfh17 0.044 1.730 (1.014-2.950)

HR, hazard ratio; Cl, confidence interval; NK, natural killer; Tregs, regulatory T cells; Tth, T
follicle helper cell.
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Cell type RIF group (n = 21) Control group (n = 20) P value

NKT cells (% of lymphocyte) 7.89 + 3.56 7.40 £2.92 0.629
Immature NK cells (% of NK cells) 60.20 (20.45, 86.45) 64.60 (33.93, 78.03) 0.774
Mature NK cells (% of NK cells) 37.90 (12.25, 79.60) 33.95 (20.33, 64.13) 0.648
Early inhibitory NK cells (% of NK cells) 4179 £ 13.17 55.10 + 14.62 0.004
Late inhibitory NK cells (% of NK cells) 6.44 (4.47,10.65) 5.23 (2.21, 11.00) 0.335
Activated NK cells (% of NK cells) 4512 + 14.29 50.60 + 16.92 0.269
Conventional NK cells (% of NK cells) 57.03 + 23.35 52.38 + 17.22 0.474
Viral specific NK cells (% of NK cells) 71.05 + 16.24 61.68 +20.78 0.115

NK, natural killer; NKT, Natural killer T cell; RIF, recurrent implantation failure. The data are presented as the mean + standard deviation or a median (25-75% quartiles). A Student’s t test or
Mann-Whitney U test was conducted. P < 0.05 was considered to indicate a statistically significant difference.
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Cell type RIF group (n = 21) Control group (n = 20) P value

T cell functional subsets

Naive CD4* T cells (% of CD4 T cells) 19.65 + 16.22 22.03 +10.26 0.581
Terminal differentiated CD4* T cells (% of CD4 T cells) 27.22 +12.82 25.09 + 11.87 0.584
Central memory CD4* T cells (% of T cells) 5.48 (2.66, 8.30) 5.54 (3.84, 8.73) 0.322
Effective memory CD4* T cells (% of CD4 T cells) 47.60 £ 13.10 48.23 +12.21 0774
Exhaustion CD4* T cells (% of CD4 T cells) 2.00 (0.48, 4.58) 2.23(0.30, 5.59) 0.794
Functional CD4" T cells (% of CD4 T cells) 98.00 (95.40, 99.55) 97.80 (94.40, 99.68) 0.834
Tregs (% of CD3 T cells) 224 £ 091 317 £1.09 0.005
Naive CD8" T cells (% of CD8 T cells) 21.84 +9.06 25.58 + 14.70 0.336
Terminal differentiation CD8" T cells 51.50 + 13.44 43.93 +12.15 0.066
Central memory CD8" T cells (% of CD8 T cells) 0.32 (0.22, 0.5) 0.36 (0.24, 0.75) 0.498
Effective memory CD8" T cells (% of CD8 T cells) 20.00 (15.50, 41.15) 27.60 (21.28, 36.75) 0.285
Exhaustion of CD8* T cells (% of CD8 T cells) 10.4 (1.94, 31.00) 13.10 (4.28, 32.28) 0.368
Inactive specificity CD8" T cells (% of effective memory CD8" T cells) 64.74 + 15.85 57.78 + 22.08 0.252
Inactive specificity terminal differentiation CD8" T cells (% of terminal differentiation CD8* T cells) 57.00 + 20.33 53.22 + 22.99 0.579
Persistent viral specificity CD8" T cells (% of effective memory CD8* T cells) 35.25 + 15.86 42,21 +22.08 0.251
Persistent viral specificity terminal differentiation CD8" T cells (% of terminal differentiation CD8" T cells) 43.00 + 20.33 46.77 £ 22.97 0.581
T cell differentiation subsets

Tth (% of CD4* T cells) 20.17 + 5.08 19.73 + 5.91 0.798
Th1 (% of Th cells) 10.43 + 4.64 8.64 +3.73 0.182
Th2 (% of Th cells) 18.25 + 5.60 20.45 + 5.88 0.227
Th17 (% of Th cells) 3.25(2.27,7.11) 2.63 (1.70, 3.55) 0.050
Tth1 (% of Tth cells) 11.70 + 3.34 9.58 +2.33 0.024
Tth2 (% of Tth cells) 37.72 £ 6.57 42.72 + 4.56 0.008
Tth17 (% of Tth cells) 6.52 + 2.45 4.42 £1.82 0.004
Tcl (% of Tc cells) 31.69 + 13.02 33.81 + 10.26 0.568
Tc2 (% of Tc cells) 17.20 (14.25, 21.65) 20.00(15.18, 23.23) 0.865
Tc17 (% of Tc cells) 8.54 (6.17,12.20) 9.31 (4.96, 11.18) 0.969
Th1/Th2 0.63 +0.33 0.45 £ 0.22 0.050
Th17/Th2 0.21(0.17,0.33) 0.13(0.09, 0.19) 0.003
Th1+Th17/Th2 0.90 +0.34 0.59 + 0.25 0.002
Peripheral helper T cells (% of CD4* T cells) 56.74 + 5.23 58.00 + 6.91 0514
Activated Tfh (% of CD4" T cells) 14.93 + 4.12 14.65 + 5.33 0.850
CD8+ T cells subsets

Inhibitory CD8* T cells (% of CD8 T cell) 21.09 + 8.05 20.33 + 7.34 0.754
Potential functional CD8" T cells (% of CD8 T cell) 71.76 + 10.22 73.50 + 11.65 0614
Total memory CD8* T cells (% of CD8 T cell) 276 £ 1.35 3.50 £ 2.34 0.227
Homing memory CD8" T cells (% of CD8 T cell) 7270 +12.15 78.03 +12.28 0.170
Terminally senescent CD8" T cells (% of CD8 T cell) 16.73 + 8.83 17.22 + 10.52 0.872
vd T cells subsets

3 T cells (% of T cells) 5.25 + 2.66 4.24 177 0.162
V& 1% (% of y3 T cells) 47.16 +22.88 54.96 + 22.12 0.274
V8 2" 8 T cells 50.36 + 22.95 44.45 + 22.26 0.408
V& 1°N8 2 0.70 (0.39, 1.77) 1.30 (0.42, 3.03) 0.251
NKG2D*V3 2* (% of y8 T cells) 96.20 (86.85,98.50) 94.35 (87.50, 99.15) 0.948
PD1* V5 2* (% of y8 T cells) 5.45 (3.65,10.60) 5.87 (3.17, 11.78) 0917
NKP30*V3 2* (% of 16 T cells) 0.43 (0.13,0.92) 0.88 (0.43, 1.67) 0.074
NKP46*V8 2* (% of ¥ T cells) 1.76 (0.77,3.90) 1.41(0.47, 2.92) 0.465
NKG2D*V8 1* (% of ¥5 T cells) 58.87 + 16.14 58.40 + 11.86 0917
PD1*V8 1* (% of y3 T cells) 27.60 + 13.06 2515 + 12.42 0.543
NKP30*V8 1" (% of v T cells) 9.21 (3.18, 13.89) 10.25 (4.01, 15.05) 0.725
NKP46*V5 1* (% of v T cells) 25.66 + 17.05 18.34 + 12.48 0.126

Tregs, regulatory T cells; Tth, T folicle helper cell; Th, T helper; Tc, T cytotoxic; NKG2D, activated receptor of NK cells; NKP30, natural cytotoxicity triggering receptor 3; NKP46, natural
cytotoxicity triggering receptor 1; PD1, programmed cell death protein 1. Data are presented as the mean + standard deviation or a median (25-75% quartiles). A Student's t test or Mann-
Whitney U test was conducted. P < 0.05 was considered to indicate a statistically significant difference.
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Cell type RIF group (n = 21) Control group (n = 20) P value

T cells (% of lymphocyte) 64.57 + 10.22 72.81 +9.17 0.010
Natural killer cells (% of lymphocyte) 20.27 +9.95 1363 £7.13 0.019
Th cells (% of T cells) 54.65 + 9.04 58.73 £ 8.41 0.143
Killer T cells (% of T cells) 38.20 (31.05, 45.00) 35.75 (27.58, 41.88) 0.235
Double positive T lymphocytes (% of T cells) 1.50 (0.84, 2.28) 1.52 (1.01, 1.98) 0.725
TH/T cytotoxic 1.55 (1.05,1.77) 1.63 (1.21, 2.48) 0.24

RIF, Recurrent implantation failure; Th, T helper. The data are presented as the mean =+ standard deviation or a median (25-75% quartiles). A Student's t test or Mann-Whitney U test was
conducted. P < 0.05 was considered to indicate a statistically significant difference.
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Variables

Age (years)

Body mass index (kg/m?)
Infertility time (years)
Baseline sex hormone level
E2 (pmol/l)

P (nmol/l)

Mid-luteal period
Endometrial thickness (mm)
LH (miU/mi)

E2 (pmol/l)

P (nmol/)

RIF group (n = 21)

32 (28.5-32.5)
20.81 (19.8-22.04)
3(1.5-5.5)

165.8 (129-213.25)
1.69 + 0.54

9.19 £2.22
35.25 + 18.46
1,309.15 + 475.23
2.33 £1.07

Control group (n = 20)

30 (28-31.5)
21.08 (20.26-22.83)
2(1-9

137.3 (117.2-177.55)
1.7 £ 068

9.90 £1.77
34.25 £ 21.15
1,250.23 + 664.19
2.06 £1.15

P value

0.247
0.486
0.083

0.170
0.597

0.267
0.874
0.747
0.449

RIF, recurrent implantation failure; E2, estradiol; P, progesterone; LH, luteinizing hormone. Data are presented as the mean + standard deviation or a median (25-75% quartiles). The P
value was calculated using a Student’s t test or Mann-Whitney U test.
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Maternal Age (years)
Maternal BMI (kg/m2)
<185

18.5-22.9

23-27.4

>27.5

Paternal Age (years)
Infertility cause

Tubal factors

PCOS

Endometriosis

Diminished ovarian reserve.
Uterine factors

Male

Unexplained

Parity

0

>0

Infertility duration (years)
FET cycle rank

First

High order

Fertilization method

IVF

ICSI

IVF+ICSI

Number of embryos transferred
1

>2

Embryo developmental stage at transfer
Day 3

Day 5/6

FET endometrial preparation
Natural cycle

Artificial cycle

Endometrial thickness (mm)
<8

8-11

>11

Year of treatment
2010-2012

2013-2014

2015-2017

<30y
n=3586

27.29 +1.63

534 (14.9)
2218 (61.9)
729 (20.3)
105 (2.9)
29.69 + 3.53

2126 (59.3)

391 (10.9)
255 (7.1)
61(1.7)
52 (1.5)

513 (14.3)
188 (5.2)

3489 (97.3)
o7 2.7)
253 +1.82

2332 (65.0)
1254 (35.0)

2210 (61.6)
990 (27.6)
386 (10.8)

556 (15.5)
3081 (84.5)

3010 (83.9)
576 (16.1)

737 (20.6)
2849 (79.4)

232 (6.5)
1958 (54.6)
1396 (38.9)

276 (7.7)
1693 (47.2)
1617 (45.1)

30-34y
n=5461

31.93 + 1.40

615 (11.9)

3448 (63.1)

1254 (23.0)
144 (2.6)

33.74 + 3.68

3226 (59.
425 (7.8)

®
(7.
466 (8.5)
(
(
1

1)
)
121 (2.2)
112 (2.1)

675 (12.4)
436 (8.0)

5159 (94.5)
302 (5.5)
329+242

3112 (67.0)
2349 (43.0)

3425 (62.7)
1407 (25.8)
629 (11.5)

985 (18.0)
4476 (82.0)

4573 (83.7)
888 (16.9)

1338 (24.5)
4123 (75.5)

399 (7.3)
3067 (66.2)
1995 (36.5)

465 (8.5)
2561 (46.9)
2435 (44.6)

35-39y
n=2861

36.47 + 1.34

270 (9.4)

1791 (62.6)

719 (25.1)
81 (2.8

38.03 + 4.29

1788 (62.5)
97 (3.4)
280 (9.8)
117 (4.1)
65 (2.3)

294 (10.9)
220 (7.7)

2478 (86.6)
383 (13.4)
4.11£341

1444 (50.5)
1417 (49.5)

1871 (65.4)
762 (26.6)
228 (8.0)

569 (19.9)
2292 (80.1)

2415 (84.4)
446 (15.6)

750 (26.2)
2111 (73.8)

270 (9.4)
1610 (56.3)
981 (34.9)

218(7.6)
1219 (42.6)
1424 (49.8)

240y
n=657

41.31+1.58

42,62 +5.15

321 48.9)
)

142 (21.6)
17 (2.6)
67 (10.2)
4162

(48.
2(1.8
57.8.7)
@
[eXS

471 (71.7)
186 (28.3)
4.70 + 4.55

298 (45.4)
359 (54.6)

414 (63.0)
225 (34.2)
18(2.7)

145 (22.1)
512 (77.9)

565 (86.0)
92 (14.0)

176 (26.8)
481 (73.2)

83 (12.6)
369 (56.2)
205 (31.2)

33(5.0)
250 (38.1)
375 (56.9)

P value®

<0.001
<0.001

<0.001
<0.001

<0.001

0.058
<0.001

0.118

0.002

0.815

<0.001

0.040

0.380

P value®

<0.001
<0.001

<0.001
<0.001

<0.001

0.067
<0.001

<0.001

<0.001

0.607

<0.001

<0.001

0.001

P value®

<0.001
<0.001

<0.001
<0.001

<0.001

0.11
<0.001

<0.001

<0.001

0.200

<0.001

<0.001

<0.001

230-34 years old vs. <30 years old.
b35-39 years old vs. <30 years old.
°>40 years old vs. <30 years old.

Data are presented as mean + SD for continuous variables and n (%) for dichotomous variables.
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Gestational age

>37 weeks

preterm birth (<37 weeks)
very preterm birth (<32 weeks)
Birthweight (g)

Z-scores

Birthweight categories

Very low birthweight (<1500 g)
Low birthweight (<2500 g)
High birthweight (>4500 g)
Birthweight percentiles

Very small for gestational age (<3rd percentile)
Small for gestational age (<10th percentile)
Large for gestational age (>90th percentile)
Very large of gestational age (>97th percentile)

Newborn gender
Female
Male

<30y
n=3586

3367 (93.9)
198 (5.5)
21 (0.6)
3352.2 + 485.7
0.36 + 1.04

12 (0.3)
107 (3.0)
27 (0.8)

48 (1)
126 (3.5)
369 (10.9)
258 (7.2)

1881 (52.5)
1705 (47.5)

30-34y
n=5461

5117 (93.7)
316 (5.8)
28(0.5)

3355.8 + 483.3

0.38 +1.03

19 (0.3)
181 (3.9)
48(09)

83(15)
150 (2.7)
583 (10.7)
354 (6.5)

2839 (52.0)
2622 (48.0)

35-39y
n=2861

2694 (94.2)
143 (5.0
24(0.8)

3334.2 + 493.6

0.35 + 1.06

35(1.2)
100 (3.5)
326 (11.4)
183 (6.4)

1522 (53.2)
1339 (46.8)

240y
n=657

612 (93.2)
39(59)
6(0.9
33216 + 503.9
0.38 £ 1.10

2(03)
27 (4.1)
8(1.2)

9(1.4)

20 (3.0)
74 (11.3)
46 (7.0)

349 (53.1)
308 (46.9)

P value®

0.779

0.976
0.754
0.761

0.186

0.667

P value®

0.324

0.336
0.984
0.464

0.498

0.564

P value®

0.487

0.335
0.939
0.240

0.937

0.393

230-34 years old vs. <30 years old.
b35-39 years old vs. <30 years old.
°>40 years old vs. <30 years old.

Data are presented as mean + SD for continuous variables and n (%) for dichotomous variables.
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<30y
n=3586

30-34y
n=5461

35-39y
n=2861

240y
n=657

Gestational age between < 37 weeks
Crude OR

Adjusted OR

Gestational age < 32 weeks

Crude OR

Adjusted OR

Very low birthweight (<1500 g)

Crude OR

Adjusted OR

Low birthweight (<2500 g)

Crude OR

Adjusted OR

High birthweight (>4500 g)

Crude OR

Adjusted OR

Very small for gestational age (<3rd percentile)
Crude OR

Adjusted OR

Small for gestational age (<10th percentile)
Crude OR

Adjusted OR

Large for gestational age (>90th percentile)
Crude OR

Adjusted OR

Very large of gestational age (>97th percentile)
Crude OR

Adjusted OR

Reference
Reference

Reference
Reference

Reference
Reference

Reference
Reference

Reference
Reference

Reference
Reference

Reference
Reference

Reference
Reference

Reference
Reference

0.952 (0.793-1.143)
0.951 (0.749-1.209)

1.140 (0.646-2.010)
1.015 (0.476-2.163)

0.957 (0.464-1.974)
1.182 (0.470-2.728)

0.896 (0.703-1.142)
0.959 (0.703,1.309)

0.836 (0.521-1.339)
0.961 (0.537-1.716)

0.891 (0.623-1.275)
0.890 (0.571-1.388)

1.294 (1.016-1.648)
1.217 (0.877-1.260)

0.975 (0.849-1.120)
1.051 (0.877-1.260)

1.123 (0.950-1.328)
1.071 (0.856-1.339)

1.108 (0.888-1.382)
1.096 (0.779-1542)

0.700 (0.389-1.260)
0.825 (0.301-2.257)

0561 (0.267-1.176)
0.701 (0.222-2.217)

0.944 (0.710-1.255)
1.029 (0.662-1.599)

0.975 (0.554-1.716)
0.965 (0.413-2.256)

1.092 (0.704-1.694)
0.824 (0.432-1.570)

1.003 (0.767-1.312)
1.015 (0.655-1.573)

0.901 (0.769-1.056)
1.026 (0.799-1.316)

1.122 (0.921-1.367)
1.052 (0.769-1.439)

0.923 (0.648-1.315)
0.947 (0.586-1.530)

0.636 (0.256-1.583)
0.741 (0.206-2.668)

1.081 (0.241-4.844)
1.211 (0.203-7.228)

0.715 (0.465-1.100)
0.787 (0.435-1.423)

0.610 (0.276-1.350)
0.846 (0.256-2.791)

0.973 (0.474-1.995)
0.653 (0.253-1.685)

1.149 (0.710-1.859)
1.066 (0.564-2.017)

0910 (0.696-1.188)
1.084 (0.721-1.483)

1.023 (0.737-1.420)
0.983 (0.623-1.549)

Data are Odds Ratios (OR) with 95% confidence interval (Cl). Analyses were adjusted for matemal BMI, paternal age, infertility cause, parity, infertility duration, FET cycle rank, infertility
cause, fertilization method, number of embryos transferred, embryo developmental stage at transfer, the type of endometrial preparation, endometrial thickness, year of treatment, and

newborn sex.
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Strategy A Strategy B t value P-value
Female age (years) 30.59 + 4.45 30.73 + 4.54 0.280 0.779
Advanced female (>35 years old) (%) 19.66% (35/178) 22.07% (32/145) = 0.596
Male age (years) 32.39 + 4.66 32.48 + 5.81 0.152 0.880
BMI [kg/mQ) 22.27 +2.81 22.06 + 4.25 0.543 0.588
Basal FSH (IU/L) 6.78 +1.74 6.94 + 2.06 0.783 0.434
Basal Ez (UL) 161.40 £ 92.47 166.80 + 138.80 0.339 0.735
Basal P (IUL) 3.00 + 6.51 3.09 +8.16 0.110 0.912
Basal PRL (IU/L) 24.29 + 46.66 385.90 + 86.11 1.543 0.124
Basal LH (IUL) 528 £3.32 6.28 +9.24 1.348 0.179
Basal T (U/L) 195+4.78 2.98 +7.80 1.453 0.147
PGT-A (%) 41.57% (74/178) 46.21% (67/145) - 0.404
PGT-SR (%) 48.31% (86/178) 46.90% (68/145) o 0.800
PGT-M (%) 10.11% (18/178) 6.90% (10/145) = 0.307

BMI, body mass index; FSH, follicle-stimulating hormone; E», estrogenic hormone; P, progestational hormone; PRL, prolactin; LH, luteinizing hormone; T, testosterone.
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Strategy A

Fertilization (%) 82.74% (2364/2857)
Cleavage (%) 98.73% (2334/2364)
High-quality embryo on day 3 (%) 48.46% (1131/2334)
Blastocyst (%) 53.51% (1249/2334)
High-quality blastocyst (%) 47.73% (1114/2334)
Biochemical pregnancy (%) 48.31% (86/178)
Clinical pregnancy (%) 43.26% (77/178)
Abortion (%) 10.39% (8/77)
Live birth (%) 38.76% (69/178)

Strategy B

83.37% (1817/2179)
97.69% (1775/1817)
52.06% (924/1775)
52.56% (933/1775)
42.31% (751/1775)
68.97% (100/145)
66.21% (96/145)
13.54% (13/96)
57.24% (83/145)

P-value

0.547
0.010
0.022
0.546
<0.001
<0.001
<0.001
0.528
<0.001

Rate of fertilization: the number of fertilized oocytes/the number of matured oocytes.

Rate of cleavage: the number of cleaved embryos/the number of fertilized oocytes.

Rate of high-quality embryo: the number of high-quality embryos/the number of cleaved embryos.
Rate of blastocyst: the number of blastocysts/the number of cleavage embryos.

Rate of high-quality blastocyst: the number of high-quality blastocysts/the number of cleavage embryos.

Rate of biochemical pregnancy: the number of biochemical pregnancies/the number of TET cycles.
Rate of clinical pregnancy: the number of clinical pregnancies/the number of TET cycles.

Rate of abortion: the number of abortions/the number of clinical pregnancies.

Rate of live birth: the number of deliveries with live births/the number of TET cycles.
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Strategy A

PGT-TET cycles (n) 178

No. of blastocysts biopsied (n) 1187
Euploid blastocyst (%) 35.80% (425/1187)
Aneuploid blastocyst (%) 63.35% (752/1187)
Mosaic blastocyst (%) 10.45% (124/1187)
No-results blastocyst (%) 0.93% (11/1187)

Strategy B

145
902
25.28% (228/902)
68.40% (617/902)
22.95% (207/902)
5.65% (51/902)

P-value

<0.001

0.016
<0.001
<0.001

Rate of euploid blastocyst: the number of euploid blastocysts/the number of blastocysts biopsied.
Rate of aneuploid blastocyst: the number of aneuploid blastocysts/the number of blastocysts biopsied.
Rate of mosaic blastocyst: the number of mosaic blastocysts/the number of blastocysts biopsied.
Rate of no-results blastocyst: the number of no-results blastocysts/the number of blastocysts biopsied.
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Strategy A Strategy B t value P-value
No. of births (n) 70 85 = -
Apgar score 10.00 + 0.00 9.95 +0.27 1.505 0.134
Weight (g) 3346 + 52920 3290 + 61200  0.607 0545
Height (cm) 50.03 + 2.37 50.04 + 2.32 0.037 0.971





OPS/images/fendo.2022.852620/fendo-13-852620-g001.jpg





OPS/images/fendo.2022.852620/fendo-13-852620-g002.jpg





OPS/images/fendo.2022.865807/fendo-13-865807-g002.jpg





OPS/images/fendo.2022.865807/fendo-13-865807-g001.jpg





OPS/images/fendo.2022.865807/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.900499/table5.jpg
Maternal age (years)
<30
30-<35
35-<40
=40
Paternal age (years)
<30
30-<35
35-<40
>40
Primary infertiity
Nulliparous
ART
IVF-Fresh cycles
IVF-Frozen cycles
PGT
Pregnancy outcomes (weeks)
Delivery, =37
Pregnancy losses, 12-<20
Pregnancy losses, 20-<28
Delivery, <28
Delivery, 28-<34
Delivery, 34—<37
Congenital anomalies
Chromosomal abnormalities, not elsewhere classified
Congenital malformations of the nervous system
Congenital malformations of eye, ear, face, and neck
Congenital malformations of the circulatory system
Congenital malformations of the respiratory system
Cleft lip and cleft palate
Other congenital malformations of the digestive system
Congenital malformations of genital organs
Congenital malformations of the urinary system

Congenital malformations and deformations of the musculoskeletal system

Other congenital malformations
Multi-malformations
ICSI
Fertilization failure cycles (2PN rate < 25%)
Embryos transferred
1
2
3
Constant

0.307
1.145
3.693

0.502
-0.390
-0.475
-0.100

1.420

0.225
15.323

-36.392
-36.846
17.039
-2.657
-0.625

1.521
3.380
2.418
3.180
1613
2113
20.081
17.320
2.605
1.212
2.504
0.540
-1.716

-0.180
-0.002
1.768

P-value

0.120
0.511
0.098
0.032

0.241
0.295
0.499
0.555
0.794
0.007

0.808
0.514
0.996

0.000
0.990
0.986
0.998
0.000
0.226

0.004
0.021
0.004
0.000
0.006
0.079
0.019
0.998
0.990
0.001
0.054
0.001
0.161
0.002

0.931
0.750
0.999
0.999

OR

1.359
3141
40.158

1.653
0.677
0.622
0.904
4.138

1.253
4,515,108

0.000
0.000
25,118,306
0.070
0.535

4.575
29.363
11.228
24.037

5.016

8.271

525,983,590
33,278,477

13.536

3.360
12.228

1.716

0.180

0.836
0.998
5.859

95% Cl for OR

Lower

0.545
0.808
1.382

0.645
0.219
0.128
0.426
1.478

0.637
0.000

0.000
0.000
0.000
0.030
0.194

1.253
3.037
3.631
2.451
0.829
1.420
0.000
0.000
3.085
0.980
2779
0.807
0.061

0.278
0.160

Upper

3.391
12.208
1167.321

4.232
2.098
3.009
1.920
11.581

2.465

0.163
1.473

16.709
283.891
34.715
235.762
30.334
48.187

59.390
11.512
53.808
3.649
0.528

2516
6.239

OR, odds ratio; Cl, confidence interval; 2PN, 2 pro-nuclei; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization; PGT, preimplantation genetic testing.
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Treatment cycles
Pregnancy outcomes
Pregnancy losses (weeks)
12-<20 (%)
20-<28 (%)

Delivery (weeks)*
<28 (%)
28-<34 (%)
34-<37 (%)
>37 (%)

Live births* (%)

Live birth infants
Congenital anomalies
Healthy

Live birth weight (g)
<1,500 (%)
1,600-<2,500 (%)
2,500-<4,500 (%)
24,500 (%)
Unknown

Live birth height (cm)
Unknown

Relatively positive prognosis

1258

0 (0.00%)
0 (0.00%)

0 (0.00%)
1,258 (100.00%)
37 (2.94%)
197 (15.66%)
308 (24.48%)
716 (56.92%)
1,258 (100.00%)
1,749
1,306 (74.61%)
444 (25.39%)
2,616.06 + 754.53
132 (7.56%)
544 (31.10%)
1,004 (57.40%)
10 (0.57%)
59 (3.37%)
47.25 + 4.29
677 (38.71%)

Poor prognosis

748

665 (88.90%)
204 (27.27%)
461 (61.63%)
83 (11.10%)
1(0.13%)

60 (8.02%)

8 (1.07%)

14 (1.87%)

18 (2.41%)

22
21 (95.45%)

1 (4.56%)™*
1,936.07 + 1186.61
7 (31.82%)

2 (9.09%)

5 (22.73%)

0 (0.00%)

8 (36.36%)
40.33 + 7.58
13 (59.09%)

Al

2006

665 (33.15%)
204 (10.17%)
461 (22.98%)
1,341 (66.85%)
38 (1.89%)
257 (12.81%)
316 (15.75%)
730 (36.39%)
1,276 (63.61%)
1,771
1,326 (74.87%)
445 (25.13%)
2,610.48 + 761.01
139 (7.85%)
546 (30.83%)
1,009 (66.97%)
10 (0.56%)
67 (3.78%)
4719 + 437
690 (38.96%)

P-value

<0.001

<0.001

<0.001

0.025

0.001
<0.001

<0.001

*Number of deliveries at or above 28 weeks gestation and deliveries under 28 weeks but with live births.
*Number of cycles having one or more live births.
**Newbormn died with no congenital anomalies.
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Relatively positive prognosis Poor prognosis All p-value

Treatment cycles 1,258 748 2,006 f
Protocol (%)

Stimulate protocol 990 (78.70%) 595 (79.55%) 1,585 (79.01%) 0.400
Micro stimulate protocol 117 (9.30%) 57 (7.62%) 174 (8.67%)

Natural cycle 151 (12.00%) 96 (12.83%) 247 (12.31%)

ART (%)

IVF-Fresh cycles 515 (40.94%) 307 (41.04%) 822 (40.98%) 0.181
IVF-Frozen cycles 500 (39.75%) 358 (47.86%) 858 (42.77%)

PGT 20 (1.59%) 12 (1.60%) 32 (1.60%)

Fertilization cycles

IVF-ET (%) 592 (64.07%) 395 (70.54%) 987 (66.51%) 0.011
ICSI (%) 332 (35.93%) 165 (29.46%) 497 (33.49%)

Unknown (%) 334 (26.55%) 188 (25.13%) 522 (26.02%) /
IVF (include rescue ICSI) (%)* 592 395 987 7
No. of 2PN embryos/No. of cocytes collected (%) 4,708/7,069 (66.60%) 2,801/4,259 (65.77%) 7,500/11,328 (66.29%) 0.363
No. of fertilization embryos/No. of oocytes collected (%) 5,462/7,069 (77.27%) 3,319/4,259 (77.93%) 8,781/11,328 (77.52%) 0.414
ICSI (include half-ICSI) (%)* 332 165 497 /
No. of mature oocytes/No. of oocytes collected (%) 3,671/4,205 (87.30%) 1,781/2,110 (84.41%) 5,452/6,315 (86.33%) 0.002
No. of 2PN embryos/No. of mature oocytes (%) 2,676/3,671 (72.90%) 1,226/1,781 (68.84%) 3,902/5,452 (71.57%) 0.002
No. of fertilization embryos/No. of mature oocytes (%) 2,921/3,671 (79.57%) 1,361/1,781 (76.42%) 4,282/5,452 (78.54%) 0.008
Fertilization failure cycles (2PN rate < 25%) (%)* 47 (5.09%) 61 (10.89%) 108 (7.28%) <0.001
Embryos transferred (%)

1 233 (18.52%) 192 (25.63%) 425 (21.19%) <0.001
2 951 (75.60%) 507 (67.69%) 1,458 (72.68%)

3 74 (5.88%) 49 (6.54%) 123 (6.13%)

Embryo stage at transfer (%)

Cleavage stage 825 (65.58%) 484 (64.62%) 1,309 (65.25%) 0.691

Blastocyst stage

433 (34.42%)

264 (35.25%)

697 (34.75%)

*Out of the 2,006 IVF cycles, IVF laboratory information was collected for 1,484 cycles (73.98%).
2PN, 2 pro-nuclei: ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization; PGT, preimplantation genetic testing.
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Relatively positive prognosis Poor prognosis All P-value

Treatment cycles 1,258 748 2,006 /'

Maternal age (years) 31.77 + 4.30 32.95 + 4.80 3221 +£4.58 <0.001
<30 (%) 401 (31.88%) 194 (25.94%) 595 (29.66%) <0.001
30-<35 (%) 532 (42.29%) 284 (37.97%) 816 (40.68%)
35-<40 (%) 274 (21.78%) 195 (26.07%) 469 (23.38%)
>40 (%) 51 (4.05%) 75 (10.03%) 126 (6.28%)

Maternal body mass index (kg/m?) 22.39 £ 3.16 22.66 + 3.52 22.49 + 3.30 0.115
<18.5 (%) 81 (7.72%) 42 (6.94%) 123 (7.44%) 0.533
18.56-<24.0 (%) 681 (64.92%) 392 (64.79%) 1,073 (64.87%)
24.0-<28.0 (%) 230 (21.93%) 128 (21.16%) 358 (21.64%)
>28.0 (%) 57 (5.43%) 43 (7.11%) 100 (6.05%)

Unknown (%) 209 (16.61%) 143 (19.12%) 352 (17.55%) /
Paternal age (years) 33.44 £ 527 34.75 + 5.93 33.93 + 5.56 <0.001

<30 (%) 287 (22.85%) 151 (20.19%) 438 (21.86%) <0.001

30-<35 (%) 490 (39.01%) 235 (31.42%) 725 (36.18%)

35-<40 (%) 335 (26.67%) 208 (27.81%) 543 (27.10%)

>40 (%) 144 (11.46%) 154 (20.59%) 298 (14.87%)

Unknown (%) 2 (0.16%) 0 (0.00%) 2 (0.10%) /
Paternal body mass index (kg/mz) 24.85 + 3.55 24.75 + 3.33 24.81 +3.47 0.559

<18.5 (%) 27 (2.75%) 14 (2.39%) 41 (2.61%) 0.784

18.5-<24.0 (%) 382 (38.86%) 242 (41.30%) 624 (39.77%)

24.0-<28.0 (%) 404 (41.10%) 235 (40.10%) 639 (40.73%)

>28.0 (%) 170 (17.29%) 95 (16.21%) 265 (16.89%)

Unknown (%) 275 (21.86%) 162 (21.66%) 437 (21.78%) /
Infertility duration (years) 4.19 £ 3.21 4.06 +3.10 414 £ 317 0.389
Primary infertility (%) 728 (57.87%) 384 (51.34%) 1,112 (55.43%) 0.004
Nulliparous (%) 1,125 (89.43%) 641 (85.70%) 1,766 (88.04%) 0.013
IVF indications (%)

Pelvic and tubal disorder 457 (36.33%) 265 (35.43%) 722 (35.99%) 0.455

Ovulatory disorder 98 (7.79%) 58 (7.75%) 156 (7.78%)

Endometriosis 34 (2.70%) 21 (2.81%) 55 (2.74%)

Mixed female infertility factors 74 (5.88%) 28 (3.74%) 102 (5.08%)

Other female infertility factors* 6 (0.48%) 4 (0.53%) 0 (0.50%)

Oligo-, asthen-, and/or terato-spermia 215 (17.09%) 132 (17.65%) 347 (17.30%)

Ejaculation disorder 9 (0.72%) 2(0.27%) 1(0.55%)

Azoospermia 43 (3.42%) 32 (4.28%) 75 (3.74%)

Mixed female and male infertility factors 230 (18.28%) 136 (18.18%) 366 (18.25%)

Chromosomal abnormality 6 (1.27%) 10 (1.34%) 26 (1.30%)

Unexplained 76 (6.04%) 60 (8.02%) 136 (6.78%)

*Other female infertility factors, including uterine malformations and immune infertility.
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ICD-10 code

Q00-Q07
Q10-Q18
Q20-Q28
Q30-Q34
Q35-Q37
Q38-Q45
Q50-Q56
Q60-Q64
Q65-Q79

Q80-Q89
Q90-Q99

/

Item

No. of cycles (%)
No. of congenital anomalies (%)

Congenital malformations of the nervous system
Congenital malformations of eye, ear, face, and neck
Congenital malformations of the circulatory system
Congenital malformations of the respiratory system
Cleft lip and cleft palate

Other congenital malformations of the digestive system
Congenital malformations of genital organs

Congenital malformations of the urinary system
Congenital malformations and deformations of the musculoskeletal
system

Other congenital malformations

Chromosomal abnormalities, not elsewhere classified

Multi-malformations

*Persistent intrauterine pregnancy, intrauterine pregnancy of 12 weeks or more.

Pregnancy
losses

30,202
716 (2.37%)

69 (0.23%)
8(0.03%)
134 (0.44%)
3(0.01%)
28 (0.09%)
7(0.02%)
0(0.00%)
18 (0.06%)
41 (0.14%)

43 (0.14%)
272 (0.90%)

93 (0.31%)

Delivery

138,068
1,290
(0.93%)
96 (0.07%)
93 (0.07%)
440 (0.32%)
54 (0.04%)
67 (0.05%)
68 (0.05%)
27 (0.02%)
86 (0.06%)
156 (0.11%)

86 (0.06%)
38 (0.03%)

79 (0.06%)

Al

168,270
2,006
(1.19%)
165 (0.10%)
101 (0.06%)
574 (0.34%)
57 (0.03%)
95 (0.06%)
75 (0.04%)
27 (0.02%)
104 (0.06%)
197 (0.12%)

129 (0.08%)
310 (0.18%)

172 (0.10%)

OR 95% CI

/
2,575 (2.348, 2.823)

3.291 (2.415, 4.485)
0.393 (0.191, 0.809)
1.394 (1.148, 1.692)
0.254 (0.079, 0.812)
1.911 (1.229, 2.971)
0.470 (0.216, 1.024)
/(p =0.015)
0.957 (0.576, 1.590)
1.202 (0.852, 1.696)

2.288 (1.586, 3.299)
33.010 (23.504,
46.362)
5.395 (3.996, 7.284)
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Delivery
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Unadjusted OR (95%Cl) Adjusted OR (95%Cl)

Clinical pregnancy rate 1.048 (0.906-1.211) 1.086 (0.93-1.267)
Early spontaneous abortion rate 1.189 (0.934-1.512) 1.248 (0.973-1.602)
Live birth rate 0.932 (0.802-1.083) 0.951 (0.808-1.120)
Twins 1.606 (1.177-2.191) 1.431 (0.994-2.060)

The analysis was adjusted for female age, number of previous FET failures, BMI, AFC, endometrial thickness on the day of embryo transfer, thin endometrium and number of transferred
embryos. Cl, Confidence interval: FET, Frozen-thawed embryo transfer.
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HRT (395) L-Ol (457) P value

VPTD 0.25% (1/395) 0.66% (3/457) 0.390
PTD 5.82% (23/395) 6.13% (28/457) 0.852
Term birth 86.33% (341/395) 87.96% (402/457) 0.476
Postterm delivery 7.59% (30/395) 5.25% (24/457) 0.162
Neonatal weight (g) 3459.86 + 468.92 3419.74 + 519.33 0.240
Newborn’s sex 0.441
Male 54.94% (217/395) 52.30% (239/457)

Female 45.06% (178/395) 47.70% (218/457)

LBW 2.78% (11/395) 3.06% (14/457) 0.810
Macrosomia 10.38% (41/395) 10.72% (49/457) 0.871
SGA 5.06% (20/395) 5.69% (26/457) 0.687
LGA 18.23% (72/396) 17.72% (81/457) 0849
GDM 7.85% (31/395) 8.32% (38/457) 0.803
HDP 6.33% (25/395) 4.60% (21/457) 0.264
PROM 5.06% (20/395) 3.58% (17/457) 0.337
Placenta previa 0.25% (1/395) 0.44% (2/457) 0555
Others 0.76% (3/395) 1.09% (5/457) 0.882
Congenital malformation 1.27% (5/395) 0.22% (1/457) 0.168

Data are presented as the mean + SD for continuous variables and % (n/N) for categorical variables. Student's t test was used for continuous variables, and the Pearson'’s chi-squared test
was used for categorical variables with Fisher's exact test when necessary.

VPTD, very preterm delivery; PTD, preterm delivery; LBW, low birth weight; SGA, small for gestational age; LGA, large for gestational age; GDM, gestational diabetes mellitus; HDP,
hypertensive disorders of pregnancy; PROM, premature rupture of membranes.
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Unadjusted OR (95%Cl) Adjusted OR (95%Cl)

Very preterm delivery (VPTD) 0.384 (0.040-3.707) 0.222 (0.021-2.368)
Preterm delivery (PTD) 0.947 (0.536-1.637) 1.054 (0.585-1.898)
Postterm delivery 1.483 (0.852-2.582) 1.147 (0.643-2.049)
LBW 0.906 (0.407-2.020) 0.875 (0.385-1.989)
Macrosomia 0.964 (0.622-1.496) 0.951 (0.607-1.491)
SGA 0.687 (0.884-1.610) 0.751 (0.404-1.398)
LGA 0.849 (0.729-1.469) 1.122 (0.780-1.614)
GDM 0.925 (0.573-1.494) 0.959 (0.584-1.575)
HDP 1.384 (0.780-2.456) 1218 (0.678-2.187)
Placenta previa 0.577 (0.052-6.392) 0.881(0.067-11.634)
Congenital malformation 5.846 (0.680-50.253) 5.370 (0.606-47.591)

The analysis was adjusted for female age, number of previous FET failures, BMI, AFC, endometrial thickness on the day of embryo transfer, thin endometrium and number of
transferred embryos.

Cl, confidence interval: FET, frozen embryo transfer; VPTD, very preterm delivery; PTD, preterm delivery; LBW, low birth weight; SGA, small for gestational age; LGA, large for gestational
age; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy; PROM, premature rupture of membranes.
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Characteristics

Female age (y)

Male age (y)

Body mass index (kg/m2)
Type of infertility

Primary infertility
Secondary infertility
Indication for IVF

Tubal factor
Endometriosis

Ovulatory dysfunction
Male factor

Others

Mixed factors

Duration of Infertility (y)
Basal serum FSH level (IU/L)
Basal antral follicle count

HRT (6549)

31.14 £ 4.40
32.20 + 5.34
23.98 + 3.29

42.80% (2803/6549)
57.20% (3746/6549)

36.11% (2365/6549)
0.37% (24/6549)
12.98% (850/6549)
17.50% (1146/6549)
5.08% (333/6549)
27.96% (1831/6549)
347 +2.84
7.20 + 19.06

17.76 £ 8.15

L-Ol (1461)

30.31 £ 4.06
31.25 + 4.56
2402 +3.16

46.41% (678/1461)
53.59% (783/1461)

31.35% (458/1461)
0.55% (8/1461)
14.37% (210/1461)
21.01% (308/1461)
5.61% (82/1461)
27.04% (395/1461)
3.34 £ 2.67
6.15 £2.25
20.14 £7.22

P value

0.000
0.000
0.634
0.012

0.001
0.321
0.155
0.001
0.410
0.477
0.000
0.000
0.000

Data are presented as the mean = SD for continuous variables and % (n/N) for categorical variables. Student's t test was used for continuous variables, and the Pearson’s chi-squared test
was used for categorical variables with Fisher's exact test when necessary.
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Characteristics HRT (1461) L-OI (1461) P value
Female age (y) 30.14 + 4.04 30.31 + 4.06 0.250
Male age (y) 31.12 £ 4.83 31.25 + 4.56 0.479
Body mass index (kg/m2) 24.03 £ 3.38 24.02 £ 3.16 0.773
Type of infertility 0.251
Primary infertiity 48.53% (709/1461) 46.41% (678/1461)

Secondary infertility 51.47% (752/1461) 53.59% (783/1461)

Indication for IVF

Tubal factor 34.84% (509/1461) 31.35% (458/1461) 0.045
Endometriosis 0.41% (6/1461) 0.55% (8/1461) 0.592
Ovulatory dysfunction 12.80% (187/1461) 14.37% (210/1461) 0.214
Male factor 18.89% (276/1461) 21.08% (308/1461) 0.139
Others 4.93% (72/1461) 5.61% (82/1461) 0.408
Mixed factors 28.13% (411/1461) 27.04% (395/1461) 0.508
Duration of Infertility (y) 3.40 + 2.61 3.34 £ 2,67 0.533
Basal serum FSH level (IU/L) 6.15 + 2.58 6.15£2.25 0.986
Basal antral follicle count 19.85 + 7.35 2014 £7.22 0.295

Data are presented as the mean = SD for continuous variables and % (n/N) for categorical variables. Student's t test was used for continuous variables, and the Pearson’s chi-squared test
was used for categorical variables with Fisher's exact test when necessary.
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Characteristics HRT (1461) L-Ol (1461) P value
Number of previous FET failures 0.11 £ 0.330 0.16 + 0.422 0.000
Endometrial thickness on the day of embryo transfer (mm) 891 +1.38 9.63 +1.82 0.000
Thin endometrium 41.07% (60/1461) 27.38% (40/1461) 0.042
Number of transferred embryos 1.47 £ 0.50 1.42 + 0.49 0.002
One 52.57% (768/1461) 58.38% (853/1461)
Two 47.43% (693/1461) 41.62% (608/1461)
Development stage of the embryo 0.604
D3 31.69% (463/1461) 30.80% (450/1461)
D5/D6 68.31% (998/1461) 69.20% (1011/1461)

Data are presented as the mean + SD for continuous variables and % (n/N) for categorical variables. Student’s t test was used for continuous variables, and the Pearson’s chi-squared test

was used for categorical variables with Fisher's exact test when necessary.
FET, Frozen embryo transfer.
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HRT (1461)

Clinical pregnancy rate 50.17% (733/1461)
Early spontaneous abortion rate 10.95% (160/1461)
Live birth rate 36.41% (5632/1461)
Singletons 78.01% (415/532)
Twin 21.99% (117/532)

L-OI (1461)

49.01% (716/1461)
9.38% (137/1461)
37.99% (655/1461)
85.05% (472/555)
14.95% (83/555)

P value

0.529
0.159
0.379
0.003

Data are presented as % (n/N) for categorical variables. The Pearsonc?2 test was used for categorical variables with Fisher’'s exact test when necessary.





OPS/images/fendo.2022.830414/table4.jpg
(Constant)

Maternal age

<30 (reference)

30-34

35-39

>40

Maternal BMI (kg/m?)
<185

18.5-22.9 (reference)
23-27.4

>27.5

Paternal age

Parity, high order (versus 0)
Infertility duration (years)
FET cycle rank, High order (versus First)
Infertility cause

Tubal factors (reference)
PCOS

Endometriosis

Diminished ovarian reserve.
Uterine factors

Male

Unexplained

Fertilization method

IVF (reference)

ICSI

VF+ICSI

Number of embryos transferred, >2 (versus 1)
Embryo developmental stage at transfer, Day 5/6 (versus Day 3)
FET endometrial preparation, Artificial cycle (versus Natural

cycle)

Endometrial thickness (mm)
<8 (reference)

8-11

>11

Year of treatment
2010-2012 (reference)
2013-2015

2016-2017

Gestational age (week)
Newborn gender, female (versus male)

Unstandardized coefficients Std. error Standardized coefficients

-3532.855

-4.313
-14.879
-13.387

-109.739

86.312
157.905
1.556
62.961
1.282
26.116

9.216

2194
-10.895
-10.179
-14.409
-7.991

-18.255
4.260
22.384
71.030
-15.143

32.475
45.989

-61.556
-77.498
178.687
-137.516

99.754

9.513
13.020
21.706

11.516

8.825
22.417
0.932
13.955
1.364
7.516

14.497
13.278
20.651
26.186
12.591
14.833

9.320
12.769
10.540
11.139
8.558

13.767
14.243

13.940
14.127
2.429
7.200

Beta

-0.004
-0.013
-0.006

-0.072

0.075
0.053
0.017
0.034
0.007
0.027

0.005
0.001

-0.004
-0.003
-0.010
-0.004

-0.017
0.003
0.018
0.053
-0.013

0.033
0.045

-0.063
-0.079
0.548
-0.141

t

-35.416

-0.453
-1.143
-0.617

-9.580

9.781
7.044
1.669
4.512
0.940
3.474

0.636
0.165
-0.528
-0.389
-1.144
-0.539

-1.959
0.334
2124
6.377
-1.769

2.361
3.229

-4.416
-5.486
73.556
-19.098

P value

<0.001

0.650
0.253
0.537

<0.001

<0.001
<0.001
0.095

<0.001
0.347
0.001

0.525
0.869
0.598
0.697
0.252
0.590

0.050
0.739
0.034
<0.001
0.077

0.018
0.001

<0.001
<0.001
<0.001
<0.001
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Dilution (IHCO)

ERa Rabbit abcam ab32063 1:200 1:1000
ERB Mouse santa $¢-390243 1:100 1:500
CLDN3 Rabbit abcam ab52231 1:100 1:500
OCLN Mouse santa s¢-133256 1:200 1:1000
AQP3 Rabbit abcam ab125219 1:100 1:500
AQP4 Rabbit abcam ab259318 1:100 1:500
AQP8 Mouse santa sc-81870 1:100 1:500
SCNN1o Rabbit sigma SAB5200105 1:100 1:500
SCNN1B Rabbit sigma SAB5200106 1:100 1:500
SCNN1y Rabbit sigma SAB5200107 1:100 1:500

THC, immunohistochemistry; WB, Western blot
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Previous CS Previous VD

Spontaneous ART (n =174) IVF (n = 126) ICSI (n = 48) Fresh ET FET (n = 105) Cleavage Blastocyst Spontaneous
conception (n =69) (n=132) (n =42 conception (n = 95)
(n=70)
n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Pregnancy complications
Gestational hypertension 10 (14.3) 32 (18.4) 26 (20.6) 6(12.5) 7o) 25 (23.8) 20 (15.2) 12 (28.6) 8(8.4)
Preeclampsia 7 (10.0) 14 (8.0) 10(7.9) 4(8.9) 3 (4.3 11 (10.5) 9(6.9) 5(11.9) ;
GDM 14 (20.0) 48 (27.6) 34 (27.0) 14 (29.2) 19 (27.5) 29 (27.6) 32 (24.2) 16 (38.1) 17 (17.9)
Placental anomalies of implantation
Placenta previa 0 (0.0 16 (9.2) 8171} 7 (14.6) 8(11.6) 8(7.6) 14 (10.6) 2(4.8) 1(1.1)
Low-lying placenta 0(0.0 529 43.2 1(2.1) 3.3 2(1.9 4 (3.0 1(2.4) 1(1.1)
Velamentous placenta 6 (8.6) 23(13.2) 17 (13.5) 6(12.5) 12 (17.4) 11 (10.5) 23(17.4) 0(0.0) 8 (B3
Placenta accreta spectrum 9(12.9) 22128 15 (11.9) 7 (14.6) 229 20 (19.0) 19 (14.4) B(7.1) 12 (12.6)
Other complications
Placental abruption 1(1.4) 1(0.6) 0(0.0) 1@2.1) 0 (0.0 1(1.0) 1(0.8) 0(0.0) 0 (0.0
Postpartum hemorrhage 0 (0.0 10 (6.7) 7 (5.6) 3(6.9) 4 (5.8 618.7) 8(6.1) 2(4.8) 0 (0.0
pPROM 7 (10.0) 36 (20.7) 26 (20.6) 10 (20.8) 10 (14.5) 26 (24.8) 25(18.9) 11(26.2) 16 (16.8)
Uterine rupture 1(1.4) 0(0.0 0(0.0 0(0.0) 0 (0.0 0 (0.0 0(0.0 0(0.0) 0(0.0
Cesarean section 69 (98.6) 167 (96.0) 119 (94.4) 48 (100.0) 64 (92.8) 103 (98.1) 127 (96.2) 40 (95.2) 82 (86.3)
Infants
PTB 82/140 (68.6) 240/348 (69.0) 168/252 (66.7) 72/96 (75.0) 90/138 (65.2) 150/210 (71.4) 178/264 (67.4) 62/84 (73.8) 98/190 (51.6)
Very PTB 4/140 (2.9) 24/348 (6.9) 18/252 (7.1) 6/96 (6.3) 12/138 (8.7) 127210 6.7) 20/264 (7.6) 4/84 (4.8) 4/190 (2.1)
LBW 27/140 (19.3) 149/348 (42.8) 100/252 (39.7) 49/96 (61.0) 62/138 (44.9) 87/210 (41.4) 115/264 (43.6) 34/84 (40.5) 28/190 (14.7)
Macrosomia 0 (0.0 0(0.0 0(0.0 0(0.0) 0 (0.0 0 (0.0 0(0.0 0(0.0) 0 (0.0
Apgar score < 7 at 1 min 3/140 (2.1) 25/348 (7.2) 7/252 (2.8) 18/96 (18.8) 10/138 (7.2) 15/210 (7.1) 14/264 (56.3) 11/84 (13.1) 8/190 (4.2)

ART, assisted reproductive technology; CS, Cesarean section; VD, vaginal delivery, IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ET, embryo transfer; FET, frozen-thawed ET; GDM, gestational diabetes
mellitus; pPROM, preterm prelabor rupture of the membranes; PTB, preterm birth; LBW, low birthweight.
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ART vs. Spontaneous conception ICSl vs. IVF FET vs. ET Cleavage vs. Blastocyst

aRRP (95%Cl) P-value aRR°® (95%Cl) P-value aRRY (95%Cl) P-value aRR® (95%CI) P-value
Pregnancy complications
Gestational hypertension 2.06 (1.27-3.35) 0.003 1.39 (0.77-2.52) 0.280 1.38 (0.64-2.97) 0.411 0.53 (0.28-0.99) 0.047
Preeclampsia 1.51 (0.76-3.00) 0.243 1.83 (0.68-4.91) 0.230 0.50 (0.16-1.57) 0.231 0.27 (0.09-0.84) 0.024
GDM 1.39 (1.15-1.67) <0.001 1.26 (0.93-1.73) 0.142 0897 (0.71-1.32) 0.969 1.74 (1.16-2.60) 0.007
Placental anomalies of implantation
Placenta previa 1.31 (0.75-2.28) 0.338 0.16 (0.02-1.20) 0.074 1.22 (0.44-3.35) 0.703 1.51(0.47-4.83) 0.485
Low-lying placenta 1.69 (0.54-5.35) 0.370 0.92 (0.18-4.64) 0.914 5.08 (0.60-42.86) 0.136 4.21 (0.49-36.10) 0.190
Velamentous placenta 2.46 (1.70-3.56) <0.001 2.46 (1.35-4.48) 0.003 1.75 (0.86-3.56) 0.122 0.85 (045-1.62) 0.625
Placenta accreta spectrum 2.07 (1.61-2.66) <0.001 0.77 (0.47-1.27) 0.312 1.62 (1.00-2.63) 0.053 1.18(0.756-1.87) 0.465
Other complications
Placental abruption 1.82 (0.68-4.82) 0.231 1.39 (0.23-8.48) 0.719 ND? 2.52 (0.28-22.37) 0.407
Postpartum hemorrhage 8.65 (3.83-19.57) <0.001 1.13(0.30-4.32) 0.858 0.81(0.17-3.80) 0.7e2 0.34 (0.08-1.53) 0.165
pPROM 0.93 (0.67-1.28) 0.646 0.49 (0.24-1.00) 0.049 1.10 (0.65-1.85) 0.719 2.69 (1.21-5.95) 0.015
Uterine rupture 2.66 (0.75-8.51) 0.132 ND? 1.60 (0.16-16.10) 0.690 ND?
Infants
PTB 1.34 (1.01-1.77) 0.045 0.52 (0.26-1.03) 0.059 0.87 (0.52-1.46) 0.603 2.24 (1.00-5.01) 0.050
Very PTB 1.21 (0.563-2.77) 0.650 ND? 0.89 (0.21-3.83) 0.871 1.05 (0.19-5.65) 0.959
LBW 1.42 (0.93-2.16) 0.097 0.34 (0.10-1.10) 0.070 0.87 (0.40-1.90) 0.718 1.67 (0.56-4.98) 0.362
Macrosomia 1.12 (0.76-1.65) 0.561 1.58 (0.76-3.30) 0.224 6.07 (1.39-26.59) 0.017 0.59 (0.28-1.26) 0.174
Apgar score < 7 at 1 min 0.98 (0.40-2.38) 0.966 ND? 0.11 (0.02-0.76) 0.025 0.18 (0.02-0.77) 0.026

ART, assisted reproductive technology; CS, Cesarean section; VD, vaginal delivery; aRR, adjusted risk ratio; Cl, confidence interval; ND, not defined; GDM, gestational diabetes mellitus; pPROM, preterm prelabor
rupture of the membranes; PTB, preterm birth; LBW, low birthweight.

@Because of zero counts in one cell.

bRRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, and education level.

°RRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, education level, embryo transfer methods, and embryo developmental
stage.

9RRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, education level, fertilization modes, and embryo developmental stage.
®RRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, education level, fertilization modes, and embryo transfer methods.
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Previous CS

Previous VD

Spontaneous conception ART IVF ICSI Fresh ET FET Cleavage Blastocyst Spontaneous conception
(n = 5,289) (n =492) (n = 365) (n=127) (n=173) (n =319) (n = 360) (n=132) (n =7,156)
n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Maternal age
< 35 years 4,106 (77.6) 276 (56.1) 196 (63.7) 80 (63.0) 98 (56.6) 178 (55.8) 186 (561.7) 90 (68.2) 5,823 (81.4)
36-39 years 934 (17.7) 150 (30.5) 115 (31.5) 35 (27.6) 55 (31.8) 85 (29.8) 118 (32.8) 32 (24.2) 978 (13.7)
> 40 years 249 (4.7) 66 (13.4) 54 (14.8) 12(9.4) 20 (11.6) 46 (14.4) 56 (15.6) 10 (7.6) 355 (6.0)
Cause of infertility
PCOS ND? 54 (11.0) 42 (11.5) 12 (9.4) 0(0.0) 54 (16.9) 33(9.2) 21(15.9) ND?
Tubal factor ND? 343 (69.7) 258 (71.0) 84 (66.1) 109 (63.0) 234 (73.4) 241 (66.9) 102 (77.3) ND?
Endometriosis ND# 44 (8.9) 36 (9.9) 8(6.3) 932 35 (11.0) 26(7.2) 18 (13.6) ND#
Male factor ND? 188 (38.2) 72 (19.7) 116 (91.3) 57 (32.9) 131 (41.1) 139 (38.6) 49 (37.1) ND?
Unexplained ND? 56 (11.4) 45 (12.9) 118.7) 19 (11.0) 37 (11.6) 37 (10.3) 19 (14.4) ND?
Interpregnancy interval
< 6 months 158 (3.0) 24 (4.9) 24 (6.6) 0(0.0) 12 (6.9 12 (3.8 16 (4.4) 8(6.1) 247 (3.5)
6-12 months 322 (6.1) 92 (18.7) 73 (20.0) 19 (15.0) 28 (16.2) 64 (20.1) 77 (21.4) 15 (11.4) 4,445 (62.1)
> 12 months 4,809 (90.9) 376 (76.4) 268 (73.4) 108 (85.0) 133 (76.9) 243 (76.2) 267 (74.2) 109 (82.6) 2,464 (34.4)
First birth conceived through ART
Yes 0(0.0 126 (25.6) 84 (23.0) 42 (33.1) 46 (26.6) 80 (25.1) 82 (22.8) 44 (33.3) 0 (0.0
No 5,289 (100.0) 366 (74.4) 281 (77.0) 85 (66.9) 127 (73.4) 239 (74.9) 278 (77.2) 88 (66.7) 7,156 (100.0)
Education level
< 9years 3,188 (60.3) 293 (59.6) 219 (60.0) 74 (58.3) 95 (564.9) 198 (62.1) 206 (57.2) 87 (65.9) 4,634 (64.8)
> 9 years 2,101 (39.7) 199 (40.4) 146 (40.0) 53 (41.2) 78 (45.1 121 (37.9) 154 (42.8) 45 (341 2,522 (35.2)
Smoking
Yes 0(0.0 2(0.4) 2(0.5 0(0.0 0 (0.0 2(0.6) 1(0.3 1(0.8) 0 (0.0
No 5,289 (100.0) 490 (99.6) 363 (99.5) 127 (100.0) 173 (100.0) 317 (99.4) 358 (99.7) 131 (99.2) 7,156 (100.0)
Alcohol consumption
Yes 1(0.0) 0(0.0 0(0.0 0(0.0 0 (0.0 0 (0.0 0(0.0) 0(0.0) 3 (0.0
No 5,288 (100.0) 492 (100.0) 365 (100.0) 127 (100.0) 173 (100.0) 319 (100.0) 360 (100.0) 132 (100.0) 7,153 (100.0)
Other previous intrauterine operation®
Yes 4,637 (87.7) 444 (90.2) 322 (88.2) 122 (96.1) 160 (92.5) 284 (89.0) 327 (90.8) 117 (88.6) 6,381 (89.2)
No 652 (12.3) 48 (9.8) 43 (11.8) 5(3.9) 13 (7.5) 35 (11.0) 33(9.2) 15(11.4) 775 (10.8)
Maternal body mass index
< 24 kg/m? 777 (14.7) 147 (29.9) 106 (29.0) 41 (32.9) 42 (24.3) 105 (32.9) 97 (26.9) 50 (37.9) 1,616 (21.2)
> 24 kg/m? 4,512 (85.3) 345 (70.1) 259 (71.0) 86 (67.7) 131 (756.7) 214 (67.1) 263 (73.1) 82 (62.1) 5,640 (78.8)

ART, assisted reproductive technology, CS, Cesarean section; VD, vaginal delivery; IVF, in vitro fertilization, ICSI, intracytoplasmic sperm injection,; ET, embryo transfer; FET, frozen-thawed ET; ND, not defined.
Cause of infertility of someone may be more than 1 cause possible.

@Because of zero counts in one cell.

bincluded curettage, surgical termination of pregnancy and evacuation of retained products of conception.
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Previous CS Previous VD

Spontaneous ART (n = 174) IVF (n = 126) IcsI FreshET  FET (n = 105) Cleavage Blastocyst Spontaneous conception
conception (n = 48) (n =69) (n=132) (n =42) (n = 95)
(n=70)
n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Maternal age

< 35 years 56 (80.0) 116 (66.7) 83 (65.9) 33 (68.8) 48 (69.6) 68 (64.8) 83 (62.9) 33 (78.6) 83 (87.4)
36-39 years 10 (14.3) 51 (29.3) 37 (29.4) 14 (29.3) 18 (26.1) 33 (31.4) 43 (32.6) 8(19.0) 10 (10.5)
> 40 years 4(6.7) 7(4.0) 6 (4.8 1(4.0) 34.3 4(3.8) 6 (4.5) 1(2.4) 2{2.1)
Cause of infertility

PCOS ND? 22 (12.6) 16 (12.7) 6 (12.5) 0(0.0) 22 (21.0) 16 (12.1) 6 (14.3) ND#
Tubal factor ND? 115 (66.1) 104 (82.5) 11(22.9) 47 (68.1) 68 (64.8) 88 (66.7) 27 (64.9) ND?
Endometriosis ND? 27 (156.5) 20 (15.9) 7 (14.6) 6(8.7) 21(20.0) 21(15.9) 6 (14.3) ND?
Male factor ND? 82 (47.1) 41 (32.5) 41 (85.4) 28 (40.6) 54 (561.4) 51(38.6) 31 (73.8) ND?
Unexplained ND? 6(3.4) 6(4.8) 0 (0.0 34.3 3(2.9 6 (4.5 0 (0.0 ND?
Interpregnancy interval

< 6 months 3 (4.3 4(2.3) 2(1.6 242 0(0.0 4 (3.8 2.5 2(4.8 5(6.3)
6-12 months 9(12.9) 40 (23.0) 27 (21.4) 13 (27.1) 14 (20.3) 26 (24.8) 34 (25.8) 6 (14.3) 76 (80.0)
> 12 months 58 (82.9) 130 (74.7) g7 7T7.0) 33 (68.8) 85 (79.7) 75 (71.4) 96 (72.7) 34 (81.0) 14 (14.7)
First birth conceived through ART
Yes 0 (0.0 45 (25.9) 28 (22.2) 17 (35.4) 12(17.4) 33 (31.4) 28 (21.2) 17 (40.5) 0(0.0)
No 70 (100.0) 129 (74.1) 98 (77.8) 31 (64.6) 57 (82.6) 72 (68.6) 104 (78.8) 25 (89.5) 95 (100.0)
Education level

< 9years 52 (74.3) 96 (65.2) 70 (55.6) 26 (564.2) 48 (69.6) 48 (45.7) 71 (563.8) 25 (69.5) 81 (85.9)
> 9 years 18 (25.7) 78 (44.8) 56 (44.4) 22 (45.8) 21 (30.4) 57 (54.3) 61 (46.2) 17 (40.5) 14 (14.7)
Smoking
Yes 0.0 1(0.6) 1(0.8) 0(0.0 0(0.0 1(1.0) 1(0.8) 0.0 0 (0.0
No 70 (100.0) 173 (99.4) 1256 (08.2) 48 (100.0) 69 (100.0) 104 (99.0) 131 (99.2) 42 (100.0) 95 (100.0)
Alcohol consumption
Yes 0 (0.0 0(0.0) 0(0.0 0 (0.0 0(0.0 0 (0.0 0(0.0 0 (0.0 0 (0.0
No 70 (100.0) 174 (100.0) 126 (100.0) 48 (100.0) 69 (100.0) 105 (100.0) 132 (100.0) 42 (100.0) 95 (100.0)
Other previous intrauterine operationb
Yes 58 (82.9) 162 (93.1) 116 ©2.9) 46 (95.8) 61 (88.4) 101 (96.2) 123 (93.2) 891829 89 (80.5)
No 12 (1.1} 12 (6.9) 10(7.9) 24.2 8(11.6) 4(3.8) 9(6.8) 8{7.1) 9 (9.5)
Maternal body mass index

< 24 kg/m? 6 (82.9) 57 (32.8) 41 (32.5) 16 (33.3) 22(31.9) 35 (33.9) 42 (31.8) 16 (86.7) 7(7.4)
> 24 kg/m? 64 (91.4) 117 (67.2) 85 (67.5) 32 (66.7) 47 (68.7) 70 (66.7) 90 (68.2) 27 (64.9) 88 (92.6)

ART, assisted reproductive technology, CS, Cesarean section; VD, vaginal delivery; IVF, in vitro fertilization, ICSI, intracytoplasmic sperm injection,; ET, embryo transfer; FET, frozen-thawed ET; ND, not defined.
Cause of infertility of someone may be more than 1 cause possible.

@Because of zero counts in one cell.

bincluded curettage, surgical termination of pregnancy and evacuation of retained products of conception.





OPS/images/fphys-13-808079/fphys-13-808079-t003.jpg
Previous CS

Previous VD

Spontaneous ART IVF ICSI Fresh ET FET Cleavage Blastocyst Spontaneous conception
conception (n = 492) (n = 365) (n=127) (n=173) (n =319) (n = 360) (n=132) (n =7,156)
(n = 5,289)

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Pregnancy complications
Gestational hypertension 169 (3.2) 43 (8.7) 30 (8.2) 13(10.2) 9%2) 34 (10.7) 259 18 (13.6) 185 (2.7)
Preeclampsia 110 (2.1) 16 (3.9) 10 (2.7) 64.7) 6 (3. 10@3.1) 925 7 (6.3 109 (1.5)
GDM 807 (17.1) 131 (26.6) 91 (24.9) 40 (31.5) 47 (27.2) 84 (26.3) 109 (30.3) 22 (16.7) 837 (13.1)
Placental anomalies of implantation
Placenta previa 132 2.5) 19(.9) 18 (4.9 1(0.8) 6 (3.5 13 (4.1) 15 (4.2) 4 (3.0 102 (1.4)
Low-lying placenta 33 (0.6) 7(1.4) 5(1.4) 2(1.6) 1(0.6) 6(1.9 6(1.7) 1(0.8) 41 (0.6)
Velamentous placenta 186 (3.5) 42 (8.5) 26 (7.1) 16 (12.6) 10 (6.8) 32 (10.0) 29(8.1) 13(9.8) 354 (4.9)
Placenta accreta spectrum 409 (7.7) 85(17.93) 68 (18.6) 17 (13.4) 21 (12.1) 64 (20.1) 60 (16.7) 25 (18.9) 203 (2.8)
Other complications
Placental abruption 38 (0.7) 5(1.0 3(0.8) 2(1.6) 0 (0.0 5(1.6) 4(1.1) 1(0.8) 77 (1.1)
Postpartum hemorrhage 18 (0.3) 10 (2.0) 7119 3(2.4) 3(1.7) 71289 5(1.4) 5(3.8) 33 (0.5)
pPROM 544 (10.3) 556 (11.2) 47 (12.9) 8(6.9) 21 ¢l2.1) 34 (10.7) 48 (13.9) 7 (6.3 1,408 (19.6)
Uterine rupture 14 (0.9) 3(0.6) 3(0.8) 0(0.0) 1(0.6) 2(0.6) 3(0.8) 0(0.0 0 (0.0
Cesarean section 4,767 (90.1) 471 (95.7) 349 (95.6) 122 (86.1) 168 @7.7) 302 (94.7) 350 (97.2) 121491.7) 920(12.9)
Infants
FTB 394 (7.4) 86{11.2) 46 (12.6) 8.1) 24 (13.9) 31(9.7) 48 (13.9) 7 6.3 482 (6.7)
Very PTB 51 (1.0) a{(1.8 a{2.5) 0(0.0) 3(1.7) 6(1.9) 7{1.8) 2 (1.5) 73(1.0)
LBW 181 (3.4) 26 (5.3) 23 (6.3) (2 4) 1(6.4) 154.7) 22 (6.1) 4 (3.0 212 (3.0
Macrosomia 310 (56.9) 29(6.9) 18 (68.2) 0(7.9 2(1.2) 27 (8.5) 14 (3.9) 15 (11.4) 441 (6.2)
Apgar score < 7 at 1 min 67 (1.3) 6(1.2 6(1.6) (O 0) 4(2.3 2(0.6) 3(0.8) 3(2.3) 73(1.0)

ART, assisted reproductive technology; CS, Cesarean section; VD, vaginal delivery, IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; ET, embryo transfer; FET, frozen-thawed ET; GDM, gestational diabetes
mellitus; pPROM, preterm prelabor rupture of the membranes; PTB, preterm birth; LBW, low birthweight.
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Author Type of
(vear) studies
Shakerian ~ Retrospective
etal. (36)  cohort study
Simeonov  Retrospective
etal (37)  cohort study
Guo etal. Retrospective
(13) cohort study.
Lvetal Retrospective
(21) cohort study.
Tomicet al. Retrospective
(22) cohort study.
Nishihara  Retrospective
etal. (20)  cohort study
Eftekhar Retrospective
et al. (5) cohort study.
Ovayolu Retrospective
etal (23)  study.
Song et al. Retrospective
(24) cohort study.
Chan et al. Retrospective
(25) cohort study.
Holden Retrospective
etal. (26)  cohort study.
Oron et al. Retrospective
(11) cohort study.
Ribeiro Retrospective
etal. (16)  cohort study.
Wuetal.  Retrospective
(27) cohort study.
Zhao et al. Retrospective
(28) cohort study.
Aydin Prospective
etal (19) cross-
sectional
study.
Zhao et al.  Retrospective
(29) cohort study.
Chen et al. Retrospective
(30) cohort study.
Okohue Prospective
etal (31)  study.
Al-Ghamdi  Retrospective
etal (32)  cohort study.
Richter Retrospective
etal. (33)  cohort study
Yoeli et al.  Prospective
(34) study.
Weissman  Retrospective
etal. (7) cohort study.
Noyes Prospective
etal (35  study.

Time- No.of No.of
period patients cycles

10/
2016-
08/
2019
01/
2009-
12/
2017
01/
2017-
12/
2018
01/
2013-
12/
2016
2010-
2017

NA 273

2343 5133

3157 NA

13909 15012

552 552

1/
2018-
03/
2019
05/
2016-
05/
2018
2005-
2013

746 746

1000 1000

359 359

o1/
2013-
12/
2017
01/
2012-
12/
2016
05/
2004-
12/
2012
01/
2008-
12/
2014
01/
2010-
12/
2014
01/
2011-
12/
2013
01/
2009-
05/
2011
NA

9511 4278

162 162

6331 6180

864 5546

2827 3350

2106 2106

1933 3319

593 593

01/
2009-
05/
2011
01/
2003-
12/
2008
05/
2005-
04/
2006
01/
2003-
12/
2005
01/
2002-
12/
2005
1998-
2000
1994-
1995
10/
1991-
06/
1992

1933 3319

2896 2896

251 251

2464 2464

1294 1294

783 1218
NA 7

477 516

Stimulation protocol

COH: GnRH-agonist/
antagonist protocol.

COH: GnRH-agonist/
antagonist protocol.

NC/Mild stimulation/COH:
GnRH-agonist long/agonist
short/antagonist protocol.

COH: GnRH-agonist long/
agonist short/antagonist/
minimal-stimulation/
ultralong/other protocol.
NC.

Clomiphene citrate-based
minimal stimulation.

COH: GnRH-agonist/
antagonist protocol.

COH: GnRH-agonist long/
antagonist protocol.

COH: short GnRH-agonist
long protocol/prolonged
protocol.

COH: GnRH-agonist/
antagonist protocol.

COH: GnRH-agonist/
antagonist protocol.

NC; COH: GnRH-agonist
long/agonist short/
antagonist protocol.

COH: GnRH-antagonist
protocol.

COH: GnRH-antagonist
protocol

COH: HMG stimulation
protocol.

COH: GnRH-agonist/
antagonist protocol.

COH: HMG stimulation
protocol.

COH: GnRH-agonist long
protocol.

COH: GnRH-agonist long
protocol.

COH: GnRH-agonist long/
agonist short protocol.

COH

COH: GnRH-agonist long/
agonist short protocol.
COH: GnRH-agonist long
protocol.

COH: GnRH-agonist/Only
Gn stimulation/CC+ Gn
stimulation protocol.

ART
treatment

IVF

IVF/CSI

IVF/ICSI

IVF/ICSI

IVF

IVF/ICSI

IVF/CSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/CSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVF/ICSI

IVFACSI

IVF

Type
of
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles

Fresh
cycles
Fresh
cycles
Fresh
cycles

Female
age
(Mean =
SD)

36 (33-
4004

NA

31.52 +
417

3128+
5.29

33.93 =
3.41
38.1+

0

NA

3132+
4.01

28.93 £
3.23

3381+
3.65

356
(82.2-
39.2) #

3249
5.12

NA

3194 +
371

3120+
4.60

26.86 +
4.68

3118
4.62

31.00 £
3.90

30.58 +
3.35

30.83
5.45

33.67 +
3.47

32.86 +
4.70

35.90 £
4.20

E2 on
ovulation
triggering

day
1,353.12 +
754.13

NA

NA

3,289.68 +
1,916.22

250.14 +
70.87

NA

NA

2,299.56 +
1,033.96

NA

1,886.10 +
1,399.90

1,711
(1,012-
2,691) #

NA

NA

277120 +
1,649.66

3,489.70 +
2,112.20

NA

3,489.62 +
2,112.21

2107.30 +
1,596.10

NA

NA

2,553.67 +
991.13

1,320.78 +
1,053.67
NA

1,465.00 +
798.00

EMT

group
(mm)

<7,7-
14,
>14.

&,

<7.5,
>7.5.

&Fs
>7.

<7,7-
14,
>14.
s
>7.

<7,7-
14,
>14.

<7,7-
14,
>14.
<7,7-
14,
>14.

<7,7-
14,
>14.

i 8
>7.

<7.5,
>7.5.

<7,
>7.

<7,7-
14,
>14.

<7,7-
14,
>14.

<7,7-
14,
>14.

<7,7-
14,
>14.

<0,iT=
14,
>14.

<7,7-
14,
>14.

<7, 7-
14,
>14.

<l il=
14,
>14.

7-14,
>14.
7-14,
>14.
<7,7-
14,
>14.

EMT

measured

day

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG

trigger.

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

hCG trigger

Outcomes

LBR, MR.

LBR

PA/PP/
HDP/SGA/
LGAPTD/
BW.
LBR.

CPR.

CPR.

CPR

LBR.

CPR/IR

LBR/CPR.

LBR

PAPP
HDP/SGA/
LGA/BW.

LBR/CPR/

PTD/BW.

CPR/IR

CPR/IR

CPR/IR

CPR/IR

CPR

CPR

CPR

LBR/CPR

CPR/IR

CPR/IR

CPR/IR

ART, artificial reproductive technology; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; E2, estradiol; COH, controlled ovarian hyperstimulation; GnRH, gonadotropin
releasing hormone; Gn, gonadotrophin; CC, Clomiphene citrate; NC, natural cycle; EMT, endometrial thickness; hCG, human chorionic gonadotrophin; PA, placenta abruption;
PP, placenta previa; HDP, hypertensive disorders of pregnancy; SGA, small-for-gestational-age; LGA, large-for-gestational-age; PTD, preterm delivery; BW, birthweight; LBR, live birth
rate; CPR, clinical pregnancy rate; MR, miscarriage rate; IR, implantation rate; NA, Not applicable. 2) E2 (pg/m): data are presented as mean + SD. 3) *: mean+ SEM; #: median

(interquartile range).
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(n=14,099)
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Singleton pregnancies
(n =13496)
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v

Women with previous CS

Women with previous VD

v

Twin pregnancies
(n=603)

|

v

Women with previous CS

v

Women with previous VD

(n=5781) (n=7715) (n =244) (n=359)
v [ v v v v v v v
SC group ART group SC group ART group SC group ART group SC group ART group
(n =5289) (n=492) (n=7156) (n=559) (n=70) (n=174) (n =95) (n =264)

Subgroup analyses

ICSI vs IVF, FET vs ET, Cleavage vs Blastocyst

Subgroup analyses

ICSI vs IVF, FET vs ET, Cleavage vs Blastocyst
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Unadjusted

(8, 95% Cl)
Height Z-score
ET Ref.
FET 0.01 (=0.07, 0.08)
DFT 0.10(=0.02, 0.21)
P wena ® -
Weight Z-score
ET Ref.
FET ~0.14 (-0.27, -0.00)
DFT ~0.05 (~0.26, 0.17)
P trena =
BMI Z-score
ET Ref.
FET 0.07 (-0.02, 0.16)
DFT 0.02 (-0.12, 0.17)
P trena ° =

Model 1
(8, 95% Cl)

Ref.
0.12 (0.00, 0.24)
0.15 (0.00, 0.29)
0.048

Ref.
-0.04 (-0.25, 0.18)
0.06 (-0.22, 0.33)
074

Ref.
0.04 (-0.10, 0.18)
0.06 (-0.12, 0.24)
0.56

Model 2
(8, 95% Cl)

Ref.
0.09 (0.02, 0.16)
0.20 (0.08, 0.31)
0.001

Ref.
-0.21 (-0.35, -0.07)
0.08 (~0.14, 0.30)
0.42

Ref.
-0.03 (-0.12, 0.06)
0.08 (~0.06, 0.23)
0.54

Model 3
(B, 95% CI)

Ref.
0.17 (0.05, 0.28)
0.21 (0.07, 0.35)
0.003

Ref.
-0.12 (-0.33, 0.11)
0.14 (-0.14, 0.41)
0.42

Ref.
-0.05 (-0.19, 0.10)
0.08 (-0.10, 0.27)
0.44

Ref., Reference; Model 1: adjusted for weight gain during pregnancy, parity, endometrial thickness before transplanting, fertilization methods, stage of the embryo, fertilization rate, number
of embryos transferred, type of infertility, male factor, ovulation disorder, tubal factor, endometriosis, and unexplained. Model 2: weight gain during pregnancy, breastfeeding, GDM, the
highest education, income in a month,PIH, occupation, maternal height (height Z-score), maternal weight (weight Z-score), or maternal BMI (BMI Z-score). Model 3: model 1 + model 2 +
premature birth. Bold numbers indicate statistical significance (P < 0.05). Data were analyzed by multiple mixed linear model through R.4.0.
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Variable DFT (N = 745) FET (N = 2980) ET (N = 2980) P-value DFT vs. FET DFT vs. ET FET vs. ET
Gestational age (week) 3917 £1.75 39.10 + 1.71 39.23 + 1.60 0.011* 0.302 0.381 0.003*
Gender 0.014* 0.069 0.005* 0.126
Male (%) 424 (56.9) 1583 (53.1) 1523(51.1)
Female (%) 321 (43.1) 1397 (46.9) 1457 (48.9)
Birth weight (g) 3462.4 + 530.5 3457.9 + 534.3 3411.6 + 517.4 0.001* 0.834 0.019 0.001*
Weight
<1500 70.9) 22(0.7) 13(0.4) 0.173 - - -
1500-2500 19 (2.6) 99 (3.3) 103 (3.5) 0.462 = = =
4000-4500 96 (12.9) 372 (12.5) 343 (11.5) 0.403 N = =
>4500 15 (2.0) 73 (2.4) 53(1.8) 0.193 = - =
Body length (cm) 50.3 £ 2.1 50.3 £ 2.1 503+ 1.9 0.934 = = =
Mode of <0.001* 0.013* <0.001* <0.001*
Vaginal (%) 237 (31.8) 811 (27.2) 1162 (39.0)
Cesarean (%) 508 (68.2) 2,169 (72.8) 1818 (61.0)
GDM (%) 45 (6.0) 244 (8.2) 238 (8.0) 0.141 = = =
HDP (%) 44 (5.9) 204 (6.8) 124 (4.2) <0.001* 0.357 0.040 <0.001*
Breastfeeding (%) 722 (98.1) 2,894 (98.1) 2885 (97.9) 0.914 = = =
SGA (%) 34 (4.6) 115 (3.9) 150 (5.0) 0.089 - - -
LGA (%) 230 (30.9) 877 (29.4) 240 (24.8) <0.001* 0.446 0.001* <0.001*
Preterm birth (%) 47 (8.3) 204 (6.8) 186 (6.2) 0.621 - - =
Perinatal death (%) 10.1) 2(0.1) 1(0.0 0.588 = . =
Neonatal mortality (%) 10.1) 2(0.1) 2(0.1) 0.819 - - -
Polyhydramnios (%) 203 21(0.7) 16 (0.5) 0.362 - - -
Oligohydramnios (%) 32 (4.3) 132 (4.4) 97 (3.3) 0.054 - - -
Placental deformity (%) 13(1.7) 73 (2.4) 67 (2.2) 0.514 - - -
Placenta implantation (%) 1(0.1) 8(0.3) 3(0.1) 0.345
Placenta previa (%) 2(0.3 12 (0.4) 8(0.3) 0.721 - - -
Placental abruption (%) 1(0.1) 2(0.1) 4(0.1) 0.640 =
Abnormal umbilical cord (%) 146 (0.3) 623 (20.9) 571(19.2) 0.233 - - -
Neonatal disease (%) 18 (2.4) 143 (4.8) 84(2.8) <0.001* 0.005* 0.617 <0.001*
Birth defects (%) 18(1.7) 82(2.8) 33(1.1) <0.001* 0.152 0.192 <0.001*

DFT, double frozen embryo transfer; FET, single frozen embryo transfer; ET, fresh embryo transfer; SGA, small for gestational age; LGA. large for gestational age; NICU, neonatal intensive
care unit: GDM, gestational diabetes mellitus; HDP, hypertensive disorder of pregnancy; *means p value was statistically significant.
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Maternal characters
Maternal age (y)
BMI (kg/m?)
Weight gain during
pregnancy (kg)
Parity n (%)
First
Second
Third or more
Type of infertility n (%)
Primary infertility
Secondary infertility
Cause of infertility n (%)
Male factor
Ovulation disorder
Tubal factor
Endometriosis
Unexplained
Others
Embryo characters n (%)
No. of embryos transferred
Endometrial thickness (cm)
Fertilization rate
Stage at ET (%)
Cleavage
Blastocyst
Fertilization methods (%)
IVF
ICSI
PGT

DFT
(N = 745)

30.8 + 4.0
23.8 +3.9
139+80

600 (80.5)
141 (18.9)
4(05)

589 (79.1)
156 (20.9)

717 (96.2)
115 (15.4)
561 (75.3)
57 (7.7)
1(0.1)
363 (49.4)

1.1£04
1.0£02
551 (93.4)

27 (3.6)
716 (96.4)

657 (88.2)
77 (10.3)
11(1.5)

FET
(N = 2,980)

30.8 + 3.9
23.8+3.8
149+76

2464 (82.7)
501 (16.8)
15 (0.5)

1774 (59.5)
1206 (40.5)

1536 (51.5)
718 (24.1)

2222 (74.6)
108 (3.6)
33 (1.1)
122 (4.1)

12£04
1.0£02
2400 (95.0)

98 (3.9)
2882 (96.7)

1878 (63.0)
834 (28.0)
268 (9.0)

ETs
(N = 2,980)

31.0+3.9
23.6 +3.8
149+7.0

2529 (84.9)
442 (14.8)
9(0.3

1664(55.8)
1316 (44.2)

2588 (86.8)
481 (16.1)

2312 (77.6)
111 3.7)
28(0.9)
64 (2.1)

1705
11202
2898 (97.3)

2264 (76.0)
716 (24.0)

2130 (71.5)
826 (27.7)
24(0.8)

P-value

0.134
0.252
0.003*

0.085*

<0.001*

<0.001*
<0.001*
0.022*
<0.001*
<0.001*
<0.001*

<0.001*
<0.001*
<0.001*
<0.001*

<0.001*

Presented as n (%) for categoric variables and mean + SD for continuous variables. DFT,
double frozen embryo transfer; FET, single frozen embryo transfer; ET, fresh embryo
transfer; BMI, body mass index; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm
injection; PGT, preimplantation genetic diagnosis.

*means that the p value was statistically significant.
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after matching

Adjusted OR (95% Cl) P Adjusted OR (95% CI) P
BMI<24.0kg/m2 BMI>24.0kg/m2
age<30year
AMH < 3ng/ml 1.02 (0.68,1.54) 0.909 1.43 (0.68,2.98) 0.342
3ng/ml <AMH<6ng/ml 1.38(0.97,1.97) 0.072 1.06 (0.60,1.89) 0.842
AMH=6ng/ml 1.42 (0.75,2.69) 0.286 1.02 (0.19,5.35) 0.985
age=30year
AMH < 3ng/ml 1.41(1.05,1.91) 0.024* 0.54 (0.32,0.90) 0.018*
3ng/ml <AMH<6ng/ml 0.99 (0.72,1.37) 0.964 2.13(1.19,3.80) 0.011*
AMH=6ng/ml 1.68 (0.81,3.51) 0.164 0.51(0.10,2.55) 0.413

adjusting for confounders of female age, BMI, AMH, AFC, E2, FSH, LH, P, number of good quality embryos, total dose of Gn, duration of Gn.

*Statistically significant (P < 0.05).
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Non-assisted hatching biopsy group (n = 1,088) ICSI group (n = 4,324) P-value
Age (years)* 313.5) 30 () <0.0012
BMI (kg/m3* 22.66 (2.23) 22.27 (2.39) 0.004%
Times of previous miscarriages* None: 32.81% (357) None: 76.48% (3,307) <0.001°

Once: 19.67% (214) Once: 18.94% (819)

Twice or more: 47.52% (517) Twice or more: 4.58% (198)
Parity* Primiparous: 72.24% (786) Primiparous:75.51% (3,265) 0.026°

Multiparous: 27.76% (302) Multiparous: 24.49% (1,069)
Endometrial preparation protocols* NC: 49.63% (540) NC: 58.00% (2,508) <0.001°

HRT: 37.04% (403) HRT: 31.06% (1,343)

Ol: 11.58% (126) Ol: 9.53% (412)

Others: 1.75% (19) Others: 1.41% (61)
Endometrial thickness of transfer day (cm)* 0.9 (0.1) 1.0 (0.1) <0.0012
Serum hCG level (IU/L)/gestational day at sampling (days)* 56.36 (23.71) 60.53 (24.22) <0.001®
PCOS 16.64% (181) 17.55% (759) 0.475°
Uterine congenital anomalies 2.21% (24) 1.50% (65) 0.103°
Untreated uterine fibroid 3.49% (38) 3.45% (149) 0.940°
Thyroid disorders* 11.76% (128) 14.43% (624) 0.023°
Chronic hypertension* 1.29% (14) 2.43% (105) 0.022°
Family history of hypertension* 156.81% (172) 11.22% (485) <0.001°
Type 1 or type 2 diabetes 3.68% (40) 2.59% (112) 0.053°
Family history of diabetes* 6.71% (73) 4.35% (188) 0.001°
History of uterine surgery* 13.05% (142) 16.93% (732) 0.002°

Data are shown as median (quartile deviation, QD) and (%) (number of positive cases).
ICS, intracytoplasmic sperm injection; BMI, body mass index; NC, nature cycle; HRT, hormone replacement treatment; Ol, ovulation induction; hCG, human chorionic gonadotropin;

PCOS, polycystic ovarian syndrome.
“Mann-Whitney U test.

bPearson’s chi-squared test.
*Statistically significant.
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Non-assisted hatching biopsy group (n = 1,088) ICSI group (n = 4,324) P-value
PIH + preeclampsia 4.96% (54) 4.76% (206) 0.784*
Preeclampsia with severe features + eclampsia 0.64% (7) 0.49% (21) 0.517%
GDM* 7.26% (79) 5.04% (218) 0.004*
HDP + GDM 0.55% (6) 0.42% (18) 0.608°
Abnormal placentation 1.38% (15) 1.04% (45) 0.3412
Umbilical cord abnormalities 0.28% (3) 0.05% (2) 0.059°
Abnormal amniotic fluid 1.10% (12) 1.02% (44) 0.804%
Preterm birth 6.43% (70) 6.64% (287) 0.809°
Delivery mode Vaginal: 28.03% (305) Vaginal: 27.61% (1,194) 0.782%

Abdominal: 71.97% (783) Abdominal: 72.39% (3,130)
Neonatal sex ratio Female: 46.78% (509) Female: 49.58% (2,144) 0.099%

Male: 53.22% (579) Male: 50.42% (2,180)
Low birth weight 4.50% (49) 3.91% (169) 0.372%
Postpartum hemorrhage 0.37% (4) 0.21% (9) 0.310°
Prolonged stay for mothers 1.93% (21) 1.39% (60) 0.188%
Prolonged stay for infants 5.61% (61) 4.44% (192) 0.103*

Data are shown as (%) (number of positive cases).

ICSI, intracytoplasmic sperm injection; PIH, pregnancy-induced hypertension; GDM, gestational diabetes; HDP, hypertensive disorders of pregnancy.

Pearson’s chi-squared test.
PFisher's exact test.
*Statistically significant.
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Non-assisted hatching biopsy group (n = 1,088) Matched ICSI group (n = 1,086) P-value
PIH + preeclampsia 4.96% (54) 4.88% (53) 0.929*
Preeclampsia with severe features + eclampsia 0.64% (7) 0.55% (6) 0.783%
GDM* 7.26% (79) 5.16% (56) 0.042*
HDP + GDM 0.55% (6) 0.37% (4) 0.753°
Abnormal placentation 1.38% (15) 1.29% (14) 0.856%
Umbilical cord abnormalities 0.28% (3) 0% (0) =
Abnormal amniotic fluid 1.10% (12) 0.64% (7) 0.2512
Preterm birth 6.43% (70) 6.54% (71) 0.922%
Delivery mode Vaginal: 28.03% (305) Vaginal: 24.59% (267) 0.068%

Abdominal: 71.97% (783) Abdominal: 75.41% (819)
Neonatal sex ratio Female: 46.78% (509) Female: 43.46% (472) 0.120*

Male: 53.22% (579) Male: 56.54% (614)
Low birth weight 4.50% (49) 3.22% (35) 0.1212
Postpartum hemorrhage 0.37% (4) 0% (0) -
Prolonged stay for mothers 1.93% (21) 1.20% (13) 0.168%
Prolonged stay for infants 5.61% (61) 3.96% (43) 0.072%

Data are shown as (%) (number of positive cases).

ICSI, intracytoplasmic sperm injection; PIH, pregnancy-induced hypertension; GDM, gestational diabetes; HDP, hypertensive disorders of pregnancy.

Pearson’s chi-squared test.
PFisher's exact test.
*Statistically significant.
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ART vs. Spontaneous conception ICSl vs. IVF FET vs. ET Cleavage vs. Blastocyst

aRRP (95%Cl) P-value aRR® (95%Cl) P-value aRRY (95%Cl) P-value aRR® (95%Cl) P-value
Pregnancy complications
Gestational hypertension 1.45 (0.70-3.01) 0.318 0.54 (0.24-1.22) 0.137 1.75 (0.71-4.35) 0.226 0.54 (0.26-1.11) 0.090
Preeclampsia 0.97 (0.38-2.51) 0.952 0.84 (0.28-2.51) 0.758 0.87 (0.22-3.51) 0.848 0.44 (0.15-1.32) 0.141
GDM 1.46 (0.75-2.86) 0.268 1.07 (0.63-1.79) 0.813 0.75 (0.41-1.40) 0.367 0.54 (0.29-1.01) 0.053
Placental anomalies of implantation
Placenta previa ND2 1.69 (0.67-4.31) 0.268 0.61(0.23-1.59) 0.310 1.62 (0.34-7.87) 0.547
Low-lying placenta ND? 0.62 (0.08-4.92) 0.647 0.07 (0.04-1.22) 0.068 0.46 (0.03-6.00) 0.549
Velamentous placenta 2.44 (0.96-6.19) 0.061 1.02 (0.44-2.39) 0.963 1.05 (0.48-2.31) 0.907 ND?2
Placenta accreta spectrum 1.44 (0.63-3.30) 0.395 1.48 (0.66-3.27) 0.340 7.28 (1.74-30.50) 0.007 3.38 (1.05-10.83) 0.041
Other complications
Placental abruption 0.40 (0.03-6.34) 0.518 ND? ND? ND?
Postpartum hemorrhage ND2 1.22 (0.33-4.58) 0.766 1.05 (0.27-4.00) 0.949 1.24 (0.23-6.60) 0.799
pPROM 2.24 (0.97-5.18) 0.059 0.88 (0.46-1.68) 0.697 1.57 (0.75-3.30) 0.235 0.75 (0.39-1.46) 0.399
Uterine rupture ND? ND? ND? ND2
Infants
PTB 1.11 (0.87-1.41) 0.419 1.11(0.91-1.37) 0.303 1.08 (0.87-1.34) 0.509 0.97 (0.77-1.23) 0.808
Very PTB 2.41 (0.55-10.51) 0.240 0.88 (0.24-3.21) 0.842 0.72 (0.22-2.31) 0.579 1.34 (0.27-6.75) 0.722
LBW 2.34 (1.37-3.98) 0.002 1.10 (0.79-1.53) 0.569 0.74 (0.54-1.02) 0.062 0.88 (0.59-1.32) 0.540
Macrosomia ND? ND? ND? ND?
Apgar score < 7 at 1 min 3.85 (0.73-15.561) 0.22 6.45 (2.08-19.97) 0.001 0.45 (0.18-1.08) 0.074 0.27 (0.11-0.68) 0.006

ART, assisted reproductive technology; CS, Cesarean section; VD, vaginal delivery; aRR, adjusted risk ratio; Cl, confidence interval; ND, not defined; GDM, gestational diabetes mellitus; pPROM, preterm prelabor
rupture of the membranes; PTB, preterm birth; LBW, low birthweight.

@Because of zero counts in one cell.

bRRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, and education level.

°RRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, education level, embryo transfer methods, and embryo developmental
stage.

9RRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, education level, fertilization modes, and embryo developmental stage.
®RRs were adjusted for maternal age and body mass index at the time of delivery, interpregnancy interval, other previous intrauterine operation, education level, fertilization modes, and embryo transfer methods.





