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Background

Reproductive success shows a well-documented decline with advancing maternal age, primarily due to chromosomal abnormalities (aneuploidies) in embryos. While ovarian reserve markers such as Anti-Müllerian Hormone (AMH) and Antral Follicle Count (AFC) traditionally serve as quantitative predictors of fertility, emerging evidence suggests they may also reflect oocyte quality, particularly in patients with Diminished Ovarian Reserve (DOR). The relationship between these biomarkers and embryo chromosomal status remains complex and poorly understood.





Methods

We conducted a retrospective analysis of in vitro fertilization (IVF) cycles performed between 2015 and 2022, involving 773 female patients who underwent IVF and pre-implantation genetic screening for aneuploidy (PGT-A). Our patient cohort was divided into two groups: Group 1, consisting of women who achieved at least one euploid embryo, and Group 2, comprising women who did not.





Results

The main outcome measures included the rate and number of euploid blastocysts and their correlation with ovarian reserve. Our results showed a statistically significant association between independent variables and embryo ploidy: AMH levels (OR 1.09; 95% CI 1.04-1.14, p<0.001), the age of the woman (OR 0.82; 95% CI 0.79-0.85, p<0.001), the number of oocytes retrieved (OR 1.050; 95% CI 1.01-1.08, p=0.05), and the fertilization rate (OR 6.69; 95% CI 2.67-16.77, p<0.001).





Conclusion

Our findings suggest that AMH levels are associated with embryo ploidy rate. These insights could enhance counseling practices in assisted reproductive technology (ART), offering patients a more detailed understanding of their infertility prognosis and the factors influencing IVF outcomes.
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1 Introduction

It is widely known that there is a strong correlation between female age and the chances of spontaneous conception as well as success with assisted reproductive technologies (ART) (1). This appears to be due to the increased risk of having aneuploid embryos as age increases (2). Another known prognostic factor for ART is ovarian reserve parameters. These indices are important for decision-making, as they provide valuable insights into a woman’s fertility potential. To be effective, ovarian reserve tests (ORTs) need to be user-friendly, reliable, and easily interpretable for follow-up assessments (3).

Anti-Müllerian Hormone (AMH) is a glycoprotein hormone produced by the granulosa cells of the ovarian follicles (4).

AMH signaling is mediated through the AMH type II receptor (AMHRII), which is a serine/threonine kinase receptor (5). The binding of AMH to AMHRII leads to the recruitment and phosphorylation of the AMH type I receptors (ACVR1, BMPR1A, and BMPR1B), which then activate the SMAD signaling pathway (5). This event results in the transcriptional regulation of target genes involved in follicular development and ovarian function (5).

AMH has two key roles in regulating ovarian function: the first is the inhibition of primordial follicle recruitment (5). More in detail, AMH inhibits the initial recruitment of primordial follicles into the growing follicle pool, thereby maintaining the primordial follicle reserve (5). The second role is the modulation of follicular growth, i.e. AMH inhibits the growth of preantral and small antral follicles, slowing their maturation and selection of the dominant follicle (5).

Among the various markers used to assess ovarian reserve, the anti-Mullerian hormone (AMH) and antral follicle count (AFC) stand out as the most predictive indicators of ovarian response to ovarian stimulation. These markers have demonstrated superior reliability in predicting poor ovarian response (POR) compared to other indicators (6–8). Moreover, they are considered highly accurate in forecasting the response to controlled ovarian stimulation, particularly in the context of in vitro fertilization (IVF) treatments (9). Despite recent evidences have shown significant associations between age, AFC, and AMH with embryo quality, the relationship between diminished ovarian reserve (DOR) and an increased risk of aneuploid pregnancies is still a subject of mixed evidence (10, 11). Some researchers revealed that DOR did not exhibit an association with elevated occurrences of aneuploidies among younger women undergoing IVF to achieve pregnancy (12, 13). Conversely, others suggested that blastocysts derived from women with DOR were less likely to be euploid compared to those from women without DOR, even after adjusting for age. The observed reduction in euploid rates correlated with the quantity of oocytes retrieved in these studies (14–16).

The same pattern leading to mixed evidence is found when taking into account papers on non-elderly patients. Indeed, several studies have found an association between low AMH levels and increased aneuploidy rates (17). On the contrary, other authors reported that AMH levels did not differ between women with an aneuploid fetus and those with a euploid fetus (18). Additionally, a secondary analysis of the EAGER study found no statistically significant association between low AMH and fecundability in women with a prior pregnancy loss (19).

Other studies lie in the midst of these perspectives, concluding that serum AMH levels and AFC biomarkers may correlate with both quantitative and qualitative aspects of ovarian reserve within DOR patients’ subgroup. However, due to limitations inherent in the studies analyzed, the underlying cause of this effect remains unclear; this way, establishing a causal relationship between DOR and heightened miscarriage rates due to aneuploidies remains unclear (12–16, 20).

In light of this knowledge, we investigated the association between ovarian reserve markers (AMH and AFC) and euploidy rate in couples undergoing ART and preimplantation genetic testing for aneuploidies (PGT-A).




2 Materials and methods



2.1 Patients inclusion criteria

The present retrospective monocentric study was carried out at Humanitas Research Hospital, Rozzano (Milan, Italy). We evaluated the outcomes of 773 female patients, who underwent both IVF and comprehensive chromosomal screening between 2015 and 2022, selected according to the criteria described below.

We included in the study women with advanced maternal age (AMA), between 35 and 45 years, history of recurrent failure in IVF cycles (RIF) - two or more prior cycles, unexplained recurrent pregnancy loss (RPL) (21).

All women underwent baseline follicular phase ultrasound evaluations for assessing the AFC. Blood samples were collected to measure follicle-stimulating hormone (FSH, on cycle day 2 or 3), and AMH (level greater than 1.2 ng/mL was considered normal) (22). AMH lower than 1.2 ng/mL and AFC lower than 10 have been defined as cut-offs for reduced ovarian reserve.

Severe dyspermic semen samples, according to World Health Organization guidelines, and TeSE samples were excluded from the study. Samples included in the study are expressed as total progressive motile count (TPMC) millions/ejaculate (23).




2.2 Clinical procedures

Ovarian stimulation and oocyte retrieval were performed as described in detail Ragni, Cardellicchio, Cirillo, Somigliana and colleagues (24–27). The protocol and dosage for each patient were tailored based on age, weight, prior response to stimulation and the results of ovarian reserve testing, as described in ESHRE guidelines (28).

The traditional Intracytoplasmic Sperm Injection (ICSI) treatments employed fresh ejaculated semen samples with heterogeneous quality. Embryo culture, and blastocyst biopsy procedures were employed according to internal protocols and quality control standards. Trophectoderm biopsy was conducted on every expanding or completely expanded blastocyst on post-retrieval day 5, 6 and 7, depending on the developmental stage reached by each individual embryo (monitored through time-lapse incubators and graded through the guidelines of ESHRE’s Istanbul consensus) (29).

In-depth PGT-A was conducted on each trophectoderm biopsy sample as described by recent literature (30).




2.3 Study design and statistical analysis

Our patient cohort was stratified into two groups: Group 1, consisting of women who obtained at least one euploid blastocyst, and Group 2, consisting of women who failed to achieve euploid blastocysts. Within the two groups, we also compared AMH levels of patients by further age stratification (<40, ≥40 years).

Data were expressed as number and proportion, if categorical, or mean and standard deviation (± SD), if continuous.

Differences between the two groups were explored with the chi-square test, for continuous variable, or Mann Whitney test, for continuous variable, due to non-Gaussian distribution.

Associations with euploidy rate were explored with fractional response regression. All independent variables showing a p under 0.2 were then submitted to a multivariable fractional response regression analysis. The results were expressed as Odds Ratio (OR) and 95% confidence interval (95%CI). Euploidy was also considered as a dichotomous variable, with 1 indicating the presence of at least one euploid embryo. The association was then explored with logistic regression analysis. All independent variables showing a p under 0.2 were then submitted to a multivariable logistic regression analysis. The results were expressed as odds ratio (OR) and 95% confidence interval (95%CI). Significance threshold was set to 0.05. All analyses were made with Stata version 18.





3 Results



3.1 Baseline characteristics

The baseline characteristics of the studied population are summarized as mean values (± SD). A total of 773 couples were included in the analysis. The mean age of the women was 39.9 ± 3.2 years, while the mean age of the male partners was 41.9 ± 5.1 years. The mean female body mass index (BMI) was 21.9 ± 3.1. Ovarian reserve markers showed an average AMH level of 3.03 ± 2.12 ng/mL, FSH 7.62 ± 2.41 IU/L, and an AFC of 13.9 ± 7.8.

In Group 1 (n = 439), women were younger, with a mean age of 38.9 ± 3.3 years, compared to their male partners at 41.1 ± 4.9 years. The mean female BMI was 22.1 ± 3.1, with corresponding AMH, FSH, and AFC values of 3.37 ± 2.37 ng/mL, 7.47 ± 2.29 IU/L, and 14.5 ± 7.9, respectively.

In contrast, Group 2 (n = 334) showed higher mean ages for both women (41.3 ± 2.5 years) and their male partners (43.0 ± 5.2 years). The mean BMI was 21.8 ± 3.2, with AMH, FSH, and AFC values of 2.59 ± 1.64 ng/mL, 7.82 ± 2.57 IU/L, and 13.1 ± 7.7, respectively.

Statistical analysis revealed significant differences between the groups for female and male ages (P<0.001), FSH (P=0.04), and AFC (P=0.007). Baseline characteristics are also reported and compared in Table 1.


Table 1 | Baseline and IVF cycles characteristics of the investigated couples.






3.2 IVF cycle

IVF cycle characteristics of the entire population examined, expressed as mean (± SD), are as it follows.

Retrieved oocytes: 12.5 (± 5.8); injected oocytes: 8.7 (± 3.4); fertilization rate: 78.1%(± 17.7); fertilized oocytes 6.7(± 3.0). Cleavage embryos: 5097. Biopsied blastocysts: 2,506. Blastulation rate: 48%.

In Group 1, IVF cycle characteristics, expressed as mean (± SD), are as it follows.

Retrieved oocytes: 13.5 (± 5.9); injected oocytes: 9.3 (± 3.2); fertilization rate: 80.1% (± 16.1); fertilized oocytes 7.4(± 2.9). Cleavage embryos: Cleavage embryos: 7.4 (± 2.9). Total number of cleavage embryos: 3160 (62%). Biopsied blastocysts: 1760 (70%). Euploid blastocysts 833/1760 (47%).

In Group 2, IVF cycle characteristics, expressed as mean (± SD), are as it follows.

Retrieved oocytes: 11.3 (± 5.4); injected oocytes: 7.9 (± 3.4); fertilization rate: 75.5% (± 19.3); fertilized oocytes 7 (± 5.6). Cleavage embryos: 6.0 (± 4.2). Total number of cleavage embryos: 1937 (38%). Biopsied blastocysts: 756 (30%). Aneuploid blastocysts: 729. 27 missing blastocysts resulted in inadequate PGT-A analysis, and for this reason were discarded from statistics.

In our analysis we found statistical differences between the two groups according to retrieved oocytes (P<0.001), injected oocytes (P<0.001) and fertilized oocytes (P=0.002).

IVF cycle characteristics are also reported and compared in Table 1.




3.3 Fractional and logistic regression

According to the fractional regression, in univariable analysis: AMH (OR 1.09; 95%CI 1.04-1.14, P<0.001) and woman age (OR 0.82; 95%CI 0.79-0.85, P<0.001) exhibited a strong statistically significant association; the number of retrieved oocyte (OR 1.02; 95%CI 1.00-1.04, P=0.035) and months of unprotected intercourse (OR 1.003; 95%CI 1.00-1.01, P=0.025) showed a significant association. In multivariable analysis, only AMH (OR 1.05, 95%CI: 1.00-1.10, P=0.030) and woman age (OR 0.82, 95%CI 0.79-0.85, P<0.001) remained significantly associated. Table 2 reported and summarized all the parameters investigated.


Table 2 | Logistic regression analysis (univariable and multivariable analysis) of both baseline characteristics and retrieved, injected and fertilization rate.



According to the logistic regression, in the univariable model, women’s age, AMH, FSH, AFC, retrieved oocytes, injected oocytes, and fertilization rate showed a significant positive association with embryo ploidy. The results are as follows. Women’s age: OR 0.73 (95% CI: 0.68-0.78), P<0.001; AMH: odds ratio (OR) 1.22 (95% CI: 1.13-1.32), P< 0.001; FSH: OR 0.94 (95% CI: 0.89-1.00), P=0.045; AFC: OR 1.02 (95% CI: 1.00-1.04), P=0.014; retrieved oocytes: OR 1.08 (95% CI: 1.05-1.11), P<0.001; injected oocytes: OR 1.14 (95% CI: 1.09-1.19), P<0.001; fertilization rate: OR 4.45 (95% CI: 1.97-10.09), P<0.001.

The multivariable logistic regression model incorporated significant predictors identified in the univariable analysis to adjust for potential confounders. The adjusted analysis confirmed that AMH, the number of retrieved oocytes and fertilization rate remain a significant positive predictor of the dependent variable. The results are as follows. AMH: adjusted OR 1.13 (95% CI: 1.03-1.24), P=0.009; retrieved oocytes: adjusted OR 1.05 (95% CI: 1.01-1.08), P=0.005; fertilization rate: adjusted OR 6.69 (95% CI: 2.67-16.77), P<0.001.

In this analysis women’s age maintained a significant negative association: adjusted OR 0.73 (95% CI: 0.68-0.78), P<0.001.

The results of the univariable and multivariable logistic regression analysis are summarized in Table 2.




3.4 AMH and age

Regarding age stratification, the results, expressed as mean (± SD), are as follows.

In Group 1 we found: 230 (52%) ≥40 years women; 209 (48%) <40 years old women; AMH of older women: 3.29(± 2.3); AMH of younger women: 3.43(± 2.3).

In Group 2 we found: 275 (82%) women ≥40 years old; 59 (18%) women <40 years old; AMH of older women: 2.54(± 1.5); AMH of younger women: 2.77 (± 1.6).

Mann-Whitney test evidenced a significant difference between AMH levels belonging to patients of the same age stratification, ≥40 years (P<0.0001). Comparing AMH levels of Group 1 older women (≥40 years) with Group 2 younger women (<40 years) we observed a statistical difference (P=0.0424).

The results of the age stratification analysis are also reported and compared in Table 3.


Table 3 | Age stratification analysis, according to AMH levels.







4 Discussion

The present retrospective study aimed to provide evidences from a large patient’s court on the relationship between DOR and embryo euploidy rate in patients undergoing PGT-A. Our results showed a statistically significant association between woman age, AMH and embryo ploidy.

DOR is influenced by various factors, including autoimmunity and environmental one, indeed oxidative stress, hypoxia, and vitamin D deficiency have been implicated in the pathogenesis of DOR (31–34). Moreover lifestyle factors like smoking, diseases such as endometriosis, and iatrogenic factors like chemotherapy or ovarian surgery can both accelerate follicular depletion and affect ovarian reserve (35–38).

Genetic determinants responsible for DOR remain largely unknown, with only a few genes (GDF9, FMR1, BMP15, and NR5A1) identified as contributors (39–41). This complex array of factors presents significant challenges in developing an effective model for studying DOR.

Age is a well-established factor that negatively impacts ovarian reserve (42). This age-related decline is a natural process and is well-documented in the literature (42–44).

The average age at which women give birth to their first child has increased significantly over the last few decades due to societal changes, including postponing marriage, using contraception, and the introduction of assisted reproductive technology (ART) (45, 46). Biological age is defined by physiology, but it was reported that reproductive aging differed amongst individuals, despite chronological age is a highly significant prognostic factor for fertility and ovarian response in ART cycles (47).

An indicator of an ovary’s biological age appears to be ovarian reserve parameters (47, 48). The quantity and quality of a woman’s eggs, which are essential for fertility, gradually decrease as she moves through her reproductive years. This process shows how responsive the ovarian reserve is to ovarian stimulation (47, 48).

The reduction of ovarian reserve can also have iatrogenic causes, such as chemotherapy. Numerous studies have shown that chemotherapy, particularly regimens containing alkylating agents, can cause direct damage to the primordial follicles, leading to a rapid and irreversible loss of the ovarian reserve (49–54). The degree of ovarian damage depends on the type, dose, and duration of the chemotherapeutic agents used (53, 54). Chemotherapy-induced ovarian damage can result in amenorrhea, premature ovarian failure, and infertility (49–54).

Finally, ovarian surgery, such as cystectomy or oophorectomy, can also have a detrimental impact on ovarian reserve. The removal of ovarian tissue can lead to a direct loss of follicles, resulting in a decreased ovarian reserve (55). Additionally, ovarian and tubal surgery can disrupt the ovarian blood supply, further compromising the remaining ovarian function (56).

The impact of ovarian reserve on oocytes and embryo quality is a widely debated topic in scientific literature, though there are several studies that led to conflicting conclusions (12–15, 20, 57). This might be because there is no universally accepted definition of DOR currently (14, 22, 58).

Despite studies examining DOR patients who underwent IVF as a uniform group produced contrasting results, the relationship between oocytes retrieved and their quality is not well established (59, 60). Some studies have found a link between premature low ovarian reserve and aneuploidy to varying degrees, suggesting a biological link between chromosome segregation and follicular depletion (61, 62).

Studies supporting these findings examined correlations of various attributes, such as oocyte and embryo morphology, rates of aneuploidy in PGT-A, and miscarriage rate (22, 63, 64).

Our findings align with prior research reported in several publications, including those by Katz-Jaffe et al., La Marca et al. and Jaswa et al. (14–16). Our investigation reveals that AMH exhibits a significant association with both embryo ploidy and woman age (P<0.001 for both woman age and AMH, as reported in Tables 2, 4). Surprisingly, our data do not demonstrate a direct association of FSH and AFC with embryo ploidy (P=0.095 and P=0.547, respectively, as reported in Table 4). However, when considering patients of Group 1 compared to those of Group 2, significant associations emerge (P=0.045 for FSH and P=0.014 for AFC, as reported in Table 2). These findings indicate no association between BMI or smoking behavior and embryo ploidy (P=0.078 and P=0.513, respectively, as reported in Table 4) and are consistent with those reported by Goldman and colleagues (65). However, when analyzing the differences between women with at least one euploid embryo versus those without, retrieved oocytes and fertilization rate demonstrate significance (P=0.05 and P<0.001 respectively, as reported in Table 2).


Table 4 | Fractional regression analysis (univariable and multivariable analysis) of both baseline characteristics and retrieved, injected and fertilization rate.



Parameters from the univariable analysis, including FSH, AFC, BMI, smoking status, duration of unprotected intercourse, and the number of injected oocytes, were either not included in the multivariable model or did not retain significance after adjustment for other variables. This suggests that their associations with the dependent variable were not robust to adjustment for other predictors.

Studies have shown that AMH levels decline with advancing age (66). This decline in AMH levels as increasing age is indicative of the gradual decrease in the number of antral follicles and the overall decline in ovarian reserve as women get older (66). Interestingly, we observed a statistical significance between the average AMH levels of the older women belonging to Group 1 (3.29 ± 2.3) and the same parameter of the younger females of Group 2 (2.77 ± 1.6) (P=0.0424). Table 3 also shows statistical significance between AMH levels of ≥40 years women in the two groups. Regarding <40 years women, AMH levels were not statistically significant, as reported in Table 3. These findings are consistent with those reported by Li and colleagues, who demonstrated that AMH levels were significantly greater in cycles with at least one euploid embryo compared to cycles with no normal embryos, despite the number of embryos biopsied (67). This finding suggests that the presence of euploid embryos is associated with higher AMH levels, indicating a potential relationship between ovarian reserve, AMH levels, and embryo ploidy status. This disparity in euploid embryo acquisition between age groups aligns with the concept that age influences both ovarian reserve and the likelihood of producing euploid embryos. Additionally, literature indicates that in older women, aneuploidy rates can reach close to 90% and higher miscarriage rate too (20, 68).

Our study exhibits congruent datasets and conclusions with those presented by Katz-Jaffe, La Marca and Jaswa, Arnanz and colleagues, particularly regarding the age of patients, which tends to be older compared to the findings reported by Fouks and colleagues, where the conclusions differ from ours (13–16, 69).




5 Conclusion

Data about 773 infertile couples undergoing IVF cycle with PGT-A, experiencing a concomitant decline in ovarian reserve, were presented. Though, the quantitative ovarian reserve assessments of the follicular machinery may reflect relative ovarian aging for some women in light of the concurrent decline in euploid rates and lower ovarian reserve reported in this study. Our data showed that AMH and women’s age are associated with embryo ploidy status; on the other hand, FSH or AFC were not associated with AMH.

Achieving a consensus on the clinical definition of ovarian reserve is crucial and conducting multicenter trials is imperative to gain a comprehensive understanding of this concept.

It is essential to acknowledge that our study might be subject to bias due to the internal policy of the center, which restricts access to PGT-A to women with nearly four blastocysts. Consequently, we lack data on individuals who do not meet these criteria, and in some instances, individuals with four blastocysts are not classified as having diminished ovarian reserve. Additionally, the limitations of this study are those typical of the retrospective studies including: potential confounding bias, generalizability concerns and lack of standardized outcome assessments. On the other hand, some relevant strengthens deserve to be mentioned: the large sample size, the thorough assessment of ovarian reserve, the adjustment for possible confounders and the homogeneity in both medical and biological treatment thanks to the constant sharing and review of internal protocols. The achieved findings have the potential to improve counseling practices in the field of ART, enabling patients to gain a more comprehensive perspective on their infertility prognosis and the factors affecting IVF outcomes.
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