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Background: Male and female gametes factors might contribute to the total fertilization failure (TFF). In first in vitro fertilization (IVF) cycles, decision-making of insemination protocol was mainly based on semen quality for the contribution of female clinical characteristics to TFF remained obscure. The purpose of the study was to evaluate the role of semen quality in predicting unexpected TFF.
Methods: A single-center retrospective cohort analysis was performed on 19539 cycles between 2013 and 2021. Two algorithms, a Least Absolute Shrinkage and Selection Operator (LASSO) and an Extreme Gradient Boosting (Xgboost) were used to create models with cycle characteristics parameters. By including semen parameters or not, the contribution of semen parameters to the performance of the models was evaluated. The area under the curve (AUC), the calibration, and the net reclassification index (NRI) were used to evaluate the performance of the models.
Results: The prevalence of TFF were .07 (95%CI:0.07-0.08), and .08 (95%CI:0.07-0.09) respectively in the development and validation group. Including all characteristics, with the models of LASSO and Xgboost, TFF was predicted with the AUCs of .74 (95%CI:0.72-0.77) and .75 (95%CI:0.72-0.77) in the validation group. The AUCs with models of LASSO and Xgboost without semen parameters were .72 (95%CI:0.69-0.74) and .73 (95%CI:0.7-0.75). The models of LASSO and Xgboost with semen parameters only gave the AUCs of .58 (95%CI:0.55-0.61) and .57 (95%CI:0.55-0.6). For the overall validation cohort, the event NRI values were −5.20 for the LASSO model and −.71 for the Xgboost while the non-event NRI values were 10.40 for LASSO model and 0.64 for Xgboost. In the subgroup of poor responders, the prevalence was .21 (95%CI:0.18-0.24). With refitted models of LASSO and Xgboost, the AUCs were .72 (95%CI:0.67-0.77) and .69 (95%CI:0.65-0.74) respectively.
Conclusion: In unselected patients, semen parameters contribute to limited value in predicting TFF. However, oocyte yield is an important predictor for TFF and the prevalence of TFF in poor responders was high. Because reasonable predicting power for TFF could be achieved in poor responders, it may warrant further study to prevent TFF in these patients.
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INTRODUCTION
While there is a trend of increasing use of intracytoplasmic sperm injection (ICSI), the conventional in vitro fertilization (IVF) practice remained an important part of contemporary assisted reproductive technology (ART) practices (Adamson et al., 2018), resulting in an average fertilization rate of 76% (ESHRE Special Interest Group of Embryology and Alpha Scientists in Reproductive Medicine, 2017). However, unexpected total fertilization failure (TFF) still occurred in 5%–20% of IVF treatment cycles (Combelles et al., 2010; Huang et al., 2015). The TFF refers to the failure of all retrieved mature oocytes to form two pronuclear zygotes after insemination in 15–18 h (Shinar et al., 2014). With the TFF, no embryos were available for transfer and the treatments would be canceled. That would incur distressful emotions and excess financial burden for the repeated medical treatment cycles for infertile couples.
ICSI is proven to increase fertilization rates when TFF has previously occurred with conventional insemination (Practice, 2020). Therefore, identifying the potential clinical risk factors and establishing predicting models might help choose the appropriate insemination protocol for patients with high risks of TFF. A few studies have attempted to predict the risks of fertilization failure among patients receiving conventional IVF (Repping et al., 2002; Krog et al., 2015; Li J. et al., 2021; Tian et al., 2022), demonstrating discriminatory powers as the form of AUCs ranging from .72 to .80. However, they still lack a consensus on the key predictors for TFF. For instance, Repping et al. (2002) achieved a notable AUC of .72 with total motile sperm count (TMC) alone while Tian et al. (2022) included a comprehensive set of predictors to report a similar AUC of .74 and the sperm quality diagnoses rather than TMC was used in their model. In addition, the lack of external validation and heterogeneity of the outcomes measured may limit the applicability of these models in clinical practice.
In the first cycle of ART, the decision for selecting ICSI over conventional IVF in patients without absolute indications (Babayev et al., 2014) is generally based on the semen parameters measured during the infertility workup or on the day of ovum pickup (OPU) (Li J. et al., 2021; Bjorndahl et al., 2022; Dcunha et al., 2022). However, the criteria are often arbitrary. While patients with less than 2 million motile spermatozoa might be recommended for ICSI (Dcunha et al., 2022), some authors propose more rigorous criteria (Repping et al., 2002). The work of Repping et al. (2002) might suggest that increasing the minimal TMC requirement for conventional IVF could effectively prevent TFF. Paradoxically, however, TFF may also occur in the conventional IVF treatment cycles with normal semen parameters (Wang and Swerdloff, 2014; Esteves et al., 2017). It is known that female gamete quality might also contribute to TFF (ESHRE Special Interest Group of Embryology and Alpha Scientists in Reproductive Medicine, 2017). However, unlike the male factor, the contribution of female clinical characteristics to TFF remains obscure. As current evidence does not support the use of ICSI solely according to the female characteristics, such as female age and poor response (Practice, 2020), evaluating the relative importance of male and female characteristics in the prediction of TFF may facilitate the decision making on the selection of insemination protocol in the first ART cycle.
In the present study, we retrospectively analyzed 19539 cycles that received their first IVF treatments in our center from January 2013 to December 2021. The aim was to evaluate the value of basic semen parameters in predicting the occurrence of TFF and try to create models to predict unexpected TFF for the patients receiving their first IVF treatment cycles.
MATERIALS AND METHODS
Study subjects
A retrospective cohort analysis was performed on the patients who underwent their first IVF treatment cycles in the Center for Reproduction Medicine of the affiliated Chenggong Hospital of Xiamen University, China, between January 2013 to December 2021. The data from cycles in the period between January 2013 to December 2018 were obtained to create models to predict total fertilization failure (development group). The data from cycles in the period between January 2019 to December 2021 were obtained to validate the models (validation group). The inclusion criteria were the patients receiving their first IVF treatments. The exclusion criteria were patients canceling their ovum pickup (OPU), patients with no oocytes, and patients with no mature oocyte at the fertilization check.
This retrospective study was approved by Institutional Review Board from the Ethical Committee of the Medical College Xiamen University. Informed consent was not necessary, because the research was based on non-identifiable records as approved by the ethics committee.
Treatment protocol and fertilization check
Conventional agonist or antagonist stimulation protocols were used for ovarian stimulation as previously described (Cai et al., 2017). The initial and ongoing dosage was determined according to patients’ age, antral follicle count (AFC), BMI, and ovarian response. An intramuscular injection of human chorionic gonadotropin (4000–6000 IU, hCG; Livzen, China) or a subcutaneous injection of recombinant human chorionic gonadotropin (250 μg, Ovidrel, Merck-Serono, Switzerland) was administrated for final triggering when at least one follicle reached a mean diameter of 18 mm. Ovum puncture under transvaginal ultrasound guidance for oocyte retrieval was performed 34–36 h after hCG injection.
Routine IVF protocol in our center was carried out (Jiang et al., 2022). Cumulus-oocyte complexes were co-cultured with approximate 1.5–3 X 105 progressively motile spermatozoa in pre-equilibrated fertilization culture medium (K-SIFM, Cook) under mineral oil in traditional incubators (C200, Labotect) at 37°C, 6% CO2 and 5% O2 in a humidified atmosphere. After 4 h co-culture, oocytes were denuded and cultured individually in preequilibrated Cleavage Medium (K-SICM, Cook). The culture system and the procedure of semen preparation were kept unchanged in the period of study. Fertilization was determined according to the presence of two pronuclei (2 PN) about 17 h post insemination. It should be confirmed 2 h later if no obvious pronuclei could be observed.
Statistical analyses
The endpoint was total fertilization failure which was defined as the failure of all available oocytes to be fertilized in one IVF cycle. Considering the continuous variables were not normally distributed, they were presented as medians (first quartile, third quartile), while absolute frequencies and percentages (n, %) were used to present the categorical variables.
Two algorithms, a Least Absolute Shrinkage and Selection Operator (LASSO) and an Extreme Gradient Boosting (Xgboost) were used to create models. By including semen parameters or not and with only semen parameters, six different models were established in the end. Variables of female characters contained female age, duration of infertility, female primary infertility, previous IUI failure, female height, female weight, female BMI, PCOS, endometriosis, female basal FSH, female basal LH, female basal PRL, female basal E2, female basal P, female basal T, antral follicle count (AFC). Variables of male characters included male age, male primary infertility, male height, male weight, male BMI, semen volume, sperm concentration, normal morphology, sperm motility, sperm progressive motility, sperm non-progressive motility, total motile sperm count, and normozoospermia. The rest variables were the couple’s secondary infertility and ovarian stimulation characteristics, which included total gonadotropin, Gn duration, total HMG dose, HMG duration, starting dose, FSH/LH/E2/levels on the day of stimulation, total hCG dose, E2/LH/P levels on the day of triggering, follicle count over 14 mm on the day of triggering, follicle count less than 14 mm on the day of triggering, oocyte yield, count of punctured follicles, normal responder, ovarian stimulation protocol. The variables were selected according to the associations between each factor and total fertilization failure (Supplementary Figure S1 and Supplementary Figure S2). In the models of LASSO and Xgboost, three sets of models were established: 1) the fmodels with all the variables included (Lasso and Xgboost with all features), 2) the models with variables except semen parameters (Lasso and Xgboost without semen parameters), 3) the models with only semen parameters included (Lasso and Xgboost with semen parameters only).
The coefficients and intercepts of the models created with the algorithm of LASSO were shown in (Supplementary Table S1). The features showing a non-linear association with total TFF underwent a restricted cubic spline (RCS) transformation with five knots using the rms package for R software to give a better fit. Each transformed feature generates three independent spline variables following the formulas below. Each spline variable was labeled with the original feature name in combination with the numbers 1, 2, or 3. The spline variables in addition to the original feature were used to construct the models.
The receiver operating characteristic (ROC) curve with area under the curve (AUC) was calculated to qualify the predicting power of the models. A 95% confidence interval (95% CI) was calculated for the AUC. The optimal cut-off points of the ROC curves were determined according to Youden`s index. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated accordingly. The agreements between predictions and clinic observations were compared with calibration curves.
For the optimal cut-off points, the Net Reclassification index (NRI) was calculated to evaluate the contribution of semen parameters to the prediction models (Ref.). The net reclassification index (z) is defined as the difference between the correct reclassification and incorrect reclassification cases in either event (z+) or non-event (z−) patients when models were compared.
Additive NRI was defined as follows.
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Absolute NRI was defined as follows.
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Because the consequences of the prediction of the event (TFF) and non-event (fertilization) may be different. We also reported the Event-NRI and Non-Event-NRI, respectively.
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The performance of the models was also evaluated in the subgroups which represent different clinical scenarios. The secondary infertility subgroup referred to the cycles of both males and females who were secondary infertile. The normozoospermia subgroup included the cycles of all parameters that met the baseline of WHO. And the normal responder subgroup included the cycles with the count of retrieved oocytes surpassing 4.
All analyses were performed using R Statistical Software (v4.1.2, R Core Team 2021).
RESULT
A total of 20401 initiated cycles were identified during the study period. With the exclusion of 341 cycles cancelled for OPU, 172 cycles with no oocyte, 163 cycles resulting in no mature oocyte, and 186 cycles with miss values, 19353 cycles were included.
There were14118 cycles included in the development group, the medians of female and male age were 31.0 (28.0–34.0) and 32.0 (29.0–36.0) respectively. The duration of infertility was 3.70 (2.00–6.00). 6730 (47.7%) cycles were secondary infertility of both males and females. 12095 (85.7%) cycles were normal responders to controlled ovarian stimulation protocols and 7793 (55.2%) cycles were normozoospermia. In the end, TFF occurred in 1038 (7.4%) cycles. Another 5421 cycles were included in the validation group, the medians of female and male age were 31.0 (29.0–34.0) and 32.0 (30.0–36.0) respectively. The duration of infertility was 3.10 (2.00–5.00). 2422 (44.7%) cycles were secondary infertility of both males and females. 4638 (85.6%) cycles were normal responders and 2676 (49.4%) cycles were normozoospermia. TFF occurred in 423 (7.8%) cycles. The overall baseline characteristics of the patients were presented in Table 1.
TABLE 1 | Cycle characteristics of patients.
[image: Table 1]With the LASSO algorithm, models of LASSO, LASSO without semen parameters, and LASSO with semen parameters only were established. TFF was predicted with the AUCs of .77 (95%CI:0.76-0.79), .74 (95%CI:0.73-0.76), and .58 (95%CI:0.57-0.60) respectively in development group. In the validation group, the AUCs were .74 (95%CI:0.72-0.77), .72 (95%CI:0.69-0.74), and .58 (95%CI:0.55-0.61) respectively. The other three models, Xgboost, Xgboost without semen parameters, and Xgboost with semen parameters only were created with the algorithm of Xgboost. TFF was predicted with the AUCs of .97 (95%CI:0.96-0.97), .95% (95%CI:0.95-0.96), and .85 (95%CI:0.84-0.86) respectively in development group. In the validation group, the AUCs were .75 (95%CI:0.72-0.77), .73 (95%CI:0.7-0.75), and .57 (95%CI:0.55-0.6) respectively. No matter including semen parameters or not, a comparable result could be observed from the validation group in the models of both algorithms (Table 2; Figure 1). In the models with semen parameters only, the AUCs suggested limited prediction values (Table 2, Supplementary Figure S3).
TABLE 2 | Discrimination of different models in predicting TFF.
[image: Table 2][image: Figure 1]FIGURE 1 | Calibration curves for predicting models.
The importance of each variable in different models was computed with the Xgboost algorithm. The oocyte yield was the most important variable in predicting the occurrence of TFF no matter in the model with or without semen parameters. In the model of semen parameters only, TMC, motility, and sperm concentration showed the best importance (Supplementary Figure S4).
The prediction of TFF was stratified according to the patient subgroup. The TFF occurrence rates ranged from 6% to 21% in different subgroups. A relatively lower prevalence of 6% was observed in the group of secondary infertility, normozoospermia, and normal responder. The prevalence increased in the rest groups, and the highest was achieved in the poor responder group at 21%. The models with or without semen parameters had comparable predictive values and were better than the models with semen parameters only according to the AUCs (Table 3, Supplementary Figure S5).
TABLE 3 | Discrimination of different models in predicting TFF in different patient subgroup.
[image: Table 3]To improve the performance of the models in the poor responder group, we update the models, which were calibrated according to the slope and intercept of the calibration curve. At the same time, we created refitted models, which were constructed from the development data with poor responders only. The coefficients of LASSO models refitted for poor responders were presented in (Supplementary Table S2). The models provided moderate performance after being updated and refitted according to AUCs and calibration curves (Supplementary Table S3 and Supplementary Figure S6).
The NRIs for the overall validation cohort and subgroups suggested that including semen parameters may have a positive effect on the classification of the patients as it provided positive NIR values (Supplementary Table S4). However, the event NRI values suggested that adding semen parameters to the models harms the correct classification of patients with TFF while the positive non-event NRI indicated that it contributed to the classification of patients without TFF. Nevertheless, in the models refitted for poor responders, semen parameters added little or none to absolute NRI and non-event NRI.
DISCUSSION
Main finding
In the present study, we used two algorithms, a Least Absolute Shrinkage and Selection Operator (LASSO) and an Extreme Gradient Boosting (Xgboost), to develop predictive models for TFF in a retrospective cohort including 19539 cycles receiving their first IVF treatments in our center from January 2013 to December 2021. It was found that including semen parameters would limitedly improve the prediction power of the models for TFF in the cycles of IVF. The models without semen parameters could achieve comparable predictive power with the models with semen parameters according to AUCs. On the other hand, the models with only semen parameters had nearly no meaningful predicting value. The count of retrieved oocytes was the most important factor associated with the occurrence of TFF. Furthermore, in the cycles of poor responders, we observed a higher prevalence of TFF and our models could give reasonable predictions.
Interpretation
With or without semen parameters, our models yield comparable discriminatory powers with previous studies (Repping et al., 2002; Li J. et al., 2021; Tian et al., 2022). However, the heterogeneity in the inclusion criteria, outcomes measured, and study design might hamper further comparison between our models and previous ones. For instance, the models of Tian et al. (2022) reported an AUC for TFF in both IVF and ICSI cycles, and the work of Li J. et al. (2021) aimed to predict the combined incidence of TFF and low fertilization rate. Importantly, several studies were not limited to the first cycle (Repping et al., 2002; Li J. et al., 2021; Tian et al., 2022). As ICSI could be used to overcome the failure of fertilization in previous cycles, including multiple cycles for model development risks a potential selection bias. Also, our study was the only study including a temporary validation following model development among the studies mentioned (Repping et al., 2002; Li J. et al., 2021; Tian et al., 2022). The validation warned of a risk of overfitting in certain algorithms. With the same predictors, the Xgboost models underwent a dramatic decrease in discriminatory power while the discriminatory power of the LASSO models remained stable. Because a minimal standard deviation of the residuals has been secured in the internal validation during the development of Xgboost, our data also suggested a risk of over-fit in models that lack external validation.
Our findings appear to conflict with the work of Repping et al. (2002) with semen parameters alone, we failed to demonstrate a meaningful discriminatory power of the models. It could be explained by the difference in the criteria of ICSI. The study of Repping et al. (2002) used a criterion of .2 million post-wash progressive sperm for ICSI, which was much lower than ours. Their cohort may include more patients with poor semen parameters and thus with more TFF cases due to insufficient sperm input. Supporting the hypothesis, their data also demonstrated a TFF rate (110/892) higher than both our study and the Vienna criteria (ESHRE Special Interest Group of Embryology and Alpha Scientists in Reproductive Medicine, 2017).
A further question is whether a prediction model is suitable for different clinical scenarios. While most of the previous models were based on unselected IVF patients (Repping et al., 2002; Li J. et al., 2021; Tian et al., 2022), the work of Li J. et al. (2021) is based on patients with boarder line semen parameters. The fact that the selection of insemination protocol depends on the semen quality (Dcunha et al., 2022) might lead to bias with respect to the difference between the population in which the predictive models were developed and the patients who are supposed to have high risks. A one-shoe-for-all model developed in an unselected population might not meet all potential clinical scenarios. In our subgroup analyses, TFF occurred with a prevalence of 6% and 9% in the normozoospermia patients and the patients with sub-optimal semen parameters. Nevertheless, the discriminatory power and the calibration in the large remained similar between the two subgroups, suggesting a similar overall performance of the model.
Besides the clinical characteristics of the patients, TFF may also result from genetic deficiencies (Koler et al., 2009; Litzky and Marsit, 2019; Jin et al., 2021; Li M. et al., 2021; Liu et al., 2021; Wang et al., 2021), which are not necessarily related to the clinical predictors such as semen parameters. It could be argued that a clinical prediction is useless if a significant part of the TFF patients suffered from undetected genetic deficiencies. However, the extent of TFF patients who are affected by genetic deficiencies is largely unknown. The diagnosis of secondary fertility suggests at least one previous successful fertilization that occurred in vivo in those patients. Therefore, patients with secondary infertility are supposed to be unaffected by the genetic deficiencies which impair the fertilization process. With similar AUCs demonstrated in both primary and secondary infertility patients, it might suggest absolute deficiencies that affect fertilization are rare events even for TFF patients. It also echoes the earlier studies which suggested that patients suffering from TFF might have an increased fertilization rate in the second cycle when conventional IVF continues.
Previous studies had demonstrated a significant association between oocyte yield and TFF (Sarikaya et al., 2011; Xia et al., 2020; Tian et al., 2022). By adding the oocyte yield to the model, Repping et al. (2002) increased the discriminatory power of their model to .8. In the present study, the Xgboost model suggested that the oocyte yield was the predictor of the highest importance. The prevalence of TFF in poor responders was as high as .21(95%CI:0.18-0.24). These data highlighted the role of the female factor in the occurrence of TFF. Although one might argue that fertilization still manifested a probability event for an individual oocyte and TFF may occur in poor responders just by chance, the models refitted for poor responders showed a moderate discriminatory power. It may encourage future studies focusing on the prediction of TFF for poor responders.
Clinical significance
In practice, TFF threatened a small fraction of infertility patients. The reported prevalence was 5%–20% in previous studies (Combelles et al., 2010; Huang et al., 2015). In the present study, we observed a less than 8% prevalence in the whole IVF treatment cycles of our center. By naïve guessing that all cycles were fertilized, an accuracy higher than 90% will be achieved. In these terms of view, it appeared that predicting TFF has limited benefits. However, the high prevalence of TFF in poor responders is unneglectable. As the evidence does not support the use of ICSI for all poor responders (6), it is worth the efforts to predict the poor responders with higher risks for TFF.
While a predictive model provides a positive or negative prediction for individual patients, the consequences of having a positive prediction may not always be the same as those of having a negative prediction. In the case of TFF, if the clinical decision were made according to the prediction, the patients misclassified as TFF may be incorrectly assigned with ICSI, increasing the potential treatment burden, but the treatment continues. On the other hand, for the patients misclassified as “healthy”, the cycle is canceled. If the goal of a prediction model is to prevent the latter situation, discriminability or accuracy might not be the only target to purchase. According to our data, a hypothetical poor responder cohort including 100 IVF patients may have 20 cases of unexpected TFF. With conventional IVF for all patients, 20 cycles may be cancelled. If the decision was made according to the model, approximately 8 TFF patients were misclassified as “healthy” and thus canceled the cycle, according to the average sensitivity of the model, while 16“healthy” patients received ICSI. With an ICSI for all policy, the ICSI cycles for “healthy” patients increase to 80.
Strengths and limitations
Only cycles of the first IVF treatment were included in our study, the results were more practicable for insemination protocol decision-making, and the prediction power was ensured by a large sample size. We also calibrate the models in a different data set and different clinic scenarios, such as normozoospermia or male subfertility, normal or poor responder, and primary or secondary infertility. Some drawbacks must be concerned, such as retrospective analysis study design, and data set from a single IVF center. So, it is necessary to test the performance of the models in more IVF centers with different treatment systems. The study also failed to include certain clinical parameters, such as DNA fragmentation and male endocrine parameters, which may further improve the discriminatory power of the models.
CONCLUSION
Our study showed that including basic semen parameters would limitedly improve the prediction value for the occurrence of total fertilization failure in the first IVF cycles. On the other hand, the oocyte yields were significantly associated with the TFF and the prevalence of TFF in poor responders was high. With our models, a reasonable predicting value could be achieved, especially practicable in the poor responder treatment cycles.
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.
ETHICS STATEMENT
This study was reviewed and approved by Ethical Committee of the Xiamen University Affifiliated Chenggong Hospital.
AUTHOR CONTRIBUTIONS
XJ, JCa, LL, and JR contribute to the conception, design, and manuscript. XJ, SL, LX, CY, KC, XY, ZL, and JCh contribute to the acquisition of data. XJ, CM, JG, and JCa contribute to the analysis and interpretation of data. All authors contributed to drafting the article or revising it critically for important intellectual content. All authors read and approved the final manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (grant number 22176159); the Xiamen medical advantage subspecialty construction project (grant number 2018296) and the Special Fund for Clinical and Scientific Research of Chinese Medical Association (grant number 18010360765).
ACKNOWLEDGMENTS
We appreciated all staff of the reproductive Medicine Center, Xiamen University Affiliated Chenggong Hospital for their treatments provided to the infertile couples included in the study.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1133512/full#supplementary-material
REFERENCES
 Adamson, G. D., de Mouzon, J., Chambers, G., Zegers-Hochschild, F., Ishihara, O., Banker, M., et al. (2018). International committee for monitoring assisted reproductive technology: World report on assisted reproductive technology, 2011. Fertil. Steril. 110, 1067–1080. doi:10.1016/j.fertnstert.2018.06.039
 Babayev, S. N., Park, C. W., and Bukulmez, O. (2014). Intracytoplasmic sperm injection indications: how rigorous?Semin. Reprod. Med. 32, 283–290. doi:10.1055/s-0034-1375180
 Bjorndahl, L., and Kirkman Brown, J.other Editorial Board Members of the WHO Laboratory Manual for the Examination and Processing of Human Semen (2022). The sixth edition of the WHO laboratory manual for the examination and processing of human semen: ensuring quality and standardization in basic examination of human ejaculates. Fertil. Steril. 117, 246–251. doi:10.1016/j.fertnstert.2021.12.012
 Cai, J., Liu, L., Zhang, J., Qiu, H., Jiang, X., Li, P., et al. (2017). Low body mass index compromises live birth rate in fresh transfer in vitro fertilization cycles: a retrospective study in a Chinese population. Fertil. Steril. 107, 422–429 e2. doi:10.1016/j.fertnstert.2016.10.029
 Combelles, C. M., Morozumi, K., Yanagimachi, R., Zhu, L., Fox, J. H., and Racowsky, C. (2010). Diagnosing cellular defects in an unexplained case of total fertilization failure. Hum. Reprod. 25, 1666–1671. doi:10.1093/humrep/deq064
 Dcunha, R., Hussein, R. S., Ananda, H., Kumari, S., Adiga, S. K., Kannan, N., et al. (2022). Current insights and latest updates in sperm motility and associated applications in assisted reproduction. Reprod. Sci. 29, 7–25. doi:10.1007/s43032-020-00408-y
 ESHRE Special Interest Group of EmbryologyAlpha Scientists in Reproductive Medicine (2017). The Vienna consensus: report of an expert meeting on the development of art laboratory performance indicators. Hum. Reprod. Open 2017, hox011. doi:10.1093/hropen/hox011
 Esteves, S. C., Majzoub, A., and Agarwal, A. (2017). Despite limitations, sperm DNA fragmentation testing provides unique information complementary to but distinct from semen analysis results. Transl. Androl. Urol. 6, S377–S378. doi:10.21037/tau.2017.05.04
 Huang, B., Qian, K., Li, Z., Yue, J., Yang, W., Zhu, G., et al. (2015). Neonatal outcomes after early rescue intracytoplasmic sperm injection: an analysis of a 5-year period. Fertil. Steril. 103, 1432–1437.e1. doi:10.1016/j.fertnstert.2015.02.026
 Jiang, X., Cai, J., Liu, L., Liu, Z., Wang, W., Chen, J., et al. (2022). Does conventional morphological evaluation still play a role in predicting blastocyst formation?Reprod. Biol. Endocrinol. 20, 68. doi:10.1186/s12958-022-00945-y
 Jin, J., Tong, X., Zhang, Y. L., Yang, W., Ma, Y., Ren, P., et al. (2021). Novel WEE2 compound heterozygous mutations identified in patients with fertilization failure or poor fertilization. J. Assist. Reprod. Genet. 38, 2861–2869. doi:10.1007/s10815-021-02285-z
 Koler, M., Achache, H., Tsafrir, A., Smith, Y., Revel, A., and Reich, R. (2009). Disrupted gene pattern in patients with repeated in vitro fertilization (IVF) failure. Hum. Reprod. 24, 2541–2548. doi:10.1093/humrep/dep193
 Krog, M., Prior, M., Carlsen, E., Loft, A., Forman, J., Pinborg, A., et al. (2015). Fertilization failure after IVF in 304 couples--a case-control study on predictors and long-term prognosis. Eur. J. Obstet. Gynecol. Reprod. Biol. 184, 32–37. doi:10.1016/j.ejogrb.2014.10.037
 Li, J., Hu, T., Wang, Y., Fu, Y., Wang, F., and Hu, R. (2021). Development a nomogram to predict fertilisation rate of infertile males with borderline semen by using semen parameters combined with AMH and INHB. Andrologia 53, e14182. doi:10.1111/and.14182
 Li, M., Jia, M., Zhao, X., Shi, R., and Xue, X. (2021). A new NLRP5 mutation causes female infertility and total fertilization failure. Gynecol. Endocrinol. 37, 283–284. doi:10.1080/09513590.2020.1832069
 Litzky, J. F., and Marsit, C. J. (2019). Epigenetically regulated imprinted gene expression associated with IVF and infertility: Possible influence of prenatal stress and depression. J. Assist. Reprod. Genet. 36, 1299–1313. doi:10.1007/s10815-019-01483-0
 Liu, Z., Xi, Q., Zhu, L., Yang, X., Jin, L., Wang, J., et al. (2021). TUBB8 mutations cause female infertility with large polar body oocyte and fertilization failure. Reprod. Sci. 28, 2942–2950. doi:10.1007/s43032-021-00633-z
 Practice, M. (2020). Committees of the American society for reproductive, and a.a.o. the society for assisted reproductive technology. Electronic address, intracytoplasmic sperm injection (ICSI) for non-male factor indications: a committee opinion. Fertil. Steril. 114, 239–245. doi:10.1016/j.fertnstert.2020.05.032
 Repping, S., van Weert, J. M., Mol, B. W., de Vries, J. W., and van der Veen, F. (2002). Use of the total motile sperm count to predict total fertilization failure in in vitro fertilization. Fertil. Steril. 78, 22–28. doi:10.1016/s0015-0282(02)03178-3
 Sarikaya, E., Eryilmaz, O. G., Deveer, R., Dogan, M., and Mollamahmutoglu, L. (2011). Analysis of 232 total fertilization failure cycles during intracytoplasmic sperm injection. Iran. J. Reprod. Med. 9, 105–112.
 Shinar, S., Almog, B., Levin, I., Shwartz, T., Amit, A., and Hasson, J. (2014). Total fertilization failure in intra-cytoplasmic sperm injection cycles--classification and management. Gynecol. Endocrinol. 30, 593–596. doi:10.3109/09513590.2014.911275
 Tian, T., Chen, L., Yang, R., Long, X., Li, Q., Hao, Y., et al. (2022). Prediction of fertilization disorders in the in vitro fertilization/intracytoplasmic sperm injection: A retrospective study of 106,728 treatment cycles. Front. Endocrinol. (Lausanne) 13, 870708. doi:10.3389/fendo.2022.870708
 Wang, C., and Swerdloff, R. S. (2014). Limitations of semen analysis as a test of male fertility and anticipated needs from newer tests. Fertil. Steril. 102, 1502–1507. doi:10.1016/j.fertnstert.2014.10.021
 Wang, J., Zhang, J., Sun, X., Lin, Y., Cai, L., Cui, Y., et al. (2021). Novel bi-allelic variants in ACTL7A are associated with male infertility and total fertilization failure. Hum. Reprod. 36, 3161–3169. doi:10.1093/humrep/deab228
 Xia, Q., Li, Y., Zhang, Y., Tian, F., Zhang, Q., and Yao, Z. (2020). Identification of factors related to fertilization failure in in vitro fertilization-embryo transfer. Zhong Nan Da Xue Xue Bao Yi Xue Ban. 45, 960–965. doi:10.11817/j.issn.1672-7347.2020.200076
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.
Copyright © 2023 Jiang, Cai, Liu, Liu, Chen, Yang, Chen, Yang, Geng, Ma, Lian, Xu and Ren. 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.
OPS/images/math_qu1.gif
Additive NRI = (z+)/ (Total number of patients with event)"100
+ (2)/ (Totalnumber of patients without event)






OPS/images/math_qu2.gif
100* ((z+) + (z-))/ (Total number of patients )





OPS/images/fcell-11-1133512-t002.jpg
Xgboost LASSO without Xgboost without LASSO with sem Xgboost with semen

semen parameters semen parameters  parameters only parameters only

Development

n 14100

Prevalence 007

(95%CI) (0.07-008)

AUC (95%CI) 0772 0,966 0743 (0.728,0758) 0.953 (0.947,0959) 0583 (0.565,0.602) 0.853 (0.841,0.864)
(0757,0.786) | (0.961,0.971)

cutoff 008 013 007 012 007 009

Sensitivity 0.67 (0.64,0.7) 0.89 (0.86,0.9) 0.71 (0.68,0.74) 0.86 (0.84,0.88) 0.54 (0.51,0.57) 0.73 (0.71,0.76)

Specificity 075 0.92 (0.91,092) | 0.67 (0.66,0.67) 0.9 (0.89,0.9) 059 (0.58,0.6) 08 (0.79,08)
(0.75,0.76)

Positive 018 0.46 (0.44,048) | 0.14 (0.130.15) 0.4 (0.38,042) 0.09 (0.09,0.1) 022 (0.21,0.24)

predictive value | (0.17,0.19)

Negative 097 0.99 (0.99,0.99) | 0.97 (0.96,0.97) 0.99 (0.99,0.99) 094 (0.94,095) 0,97 (0.97,0.98)

predictive value | (0.96,0.97)

Positive 273 107 212 (2.03,2.23) 8.38 (7.93,8.86) 131 (1.24,1.39) 36 (3.433.78)

likelihood ratio | (2.59,2.87) (10.11,11.42)

Negative 044 (04048) | 013 (0.11,0.15) | 0.43 (0.39,0.48) 0.15 (0.13,0.18) 0.78 (0.73,083) 033 (03,0.37)

likelihood ratio

Diagnostic odds 624 859 489 (4.25,5.64) 54.9 (45.55,66.66) 1.69 (1.48,1.92) 108 (932,12.5)

ratio (5.44,7.17) (70.22,106.11)

Accuracy 075 0.92 (0.91,092) | 0.67 (0.66,0.68) 0.9 (0.89,0.9) 0.58 (0.58,0.59) 0.79 (0.78,0.8)
(0.74,0.76)

Validation

n 5421

Prevalence 008

(95%C1) (0.07-0.09)

AUC (95%C) 074 075 (0.72077) | 0.72 (0.69,0.74) 0.73 (0.7,0.75) 0.58 (0.55,061) 057 (0550.6)
(072077)

cutoff 008 013 007 012 007 009

Sensitivity 063 041 (0.36045) | 0.69 (0.640.73) 0.41 (0.37,046) 0.54 (0.5,059) 0.34 (03,0.39)
(0.59,0.68)

Specificity 074 0.88 (0.87,0.89) | 0.64 (0.62,0.65) 0.87 (0.86,0.88) 0.59 (0.57,06) 075 (0.74,0.77)
0.73,075)

Positive 017 022(019,025) | 014 (0.120.15) 022 (0.19,024) 0.1 (0.090.11) 0.11 (0090.12)

predictive value | (0.15,0.19)

Negative 096 0.95 (0.94,0.95) | 0.96 (0.95,0.97) 0.95 (0.94,0.95) 0.94 (0.93,095) 0.93 (0.92,0.94)

predictive value  (0.95,0.97)

Positive 245 335 (3.01374) | 1.89 (1.752.04) 3.24 (291,361) 132 (1.2,1.44) 139 (126,1.54)

likelihood ratio (2.26,2.66)

Negative 049 0.68 (0.620.73) | 0.49 (0.43,0.57) 0.67 (0.62,073) 078 (0.7,087) 0.87 (0.81,0.94)

likelihood ratio  (0.44,0.56)

Diagnostic odds 496 496 (3.99,6.17) | 384 (3.09,4.79) 482 (3.88,5.98) 169 (1.38,2.08) 159 (1.28,1.98)

ratio (4.01,6.15)

Accuracy 073 084 (083,085) 064 (0.63,0.65) 0,84 (0.83,085) 0.58 (0.57,06) 072 (071,0.73)
0.72,0.74)

Kl Beanmes: anackile- w11 e wasiiliog were bk wiithons sesnse parsrness: sunddi with vl usne seen sarasties et e sucdelh iniliiie-nivammen nesssens;





OPS/images/fcell-11-1133512-t003.jpg
Secondary Primary Normozoospermia  Male Normal Poor

infertility infertility subfertility responder responder
Sample size 2420 3000 2680 2740 4640 783

Prevalence (95% CI) 0.06 (0.05,0.07) 0.09 (0.08,0.11) 0.06 (0.05,0.07) 0.09 (0.080.1) 0.06 (0.05,0.06) 021 (0.18,0.24)

AUC (95% CI)

LASSO 0.75 (0.71,08) 073 (07,076) 0.75 (0.71,0.79) 073 (07,0.76) 07 (0.66,073) 0.6 (0.61,0.7)
Xgboost 076 (0.72,0.8) 072 (0.69,0.75) 0.75 (0.71,0.79) 073 (0.7,0.76) 0.69 (0.66,0.72) 0.69 (0.65,0.74)
LASSO without semen 072 (0.68,0.77) 0.7 (0.66,0.73) 0.74 (0.71,0.78) 07 (0.660.73) 067 (0.63,0.7) 0.61 (0.56,0.66)
parameters

Xgboost without semen 073 (0.69,0.78) 07 (067,073) 0.76 (0.72,0.79) 07 (0.67,0.74) 066 (0.63,0.69) 0.69 (0.65,0.74)
parameters

LASSO with semen 058 (0.52,0.63) 058 (054,061) 0.52 (0.48,0.57) 057 (0.54,0.61) 061 (057,064) 0.53 (0.48,0.58)
parameters only

Xgboost with semen 0.56 (0.51,06) 0.58 (0.55,0.62) 0.53 (0.49,0.58) 057 (053,06) 059 (0.55,0.62) 0.54 (0.49,0.59)

parameters only

Diagnostic odds ratio

(95% CI)

LASSO 565 (3.91,8.15) 445 (338,592) 52 (3.73,7.27) 454 (342,607) 3.67 (2824.78) 32 (181,605)
Xgboost 7.06 (4.69,10.56) 3.96 (3.04,5.16) 6.14 (4.26,88) 412 (312,544) 3.19 (226,4.44) 317 (214476)
LASSO without semen 446 (3.12,641) 325 (244,4.39) 459 (3.22,6.62) 337 (255448) 27 (208351 179 (0.82,4.45)
parameters

Xgboost without semen 7.26 (4.79,10.89) 379 (291,4.93) 603 (4.28847) 407 (3.05,541) 2,96 (2.1,4.12) 327 (2194.95)
parameters

LASSO with semen 15 (1.05,2.14) 178 (1.38,2.3) 115 (0.71,1.8) 178 (129,251) 2 (154,26 126 (0.88,1.8)
parameters only

Xgboost with semen 12(08,1.76) 1.83 (14,2.38) 101 (0.57,171) 155 (1.19,2.03) 175 (1.33,229) 133 (0.89,1.96)

parameters only

Accuracy (95% CI)

LASSO 0.84 (0.83,085) 0.65 (0.63,0.66) 079 (0.77,08) 0.68 (0.66,0.7) 0.79 (0.78,08) 038 (035,042)
Xgboost 0.9 (0.89,091) 08 (0.78,081) 0.88 (0.87,0.9) 08 (0.79,082) 089 (0.88,09) 0.58 (0.54,0.61)
LASSO without semen 0.78 (0.76,0.79) 0.53 (0.52,0.55) 0,65 (0.63,0.67) 0.63 (061,0.65) 0.71 (069,072) 027 (0240.3)
parameters

Xgboost without semen 0.9 (0.89,091) 0.78 (0.77,08) 0.85 (0.84,0.87) 082 (0.81,084) 0.88 (0.87,089) 057 (0540.6)
parameters

LASSO with semen 059 (0.57,061) 058 (056,0.6) 0.82 (0.81,0.84) 035 (033,037) 0.59 (0.57,06) 056 (052,0.59)
parameters only

Xgboost with semen 0.73 (0.71,0.74) 072 (07,073) 0.85 (0.84,0.86) 06 (0.58,062) 0.73 (0.72,075) 066 (062,0.69)

parameters only

All features, models with all the variables were included; without semen parameters, models with variables except semen parameters were included; models including only semen parameters.





OPS/images/math_qu3.gif
z+)/ (Total number of patients with an event) *100





OPS/images/math_qu4.gif
Non - Event < NRI = (z-)/ (Total number of patients wi






OPS/xhtml/nav.xhtml
Contents

		Cover

		Predicting the unexpected total fertilization failure in conventional in vitro fertilization cycles: What is the role of semen quality?		Introduction

		Materials and methods		Study subjects

		Treatment protocol and fertilization check

		Statistical analyses





		Result

		Discussion		Main finding

		Interpretation

		Clinical significance

		Strengths and limitations





		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1133512-g001.gif
RN e

§A s % B iR

sy





OPS/images/fcell-11-1133512-t001.jpg
Development

(N =14118)

Validation

(N = 5421)

Overall

(N = 19539)

Female age;year
Duration of infertility, year
Female primary infertility

Previous IUI failure

0

1
Female height.cm
Female weightkg
Female BMLkg/m®
PCOS
Endometriosis
Basal FSH,iu/L
Basal LH,ju/L
Basal PRLng/ml
Basal E2, pg/ml
Basal P,ng/ml
Basal T,ng/ml
AFC

Male characteristics
Male age,year

Male primary infertility
Male height,cm

Male weigthtkg

Male BMLkg/m®
Semen volumeml
Sperm concentration,x10%/ml
Normal morphology%
Motility,%

PR%

NP%

TMCx10°

Normal spermia

ovarian stimulation parameters
Gonadotropin dose,iu
Duration of stimulation,day
HMG dosejiu

HMG duration,day

Starting gonadotropin dose,iu
Starting day FSH,iu/L
Starting day LH,iu/L

Starting day E2,pg/ml
HCGdose,iu

Triggering day E2,pg/ml
Triggering day LH,iu/L
Triggering day P.ng/ml
Follicles large than 14 mm
Follicles small than 14 mm
count of punctured follicles
Oocyte yield

Normal responder

310 [28.0,340]
370 [2.00,6.00]

6181 (43.8%)

10734 (76.0%)
3384 (24.0%)
158 [155,162]
530 [49.0,58.0]
21.0 [19.522.8]
1034 (7.3%)
1629 (11.6%)
691 [5.88,8.17]
436 [3.22,5.84]
139 [102,19.0]
40.0 [29.0,53.9]
0.640 [0.410,0970]
0.380 (0.280,0.500]
100 [7.00,140)

320 (29.0,36.0]
6951 (49.2%)
170 [168,174]

69.0 (62.0,75.0]

237 (215259)

240 [2.00,3.00]

595 (367,917
6.50 (4.30,9.10]
48.4 (34.6,593]
37.5 (255476
9.50 (6.55,13.8]
49.9 [24.2,89.9]
7793 (55.2%)

2250 [1800,2700]
110 [100,13.0]
2030 [600,2480]
11.0 [6.00,12.0]
225 (150,225]
248 [1.67.4.06]
0770 [0.560,1.07)
210 (120,320
250 (250,4000]
2930 [1580,4550]
0710 [0.430,1.17)
0960 [0.660,1.35]
8.00 [5.00,11.0]
0 [0,1.00]
110 [6.00,16.0]
9.00 (5.00,13.0]
12095 (85.7%)

310 (29.0,34.0]
3.10 [2.00,5.00]

2418 (44.6%)

3949 (72.8%)
1472 (27.2%)
158 [155,162)
530 [49.0,58.0]
213 [19.822.8]
360 (6.6%)
528 (9.8%)
7.28 (6.19,8.71]

143 [10.5,19.6]
423 [31.0,56.0]
0.600 [0.390,0.890]
0450 [0.320,0.590]
100 (7.00,15.0]

32,0 [30.0,36.0]
2841 (52.4%)
171 (168,175
700 (63.0,77.5]
239 [21.7,26.1]
240 [2.00,3.00]
70.4 [46.0,103]
6.00 [4.00,9.00]
46.0 [33.8,56.0]
390 (28.3,48.8]
5.62 (3.51,8.00]
62.5 [34.7,104]
2676 (49.4%)

2250 [1800,2700]
120 (100,130
1910 (6002510]
110 [5.00,13.0]

188 (150,225
265 [1.79,4.34]

0.750 0.550,1.03]
220 (13.0,33.0]
250 [250,250]

3000 [1630,4550]

0.670 (0.400,1.14]

0870 [0.610,1.20]
7.00 5.00,10.0]

00,1.00]
100 (6.00,15.0]
9.00 (5.00,13.0]

4638 (85.6%)

310 [280340]
350 [2.00,5.30]

8599 (44.0%)

14683 (75.1%)
4856 (24.9%)
158 (155,162]
530 [49.0,58.0]
212 (195.22.8]
1394 (7.1%)
2159 (11.1%)
7.00 [5.958.32)
440 [3.26,5.89]
140 [103,19.1]
410 [30.0,54.0]
0.630 [0.400,0.940]
0.400 [0.290,0.530]
100 [7.00,140]

320 [30.036.0)
9792 (50.1%)
170 (168,175]

70.0 [62.0,76.0)

237 [21526.0)

240 [2.00,3.00]

624 (39.1,952]

6.50 [4.00,9.00]

476 (344,583
379 [264,480)
823 [538,122)
535 [26.893.8]
10469 (53.6%)

2250 [1800,2700]
110 [100,13.0]
1990 (600,2480]
110 [6.00,13.0]
225 (150,225
253 [1.704.16]
0.770 (0.550,1.06]
210 [13.0,32.0)
250 (250,4000]
2950 [1600,4550]
0.700 (0.420,1.16]
0.930 [0.650,1.31]
800 [5.00,10.0]
010,1.00]
11.0 [6.00,15.0]
9.00 (5.00,13.0]
16733 (85.6%)

ovarian stimulation protocol
antagonist

agonist

others

Secondary infertility

TFF
no

yes

2605 (18.5%)
11504 (81.5%)
9 (0.1%)
6730 (47.7%)

13080 (92.6%)
1038 (7.4%)

1018 (18.8%)
4399 (81.1%)
4(0.1%)
2422 (44.7%)

4998 (92.2%)
423 (7.8%)

3623 (18.5%)
15903 (81.4%)
13 (0.1%)
9152 (46.8%)

18078 (92.5%)
1461 (7.5%)










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





