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Objective: This investigation sought to determine optimal prognostic indicators and develop an implementable predictive framework
for estimating live birth probabilities in subfertile individuals receiving gonadotropin-releasing hormone antagonist-based ovarian
stimulation during fresh embryo transfer cycles of assisted reproductive technology.

Methods: In this observational cohort analysis, we examined consecutive fresh in vitro fertilization/embryo transfer (IVF/ET) cycles
utilizing GnRH antagonist protocols (training = 587, validation = 168 cycles; 2017-2022). Live birth rate served as the principal
outcome measure. Through multivariable regression modeling, we identified key predictive variables and constructed a visual
prediction tool. Model robustness was assessed using ROC-AUC metrics and decision curve validation with 500 bootstrap iterations.
Results: The final predictive algorithm incorporated six clinical parameters: serum progesterone on post-ovulation day 9 (serum
P (OPU+9) > 51.4 ng/mL), transferred embryo count, progesterone—follicle ratio (PFR), triggering-day progesterone levels, proges-
terone-to-total follicle ratio, and creatinine concentrations. The training cohort demonstrated moderate discriminative capacity (ROC-
AUC 0.72, 95% CI 0.68-0.76), with enhanced performance in validation samples (AUC 0.81, 95% CI 0.73-0.89). Decision curve
evaluations confirmed the model’s clinical applicability.

Conclusion: Our prognostic scoring chart offers an accessible and practical clinical instrument for estimating reproductive success in
GnRH antagonist-based IVF/ICSI cycles. This tool facilitates personalized treatment planning and therapeutic strategy optimization,
potentially improving resource allocation in fertility care.

Keywords: reproductive outcomes prediction, IVF prognostic model, ovarian stimulation protocol, progesterone—follicular index,
assisted reproduction technology

Introduction

According to the World Health Organization’s latest “Global Infertility Prevalence Estimates (1990-2021)” report,
approximately 17.5% of adults worldwide—or one in six people—will experience infertility challenges during their
lifetime." The evolution of assisted reproductive technologies (ART) has revolutionized treatment paradigms, enabling
approximately 8 million ART-conceived births since 1978.

Introduced in clinical practice since the 1990s, gonadotropin-releasing hormone (GnRH) antagonist protocols have
transformed controlled ovarian stimulation through competitive inhibition of pituitary receptors. This mechanism
achieves rapid, reversible suppression of gonadotropin release, effectively mitigating premature luteinizing hormone
(LH) surges.” Compared to traditional agonist protocols, antagonist regimens demonstrate clinical benefits including
decreased gonadotropin consumption, abbreviated stimulation periods, and diminished ovarian hyperstimulation risks.*

Despite protocol optimizations, fresh cycle outcomes under antagonist regimens remain suboptimal relative to long
agonist protocols, evidenced by reduced implantation and clinical pregnancy rates.*> Emerging evidence suggests these
discrepancies stem primarily from endometrial receptivity alterations rather than embryological factors.® While elective
cryopreservation strategies mitigate some risks, deferred transfers introduce new challenges including escalated treatment
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costs, prolonged time-to-pregnancy, and elevated obstetrical risks such as placental adhesion disorders (OR 2.5) and
hypertensive complications.”

This therapeutic dichotomy underscores the critical need for validated prognostic tools to optimize cycle selection.'®™"?
Current IVF prediction models lack integration of treatment-specific hormonal dynamics, particularly mid-luteal proges-
terone measurements in GnRH antagonist protocols. Our study addresses this gap by developing a multivariable predictive
algorithm for live birth probability assessment in fresh antagonist cycles. Such stratification enables personalized clinical
decision-making, potentially reducing unnecessary cryopreservation (current utilization >40% in some centers) while
maintaining favorable neonatal outcomes. A nomogram translates regression output into an intuitive bedside point system,

enabling cycle-specific counselling within 30 seconds.

Materials and Methods

Research Design & Population

This monocentric retrospective analysis was performed at a tertiary reproductive medicine center in Eastern China. The
derivation cohort encompassed 587 initial ART cycles employing flexible antagonist-based ovarian stimulation protocols
with fresh embryo transfers between July 2017 and October 2021. For temporal validation, an independent sample of 215
subsequent cycles (November 2021-December 2022) was analyzed. The training cohort consisted of 587 cycles, while
the validation cohort included 168 cycles after applying exclusion criteria.

Sample Size Calculation

The sample size was calculated based on the Peduzzi rule, which stipulates a minimum of 10 events per predictor variable for
logistic regression models. With six predictor variables progesterone on post-ovulation day 9 (serum P (OPU+9), number of
embryos transferred, progesterone-to-follicle index (PFI), progesterone (P) at trigger, P/number of total follicles at trigger,
and creatinine (Cr)), at least 60 live birth events were required. Given the live birth rate of 46.85% (275/587) in the training
cohort, the total sample size of 587 significantly exceeded the minimum requirement (60/0.4685~128). Additionally, the
validation cohort included 168 patients, representing 22% of the total sample, which aligns with the recommended range
(20-30%) to ensure external validity. Thus, the sample size was deemed adequate for model development and validation.

Data Collection

Clinical data acquisition involved retrospective mining of anonymized EMRs (electronic medical records) from our
center’s reproductive treatment database, adhering to institutional ethics committee regulations for secondary data
analysis (Protocol ID: RE-2023-076). Research procedures strictly maintained original treatment protocols without
therapeutic modifications.

Participant Selection Criteria

Eligibility Requirements
1. Primary assisted reproduction attempts with fresh transfers
2. Implementation of flexible GnRH antagonist regimens
3. Comprehensive cycle documentation (>80% completeness)

Exclusionary Conditions
1. Sperm donation cycles;
2. Surgical sperm retrieval cycles;
3. Chromosomal abnormalities in either partner;
4. Incomplete medical records.

Study Flow & Outcomes
The analytical sample comprised 587 derivation cases and 168 temporal validation cases (Figure 1), representing
consecutive treatment cycles meeting inclusion criteria. Clinical pregnancy confirmation occurred in 308 cases,
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Figure | Flowchart of study participation.
Abbreviations: PESA, Percutaneous Epididymal Sperm Aspiration; TESE, Testicular Sperm Extraction; HCG, human chorionic gonadotropin.

translating to a per-transfer clinical pregnancy rate of 52.47%. Subsequent reproductive outcomes demonstrated 275 live
birth events, corresponding to a 46.85% live birth rate per embryo transfer. Early pregnancy discontinuation was
observed in 24 instances, representing a 4.01% preclinical loss rate. Notably, nine cycles (1.53%) were complicated
by ectopic implantation.

Outcome metrics were calculated per initiated embryo transfer cycle in accordance with International Committee for
Monitoring Assisted Reproductive Technologies reporting standards. Early pregnancy loss required both biochemical
evidence (serum beta-human chorionic gonadotropin (B-hCG) decline >50% from peak) and ultrasonographic confirma-
tion of non-viability prior to 12 weeks’ gestation.

Etiological stratification of infertility followed ASRM classification guidelines, encompassing seven distinct categories:

1. Ovarian pathophysiology (diminished reserve/anovulation)
2. Fallopian tube obstruction/hydrosalpinx
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. Confirmed endometriosis (ASRM stage -1V)

. Andrological abnormalities (oligo/astheno/teratozoospermia)
. Uterine anomalies (congenital/acquired)

. Idiopathic infertility (diagnosis of exclusion)

N N L AW

. Multifactorial etiologies

Patient Information and Data Collection

Demographic parameters encompassing chronological age and infertility duration were self-reported by participants.
Clinical specialists systematically documented treatment-related metrics including endocrine profiles (follicle-stimulating
hormone (FSH)/luteinizing hormone (LH)/estradiol (E2)), serological biomarkers (anti-Miillerian hormone (AMH)/
thyroid-stimulating hormone (TSH)), controlled ovarian stimulation parameters, and quantitative reproductive outcomes
(oocyte yield/viable embryo counts).

GnRH Antagonist Protocol
Controlled ovarian hyperstimulation was initiated on menstrual cycle day 2 using recombinant FSH (rFSH; Gonal-F®,
Merck Serono) with dose individualization (75-300 IU/d) guided by anthropometric parameters (weight/BMI) and
ovarian reserve markers (antral follicle count [AFC]J/AMH). GnRH antagonist supplementation (Cetrotide™
0.125-0.25 mg/d) commenced upon dominant follicle maturation (>14 mm mean diameter), with dosage titration
contingent upon serial LH monitoring and follicular growth kinetics.

Dual trigger strategy implementation followed ASRM guidelines:

e Standard protocol: r-hCG 250 pg (Ovidrel®)
e High OHSS risk: GnRH agonist 0.2 mg (Daflin®) + hCG 2000 IU
e Severe OHSS risk (>20 follicles >11 mm): Agonist-only trigger with cycle cancellation

Transvaginal oocyte retrieval (TVOR) was performed 36.5+0.5 hours post-trigger. Embryo transfer protocols adhered to
ESHRE consensus standards:

e (Cleavage-stage transfer (Day 3): <35 years with >1 grade A embryo
e Blastocyst transfer (Day 5): >35 years or suboptimal embryo quality
e Extended transfer (n=1): RIF cases with <2 fair-quality embryos

Protocol discontinuation thresholds included:

e Late follicular progesterone >2 ng/mL (=P95 for cohort)
e Estradiol >5000 pg/mL with >25 follicles
e Emergent OHSS symptoms (abdominal ascites/hematocrit >45%)

Progesterone Administration

Pharmacological intervention began at oocyte retrieval, with standardized regimens continuing through gestational week
8-10, then followed by a stepwise withdrawal protocol. All participants received dual-phase endometrial support,
including progesterone supplementation with Crinone®™ 8% gel (90 mg/d intravaginally) and oral dydrogesterone
(40 mg/d; Duphaston®), as well as estradiol support with oral estradiol valerate (4 mg/d; Progynova™) starting on
embryo transfer day. Serial serum analyses were performed at defined intervals for endocrine monitoring, including

quantitative P/E2 assessment on post-ovulation day 9 and secondary hormonal profiling on post-ovulation day 17.
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Hormone Assays

Phlebotomy procedures were standardized during morning hours (07:00-08:00) under ambient conditions. Automated
chemiluminescent immunoassays (CLIA) were performed using a Beckman DXI800 platform within 120 minutes post-
collection, adhering to CLSI EP17-A2 guidelines. Certified laboratory personnel conducted all analyses, with pre-
analytical dilution protocols ensuring measurement accuracy for hyperconcentrated specimens through serial dilution
with manufacturer-provided matrix solution.

Estradiol quantification demonstrated linearity across 15-5200 pg/mL (55.1-19,089 pmol/L) with intra/inter-assay precision
<10% and <15%, respectively. Progesterone detection spanned 0.1-40 ng/mL (0.32—-127.2 nmol/L) maintaining intra/inter-assay
CVs below 7.25% and 6.59%. Method validation confirmed assay robustness through dilutional linearity testing (R*>0.98).
Serum creatinine was quantified by an enzymatic colorimetric assay (Beckman AU5821, coefficient of variation < 3%).

Embryological Assessment Protocol
Embryo morphological evaluation followed international consensus criteria: for cleavage-stage, the Istanbul Consensus
Criteria (ICC) were applied;'* for blastocyst-stage, the Gardner Grading System (GGS) was used. Top-tier embryos
(Grades I-1I) had <10% fragmentation and symmetrical blastomere configuration (Peter classification system).
Reproductive outcomes were defined as follows: biochemical pregnancy was serum -hCG >25 IU/L (Architect i2000SR)
at 14/12 days post-cleavage/blastocyst transfer; clinical pregnancy was an intrauterine gestational sac with embryonic cardiac
activity (TVUS at 4-5 weeks) per ESHRE criteria;'' spontaneous pregnancy loss was development cessation prior to 28
gestational weeks (WHO ICD-11); and live birth was neonatal survival >28 weeks with an Apgar score >4 at 5 minutes.
Pregnancy surveillance involved standardized telemedicine follow-up (biweekly until 12 weeks, monthly thereafter)
with electronic medical record verification for data capture.

Outcome Metrics Specification
Outcome metrics were specified using WHO-recommended ART parameters.'® Primary efficacy was assessed by live
birth rate (LBR), calculated as live births per 100 completed embryo transfers (live birth (LB)/embryo transfer (ET)%).
Early pregnancy loss was defined as biochemical/clinical pregnancy termination before 12 gestational weeks per 100
initiated cycles (early pregnancy loss (EPL)/ET%)

All outcome determinations followed ICMART 2023 definitions.'? Live birth confirmation needed neonatal vitality
documentation at >28 weeks. Pregnancy loss stratification was based on FIGO timing criteria.'> The TRIPOD guidelines
were followed for transparent reporting of the prediction model."

Statistical Methodology
Statistical analyses were performed using an integrated computational framework combining SPSS 23.0 and R 4.2.1,
following TRIPOD guidelines.’

For variable screening, parametric t-tests or Mann—Whitney U-tests were used for continuous variables, depending on
distribution normality (Shapiro—Wilk p<0.05). Categorical variables were analyzed using y*-tests with Yates’ correction
or Fisher’s exact tests when expected cell counts were below 5.

Predictive modeling involved univariate logistic regression (p<0.10 entry criterion), followed by multivariable
optimization through stepwise selection using the Akaike Information Criterion (AAIC >2). Internal validation was
conducted via bootstrap resampling (500 iterations).

Model performance was assessed using ROC-AUC for discrimination, Brier score and calibration slope for calibra-
tion, and decision curve analysis (DCA) for clinical utility.

All analyses were implemented through EmpowerStats 3.0 with Monte Carlo simulations for sensitivity testing,
maintaining statistical significance at 0=0.05 (two-tailed).
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Results

Demographic and Clinical Characteristics
The baseline demographic profile of the study cohort is comprehensively outlined in Table 1. Numeric parameters are
reported as mean values with corresponding standard deviations, whereas categorical measures are quantitatively

Table | Characteristics of the Training and Validation Cohorts

Characteristics Training Cohort (n=587) | Validation Cohort (n=168) P
Age (years) 30.85+4.17 30.15+4.14 0.869
BMI? (kg/m2) 22.22+3.28 22.49+3.45 0.902
Infertility duration (years) 3.43%£2.35 3.97+2.45 0.423
AFC® 18.37+11.24 15.11£8.33 0.345
Basal FSH® (IU/L) 7.78+2.36 7.16+2.04 0.036
Basal LH (IU/L) 5.02+3.09 4.59+2.76 0.237
Basal estrogen (pg/mL) 46.95+29.58 38.22+20.17 0.189
Basal PRL 15.19+£8.04 21.64+43.40 0.295
Basal P 0.65+0.36 0.68+0.46 0.873
Basal T 0.82+0.38 0.56+0.46 0.696
Serum TSH 2.551.57 2.19+0.95 0.123
Fasting serum glucose (mmol/L) 5.04+0.51 5.64%1.11 0.289
Baseline AMH 4.19£2.75 3.79+2.14 0.758
Total gonadotropins dosage® (IU) 2170.64+703.03 1970.72+577.99 0.598
Days of stimulation 9.65+1.89 10.02+2.49 0.897
Total rFSH dosage (IU) 1586.12+620.65 1467+589.32 0.518
rFSH duration 8.93+2.88 8.99+2.98 0.923
Total antagonist dosage (mg) 1.17+1.86 1.09+1.77 0.892
Antagonist duration 2.47+2.25 3.01£2.23 0.453
Number of follicles >|4mm* 9.33+4.01 9.86+4.40 0.893
Estradiol at trigger (pg/mL) 3443.48x1766.16 2665.20+1233.45 0.234
P at trigger (ng/mL) 1.01£0.44 0.62+0.38 0.149
LH at trigger (IU/L) 2.45+2.03 1.72£1.22 0.238
Serum |00*P/E2 ratio at trigger 0.03+0.02 0.03+0.02 0.923
Serum E2/100P ratio at trigger 53.70+145.01 49.89+143.02 0.734
P/number of total follicles at trigger 0.05+0.04 0.04+0.03 0.698
PFI 0.13+0.10 0.09+0.09 0.279
POI 0.15+0.13

(Continued)
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Table | (Continued).

Characteristics Training Cohort (n=587) | Validation Cohort (n=168) P
Endometrial thickness (mm) at trigger 11.56 +2.16 12.03+2.25 0.892
2PN oocytes rate (%) 71.37+22.01 80.12+20.03 0.665
No. of oocytes retrieved 8.28+3.82 8.01+3.79 0.692
No. of 2PN 4.27+2.01 5.73+2.82 0.772
Number of available embryos 2.22+1.82 2.463+1.509 0.881
High-quality embryo rate (%) 38.26+39.39 39.35£33.14 0.636
FOIT 52.27+26.84 54.89+23.09 0.799
At least one top quality embryo for transfer (%) 0.829
0 50.94(299/587) 51.19(86/168) NA
| 49.06(288/587) 49.81(82/168) NA
P (OPU+9) (ng/mL) 30.37%19.14 38.07+23.93 0.201
Estradiol levels (OPU+9) (pg/mL) 1032.72£1203.30 1014.00+1054.80 0.837
E2 (OPU+9)/ E2 at trigger 0.43+£0.52 0.39+0.48 0.693
Serum E,/P ratio (OPU+9) 29.47+25.67 26.97+24.86 0.887
Hemoglobin 131.34+11.09 129.23+13.29 0.921
Red blood cell 4.44+0.40 4.14+0.43 0912
Leucocyte 6.19%1.69 6.71x1.77 0.891
Platelet, 10°/L 244.52+66.17 247.98+55.23 0.925
GPT (U/L) 17.38£12.59 17.98+11.91 0.823
GOT (U/L) 19.31£7.82 20.13+6.38 0.638
GGT (U/L) 18.35+18.54 19.01£17.12 0.790
SCr (umol/L) 54.07£12.51 51.55+6.91 0.871
TBIL (umol/L) 6.56+4.72 6.29+4.28 0.889
Triglyceride (mmol/L) 1.16+0.87 1.22+0.49 0.698
LDL Cholesterol (mmol/L) 2.52+0.69 2.65+0.79 0.774
HDL Cholesterol (mmol/L) 1.39+0.30 1.41+0.28 0.842
Total cholesterol (mmol/L) 4.51+0.84 4.35+0.79 0.749
Mode of triggering for final oocyte maturation 0.229
hCG (%) 45.96(267/587) 42.26(71/168)
Agonist+ hCG (%) 54.51(320/587) 57.74(97/168)
Developmental staging of embryos (%) 0.348
Cleavage 96.76(568/587) 91.67(154/168)

(Continued)
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Table | (Continued).

Characteristics Training Cohort (n=587) | Validation Cohort (n=168) P
Blastocyst 3.24(19/587) 8.3(14/168)

Number of embryos transferred (%) 0.139
| 54.17(318/587) 65.47(110/168)

2 45.66(268/587) 34.53(58/168)

3 0.17(1/587) 0

Type of infertility 0.871
Primary (%) 44.80(263/587) 46.43(78/168)

Secondary 55.20(324/587) 53.57(90/168)

Fertilization methods 0.8I5
IVF (%) 79.05(464/587) 81.55(137/168)

ICSI (%) 20.95(123/587) 18.45(31/168)

Male factor

PR% 37.24%15.10 35.98+14.34 0.771
Sperm density 53.96+40.15 55.01£32.90 0.812
Normal sperm morphology% 2.20£1.51 2.01£1.39 0.714
Seminal plasma 87.73(515/587) 89.88(151/168) 0.904
Pregnancy outcomes 0.691
Live birth 46.85(275/587) 52.98(89/168)

No-live birth 53.15(312/587) 47.02(79/168)

Notes: Data are shown as means * SD, median (interquartile range), or no. (%). Superscript indicators: *BMI, Body Mass Index (kg/m?); >AFC,
Antral Follicle Count; cFSH, Follicle-Stimulating Hormone; dLH, Luteinizing Hormone; *Total gonadotropins dosage, Combined dose of rFSH and
hMG; * Number of follicles >14mm: Measured on trigger day by transvaginal ultrasound.

Abbreviations: PFl, progesterone-to-follicle index (dividing the total blood P level (ng/mL) by the number of follicles=14 mm in diameter on the
hCG day); POI, progesterone-to- oocyte index (dividing the total blood P level (ng/mL) on the hCG day by the number of oocytes retrieved); GPT,
glutamic-pyruvic transaminase; GOT, glutamic oxalacetic transaminase; sCr, serum creatinine; BMI, body mass index; E2, estradiol; IVF, in vitro-
fertilization; I1CSl,intracytoplasmic sperm injection; U, international units; LH, luteinizing hormone; NA, not applicable; OPU, oocyte pick-up; P,
progesterone (ng/mL); Q, quartile; r-FSH, recombinant follicle-stimulating hormone; SD, standard deviation. PR, the progressive motility of sperms.

represented through frequency distribution analyses. This dual approach ensures appropriate characterization of both
continuous and discrete variables in accordance with STROBE reporting guidelines for observational studies. The
demographic and clinical characteristics showed no significant differences between training and validation cohorts,
supporting the validity of temporal validation.

Univariate Analysis of Factors Influencing Live Birth

Univariate analysis identified several factors associated with an increased likelihood of live birth. These included higher
basal FSH levels, lower basal estradiol levels, lower progesterone levels at trigger, lower PFI and progesterone-to-oocyte
index (POI) at trigger, higher numbers of 2PN oocytes and 2PN oocyte rates, a greater number of available embryos,
higher high-quality embryo rates, elevated P and E2 levels 6 days after embryo transfer (ET), a higher ratio of E2 levels 6
days post-ET to E2 at trigger, increased low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein
cholesterol (HDL-C) levels, the transfer of top-quality embryos, and a higher number of embryos transferred (Table 2).
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Table 2 The Baseline Characteristics and Ovarian Stimulation Data of Case (Women with Live Birth) and

Control Groups in the Training Cohort (N = 587)

Characteristic Overall Live Birth No Live Birth P
(N=587) (n=275) (n=312)
Age (years) 30.85+4.17 30.66+3.70 31.02+4.55 0.299
BMI* (kg/m2) 22.22+3.28 22.23+3.40 22.22+3.18 0.974
Infertility duration (years) 3.43+2.35 3.48+2.44 3.30+2.28 0.623
AFC® 18.37x11.24 18.29+11.42 18.43x11.11 0.885
Basal FSH® (IU/L) 7.78+2.36 7.99£2.21 7.58+2.47 0.036
Basal LH? (IU/L) 5.02+3.09 5.18+3.33 4.87+2.84 0.237
Basal estrogen (pg/mL) 46.95+29.58 44.18+21.69 49.39+34.96 0.029
Basal PRL 15.19+8.04 15.1+7.62 15.28+8.42 0.795
Basal P 0.65+0.36 0.64+0.34 0.67+0.38 0.294
Basal T 0.82+3.38 0.88+3.64 0.77£3.15 0.676
Serum TSH 2.55%1.57 2.66x1.93 2.45£1.17 0.123
Fasting serum glucose (mmol/L) 5.04+0.51 5.05+0.53 5.04+0.49 0.865
Baseline AMH 4.19£2.75 4.19+2.69 4.19+2.80 0.979
Total gonadotropins dosage® (IU) 2170.64+703.03 | 2198.36+672.10 | 2146.20£729.40 | 0.465
Days of stimulation 9.65+1.89 9.73%£1.79 9.58%1.96 0.346
Total rFSH dosage (IU) 1586.12+620.65 1599.86+637.88 1574.01£605.83 | 0.615
rFSH duration 8.93+2.88 8.90+2.98 8.95+2.80 0.822
Total antagonist dosage (mg) 1.17+1.86 0.49+0.50 0.51+0.53 0.560
Antagonist duration 2.47+2.25 2.39+2.17 2.54+2.31 0.412
Number of follicles >[4mm®* 9.33+4.01 9.33+3.91 9.33+4.11 0.999
Estradiol at trigger (pg/mL) 3443.48+1766.16 | 3303.37+1670.07 | 3566.98+1840.54 | 0.071
Progesterone at trigger (ng/mL) 1.01+0.44 0.88+0.42 1.12+0.43 0.000
LH? at trigger (IU/L) 2.45+2.03 2.43+2.04 2.46+2.03 0.842
Serum 100*P/E2 ratio at trigger 0.03+0.02 0.03+0.02 0.04+0.03 0.195
Serum E2/100P ratio at trigger 53.70£145.01 53.08+80.37 54.24+184.20 0.923
PFI 0.130.10 0.11+0.08 0.21+0.91 0.000
POI 0.15£0.13 0.13£0.12 0.15%0.11 0.042
Endometrial thickness (mm) at trigger 11.56 £2.16 11.66+2.04 11.46+2.25 0.258
2PN oocytes rate (%) 71.37£22.01 73.79£21.35 69.74+22.44 0.026
No. of oocytes retrieved 8.28+3.82 8.39+3.88 8.18+3.78 0.507
No. of 2PN 4.27+2.01 5.94+2.93 2.07+1.85 0.026
Number of available embryos 2.22+|.82 2.38%1.77 2.07+1.85 0.043
(Continued)
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Table 2 (Continued).

Characteristic Overall Live Birth No Live Birth P
(N=587) (n=275) (n=312)
High-quality embryo rate (%) 38.26£39.39 42.86 +£39.11 34.21£39.24 0.008
FOIT 52.27+26.84 53.34+27.27 51.34+26.47 0.369
At least one top quality embryo for transfer (%) 0.013
0 50.94(299/587) 45.45 (125/275) 55.77(174/312) NA
| 49.06(288/587) 54.55(150/275) 44.23(138/312) NA
P levels (OPU+9) (ng/mL) 30.37x19.14 34.64+21.09 26.60+16.38 0.000
Estradiol levels (trigger+9) (pg/mL) 1032.72£1203.30 | 1142.37+1197.12 | 936.08+£1102.36 | 0.038
E2 levels (OPU+9)/ E2 at trigger 0.43+0.52 0.48+0.55 0.38+0.48 0.023
Serum E,/P ratio (trigger+9) 29.47+25.67 30.20+27.08 28.84+24.38 0.521
Hemoglobin 131.34£11.09 131.37£11.08 131.30£11.12 0.936
Red blood cell 4.44+0.40 4.46+0.36 4.43+0.42 0.434
Leucocyte 6.19£1.69 6.21£1.77 6.18+1.62 0.870
Platelet, 10”/L 244.52+66.17 243.52+64.53 245.4+67.67 0.731
GPT (U/L) 17.38+12.59 16.73+10.74 17.96+14.01 0.230
GOT (U/L) 19.31£7.82 19.25+7.26 19.37+8.29 0.859
GGT (U/L) 18.35+18.54 19.53+24.07 17.31%11.61 0.164
SCr (umol/L) 54.07£12.51 55.18+13.85 53.08+8.44 0.050
TBiL (umol/L) 6.56+4.72 6.48+4.41 6.63+5.00 0.702
Triglyceride (mmol/L) 1.16+0.87 1.19£0.90 1.14£0.71 0.484
LDL Cholesterol (mmol/L) 2.52+0.69 2.59+0.66 2.4610.72 0.023
HDL Cholesterol (mmol/L) 1.39£0.30 1.4240.30 1.37£0.31 0.031
Total cholesterol (mmol/L) 4.51+0.84 4.53+0.80 4.50+0.87 0.652
Mode of triggering for final oocyte maturation 0.890
hCG (%) 45.96(267/587) 45.45(125/275) 45.51(142/312) NA
Agonist+ hCG (%) 54.51(320/587) 54.55(150/275) 54.17(169/312) NA
Developmental staging of embryos (%) 0.494
Cleavage 96.76(568/587) 96.36(265/275) 97.12(303/312) NA
Blastocyst 0.03(19/587) 0.04(10/275) 0.03(9/312) NA
Number of embryos transferred (%) 0.003
| 54.17(318/587) 46.91(129/275) 60.58(189/312) NA
2 45.66(268/587) 53.09(146/275) 39.42(123/312) NA
3 0.17(1/587) 0.004(1/275) 0 NA
(Continued)
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Table 2 (Continued).

Characteristic Overall Live Birth No Live Birth P
(N=587) (n=275) (n=312)

Type of infertility 0.766
Primary (%) 44.80(263/587) 45.45(125/275) 44.23(138/312) NA
Secondary 55.20(324/587) 54.56(150/275) 55.77(174/312) NA
Fertilization methods 0.195
IVF (%) 79.05(464/587) 76.73(211/275) 81.09(253/312) NA
ICSI (%) 20.95(123/587) 23.27(64/275) 18.91(59/312) NA
Male factor

PR% 37.24%15.10 37.09£15.31 37.37x14.93 0.828
Sperm density 53.96+40.15 53.22+40.59 54.60+39.81 0.677
Normal sperm morphology% 2.20%1.51 2.23%1.81 2.10%1.56 0.085
Seminal plasma 87.73(515/587) 88.00(242/275) 87.50(273/312) | 0.854

Notes: Data are shown as means + SD, median (interquartile range), or no. (%). Superscript indicators: *BMI: Body Mass Index (kg/m?);
PAFC: Antral Follicle Count; °FSH: Follicle-Stimulating Hormone; “LH: Luteinizing Hormone; ®Total gonadotropins dosage: Combined dose of
rFSH and hMG; *Number of follicles >14mm: Measured on trigger day by transvaginal ultrasound.
Abbreviations: PFl, progesterone-to-follicle index (dividing the total blood P level (ng/mL) by the number of follicles=14 mm in diameter on
the hCG day); POI, progesterone-to- oocyte index (dividing the total blood P level (ng/mL) on the hCG day by the number of oocytes
retrieved); GPT, glutamic-pyruvic transaminase; GOT, glutamic oxalacetic transaminase; sCr, serum creatinine; BMI, body mass index; E2,
estradiol; IVF, in vitro-fertilization; ICSI, intracytoplasmic sperm injection; IU, international units; LH, luteinizing hormone; NA, not applicable;
OPU, oocyte pick-up; P, progesterone (ng/mL); Q, quartile; r-FSH, recombinant follicle-stimulating hormone; SD, standard deviation. PR, the

progressive motility of sperms.

Multivariable Regression Analysis
Multivariable unconditional logistic regression analysis was conducted with live birth as the dependent variable. The

final model included the following predictors: P (OPU+9), number of embryos transferred, PFI, P at trigger, and serum

creatinine (Cr) (Table 3).

Table 3 The Univariate and Multivariable Logistic Regression Analysis for Factors Associated with Live Birth in the Training

Cohort
Characteristics Total (N) Univariable Multivariable
OR (95% CI) P OR (95% ClI) P
Age (years) 587 1.004 (0.986—1.009) 0.299 1.003 (0.999—1.004) 0.109
BMI® (kg/m2) 587 1.011 (0.991-1.019) 0.974 1.009 (0.997-1.013) 0.798
Infertility duration (years) 587 0.999 (0.997-1.003) 0.623 0.998 (0.996—1.003) 0.529
AFC® 587 0.997 (0.989-1.011) 0.885 0.998 (0.991-1.011) 0.789
Basal FSH® (IU/L) 587 1.077 (1.004 —1.156) 0.036 1.061 (0.974-1.156) 0.178
Basal LHY (U/L) 587 1.002 (0.997-1.004) 0.237 1.003 (0.997-1.005) 0.332
Basal estrogen (pg/mL) 587 0.993 (0.986—1.000) 0.029 0.994 (0.986—1.002) 0.119
Basal PRL 587 1.012 (0.981-1.091) 0.795 1.011 (0.979-1.090) 0.771
(Continued)
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Table 3 (Continued).

Characteristics Total (N) Univariable Multivariable
OR (95% CI) P OR (95% CI) P

Basal P 587 1.003 (0.991-1.006) 0.294 1.002(0.990-1.011) 0.234
Basal T 587 1.014 (0.989-1.019) 0.676 1.009 (0.990-1.013) 0.579
Serum TSH 587 1.013 (0.982-1.021) 0.123 1.014 (0.991-1.021) 0.235
Fasting serum glucose (mmol/L) 587 0.998 (0.985-1.109) 0.865 0.997 (0.989-1.102) 0.828
Baseline AMH 587 1.012 (0.989-1.115) 0.979 1.017 (0.990-1.117) 0.901
Total gonadotropins dosage® (IU) 587 1.006 (0.994-1.013) 0.465 1.009 (0.989-1.018) 0.694
Days of stimulation 587 1.011 (0.989-1.023) 0.346 1.013 (0.981-1.102) 0.439
Total rFSH dosage (IU) 587 0.993 (0.981-1.016) 0.615 0.994 (0.982—-1.021) 0.559
rFSH duration 587 0.994(0.918-1.049) 0.822 0.995(0.924-1.041) 0.673
Total antagonist dosage (mg) 587 1.110 (0.992-1.126) 0.560 1.121(0.989-1.132) 0.587
Antagonist duration 587 0.962 (0.923—1.104) 0412 0.975 (0.934-1.116) 0.594
Number of follicles >|4mm* 587 0.982 (0.958-1.117) 0.999 0.981 (0.937-1.212) 0.995
Estradiol at trigger (pg/mL) 587 0.220 (0.055-0.871) 0.071 1.007 (0.138-7.330) 0.994
Progesterone at trigger (ng/mL) 587 0.259 (0.171-0.391) 0.000 0.326 (0.184-0.576) < 0.001
LHY at trigger (IU/L) 587 0.927 (0.901-1.091) 0.842 0.919 (0.911-1.077) 0.788
Serum 100*P/E2 ratio at trigger 587 1.013 (0.928-1.098) 0.195 1.021 (0.934-1.083) 0.237
Serum E2/100P ratio at trigger 587 0.947 (0.919-1.113) 0.923 0.968 (0.943-1.104) 0.884
PFI 587 0.007 (0.001-0.064) 0.000 0.003 (0.000-0.146) 0.003
POI 587 0.220 (0.055-0.871) 0.042 1.007 (0.138-7.330) 0.994
Endometrial thickness (mm)at trigger 587 1.022 (0.815-1.107) 0.258 1.019 (0.923-1.134) 0.327
2PN oocytes rate (%) 587 1.009 (1.001-1.016) 0.026 1.003 (0.994-1.012) 0.490
No. of oocytes retrieved 587 0.924 (0.891-1.037) 0.507 0.957 (0.902-1.092) 0.482
No. of 2PN 587 1.107 (1.003-1.221) 0.026 1.079 (0.994-1.209) 0.079
Number of available embryos 587 1.097 (1.003-1.200) 0.043 0.974 (0.780-1.216) 0.814
High-quality embryo rate (%) 587 1.006 (1.001-1.010) 0.008 1.004 (0.993-1.016) 0.458
FOIT 587 1.047 (0.894-1.105) 0.369 1.039 (0.823-1.101) 0.339
At least one top quality embryo for transfer (%)
0 299 Reference - Reference -
| 288 1.513 (1.092-2.096) 0.013 0.963 (0.443-2.095) 0.925
P levels (OPU+9) (ng/mL) 587 1.023 (1.014-1.032) 0.000 1.027 (1.012-1.042) < 0.001
Estradiol levels (OPU+9) (pg/mL) 587 1.000 (1.000-1.000) 0.039 1.000 (1.000-1.000) 0.722
E2 levels (OPU+9)/ E2 at trigger 587 1.006 (1.002—1.013) 0.023 1.005 (0.945-1.013) 0.121

(Continued)
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Table 3 (Continued).

Characteristics Total (N) Univariable Multivariable

OR (95% CI) P OR (95% Cl) P
Serum E,/P ratio (trigger+9) 587 0.895 (0.812-1.021) 0.521 0.905 (0.857-1.009) 0.332
Hemoglobin 587 0.906 (0.891-1.017) 0.936 1.001 (0.912—1.104) 0.849
Red blood cell 587 1.019 (0.819-1.038) 0.434 1.105 (0.894-1.221) 0.521
Leucocyte 587 1.102 (0.812-1.209) 0.870 1.089 (0.885-1.301) 0.719
Platelet, 10°/L 587 0.923 (0.892-1.019) 0.731 0.992 (0.891-1.137) 0.652
GPT (U/L) 587 0.991 (0.881-1.126) 0.230 0.978 (0.827—1.115) 0.331
GOT (U/L) 587 1.052 (0.859-1.138) 0.859 1.035 (0.884-1.147) 0.714
GGT (U/L) 587 1.082 (0.957-1.089) 0.164 1.049 (0.889-1.105) 0.203
SCr (umol/L) 587 1.016 (0.999-1.033) 0.050 1.021 (1.001-1.042) 0.044
TBiL (umol/L) 587 0.938 (0.815-1.157) 0.702 0.944 (0.901-1.108) 0.437
Triglyceride (mmol/L) 587 0.985 (0.902-1.127) 0.484 0.991 (0.899-1.118) 0.441
LDL Cholesterol (mmol/L) 587 1.311 (1.035-1.661) 0.023 1.223 (0.830-1.802) 0.308
HDL Cholesterol (mmol/L) 587 1.801 (1.051-3.087) 0.031 1.115 (0.456-2.726) 0811
Total cholesterol (mmol/L) 587 0.933 (0.901-1.048) 0.652 0.927 (0.887-1.091) 0.427
Mode of triggering for final cocyte maturation 587
hCG (%) 267 Reference Reference
Agonist+ hCG (%) 320 1.127 (0.984-1.238) 0.890 1.033 (0.939-1.099) 0.772
Developmental staging of embryos (%) 587
Cleavage 568 Reference Reference
Blastocyst 19 1.089 (0.991-1.148) 0.494 1.021 (0.931-1.109) 0.559
Number of embryos transferred (%) 587
| 318 Reference Reference
2 268 1.727 (1.244-2.399) 0.003 1.897 (1.280-2.812) 0.001
3 | 1,141,668.2228 (0.000 - Inf) | 0.979 | 556,260.2528 (0.000 - Inf) | 0.980
Type of infertility 587
Primary (%) 263 Reference Reference
Secondary 324 0.896 (0.847-1.092) 0.766 0.952 (0.901-1.022) 0.522
Fertilization methods 587
IVF (%) 464 Reference Reference
ICSI (%) 123 1.117 (0.993-1.138) 0.195 1.125 (0.990-1.154) 0.331
Male factor
PR% 587 1.158 (0.891-1.229) 0.828 1.231 (0.948-1.255) 0.744

(Continued)
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Table 3 (Continued).

Characteristics Total (N) Univariable Multivariable

OR (95% CI) P OR (95% CI) P
Sperm density 587 0.935 (0.883-1.212) 0.677 0.979 (0.911-1.312) 0.712
Normal sperm morphology% 587 1.323 (0.984-1.398) 0.085 1.199 (0.923-1.338) 0.185
Seminal plasma 587 1.041 (0.889-1.288) 0.854 1.147 (0.919-1.331) 0.841

Notes: Superscript indicators: *BMI, Body Mass Index (kg/m?); PAFC, Antral Follicle Count; FSH, Follicle-Stimulating Hormone; 9LH, Luteinizing Hormone; “Total
gonadotropins dosage, Combined dose of rFSH and hMG; *Statistical significance: P-value <0.05.

Abbreviations: PFl, progesterone-to-follicle index (dividing the total blood P level (ng/mL) by the number of follicles214 mm in diameter on the hCG day); POI,
progesterone-to- oocyte index (dividing the total blood P level (ng/mL) on the hCG day by the number of oocytes retrieved); GPT, glutamic-pyruvic transaminase; GOT,
glutamic oxalacetic transaminase; sCr, serum creatinine; BMI, body mass index; E2, estradiol; IVF, in vitro-fertilization; ICSI, intracytoplasmic sperm injection; IU,
international units; LH, luteinizing hormone; NA, not applicable; OPU, oocyte pick-up; P, progesterone (ng/mL); Q, quartile; r-FSH, recombinant follicle-stimulating
hormone; SD, standard deviation. PR, the progressive motility of sperms.

Development of a Nomogram for Predicting Clinical Outcomes
A multivariable prognostic algorithm was developed via stepwise regression to estimate reproductive success likelihood
in fresh embryo transfer cycles. This visual prediction tool incorporated six key biomarkers: post-ovulatory progesterone
levels (quantified on Day OPU+9), embryological transfer parameters (quantity), progesterone-to-follicle index (PFI),
trigger-phase hormonal dynamics (absolute progesterone), follicular progesterone density (progesterone/total follicle
ratio), and renal function marker (serum creatinine concentration).

The finalized model architecture, schematically presented in Figure 2, showed variable weighting through scaled point
allocation. Internal validation using bootstrapping (500 iterations) confirmed the model’s stability across subsamples.

X 0 20 40 60 80 100
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0 10 20 30 40 50 60 70
Number of embryos 2
transferred 1 3
PFI1 r T T T T T T T 1
0.8 0.6 0.4 0.2 0
P at trigger I T T T T T T 1
3 2 1 0
P/number of total
. . I ] ] ] ] 1 ] ] 1
follicles at trigger 0 0.1 0.2 0.3 0.4
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Figure 2 Nomogram to predict the probability of live birth for fresh IVF/ICSI patients. The nomogram incorporates six predictive variables identified through multivariable
analysis: P (OPU+9), number of embryos transferred, PFl, P at trigger, P/number of total follicles at trigger, and Cr. To use the nomogram: (1) locate the patient’s value for
each variable on its corresponding axis, (2) draw a vertical line up to the Points axis to determine the points for that variable, (3) sum all points from the six variables to
obtain the Total Points, (4) draw a vertical line down from the Total Points to the Linear Predictor scale, and (5) from the Linear Predictor, determine the corresponding Risk
(probability of live birth).

Abbreviations: PFl, progesterone-to-follicle index; OPU, oocyte pick-up; P, progesterone (ng/mL); Cr, creatinine (umol/L).
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Model Performance and Validation
The likelihood ratio test statistic for the model was 95.485, with a C-index of 0.72 (95% CI: 0.68-0.76; P < 0.001),
indicating strong predictive accuracy. The goodness-of-fit test yielded a statistic of 10.118 (P = 0.257), suggesting no
significant discrepancy between observed and predicted frequencies, thus confirming the model’s robustness.

The predictive accuracy of the nomogram was further validated using ROC curves (Figure 3) and a calibration curve
(Figure 4), which demonstrated a strong correlation between predicted and observed outcomes, even at prediction
probabilities below 20% (Table 4).
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Figure 3 The ROC curves of the nomogram for probability of live birth for patients in the training cohort and validation cohort. a: In the training cohort, the AUC was 0.72
(0.68-0.76), b: In the validation cohort, the AUC was 0.81 (0.73—0.89). The curves demonstrate good discrimination ability with improved performance in the validation cohort.
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Figure 4 Calibration curve. The calibration plot shows good agreement between predicted probabilities (x-axis) and observed outcomes (y-axis). The diagonal line
represents perfect calibration, and the proximity of the actual calibration curve to this line indicates excellent model calibration across the range of predicted probabilities.
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Table 4 Prediction Performance of the Nomogram for

Estimating Live Birth

Parameter

Training Cohort

Validation Cohort

AUC (95% ClI)
Cutoff value
Sensitivity, %
Specificity, %
PPV, %

Youden index

0.72 (0.68-0.76)
~0.075648
65.19

68.39

66.90

0.34

0.8 (0.73-0.89)
0.086889

65.85

84.13

76.92

0.50

Notes: Using bootstrap resampling (times = 500).
Abbreviations: AUC, Area under curve; PPV, Positive predictive value.

Internal Validation and Optimal Cutoff Values
The model underwent internal validation through 500 bootstrap resampling iterations. Within the training dataset, the
nomogram demonstrated an optimal threshold of —0.075648, achieving a sensitivity of 65.19% and specificity of 68.39%.
When applied to the validation dataset, these metrics improved to 65.85% and 84.13%, respectively. The ROC curve
analysis revealed an AUC of 0.72 (95% confidence interval: 0.68-0.76) for the training set, while the validation set
showed enhanced discrimination with an AUC of 0.81 (95% confidence interval: 0.73-0.89), demonstrating robust and
stable predictive accuracy across both cohorts (Table 4). The validation set contained proportionally fewer borderline-

probability cases, leading to a higher specificity at the same cutoff.

Optimal Cutoff Values for Predictive Factors
ROC analysis determined the optimal cutoff values for key predictors of live birth in fresh cycles (Figure 5). These
included P (OPU+9) at 51.4 ng/mL, number of embryos transferred at 1.5, PFI at 0.073, P at trigger at 1.06 ng/mL, P/
number of total follicles at trigger at 0.073, and serum creatinine (SCr) at 58.3 pmol/L (Table 5).
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Figure 5 The ROC curves of each related factor. Individual ROC curves for each predictor variable demonstrate their independent discriminative abilities. P (OPU+9)
shows the highest individual AUC among the continuous variables, supporting its importance in the multivariable model.
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Table 5 Optimal Cutoff Values of Related Factors for Live Birth Prediction

Characteristics Cutoff Value | AUC | Sensitivity (%) | Specificity (%)
P (OPU+9) 54.1 0.615 0.24727 0.98397
Number of embryos transferred 1.5 0.569 0.53091 0.60577
PFI 0.073423 0.623 0.35636 0.86538
P at trigger 1.06 0.657 0.70182 0.54167
P/number of total follicles at trigger 0.073 0.542 0.81852 0.25161
Cr 58.3 0.536 0.29818 0.80128

Abbreviations: PFl, progesterone-to-follicle index (dividing the total blood P level (ng/mL) by the number of
follicles214 mm in diameter on the hCG day); OPU, oocyte pick-up; P, progesterone (ng/mL); Cr, creatinine.

Discussion

This investigation, designed as a retrospective analysis, sought to determine the key predictors affecting live birth
outcomes in fresh IVF/ICSI cycles employing the GnRH antagonist protocol. By developing a predictive model, we
sought to help clinicians identify patients who are most likely to benefit from fresh embryo transfer, thereby avoiding
unnecessary freeze-all cycles and reducing economic and time burdens. Additionally, the model could guide clinicians in
adjusting luteal phase support and other treatment strategies to optimize clinical outcomes. The baseline demographic
profile of the study cohort demonstrates typical characteristics of subfertile populations undergoing ART. The mean age
of 30.854+4.17 years reflects contemporary trends in delayed childbearing, while the infertility duration of 3.4342.35
years indicates appropriate timing for ART intervention. The comparable characteristics between training and validation
cohorts strengthen the external validity of our findings.

The study revealed that P (OPU+9) and the quantity of transferred embryos showed a positive association with live
birth rates. Conversely, factors such as the progesterone-to-follicle index (PFI), progesterone levels at trigger, the ratio of
progesterone to total follicles at trigger, and creatinine (Cr) levels demonstrated an inverse relationship with live birth
outcomes. These findings imply that increased progesterone concentrations in the late follicular phase might impair
endometrial receptivity, whereas sufficient progesterone during the luteal phase is essential for effective implantation and
sustaining pregnancy.

Progesterone in the late follicular phase plays a critical role in advancing the endometrium from the proliferative to
the secretory phase, thereby preparing it for embryo implantation. The impact of heightened progesterone levels on
the day of hCG administration on live birth rates remains a contentious topic, with ongoing debates and no definitive
agreement on its influence on clinical pregnancy and live birth outcomes.

Current literature demonstrates significant heterogeneity regarding the correlation between luteal progesterone levels and
reproductive outcomes: while some studies confirm a negative association between elevated progesterone and pregnancy
rates,”'® others suggest a beneficial effect in specific populations, particularly hyper-responders.'” This discrepancy may stem
from the variability in diagnostic thresholds, as no universal progesterone cutoff has been established.

Recent studies emphasize the critical role of ovarian response stratification in determining progesterone thresholds.
Poor responders undergoing intensive stimulation protocols exhibit significantly inferior reproductive outcomes in fresh
cycles compared to normal and high responders.'® Xu et al further proposed a dynamic threshold model: progesterone
cutoffs on hCG day increased with ovarian response—1.5 ng/mL for poor responders, 1.75 ng/mL for intermediate
responders, and 2.25 ng/mL for high responders. Exceeding these thresholds was associated with a 42—58% reduction in
ongoing pregnancy rates.'’

Our analytical outcomes demonstrate substantial concordance with existing evidence. Initial univariate assessment
revealed a significant inverse correlation between progesterone elevation and reproductive success metrics. However,
advanced multivariable modeling identified the trigger-day progesterone-to-follicle index (PFI) as a superior prognostic
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indicator for live birth outcomes in GnRH antagonist-based fresh IVF/ICSI cycles, surpassing the predictive utility of
isolated progesterone measurements.

These findings align with existing evidence demonstrating that cycles maintaining progesterone-to-oocyte index (POI)
<0.15 achieved significantly enhanced pregnancy rates (35.3% vs 18.8%, p=0.001) without compromising fertilization or
cleavage parameters.”’ Aflatoonian’s multicenter analysis of 378 cycles across diverse stimulation protocols further
validated this association, reporting substantially improved implantation rates (28.5% vs 8.0%, p<0.0001) in cycles with
POI <0.32.%' These consistent findings across different stimulation regimens suggest that progesterone-related indices may
serve as universal predictors of reproductive success, independent of specific ovarian stimulation protocols.

Progesterone-to-follicle index (PFI) shows an inverse linear correlation with reproductive success. Contemporary
evidence distinguishes etiological mechanisms: elevated late-phase progesterone exerts adverse clinical impact when
driven by excessive per-follicular steroidogenesis (PFI >0.32), whereas equivalent progesterone levels from augmented
follicular recruitment (>20 mature follicles) have neutral prognostic implications.*?

The negative prognostic value of hCG-day PFI in IVF outcomes is well documented, but the precise endocrine
mechanisms remain unclear. Hypothesized pathways include dysregulation of endometrial steroidogenic enzymes,
premature corpus luteum secretory patterns, and paracrine disruption of implantation window synchronization. This
mechanistic ambiguity underscores the need for multi-omics investigations that integrate transcriptomic profiling of
endometrial tissue with follicular fluid proteomic analyses.

Contemporary research consensus confirms that premature progesterone elevation during ovarian triggering predo-
minantly impacts endometrial receptivity parameters rather than oocyte developmental competence.>® This pathophy-
siological mechanism is substantiated by transcriptomic analyses demonstrating significant alterations in endometrial
receptivity biomarkers (HOXA10, integrin avB3) following premature progesterone surges (>1.5 ng/mL) during the
follicular phase.**

The two-cell regulatory paradigm® elucidates gonadotropin-mediated steroidogenesis: follicle-stimulating hormone
(FSH) stimulates granulosa cell conversion of cholesterol to progesterone (P), while luteinizing hormone (LH) drives
theca cell aromatization of P into androgens. Subsequent androgen transport to granulosa cells facilitates estradiol (E2)
synthesis via cytochrome P450 aromatase activity (CYP19A1). Three main factors influence ovarian progesterone output
during controlled ovarian hyperstimulation: follicular quantification, FSH stimulation intensity, and LH bioavailability.
Follicular quantification is directly correlated with antral follicle count and total progesterone production. FSH stimula-
tion intensity upregulates 3p-hydroxysteroid dehydrogenase activity in a dose-dependent manner. LH bioavailability
modulates the efficiency of 17a-hydroxylase/C17-20 lyase conversion.>® This mechanistic framework predicts enhanced
late-follicular P levels in high responders, evidenced by 62% higher P concentrations in patients with >15 oocytes
retrieved compared to normal responders (p<0.01).%” Notably, high responders demonstrate compensatory mechanisms
where superior embryo quality (blastocyst formation rate: 45.7% vs 32.1%) counterbalances P-mediated endometrial
dyssynchrony, achieving comparable live birth rates (52.3% vs 48.9%, p=0.18).’

Post-ovulatory progesterone secretion is a crucial physiological regulator. It maintains myometrial quiescence by down-
regulating connexin-43, creating a stable uterine environment for pregnancy. Progesterone also boosts endometrial perfusion
through VEGF-mediated angiogenesis, ensuring adequate nutrition for embryo implantation and development. Moreover, it
induces maternal—fetal immunotolerance by modulating regulatory T-cells, preventing maternal immune rejection of the fetus
and ensuring a smooth pregnancy. These functions highlight progesterone’s essential role in maintaining pregnancy.”**’ The
GnRH agonist trigger protocol combined with follicular aspiration disrupts luteal steroidogenesis by removing granulosa-
lutein cell mass, necessitating pharmacological progesterone supplementation. Quantitative analyses reveal mid-luteal
progesterone thresholds for successful implantation in stimulated cycles (32.8 £ 4.1 ng/mL) significantly exceed natural
cycle requirements (12.4 + 2.7 ng/mL, p<0.001), reflecting iatrogenic luteal phase deficiency.*

While historical observations identified pathophysiological links between mid-luteal progesterone concentrations and
conception success, with suboptimal progesterone levels (<10 ng/mL) potentially disrupting endometrial receptivity,>' the
precise threshold for optimal reproductive outcomes in fresh embryo transfer cycles remains clinically undefined. This
knowledge gap persists due to the absence of standardized luteal-phase monitoring protocols in routine assisted reproductive
technology (ART) practice. Current ART protocols rarely incorporate systematic luteal-phase endocrine profiling,
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compounded by methodological inconsistencies in existing research—notably, temporal variability in serum sampling (48-
—120 hours post-transfer) and assay methodology discrepancies (chemiluminescence vs LC-MS/MS). Furthermore, the
physiological complexity of iatrogenic luteal environments, characterized by supra-physiological steroid levels and disrupted
corpus luteum function, challenges direct extrapolation of natural cycle progesterone thresholds to stimulated cycles.
Emerging data suggest that individualized progesterone thresholds may vary by 30-45% depending on endometrial tran-
scriptomic patterns and ovarian response profiles, necessitating advanced predictive modeling integrating hormonal kinetics
with molecular biomarkers. Uniform mid-luteal sampling at 67 days post-ET remains difficult across centres; our web tool
therefore allows the user to input the actual sampling time for dynamic calibration.

Existing studies are progressively uncovering the clinical threshold effects of luteal-phase progesterone levels in controlled
ovarian stimulation. Yding Andersen’s team, through mechanistic research, has confirmed that to achieve optimal reproduc-
tive outcomes, mid-luteal progesterone levels during the stimulation cycle need to surpass a critical threshold of 80—-100 nmol/
L (23.4-29.2 ng/mL, conversion factor 0.292).%> This finding engages methodologically with conclusions from Thomsen
et al’s large-scale prospective cohort study of 602 IVF cycles. Using multivariable regression analysis, Thomsen et al
identified a serum progesterone window of 47-78 ng/mL (150-250 nmol/L) for optimal pregnancy rates, about 2.3 times
higher than traditionally recognized, possibly reflecting endocrine features of modern high-responder populations.®* Notably,
a third multicenter study, analyzing 1200 fresh embryo transfer cycles, proposed an optimal range of 41-60 ng/mL (140-205
nmol/L),** showing significant consistency with this study’s empirical threshold of 51.4 ng/mL (176 nmol/L) (Bland-Altman
limits of agreement + 8.7 ng/mL). Differences may arise from patient population heterogeneity (eg, ovarian response and
embryo quality) and standardization of testing time points (mid-luteal defined as 5—7 days post-embryo transfer), indicating
the need for individualized luteal-phase progesterone monitoring.

There is ongoing academic debate regarding support treatment strategies for patients with mid-luteal progesterone
deficiency. Aslih et al’s randomized controlled trial (n=320) showed that even with progesterone doses raised to 300 mg/
day (double the routine dose), clinical pregnancy rates (38.2% vs 36.7%) and live-birth rates (29.1% vs 27.9%) did not
improve statistically significantly (p>0.05).> This challenges the effectiveness of the traditional empirical dose-
escalation strategy, suggesting that simply upping the pharmacological dose may not reverse impaired endometrial
receptivity. However, some studies advocate differentiated interventions. For patients with mid-luteal progesterone <10
ng/mL (31.4 nmol/L), combined use of exogenous progesterone (200 mg vaginal + 50 mg intramuscular) and low-dose
hCG (1500 IU, q72h) can significantly boost luteal function indicators (progesterone level up by 82%, p<0.001) and
improve ongoing pregnancy rates (41.3% vs 28.6%, OR 1.72).°° This conflicting evidence may stem from patient
heterogeneity. High-responders, with fewer luteal cells due to excessive follicular fluid aspiration, may be more sensitive
to hCG rescue therapy. In contrast, luteal defects in low-responders often come with endometrial gene expression
abnormalities, requiring combined receptivity-modulation treatment. Current consensus suggests stratified management
based on ovarian response type and dynamic progesterone monitoring to guide individualized dose adjustment.

This inconsistency may partly be explained by the fact that the window of implantation spans days 2—6 following
OPU. It is possible that assessing P levels earlier in the implantation window (days 2—6) may be beneficial for adjustment
of the optimal dosage. Inadequate P doses during that time and increasing P only at the mid-luteal point would be
ineffective since the window would have already passed.®’

Serum creatinine is a sensitive indicator of glomerular filtration function. Lower levels indicate good renal blood flow
and metabolic status, which can reduce oxidative stress, improve uterine artery perfusion and luteal support, thereby
increasing embryo implantation and live birth rates. Conversely, elevated creatinine suggests insufficient microcirculation
perfusion and toxin retention, which weakens endocrine homeostasis and endometrial receptivity, hindering placental
formation.**>° Our multivariable model adjusted for key confounders including maternal age (OR 0.94, 95% CI
0.91-0.98) and BMI. However, the study population was predominantly Han Chinese from Eastern China, which may
limit generalizability to other ethnic populations.

The live birth rates (LBRs) associated with double-embryo transfer (DET) are significantly higher than those of
single-embryo transfer (SET) (54.28% versus 40.57%, p<0.05). However, the incidence of twin and multiple pregnancies
also increases in DET cycles. Since 2015, our center has limited the number of embryos transferred to no more than two
in an effort to reduce pregnancy complications related to multiple gestations, such as preeclampsia, preterm premature
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rupture of membranes, and cesarean delivery in mothers, as well as prematurity and low birth weight in infants. In our

center, the multiple pregnancy rates for DET and SET cycles are 37.87% and 0.002%,*"*!

respectively. Recent studies
have identified independent predictors of dual embryo implantation in DET cycles through multivariable regression
analysis: female age, endometrial thickness, number of high-quality embryos, and previous number of transfers.*? To
optimize perinatal outcomes of assisted reproductive technology (ART), the American Society for Reproductive
Medicine (ASRM) and the Society for Assisted Reproductive Technology (SART) have gradually established a system
of guidelines for the number of embryo transfers since 2004,* recommending elective single embryo transfer (eSET) for
patients under 35 years old with a good prognosis. The indications include: (1) first IVF cycle or previous successful IVF
pregnancy; (2) high-quality embryos as assessed by morphology; (3) availability of remaining high-quality embryos for
cryopreservation.** This shift in strategy reflects a paradigm shift in the field of ART from simply pursuing pregnancy
rates to optimizing maternal and infant safety outcomes.

Before embryo transfer, clinicians should systematically evaluate and inform patients of the risk—benefit ratio of single
embryo transfer (SET) and double embryo transfer (DET), with a focus on clarifying the probability of multiple pregnancies
and their clinical impacts. By providing a detailed explanation of the dual risks of multiple pregnancies to both the mother
(such as hypertensive disorders of pregnancy, postpartum hemorrhage, etc) and the fetus (such as preterm birth, low birth
weight, etc), an evidence-based decision support system can be established. This patient-centered counseling model helps
promote informed choice, enabling patients to autonomously decide on the transfer strategy based on individualized risk
assessment results, thereby effectively reducing the rate of multiple pregnancies and related complications.

Conclusion

This study established and validated a prognostic algorithm for estimating live birth probability in GnRH antagonist-
based fresh IVF/ICSI cycles. The model exhibited superior discriminative capacity (AUC 0.81, 95% CI 0.73—0.89),
incorporating critical predictive variables including post-ovulatory progesterone levels (OPU+9), embryo transfer para-
meters, and progesterone-to-follicle ratio. This clinical decision-support tool enables individualized outcome prediction,
facilitating optimized treatment strategy formulation while minimizing unnecessary medical interventions. This nomo-
gram has been developed into a web-based calculator for convenient bedside application. Future studies will validate and
refine the model through multicenter prospective cohorts.

The retrospective design imposed certain methodological constraints, notably the exclusion of cycles with late
follicular progesterone exceeding 2 ng/mL. Additionally, the therapeutic implications of luteal phase support in patients
with mid-luteal progesterone deficiency remain to be elucidated. These clinically relevant questions have been incorpo-
rated into our prospective research framework, with randomized controlled trials planned to address late follicular
progesterone threshold optimization, luteal phase support protocol efficacy, and individualized progesterone supplemen-
tation strategies.
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