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Objective: To explore the impact of trigger-day luteinizing hormone (LH) levels on pregnancy outcomes in antagonist and long
protocols during in vitro fertilization (IVF) and determine protocol-specific LH thresholds.

Methods: This retrospective analysis covered 217 IVF/ICSI cycles from January 2023 to April 2024. The relationships between
trigger-day LH levels and pregnancy outcomes in the two protocols were compared using ROC curves, multivariate logistic regression,
and mediation models.

Results: In the antagonist protocol, LH > 1.45 TU/L was linked to lower oocyte yield, reduced high-quality embryo rates, and a higher
risk of clinical pregnancy failure (RR = 2.34, p = 0.006). In the long protocol, LH > 1.0 IU/L was associated with higher clinical
pregnancy rates (OR = 2.61, p = 0.026), with 68% of the effect mediated by increased oocyte yield. Age < 35 significantly enhanced
these effects (three-way interaction OR = 6.55, p = 0.003).

Conclusion: The antagonist and long protocols should adopt LH thresholds of 1.45 IU/L and 1.0 IU/L, respectively. Age is a key
moderator, providing evidence for individualized IVF trigger strategies.
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Introduction

As a fundamental component of Assisted Reproductive Technology (ART), the success rate of in vitro fertilization (IVF)
is affected by numerous factors, with the optimization of ovulation induction regimens being particularly crucial. The
antagonist and long protocols, two predominant ovulation induction strategies, differ fundamentally in their mechanisms
of pituitary suppression. The antagonist protocol achieves rapid suppression by directly blocking gonadotropin
receptors,’ whereas the long protocol employs gonadotropin-releasing hormone (GnRH) agonists to achieve down-
regulation.” Following an initial flare-up effect, luteinizing hormone (LH) levels gradually decrease.

This divergence profoundly alters the endocrine milieu, particularly the physiological dynamics of luteinizing
hormone (LH). Research suggests that LH levels on the trigger day have differential impacts on outcomes in the
antagonist and long protocols.> ® Conversely, certain studies indicate that trigger-day LH levels in the antagonist protocol
may not significantly affect outcomes.® In the context of the GnRH agonist long protocol, limited research has
investigated the relationship between trigger-day LH levels and pregnancy outcomes following fresh embryo transfer.
Current evidence demonstrates a positive correlation between trigger-day LH levels and both clinical pregnancy and live
birth rates.”* Nonetheless, this body of research does not elucidate the threshold effect of LH in the long protocol and

lacks a stratified analysis concerning the critical covariate of age.
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The present study identifies three primary research gaps: Firstly, the safe luteinizing hormone (LH) threshold in the
antagonist protocol has yet to be determined through receiver operating characteristic (ROC) analysis. Secondly, the
hypothesis that the protective effect of elevated LH levels in the long protocol is mediated by oocyte yield remains
unsubstantiated by statistical evidence. Thirdly, the influence of age as a moderating factor on the LH threshold has not
been quantified. The age cutoff of 35 years was selected based on well-established biological evidence: women aged >35
years exhibit accelerated decline in ovarian reserve, altered gonadotropin sensitivity, and reduced LH receptor expression
on granulosa cells, which may modify the physiological effects of LH during ovarian stimulation.”'® This retrospective
cohort analysis seeks to address these gaps by: 1) establishing a personalized LH threshold for the antagonist protocol; 2)
elucidating the mechanism by which elevated LH levels confer benefits in the long protocol; and 3) quantifying the
interaction between age and protocol. The outcomes of this study are expected to provide an evidence-based framework
for individualized ovulation induction strategies, thereby improving in vitro fertilization (IVF) pregnancy outcomes.

Methods
Study Design and Ethics

This single-center retrospective cohort study included 217 consecutive first-time IVF/ICSI cycles performed at the
Reproductive Medicine Center of our hospital between January 2023 and April 2024. The study protocol was approved
by the institutional ethics committee (Approval No.: LYG-MER2021039). Informed consent was waived as all data were
extracted from an anonymized electronic medical record system, ensuring full protection of patient privacy.

Participants
Inclusion criteria: (1) First IVF/ICSI attempt; (2) Age <38 years (23-37 years inclusive); (3) Use of either a flexible
antagonist protocol or standard short-acting GnRH agonist long protocol.

Exclusion criteria: (1) Diminished ovarian reserve (AMH <1.1 ng/mL or antral follicle count <5-7, per Bologna
criteria''); (2) Poor ovarian response according to the Poseidon classification;'? (3) Chronic diseases (eg, diabetes
mellitus, uncontrolled thyroid disorders, autoimmune diseases); (4) Uterine anomalies (eg, Asherman syndrome, sub-
mucosal myoma, unicornuate uterus); (5) Recurrent pregnancy loss (>2 spontaneous abortions). (6) Bilateral or unilateral
hydrosalpinx; (7) Chromosomal abnormalities.

Controlled Ovarian Stimulation Protocols
Flexible antagonist protocol: Recombinant FSH (rFSH) 150-300 IU/day was initiated on cycle day 2. Ganirelix 0.25 mg/
day was added when the leading follicle reached >14 mm or serum estradiol >300 pg/mL. Final oocyte maturation was
triggered with triptorelin 0.2 mg plus hCG 4000 IU when >2 follicles reached >17 mm.

Long protocol: Short-acting triptorelin 0.1 mg/day was started in the mid-luteal phase. Pituitary down-regulation was
confirmed by ultrasound and hormone tests (luteinizing hormone <2 IU/L, estradiol <50 pg/mL) before initiating rFSH
stimulation. Ovulation was triggered with hCG 8000 IU when >2 follicles reached >17 mm.

Outcome Measures

Primary outcome: Clinical pregnancy rate (CPR), defined as the presence of at least one intrauterine gestational sac with
fetal heart activity on transvaginal ultrasound at 4 weeks after embryo transfer.Secondary outcomes: Oocyte yield;
metaphase II (MII) oocyte rate (number of MII oocytes/total oocytes retrieved); high-quality embryo rate (number
of day-3 embryos with >7 cells and <20% fragmentation/total embryos); ongoing pregnancy rate (pregnancy >10 weeks
with fetal heart activity on ultrasound); live birth rate (delivery of at least one live infant after 28 weeks of gestation).

Data Collection and Quality Control

Demographic and clinical data were extracted from electronic medical records, including age, BMI, infertility type and
duration, stimulation protocol, days and total dose of gonadotropin (Gn), trigger-day LH and estradiol levels, basal serum
LH, FSH, E2, Progesterone, AMH levels, fertilization method, number of transferred embryos, grade of transferred
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embryos, oocyte yield, usable embryos, high-quality embryos, and pregnancy outcomes. Missing data (<3%) were
handled by listwise deletion. Double data entry with cross-verification yielded a k coefficient of 0.97, indicating excellent
inter-rater reliability.

Statistical Analyses

Data analyses were performed using SPSS 26.0, R 4.2.1 (packages: pROC, mediation), and Python (libraries: scikit-
learn, statsmodels). Statistical significance was defined as a two-tailed p-value < 0.05 for all analyses. Continuous
variables are presented as mean + SD, with group comparisons using independent t-tests or Mann—Whitney U-tests;
categorical variables are presented as n (%), with group comparisons using y’-tests or Fisher’s exact tests.

Threshold determination: Receiver operating characteristic (ROC) curve analysis was used to identify the optimal LH
threshold for predicting pregnancy failure in the antagonist protocol. The area under the curve (AUC), sensitivity, and
specificity were calculated, with the cut-off determined by maximizing the Youden index (sensitivity + specificity — 1).

Effect estimation: Relative risk (RR) with 95% confidence intervals (CI) was used for binary outcomes, and mean
difference (MD) for continuous outcomes. Odds Ratio (OR) was applied in multivariate logistic regression to identify
independent predictors of clinical pregnancy, which differs from RR in that RR directly reflects the risk ratio between
exposure and outcome, while OR approximates the risk ratio in low-prevalence outcomes.

Mediation analysis: The Sobel test was used to verify the indirect effect of “LH—oocyte yield—clinical pregnancy”
in the long protocol, quantifying the proportion of LH’s effect on pregnancy outcomes mediated by oocyte yield. Oocyte
yield was selected as the potential mediator based on the physiological mechanism that LH promotes folliculogenesis and
maturation, thereby increasing the number of available oocytes for fertilization. Embryo quality was not selected as
a mediator because previous studies have shown that LH primarily affects early follicular development rather than direct
modulation of embryo quality."?

Stratified and interaction analyses: Patients were stratified into <35 years and >35 years subgroups based on the
widely recognized age cutoff in reproductive medicine.'® Differences in LH threshold effects between age subgroups
were compared. A three-way interaction term (“age (<35/ >35 years) x protocol type x LH group (based on protocol-
specific thresholds)”) was included in multivariate logistic regression models, with likelihood ratio tests used to assess
the significance of interaction effects (¢=0.05).

Robustness tests: Threshold stability was verified by 2000 bootstrap resamplings. Inverse probability of treatment
weighting (IPTW) was used to control for potential confounders and assess result robustness.

Results

Patient Baseline Characteristics

From January 2023 to April 2024, a cohort of 217 women (aged 2037 years) undergoing their first IVF/ICSI treatment
was enrolled. Participants were categorized into the antagonist protocol group (n=102) and long protocol group (n=115).
As shown in Table 1, the mean age was 30.843.7 years in the antagonist group and 31.6+3.5 years in the long protocol
group (p=0.103), with no significant differences in body mass index (BMI: 23.2+3.7 kg/m? vs 23.3+3.3 kg/m?, p=0.802),
proportion of primary infertility (50.0% vs 58.3%, p=0.224), or duration of infertility. However, the long protocol group
had a significantly longer gonadotropin (Gn) administration duration (12.7+2.7 days vs 9.8+1.7 days, p<0.001), higher
total Gn dose (2491+748 U vs 18954498 IU, p<0.001), and lower trigger-day serum LH level (0.90+0.63 IU/L vs 1.58
+1.45 TU/L, p<0.001) compared to the antagonist group. The number of oocytes retrieved did not differ significantly
between groups (9.5+£3.2 vs 9.6+3.3, p=0.808).

Protocol-Specific LH Thresholds

Preliminary Analysis of LH Levels and Pregnancy Rate

To initially explore the association between trigger-day LH levels and clinical pregnancy, participants were stratified into
three LH groups (<0.5 IU/L, 0.5<LH<1.0 IU/L, >1.0 IU/L). The LH grouping was based on commonly used clinical
segmentation criteria in the field [6], combined with pre-analysis results of this study (LH=0.5 IU/L and 1.0 IU/L were
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Table I Comparison of Baseline Characteristics Between the Two Groups

Characteristic Antagonist Protocol (n=102) | Long Protocol (n=115) | p-value
Age (years) 30.8+3.7 31.6£3.5 0.103
BMI (kg/m?) 23.2+3.7 23.3+3.3 0.802
Primary infertility [n (%)] 51 (50.0%) 67 (58.3%) 0.224
Basal LH (IU/L) 3.2%1.1 3.1£1.0 0.678
Basal FSH (IU/L) 6.7+1.8 6.8+1.9 0.732
Basal E2 (pg/mL) 35.2£10.5 34.8%11.2 0.815
Basal P (ng/mL) 0.4+0.2 0.4+0.1 0.921
AMH (ng/mL) 2.8+1.3 2.7%1.2 0.564
Fertilization method [n (%)] 0.331
—IVF 72 (70.6%) 85 (73.9%)

-ICsI 30 (29.4%) 30 (26.1%)

Duration of Gn administration (days) 9.8%1.7 12.7£2.7 <0.001
Total Gn dose (IU) 1895+498 2491+748 <0.001
LH level on trigger day (IU/L) 1.58+1.45 0.90+0.63 <0.001
Number of oocytes retrieved 9.5+3.2 9.6+3.3 0.808
Number of transferred embryos 1.5£0.5 1.4£0.5 0.321
Proportion of top-quality transferred embryos (%) 62.3%15.2 64.1£14.8 0.689
Clinical pregnancy rate [n (%)] 49 (48.0%) 69 (60.0%) 0.066

Notes: Data are presented as mean * standard deviation or frequency (%). The long protocol group showed significantly longer duration of Gn
administration, higher total Gn dose, and lower trigger-day LH level (p<0.001).

Abbreviations: Gn, Gonadotropin; LH, Luteinizing Hormone; FSH, Follicle-Stimulating Hormone; E2, Estradiol; P, Progesterone; AMH, Anti-Miillerian
Hormone; BMI, Body Mass Index; HCG, Human Chorionic Gonadotropin; ICSI, Intracytoplasmic Sperm Injection.

identified as inflection points for changes in clinical pregnancy rate), to facilitate the preliminary exploration of the dose-
response relationship between LH and pregnancy rate. As presented in Table 2, the antagonist protocol showed a gradual
decrease in clinical pregnancy rate with increasing LH: 60.6% (LH<0.5 IU/L, n=33), 46.2% (0.5<LH<1.0 IU/L, n=26),
and 39.5% (LH>1.0 IU/L, n=43) (intragroup p=0.047), with the LH>1.0 IU/L group significantly lower than the LH<0.5
IU/L group (p=0.036). In contrast, the long protocol exhibited a reverse trend: 54.1% (LH<0.5 IU/L, n=61), 61.8%
(0.5<LH<1.0 IU/L, n=34), and 75.0% (LH>1.0 IU/L, n=20) (intragroup p=0.053), with the LH>1.0 IU/L group
significantly higher than the LH<0.5 TU/L group (p=0.028).

Antagonist Protocol: Optimal LH Threshold and Outcomes

Receiver Operating Characteristic (ROC) curve analysis identified the optimal LH threshold for the antagonist protocol
as 1.45 TU/L (AUC=0.664, 95% CI: 0.55-0.78, p=0.002). The ROC curve for the antagonist protocol, including
sensitivity (69.4%) and specificity (66.0%) at this threshold, is visualized in Figure 1.

Table 2 Analysis of Pregnancy Rates by LH Level Groups

Protocol Type LH Group Number of Cycles | Clinical Pregnancy Rate | Intragroup p-value
[n (%)]
Antagonist protocol LH=<0.5 IU/L 33 (32.4%) 20/33 (60.6%)* 0.047
0.5<LH<I.0 IU/L 26 (25.5%) 1226 (46.2%)®
LH>1.0 IU/L 43 (42.2%) 17/43 (39.5%)°
Long protocol LH=<0.5 IU/L 61 (53.0%) 33/61 (54.1%)* 0.053
0.5<LH<I.0 IU/L 34 (29.6%) 21/34 (61.8%)v
LH>1.0 IU/L 20 (17.4%) 15/20 (75.0%)Y

Notes: Superscript letters indicate pairwise comparisons via post-hoc tests: Antagonist protocol: Groups with the same letter (a/b) are not
significantly different (p>0.05); LH>1.0 IU/L group (b) is significantly lower than LH<0.5 IU/L group (a) (p=0.036). Long protocol: Groups with
the same letter (x/y) are not significantly different (p>0.05); LH>1.0 IU/L group (y) is significantly higher than LH<0.5 IU/L group (x) (p=0.028).
Abbreviation: LH, Luteinizing Hormone.

4 https: International Journal of Women’s Health 2026:18



Zhao et al

1.0 1
0.9 1
Threshold = 1.0 IU/L
0.8 1 Specificity = 65.0%, Sensitivity = 72.0% ,/
//
//
,/
///
0.7 1 -
,/
e
06 1 Threshold = 1.45 IU/L

Specificity = 66.0%, Sensitivity = 69.4%

Sensitivity
o

0.4 1

0.3 1

0.2 1

0.11 —— Antagonist Protocol (AUC = 0.664)

Long Protocol (AUC = 0.655)
—--- Reference Line (AUC = 0.5)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1-Specificity

Figure | Receiver Operating Characteristic (ROC) Curves for Predicting Clinical Pregnancy in Two Ovarian Stimulation Protocols ROC curves comparing the predictive
performance of trigger-day luteinizing hormone (LH) levels for clinical pregnancy in the antagonist protocol (red line) and long protocol (blue line). The area under the curve
(AUC) values were 0.664 for the antagonist protocol and 0.655 for the long protocol, indicating moderate predictive ability for both. The 95% confidence intervals (Cls) for
the ROC curves were 0.55-0.78 for the antagonist protocol and 0.54-0.77 for the long protocol, neither of which included 0.5, confirming the statistically significant
predictive value of LH for pregnancy outcomes.Optimal LH thresholds are marked with scatter points: .45 IU/L for the antagonist protocol (red dot) corresponding to
66.0% specificity and 69.4% sensitivity, and 1.0 IU/L for the long protocol (blue dot) corresponding to 65.0% specificity and 72.0% sensitivity. The dashed diagonal line
represents the reference line for random prediction (AUC = 0.5).

Abbreviations: AUC, Area Under the Curve; LH, Luteinizing Hormone; ROC, Receiver Operating Characteristic.

As shown in Table 3, the LH>1.45 IU/L subgroup had significantly fewer oocytes retrieved, lower MII oocyte rate,
fertilization rate, and high-quality embryo rate than the LH<1.45 IU/L subgroup (all p<0.05), with no differences in age,
BMI, or basal FSH (all p>0.05). The LH>1.45 IU/L subgroup also had a significantly lower clinical pregnancy rate
(34.9% vs 57.6%, RR=2.34, 95% CI: 1.28-4.27, p=0.006) and ongoing pregnancy rate (27.9% vs 49.2%, RR=2.16, 95%
CI: 1.11-4.20, p=0.024) compared to the LH<1.45 IU/L subgroup.

Long Protocol: Optimal LH Threshold and Outcomes

ROC curve analysis determined the optimal LH threshold for the long protocol as 1.0 IU/L (AUC=0.655, 95% CI:
0.54-0.77, p=0.028). Figure 1 also presents the ROC curve for the long protocol, showing a sensitivity of 72.0% and
specificity of 65.0% at the 1.0 IU/L threshold. Participants with LH>1.0 IU/L had a higher clinical pregnancy rate (75.0%
vs 54.1%, p=0.028) and more oocytes retrieved (10.8+3.5 vs 9.1£3.2, p=0.041) than those with LH<0.5 IU/L. Table 4
(multivariate logistic regression) confirmed LH>1.0 IU/L (OR=2.61, 95% CI: 1.12-6.08, p=0.026) and oocyte retrieval
>10 (OR=3.14, 95% CI: 1.53-6.43, p=0.002) as independent positive predictors of clinical pregnancy. A bootstrap-based

International Journal of Women’s Health 2026:18 https: 5



Zhao et al

Table 3 Cycle Characteristics, Embryonic and Pregnancy Outcomes by LH Threshold in the

Antagonist Protocol

Parameter LH<1.45 IU/L | LH>1.45 IU/L | p-value | RR (95% CI)
(n=59) (n=43)
Age (years) 30.5+£3.4 31.324.0 0.256 -
BMI (kg/m?) 22.9+3.5 23.7+3.9 0.292 -
Basal FSH (IU/L) 6.8x1.9 6.5+2.1 0.439 -
Number of oocytes retrieved 10.2+3.0 8.4+3.1 0.003 -
MIl oocyte rate (%) 84.3x12.1 76.8+16.4 0.015 -
Fertilization rate (%) 78.4+14.7 71.5+17.8 0.032 -
High-quality embryo rate (%) 48.2+23.1 34.7+24.0 0.006 -
Clinical pregnancy rate [n (%)] 34/59 (57.6%) 15/43 (34.9%) 0.006 2.34 (1.28-4.27)
Ongoing pregnancy rate [n (%)] | 29/59 (49.2%) 12/43 (27.9%) 0.024 2.16 (1.11-4.20)

Abbreviations: LH, Luteinizing Hormone; BMI, Body Mass Index; FSH, Follicle-Stimulating Hormone; MIl, Metaphase
II; RR, Relative Risk; 95% CI, 95% Confidence Interval.

Table 4 Multivariate Logistic Regression Analysis of Pregnancy

Outcomes in the Long Protocol

Predictor OR 95% CI p-value
LH>1.0 IU/L 2.61 | [1.12, 6.08] 0.026
Number of oocytes retrieved >10 | 3.14 | [1.53, 6.43] 0.002

Notes: Oocytes retrieved >10 mediated 68% of the protective effect of high LH
(Sobel test for mediation: z=2.17, p=0.030).
Abbreviations: LH, Luteinizing Hormone; OR, Odds Ratio; 95% Cl, 95%
Confidence Interval.

mediation model (5000 resamples) showed 68% (95% CI: 41-89%) of LH’s effect on pregnancy was mediated by oocyte

yield (indirect effect OR=2.12, 95% CI: 1.21-3.71; Sobel z=2.17, p=0.030).

Age-Stratified Analysis

Antagonist Protocol

As shown in Table 5, in patients <35 years (n=76), the LH>1.45 IU/L subgroup (n=31) had fewer oocytes retrieved (8.7
+3.0 vs 10.8+2.9, p<0.05), lower high-quality embryo rate (34.8+25.1% vs 49.5+22.7%, p<0.05), and a 23.5% lower
clinical pregnancy rate (38.7% vs 62.2%, p=0.047) compared to the LH<1.45 IU/L subgroup (n=45). In patients >35
years (n=26), no significant differences were observed in oocyte retrieval (7.5£3.0 vs 8.7£2.8, p>0.05) or clinical
pregnancy rate (25.0% vs 50.0%, p>0.05), though the LH>1.45 IU/L subgroup (n=12) had a lower high-quality embryo

rate (26.5+18.5% vs 42.1+21.8%, p<0.01).

Table 5 Age-Stratified Outcomes in the Antagonist Protocol

Parameter

<35 Years (n=76)

>35 years (n=26)

LH<1.45 (n=45)

LH>1.45 (n=31)

LH<1.45 (n=14)

LH>1.45 (n=12)

Number of oocytes retrieved
High-quality embryo rate (%)
Clinical pregnancy rate (%)

10.8+2.9 8.7+3.0M 8.7+2.8 7.5%£3.0
49.5+22.7 34.8+25.17 42.1+21.8 26.5+18.5%
62.2% 38.7%M 50.0% 25.0%

Notes: ~: p<0.05 (intragroup comparison between LH<.45 |U/L and LH>1.45 |U/L subgroups in the same age group). At1: p<0.01
(intragroup comparison between LH<1.45 IU/L and LH>1.45 IU/L subgroups in the <35 years age group for “Number of oocytes
retrieved”). *: p<0.0| (intragroup comparison between LH<1.45 IU/L and LH>1.45 IU/L subgroups in the >35 years age group for “High-
quality embryo rate”). In the <35 years subgroup, the clinical pregnancy rate in the LH>1.45 IU/L group was 23.5% lower than that in the

LH<1.45 IU/L group.

Abbreviation: LH, Luteinizing Hormone.
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Table 6 Age-Stratified Outcomes in the Long Protocol

LH Group <35 Years (n=85) >35 Years (n=30)

LH<I1.0 (n=70) | LH>1.0 (n=15) | LH<I.0 (n=25) | LH>1.0 (n=5)

Clinical pregnancy rate (%) 56.7%" 80.0% 52.0% 60.0%
Live birth rate (%) 46.3% 66.7% 40.0% 40.0%

Notes: A+Combined data of LH<0.5 and 0.5<LH<1.0 groups (no significant difference between subgroups).
Abbreviation: LH, Luteinizing Hormone.

Table 7 Three-Way Interaction Model of Age-Protocol-LH

Effect Term B SE OR (95% CI) | p-value

Age >35 years —0.72 | 0.31 | 0.49 (0.27-0.89) 0.019
Antagonist protocol (vs long protocol) | —0.28 | 0.29 | 0.76 (0.43—1.34) 0.336
High LH (protocol-specific threshold) | —0.65 | 0.26 | 0.52 (0.31-0.87) 0.013
Three-way interaction term 1.88 | 0.48 | 6.55 (2.56-16.8) 0.003

Notes: Interaction effect test: x*=8.71, p=0.003, indicating that advanced age significantly alters the
direction of LH threshold effects.

Abbreviations: LH, Luteinizing Hormone; OR, Odds Ratio; 95% Cl, 95% Confidence Interval; SE,
Standard Error.

Long Protocol

Table 6 shows that in patients <35 years (n=85), the LH>1.0 IU/L subgroup (n=15) had a 23.3% higher clinical
pregnancy rate (80.0% vs 56.7%, p=0.021) and higher live birth rate (66.7% vs 46.3%, p>0.05) than the combined
LH<1.0 IU/L subgroup (n=70). In patients >35 years (n=30), no significant differences in clinical pregnancy rate (60.0%
vs 52.0%, p>0.05) or live birth rate (40.0% vs 40.0%, p>0.05) were found between the LH>1.0 IU/L (n=5) and LH<1.0
IU/L (n=25) subgroups.

Three-Way Interaction of Age, Protocol, and LH

A three-way interaction model (age x protocol x LH group) confirmed age as a critical moderator (Table 7): the
interaction term was significant (OR=6.55, 95% CI: 2.56-16.8, p=0.003), and age >35 years weakened the effect of high
LH (OR=0.49, 95% CI: 0.27-0.89, p=0.019).

Predictive Performance at Thresholds

At the optimal thresholds, the antagonist protocol (1.45 IU/L) had a sensitivity of 69.4%, specificity of 66.0%, positive
predictive value (PPV) of 78.6%, and negative predictive value (NPV) of 75.0%. The long protocol (1.0 IU/L) had
a sensitivity of 72.0%, specificity of 65.0%, PPV of 75.0%, and NPV of 73.3%. Notably, the AUC values (antagonist
protocol: 0.664; long protocol: 0.655) indicate moderate predictive ability of trigger-day LH levels for pregnancy
outcomes. This is consistent with the complexity of IVF pregnancy outcomes, which are influenced by multiple factors
including follicular synchrony, endometrial thickness, and embryo quality, rather than LH levels alone.

Robustness Verification
Bootstrap resampling (2000 iterations) showed the 95% CI of AUC overlapped with original results by >90%. Sensitivity
analysis via propensity score weighting revealed no significant changes in effect direction or magnitude, with details
provided in Appendix Table S1.

Discussion

To the best of our knowledge, this study represents the first single-center cohort to systematically assess the impact of
trigger-day luteinizing hormone (LH) concentrations on in vitro fertilization (IVF) outcomes under both antagonist and
long gonadotropin-releasing hormone (GnRH) agonist protocols, while also quantifying the moderating influence of age.
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Our results indicate that the two protocols exhibit significantly different tolerances to LH, with critical thresholds of 1.45
IU/L and 1.0 IU/L, respectively, and that chronological age serves as a crucial modifier of these thresholds. These
findings challenge the applicability of a uniform LH criterion and support the emerging concept of “precision triggering”
as endorsed by recent international consensus.'*

The protocol-specific LH thresholds identified in this study provide practical and actionable guidance for individua-
lized ovulation induction strategies in clinical IVF practice. For patients <35 years undergoing the antagonist protocol,
maintaining trigger-day LH <1.45 IU/L may optimize oocyte yield and subsequent pregnancy outcomes; this clinical goal
can be achieved by adjusting the timing of ganirelix administration (initiating earlier in follicular development) or
modifying the trigger regimen to reduce endogenous LH elevation. For patients in the long protocol, especially younger
women with normal ovarian reserve, allowing LH levels to reach >1.0 IU/L on trigger day may enhance follicular
response and improve clinical pregnancy rates by harnessing the physiological stimulatory effect of LH on folliculogen-
esis. These findings emphasize the importance of real-time LH monitoring on trigger day and personalized adjustment of
ovarian stimulation protocols based on both patient age and the type of ovulation induction protocol used.

In the antagonist protocol, clinical pregnancy rates decreased by 22.7% when the trigger-day LH levels exceeded 1.45
IU/L. Receiver Operating Characteristic (ROC) curve analysis identified this threshold with high specificity. Mediation
modeling demonstrated that elevated LH levels were associated with a reduced oocyte yield, a 7.5% decrease in the rate
of metaphase II (MII) oocytes, and a 13.5% reduction in the rate of high-quality embryos, ultimately compromising
pregnancy outcomes. Antagonist cycles appear to be particularly susceptible to LH surges, likely due to the rapid and
direct suppression of the pituitary gland, which exposes follicles to even brief elevations beyond their developmental
tolerance limits.! These findings are consistent with two recent studies,13 15 but contrast with the results of Liu et al, who
reported a favorable effect of higher LH levels.'® The discrepancies may arise from (i) differences in sample size and
population heterogeneity—our smaller cohort may emphasize extreme values; (ii) divergent statistical methodologies—
Liu utilized tertile splits, whereas we employed an ROC-derived optimized threshold (1.45 IU/L) that is more applicable
to clinical decision-making; and (iii) variations in trigger composition—our regimen of triptorelin plus hCG may
exacerbate the negative impact of endogenous LH elevations. Furthermore, the adverse effect was restricted to patients
aged 35 years or younger, where pregnancy rates decreased by 23.5% when luteinizing hormone (LH) levels exceeded
1.45 TU/L, indicating increased LH sensitivity in younger ovaries.'” In contrast, reduced LH-receptor expression in older
patients may mitigate this response.'®

In the long protocol, LH levels greater than 1.0 IU/L were associated with a 20.9% increase in clinical pregnancy
rates, corroborating previous findings that moderate elevations in LH are advantageous when pituitary down-regulation is
substantial.**'® Mediation analysis attributed 68% of this benefit to an increased oocyte yield, suggesting that moderate
increases in LH enhance folliculogenesis and ovarian responsiveness.” However, excessive LH levels may lead to

premature luteinization and impair oocyte competence;'**°

the current sample size was insufficient to reliably determine
an upper safety threshold for LH in the long protocol, which warrants further investigation in future studies with larger
cohorts. Importantly, no protective effect of elevated LH was observed in women older than 35 years, which may be
attributed to a series of age-related biological changes in the ovary: (1) Accelerated decline in ovarian reserve leads to
a reduced number of primordial and growing follicles and decreased overall responsiveness to gonadotropins;’ (2)
Impaired oocyte quality due to increased oxidative stress and mitochondrial dysfunction in oocytes with advancing age;'’
(3) Downregulated LH receptor expression on granulosa cells of developing follicles, which weakens the follicular
response to LH stimulation;'® (4) Altered endocrine milieu with increased progesterone levels in older patients, which
may interfere with LH’s physiological stimulatory effect on folliculogenesis."

Age was identified as a significant moderator of luteinizing hormone (LH) threshold effects. In women aged 35 years
or younger, the positive impact of elevated LH under the long protocol and the negative impact under the antagonist
protocol were both intensified. In contrast, older patients exhibited relative resistance to LH fluctuations, a pattern
consistent with findings from previous studies on age-related responsiveness.'®'®! Notably, even within the older
subgroup, LH levels exceeding 1.45 IU/L during antagonist cycles were associated with a 15.6% reduction in the rate of
high-quality embryos, highlighting the necessity for careful LH monitoring across all age groups.
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Based on these findings, we propose an individualized trigger strategy wherein, for antagonist cycles, the trigger-day
luteinizing hormone (LH) level should be maintained below 1.45 IU/L, particularly for women aged 35 years or younger.
In contrast, for long-protocol cycles, LH levels up to 1.0 IU/L may be permissible to harness its stimulatory potential,
provided that excessive elevations are avoided. The implementation of these thresholds is anticipated to optimize cycle
management and improve in vitro fertilization (IVF) success rates.

The retrospective, single-center design, even with stringent inclusion and exclusion criteria and rigorous data quality
control, cannot completely eliminate selection bias or account for unmeasured confounders such as lifestyle and genetic
background. The relatively small sample size for stratification analysis (eg, the >35 years subgroup only included 26
patients) may limit the generalizability of our findings, which is a key limitation of the study. Additionally, the ROC-
derived LH thresholds demonstrated only modest discriminatory capacity (antagonist AUC = 0.664; long AUC = 0.655),
suggesting that LH alone is neither a definitive nor an independent predictor. Consequently, clinical decisions should
incorporate a multidimensional approach, considering factors such as follicular synchrony, endometrial thickness, and
comprehensive hormonal profiles, rather than relying solely on the thresholds proposed in this study.

In future studies, multicenter prospective cohorts can be used to validate the LH thresholds identified in this research,
and sample sizes can be expanded to explore the upper safety threshold of LH in the long protocol. Additionally,
combining indicators such as LH receptor gene polymorphisms and anti-Miillerian hormone (AMH) levels to construct
a combined prediction model will further refine personalized protocols and mitigate the limitations of using LH as
a single indicator.

Conclusion

This study provides crucial evidence for personalized trigger strategies in IVF treatment. The antagonist and long
protocols show different LH sensitivities, with thresholds of 1.45 IU/L and 1.0 IU/L respectively, and age significantly
influences this effect. By precisely controlling LH levels on the trigger day and considering patient age and protocol
characteristics, IVF pregnancy outcomes can be optimized, offering a new perspective on individualized treatment in
reproductive medicine.
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