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Background

An appropriate luteinizing hormone (LH) level during ovulation stimulation (OS) is important for positive in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) outcomes. Although the gonadotrophin-releasing hormone antagonist (GnRH-ant) protocol can inhibit a premature rise of LH, it remains ineffective in some patients. This study aimed to identify the characteristics of patients who shared similar underlying LH trajectories and to determine how different serum LH trajectories influence IVF/ICSI outcomes.





Methods

This study was a retrospective cohort study that included 2,716 patients who underwent GnRH-ant protocol for OS from 1 January 2017 to 31 June 2024. Multiple serum LH measurements during OS were collected. Group-based trajectory modeling was used to identify subgroups of participants who shared similar LH trajectories. Patients’ characteristics and IVF/ICSI outcomes across the identified LH trajectories were compared. Furthermore, linear and log-binomial regression models were used to assess the association of LH trajectories with IVF/ICSI and pregnancy outcomes.





Results

Three discrete LH trajectories were identified: persistently low (90.7%, n = 2,464), from middle to high (7.6%, n = 206), and up and down (1.7%, n = 46). Compared to patients with persistently low trajectory, a higher number of antral follicle counts (AFC) and level of basal LH were observed for patients with middle to high and up and down trajectories. Although a higher number of oocytes and embryos were found for patients with middle to high and up and down trajectories than those with persistently low trajectory, metaphase II oocytes and embryo formation rates were lower. Despite these differences, pregnancy outcomes after fresh embryo transfer were similar across the three trajectories.





Conclusions

Patients with an elevated number of AFC and basal LH were more likely to exhibit unstable LH trajectories. Higher LH trajectories during ovarian stimulation were associated with a better quantity rather than the quality of oocytes or embryos.
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Introduction

Luteinizing hormone (LH) is essential for follicular development and oocyte maturation (1–4). Variations in LH level during the follicular phase impact the morphology and function of oocytes, thereby affecting meiotic status and fertilization ability (1, 3). Moreover, a surge of LH triggers ovulation and prompts the production of progesterone by the corpus luteum, which is critical for endometrial receptivity (5). Previous studies have indicated that both excessively high and insufficient LH levels were associated with adverse outcomes of in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) (6–8). Elevated LH concentrations may impair endometrial receptivity, and a low LH level that does not meet the LH threshold might block paracrine signaling between granulosa and theca and restrain the synthesis of androgen and oocyte maturation (9, 10). Therefore, maintaining an appropriate serum LH level during ovulation stimulation is crucial for achieving positive IVF/ICSI and pregnancy outcomes.

The gonadotrophin-releasing hormone antagonist (GnRH-ant) protocol, which has been widely used in recent decades, is one of the most important protocols for ovarian stimulation of IVF/ICSI. Compared with traditional ovarian stimulation protocols [e.g., gonadotrophin-releasing hormone agonist (GnRH-a) short protocol, GnRH-a long protocol, etc.], the GnRH-ant protocol has several advantages: 1) a shorter duration of ovarian stimulation, 2) a reduced dosage of gonadotropic (Gn) hormones, and 3) a lower risk of ovarian hyperstimulation syndrome (OHSS) (11). Although the GnRH-ant protocol effectively prevents a premature rise of LH during COS by competitively binding to GnRH receptors following immediate pituitary suppression, some patients still experience a premature rise of LH despite antagonist administration. Furthermore, for patients who were sensitive to GnRH antagonist, serum levels of LH may be over-suppressed, necessitating exogenous LH supplementation (12). Although several studies have suggested that a premature rise of LH level during ovarian stimulation would result in poor embryo quality and low pregnancy rate (13, 14), the association between serum LH during ovarian stimulation and IVF/ICSI outcomes is still controversial. Up to now, no study has investigated the trajectory of serum LH continuously, and the characteristics of patients who were more likely to have an unstable LH trajectory are still unknown, as well as the relationship between these dynamic LH trajectories and IVF/ICSI and pregnancy outcomes.

To fill these gaps, this study aimed to identify the characteristics of patients who shared similar underlying LH trajectories during ovarian stimulation and investigate the influence of different serum LH trajectories on IVF/ICSI and pregnancy outcomes.





Materials and methods




Study population

This was a retrospective cohort study designed to examine the effect of serum LH trajectories during ovarian stimulation on oocyte retrieval, fertilization, and embryo development of IVF/ICSI. All GnRH-ant cycles performed at the Reproduction and Genetics Center of the First Affiliated Hospital of the University of Science and Technology of China (USTC) from 1 January 2017 to 31 June 2024 were assessed. A total of 2,716 patients meeting the inclusion and exclusion criteria for their ovarian stimulation cycle were included. The inclusion criteria were as follows: 1) patients younger than 35 years old, 2) patients with a body mass index (BMI) less than 28 kg/m2, 3) patients with an antral follicle count (AFC) of seven or more, and 4) patients who underwent GnRH-ant protocol for their ovarian stimulation. The exclusion criteria were 1) patients with bilateral or unilateral hydrosalpinx detected by ultrasound or hysterosalpingography, 2) patients with uterine diseases (e.g., intrauterine adhesions, submucosal fibroids, endometrial polyps, etc.), and 3) patients who underwent an ovarian stimulation protocol other than a GnRH-ant protocol. Basic information included age, BMI, the levels of basal serum LH, follicle-stimulating hormone (FSH), estradiol (E2), and duration and total dose of gonadotrophin (Gn) administered. IVF/ICSI outcomes included the number of oocytes retrieved, metaphase II (MII) oocytes, 2 pronuclear (2PN) fertilized oocytes, good-quality day-3 embryos, blastocyst, and good-quality blastocyst, and pregnancy outcomes were collected from medical records. This study was approved by the Reproductive Medicine Ethics Committee of the First Affiliated Hospital of USTC (No. 2024-RE-427).





Controlled ovarian stimulation

Ovarian stimulation began on day 2 or 3 of the menstrual cycle with recombinant follicle-stimulating hormone (FSH, Bravelle®; Ferring Pharmaceuticals Inc.) 150–300 IU daily. The starting dose of Gn was based on the patient’s age, hormone profile, AFC, and BMI. Doses of Gn were adjusted according to serum hormone profile including LH, FSH, E2, and progesterone (measured every 2–5 days when follicles <16 mm and daily when follicles ≥16mm) and ovarian response (evaluated by transvaginal ultrasound). All the serum hormones were measured by chemiluminescent immunoassay using Siemens Atellica IM Analyzer according to the manufacturer’s instructions. GnRH-antagonist (0.25 mg/day) was initiated when the lead follicle reached 12 to 14 mm in diameter or a rise in LH and was continued until the day of hCG administration. When there were three follicles >17 mm or two follicles >18 mm, 250 μg of recombinant human chorionic gonadotrophin (rHCG; Merck, Germany) or 0.1/0.2 IU of triptorelin (Ferring International Center, Saint-Prex, Switzerland) with 4,000–10,000 IU of hCG (Livzon, Zhuhai, China) was administered. Oocyte retrieval was performed by transvaginal ultrasonography 36–38 h later.





In vitro fertilization and embryo quality evaluation

All retrieved oocytes were fertilized with either conventional IVF/ICSI 2–4 h after oocyte retrieval. Only patients experiencing severe male factor infertility underwent ICSI. Fertilization was assessed 16–18 h after insemination for the appearance of two distinct pronuclei and two polar bodies. The zygotes were cultured in a cleavage medium (Vitrolife, Sweden). Embryonic development was assessed daily. Characteristics of good embryos on day 3 were those evaluated as grade I and grade II embryos (grade I: a. display eight cells; b. the size of blastomere is uniform; c. homogeneous cytoplasm; d. fragments less than 5.0%; grade II: a. display six to eight cells; b. the size of the blastomere is uniform or uneven; c. fragments less than 20.0%). Most patients (89.0%) had their embryos cultured to the blastocyst stage in blastocyst medium (Vitrolife). Blastocyst quality scoring was performed on day 5 according to Gardner’s criteria (15). Characteristics of good blastocysts were those evaluated as grade I and grade II embryos (grade 1: AA; grade II: AB, BA, and BB) (16). All the scoring was conducted by two independent, senior embryologists.

During fresh embryo transfer cycles, embryos were transferred on day 3 or day 5 after fertilization. All embryos would be frozen if a patient had issues related to a thin endometrial lining (<7 mm), intrauterine fluid, hydrosalpinx, elevated progesterone level (>1.0 ng/mL) on the day of hCG administration (17), or had a high risk of OHSS.





Statistical analyses

Group-based trajectory modeling (GBTM) was used to identify subgroups of participants who shared similar underlying LH trajectories. All trajectories were identified by the Traj plugin in Stata software 17.0 (StataCorp, College Station, Texas). A detailed description of GBTM can be found elsewhere (18). The optimal number (ranging from 2 to 4) and the best model of LH trajectories (linear, quadratic, or cubic) were determined according to Bayesian information criteria (BIC), Akaike information criterion (AIC), average posterior probability (AvePP), proportion of participants with a posterior probability ≥70.0%, and biological plausibility. Lower values of BIC (primary statistical criterion) and AIC indicate a better balance between model fit and parsimony. Posterior probability is the likelihood that an individual belongs to a specific trajectory, with higher AvePP indicating greater certainty in classification. In our study, there were 98.5%, 82.5%, and 89.1% patients in the three trajectories, respectively, with posterior probability ≥70.0%. A total of 2,716 patients who had a baseline LH measurement on the first day and more than two additional LH measurements during the subsequent ovarian stimulation were included in the analyses to identify LH trajectories (19). Finally, three distinct LH trajectories were determined as the best-fitting model, as shown in Supplementary Table 1.

Means with standard deviations were reported to summarize continuous variables, and proportions with numbers were reported to summarize categorical variables. Comparisons of characteristics across the identified LH trajectories were performed using one-way ANOVA for continuous variables when the data were normally distributed with homogeneity of variance; otherwise, the Kruskal–Wallis test was used. The χ2 test was used for categorical variables. The LSD test or Bonferroni correction was used for pairwise comparisons.

Linear regression models were used to assess the association of LH trajectories with the numbers of oocytes received, MII oocytes, 2PN fertilized oocytes, day-3 embryos, blastocyst, and good-quality blastocyst. Log-binomial regression models were used to determine relative risks (RRs) and 95% confidence intervals (CI) for the associations between LH trajectories and pregnancy outcomes. The confounders adjusted in our regression models were causally associated with the outcome according to the literature, imbalanced between the exposure groups, not mediators between the exposure and outcome, and resulted in more than 10% variation in the coefficient of the study factor when added into regression models.

Sensitivity analyses restricting analyses to participants with posterior probability ≥70% were added in Supplementary Tables 2–5 to check the robustness of our results.

A two-tailed P-value of less than 0.05 was considered statistically significant. All analyses were performed with STATA version 17.0 (StataCorp, College Station, Texas).






Results




Characteristics of LH trajectories and participants

A total of 2,716 patients who met the inclusion criteria were included in the analyses, with an average of 9 days of ovarian stimulation. Based on GBTM, three discrete LH trajectories were identified: persistently low, middle to high, and up and down. As shown in Figure 1, 90.7% of patients had a serum LH level that remained low relative to others throughout the ovarian stimulation (persistently low, n = 2,464); 7.6% of patients had a moderate serum LH level compared to others, presenting a rise at the end of the ovarian stimulation (from middle to high, n = 206); and 1.7% of patients showed an unstable LH level throughout the ovarian stimulation (up and down, n = 46).
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Figure 1 | Group-based trajectories for luteinizing hormone (LH) during ovarian stimulation, n = 2,716.

The characteristics of patients in total and by identified LH trajectories are shown in Table 1. The mean age of the total patients was 29.6 years, with an average BMI of 22.3 kg/m2. Most oocytes were fertilized by IVF rather than ICSI (90.8% vs. 9.2%). Compared to patients with persistently low trajectory, a higher number of AFC (18.3 vs. 22.0 vs. 21.7, P < 0.001) with a higher level of basal LH (4.6 vs. 8.0 vs. 9.4 mIU/mL, P < 0.001) were observed for patients with middle to high and up and down trajectories. Moreover, patients with persistently low trajectory were older (29.7 vs. 29.0 vs. 29.2 years old, P = 0.002) and more likely to have a history of pregnancy (40.5% vs. 34.0% vs. 21.7%, P = 0.01) compared to the other two trajectories. Other characteristics, including basal FSH, E2, duration of infertility, and fertilization way, were similar across the three trajectories.


Table 1 | Characteristics of patients on different LH trajectories during ovarian stimulation (n = 2,716).
	Characteristics
	Total patients
	Persistently low
	From middle to high
	Up and down
	P-value



	N
	2,716
	2,464
	206
	46
	 


	Age (years), mean (SD)
	29.6 (3.0)
	29.7 (3.0)*
	29.0 (3.0)*
	29.2 (3.2)
	0.002


	BMI (kg/m2), mean (SD)
	22.3 (2.7)
	22.3 (2.7)
	22.6 (2.7)
	22.8 (2.3)
	0.17


	Duration of infertility (years), mean (SD)
	2.7 (1.9)
	2.7 (1.9)
	2.5 (1.5)
	2.8 (1.6)
	0.14


	Infertility type, % (n)
	 
	 
	 
	 
	0.01


	 Primary infertility
	60.4 (1,639)
	59.5 (1,467)*
	66.0 (136)
	78.3 (36)*
	 


	 Secondary infertility
	39.7 (1,077)
	40.5 (997)
	34.0 (70)
	21.7 (10)
	 


	Basal serum FSH (mIU/mL), mean (SD)
	6.4 (4.7)
	6.4 (4.5)
	6.8 (7.0)
	6.9 (3.6)
	0.32


	Basal serum LH (mIU/mL), mean (SD)
	5.0 (4.6)
	4.6 (4.4)*,#
	8.0 (5.4)*
	9.4 (6.3)#
	<0.001


	Basal serum E2 (pg/mL), mean (SD)
	48.2 (45.1)
	47.9 (46.4)
	50.6 (29.0)
	51.7 (32.8)
	0.21


	AFC, mean (SD)
	18.6 (6.5)
	18.3 (6.4)*,#
	22.0 (5.9)*
	21.7 (6.9)#
	<0.001


	Fertilization way, % (n)
	 
	 
	 
	 
	0.30


	 IVF
	90.8 (2,465)
	92.7 (191)
	90.5 (2,230)
	95.7 (44)
	 


	 ICSI
	9.2 (251)
	7.3 (15)
	9.5 (234)
	4.4 (2)
	 





n, number; SD, standard deviation; BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing Hormone; E2, estrogen; AFC, antral follicle count; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection.

*,#The same superscript in a row indicates statistically significant differences.Bold value indicates statistically significant differences.







Oocyte and embryo outcomes

As shown in Tables 2, 3, patients with persistently low trajectory used a greater amount of total Gn (2,004.2 IU) than those with middle to high (1,716.9 IU) and up and down (1,587.0 IU) trajectories. Compared with patients with persistently low trajectory, a significantly higher number of received oocytes (β = 3.80 [95% CI: 2.45 to 5.15] for patients with middle to high trajectory and β = 4.19 [95% CI: 0.97 to 7.41] for patients with up and down trajectory), MII oocytes (β = 3.08 [95% CI: 1.89 to 4.27] for patients with middle to high trajectory and β = 3.87 [95% CI: 0.90 to 6.84] for patients with up and down trajectory), 2PN fertilized oocytes (β = 2.07 [95% CI: 1.13 to 3.01] for patients with middle to high trajectory and β = 2.73 [95% CI: 0.42 to 5.03] for patients with up and down trajectory), and day-3 embryos (β = 2.25 [95% CI: 1.28 to 3.22] for patients with middle to high trajectory and β = 2.96 [95% CI: 0.57 to 5.35] for patients with up and down trajectory) were observed in patients with middle to high and up and down trajectories. Meanwhile, the rate of MII oocytes for patients with middle to high trajectory was the least among the three trajectories (86.5% vs. 88.0% vs. 89.1%). Although the average number of oocytes received was 17.5 for patients with up and down trajectory, the average number of good-quality day 3 embryos was only 5.6 with a formation rate of 36.0%, which is the lowest among the three trajectories (40.2% for the persistently low trajectory; 41.5% for the middle to high trajectory).


Table 2 | The cycle and embryo characteristics of patients on different LH trajectories during ovarian stimulation.
	Characteristics
	Total patients
	Persistently low
	From middle to high
	Up and down
	P-value



	n
	2,716
	2,464
	206
	46
	 


	Total dose of Gn (IU), mean (SD)
	1,975.3 (985.3)
	2,004.2 (988.6)*,#
	1,716.9 (911.6) *
	1,587.0 (885.7)#
	<0.001


	Duration of ovarian stimulation (days), mean (SD)
	9.9 (2.0)
	9.9 (2.0)
	9.8 (1.8)
	9.9 (3.3)
	0.49


	MII oocytes rate, % (n)
	87.9 (32,082)
	88.0 (28,297)*
	86.5 (3,066)*,#
	89.1 (719)#
	0.02


	2PN fertilized rate, % (n)
	73.7 (23,640)
	73.9 (20,898)
	72.3 (2,218)
	72.9 (524)
	0.17


	Embryo formation rate, % (n)
	74.9 (24,041)
	75.0 (21,216)
	74.5 (2,284)
	75.2 (541)
	0.83


	Good-quality day-3 embryo rate, % (n)
	40.3 (12,918)
	40.2 (11,388)*
	41.5 (1,271)#
	36.0 (259)*,#
	0.03


	Blastocyst culture, n
	2,373
	2,146
	190
	37
	 


	Blastocyst formation rate, % (n)
	51.4 (9,199)
	51.4 (8,084)
	52.2 (921)
	49.1 (194)
	0.53


	Good-quality blastocyst formation rate, % (n)
	37.1 (6,633)
	37.3 (5,867)*
	36.4 (642)
	31.4 (124)*
	0.047


	Elevated serum levels of P on trigger day, % (n)
	10.6 (236)
	10.2 (204)*
	12.9 (23)
	22.5 (9)*
	0.01





Gn, gonadotropin-releasing hormone; n, number; SD, standard deviation; MII, metaphase II; 2PN, 2 pronuclear; ET, embryo transfer; P, progesterone.

*,#The same superscript in a row indicates statistically significant differences.Bold value indicates statistically significant differences.




Table 3 | Association of LH trajectories with IVF/ICSI and embryo outcomes.
	LH trajectory group
	% (n)
	Unadjusted
	Adjusted*


	β (95% CI)
	β (95% CI)



	No. of oocytes received


	 Persistently low
	13.0 (7.8)
	Reference
	Reference


	 From middle to high
	17.2 (9.9)
	4.17 (2.79 to 5.54)
	3.80 (2.45 to 5.15)


	 Up and down
	17.5 (10.8)
	4.50 (1.39 to 7.61)
	4.19 (0.97 to 7.41)


	No. of MII oocytes


	 Persistently low
	11.5 (7.1)
	Reference
	Reference


	 From middle to high
	14.9 (8.6)
	3.40 (2.19 to 4.61)
	3.08 (1.89 to 4.27)


	Up and down
	15.6 (10.0)
	4.15 (1.26 to 7.03)
	3.87 (0.90 to 6.84)


	No. of 2PN fertilized oocytes


	 Persistently low
	8.5 (5.6)
	Reference
	Reference


	 From middle to high
	10.8 (6.8)
	2.29 (1.34 to 3.23)
	2.07 (1.13 to 3.01)


	 Up and down
	11.4 (7.8)
	2.91 (0.66 to 5.16)
	2.73 (0.42 to 5.03)


	No. of day-3 embryos


	 Persistently low
	8.6 (5.7)
	Reference
	Reference


	 From middle to high
	11.1 (7.0)
	2.48 (1.50 to 3.46)
	2.25 (1.28 to 3.22)


	 Up and down
	11.8 (8.1)
	3.15 (0.82 to 5.49)
	2.96 (0.57 to 5.35)


	No. of good-quality day-3 embryos


	 Persistently low
	4.6 (4.2)
	Reference
	Reference


	 From middle to high
	6.2 (5.1)
	1.55 (0.83 to 2.26)
	1.43 (0.71 to 2.14)


	 Up and down
	5.6 (5.8)
	1.01 (−0.65 to 2.67)
	0.90 (−0.77 to 2.57)


	No. of blastocyst culture


	 Persistently low
	7.3 (5.3)
	Reference
	Reference


	 From middle to high
	9.3 (6.3)
	1.96 (1.03 to 2.88)
	1.79 (0.88 to 2.70)


	 Up and down
	10.7 (7.4)
	3.34 (0.98 to 5.70)
	3.20 (0.80 to 5.60)


	No. of blastocyst


	 Persistently low
	3.8 (3.6)
	Reference
	Reference


	 From middle to high
	4.8 (4.0)
	1.08 (0.49 to 1.67)
	1.01 (0.42 to 1.60)


	 Up and down
	5.2 (4.6)
	1.48 (0 to 2.96)
	1.42 (−0.08 to 2.92)


	No. of good-quality blastocyst


	 Persistently low
	2.7 (3.0)
	Reference
	Reference


	 From middle to high
	3.4 (3.2)
	0.65 (0.18 to 1.11)
	0.60 (0.13 to 1.07)


	 Up and down
	3.4 (3.3)
	0.62 (−0.42 to 1.66)
	0.58 (−0.47 to 1.64)





n or No., number; CI, confidence interval; MII, metaphase II; 2PN, 2 pronuclear; AFC, antral follicle count; BMI, body mass index.

*Adjusted for age and BMI.Bold value indicates statistically significant differences.



In addition, 2,146 out of 2,464 patients with a mean number of 7.3 cleavage embryos with persistently low trajectory, 190 out of 206 patients with a mean number of 9.3 cleavage embryos with middle to high trajectory, and 37 out of 46 patients with a mean number of 10.7 cleavage embryos with up and down trajectory underwent blastocyst culture. Compared with patients with persistently low trajectory, the number of blastocysts was higher for patients with middle to high trajectory (β = 1.01, 95% CI: 0.42 to 1.60). No significant difference was found on blastocyst formation rate among the three groups (51.4% for persistently low, 52.2% for middle to high, and 49.1% for up and down; P = 0.53).

Table 2 also shows that 10.2% of patients with persistently low trajectory had an elevated serum level of progesterone on trigger day, and the rate for patients with middle to high trajectory was 12.9%, while the rate doubled for patients with up and down trajectory (22.5%).





Pregnancy outcomes

As shown in Table 4, the rates of biochemical pregnancy, clinical pregnancy, and uterine pregnancy were similar across the three trajectories for all embryo transfer cycles, blastocyst transfer cycle, and cleavage embryo transfer cycle. For all embryo transfer cycles, the clinical pregnancy rate was 48.2% for patients with persistently low trajectory, 50.0% for patients with middle to high trajectory, and 33.3% for patients with up and down trajectory, and the rates for blastocyst transfer cycle were 50.3%, 48.4%, and 20.0%, respectively. Although clinical pregnancy rates for the cleavage embryo transfer cycle were 38.3%, 66.7%, and 100.0%, respectively, only three patients with middle to high trajectory and one patient with up and down trajectory underwent cleavage embryo transfer. Furthermore, regression analyses also show that there were no significant associations between LH trajectories and pregnancy outcomes before and after adjustment after fresh blastocyst transfer (Table 5).


Table 4 | Pregnancy outcomes among patients who underwent fresh embryo transfer cycle with different LH trajectories during ovarian stimulation.
	Pregnancy outcomes
	Total patients
	Persistently low
	From middle to high
	Up and down
	P-value



	All embryo transfer, n
	702
	662
	34
	6
	


	 Biochemical pregnancy rate, % (n)
	58.7 (412)
	58.9 (390)
	58.8 (20)
	33.3 (2)
	0.45


	 Clinical pregnancy rate, % (n)
	48.2 (338)
	48.2 (319)
	50.0 (17)
	33.3 (2)
	0.75


	 Uterine pregnancy rate, % (n)
	97.6 (330)
	97.5 (311)
	100.0 (17)
	100.0 (2)
	0.98


	Blastocyst transfer, n
	583
	547
	31
	5
	


	 Biochemical pregnancy rate, % (n)
	60.4 (352)
	60.9 (333)
	58.1 (18)
	20.0 (1)
	0.17


	 Clinical pregnancy rate, % (n)
	49.9 (291)
	50.3 (275)
	48.4 (15)
	20.0 (1)
	0.40


	 Uterine pregnancy rate, % (n)
	97.6 (284)
	97.5 (268)
	100.0 (15)
	100.0 (1)
	0.42


	Cleavage embryo transfer, n
	119
	115
	3
	1
	


	 Biochemical pregnancy rate, % (n)
	50.4 (60)
	49.6 (57)
	66.7 (2)
	100.0 (1)
	0.51


	 Clinical pregnancy rate, % (n)
	39.5 (47)
	38.3 (44)
	66.7 (2)
	100.0 (1)
	0.28


	 Uterine pregnancy rate, % (n)
	97.9 (46)
	97.7 (43)
	100.0 (2)
	100.0 (1)
	0.97





n, number; LH, luteinizing hormone.




Table 5 | Association of LH trajectories with pregnancy outcomes among patients who underwent fresh blastocyst transfer.
	LH trajectory group
	Unadjusted
	Adjusted*


	RR (95% CI)
	RR (95% CI)



	Biochemical pregnancy


	 Persistently low
	Reference
	Reference


	 From middle to high
	0.95 (0.70–1.30)
	0.94 (0.69–1.28)


	 Up and down
	0.33 (0.06–1.90)
	0.31 (0.05–1.79)


	Clinical pregnancy


	 Persistently low
	Reference
	Reference


	 From middle to high
	0.96 (0.66–1.40)
	0.96 (0.66–1.39)


	 Up and down
	0.40 (0.07–2.30)
	0.38 (0.07–2.20)





RR, relative risk; CI, confidence interval; AFC, antral follicle count; BMI, body mass index.

*Adjusted for age and BMI.



Sensitivity analyses were performed by only including patients with posterior probabilities >70% in the identified trajectories, and the results were similar to the main analyses (Supplementary Tables 2–5).






Discussion

This study is the first to identify the characteristics of patients who shared similar underlying LH trajectories and examine the influence of different serum LH trajectories on IVF/ICSI outcomes. Three distinct LH trajectories were established: persistently low trajectory, middle to high trajectory, and up and down trajectory. Patients with a higher number of AFC and basal LH were more likely to have an unstable LH trajectory. Findings between serum LH trajectories and IVF/ICSI outcomes indicated that although patients with higher LH trajectories (from middle to high and up and down trajectories) had a higher number of MII oocytes and embryos compared with patients with persistently low LH trajectory, the rates of MII oocytes or good-quality embryos were still lower. Therefore, higher serum LH trajectories during ovarian stimulation were associated with a better quantity rather than the quality of oocytes and embryos.

LH plays a critical role in follicular development (3, 20). According to the “two-cell, two-gonadotrophin” theory of ovarian function, LH stimulates the theca-interstitial cell layer to produce androgens, which then act as substrates for estradiol synthesis in granulosa cells via a paracrine mechanism (21, 22). This process promotes the transition of follicles from the early to the antral stage, thereby contributing to the functional ovarian reserve (23). La Marca et al. (24) reported that the administration of LH for patients with hypothalamic amenorrhea and low functional ovarian reserve may increase the number of their AFC. Our study aligns with this theory and found that patients with a higher LH trajectory during ovarian stimulation had a higher number of AFC and a higher level of basal LH. Furthermore, our study adds evidence that excessive basal LH levels may result in an unstable LH trajectory during ovarian stimulation.

In nature, LH surges approximately 28 to 36 h before ovulation. Although the GnRH-ant protocol can inhibit a premature rise of LH during ovarian stimulation by competitively binding to GnRH receptors after immediate pituitary suppression, several patients still experience an early-onset LH surge. This early LH surge may adversely affect both oocyte/embryo quality and pregnancy outcomes (13, 25–27). Previous studies have suggested that elevated basal LH levels, particularly in patients with increased AFC such as those with PCOS, may raise the risk of early-onset LH surge, although other studies have contested this view (28, 29). Recently, the ratio of serum LH level on the trigger day to the basal serum LH level has emerged as a potential predictor for evaluating the impact of serum LH on embryo development potential and pregnancy outcomes (30–32). However, no study has yet dynamically examined serum LH levels from the basal stage to the trigger day or systematically assessed their influence on IVF/ICSI outcomes. In our study, three distinct serum LH trajectories were identified. Among them, patients with up and down LH trajectory had the highest numbers of AFC and levels of basal serum LH, and an early-onset LH surge was indeed observed within this trajectory.

In terms of the use of Gn, although patients with up and down LH trajectory used the least amount of total Gn (1,587.0 IU) and collected the highest numbers of day-3 embryos, their embryo formation rate was only 36.0%, indicating impaired follicle quality in this group. Moreover, these patients also exhibited the highest incidence of elevated serum progesterone on the trigger day, suggesting that unstable serum LH during ovarian stimulation may prompt progesterone production. Further studies are needed to determine the optimal time for antagonist implementation to prevent premature LH rise in patients with different characteristics, particularly those with higher numbers of AFC and levels of basal serum LH.

A previous randomized controlled trial involving 213 patients undergoing GnRH-ant protocol for ovarian stimulation revealed that a lower trend in LH values during ovarian stimulation was associated with a higher pregnancy rate (6). However, LH levels were measured only on the first day of stimulation, the day following GnRH-ant administration, and the day of hCG administration (6). Similarly, a retrospective study by Zhang et al. (33) reported that patients with serum LH levels below 2.6 mIU/mL on the trigger day had higher rates of embryo implantation, clinical pregnancy, and live birth than those with serum LH levels above 2.6 mIU/mL, although this study was conducted exclusively in patients with diminished ovarian reserve. In the same year, Chen et al. (34) observed similar findings in patients with normal ovarian function. Moreover, Xu et al. (35) believed that serum LH levels exceeding 2.0 mIU/mL on the trigger day were associated with better embryo quality and implantation rates. Up to now, previous studies have primarily focused on the impact of serum LH levels at single or a few specific time points, rather than examining the dynamic trajectories of LH throughout the entire ovarian stimulation process. Based on GBTM, our study continuously assessed serum LH trajectories and identified three distinct LH trajectories. We found that patients with middle to high LH trajectory had the highest rate of good-quality day-3 embryos, suggesting that both too-high and too-low LH levels during ovarian stimulation may deteriorate the quality of follicles and embryos.

Our study underscores the importance of enhancing the monitoring of serum LH levels during ovarian stimulation for patients with a higher number of AFC and basal LH, which allows timely medication adjustments and trigger administration. For patients who had higher numbers of embryos but experience unstable LH trajectories, blastocyst culture serves as a valuable strategy to select high-quality, developmentally competent embryos for transfer, thereby improving pregnancy rates in IVF/ICSI cycles. Further studies are needed to identify a reasonable, achievable frequency for serum LH testing during ovarian stimulation, aiming to enhance both embryo quantity and quality. Additionally, future studies should investigate whether a threshold effect exists whereby a greater number of embryos can compensate for reduced overall embryo quality.

There are several limitations to the study. First, the retrospective design had inherent problems related to selection bias (36), whereas most characteristics including the duration of infertility, infertility type, basal FSH, basal E2, and fertilization way were similar among patients with the three trajectories. Second, as all participants were recruited from a single center, the generalizability of the findings may be limited; thus, the results should be interpreted with caution. Further studies from multiple hospitals with larger sample size should be carried out to confirm our findings. Third, the number of patients in the “from middle to high” and “up and down” LH trajectory groups was relatively small, which aligns with the physiological pattern of the LH surge typically occurring 28–36 h before ovulation. Nevertheless, the consistency between the sensitivity analyses and the primary findings supports the robustness of the results. Finally, since fresh embryo transfers were canceled for patients with elevated progesterone levels on the trigger day, we could not evaluate the potential influence of LH trajectories on endometrial receptivity and subsequent pregnancy outcomes.

There are also strengths to our study. The multiple tests of serum LH levels during the ovarian stimulation allowed us to identify heterogeneity in LH trajectories. To our knowledge, this is the first study to characterize distinct patient subgroups based on underlying LH trajectory patterns and to assess their associations with IVF/ICSI outcomes. Moreover, critical inclusion and exclusion criteria in our study minimized the heterogeneity of patients included in this study. In addition, a range of covariates available in the study allowed us to consider potential confounding.





Conclusions

In conclusion, this study identified three discrete LH trajectories during ovarian stimulation: persistently low trajectory, middle to high trajectory, and up and down trajectory. Patients with a higher number of AFC and levels of basal LH were more likely to exhibit an unstable LH trajectory. Higher serum LH trajectories during ovarian stimulation were associated with a better quantity rather than the quality of oocytes and embryos.
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