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Background and Aims: Due to its association with various diseases, atherogenic index of plasma (AIP) has garnered increasing
attention. Exploration of the relationship between AIP and endometriosis risk has not been thorough. This nationwide study will attempt
to explore this association. This cross-sectional study aimed to investigate this association using a nationally representative sample.
Methods: We utilized a nationally representative dataset from the 1999-2006 NHANES, including 1817 participants. AIP was
defined as logl0 (triglycerides/high-density lipoprotein cholesterol). An examination of the relationship between AIP and endome-
triosis utilized methods including weighted multivariable logistic regression, restricted cubic splines, and subgroup analyses. The
relative significance of various lipid indicators was evaluated with the Extreme Gradient Boosting (XGBoost) algorithm.

Results: This study analyzed 1817 participants, among whom 146 were diagnosed with endometriosis. Upon full adjustment for
relevant covariates, the continuous model through multivariable logistic regression demonstrated a notable association between
heightened AIP levels and the risk of endometriosis (OR = 2.578, 95% CI: 1.232-5.394, P = 0.013). In the categorical model, the
incidence of endometriosis in the highest AIP quartile was 1.762 times that in the lowest AIP quartile (OR = 1.762, 95% CI:
1.056-3.103), P = 0.047). Interaction tests in subgroup analyses did not significantly affect this association. A linear correlation
between AIP and endometriosis was observed within the constraints of the restricted cubic spline regression model. The machine
learning results indicate that AIP is the most critical lipid indicator.

Conclusion: Our analysis confirms a positive correlation between elevated AIP levels and the frequency of endometriosis cases. This
indicates that therapeutic strategies aimed at reducing AIP levels might have a beneficial impact on the management of endometriosis.
Keywords: AIP, endometriosis, NHANES, cross-sectional study

Introduction

Approximately 10-15% of women of reproductive age are diagnosed with endometriosis,' a common gynecological
ailment. It manifests with endometrial-like tissue outside the uterus, often inducing chronic pelvic pain, infertility, and
various significant symptoms that heavily impact the quality of life.” The origin of endometriosis is attributed to genetic,
hormonal, and immunological factors; however, it remains not fully elucidated. Notably, recent studies have identified
abnormal lipid profiles in patients with endometriosis.* ® Abnormal lipid metabolism may indirectly influence the growth
and function of endometrial tissue by modulating inflammatory responses and immune function.”

The Atherogenic Index of Plasma (AIP) is calculated as the logarithm of the ratio of plasma triglycerides (TG) to high-density
lipoprotein cholesterol (HDL-C).'? It is an emerging biomarker used to assess lipid metabolism disorders, reflecting the balance
between atherogenic and anti-atherogenic lipoproteins.'' A high AIP level points to an increased risk of cardiovascular disease
(CVD), stemming from the high prevalence of small, dense low-density lipoprotein (LDL) particles. These particles are
particularly prone to oxidation and arterial infiltration, thereby contributing to atherosclerosis.'* Thus, AIP was initially used to
predict atherosclerosis risk.'' Mechanistically, elevated AIP levels indicate increased small, dense LDL particles that are prone to
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oxidation."”® Oxidized LDL can stimulate inflammatory cytokine release (eg, IL-6, TNF-a),'* promote oxidative stress, and
facilitate endometrial cell adhesion and invasion—key processes in endometriosis development.'”

While AIP has been extensively studied in the context of cardiovascular risk, its relationship with endometriosis remains
unclear. Investigating whether elevated AIP levels contribute to an increased prevalence of endometriosis in women is the
primary focus of this study. Specifically, the study aims to: (1) compare AIP levels between women with and without
endometriosis, and (2) assess the impact of elevated AIP on the likelihood of having endometriosis. To address this, we
used data from the National Health and Nutrition Examination Survey (NHANES), a nationally representative survey of the
US population with standardized health, dietary, and laboratory data. Its comprehensive lipid measurements and robust
sampling design make it well-suited for investigating metabolic factors in gynecological conditions. Clinically, identifying
an association between elevated AIP and endometriosis could encourage healthcare providers to include lipid profile
evaluations in the routine management of women with endometriosis. This would enable early detection and intervention
for lipid abnormalities, potentially mitigating the cardiovascular risks associated with both conditions.

Methods
Study Participants in NHANES

Initiated in 1999, the NHANES targets the evaluation of health and nutritional conditions in US adults and children. Conducted
biennially, it accumulates detailed data from physical examinations, interviews, and laboratory tests. This data plays a crucial role
in researching public health matters, establishing health policies, and detecting health trends and risk factors. Our study utilized
the dataset covering the years 1999 to 2006. To enhance the accuracy and reliability of the results, we included only those
participants who fulfilled the predetermined criteria. We omitted individuals with incomplete data on endometriosis, AIP, and
related covariates. After these omissions, 1817 participants remained eligible for analysis. Figure 1 illustrates the inclusion and
exclusion process of this study, with the number and percentage of exclusions indicated at each stage.

Women aged 20-54 years old:
1999-2006(N=6508)

Excluded:
Missing data on endometriosis
(N=951, 14.6%)

A 4

Eligible participants(N=5557)

Excluded:
Missing data on AIP
(N=3044, 54.8%)

Eligible participants(N=2513)

Excluded:
Missing data on other covariates
v (N=696, 27.7%)

Eligible participants(N=1817)

Figure | Flow chart of eligible participants’ selection.
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Endometriosis
A diagnosis of endometriosis for women aged 20-54 was determined via a reproductive health questionnaire, which
asked, “Has a doctor or another health professional ever informed you about a diagnosis of endometriosis?”

Measurement of the AIP

AIP was considered the exposure variable in this study and was defined as log10 [TG (mmol/L)/HDL-C (mmol/L)]."°
The data for TG and HDL-C was procured from the “Laboratory Data” area of NHANES. Visit the NHANES website for
more detailed laboratory test information.

Covariates Assessment

Our study’s covariates cover extensive social and health dimensions including racial identity, age, age at menarche,
educational level, marital status, family income-to-poverty ratio (PIR), body mass index (BMI), smoking patterns,
alcohol usage, hypertension, diabetes, fertility status, moderate to vigorous recreational physical activities, and
female hormone use. Specifically, socioeconomic factors (education, marital status, PIR) may influence health
behaviors and healthcare access, while reproductive and lifestyle factors directly impact hormonal balance and
inflammatory processes relevant to endometriosis. The grouping of age at menarche, derived from a reproductive
health questionnaire, consisted of three categories: under 12 years, 12 to 13 years, and 14 years or more. We queried
participants about their smoking status with the question, “Have you smoked at least 100 cigarettes in your
lifetime?” and measured alcohol consumption by asking, “In the past 12 months, have you consumed 4 to 5 or
more drinks per day?” Histories of diabetes and hypertension were acquired from self-reports in our health survey
questionnaire.

Statistical Analysis

Our analyses adhered to NHANES guidelines, incorporating fasting subsample weights for enhanced accuracy.
Categorical variables underwent comparisons via the chi-square test, and continuous variables were assessed with the
t-test. Means and standard errors illustrated continuous data, while categorical data were represented by percentages. For
robustness testing, AIP was segmented into quartiles, with the first quartile as the reference. We constructed three
multivariable logistic regression models to probe the associations with endometriosis. The initial model was devoid of
adjustments. The subsequent model took into account age and race. The final model was extensively adjusted for various
covariates such as age, race, educational background, BMI, age at menarche, marital status, PIR, smoking and alcohol
habits, hypertension, diabetes, fertility status, moderate to vigorous recreational physical activities, and female hormone
use. We have detailed the outcomes as odds ratios (ORs) with 95% confidence intervals (Cls). To elucidate the
relationship between AIP and the risk of endometriosis, we employed restricted cubic splines (RCS), making adjustments
for the confounders mentioned in model three. We conducted subgroup analyses and interaction tests for characteristics
including age, age at menarche, smoking status, alcohol intake, fertility status, moderate to vigorous recreational physical
activities, and female hormone use. The efficacy of various lipid indicators was analyzed using the XGBoost algorithm.
All statistical work was performed using R and RStudio (version 4.3.2), with P<0.05 as the criterion for statistical
significance.

Results

Characteristics of the Participants

Table 1 provides a summary of the primary characteristics and weighted estimates for 1817 study participants.
Among these, 146 had endometriosis, while 1671 did not. Statistically significant differences (P<0.05) were
observed between endometriosis and non-endometriosis groups in demographic characteristics (age, racial distribu-
tion), lifestyle factors (smoking status), female hormone use, and lipid profile parameters (total cholesterol, AIP
levels). Data indicated that endometriosis-afflicted individuals tended to be older, with mean ages of 40.78 years
compared to 39.18 years for controls. They were more frequently smokers of over 100 cigarettes (60.2% vs 43.5%).

International Journal of Women’s Health 2025:17 hetps: 2177



Liu et al

Table | Baseline Characteristics of the Study Population Stratified by Endometriosis

Characteristics Overall Non-Endometriosis Endometriosis P value Test
(N=1817) (N=1671) (N=146) Statistic
Age (years) 39.36 (9.07) 39.18 (9.20) 40.78 (7.85) 0.007 t=28I3
Age at menarche (years) 0.465 K= 2443
<12 415 (21.4%) 379 (21.1%) 36 (24.2%)
12-13 965 (53.8%) 882 (53.7%) 83 (55.0%)
=14 437 (24.8%) 410 (25.3%) 27 (20.8%)
PIR 0.752 ¥ = 1473
<13 558 (21.9%) 522 (21.7%) 36 (23.4%)
1.3-3.0 660 (35.6%) 611 (36.1%) 49 (31.8%)
>3.0 599 (42.5%) 538 (42.2%) 61 (44.8%)
BMI (kg/m?) 0.827 ¥ = 0.061
<25 583 (38.7%) 538 (38.8%) 45 (37.9%)
225 1234 (61.3%) 1133 (61.2%) 101 (62.1%)
Smoked 2 100 cigarettes 0.002 ¥* = 20.555
Yes 728 (45.4%) 651 (43.5%) 77 (60.2%)
No 1089 (54.6%) 1020 (56.5%) 69 (39.8%)
Race/ethnicity <0.001 2 = 27.430
Mexican American 434 (8.2%) 425 (9.0%) 9 (1.6%)
Non-Hispanic White 839 (69.2%) 736 (67.3%) 103 (84.2%)
Non-Hispanic Black 391 (12.7%) 366 (13.3%) 25 (7.9%)
Other 153 (9.9%) 144 (10.4%) 9 (6.3%)
Marital status 0.422 2 =3.538
Married/Living with partner 1302 (74.6%) 1200 (74.4%) 102 (76.3%)
Never married 213 (8.1%) 200 (8.6%) 13 (4.8%)
Widowed/Divorced/Separated 302 (17.3%) 271 (17.1%) 31 (18.8%)

Education level 0.060 x* =5.161
High school and below 469 (17.5%) 449 (18.2%) 20 (11.8%)
Above high school 1348 (82.5%) 1222 (81.8%) 126 (88.2%)
Moderate to vigorous recreational activities 0.333 X2 = 1.374
YES 1052 (65.2%) 964 (65.7%) 88 (61.6%)
NO 765 (34.8%) 707 (34.3%) 58 (38.4%)
Female hormone use <0.001 x* =75.161
YES 245 (17.7%) 190 (14.9%) 55 (39.2%)
NO 1572 (82.3%) 1481 (85.1%) 91 (60.8%)
Fertility status 0.503 x> = 0.753
Nulliparous 125 (7.4%) 108 (7.2%) 17 (8.9%)
2one birth 1692 (92.6%) 1563 (92.8%) 129 (91.1%)
Hypertension 0.571 ¥ = 0.407
Yes 363 (20.7%) 319 (20.5%) 44 (22.4%)
No 1454 (79.3%) 1352 (79.5%) 102 (77.6%)
Diabetes 0.304 x = 1.620
Yes 87 (4.2%) 81 (4.4%) 6 (2.6%)
No 1730 (95.8%) 1590 (95.6%) 140 (97.4%)
Alcohol intake 0.637 x> = 0.564
Yes 1098 (68.5%) 999 (68.2%) 99 (70.7%)
No 719 (31.5%) 672 (31.8%) 47 (29.3%)
Fasting triglyceride (mg/dL) 125.61 (108.06) 120.57 (86.71) 164.64 (206.09) 0.052 t=1.982
Total cholesterol (mg/dL) 197.78 (41.65) 196.65 (41.32) 206.54 (43.26) 0.011 t=2.642
LDL-C (mg/dL) 116.44 (34.00) 115.92 (33.86) 120.59 (34.88) 0.145 t= 1476
HDL-C (mg/dL) 56.42 (15.82) 56.59 (15.77) 55.17 (16.18) 0.448 t=-0.765
AlIP 0.29 (0.30) 0.28 (0.30) 0.38 (0.34) 0. 004 t=3.0l6

Notes: Values are mean+SD or number (%). t: Survey-weighted t-test using the Wald method, accounting for NHANES complex design; y*: Rao—Scott adjusted chi-square
test accounting for NHANES complex survey design.

Abbreviations: BMI, body mass index; PIR, poverty income ratio; AIP, atherogenic index of plasma; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol.
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Additionally, their total cholesterol (TC) (206.54 mg/dL vs 196.65 mg/dL) and AIP levels (0.38 vs 0.28) were
consistently higher.

Weighted Logistic Regression and Subgroup Analyses

To probe the relationship between AIP and endometriosis, we implemented weighted univariate and multivariate
logistic regression analyses. Table 2 details that, upon adjusting for all relevant covariates, there was a 157.8%
increase in the likelihood of endometriosis for every unit increase in AIP (OR=2.578, CI: 1.232-5.394, P=0.013).
AIP was categorized into quartiles from its original continuous form. In the model with full adjustments, the
frequency of endometriosis in the highest AIP quartile was 1.762 times that of the lowest quartile (OR=1.762,
95% CI: 1.056-3.103, P=0.047). Further, restricted cubic spline analysis (Figure 2) demonstrated a linear
association between AIP and endometriosis after considering all covariates (P=0.042 for overall, P=0.879 for
non-linearity).

Details of Subgroup Analysis

As shown in Figure 3, when the association between AIP and endometriosis was observed within subgroups
stratified by age, age at menarche, smoking status, alcohol intake, fertility status, moderate to vigorous recrea-
tional physical activities, and female hormone use, no interaction effects were observed for these covariates
(P>0.05). This indicates that the positive correlation between AIP and endometriosis remains strong and
consistent across all subgroups.

Results of the XGBoost Model

To determine the relative importance of various lipid metrics in endometriosis, researchers employed machine learning
modeling using the XGBoost algorithm (Figure 4). The machine learning results indicate that AIP is the most critical
lipid metric. This is followed by TC, LDL-C, HDL-C, and TG. The model’s predictive performance was evaluated using
5-fold cross-validation. The lowest test logloss obtained during cross-validation was 0.365, indicating a relatively good
agreement between predicted probabilities and actual outcomes and suggesting a low risk of overfitting. Furthermore,
subgroup validation across different age groups demonstrated that AIP consistently remained the top-ranking lipid metric
(Supplementary Figure 1).

Table 2 Association Between AIP and Endometriosis

Exposures Model | Model 2 Model 3
OR (95% CI) P OR (95% CI) P OR (95% CI) P

AlP 2.998 (1.552-5.793) | 0.001 3.051 (1.550-6.007) | 0.002 | 2.578 (1.232-5.394) | 0.013
Ql Reference Reference Reference

Q2 1.248 (0.675-2.310) | 0.473 1.219 (0.652-2.277) | 0.528 | 1.102 (0.564-2.155) | 0.770
Q3 1.159 (0.634-2.117) | 0.626 | 1.202 (0.651-2.221) | 0.550 | 1.311 (0.513-1.752) | 0.860
Q4 2.044 (1.150-3.633) | 0.0158 | 2.066 (1.140-3.746) | 0.018 | 1.762 (1.056-3.103) | 0.047
P for trend 0.076 0.070 0.216

Notes: Model |: unadjusted model. Model 2: adjusted for age, race/ethnicity. Model 3: further adjusted for marital status, PIR,
BMI, educational levels, age at menarche, smoking status, alcohol use, moderate to vigorous recreational activities, female
hormone use, fertility status, hypertension and diabetes.
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P for overall: 0.042

P for non-linearity: 0.879

w

OR (95%Cl)
N

0.0

Figure 2 Restricted cubic spline plot of the association between AIP and endometriosis. Model was adjusted for age, race, educational background, BMI, age at menarche,
marital status, PIR, smoking and alcohol habits, hypertension, diabetes, fertility status, moderate to vigorous recreational physical activities, and female hormone use.
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Nu||iparou3 125 6.9 E —_—— 2.31 (128 s 417) 0.005
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Figure 3 The relationship between AIP and endometriosis according to different subgroups.
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Figure 4 Results of the XGBoost algorithm.

Abbreviations: AlP, atherogenic index of plasma; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; TC, total

cholesterol.
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Discussion

Our records indicate that this is the first cross-sectional analysis dedicated to examining the link between AIP and the
prevalence of endometriosis. Our findings highlight a positive correlation between AIP and endometriosis prevalence,
even after adjusting for other covariates in multivariable regression analysis. Additionally, subgroup analysis results
indicate that this positive association remains consistent across different population subgroups. Therefore, these findings
provide preliminary clinical evidence of the association between AIP and endometriosis.

Various studies underscore the connection between lipid anomalies and endometriosis. He et al utilized Mendelian
randomization to demonstrate significant associations between elevated TG, reduced HDL-C, and particularly pelvic
peritoneal endometriosis.'® Furthermore, Li et al observed that endometriosis increases the risk of metabolic syndrome
and raises TG levels.* Similarly, Nahar et al documented significantly higher levels of TC, LDL-C, and TG, and lower
HDL-C in women with endometriosis than in healthy controls.> A study with a sample size of 120 individuals reported
elevated levels of TC, TG, LDL-C, and HDL-C in women with endometriosis.'’

Higher TG and LDL-C levels result in the formation of small, dense LDL particles. These particles are very
susceptible to oxidation.'* Oxidized LDL particles are known to activate endothelial cells and macrophages, which
then release pro-inflammatory cytokines like interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a).'* These
cytokines significantly contribute to the inflammatory processes associated with endometriosis.'®'® Another mechanism
by which lipid abnormalities may affect endometriosis is oxidative stress. Dyslipidemia, particularly with high LDL-C,
leads to enhanced production of reactive oxygen species (ROS).?® When there is an imbalance between ROS production
and antioxidant defenses, oxidative stress develops, causing cellular and tissue damage. In endometriosis, oxidative stress
is a significant factor in the inflammatory environment.?' Oxidized lipids can enhance the adhesion of endometrial cells
to the peritoneal surface and promote their invasion, which are critical steps in the establishment and progression of
endometriotic lesions. "’

Recent metabolomic studies have provided important evidence of lipid metabolic dysregulation in endometriosis.
Using advanced techniques such as nuclear magnetic resonance (NMR) and liquid chromatography—mass spectrometry
(LC-MS), researchers have identified a range of characteristic lipid alterations in patients with endometriosis.** Notably,
multiple studies have consistently reported significantly elevated levels of phospholipids, sphingolipids, and phosphatidic
acid,”** which are closely associated with inflammatory responses and oxidative stress. These metabolomic findings
support the hypothesis that AIP, as a marker of lipid imbalance, may reflect underlying metabolic disturbances in
endometriosis.

The observed relationship between AIP and endometriosis has significant implications for the cardiovascular health of
women with endometriosis. Elevated AIP levels indicate adverse lipid profiles characterized by high TG and low HDL-
C, which are established risk factors for CVD.?* This dysregulation in lipid metabolism not only exacerbates the
inflammatory environment but also contributes to the pathogenesis of atherosclerosis. Endometriosis correlates with
heightened cardiovascular risk, encompassing coronary heart disease and stroke. Mendelian randomization research
highlights a marked increase in stroke risk, advocating for recognition of endometriosis as a multifaceted systemic
disease rather than merely a reproductive disorder.”® A large cohort study conducted by Blom et al revealed that
hospitalization rates for CVD and secondary CVD events are higher among women with endometriosis. This condition
may be linked to inflammatory dysregulation, enhanced oxidative stress, and negative lipid profiles.”” Okoli et al
completed a systematic review and meta-analysis that substantiated a substantial link between endometriosis and
increased risks of major cardiovascular events, ischemic heart disease, and cerebrovascular accidents.”® It is clinically
vital to comprehend how AIP, endometriosis, and cardiovascular disease interact. Elevated AIP in women with
endometriosis can serve as a useful biomarker for identifying those at high risk for cardiovascular complications. This
underscores the necessity for comprehensive cardiovascular risk assessments in women with endometriosis, including
regular monitoring of lipid and inflammatory markers. Early intervention strategies focusing on lifestyle modifications,
anti-inflammatory treatments, and lipid-lowering therapies can mitigate these risks and improve overall health outcomes

for women with endometriosis.

International Journal of Women’s Health 2025:17 hetps: 2181



Liu et al

Furthermore, the observed association between AIP and endometriosis is statistically significant in women under the
age of 40 but not in women over 40. This suggests that age-related differences in metabolic and hormonal environments
may play a role. In younger women, hormonal fluctuations are more pronounced, which may exacerbate the metabolic
and inflammatory processes associated with endometriosis.”’ Additionally, the chronic nature of endometriosis means
that by the age of 40, many women may have already undergone significant pathological changes, making it more
challenging to detect the impact of AIP at this stage. To develop targeted prevention and treatment strategies for
endometriosis, understanding age-specific dynamics is crucial.

This research thoroughly examines the specific influence of AIP on endometriosis risk, underscoring the essential role
of lipid metabolism disorders in evaluating this risk. However, attention must be given to several limitations. Most
critically, as a cross-sectional study, we cannot determine the causal direction between AIP and endometriosis. This
fundamental limitation necessitates cautious interpretation of our findings. Second, although we adjusted for many
covariates, unmeasured confounding may still exist. In particular, dietary habits—such as fat and cholesterol intake—are
important factors influencing both lipid metabolism and endometriosis risk, but were not accounted for in our analysis.
Third, the diagnosis of endometriosis in this study was based on self-reported physician diagnosis, which may lead to
misclassification bias. Future studies should validate these findings using clinically confirmed cases of endometriosis.
Fourth, the exclusion of participants with incomplete data may have led to selection bias; however, this concern is
partially alleviated by the extensive adjustment for relevant covariates. Finally, the study population was limited to
women in the United States, which restricts the generalizability of the results to other regions and populations. Therefore,
future longitudinal prospective studies and comprehensive data collection are essential to confirm the association
between AIP and the risk of endometriosis.

Conclusions

Our findings highlight a positive correlation between AIP and the risk of endometriosis among US females. These results
provide preliminary evidence that lipid metabolism indicators may have potential as biomarkers for endometriosis risk
assessment; however, further longitudinal and clinical studies are needed to validate AIP as a reliable risk assessment tool
for endometriosis.
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