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LAP (lipid accumulation products) is a new indicator that estimates lipid overaccumulation and central
obesity in our bodies. Nevertheless, the relationship of LAP with bone mineral density (BMD) has

not been well established. This study aims to assess the association of LAP with BMD in U.S. adults.
Multivariate linear regression was employed to detect the relationship of LAP with lumbar BMD in
adult Americans. Subgroup and interaction tests were employed to detect the robustness of our
findings. Restricted cubic spline (RCS) and threshold effect analysis were used to assess the nonlinear
correlation of LAP with lumbar BMD. A total of 3883 participants consisted of 2117 (54.52%) men

and 1766 (45.48%) women. The mean age of participants was 39.33 +11.53 years. After adjusting all
covariates, we found a negative association of In-LAP with lumbar BMD (B=-0.011, 95% Cl: -0.019,
-0.004). Threshold effect analysis identified the inflection points of 2.846. The results showed no
correlation to the left of the saturation point but a significant negative correlation to the right.
Interaction analyses indicated that all subgroups have no effect on this association (P>0.05). Our study
reported a nonlinear negative association of LAP with lumbar BMD. A large LAP may be associated
with reduced BMD in American adults. These findings support the clinical utility of LAP as a predictor
of osteoporosis and provide valuable insights into developing early intervention strategies for
osteoporosis populations.
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LAP (lipid accumulation products)

(BMD) Bone mineral density

(RCS) Restricted cubic spline

(IOF) International Osteoporosis Foundation
(TG) Triglyceride

(WC) Waist circumference

(NAFLD) Nonalcoholic fatty liver disease

(BMI) Body mass index

(NHANES)  National Health and Nutrition Examination Survey
(NCHS) National Center for Health Statistics
(DXA) Dual-energy X-ray absorptiometry
(BMSCs) Bone marrow mesenchymal stem cells

(HEI-2015)  Healthy Eating Index-2015

Currently, one-fifth of the world’s population over the age of 50 have osteoporosis, causing a huge health and
economic burden on society!. Characterized by low bone mass, osteoporosis patients have a higher risk of
fragility fractures and their complications. The International Osteoporosis Foundation (IOF) shows that globally,
158 million people aged 50 and over are at risk of osteoporotic fracture, which is estimated to double by 2040°.
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The key determinants involving the development of osteoporosis include insufficient accumulation of peak bone
mass during adolescence and excess bone loss during middle and old age**. Although many medications have
been used for osteoporosis treatment, the side effects of medications still limit their use>®, Therefore, recognizing
and managing modifiable factors contributing to osteoporosis is essential for its prevention.

LAP (lipid accumulation products) is an assessment of the degree of lipid overaccumulation and central
obesity, which is determined by serum triglyceride (TG) levels and waist circumference (WC)”. Recently,
evidence showed that LAP was associated with many health conditions, including diabetes, metabolic syndrome,
nonalcoholic fatty liver disease, insulin resistance, osteoarthritis, and others®-!!. For instance, Huang et al.’
found a nonlinear correlation between LAP and osteoarthritis in U.S. adults. They found a positive association
between LAP and osteoarthritis when LAP <120 cm x mmol/L, but no association when LAP >120 cm X
mmol/L. Ebrahimi et al.”’found that LAP was a sensitive indicator to detect nonalcoholic fatty liver disease
(NAFLD). Obesity has been regarded as a significant risk factor for osteoporosis!'®. However, increasing evidence
showed that WC and body mass index (BMI) are insufficient to accurately measure obesity because they do not
differentiate between lean tissues, adipose tissue'4.

To our knowledge, the association between LAP and BMD has not been well established. Examining the
relationship between LAP and BMD may facilitate the recognition and prevention of osteoporosis. Thus, the
objective of the study is to assess the relationship of LAP with lumbar BMD in American adults from the
National Health and Nutrition Examination Survey (NHANES) 2011-2018.

Methods

Study design

NHANES program is a national health and nutrition survey that carried out by the National Center for Health
Statistics (NCHS). NHANES utilizes a stratified, multi-stage, and complex design that recruits a demographically
representative sample of the population in the United States. The use of data was approved by the ethics review
board of the National Center for Health Statistics. Written consent was obtained from each participant. The
survey included demographic, dietary, examination, dietary laboratory, and questionnaire data. In the present
study, we enrolled four periods in NHANES: 2011-2012, 2013-2014, 2015-2016, and 2017-2018. At first, we
enrolled 39,156 subjects from NHANES 2011-2018. Then, we excluded individuals who were younger than 20
years (n=16,539), individuals who lost information on lumbar BMD (11,086), LAP (6,402), and other covariates
(1,246). Finally, 3,883 subjects were enrolled in our study (Fig. 1).

LAP index calculation

LAP was an exposure variable in the present study, which is calculated in accordance with previous literature!2.
[WC (cm)-65] x [TG (mmol/1)] for men and [WC (cm)-58] x [TG (mmol/1)] for women'?. For WC assessment,
a measuring tape was positioned at the point where the horizontal line above the top of the right kneecap
intersects with the midaxillary line. Concentration of triglyceride was measured using the Roche Modular P and
Roche Cobas 6000 chemistry analyzers.

Assessment of lumbar spine BMD

The lumbar spine BMD was the outcome variable in our study. Between 1999 and March 2020, BMD
measurements were performed using a Hologic QDR-4500 A fan-beam densitometer (Hologic Inc., Bedford,
Massachusetts). BMD information was analyzed using Hologic software version 8.26 and Hologic Discovery
v12.4. More recently, beginning in 2017, spine scans were acquired on a Hologic Horizon Model A densitometer
using software version Apex version 5.6.0.5, and BMD data were analyzed using Hologic APEX version 4.0
software. All scans conformed to the guidelines of the International Society for Clinical Bone Densitometry
(ISCD). Detailed information on the DXA exam can be found on the NHANES website!®.

Covariates

In the present study, covariates covered age, race, gender, education level, BMI, poverty income ratio (PIR),
total protein, serum phosphorus, serum calcium, blood urea nitrogen, serum uric acid, cholesterol, serum
vitamin D, drinking and smoking behaviors, high blood pressure, diabetes, physical activity, and Healthy Eating
Index-2015 (HEI-2015). Drinking and smoking behaviors, high blood pressure, diabetes, and physical activity
were measured by a questionnaire: Have you ever had 5 or more drinks every day? Did you smoke at least 100
cigarettes in life? Ever told you had high blood pressure? The doctor told you had high blood diabetes? Did you
have vigorous work activity in a typical week? HEI-2015 is a density-based index calculated based on dietary
nutrient intake per 1,000 kcal rather than absolute amounts'®. The total score ranges from 0 to 100, with higher
scores indicating better dietary quality'®. More detailed information can be found on the NHANES website.

Statistical analysis

The participants’ characteristics were expressed by LAP quartile. Continuous variables were expressed as
mean +standard deviation with weighted linear regression models. Categorical variables were expressed as
percentages with weighted x2 tests. Multivariate linear regression was employed to analyze the linear association
of Ln-LAP with lumbar BMD. We use In-LAP rather than LAP because the LAP range is so large that it is
difficult to make an impact on the outcome through a one-unit change. Model 1 adjusted no covariate. Model 2
adjusted for variables of age, race, and gender. Model 3 adjusted for variables of age, race, gender, education level,
BM]I, PIR, total protein, serum phosphorus, serum calcium, blood urea nitrogen, serum uric acid, cholesterol,
serum vitamin D, drinking and smoking behaviors, high blood pressure, diabetes, physical activity, and HEI-
2015. Subgroup and interaction analyses were conducted by gender (men and women), age (< 35, 35-50 and
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Fig. 1. Flowchart of participants selection. Lipid accumulation products: LAP. BMD: bone mineral density.

>50), race (Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Mexican American, and Other Race),
and BMI (< 25, 25-30, >30), education level (College degree or above, Under high school, and High school
graduate), PIR (< 1.3, 1.3-3.5, >3.5), Hypertension (Yes, No), Diabetes (Yes, No, Borderline), drinking and
smoking behaviors, physical activity. Restricted cubic spline (RCS) with three knots located at the 5th, 50 th
and 95 th were conducted to explore the nonlinear relationship of In-LAP with lumbar BMD. Threshold effect
analyses were conducted by a two-segment linear regression model with both parts of the infection point using
a recursive algorithm. P-values less than 0.05 were deemed as statistical significance.

Results

Baseline characteristics

Table 1 shows the characteristics of 3,883 participants, consisting of 2117 (54.52%) men and 1766 (45.48%)
women. The mean age of participants was 39.33 +£11.53 years. The population consists of 1528 (39.35%) Non-
Hispanic White, 794 (20.45%) Non-Hispanic Black,

649 (16.71%) Other Race, 533 (13.73%) Mexican American, and 379 (9.76%) Other Hispanic. Moreover, in
comparison to participants with lower LAP, participants with higher LAP showed a larger likelihood of being
older, men, Mexican American, Non-Hispanic White, less educated, and more frequently drinking and smoking.
They have higher BMI, cholesterol, blood urea nitrogen, serum uric acid, and HEI-2015 values and lower PIR,
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LAP quartile Total Q1 Q2 Q3 Q4 P-value
Number of subjects (n) 3883 971 970 971 971

Age (years) 39.33+11.53 | 34.25+11.33 |39.09+11.35 |41.22+11.15 |42.78+10.46 | <0.001
Gender, n (%) <0.001
Men 2117 (54.52%) | 490 (50.46%) | 503 (51.86%) | 546 (56.23%) | 578 (59.53%)

‘Women 1766 (45.48%) | 481 (49.54%) | 467 (48.14%) | 425 (43.77%) | 393 (40.47%)
Race/ethnicity, n (%) <0.001
Mexican American 533 (13.73%) | 76 (7.83%) 114 (11.75%) | 173 (17.82%) | 170 (17.51%)

Other Hispanic 379 (9.76%) 74 (7.62%) 98 (10.10%) 110 (11.33%) | 97 (9.99%)
Non-Hispanic White 1528 (39.35%) | 333 (34.29%) | 378 (38.97%) | 354 (36.46%) | 463 (47.68%)
Non-Hispanic Black 794 (20.45%) | 248 (25.54%) | 222 (22.89%) | 194 (19.98%) | 130 (13.39%)

Other Race 649 (16.71%) | 240 (24.72%) | 158 (16.29%) | 140 (14.42%) | 111 (11.43%)
Education, n (%) <0.001
< High school diploma 640 (16.48%) 125 (12.87%) 143 (14.74%) 175 (18.02%) 197 (20.29%)

High school diploma 841 (21.66%) | 203 (20.91%) | 216 (22.27%) |212(21.83%) | 210 (21.63%)

>Some college 2402 (61.86%) | 643 (66.22%) | 611 (62.99%) | 584 (60.14%) | 564 (58.08%)

PIR 2.54 £1.66 2.58 £1.67 2.64£1.70 2.56 £1.66 2.39+1.61 0.007
BMI 29.01 £6.95 23.00 £3.42 27.65£4.85 30.76 +5.87 34.64+7.13 <0.001
Blood urea nitrogen (mmol/L) | 4.48 +1.60 4.36 £1.38 4.38 £1.49 4.56 £1.65 4,64 +1.83 <0.001
Serum calcium (mmol/L) 2.33£0.08 2.34£0.08 2.33+£0.08 2.32+0.08 2.33+£0.09 <0.001
Cholesterol (mmol/L) 494 +1.03 4.48 £0.86 4.80 £0.94 5.08 +1.00 539+1.10 <0.001
Serum phosphorus (mmol/L) | 1.18 +£0.18 1.21£0.18 1.17 £0.17 1.17 £0.19 1.17 £0.17 <0.001
Total protein (g/L) 71.60 £4.32 71.82 +4.45 71.41 +4.19 71.56 +4.24 71.62 +4.40 0.202
Serum uric acid (umol/L) 325.57 +£83.55 | 287.94 £70.97 | 313.45 +76.35 | 336.05 £77.37 | 364.85 £88.73 | <0.001
Serum vitamin D (nmol/L) 61.17 £24.68 | 62.05+25.01 |61.74+£24.64 |60.76 £25.03 |60.14 £24.01 | 0.294
4/5 or more drinks every day, n (%) 0.003
Yes 625 (16.10%) | 130 (13.39%) | 141 (14.54%) | 170 (17.51%) | 184 (18.95%)

No 3258 (83.90%) | 841 (86.61%) | 829 (85.46%) | 801 (82.49%) | 787 (81.05%)

Doctor told you had high blood diabetes, n (%) <0.001
Yes 286 (7.37%) 17 (1.75%) 45 (4.64%) 75 (7.72%) 149 (15.35%)

No 3525 (90.78%) | 948 (97.63%) | 910 (93.81%) | 870 (89.60%) | 797 (82.08%)
Borderline 72 (1.85%) 6 (0.62%) 15 (1.55%) 26 (2.68%) 25 (2.57%)

Every told you had high blood pressure, n (%) <0.001
Yes 955 (24.59%) | 107 (11.02%) | 200 (20.62%) | 278 (28.63%) | 370 (38.11%)

No 2928 (75.41%) | 864 (88.98%) | 770 (79.38%) | 693 (71.37%) | 601 (61.89%)

Vigorous recreational activities, n (%) <0.001
Yes 1225 (31.55%) | 434 (44.70%) | 353 (36.39%) | 263 (27.09%) | 175 (18.02%)

No 2658 (68.45%) | 537 (55.30%) | 617 (63.61%) | 708 (72.91%) | 796 (81.98%)

Smoked at least 100 cigarettes in life, n (%) <0.001
Yes 1749 (45.04%) | 356 (36.66%) | 408 (42.06%) | 470 (48.40%) | 515 (53.04%)

No 2134 (54.96%) | 615 (63.34%) | 562 (57.94%) | 501 (51.60%) | 456 (46.96%)

Waist circumference (cm) 97.92 £16.78 | 81.06 £8.08 94.25 +10.22 103.11 £12.66 | 113.25 +15.41 | <0.001
Lumbar BMD (g/cm?) 1.03 £0.15 1.05+0.15 1.05+0.15 1.02 £0.15 1.02 £0.15 <0.001
Triglyceride (mmol/L) 1.37 £1.21 0.64 £0.25 0.93+£0.33 1.33 £0.46 2.56 +1.83 <0.001
HEI-2015 51.82+11.89 | 45.01 £9.88 52.64 +10.56 | 56.53£11.71 |53.08 £12.21 | <0.001
LAP (cm x mmol/L) 52.79 £58.32 11.64 £4.43 27.84£5.21 50.09 +8.39 121.57 £80.21 | < 0.001

Table 1. Characteristics of the study population based on LAP quartile. Mean + SD for continuous variables:
the P value was calculated by the weighted linear regression model. (%) for categorical variables. The P value
was. calculated by the weighted chi-square test. Abbreviation: BMI: body mass index. PIR: poverty income
ratio. BMD: bone mineral density. LAP: lipid. accumulation products. HEI-2015: Healthy Eating Index-2015.

serum vitamin D, serum phosphorus, and lumbar BMD. They are more likely to have diabetes, high blood
pressure, and more physical activity (Table 1).

Associations between LAP and lumbar spine BMD
The relationship of In-LAP with lumbar BMD is illustrated in Table 2. We reported a negative association of In-
LAP with lumbar BMD in model 1 (f=-0.012, 95% CI: —0.017, —0.007) and model 2 (= -0.005, 95% CI: —0.009,

Scientific Reports|  (2025) 15:16373 | https://doi.org/10.1038/s41598-025-00833-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.02-

0.00

-0.02 1

B (95% CI)

-0.04 A

-0.06 1

\ Model 1 § (95% CI) P value

\ Model 2 § (95% CI) P value \

Model 3 B (95% CI) P value

Lumbar BMD (g/cm?)

LAP In-transform (cm x mmol/L) ‘ ~0.012 (~0.017, —0.007) <0.001 ‘ ~0.005 (~0.009, —0.002) 0.019 ‘

-0.011 (-0.019, —0.004) 0.004

LAP In-transform categories (cm x mmol/L)

Q1 Reference Reference Reference

Q2 0.002 (-0.012, 0.015) 0.814 0.009 (-0.004, 0.022) 0.167 0.001 (-0.015, 0.015) 0.982

Q3 —0.025 (—0.039, —0.012) <0.001 | —0.011 (-0.024, 0.002) 0.109 | —0.028 (-0.043, —0.012) <0.001
Q4 —0.033 (—0.047, —0.020) <0.001 | —0.014 (-0.027, —0.001) 0.051 | —0.038 (-0.057, —0.021) <0.001
P for trend <0.001 0.005 <0.001

Table 2. The association between In-LAP (cm x mmol/L) and lumbar BMD (g/cm?). Model 1 adjusted no
covariates. Model 2 adjusted age, gender, and race. Model 3 adjusted age, gender, race, PIR, education level,
BM], total protein, blood urea nitrogen,serum total calcium, serum phosphorus, serum uric acid, cholesterol,
serum vitamin D, smoking and drinking behaviors, high blood pressure, diabetes, physical activity, and
Healthy Eating Index-2015. Abbreviation: BMI: body mass index. PIR: poverty income ratio. BMD: bone
mineral density. LAP: lipid accumulation products. HEI-2015: Healthy Eating Index-2015.

P for overall < 0.001
P for nonlinear < 0.001

SOOI e o R e e O M

-0.08
0

In-LAP

Fig. 2. Restricted cubic spline (RCS) analysis with multivariate-adjusted associations between In-LAP

and lumbar spine BMD. Age, race, gender, education level, BMI, PIR, total protein, serum phosphorus,
serum calcium, blood urea nitrogen, serum uric acid, cholesterol, serum vitamin D, drinking and smoking
behaviors, high blood pressure, diabetes, physical activity, and HEI-2015 were adjusted. Abbreviation: PIR:
poverty income ratio. BMI: body mass index. Lipid accumulation products: LAP. HEI-2015: Healthy Eating
Index-2015.

—0.002). In the fully adjusted model (model 3), we found a negative association of In-LAP with lumbar BMD
(B= —0.011, 95% CI: —0.019, —0.004). Participants in the fourth quartile of In-LAP have a significantly reduced
lumbar BMD than participants in the first quarter (f= -0.038, 95% CI: —0.057, —0.021) (P for trend <0.001). The
RCS indicated a nonlinear negative correlation of In-LAP with lumbar BMD (P for nonlinear <0.001) (Fig. 2).
Analyzing the images, no significant association was found between In-LAP and lumbar spine BMD within a
certain range. When exceeding a certain value, a significant negative correlation was found between In-LAP and
lumbar BMD. Then, threshold effect analysis identified the inflection points of 2.838 (Table 3). When In-LAP
<2.838, no association was found between In-LAP and lumbar BMD (B =0.011, 95% CI: —0.007, 0.029). When
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Total spine BMD \ B (95% CI) Pvalue
In-LAP

Inflection point 2.846

In-LAP <Inflection point | 0.011 (-0.007,0.029) | 0.351
In-LAP < Inflection point | —0.029 (-0.050, —0.006) | < 0.001
Log-likelihood ratio 0.007

Table 3. Threshold effect analysis of In-LAP and lumbar BMD. Age, gender, race, PIR, education level, BMI,
total protein, blood urea nitrogen, serum total calcium, serum phosphorus, serum uric acid, cholesterol, serum
vitamin D, smoking and drinking behaviors, high blood pressure, diabetes, physical activity, and HEI-2015
were adjusted. Abbreviation: BMI: body mass index. PIR: poverty income ratio. BMD: bone mineral density.
LAP: lipid accumulation products. HEI-2015: Healthy Eating Index-2015.

] 95%CI P for interaction

Age

<§0 0 -0.008 (-0.016, -0.001) 0.608
>50 —— -0.015 (-0.032,0.002)

Gender

Men —— -0.014 (-0.025, -0.003) 0.092
Women —e— -0.006 (-0.019, 0.006)
Race/ethnicity

Mexican American $ -0.003 (-0.019,0.013) 0.755
Other Hispanic 0.003 (-0.023,0.032)

Non-Hispanic White —— -0.015 (-0.025,-0.002)

Non-Hispanic Black —— -0.012 (-0.030, 0.006)
Other Race —— -0.004 (-0.025, 0.013)

BMI

<25 —0 -0.012 (-0.024, -0.001) 0.538
25-30 —8— -0.005 (-0.023, 0.008)

>30 —0] -0.014 (-0.028, 0.001)

Education level

< High school diploma —1 -0.008 (-0.026, 0.010) 0.098
High school diploma —0— -0.016 (-0.030,0.007)

>Some college —o -0.006 (-0.016, 0.004)

PIR

<13 —e—1 -0.009 (-0.026, 0.006) 0.745
1.3-35 —o— -0.010 (-0.025, 0.004)

>3.5 —@— -0.009 (-0.020, 0.002)

Diabets

Yes ——— -0.015 (-0.047,0.016) 0.935
No @ -0.009 (-0.016,-0.002)

Borderline ® 0.002 (-0.075,-0.078)

High blood pressure,

Yes —o— -0.007 (-0.023,0.008) 0.557
No = ol -0.012 (-0.020,-0.004)

Ever had 5 or more drinks every day

Yes —e— -0.021 (-0.039,-0.017) 0.081
No s 4§ -0.005 (-0.013,-0.004)

Smoked at least 100 cigarettes in life

Yes —0— -0.015 (-0.025,-0.001) 0.274
No o7 -0.006 (-0.018,0.004)

Vigorous recreational activities

Yes —@— -0.012 (-0.028,0.003) 0.801
No =~ -0.008 (-0.017,-0.003)
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Fig. 3. Subgroup and interaction analyses of the association between LAP and lumbar BMD. Age, race, gender,
education level, BMI, PIR, total protein, serum phosphorus, serum calcium, blood urea nitrogen, serum uric
acid, cholesterol, serum vitamin D, drinking and smoking behaviors, high blood pressure, diabetes, physical
activity, and HEI-2015 were adjusted. Abbreviation: PIR: poverty income ratio. BMI: body mass index. LAP:
Lipid accumulation products. HEI-2015: Healthy Eating Index-2015.

In-LAP >2.846, a significant negative association was detected between In-LAP and lumbar BMD (B= -0.029,
95% CI: —0.050, —0.006).

Subgroup and interaction analyses

Subgroup and interaction analyses were performed by age, race, gender, BMI, education level, PIR, diabetes,
hypertension, smoking and drinking behaviors, and physical activity (Fig. 3). The results indicated that all
subgroups have no significant effect on this correlation (P for interaction >0.05).

Discussion

In the present study, we assessed the correlation of In-LAP with lumbar spine BMD in a large, nationally
representative American population. After adjusting covariates, we observed a nonlinear negative relationship
between In-LAP and lumbar spine BMD. Furthermore, we found that the subgroups had no interactive effects
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on this association. These findings support the clinical utility of LAP as a predictor of osteoporosis and provide
valuable insights into the development of early intervention strategies for osteoporosis populations.

This is a large-scale study to explore the possible relationship of LAP with bone health. Previously, obesity
has been recognized as a key factor in bone health and fragility fractures'”. BMI and WC are two recognized
parameters for identifying obesity!”. Many studies have investigated the relationship of BMI and WC with BMD
but report conflicting results. In a study of 2218 participants from NHANES 2011-2018, Li et al.!® found that
BMI was positively related to lumbar BMD after adjusting covariates. Ma et al.!® indicated a positive association
between BMI and BMD by a Mendelian randomization approach. In another study by Pan et al.?’, they found
that a higher WC was positively associated with femur and spinal BMD in U.S. adults. In a study of 5084 adults
aged 40-59 years, Hua et al.?! found a negative relationship between WC and lumbar BMD, and this relationship
was independent of BMI. In a study by Chen et al.??, they concluded an inverted U-shape relationship of WC
with femur BMD in individuals aged 60 years or older, and the inflection point is 95 cm for both men and
women. An increasing number of specialists believe that WC and BMI are insufficient to accurately measure
obesity because they do not differentiate between lean tissues and adipose tissue?>. Compared to traditional
indicators, LAP is an indicator determined by WC and TG that accurately reflects visceral fat accumulation®.
Studies have shown that LAP is more likely to identify the risk of diabetes or cardiovascular disease than BMI
or WC!22526_Tn addition, many papers recently present evidence that LAP may also serve as a potential marker
for a variety of other health conditions. Huang et al.” found a positive association between LAP and risk of OA
when LAP <120.00 cm x mmol/L, while no association when LAP > 120 cm x mmol/L in NHANES 2017-2020.
In a study of 9781 U.S. adults, Zhang et al.?’ indicated that LAP was positively related to psoriasis after adjusting
a large of covariates. Recently, a study by chen et al.?%, they found a significant saturation effect between LAP
and total femoral BMD in 3223 adults aged 20 years and older. However, the study was not adjusted for BMI
and could not get rid of the interference of BMI on the results. Our study found a nonlinear negative association
between LAP and BMD in U.S. adults after adjusting a large number of covariates including BMI. Thus, our
results suggested that a nonlinear negative association between LAP and BMD exists independently of BMI. This
is important because usually BMI does not accurately distinguish between lean tissues and adipose tissue, and
thus our study could better reflect the relationship between LAP and BMD. Specifically speaking, the RCS and
threshold analyses indicated that there are no significant association between In-LAP and lumbar BMD when
In-LAP <2.846 and a significant negative association when In-LAP >2.846. This result is similar to a previous
study exploring the relationship between WC and BMD?!. Hua et al.?! found no association of WC with lumbar
BMD in premenopausal women when WC < 80 cm and a negative association with WC >80 cm. Similarly, there
is a threshold association between LAP and total spine BMD, with no correlation LAP and BMD before the
threshold is reached and a negative correlation between LAP and BMD after the threshold is exceeded.

The specific mechanisms of LAP with bone health and BMD are unclear and complex. The effect of obesity
on BMD involves mechanical effects, endocrine alterations, and increased inflammatory factors?. First, the
accumulation of excess body fat and increased levels of obesitylead to an increase in static mechanical compliance,
which imposes a variety of static mechanical stresses on the skeleton and induces changes in bone structure%3V,
Second, osteoblasts and adipocytes in bone marrow originate from bone marrow mesenchymal stem cells
(BMSCs). Obesity leads to decreased differentiation of BMSCs to osteoblasts and increased differentiation to
adipocytes®2. Third, the expansion of adipocytes in the bone marrow microenvironment suppresses osteoblast
differentiation and accelerates the release and activation of inflammatory and immunomodulatory factors
that promote osteoclast formation and inhibit osteoprotegerin secretion®>. In obesity, adipocyte hypertrophy
is accompanied by adipose tissue expansion, which causes adipose tissue to release more leptin and less
adiponectin®®. These alterations contribute to systemic inflammation, insulin resistance and skeletal disorders
in obesity®®. Furthermore, it has been shown that enhanced insulin signaling leading to obesity-induced
hypermetabolism accelerates metabolic senescence of BMSCs**. These mechanisms may explain the nonlinear
negative correlation between LAP and lumbar BMD. It is worth noting that we adjusted for BMI in the final
analysis, so this relationship existed independently of BMI. Therefore, LAP could be a new indicator to predict
bone health. However, further research is needed to elucidate the specific mechanism of LAP in BMD.

Our results have some advantages. First, this cross-sectional survey used a large sample, and all analyses
were adjusted by MEC weight, which could represent the general American population. Second, we adjusted for
many confounders to ensure the reliability of our findings. Third, there is a nonlinear correlation between LAP
and BMD, further demonstrating the existence of the threshold phenomenon. Fourth, another noteworthy point
is that all subgroups have no interactive effect on this relationship, so the results have applicability to different
populations. Our study also has some limitations. First, causal inferences cannot be inferred because of the
nature of the cross-sectional study. Second, we did not analyze the relationship of LAP with femur BMD because
of relevant data in NHANES cycles were missing. Thus, further studies are need to explore the association
between LAP and femur BMD. Third, other potential confounders not adjusted for in the present research may
still affect the results.

Conclusions

In conclusion, our study reported a nonlinear negative correlation between LAP and lumbar BMD in U.S.
adults. A large LAP may be associated with reduced BMD. These findings support the clinical utility of LAP as a
predictor of osteoporosis and provide valuable insights into the development of early intervention strategies for
osteoporosis populations.

Scientific Reports |

(2025) 15:16373 | https://doi.org/10.1038/541598-025-00833-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Data availability
The datasets generated during and/or analysed during the current study are available in the [NHANES] reposi-
tory, [https://www.cdc.gov/nchs/nhanes/].
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