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Sarcopenia, characterized by the progressive loss of skeletal muscle mass and strength, significantly
impacts the people, leading to increased frailty and mortality. The atherogenic index of plasma (AIP),
a biomarker for lipid imbalance, may be linked to sarcopenia due to shared pathways of inflammation
and metabolic dysregulation. Data from the National Health and Nutrition Examination Survey
(NHANES) 2011-2018 cycles were analyzed. The AIP was calculated as the logarithm of the ratio of
triglycerides to High density lipoprotein cholesterol. Sarcopenia was defined using the appendicular
skeletal muscle mass index (ASMBMI) adjusted for body mass index (BMI). Multivariable linear
regression and logistic regression models were employed to assess the association between AIP and
ASMBMI, as well as sarcopenia. Restrictive cubic spline curves were utilized to analyze potential
nonlinear associations between AIP and outcome indicators. Additionally, subgroup analyses and
intergroup interaction tests were performed. Elevated AIP levels were associated with decreased
ASMBMI and an increased risk of sarcopenia. After adjusting for confounding factors, the association
between AIP and ASMBMI remained significant (Beta [95% Cl]=-0.02 [-0.03, -0.01], P <0.001).

AIP was significantly associated with sarcopenia (OR [95% CI]=2.6 [1.78, 3.81], P=<0.001). AIP is
significantly associated with reduced muscle mass and potentially with sarcopenia, suggesting that
lipid metabolism plays a critical role in muscle health. Identifying AIP as a modifiable risk factor could
have important public health implications for managing sarcopenia.
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Sarcopenia is a progressive loss of skeletal muscle mass and strength that significantly impacts the US population.
This condition leads to increased frailty, disability, and mortality, posing a major public health challenge!2.
According to the SPRINT study of the US population, there were 48.6 cases per 1000 people per year, with a
Hazard ratio of 1.70%. Sarcopenia not only contributes to physical decline but also increases the risk of falls,
fractures, and hospitalization?. While numerous factors such as aging, physical inactivity, and poor nutrition
are well-established contributors to sarcopenia, emerging evidence suggests that metabolic and cardiovascular
factors also play crucial roles®®. Systemic inflammation, oxidative stress, and hormonal changes are known to
exacerbate muscle degradation and functional decline’. Recent epidemiological studies indicate that metabolic
syndrome, characterized by a cluster of conditions including dyslipidemia, affects about 30% population of the
United States and is linked to increased risk of sarcopenia®’.

The atherogenic index of plasma (AIP) is a novel biomarker calculated as the logarithm of the ratio of
triglycerides to high-density lipoprotein cholesterol!®!!. In large-scale epidemiological studies, AIP has been
shown to correlate with increased risk of cardiovascular events and is used to assess lipid abnormalities'>13.
Elevated AIP levels, indicating a higher atherogenic potential, are prevalent in populations with metabolic
disorders, affecting approximately 30% of adults. Elevated AIP levels indicate dyslipidemia, a disorder
characterized by abnormal lipid metabolism'“. Dyslipidemia is associated with systemic inflammation, oxidative
stress, and insulin resistance!”. This suggests that AIP may play a role in the onset and progression of sarcopenia
by disrupting normal muscle metabolism and promoting catabolic processes.
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Considering the shared pathways of inflammation, oxidative stress, and metabolic dysregulation, it is
plausible that higher AIP levels could be linked to an increased risk of sarcopenia'®. Epidemiological studies
have shown that conditions linked to high AIP, such as metabolic syndrome, are associated with increased
prevalence of sarcopenia®!”!%, Tt has been reported that individuals with metabolic syndrome are at higher
risk of developing sarcopenia compared to those without metabolic syndrome!®. Furthermore, studies have
demonstrated that metabolic syndrome, characterized by a cluster of conditions including dyslipidemia,
hypertension, insulin resistance, and abdominal obesity, is closely linked to inflammation and oxidative stress,
both of which are critical factors in the pathogenesis of sarcopenia®’?!. These pathways are known to contribute
to both cardiovascular diseases and muscle degeneration, suggesting a potential intersection where AIP could
influence muscle health?2. However, most previous studies have focused on broader metabolic markers or
individual lipid components, without considering the complex markers provided by AIP.

The primary objective of this study is to investigate the association between AIP and sarcopenia in a cross-
sectional study, using data from NHANES. Using population-based samples to enhance the generality of the
findings. This will help elucidate whether AIP, as a marker of lipid imbalance, is a significant predictor of
sarcopenia. Understanding this relationship could provide insights into the role of lipid metabolism in muscle
health. Given the increasing aging population, identifying modifiable risk factors such as AIP could have
significant implications for public health, potentially alleviating the burden of sarcopenia on healthcare systems
worldwide.

Method
Data sources
The data for this study were acquired from the website of the US National Health and Nutrition Examination
Survey (NHANES) (https://www.cdc.gov/nchs/nhanes/index.htm). NHANES is a comprehensive, nationally
representative study of the US population, employing a multistage, stratified approach to provide detailed
information on study design, interviews, demographics, and more. The study protocol was approved by the
Ethical Review Board of the National Center for Health Statistics, and participants provided informed consent.
All methods in this study were performed in accordance with Continuation of Protocol #2011-17 and did not
involve limited access data.

In this study, we analyzed NHANES data collected between 2011 and 2018, excluding participants who did
not have triglycerides, high-density lipoprotein (HDL), dual-energy X-ray absorptiometry (DXA) data, Body
Mass Index (BMI) and other covariates. A final total of 3,397 patients were included (Fig. 1).

Assessment of atherogenic index of plasma

AIP, as a composite index, can be directly calculated from clinical data. AIP was defined as log10 (triglycerides/
HDL cholesterol) with triglycerides and HDL cholesterol expressed in mmol/L!°. The AIP levels were categorized
into quartiles (Q1, Q2, Q3, Q4) based on interquartile range.

National health and nutrition examination survey(2011-2018)(n=39,156)

Exclusion(n=34.317):
(1)Age<18 years old(16,539)

| 2)Missing BMI data(1,279)

"| (3)Missing DXA(10,512)
(4)Missing Triglyceride(5,987)
(5)Missing HDL-Cholesterol(0)

A 4

4,839 adults were identified

Exclusion(n=1,442):

(1)Missing Ratio of family income to poverty(376)

»| (2)Missing Arthritis(1)

(3)Missing Systolic and Diastolic blood pressure(280)
(4)Missing Alcohol use(679)

(5)Missing Weight(106)

A 4

3,397 individuals included in the final analysis

Fig. 1. Flowchart of participant selection from National Health and Nutrition Examination Survey 2011 to
2018.
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Assessment of sarcopenia

Sarcopenia was defined based on the guidelines established by the Foundation for the National Institutes of
Health (FNIH) and was characterized by skeletal muscle mass adjusted by body mass index (ASMBMI, ASMBMI
=ALM/BMI) <0.512 for females and <0.789 for males®>?*. NHANES used dual-energy X-ray absorptiometry
(DXA) to measure the sum of four limbs’ muscle mass (appendicular lean mass, ALM). Participants with a
height >192.5 cm, weight > 136.4 kg, and pregnant individuals were excluded since these participants could not
perform the DXA test.

Covariates

Drawing from existing literature>*°, we integrated clinically relevant covariates into our study. In addition to
references, we mainly included variables related to body metabolism and lipids, which was more in line with our
study. Covariates in this study included demographic information: age, sex, race, the ratio of family income to
poverty, laboratory data: body mass index (BMI), total cholesterol (TC), systolic blood pressure (SBP), diastolic
blood pressure (DBP), diet and lifestyle: alcohol, smoke, comorbidities: hypertension, hypercholesteremia,
diabetes, arthritis, congestive heart failure, coronary heart disease, angina pectoris, stroke, emphysema, cancer.
BMI was calculated by dividing the body weight (kg) by the square of height (m?). Comorbidities (hypertension,
hypercholesteremia, diabetes, arthritis, congestive heart failure, coronary heart disease, angina pectoris,
stroke, emphysema, cancer) were identified based on participants’ self-reports. Smoking history and alcohol
consumption were measured by the question ‘Have you smoked at least 100 cigarettes in your life?” And ‘Have
you consumed at least 12 alcoholic beverages of any type in any given year?/In your entire life have you had at
least 1 drink of any kind of alcohol, not counting small tastes or sips?’ (yes/no) to classify as active and non-
active.

25,26

Statistical analysis

The categorical variables were described using frequencies and proportions, and group differences were assessed
using either the x? test or Fishers exact test. Continuous variables were presented as either the mean (SD,
standard deviation) or median (IQR, interquartile range), depending on their distribution. Group differences
were compared using either the student t-test or nonparametric tests. Weighted linear regression and weighted
logistic regression models were constructed with continuous AIPs and AIP segmented according to quartiles
(using the first quartile’s AIP as the reference group) as exposure variables, while ASMBMI and sarcopenia
served as outcome variables respectively. These confounders were gradually incorporated into the model for
adjustment: Model 1 was unadjusted, Model 2 was adjusted for age, gender, race, and family income-to-poverty
ratio, and Model 3 was adjusted for age, gender, race, family income-to-poverty ratio, total cholesterol, systolic
blood pressure, diastolic blood pressure, body mass index, hypertension, hypercholesterolemia, diabetes,
arthritis, congestive heart failure, coronary heart disease, angina pectoris, stroke, emphysema, cancer, smoke
and alcohol adjustments. Trend tests were performed. Multicollinearity in the multivariate model was evaluated
by computing variance inflation factor (VIF) and removing variables with a VIF over 5. Restricted cubic spline
modeling was utilized to identify potential nonlinear associations between AIP and sarcopenia risk. Subgroup
analyses were conducted to assess result consistency among different subgroups. The findings are displayed in
forest plots. The weight calculation method is derived from the US National Health and Nutrition Examination
Survey website. This study’s specific weight was calculated by dividing the current year’s weight by 4 (2011-
2018). Using R programming language, we use specific weights, Masked variance pseudo-PSU and Masked
variance pseudo-stratum to carry out our complex sampling weighting. The survey software package considered
sampling design complexity in all analyses. The studies used R programming language (version 4.3), with
statistical significance set at P-value <0.05.

Results

Population characteristics

A total of 3,397 participants eventually participated in this study. Of all participants, 1,622(47.7%) were female
and 1,775(52.3%) were male. We describe baseline data for participants grouped according to their AIP level
and whether they had sarcopenia (Tables 1, 2). In this cross-sectional study, a notable association was observed
between elevated AIP levels and increased prevalence of sarcopenia, with the highest AIP quartile (Q4) indicating
the highest risk. As AIP increase, there was a significant uptrend in diastolic blood pressure, obesity indices,
diabetes mellitus prevalence, angina pectoris incidence, total cholesterol levels, systolic blood pressure, and body
mass index (Table 1). Participants with diabetes, arthritis, congestive heart failure, coronary heart disease, stroke,
and angina were more likely to have sarcopenia (Table 2).

Association of AIP with sarcopenia

Table 3 presents the results of the association analysis between the AIP and sarcopenia. This table utilizes three
distinct statistical models to assess the impact of AIP on the risk of sarcopenia (Model 1 was unadjusted, Model
2 was adjusted for age, gender, race, and family income-to-poverty ratio. Model 3 was adjusted for age, gender,
race, family income-to-poverty ratio, total cholesterol, systolic blood pressure, diastolic blood pressure, body
mass index, hypertension, hypercholesterolemia, diabetes, arthritis, congestive heart failure, coronary heart
disease, angina pectoris, stroke, emphysema, cancer, smoke, alcohol adjustments).

We performed weighted linear regression a nalyses with ASMBMI as the outcome. When AIP is included in
the model as a continuous variable, results showed a significant increase in AIP in the unadjusted (Beta [95%
CI] =0.03 [0.01, 0.05], P-value =0.006), partial adjusted (Beta [95% CI] =-0.07 [-0.08, —0.06], P-value <0.001),
and fully adjusted (Beta [95% CI] =-0.02 [-0.03, —0.01], P-value <0.001) models, ASMBMI were significantly
lower with higher AIP. When AIP is included in the model as a categorical variable, patients with higher AIP
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Total (3,397) QI (849) Q2 (851) Q3 (848) Q4 (849)
Characteristics N=98,500,645 N=24,699,500 | N=25,962,086 | N=23,845,197 | N=23,993,862 | p-value
ASMBMI, Mean + SD 0.8+0.2 08+0.2 0.8+0.2 0.8+0.2 0.8+0.2 0.23
Sarcopenia, n (%) <0.001
No 3,131 (92.2) 814 (95.9) 819 (96.2) 757 (89.3) 741 (87.3)
Yes 266 (7.8) 35 (4.1) 32(3.8) 91 (10.7) 108 (12.7)
Age, Mean + SD 39.2+11.5 369+11.6 38.1+11.7 40.1 £11.5 41.6 £10.6 <0.001
Gender, n (%, age) <0.001
Male 1,775 (52.3, 39.2) | 291 (34.3,36.8) | 389 (45.7,37.7) | 495 (58.4,39.5) | 600 (70.7, 41.3)
Female 1,622 (47.7,39.1) | 558 (65.7,36.9) | 462 (54.3,38.5) | 353 (41.6,40.9) | 249 (29.3,42.7)
Race, n (%) <0.001
Mexican American 496 (14.6) 86 (10.1) 96 (11.3) 148 (17.5) 166 (19.6)
Other Hispanic 351 (10.3) 77 (9.1) 72 (8.5) 97 (11.4) 105 (12.4)
Non-Hispanic White 1,329 (39.1) 288 (33.9) 361 (42.4) 316 (37.3) 364 (42.9)
Non-Hispanic Black 658 (19.4) 252(29.7) 184 (21.6) 144 (17) 78 (9.2)
Other Race 563 (16.6) 146 (17.2) 138 (16.2) 143 (16.9) 136 (16)
Hypertension, n (%) <0.001
No 2,598 (76.6) 698 (82.5) 689 (81) 625 (73.7) 586 (69.3)
Yes 793 (23.4) 148 (17.5) 162 (19) 223 (26.3) 260 (30.7)
Hypercholesteremia, n (%) <0.001
No 2,537 (74.9) 731 (86.3) 668 (78.7) 604 (71.4) 534 (63.2)
Yes 850 (25.1) 116 (13.7) 181 (21.3) 242 (28.6) 311 (36.8)
Diabetes, n (%) <0.001
No 3,080 (90.7) 812 (95.8) 800 (94) 752 (88.7) 716 (84.4)
Yes 253 (7.5) 24 (2.8) 35 (4.1) 80 (9.4) 114 (13.4)
Borderline 62 (1.8) 12 (1.4) 16 (1.9) 16 (1.9) 18 (2.1)
Arthritis, n (%) <0.001
No 2,907 (85.7) 759 (89.5) 739 (86.8) 715 (84.5) 694 (81.8)
Yes 486 (14.3) 89 (10.5) 112 (13.2) 131 (15.5) 154 (18.2)
CHE n (%) 0.042
No 3,359 (98.9) 844 (99.4) 841 (98.8) 842 (99.3) 832(98.1)
Yes 37(1.1) 5(0.6) 10 (1.2) 6(0.7) 16 (1.9)
CHD, n (%) 0.482
No 3,362 (99.1) 844 (99.4) 843 (99.1) 840 (99.2) 835 (98.7)
Yes 31(0.9) 5(0.6) 8(0.9) 7(0.8) 11(1.3)
AP, n (%) 0.273
No 3,359 (99.0) 843 (99.3) 841 (98.9) 839 (99.3) 836 (98.5)
Yes 34(1.0) 6(0.7) 9(1.1) 6(0.7) 13 (1.5)
Stroke, n (%) 0.055
No 3,345 (98.5) 842 (99.2) 841 (98.8) 834 (98.3) 828 (97.6)
Yes 51 (1.5) 7(0.8) 10 (1.2) 14 (1.7) 20 (2.4)
Emphysema, n (%) 0.563
No 3,366 (99.1) 845 (99.5) 842 (98.9) 840 (99.1) 839 (99.1)
Yes 29 (0.9) 4(0.5) 9(1.1) 8(0.9) 8(0.9)
Cancer, n (%) 0.026
No 3,265 (96.2) 816 (96.1) 820 (96.4) 825 (97.5) 804 (94.7)
Yes 130 (3.8) 33(3.9) 31 (3.6) 21(2.5) 45(5.3)
TC, Mean + SD 49+1.0 4.6+09 4.8+09 49+1.0 54+1.1 <0.001
SBP, Mean + SD 119.0 £15.2 115.4 + 14.9 117.5 + 14.9 1203+ 154 122.8 + 14.5 <0.001
DBP, Mean + SD 71.0+11.6 68.2+11.2 69.7 +11.4 71.8 £11.1 744+ 11.6 <0.001
BMI, Mean + SD 28.8+6.8 26.1 +6.4 282+6.9 29.6+6.4 31.1+6.3 <0.001
Alcohol, n (%) 0.009
Non-Active alcohol user 2,865 (84.4) 741 (87.3) 723 (85) 710 (83.8) 691 (81.4)
Continued
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Total (3,397) QI (849) Q2 (851) Q3 (848) Q4 (849)
Characteristics N=98,500,645 N=24,699,500 | N=25,962,086 | N=23,845,197 | N=23,993,862 | p-value
Active alcohol user 531 (15.6) 108 (12.7) 128 (15) 137 (16.2) 158 (18.6)
Smoke, n (%) <0.001
Non-Active smoker 1,863 (54.9) 538 (63.4) 510 (60) 440 (51.9) 375 (44.2)
Active smoker 1,532 (45.1) 311 (36.6) 340 (40) 407 (48.1) 474 (55.8)
INDFMPIR, Median (IQR) | 2.2 (1.1, 4.2) 2.5(1.2,4.6) 2.3(1.2,4.3) 2.1(1.1,3.9) 2.0(1.1,3.8) <0.001

Table 1. All characteristics of the participants (grouped by AIP level). AIP: atherosclerotic index of plasma,
Q1:-1.25~-0.3225, Q2: -0.3225~-0.1013, Q3: -0.1013~0.1479, Q4: 0.1479~1.61, N: Weighted sample size,
ASMBMI: skeletal muscle mass adjusted by body mass index, CHF: congestive heart failure, CHD: coronary
heart disease, AP: angina pectoris, TC: total cholesterol, SBP: systolic blood pressure, DBP: diastolic blood
pressure, BMI: body mass index, INDFMPIR: family income-to-poverty ratio, SD: standard deviation, IQP:
interquartile range.

had significantly lower ASMBMI than patients with lower AIP (Q1) in unadjusted (Q4: Beta [95% CI] =0.02 [0,
0.04], P-value =0.039), partially adjusted (Q4: Beta [95% CI] =-0.07 [-0.08, —0.06], P-value <0.001) and fully
adjusted model (Q4: Beta [95% CI] =-0.02 [-0.03, —0.01], P-value <0.001) (Table 3).

Subsequently, we performed weighted logistic regression analyses with sarcopenia as the outcome. When AIP
is a continuous variable, the results showed that the risk of sarcopenia was significantly higher with higher AIP
in the unadjusted (OR [95% CI] =4.08 [2.91, 5.74], P-value <0.001), partial adjusted (OR [95% CI] =2.6 [1.78,
3.81], P-value <0.001), and fully adjusted (OR [95% CI] =1.05 [0.66, 1.66], P-value =0.844) models, sarcopenia
risk was significantly higher with elevated AIP. When AIP is a categorical variable, patients with higher AIP had
significantly higher risk of sarcopenia than those with lower AIP (Q1) in unadjusted (Q4: OR [95% CI] =3.39
[2.29, 5.03], P-value <0.001), partial adjusted (Q4: OR [95% CI] =2.04 [1.34, 3.11], P-value =0.001) (Table 3).

Potential nonlinear relationship between AIP and sarcopenia

Panels A, B, and C show the results from the weighted linear regression analysis with ASMBMI as the outcome
variable. In Model 1 (Panel A), there is a significant nonlinear relationship between AIP and ASMBMI
(p-nonlinearity =0.001). When AIP is in the range of —0.3225 to 0.1479(25%, 75%), the higher AIP level is,
the lower ASMBMI is. Model 2 (Panel B), adjusted for additional confounding factors, confirmed a significant
nonlinear association (p nonlinearity <0.001) and showed a similar pattern, with a more pronounced decline
in ASMBMI at moderate AIP levels. Model 3 (Panel C), including further adjustments, maintains a significant
nonlinear relationship (p-nonlinearity <0.001), indicating a robust association between AIP and ASMBML
Panels D, E, and F show the results of logistic regression analysis with sarcopenia as a binary outcome variable. In
Model 1 (Panel D), there was a significant nonlinear relationship between AIP and sarcopenia OR (p-nonlinearity
=0.01), and the higher AIP level was when AIP was in the range of —0.3225 to 0.1479(25%, 75%), the higher
sarcopenia OR was. Model 2 (Panel E), adjusted for additional confounding factors, shows a non-significant
nonlinear association (p-nonlinearity =0.111), although the trend towards an increase in OR remains clear at
higher AIP levels. Model 3 (Panel F), which includes further adjustments, also shows a non-significant nonlinear
relationship (p-nonlinearity =0.172), indicating that although the trend persists, the strength of the association
is weakened after full adjustment (Fig. 2).

Subgroup analysis

The results of the subgroup analysis in Fig. 3 illustrate the associations between the AIP and two distinct outcome
variables: ASMBMI (left side) and sarcopenia (right side). The analysis encompasses subgroups categorized
by age, gender, race, hypertension, hypercholesterolemia, diabetes, arthritis, CHE, cancer, alcohol use, and
smoking status. Significant associations with AIP were observed across most subgroups for ASMBMI. Notably, a
significantly positive relationship between AIP and ASMBMI was observed in younger individuals (< 40 years)
and those without diabetes, arthritis, cancer. Interaction effects were noted for diabetes (P for interaction =0.032)
and alcohol use (P for interaction =0.005). For sarcopenia, higher AIP levels were generally associated with
increased odds across most subgroups. Significant associations were found across age, gender race hypertension
hypercholesterolemia diabetes arthritis CHF cancer alcohol use and smoking status. Specifically older adults
(= 40 years) females and individuals without diabetes cancer or arthritis showed higher odds of sarcopenia
with increasing AIP levels. Race demonstrated significant interaction effects suggesting variability in the AIP-
sarcopenia relationship among different racial groups (Fig. 3).

Discussion

Our study has uncovered a significant correlation between the AIP and sarcopenia. Elevated AIP levels were found
to be associated with an increased risk of sarcopenia across various demographic and health-related subgroups,
while also demonstrating an inverse relationship with participants’ ASMBMI. These findings mutually reinforce
each other, highlighting the potential role of dyslipidemia, as indicated by AIP, in the pathogenesis of sarcopenia.
After full adjustment, every 1 unit increase in AIP was associated with a 0.02 decrease in ASMBMI (P <0.001)
and a 3.39-fold (95%CI :2.29-5.03) increase in the risk of sarcopenia for the highest quartile of AIP. Although
Beta was small in absolute terms, the cumulative effect at the population level was significant: a rise in AIP from
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Total (3,397) Without sarcopenia (n = 3,131) | With sarcopenia (n = 266)

Characteristics N=98,500,644 N=92,206,850 N=6,293,794 p-value
Muscle mass, Mean + SD 23.0+6.3 232+6.2 21.3+6.1 <0.001
AIP, Mean + SD -0.1+0.4 -0.1+£0.3 0.1+£0.3 <0.001
AIP level, n (%) <0.001
Q1 849 (25.0) 814 (26) 35(13.2)
Q2 851 (25.1) 819 (26.2) 32(12)
Q3 848 (25.0) 757 (24.2) 91 (34.2)
Q4 849 (25.0) 741 (23.7) 108 (40.6)
Age, Mean + SD 39.2+11.5 38.8+11.5 44.2 £10.6 <0.001
Gender, n (%, age) 0.03
Male 1,775 (52.3,39.3) | 1,619 (51.7, 38.9) 156 (58.6, 42.8)
Female 1,622 (47.7,39.1) | 1,512 (48.3, 38.6) 110 (41.4, 46.3)
Race, n (%) <0.001
Mexican American 496 (14.6) 414 (13.2) 82 (30.8)
Other Hispanic 351 (10.3) 305 (9.7) 46 (17.3)
Non-Hispanic White 1,329 (39.1) 1,242 (39.7) 87 (32.7)
Non-Hispanic Black 658 (19.4) 642 (20.5) 16 (6)
Other Race 563 (16.6) 528 (16.9) 35(13.2)
Hypertension, n (%) <0.001
No 2,598 (76.6) 2,424 (77.5) 174 (65.9)
Yes 793 (23.4) 703 (22.5) 90 (34.1)
Hypercholesteremia, n (%) <0.001
No 2,537 (74.9) 2,376 (76) 161 (61.5)
Yes 850 (25.1) 749 (24) 101 (38.5)
Diabetes, n (%) <0.001
No 3,080 (90.7) 2,867 (91.6) 213(80.1)
Yes 253 (7.5) 211 (6.7) 42 (15.8)
Borderline 62 (1.8) 51 (1.6) 11 (4.1)
Arthritis, n (%) <0.001
No 2,907 (85.7) 2,701 (86.3) 206 (77.7)
Yes 486 (14.3) 427 (13.7) 59 (22.3)
CHE n (%) 0.002
No 3,359 (98.9) 3,102 (99.1) 257 (96.6)
Yes 37(1.1) 28 (0.9) 9(3.4)
CHD, n (%) 0.301
No 3,362 (99.1) 3,100 (99.1) 262 (98.5)
Yes 31(0.9) 27(0.9) 4(1.5)
AP, n (%) 0.183
No 3,359 (99.0) 3,099 (99.1) 260 (98.1)
Yes 34 (1.0) 29 (0.9) 5(1.9)
Stroke, n (%) 0.016
No 3,345 (98.5) 3,088 (98.7) 257 (96.6)
Yes 51 (1.5) 42 (1.3) 9(3.4)
Emphysema, n (%) <0.001
No 3,366 (99.1) 3,112 (99.4) 254 (96.2)
Yes 29 (0.9) 19 (0.6) 10 (3.8)
Cancer, n (%) 0.342
No 3,265 (96.2) 3,013 (96.3) 252 (95.1)
Yes 130 (3.8) 117 (3.7) 13 (4.9)
TC, Mean + SD 49+1.0 49+1.0 52+1.1 <0.001
SBP, Mean + SD 119.0 £ 15.2 118.6 £ 15.1 124.0 £ 15.6 <0.001
DBP, Mean + SD 710+ 11.6 708 +11.5 73.7+12.5 <0.001
BMI, Mean + SD 28.8+6.8 283+6.5 346+78 <0.001
Alcohol, n (%) 0.011
Non-Active alcohol user 2,865 (84.4) 2,655 (84.8) 210 (78.9)
Active alcohol user 531 (15.6) 475 (15.2) 56 (21.1)
Continued

Scientific Reports|  (2025) 15:16793 | https://doi.org/10.1038/s41598-025-01133-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Total (3,397) Without sarcopenia (n = 3,131) | With sarcopenia (n = 266)
Characteristics N=98,500,644 N=92,206,850 N=6,293,794 p-value
Smoke, n (%) 0.201
Non-Active smoker 1,863 (54.9) 1,727 (55.2) 136 (51.1)
Active smoker 1,532 (45.1) 1,402 (44.8) 130 (48.9)
INDEMPIR, Median (IQR) | 2.2 (1.1, 4.2) 22(1.1,4.2) 1.7 (1.0, 3.3) <0.001

Table 2. All characteristics of the participants (grouped by Sarcopenia or not). AIP: atherosclerotic index of
plasma, Q1: -1.25~-0.3225, Q2: -0.3225~-0.1013, Q3: -0.1013~0.1479, Q4: 0.1479~1.61, N: Weighted sample
size, ASMBMLI: skeletal muscle mass adjusted by body mass index, CHF: congestive heart failure, CHD:
coronary heart disease, AP: angina pectoris, TC: total cholesterol, SBP: systolic blood pressure, DBP: diastolic
blood pressure, BMI: body mass index, INDFMPIR: family income-to-poverty ratio, SD: standard deviation,
IQP: interquartile range.

Beta/OR ‘ 95%CI P-value | Beta/OR | 95%CI P-value | Beta/OR | 95%CI P-value
Characteristic Model 1 Model 2 Model 3
ASMBMI
AIP(continuity) 0.03 (0.01,0.05) 0.006 -0.07 (—0.08,-0.06) | <0.001 | -0.02 (-0.03,-0.01) | <0.001
AIP level(categorical) | P for trend:0.044 P for trend:<0.001 P for trend:<0.001
Q1 Ref Ref Ref
Q2 0.01 (-0.01,0.03) | 0.339 -0.02 (-0.03,-0.01) | <0.001 |0 (-0.01,0.01) 0.78
Q3 0.01 (-0.01,0.03) |0.397 -0.05 (—0.06,-0.04) | <0.001 | -0.02 (-0.03,-0.01) | 0.001
Q4 0.02 (0,0.04) 0039 | -0.07 (~0.08,-0.06) | <0.001 | —0.02 (~0.03,-0.01) | <0.001
Sarcopenia
AIP(continuity) 4.08 (2.91,5.74) <0.001 |26 (1.78,3.81) <0.001 | 1.05 (0.66,1.66) 0.844
AIP level(categorical) | P for trend:<0.001 P for trend:<0.001 P for trend:0.68
Q1 Ref Ref Ref
Q2 0.91 (0.56,1.48) | 0.701 0.78 (0.48,1.29) 0.342 0.52 (0.3,0.88) 0.016
Q3 2.8 (1.87,4.18) <0.001 |2.02 (1.33,3.07) 0.001 1.18 (0.75,1.87) 0.476
Q4 3.39 (2.29,5.03) <0.001 |2.04 (1.34,3.11) 0.001 0.84 (0.52,1.36) 0.477

Table 3. Association of AIP with sarcopenia. CI: confidence interval, OR: odds ratio, AIP: atherosclerotic
index of plasma, ASMBMI: skeletal muscle mass adjusted by body mass index, Q1: -1.25~-0.3225, Q2:
-0.3225~-0.1013, Q3: -0.1013~0.1479, Q4: 0.1479~1.61. Model 1 was unadjusted, Model 2 was adjusted for
age, gender, race, and family income-to-poverty ratio. Model 3 was adjusted for age, gender, race, family
income-to-poverty ratio, total cholesterol, systolic blood pressure, diastolic blood pressure, body mass index,
hypertension, hypercholesterolemia, diabetes, arthritis, congestive heart failure, coronary heart disease, angina
pectoris, stroke, emphysema, cancer, smoke, alcohol adjustments.

Q1 to Q4 could result in a loss of 0.5-1.0 kg of muscle mass, equivalent to 5-10% of total muscle mass in older
adults, sufficient to impair functional independence. The magnitude of this effect is comparable to the effect of
diabetes (OR~2.0) OR hyperlipidemia (OR=~3.0), but AIP’s intervention ability makes it of greater public health
value. The strong association observed, particularly among older adults and females, is consistent with previous
research suggesting that metabolic dysregulation plays a crucial role in muscle degeneration and functional
decline within these populations®”~%°.

The study utilized three distinct statistical models to evaluate the impact of AIP on sarcopenia. Initial
unadjusted models indicated a significant association between elevated AIP, decreased ASMBMI, and an
increased risk of sarcopenia. Upon adjusting for confounding factors such as age, sex, race, household income to
poverty ratio, total cholesterol, blood pressure, BMI, and chronic disease in the model, the relationship between
AIP and ASMBMI as well as sarcopenia remained statistically significant but exhibited reduced strength. This
attenuation may be attributed to confounding factors obscuring the link between AIP and sarcopenia; for
instance, variables like age and gender could influence lipid metabolism and muscle mass directly®*-32. Moreover,
chronic diseases (e.g., hypertension or diabetes) might further complicate this association by inducing systemic
inflammation and metabolic disorders®**-**. In the fully adjusted model, while the negative correlation between
AIP and ASMBMI remained significant (Beta [95% CI] =-0.02 [-0.03, —0.01], P < 0.001), the connection with
sarcopenia was no longer statistically significant (OR [95% CI] =1.05 [0.66, 1.66], P= 0 0.844), indicating that
confounding factors had some influence on the relationship between AIP and sarcopenia’. This provides us
with a more nuanced comprehension of this relationship. Given these findings, we further explored the non-
linear relationships and conducted subgroup analyses to better understand the underlying dynamics. The non-
linear relationship analyses revealed that AIP and sarcopenia risk displayed different patterns across various
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Fig. 2. Results of restrictive cubic spline analysis. Model 1 was unadjusted, Model 2 was adjusted for

age, gender, race, and family income-to-poverty ratio. Model 3 was adjusted for age, gender, race, family
income-to-poverty ratio, total cholesterol, systolic blood pressure, diastolic blood pressure, body mass index,
hypertension, hypercholesterolemia, diabetes, arthritis, congestive heart failure, coronary heart disease, angina
pectoris, stroke, emphysema, cancer, smoke, alcohol adjustments.

ranges of AIP levels. Subgroup analyses across diverse demographic and health-related subgroups indicated
consistent associations, yet the strength and significance varied, underscoring the complexity of the AIP-
sarcopenia relationship, and suggesting that specific population characteristics might modulate this association.
These insights underscore the need for a deeper understanding of the interplay between lipid metabolism and
muscle health, particularly in vulnerable populations such as the elderly>¢-35.

The robust correlation between AIP and sarcopenia, as revealed by our study, necessitates a deeper exploration
into the underlying biological mechanisms that connect these two conditions. This transition will help bridge the
statistical findings with the biological implications, providing a comprehensive understanding of their interplay.
Theincrease in AIP may impact the onset and progression of sarcopenia through diverse biological mechanisms®.
Firstly, elevated AIP indicates an imbalance in the ratio of triglycerides to HDL cholesterol in plasma, which
can result in atherosclerosis and microvascular dysfunction, thereby affecting the blood supply and nutrient
delivery to skeletal muscle*-%3. Secondly, high AIP levels may be linked to heightened systemic inflammatory
responses, where chronic inflammation affects muscle protein synthesis and promotes muscle degradation, as
well as oxidative stress that damages muscle cells and diminishes their regenerative capacity, both contributing
to muscle catabolism*¥-*. Additionally, elevated AIP may be associated with insulin resistance, which plays a
pivotal role in regulating the equilibrium between muscle protein synthesis and breakdown. Insulin resistance
could contribute to sarcopenia by increasing muscle protein breakdown while decreasing glucose uptake by
muscle cells and subsequent muscular atrophy*->!. Understanding these mechanisms can aid in identifying
potential therapeutic targets for mitigating the effects of dyslipidemia on muscular health.

Despite the strengths of our study, several limitations must be acknowledged. First, the cross-sectional
design precludes the establishment of causal relationships between AIP and sarcopenia. Longitudinal studies
are needed to confirm these findings and explore the temporal dynamics of this association. Second, according
to the EWGSOP2 definition of sarcopenia (a reduction in muscle mass, quality, and physical performance),
the diagnosis of sarcopenia in this study was inadequate. This would have biased the outcome. Third, the key
modifiable factors influencing muscle health-such as dietary protein intake, dietary patterns, sleep patterns,
micronutrient intake, physical activity and exercise-were not systematically assessed in the NHANES dataset.
Additionally, genetic predisposition to sarcopenia and chronic low-grade inflammation biomarkers (e.g., CRP,
IL-6) were not included in the adjustment, potentially introducing residual confounding. These factors may
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ASMBMI Sarcopenia

Subgroup Estimate(95%Cl) P value P for interaction  Subgroup OR(95%CI) P value P for interaciton
Age 0.172 Age 0.968
<40 0.02 (0~0.05) 0.104 o— <40 3.7(2.07-6.63) <0.001 ——
>=40 0.05 (0.02~0.08) <0.001 ——i >=40 3.76(2.45~5.77) <0.001 ——i

Gender 0.765 Gender 0.293
Male -0.11(-0.13~0.1)  <0.001 (gl Male 3.57(2.29~5 56) <0.001 ——

Female -0.11(-0.12--0.09)  <0.001 o Female 5.31(2.93~9.62) <0.001 ——

Race 0.053 Race 0.021
Mexican American 0.07 (0.02~0.11) 0.005 —— Mexican American 233 (1.19~4.59) 0.014 ——

Other Hispanic 003 (-0.02-008) 0273 —_— Other Hispanic 11.44 (4.36-30.01) <0.001 |
Non-Hispanic While 0.02(-0.01~0.05)  0.233 H—— Non-Hispanic While 3.61(2.01~6.48) <0.001 —e—

Non-Hispanic Black 0.09 (0.03~0.14) 0.002 —_— Non-Hispanic Black 26(0.56~12) 0.222 —— A

Other Race 0.08 (0.04~0.12) <0.001 —— Other Race 1.39 (0.54~3.62) 0.494 ——

Hypertension 0.723 Hypertension 0.506
No 0.03 (0.01~0.06) 0.002 —o—i No 4.03 (2.66~6.12) <0.001 ——

Yes 0.03 (-0.01~0.06) 0.184 H—— Yes 3.14 (1.7~5.78) <0.001 ——
Hypercholesteremia 0.69 Hypercholesteremia 0.436
No 0.04 (0.02~0.06) 0.001 (= ! No 3.98 (2.56~6.2) <0.001 ——i
Yes 0.03 (-0.01-0.07) 0127 —— Yes 299 (1.68~5.3) <0.001 o o}

Diabetes 0.032 Diabeles 0.433
No 004 (0.02-006)  <0.001 o No 401(274-587)  <0.001 ——

Yes -0.06 (-0.12~0.01)  0.091 —— Yes 2.03 (0.78~5.28) 0.145 ——

Borderline 0.04 (-0.08~0.16) 0.56 —_— Borderfine 3.97(0.76-20.68)  0.102 r——A

Arthritis 0.559 Arthritis 0.655
No 0.04 (0.02~0.06) 0.001 o No 3.67 (249~5.41) <0.001 ——

Yes 0.02(-0.03-007) 044 ——— Yes 445(209-947)  <0.001 ——

CHF 0.443 CHF 0.205
No 0.03(0.01~005)  0.006 —— No 416 (2.94-5.88)  <0.001 -

Yes 0.08 (-0.05~0.22) 0.218 —_—— Yes 1.33 (0.24~7.32) 0.742 —_—T

Cancer 0.108 Cancer 0.329
No 0.03 (0.01~0.05) 0.002 (= ! No 4.24 (2.99~6) <0.001 o

Yes -0.05(-0.14~0.04)  0.303 ——— Yes 1.87 (0.39~9.08) 0.436 —

Alcohol 0.005 Alcohol 0.894
Non-Aclive alcohol user  0.04 (0.01~0.06) 0.001 —o— Non-Active alcohol user  4.04 (2.75~5.94) <0.001 o

Active alcohol user -0.04 (-0.08~0.01)  0.101 —— Active alcohol user 3.82(1.83~7.97) <0.001 ——

Smoke 0.02 Smoke 0.578
Non-Active Smoker 0.04 (0.02-0 07) 0.002 o Non-Active Smoker 4.51(2.76-7.35) <0.001 ——

Aclive Smoker 0(-0.03~0.02) 0.835 —— Active Smoker 3.71(2.28~6.02) <0.001 ——

T T T T L T T T 1T
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A Effect(95%Cl) B OR(95%Cl)

Fig. 3. Results of subgroup analysis. The outcome variable on the left is ASMBMI and the outcome variable on
the right is sarcopenia. CHF: congestive heart failure.

confound the observed relationship through independent pathways of muscle metabolism regulation. Lastly, the
generalizability of our findings may be limited to the study population, and further research is needed to confirm
these results in different demographic and clinical settings.

Conclusions

Our study demonstrates a significant association between the AIP and sarcopenia, with elevated AIP levels
linked to reduced skeletal muscle mass and increased sarcopenia risk. These findings underscore the importance
of lipid metabolism in muscle health.

Data availability
Data availability The dataset(s) supporting the conclusions of this article is(are) available in the NHANES web-
site (https://www.cdc.gov/nchs/nhanes/).
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