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Bone mineral density (BMD) is an important indicator of bone health, and a decrease in BMD is closely 
associated with an increased risk of osteoporosis (OP) and fractures. Although BMD decline is typically 
age-related, the issue of decreased bone density is becoming increasingly prominent in younger 
populations. Chronic inflammation is considered one of the key factors contributing to decreased bone 
density. The neutrophil percentage to albumin ratio (NPAR), as an inflammatory marker, has gained 
attention in recent years for its role in various diseases. However, research on its relationship with 
bone density remains limited. This study aims to explore the association between NPAR and decreased 
bone density, and to provide potential biomarkers for early screening of OP. Finally, Mendelian 
randomization (MR) was employed to assess the independent causal effects of neutrophil percentage 
and albumin levels on OP. This study is based on data from the National Health and Nutrition 
Examination Survey (NHANES) conducted between 2011 and 2018, including 10,961 eligible adults. 
BMD was assessed using dual-energy X-ray absorptiometry (DXA), and NPAR was calculated based 
on neutrophil percentage and serum albumin levels. The non-linear relationship between NPAR and 
BMD was analyzed using restricted cubic splines (RCS), and multivariable linear regression and logistic 
regression models were used to assess their association. Additionally, gender-stratified analyses were 
performed, and subgroup and threshold analyses were conducted to explore the relationship between 
NPAR and OP in different genders. MR revealed that elevated neutrophil percentage significantly 
increased the risk of OP, whereas higher albumin levels were associated with a reduced OP risk. 
Restricted cubic spline analysis revealed a negative association between NPAR and BMD, with a 
significant non-linear inflection point occurring at approximately NPAR = 1.0. Further multivariable 
regression analysis showed that, in the unadjusted model, NPAR was negatively associated with 
BMD. However, after adjusting for demographic factors, the relationship reversed, showing a 
marginally significant positive association. After full adjustment, the association between NPAR and 
BMD was no longer significant, suggesting that demographic and lifestyle factors play an important 
confounding role in the relationship between NPAR and bone density. Additionally, gender-stratified 
analysis using multivariable regression indicated that the association between NPAR and low BMD/
OP was more significant in men, whereas no statistical significance was found in women. Subgroup 
analysis suggested that hypertension, obesity, and older age might exacerbate the impact of NPAR 
on OP. Threshold analysis found that in women, NPAR ≥ 1.49 was significantly associated with OP risk 
(OR = 2.89, P = 0.016), while no clear threshold effect was observed in men. This study found a complex 
relationship between NPAR and bone mineral density, with the association being influenced by 
various demographic and lifestyle factors. In men, NPAR may be associated with low BMD/OP through 
inflammatory responses, while in women, this association is more influenced by additional covariates. 
As a composite inflammatory-nutritional biomarker, NPAR may hold potential for osteoporosis 
screening and risk prediction, but further research is needed to validate its clinical application value.
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BMD is one of the important indicators for assessing bone strength1.A decrease in BMD leads to fragile bones, 
increasing the risk of fractures, which has a profound impact on individual health and quality of life, and places 
a heavy burden on global public health systems2.Low bone mineral density is becoming an important health 
issue affecting people of all age groups globally. Studies have shown that OP causes more than 8.9  million 
fractures annually worldwide, with the decrease in bone mineral density being one of the core characteristics of 
OP3.Although BMD decline is typically associated with older adults, the issue of decreased BMD is becoming 
increasingly prominent in younger populations due to changes in lifestyle and dietary habits. The increased 
fracture risk it causes severely threatens the quality of life of patients, especially in the elderly. Osteoporotic 
fractures not only result in a significant medical burden but may also lead to long-term disability or even 
death4.Therefore, early screening and intervention are essential strategies for preventing BMD decline and its 
complications. Through early screening, the harmful effects of BMD decline can be effectively prevented and 
managed, helping to maintain a healthy lifestyle. In recent years, with the rapid development of medical imaging 
technologies, DXA has become the gold standard for assessing BMD and diagnosing OP5.However, DXA still 
has several significant limitations, including radiation exposure, high equipment costs, and being unsuitable for 
pregnant women and certain special populations6–8.Therefore, exploring safer, more convenient, and accessible 
methods for assessing bone mineral density can not only enrich our diagnosis but also contribute to continuous 
health management.

Numerous studies have shown that the decline in bone mineral density and the occurrence of OP are 
closely associated with chronic inflammation9,10.Inflammatory factors (such as IL-6 and TNF-α) promote 
osteoclastogenesis and inhibit osteoblast activity, leading to increased bone resorption and decreased bone 
formation11,12.Additionally, inflammation exacerbates bone loss by affecting intercellular interactions within the 
bone microenvironment. Therefore, inflammatory biomarkers may have significant value in the diagnosis and 
prognosis assessment of OP.

In recent years, blood inflammatory parameters have gradually become important indicators for disease 
assessment due to their cost-effectiveness and easy accessibility13.Among them, NPAR, as a novel inflammatory 
marker, has attracted considerable attention for its role in inflammation-related diseases14.Specifically, it 
integrates two key inflammatory-nutritional pathological pathways14.Neutrophils, as key mediators of systemic 
inflammation, activate various signaling pathways to secrete pro-inflammatory cytokines, while albumin, 
synthesized by the liver, is inversely related to the inflammatory state. During inflammation, the liver produces 
less albumin, and the consumption of albumin increases15.Albumin further regulates the inflammatory response 
by binding to pro-inflammatory substances and promoting neutrophil degranulation16.Studies have shown that 
NPAR is closely associated with various inflammation-related diseases, such as cardiovascular diseases, diabetes, 
and cancer17–19. However, research on the relationship between NPAR and bone loss or OP is relatively limited.

As an economical and easily accessible blood inflammatory parameter, NPAR may have significant clinical 
value in the assessment of bone loss or OP. Our study should further explore its application in disease screening, 
progression monitoring, and prognosis assessment, with the aim of providing new insights for the diagnosis and 
treatment of bone loss and OP.

Materials and methods
Study population
All participant information was derived from NHANES, which aims to assess the nutrition and health status 
of the general U.S. population based on a cross-sectional design. NHANES is part of the Centers for Disease 
Control and Prevention (CDC) and is updated every two years. The screening process is shown in Fig. 1. We 
extracted data from NHANES for the years 2011–2018 (2011–2012, 2013–2014, 2015–2016, and 2017–2018), 
resulting in a total of 39,156 participants after data merging. Inclusion criteria were as follows: (i) age ≥ 20 years 
and (ii) participants with complete data on BMD, neutrophil percentage (per 100 cells/µL), and serum albumin 
levels (mmol/L). Participants without serum albumin data (n = 14,466) were excluded. Participants without 
neutrophil percentage data (n = 73) and participants without BMD data (n = 9,774) were also excluded. After 
these exclusions, 14,843 participants remained. Further exclusion of participants under the age of 20 (n = 3,882) 
resulted in a final sample size of 10,961 participants. All participants in this study provided informed consent, 
and the study was approved by the Ethical Review Committee of the National Center for Health Statistics.

BMD testing and definition of low BMD/OP
All participants (included in the final analysis) underwent BMD testing via DXA, conducted by certified 
radiologic technicians using the Hologic QDR-4500 A fan-beam densitometer (Hologic; Bedford, MA, USA). 
All DXA test data were analyzed using Hologic APEX software (version 4.0). Additional details are available on 
the NHANES website. Furthermore, participants were divided into two groups based on hip BMD: normal bone 
mass group and low BMD/OP group. The definitions of bone loss and OP were based on the average BMD of 
20-29-year-old male or female populations as the reference value. Individuals with a BMD score lower than 1 
standard deviation or more below the normal value were considered to have bone loss or OP, while individuals 
with BMD values higher than 1.0 standard deviation above the normal value were considered to have normal 
BMD20,21.
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Definition of NPAR
In this study, NPAR was derived from the standardized complete blood count measurements performed on 
NHANES participants using the Beckman Coulter DxH 800 analyzer at the mobile examination centers. NPAR 
was calculated by dividing the neutrophil percentage (per 100 cells/µL) by the serum albumin level (mmol/L)22.
This composite index reflects both the intensity of inflammation activation (through neutrophil percentage) and 
the body’s nutritional-inflammatory status (through albumin levels). Compared to any single biomarker, it may 
provide better predictive value for inflammation-related pathology. The use of NHANES data, with standardized 
laboratory protocols, ensures strict quality control, enhancing the reliability of our measurements. Notably, 
NPAR is our primary exposure variable. Therefore, we performed a normality test on the results of NPAR, which 
exhibited characteristics of normal distribution. The results are shown in Fig. 2-A. Additionally, as shown in 

Fig. 2.  Q-Q plot analysis of NPAR and data distribution characteristics: (A) Q-Q plot of NPAR; (B) Density 
curve and theoretical quantiles of NPAR.

 

Fig. 1.  The flowchart of sample design.
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Fig. 2-B, we used density curves to compare the data against theoretical percentiles, illustrating the degree of 
deviation from normal distribution.

Covariates
Our analysis included several covariates of interest, including demographic characteristics (age, gender, race/
ethnicity), socioeconomic factors (education level, marital status, poverty-to-income ratio), lifestyle behaviors 
(smoking, alcohol consumption), medical history (diabetes, hypertension), and dietary components (intake of 
calcium and vitamin D supplements). Age was categorized into young (20–35 years), middle-aged (36–50 years), 
and elderly (≥ 50 years) groups. Gender was categorized into two groups (male and female). Racial/ethnic groups 
included non-Hispanic white, non-Hispanic black, and Hispanic/other. Comorbidities were defined based on 
established NHANES criteria for diabetes and hypertension. The intake of calcium and vitamin D supplements 
was recorded (yes/no). Socioeconomic stratification included education level (less than high school/high school 
or some college/college or higher) and income-to-poverty ratio (< 1.3/1.3–3.5/>3.5). Lifestyle factors included 
alcohol consumption (none/1–3 drinks per day/≥4 drinks per day), smoking status (current/occasional/never), 
and physical activity level (< 500/500–1000/≥1000 met-minutes). Body mass index (BMI) classifications followed 
standard categories (underweight/normal weight: <25; overweight: 25–30; obese: ≥30).

Mendelian randomization
To investigate the potential causal relationship between NPAR and OP risk, we conducted a two-sample MR 
analysis using neutrophil percentage and albumin levels as proxy exposures, given the unavailability of direct 
genome-wide association study (GWAS) data for NPAR as a derived variable. Summary statistics were obtained 
from the IEU Open GWAS project (https://gwas.mrcieu.ac.uk/datasets/), including neutrophil percentage 
(ukb-d-30200_irnt), albumin levels (ebi-a-GCST90013990), and osteoporosis (finn-b-M13_OSTEOPOROSIS). 
We employed three complementary MR approaches - inverse-variance weighted (IVW) as the primary method, 
weighted median (WM), and MR-Egger regression - to estimate causal effects, with all analyses performed using 
the TwoSampleMR package in R. Instrumental variables were selected based on genome-wide significance 
thresholds (P < 5 × 10 − 8 or P < 5 × 10 − 6) and underwent linkage disequilibrium clumping (R2 < 0.001 within 
a 10,000 kb window) to ensure robustness, with results expressed as odds ratios (ORs) with 95% confidence 
intervals (CIs).

Statistical analysis
Statistical analysis was performed using R software (version 4.3.1). For missing data, multiple imputation (m = 5) 
was applied for continuous variables, and missing categorical variables were treated as separate categories. 
Results are presented as odds ratios (ORs) with corresponding 95% confidence intervals (CIs) and related 
statistical metrics. Baseline characteristics were summarized as means ± standard deviations for continuous 
variables and frequencies (percentages) for categorical variables. Nonlinear relationships between NPAR and 
BMD were examined using RCS. Multivariable linear and logistic regression models were constructed using a 
three-step adjustment strategy: Model 1 (raw associations), Model 2 (adjusted for demographic factors: gender, 
age, and race), and Model 3 (fully adjusted for clinical, socioeconomic, and lifestyle covariates). Gender-specific 
associations were investigated through gender stratified analysis, and subgroup analysis was conducted using 
forest plots to explore heterogeneous effects across metabolic and demographic strata. Additionally, a threshold 
effect of NPAR on low BMD /OP was further examined using threshold analysis of NPAR. We performed all 
MR analyses using the “TwoSampleMR” R package (version 0.6.1).A p-value < 0.05 was considered statistically 
significant.

Results
Baseline characteristics
To characterize the baseline features of the study population, our analysis included 10,961 participants with 
comprehensive baseline characteristics, as shown in Table 1. The cohort exhibited a balanced gender distribution 
(50.87% male, 49.13% female) and age stratification (40.28% young adults [20–35 years], 37.56% middle-aged 
adults [36–50 years], 22.16% older adults [> 50 years]). The racial composition included 34.66% non-Hispanic 
white, 21.65% non-Hispanic black, and 43.69% Hispanic/other participants. The average BMD was 1.25, and 
NPAR was 1.34. The prevalence of diabetes was 7.46%, and hypertension was 23.98%. Participants were classified 
into two groups based on BMD scores: 83.34% had normal BMD, while 16.66% had low BMD/OP.Regarding 
supplementation, 32.72% of participants took calcium supplements, and 30.50% took vitamin D supplements. 
Socioeconomic characteristics included education level (18.33% < high school, 21.82% high school/partially 
completed college, 59.85% ≥ college), and income distribution (32.79% low [< 1.3], 36.37% moderate [1.3–3.5], 
30.85% high [> 3.5]). Lifestyle factors recorded alcohol consumption (26.58% non-drinkers, 43.04% moderate 
drinkers [1–3 drinks/day], 30.38% heavy drinkers [≥ 4 drinks/day]), smoking status (39.33% current smokers, 
11.98% occasional smokers, 48.69% non-smokers), and physical activity levels (95.04% highly active).Body 
composition analysis showed that 30.62% had normal weight (BMI < 25 kg/m²), 31.14% were overweight (BMI 
25–30  kg/m²), and 38.24% were obese (BMI ≥ 30  kg/m²). Physical activity levels, based on MET-minutes, 
revealed 0.05% had low activity, 4.92% had moderate activity, and 95.04% were highly active23.

RCS analysis
RCS analysis revealed different patterns of the NPAR-BMD relationship across various models. In the 
unadjusted analysis (Fig. 3-A), a significant linear negative correlation was observed (β range: -0.06 to 0.00). At 
NPAR levels between 0.5 and 2.5, the β coefficient decreased monotonically, reaching its peak at NPAR ≈ 1.5 (β 
≈ -0.06).After multivariable adjustment, the correlation remained significant (p-value all = 0.002), but a clear 
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Variables Characteristics Total (n = 10,961)

BMD, Mean ± SD 1.25 ± 0.17

NPAR, Mean ± SD 1.34 ± 0.24

DIQ group, n(%)

 1 Diabetes 818 (7.46)

 2 NON-diabetes 9936 (90.65)

 3 Borderline status 207 (1.89)

BPQ group, n(%)

 1 Hypertension 2628 (23.98)

 2 Normotensive 8333 (76.02)

Sex group, n(%)

 1 Male 5576 (50.87)

 2 Female 5385 (49.13)

Age Group, n(%)

 1 Young adults [20–35 years] 4415 (40.28)

 2 Middle-aged [36–50 years] 4117 (37.56)

 3 Older adults [> 50 years] 2429 (22.16)

Race Group, n(%)

 1 Non-Hispanic White 3799 (34.66)

 2 Non-Hispanic Black 2373 (21.65)

 3 Hispanic/other participants 4789 (43.69)

OP group, n(%)

 0 Non-OP 9135 (83.34)

 1 Low BMD/OP 1826 (16.66)

Ca group, n(%)

 0 NO 7375 (67.28)

 1 YES 3586 (32.72)

VD group, n(%)

 0 NO 7618 (69.50)

 1 YES 3343 (30.50)

EDU group, n(%)

 1  < High school 2009 (18.33)

 2 High school/some college 2392 (21.82)

 3  ≥ College 6560 (59.85)

INDFMPIR group, n(%)

 1 Low [< 1.3 poverty-income ratio] 3594 (32.79)

 2 Moderate [1.3–3.5] 3986 (36.37)

 3 High [> 3.5] 3381 (30.85)

ALQ group, n(%)

 1 Non-drinkers 2913 (26.58)

 2 Moderate drinkers [1–3 drinks/day] 4718 (43.04)

 4 Heavy drinkers [≥ 4 drinks/day] 3330 (30.38)

SMQ group, n(%)

 1 Current 4311 (39.33)

 2 Occasional 1313 (11.98)

 3 Never smokers 5337 (48.69)

BMI group, n(%)

 1 Normal weight (BMI < 25 kg/m2) 3356 (30.62)

 2 Overweight (25–30 kg/m2) 3413 (31.14)

Continued
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nonlinear relationship emerged (p-nonlinear = 0.002) (Fig. 3-B). This nonlinear pattern was characterized by 
a sharp decline from NPAR ≈ 0.5-1.0 (with a peak β ≈ -0.07), followed by a weakening at higher levels. The 
transition from a linear to a nonlinear pattern suggests a potential modification of the effect by covariates. The 
abrupt threshold effect around NPAR = 1.0 suggests possible biological saturation or competing pathways.The 
continued significance in the adjusted model confirmed the independent association between NPAR and BMD, 
while the nonlinear dynamics highlighted the importance of modeling the threshold effect in fully adjusted 
analyses. Specifically, the adjusted model identified a turning point at NPAR ≈ 1.5, where each unit increase 
below this threshold was associated with a 0.07-unit decrease in BMD (95% CI: -0.09 to -0.05), while above this 
threshold, the decrease was only 0.04 units (95% CI: -0.06 to -0.02).

Multivariable regression analysis
We further performed multivariable regression analysis to examine the dynamic relationship between NPAR 
and BMD across different adjustment models. Table 2 presents the results of multivariable regression analysis 
testing the relationship between NPAR and BMD through progressive adjustment models.In the crude model 
(Model 1), a significant negative correlation was observed between NPAR and BMD (β = -0.03, 95% CI: -0.04 
to -0.02, P < 0.001), indicating that each one-unit increase in NPAR was associated with a 0.03-unit decrease in 
BMD. After adjusting for demographic variables, including gender, age, and race (Model 2), the direction of 
the relationship reversed, showing a marginally significant positive correlation (β = 0.01, 95% CI: 0.01 to 0.03, 
P = 0.041). This reversal suggests that these demographic factors introduced substantial confounding effects, 
with the protective effect of younger age potentially counteracting the negative association observed in the crude 
analysis.In the fully adjusted model (Model 3), which included clinical factors (OP status, calcium and vitamin 
D supplementation), socioeconomic status, lifestyle factors (alcohol consumption, smoking), and metabolic 

Fig. 3.  Restricted cubic spline analysis of the relationship between NPAR and BMD: (A) Without adjusting for 
covariates; (B) Adjusted for all covariates.

 

Variables Characteristics Total (n = 10,961)

 3 Obese (≥ 30 kg/m2) 4192 (38.24)

MET minutes, n(%)

 1 Low activity 5 (0.05)

 2 Moderate activity 539 (4.92)

 3 High activity 10,417 (95.04)

Table 1.  Baseline characteristics of the study participants. SD: standard deviation. Note: This table presents the 
sample characteristics across different variable groups, including BMD, NPAR, diabetes (DIQ), hypertension 
(BPQ), sex, age, race, osteoporosis (OP), calcium intake from dietary supplements (Ca), intake of calcium 
and vitamin D from dietary supplements (VD), education level (EDU), poverty-income ratio (INDFMPIR), 
alcohol consumption (ALQ), smoking status (SMQ), body mass index (BMI), and physical activity (MET). 
The number and percentage of participants within each variable group are indicated, providing an overall 
description of the sample and the distribution of variables.
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parameters (BMI, physical activity), the correlation between NPAR and BMD became nonsignificant (β = -0.00, 
95% CI: -0.01 to 0.01, P = 0.384). This pattern suggests that the initially observed association between high 
NPAR levels and low BMD may primarily be attributed to confounding by demographic characteristics, lifestyle 
factors, and metabolic parameters, rather than representing an independent biological relationship.The complete 
attenuation of the effect after comprehensive adjustment of clinical, socioeconomic, and behavioral covariates 
indicates that the predictive value of NPAR for bone health is largely mediated through these interrelated 
pathways. These findings underscore the complexity of interpreting NPAR and highlight the importance of 
rigorous multivariable adjustments in OP research to differentiate true biological associations from confounding 
effects.Therefore, to better clarify these associations, we performed a gender-stratified analysis to explore 
potential sex-specific differences in the relationship between NPAR and low BMD/OP.

Male and female population baseline characteristics
To better elucidate these associations, we conducted sex-stratified analyses to explore potential gender-specific 
differences in the relationship between NPAR and low BMD/OP.

The baseline characteristics for 5,576 male participants are shown in Table 3. Among them, 4,771 (85.56%) 
had normal bone mass (OP group 0), and 805 (14.44%) had low BMD/OP (OP group 1), as shown in Fig. 4-A. 
There was a significant difference in NPAR between the case group (OP group 1) and the control group (OP 
group 0) (P < 0.05). Additionally, significant differences were observed in age, race, education level, income level, 
alcohol intake, diabetes, hypertension, and BMI (P < 0.05), suggesting these factors may be associated with the 
risk of OP group. However, no significant associations were found between calcium intake, vitamin D intake, 
smoking status, and physical activity metabolism with OP group (P > 0.05), indicating these factors have a 
weaker impact on the male OP group.

Variables

Model1 Model2 Model3

β (95%CI) P β (95%CI) P β (95%CI) P

NPAR − 0.03 (− 0.04 ~ − 0.02)  < .001 0.01 (0.01 ~ 0.03) 0.041 − 0.00 (− 0.01 ~ 0.01) 0.384

Table 2.  Regression analysis results for the correlation between NPAR and BMD. CI: Confidence Interval. 
Model1: Crude. Model2: Adjust: Sex.group, age.group, race.group. Model3: Adjust: Sex.group, age.group, race.
group, OP.group, Ca.group, VD.group, EDU.group, INDFMPIR.group, ALQ.group, SMQ.group, BMI.group, 
MET.minutes. Note: Model 1 is the unadjusted model, which shows a significant negative correlation between 
NPAR and BMD (β = − 0.03, 95% CI: − 0.04 ~ − 0.02, P < 0.001). Model 2, after adjusting for sex, age group, and 
race, shows a positive correlation but with a smaller magnitude (β = 0.01, 95% CI: 0.01 ~ 0.03, P = 0.041). Model 
3, after further controlling for OP status, calcium and vitamin D intake, education level, family income ratio, 
alcohol consumption, smoking, body mass index, and physical activity level, shows no significant correlation 
(β = − 0.00, 95% CI: − 0.01 ~ 0.01, P = 0.384). The β value represents the regression coefficient, and the 95% 
confidence interval (CI) and P-value indicate statistical significance. Significant values are in bold.

 

Fig. 4.  Box plots of normal bone mass and low BMD/OP in different genders: (A) Box plots for men with 
normal bone mass and low BMD/OP; (B) Box plots for women with normal bone mass and low BMD/OP.
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The baseline characteristics for 5,385 female participants are shown in Table 4. Among them, 4,364 (81.04%) 
had normal bone mass (OP group 0), and 1,021 (18.96%) had low BMD/OP (OP group 1), as shown in 
Fig.  4-B. Significant differences were observed across multiple demographic and clinical variables (P < 0.05): 
age distribution (χ²=277.00), racial composition (χ²=86.12), calcium supplementation (χ²=5.48), vitamin D 
supplementation (χ²=8.03), education level (χ²=6.92), income-poverty ratio (χ²=7.35), quality of life indicators 
(χ²=13.63), and BMI categories (χ²=222.25). The OP group showed notable characteristics, including: (1) 
older age (42.70% aged ≥ 60 years, compared to 18.38% in the control group), (2) a higher proportion of white 
participants (55.04% vs. 41.18%), (3) greater nutritional supplementation (calcium: 39.08% vs. 35.17%), (4) lower 
socioeconomic status, and (5) a conflicting BMI distribution, with both normal weight (51.71% vs. 27.54%) 
and obesity (30.56% vs. 44.39%) categories showing high prevalence. Notably, no significant differences were 
found in inflammatory markers (NPAR: 1.37 ± 0.26 vs. 1.39 ± 0.24, P = 0.053), metabolic comorbidities (diabetes: 

Variables Total (n = 5576) 0 (n = 4771) 1 (n = 805) Statistic P

NPAR, Mean ± SD 1.29 ± 0.23 1.29 ± 0.23 1.31 ± 0.24 t = − 2.57 0.010

DIQ group, n(%) χ2 = 10.45 0.005

 1 414 (7.42) 332 (6.96) 82 (10.19)

 2 5071 (90.94) 4361 (91.41) 710 (88.20)

 3 91 (1.63) 78 (1.63) 13 (1.61)

BPQ group, n(%) χ2 = 5.04 0.025

 1 1367 (24.52) 1195 (25.05) 172 (21.37)

 2 4209 (75.48) 3576 (74.95) 633 (78.63)

Age Group, n(%) χ2 = 46.52  < .001

 1 2363 (42.38) 2054 (43.05) 309 (38.39)

 2 2022 (36.26) 1771 (37.12) 251 (31.18)

 3 1191 (21.36) 946 (19.83) 245 (30.43)

Race Group, n(%) χ2 = 58.03  < .001

 1 1986 (35.62) 1716 (35.97) 270 (33.54)

 2 1160 (20.80) 1061 (22.24) 99 (12.30)

 3 2430 (43.58) 1994 (41.79) 436 (54.16)

Ca group, n(%) χ2 = 1.67 0.196

 0 3924 (70.37) 3342 (70.05) 582 (72.30)

 1 1652 (29.63) 1429 (29.95) 223 (27.70)

VD group, n(%) χ2 = 0.42 0.516

 0 4132 (74.10) 3528 (73.95) 604 (75.03)

 1 1444 (25.90) 1243 (26.05) 201 (24.97)

EDU group, n(%) χ2 = 6.13 0.047

 1 1117 (20.03) 933 (19.56) 184 (22.86)

 2 1336 (23.96) 1137 (23.83) 199 (24.72)

 3 3123 (56.01) 2701 (56.61) 422 (52.42)

INDFMPIR group, n(%) χ2 = 13.46 0.001

 1 1765 (31.65) 1469 (30.79) 296 (36.77)

 2 2047 (36.71) 1758 (36.85) 289 (35.90)

 3 1764 (31.64) 1544 (32.36) 220 (27.33)

ALQ group, n(%) χ2 = 9.99 0.007

 1 1196 (21.45) 990 (20.75) 206 (25.59)

 2 2336 (41.89) 2024 (42.42) 312 (38.76)

 4 2044 (36.66) 1757 (36.83) 287 (35.65)

SMQ group, n(%) χ2 = 1.40 0.496

 1 2225 (39.90) 1891 (39.64) 334 (41.49)

 2 743 (13.32) 644 (13.50) 99 (12.30)

 3 2608 (46.77) 2236 (46.87) 372 (46.21)

BMI group, n(%) χ2 = 343.10  < .001

 1 1626 (29.16) 1171 (24.54) 455 (56.52)

 2 2007 (35.99) 1813 (38.00) 194 (24.10)

 3 1943 (34.85) 1787 (37.46) 156 (19.38)

MET minutes, n(%) – 0.644

 1 2 (0.04) 2 (0.04) 0 (0.00)

 2 241 (4.32) 210 (4.40) 31 (3.85)

 3 5333 (95.64) 4559 (95.56) 774 (96.15)
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Table 3.  Distribution and statistical difference analysis of the normal bone mass group and low BMD/OP 
group in men. t: t-test, χ2: Chi-square test, -: Fisher exact. SD: standard deviation. Note: This table presents the 
distribution of various variables in 5576 men across different groups (Group 0: normal bone mass and Group 
1: low BMD/OP group) and their statistical differences. The table lists the mean ± standard deviation (SD) for 
each variable, along with the frequency (n) and percentage (%) for each group. The differences between groups 
were compared using t-tests (t) and chi-square tests (χ2). Key variables include NPAR, diabetes (DIQ group), 
hypertension (BPQ group), age (Age group), race (Race group), calcium intake from dietary supplements (Ca), 
calcium and vitamin D intake from dietary supplements (VD group), education level (EDU group), poverty-
income ratio (INDFMPIR group), alcohol consumption (ALQ group), smoking status (SMQ group), body 
mass index (BMI group), and physical activity (MET minutes). The P-value indicates the statistical significance 
between variables, with P < 0.05 representing a significant difference. Significant values are in bold.

 

P = 0.927; hypertension: P = 0.687), or lifestyle factors (smoking: P = 0.508; physical activity: P = 0.134). These 
findings suggest that while socioeconomic and anthropometric factors are strongly correlated with OP status, 
traditional inflammatory markers and certain behavioral factors may not be reliable discriminators for this 
population. The observed patterns highlight the complex, multifactorial nature of OP pathogenesis, particularly 
the unexpected nutritional supplementation findings, which may reflect treatment effects or detection biases in 
high-risk populations.

Multivariable regression analysis for males and females
To further investigate the sex-specific differences in the association between NPAR and low BMD/OP, we 
performed logistic regression analyses.

Table  5 presents the results of a multivariable logistic regression analysis for males, showing a dynamic 
relationship between NPAR and the likelihood of OP. In the unadjusted model (Model 1), NPAR exhibited 
a significant positive correlation (OR = 1.52, 95% CI: 1.10–2.08, P = 0.010). However, after adjusting for 
basic demographic factors (age and race) in Model 2, this association weakened and became non-significant 
(OR = 1.23, 95% CI: 0.88–1.72, P = 0.219). Notably, in the fully adjusted model (Model 3), which included clinical 
factors (diabetes, hypertension), nutritional status (calcium/vitamin D supplementation), socioeconomic 
factors, lifestyle behaviors, and metabolic parameters, the association regained statistical significance (OR = 1.48, 
95% CI: 1.94–2.10, P = 0.030).

Table 6 presents the results of a multivariable logistic regression analysis for females, showing a dynamic 
relationship between NPAR and the progressively adjusted models. In the unadjusted model (Model 1), NPAR 
exhibited a moderate protective association (OR = 0.75, 95% CI: 0.56–0.99, P = 0.041). This protective trend 
persisted but became non-significant after adjusting for demographic factors (Model 2: OR = 0.79, 95% CI: 
0.58–1.06, P = 0.112). Notably, in the fully adjusted model (Model 3), which included clinical comorbidities, 
nutritional factors, socioeconomic status, lifestyle behaviors, and metabolic parameters, the association reversed 
and became non-significant (OR = 1.10, 95% CI: 0.81–1.50, P = 0.544).

Subgroup analysis and forest plot
To further validate the association between NPAR and low BMD/OP in key subgroups, we conducted stratified 
analyses by sex (male and female separately).

As shown in Fig.  5, the multivariable analysis of 5,576 male participants reveals significant associations 
between various risk factors and clinical outcomes. The overall model indicates a moderate but statistically 
significant positive correlation (OR = 1.52, 95% CI: 1.10–2.08, P = 0.010). Notably, several subgroups show 
particularly strong associations: hypertensive patients (OR = 3.02, 95% CI: 1.59–5.72, P < 0.001), obese individuals 
(BMI group 3: OR = 9.66, 95% CI: 4.77–19.56, P < 0.001), and heavy drinkers (ALQ group 4: OR = 2.45, 
95% CI: 1.44–4.15, P < 0.001) exhibit the highest risk. Demographic factors, including older age (≥ 60 years: 
OR = 2.13, P = 0.009) and race group 1 (OR = 2.36, P = 0.004), are also significantly associated with outcomes. 
In contrast, calcium (OR = 2.65, P = 0.001) and vitamin D supplementation (OR = 1.59, P = 0.014) show positive 
correlations, which may indicate confounding due to indication bias. Significant interactions are observed for 
hypertension (Pinteraction = 0.021), BMI (Pinteraction < 0.001), and calcium intake (Pinteraction = 0.028), 
suggesting that the effect varies across different populations. These findings highlight the complex interplay of 
metabolic, demographic, and lifestyle factors in influencing clinical outcomes, particularly the strong impact of 
cardiovascular risk factors and body composition measurements. The results emphasize the need for personalized 
risk assessment approaches that consider these multidimensional determinants.

As shown in Fig. 6, the multivariable logistic regression analysis of 5,385 female participants reveals significant 
heterogeneity in the association of risk factors across different subgroups. The analysis highlights significant 
correlations between various risk factors and OP risk. The overall model shows a significant positive correlation 
(OR = 1.52, 95% CI: 1.10–2.08, P = 0.010). Notably, hypertension exhibits the strongest association (OR = 3.02, 
95% CI: 1.59–5.72, P < 0.001), followed by smoking (OR = 1.95, 95% CI: 1.20–3.17, P = 0.007) and older age (≥ 60 
years: OR = 2.13, 95% CI: 1.21–3.75, P = 0.009). Metabolic factors, including higher BMI (OR = 1.60, 95% CI: 
1.30–1.96, P < 0.001) and reduced physical activity (OR = 1.59, 95% CI: 1.15–2.19, P = 0.005), are significantly 
associated with increased OP risk. In contrast, calcium (OR = 2.65, 95% CI: 1.47–4.80, P = 0.001) and vitamin 
D supplementation (OR = 1.59, 95% CI: 1.10–2.31, P = 0.014) show a positive correlation with OP, which may 
indicate reverse causality or confounding by indication. Racial differences are notable, with race group 1 showing 
particularly high risk (OR = 2.36, 95% CI: 1.31–4.27).
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Variables Total (n = 5385) 0 (n = 4364) 1 (n = 1021) Statistic P

NPAR, Mean ± SD 1.39 ± 0.24 1.39 ± 0.24 1.37 ± 0.26 t = 1.94 0.053

DIQ group, n(%) χ2 = 0.15 0.927

 1 404 (7.50) 325 (7.45) 79 (7.74)

 2 4865 (90.34) 3944 (90.38) 921 (90.21)

 3 116 (2.15) 95 (2.18) 21 (2.06)

BPQ group, n(%) χ2 = 0.16 0.687

 1 1261 (23.42) 1017 (23.30) 244 (23.90)

 2 4124 (76.58) 3347 (76.70) 777 (76.10)

Age Group, n(%) χ2 = 277.00  < .001

 1 2052 (38.11) 1754 (40.19) 298 (29.19)

 2 2095 (38.90) 1808 (41.43) 287 (28.11)

 3 1238 (22.99) 802 (18.38) 436 (42.70)

Race Group, n(%) χ2 = 86.12  < .001

 1 1813 (33.67) 1489 (34.12) 324 (31.73)

 2 1213 (22.53) 1078 (24.70) 135 (13.22)

 3 2359 (43.81) 1797 (41.18) 562 (55.04)

Ca group, n(%) χ2 = 5.48 0.019

 0 3451 (64.09) 2829 (64.83) 622 (60.92)

 1 1934 (35.91) 1535 (35.17) 399 (39.08)

VD group, n(%) χ2 = 8.03 0.005

 0 3486 (64.74) 2864 (65.63) 622 (60.92)

 1 1899 (35.26) 1500 (34.37) 399 (39.08)

EDU group, n(%) χ2 = 6.92 0.031

 1 892 (16.56) 711 (16.29) 181 (17.73)

 2 1056 (19.61) 832 (19.07) 224 (21.94)

 3 3437 (63.83) 2821 (64.64) 616 (60.33)

INDFMPIR group, n(%) χ2 = 7.35 0.025

 1 1829 (33.96) 1510 (34.60) 319 (31.24)

 2 1939 (36.01) 1577 (36.14) 362 (35.46)

 3 1617 (30.03) 1277 (29.26) 340 (33.30)

ALQ group, n(%) χ2 = 13.63 0.001

 1 1717 (31.88) 1364 (31.26) 353 (34.57)

 2 2382 (44.23) 1983 (45.44) 399 (39.08)

 4 1286 (23.88) 1017 (23.30) 269 (26.35)

SMQ group, n(%) χ2 = 1.36 0.508

 1 2086 (38.74) 1694 (38.82) 392 (38.39)

 2 570 (10.58) 471 (10.79) 99 (9.70)

 3 2729 (50.68) 2199 (50.39) 530 (51.91)

BMI group, n(%) χ2 = 222.25  < .001

 1 1730 (32.13) 1202 (27.54) 528 (51.71)

 2 1406 (26.11) 1225 (28.07) 181 (17.73)

 3 2249 (41.76) 1937 (44.39) 312 (30.56)

MET minutes, n(%) – 0.134

 1 3 (0.06) 1 (0.02) 2 (0.20)

 2 298 (5.53) 244 (5.59) 54 (5.29)

 3 5084 (94.41) 4119 (94.39) 965 (94.52)
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Variables

Model1 Model2 Model3

OR (95%CI) P OR (95%CI) P OR (95%CI) P

NPAR 1.52 (1.10 ~ 2.08) 0.010 1.23 (0.88 ~ 1.72) 0.219 1.48 (1.04 ~ 2.10) 0.030

Table 5.  The association between NPAR and the low BMD/OP group in men. OR: Odds Ratio, CI: Confidence 
Interval. Model1: Crude. Model2: Adjust: age.group, race.group. Model3: Adjust: DIQ.group, BPQ.group, 
age.group, race.group, Ca.group, VD.group, EDU.group, INDFMPIR.group, ALQ.group, SMQ.group, BMI.
group, MET.minutes. Note: Model 1 is the unadjusted model, which shows a positive correlation between 
NPAR and low BMD/OP (OR = 1.52, 95% CI: 1.10–2.08, P = 0.010). Model 2, after adjusting for age group and 
race, shows a weaker and non-significant correlation (OR = 1.23, 95% CI: 0.88–1.72, P = 0.219). Model 3, after 
further adjusting for confounding factors such as diabetes, hypertension, calcium/vitamin D intake, education 
level, poverty ratio, alcohol consumption, smoking, BMI, and physical activity, shows a significant correlation 
again (OR = 1.48, 95% CI: 1.04–2.10, P = 0.030). The β value represents the regression coefficient, and the 95% 
confidence interval (CI) and P-value indicate statistical significance. Significant values are in bold.

 

Table 4.  Distribution and statistical difference analysis of the normal bone mass group and low BMD/OP 
group in women. t: t-test, χ2: Chi-square test, -: Fisher exact. SD: standard deviation. Note: This table presents 
the distribution of various variables in 5385 women across different groups (Group 0: normal bone mass and 
Group 1: low BMD/OP group) and their statistical differences. The table lists the mean ± standard deviation 
(SD) for each variable, along with the frequency (n) and percentage (%) for each group. Differences between 
groups were compared using t-tests (t) and chi-square tests (χ2). Key variables include NPAR, diabetes 
(DIQ group), hypertension (BPQ group), age (Age group), race (Race group), calcium intake from dietary 
supplements (Ca), calcium and vitamin D intake from dietary supplements (VD group), education level 
(EDU group), poverty-income ratio (INDFMPIR group), alcohol consumption (ALQ group), smoking status 
(SMQ group), body mass index (BMI group), and physical activity (MET minutes). The P-value indicates the 
statistical significance between variables, with P < 0.05 representing a significant difference. Significant values 
are in bold.

 

Variables

Model1 Model2 Model3

OR (95%CI) P OR (95%CI) P OR (95%CI) P

NPAR 0.75 (0.56 ~ 0.99) 0.041 0.79 (0.58 ~ 1.06) 0.112 1.10 (0.81 ~ 1.50) 0.544

Table 6.  The association between NPAR and the low BMD/OP group in women. OR: Odds Ratio, CI: 
Confidence Interval. Model1: Crude. Model2: Adjust: age.group, race.group. Model3: Adjust: DIQ.group, BPQ.
group, age.group, race.group, Ca.group, VD.group, EDU.group, INDFMPIR.group, ALQ.group, SMQ.group, 
BMI.group, MET.minutes. Note:Model 1 is the unadjusted model, which shows a negative correlation between 
NPAR and low BMD/OP (OR = 0.75, 95% CI: 0.56–0.99, P = 0.041). Model 2, after adjusting for age group 
and race, shows a weakened and non-significant correlation (OR = 0.79, 95% CI: 0.58–1.06, P = 0.112). Model 
3, after further adjusting for confounding factors such as diabetes, hypertension, calcium/vitamin D intake, 
education level, poverty ratio, alcohol consumption, smoking, BMI, and physical activity, shows no association 
(OR = 1.10, 95% CI: 0.81–1.50, P = 0.544). The β value represents the regression coefficient, and the 95% 
confidence interval (CI) and P-value indicate statistical significance. Significant values are in bold.

 

Scientific Reports |        (2025) 15:29544 11| https://doi.org/10.1038/s41598-025-12732-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Threshold analysis
To further explore the impact of NPAR on low BMD/OP, we conducted threshold analysis using the segmented 
package in this study.

Table  7 shows the potential nonlinear relationship between NPAR and OP.group in males. The analysis 
results indicate that no significant threshold effect was found, suggesting that the relationship between NPAR 
and OP.group may be linear. There appears to be a positive correlation between NPAR and OP.group (standard 
linear model P = 0.030). No significant threshold (inflection point) was detected, indicating that the relationship 
is more likely to be linear rather than piecewise nonlinear (P = 0.878). The OR at NPAR ≥ 0.92 remains at the 
borderline significant level (P = 0.050), but the overall analysis does not support the existence of a threshold 
effect.

Table 8 shows the potential nonlinear relationship between NPAR and OP.group in females. The analysis 
results indicate a significant threshold effect between NPAR and OP.group (P for likelihood test = 0.004), 
suggesting that the impact of NPAR on OP.group may vary depending on the NPAR level. There is a threshold 
effect between NPAR and OP.group in females (P for likelihood test = 0.004). When NPAR < 1.49, there is no 
significant association between NPAR and OP.group (P = 0.120). However, when NPAR ≥ 1.49, NPAR shows a 
significant positive association with OP.group (OR = 2.89, P = 0.016), indicating that higher NPAR levels may 
increase the risk of OP.group. Standard linear regression did not show a significant association (P = 0.544), but 
the two-segment linear regression model suggests that high NPAR levels may be associated with an increased 
incidence of OP.group.

Mendelian randomization analysis
To further investigate the potential causal relationship between NPAR and OP risk, we conducted a two-sample 
MR analysis using the IVW method as our primary approach, which provides the most reliable estimates when 
all SNPs are valid instrumental variables24. As shown in Fig. 7, elevated neutrophil percentage was significantly 
associated with increased osteoporosis risk (IVW OR = 1.189, 95% CI: 1.015–1.393, p = 0.032; Fig. 7A-B), while 
higher albumin levels demonstrated a protective effect against osteoporosis (IVW OR = 0.803, 95% CI: 0.667–
0.967, p = 0.021; Fig. 7C-D). Supplementary methods (MR-Egger and weighted median) showed slightly lower 
statistical significance (p > 0.05)25,26.

Discuss
In recent years, researchers have identified several novel biomarkers that show great potential in OP patients. One 
study suggests that combining plasma/serum biomarkers such as bone-specific alkaline phosphatase, the RANKL/
OPG ratio, and tartrate-resistant acid phosphatase with diagnostic algorithms can aid in the early diagnosis and 

Outcome Effect P

Model 1 Fitting model by standard linear regression 1.48 (1.04–2.10) 0.030

Model 2 Fitting model by two-piecewise linear regression

Inflection point 0.92

 < 0.92 2.33 (0.02–332.47) 0.738

 ≥ 0.92 1.48 (1.00–2.18) 0.050

P for likelihood test 0.878

Table 7.  Threshold effect analysis results of the association between NPAR and low BMD/OP (OP group) 
in men. Note: Model 1 shows a positive correlation between NPAR and the OP group (OR = 1.48, 95% CI: 
1.04–2.10, P = 0.030). Model 2’s piecewise linear regression analysis identified a threshold at 0.92. The effect 
values before the threshold (< 0.92) and after the threshold (≥ 0.92) were 2.33 (P = 0.738) and 1.48 (P = 0.050), 
respectively. The P-value for the likelihood test was 0.878. Significant values are in bold.

 

Outcome Effect P

Model 1 Fitting model by standard linear regression 1.10 (0.81–1.50) 0.544

Model 2 Fitting model by two-piecewise linear regression

Inflection point 1.49

 < 1.49 0.65 (0.37–1.12) 0.120

 ≥ 1.49 2.89 (1.22–6.85) 0.016

P for likelihood test 0.004

Table 8.  Threshold effect analysis results of the association between NPAR and low BMD/OP (OP group) in 
women. Note: Model 1 is the standard linear regression model, which shows no significant correlation between 
NPAR and the OP group (OR = 1.10, 95% CI: 0.81–1.50, P = 0.544). Model 2, using a piecewise linear regression 
model, identified a threshold at 1.49. The OR before the threshold (< 1.49) was 0.65 (95% CI: 0.37–1.12, 
P = 0.120), and the OR after the threshold (≥ 1.49) was 2.89 (95% CI: 1.22–6.85, P = 0.016). The P-value for the 
likelihood test was 0.004. Significant values are in bold.
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subtype classification of OP27,28.Despite their promising prospects, the widespread implementation of these novel 
biomarkers in routine clinical practice remains limited due to challenges related to accessibility and availability. 
Increasing evidence suggests that chronic low-grade inflammation plays a key role in the development and 
progression of OP29–31. Studies have demonstrated a potential association between inflammatory biomarkers, 
such as C-reactive protein (CRP) and the neutrophil-to-lymphocyte ratio (NLR), and BMD32–35. However, 
their clinical utility remains limited. Although CRP is a sensitive marker of systemic inflammation, its lack of 
specificity hinders the differentiation between various types of inflammation, such as infectious and metabolism-

Fig. 5.  Forest plot of subgroup analysis for men.
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related inflammation32. Moreover, its association with BMD improvement is not significant in individuals 
with low BMI36. NLR, while convenient and easily accessible, is susceptible to confounding factors, including 
glycemic variability in patients with diabetes and other metabolic comorbidities33,37. Additionally, its calculation 
does not include nutritional parameters, limiting its capacity to reflect the interplay between inflammation and 
nutritional status37,38. As a result, the widespread implementation of these novel biomarkers in routine clinical 
practice remains challenging.OP is primarily attributed to an imbalance in bone metabolism, characterized by 
increased osteoclast activity, decreased osteoblast function, and the identification of inflammatory factors such 
as IL-6 and TNF-α as key mediators in the onset and persistence of OP39–41.Studies have shown that nutrition 
and dietary habits can regulate the metabolic processes and inflammatory responses involved in OP. Therefore, 

Fig. 6.  Forest plot of subgroup analysis for women.
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given the key roles of inflammation and nutrition in OP, identifying new biomarkers based on these factors is 
crucial for assessing disease risk in clinical settings and guiding targeted interventions42.

As a composite biomarker, NPAReffectively reflects the body’s inflammatory state and nutritional status 
by combining the percentage of neutrophils and albumin levels43.In recent years, NPAR has been shown to 
have significant value in predicting various diseases, including acute kidney injury, septic shock, and colorectal 
cancer44–46.However, the relationship between NPAR and low BMD/OP has not been fully explored.

NPAR may have a potential association with the development and progression of OP by comprehensively 
reflecting inflammation and nutritional status. In bone metabolism, both inflammatory factors and nutritional 
levels jointly affect the dynamic balance of bone remodeling. Chronic low-grade inflammation is a significant 
influencing factor in OP. Inflammatory markers such as IL-6 and TNF-α can promote the activation of osteoclasts 
while inhibiting osteoblast differentiation, leading to increased bone resorption and decreased bone formation, 
which in turn results in reduced bone density and disruption of bone microstructure47,48.Studies have found that 
the incidence of OP is significantly higher in patients with chronic inflammatory diseases, such as rheumatoid 
arthritis, compared to the general population, indicating that the inflammatory state may play a key role in the 
imbalance of bone metabolism49.In addition, nutritional status is equally crucial for bone health, with albumin 
levels serving as an important indicator of the body’s nutritional state. Studies have shown that low albumin levels 
are closely associated with an increased risk of OP and may raise the incidence of fractures50.Insufficient protein 
intake can affect bone matrix synthesis, while calcium and vitamin D, as core nutrients for bone metabolism, 
play a crucial role in bone health. Their deficiency can impair bone mineralization, leading to accelerated bone 
density loss51.Therefore, malnutrition may impact bone health through multiple pathways, exacerbating the 
progression of OP.NPAR, as a novel indicator, combines two key factors—inflammation (neutrophil percentage) 
and nutrition (albumin levels)—providing a comprehensive biomarker for assessing the risk of OP52,53.When 
NPAR increases, it may indicate a state of chronic inflammation coupled with malnutrition, which could further 
exacerbate bone metabolism imbalance and increase the risk of OP. Therefore, NPAR could become a powerful 
tool for predicting OP and provide a reference for early intervention.

This study systematically evaluated the association between NPAR and low BMD/OP in a large-scale 
population sample.

The main findings can be summarized in three points: First, the relationship between NPAR and BMD 
showed significant gender differences and a threshold effect. Second, this association is complexly regulated by 
demographic characteristics, metabolic factors, and lifestyle factors. Finally, the predictive value of NPAR for 
OP risk remains independent in males, whereas it is only evident at high NPAR levels (≥ 1.49) in females. These 
findings provide new epidemiological evidence for understanding the role of inflammation-nutrition balance in 
bone metabolism.

The discovery of gender-specific associations is particularly noteworthy. Therefore, we conducted logistic 
regression, subgroup analysis, and threshold analysis by gender, based on several considerations: First, the 

Fig. 7.  Mendelian randomization analysis of neutrophil percentage and albumin levels in relation to OP: 
(A–B) Genetic association between neutrophil percentage and osteoporosis, and effect estimates using the 
IVW method. (C–D) Genetic association between albumin levels and osteoporosis, and effect estimates using 
the IVW method. NSNP, OR, 95% CI, and p-value are shown.
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sexual dimorphism in bone metabolism is well-recognized, with male and female bone mineral density being 
influenced by different hormones and physiological mechanisms54.Secondly, our preliminary analysis indicates 
that the significant confounding effect observed after adjusting for demographic factors suggests that gender may 
alter the effect. Thirdly, numerous studies have also reported that gender-specific differences in inflammatory 
markers and nutritional status may have different impacts on bone health55–59.he positive association between 
NPAR and the risk of OP in men (OR = 1.48) remained significant after full adjustment, suggesting that NPAR 
may influence bone metabolism through pathways independent of traditional risk factors. For example, pro-
inflammatory cytokines released by neutrophils (such as IL-6 and TNF-α) can directly activate osteoclasts60.The 
nonlinear threshold effect observed in women (OR = 2.89 when NPAR ≥ 1.49) may be related to an enhanced 
inflammatory response under conditions of estrogen deficiency61. Notably, the higher rate of calcium/vitamin 
D supplementation in the female OP group was accompanied by poorer bone health status (OR = 2.65). This 
seemingly paradoxical phenomenon may reflect a ‘treatment paradox’—that is, individuals at higher risk are more 
likely to receive supplementation, rather than indicating any harmful effect of the supplements themselves62.

From a pathophysiological perspective, NPAR, as a composite marker reflecting both inflammation 
(neutrophil percentage) and nutritional status (albumin), may exhibit a threshold effect corresponding to a 
critical point of ‘inflammation-nutrition imbalance.’ When NPAR exceeds 1.49, the reduced antioxidant capacity 
caused by hypoalbuminemia may synergize with neutrophil-mediated oxidative stress, thereby accelerating 
bone resorption62.This hypothesis is supported by our RCS analysis, which identified an inflection point in the 
effect around NPAR ≈ 1.5, consistent with the systemic inflammation threshold proposed in previous studies63.
Additionally, subgroup analysis revealed an interaction between obesity (BMI ≥ 30) and NPAR, suggesting that 
adipose tissue-derived inflammatory factors may have an amplifying effect on the association between NPAR 
and bone health. Furthermore, our MR analysis revealed independent causal effects of neutrophil percentage 
and albumin levels on osteoporosis risk: elevated neutrophil percentage significantly increased osteoporosis 
risk, whereas higher albumin levels conferred protection. Given that neutrophil percentage reflects systemic 
inflammatory status and albumin represents nutritional reserves, the proposed NPAR may serve as a composite 
biomarker that more comprehensively captures the pathophysiological imbalance underlying osteoporosis 
development.

This study has several limitations: its cross-sectional design precludes causal inference, NPAR was measured 
without accounting for dynamic changes, and other inflammatory markers were not evaluated for comparison. 
Additionally, the current conclusions are based on independent analyses of NPAR components rather than 
direct genetic instrumental variables for NPAR itself. However, its strengths lie in the large, representative 
sample and rigorous multivariable adjustments. The clinical implications are as follows: (1) NPAR ≥ 1.49 may 
serve as a low-cost early warning indicator for OP screening; (2) routine assessment of inflammatory status 
should be included in OP management; and (3) future interventional studies should explore the benefits of 
anti-inflammatory strategies in populations with NPAR above specific thresholds. These findings call for the 
integration of inflammation-nutrition balance into OP risk assessment frameworks and offer potential targets 
for precision prevention.

Summary
NPAR may be a valuable and convenient inflammation-nutrition marker for predicting decreased BMD or 
the risk of OP. However, given the inherent limitations of this study, further large-scale research is needed to 
investigate the role of NPAR in OP more comprehensively.
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