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Abstract
Introduction
Several epidemiological studies have reported inconsistent findings on the association between carotenoid intake and fracture risk. This study aimed to determine the association between individual carotenoid intake and fracture risk.

Methods
A cross-sectional study based on data from the National Health and Nutrition Examination Survey (NHANES), 2013–2018. This study identified elderly individuals with valid and complete data on carotenoid intake and fracture risk. The average dietary intakes of α-carotene, β-carotene, β-cryptoxanthin, lycopene, and lutein + zeaxanthin was taken based on the two 24-hour recall interviews. Matching was done based on age, sex, and body mass index (BMI). Logistic regression models were used to test the associations between carotenoids and fracture risk. All analyses were performed by using R (version 3.4.3; R Foundation for Statistical Computing, Vienna, Austria).

Results
A total of 5491 (1140 cases and 4351 control) subjects were included in this study. The average age of the subjects was 55.62 ± 14.84 years old. In the adjusted model, the risk of osteoporotic fracture was decreased by 6.2% (odd ratio (OR): 0.938; 95% confidence interval (CI): 0.699 to 0.989) and 1.4% (OR 0.986; 95% CI: 0.975 to 0.997) for dietary intake of beta-carotene and lycopene, respectively.

Conclusions
Dietary intakes of beta-carotene and lycopene have significantly reduced the risk of osteoporotic fracture among the elderly population in the United States of America.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s41043-025-00858-7.
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Introduction
Osteoporosis and its related fractures cause increased morbidity, mortality, and reduced quality of life. Osteoporotic fracture is a major health problem in the aging population [1], which is recognized as the cause of morbidity and mortality in the elderly [2–4]. The incidence of osteoporosis and related fractures is expected to rise in the world due to the rapidly aging population; these adverse consequences also extend to the growing healthcare expenditures for treating the disease [5–7]. Although significant advances have been made in the management of osteoporosis, it is widely recognized that prevention of the disease and its related fractures is essential to reducing risk.
Nutrition is an important modifiable factor influencing bone health [8]. Dietary antioxidant carotenoids have been reported to promote bone formation in experimental studies [9, 10], and to protect against osteoporosis and related fractures in some but not all epidemiological studies [11–15]. Additionally, a dietary lycopene carotenoid was shown to inhibit osteoclast formation in rat bone marrow cultures [16] and was negatively related to bone resorption biomarkers and oxidative stress in postmenopausal women [16, 17]. This indicates that antioxidant carotenoids may counteract the adverse effect of reactive oxygen species in bone turnover, and therefore can potentially protect against osteoporotic fractures.
Numerous studies have been conducted on the association between dietary carotenoid intakes and fracture risk. Some of them found favorable evidence of associations between dietary carotenoid intakes with a low incidence of fractures [12, 18, 19]. In these studies, the findings were inconsistent, the reason may be due to the small number of study participants incorporated into their analysis. This study has several unique characteristics compared to previous studies [12, 18, 19], including the specific population studied, the methodology employed (e.g., propensity score matching), and refinements in our analysis that provide new insights or enhance the existing evidence base. This study aimed to investigate the robust estimates involving large sample size on the potential associations of dietary carotenoid intakes (α-carotene, β-carotene, β-cryptoxanthin, lutein + zeaxanthin, and lycopene) with the risk of osteoporotic fracture based on the National Health and Nutrition Examination Survey (NHANES) 2013–2018.

Method and material
Study setting and design
The National Health and Nutrition Examination Survey (NHANES) is an ongoing cross-sectional and population-based survey conducted to obtain health and nutritional status by the Centers for Disease Control and Prevention of the National Center for Health Statistics. The NHANES is a big dataset that is freely available at www.​cdc.​gov/​nchs/​nhanes. This survey is a community-based survey conducted every year. To download and access the survey questionnaires or variables, we used Statistical Analysis System (SAS) (Version 9.1, SAS Institute Inc., Cary, NC) software. The survey uses a complex, multistage, stratified, and clustered design and provides demographic, socio-economic, behavioral, and dietary data on a representative sample of the civilian, non-institutionalized US population (households). Demographic and health history information was collected through extensive household interviews, and standardized physical examinations, including anthropometric, blood pressure, and laboratory measurements, were conducted at mobile examination centers (MEC).

Inclusion and exclusion criteria
In this study, we included all participants with complete and valid data on osteoporotic fracture risk. Individuals were excluded from this study due to the following reasons: (a) Participants younger than 40 years old; (b) Participants with missing or invalid data on alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, and lutein + zeaxanthin; (c) participants with missing or invalid data on prior fracture. Finally, a total of 5491 study subjects were included in this study to investigate the association between carotenoid intake and fracture risk.
[image: ]
Fig. 1Flow chart of sample selection from the NHANES 2013–2018



Study variables and covariates
The dependent variable in this study was any fracture risk. The self-reported information on any fracture on the whole body was collected through the method of questionnaires. Covariates included in this study were age, gender, body mass index, smoking status, prior history of hypertension, alcohol use, dietary intake (alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, zeaxanthin, calcium intake, and vitamin D intake), physical activity, and race. Race/ethnicity was categorized as non-Hispanic White (reference), Mexican American, non-Hispanic Black, Hispanic, and others. Physical activity was self-reported for three levels of activity intensity: walking (light intensity), moderate physical activity, and vigorous physical activity. We computed each physical activity as the metabolic equivalent of the task (MET) value per week. One MET is the amount of energy used while sitting quietly. The light intensity uses 1.6-3.0 METs, the moderate intensity uses 3.0–6.0 METs, and the vigorous intensity uses 6.0 + METs. For instance, reading may use about 1.3 METs, while running may use 8–9 METs. The physical activity for each type can be obtained as the product of the weekly time spent in each activity reported by the participant multiplied by the metabolic equivalent of the task (MET) value for that activity. The total MET scores were created by summing the weekly MET values for the three levels [20].

Statistical analysis
In descriptive statistics, continuous variables are presented as the mean ± standard deviation, while categorical variables are presented as the number and percentage of subjects. The logistic regression model was used to test the association between dietary carotenoid intake and fracture risk in the adjusted models. The outcomes considered in the models were the fracture cases.
The magnitude of the association between a risk factor and fracture risk was expressed as an odds ratio (OR) with a 95% CI. Covariates considered in the model were age, gender, body mass index, smoking status, prior history of hypertension, alcohol use, calcium intake, vitamin D intake, and physical activity.
Missing values are often found in data due to various reasons and can occur during the data extraction and data collection processes. Missing value treatment is required to be done on the data before it can be used for statistical analysis because missing values in the data can reduce the power of the model and can make us draw wrong inferences from the model, often leading to wrong predictions and classifications [21]. Therefore, we used generalized mean imputation methods to replace missing values for normally distributed data and the median for skewed datasets in our study for variables with 5% or less missingness [22]. Matching on these variables minimizes confounding and ensures balanced comparisons between groups, as age impacts health risks, sex influences biological and behavioral outcomes, and BMI is a critical risk factor for many health conditions. In this study, we used the generalized mean imputation method for variables such as calcium, weight, height, and age. For skewed variables, such as vitamin D, physical activity, alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, and lutein + zeaxanthin, we used the generalized median imputation method.
To reduce the risk of participant selection bias, we performed propensity score matching (PSM) to balance baseline differences and covariates. For each prior fracture case and non-prior fracture case, a propensity score was calculated to estimate the probability of a prior fracture case using a logistic regression model based on age, sex, and body mass index (BMI) covariates. Although individuals under 40 were excluded, the study was conducted in the USA, where the aging population is very high. Age may still vary significantly within the eligible sample (e.g., 40–80 + years). Including age in propensity score matching accounts for this variability, minimizes residual confounding, and ensures robust comparability between groups, as age often correlates with key health outcomes and risk factors. Propensity score matching was performed using a caliper width equal to 0.25 SD based on the logit model [23]. Age, sex, and body mass index (BMI) were chosen as matching variables because they are well-established factors that influence health outcomes. Age and sex are key demographic variables that affect disease risk, while BMI serves as an important indicator of nutritional status and overall health. Matching on these variables helps reduce potential confounding, ensuring a more accurate comparison between the groups in our study. Matching without replacement and nearest neighbor was used to match each prior fracture case with a non-prior fracture case in a 1:4 ratio (Suppl 1). All analyses were performed using R (version 3.4.3; R Foundation for Statistical Computing, Vienna, Austria).


Results
Characteristics of the study participants
Among the 19,429 participants in NHANES 2013–2018, we excluded 8,209 males and females younger than 40 years old. Individuals with missing or invalid data on alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, and lutein + zeaxanthin (n = 3161) and data on the prior fracture (n = 2568). Finally, 5491 participants were included in the analysis (Fig. 1).
After 1:4 propensity score matching, 1140 subjects with prior fracture cases and 4351 subjects without prior fracture were included in our study from NHANES 2013–2018 (Fig. 1). All baseline characteristics, were well-balanced between the two groups. There were no significant differences between the groups for all baseline characteristics including age, sex, and bone mass index (BMI).
Of the total included subjects, 2609 subjects were men, accounting for 47.51% of the total enrolled population, and 2881 subjects were women, accounting for 52.49%. The average age of the subjects was 55.62 years old. Over 75% of the study population is overweight, with an average body mass index (BMI) greater than 25 kg/m2. Only 21.60% of the study population weighed within the normal range. 44.64% of the study population suffered from hypertension. In the survey population, the majority of the population were never smokers, which accounts for 82.30%; only 17.70% were reported as smokers in this cross-sectional data. Out of the total population in this study, 84.87% were alcohol users, and 15.13% were non-users. The study population was mostly non-Hispanic white (2177 people) followed by non-Hispanic black (1317 people), accounting for 39.65% and 23.98% of the total study subjects respectively. The demographic characteristics of the research participants are shown in (Table 1).
Table 1Demographic characteristics of the research population of NHANES


	Characteristics
	n (%)

	Age a
	 	55.62 ± 14.84

	Gender
	Male
	2609 (47.51)

	 	Female
	2882 (52.49)

	BMI (kg/m2)
	< 18.5
	57 (1.04)

	 	18.5 ~ 24.9
	1180 (21.60)

	 	25.0 ~ 29.9
	1749 (32.02)

	 	≥ 30.0
	2476 (45.33)

	History of hypertension
	Yes
	2451 (44.64)

	 	No
	1062 (55.36)

	Smoking status
	Ever smoker
	972 (17.70)

	 	Non-smoker
	4519 (82.30)

	Alcohol use
	Yes
	4660 (84.87)

	 	No
	831 (15.13)

	Race
	Mexican American
	691 (12.58)

	 	Other Hispanic
	481 (8.76)

	 	Non-Hispanic white
	2177 (39.65)

	 	Non-Hispanic black
	1317 (23.98)

	 	Others
	825 (15.02)


Age a: measure in mean (± standard deviation); Categorical variables are described by percent (%); BMI: Body mass index



Table 2 lists the daily calcium, vitamin D intake, and physical activity of the study subjects. The average intake of calcium in the study subjects is 0.89 mg/day/kcal, which is lower than the recommended dietary allowance (reference value) level as per United States guidelines. The median daily intake of vitamin D was 4.00 mg/day/kcal, which is within the reference value of 1 ~ 4. The median duration of physical activity performed was 1.67 h per day. It is within the clinically normal reference value range.
Table 2Dietary calcium, vitamin D intake, and physical activity per day of the participants


	Variable
	Mean ± SD
	Reference value

	Calcium (mg/day/kcal)
	 	0.89 ± 0.47
	1.00 ~ 1.200

	Vitamin D (mg/day/kcal)
	 	4.00 (2.00, 7.25)
	1.00 ~ 4.00

	Physical activity (hour/day)
	 	1.67 (0.77, 1.57)
	1.2 ~ 1.95


Abbreviations: SD Standard deviation, a Median (Q1, Q3)




Carotenoid intakes among the study subject
In this study, lycopene had the highest average dietary intake among individual carotenoids, which accounts for a median of 2.170 mg/day/kcal. The median dietary intakes of α-carotene, β-carotene, β-cryptoxanthin, and Lutein + zeaxanthin were 0.085, 1.210, 0.041, and 0.885 mg/day/kcal, respectively (Table 3).
Table 3A dietary carotenoid intake with bone mineral density and fracture risk of the study population


	Dietary intakes
	Median (Q1, Q3)

	α-carotene (mg/day/kcal)
	0.085 (0.025, 0.426)

	β-carotene (mg/day/kcal)
	1.210 (0.463, 2.985)

	β-cryptoxanthin (mg/day/kcal)
	0.041 (0.015, 0.100)

	Lycopene (mg/day/kcal)
	2.170 (0.554, 6.121)

	Lutein + zeaxanthin (mg/day/kcal)
	0.885 (0.505, 1.651)


Median (Q1, Q3): Median (Quartile 1, Quartile 3)




Dietary carotenoids and fracture risk
In the multivariate logistic regression model, we included variables such as smoking status, alcohol use, and race. In this analysis, only alcohol use was statistically significant (p < 0.001). For a non-alcohol user, the odds ratio of fracture risk was 0.658 (95% CI: 0.401 to 0.942) compared with the alcohol users. Compared to Mexican Americans, the non-Hispanic white race was associated with a reduction in fracture risk but was not statistically significant.
The relationship between dietary individual carotenoid intake and the risk of fracture was determined using a multiple logistic regression model. The results of this analysis show that dietary beta-carotene and lycopene significantly reduce the risk of fracture. The risk of fracture was decreased by 6.2% (OR: 0.938; 95%CI: 0.699 to 0.989) and 1.4% (OR 0.986; 95%CI: 0.975 to 0.997) for dietary intake of beta-carotene and lycopene, respectively. Moreover, dietary intakes of alpha-carotene, beta-cryptoxanthin, and lutein + zeaxanthin were protective against the risk of fracture but not statistically significant (Table 4).
Table 4Multivariate logistic regression analysis of osteoporotic fracture risk and related factors


	Variable
	 	β
	S.E.
	Z
	P
	OR
	95% CI for OR

	Age
	 	 	0.048
	0.003
	17.043
	0.531
	1.049
	1.044 to 1.056

	Prior history of hypertension
	 	Yes
	 	 	 	 	1
	 
	 	No
	-0.146
	0.075
	-1.947
	0.052
	0.864
	0.746 to 1.001

	Alcohol use
	 	Yes
	 	 	 	 	1
	 
	 	 	No
	-0.541
	0.108
	-5.016
	< 0.001
	0.658
	0.401 to 0.942

	Race
	 	Mexican American
	 	 	 	 	1
	 
	 	 	Other Hispanic
	0.172
	0.165
	1.038
	0.229
	1.187
	0.857 to 1.642

	 	 	Non-Hispanic white
	0.492
	0.123
	3.996
	< 0.001
	1.635
	1.289 to 2.089

	 	 	Non-Hispanic black
	-0.029
	0.135
	0.216
	0.829
	1.029
	0.791 to 1.347

	 	 	Others
	-0.175
	0.158
	-1.11
	0.266
	0.839
	0.615 to 1.144

	 	 	Alpha-carotene
	-0.001
	0.047
	-0.012
	0.990
	0.999
	0.907 to 1.094

	Carotenoid
	 	Beta-carotene
	0.001
	0.016
	0.059
	0.953
	0.938
	0.699 to 0.989

	 	 	Beta-cryptoxanthin
	-0.076
	0.163
	-0.466
	0.641
	0.927
	0.649 to 1.238

	 	 	Lycopene
	-0.014
	0.006
	-2.409
	0.016
	0.986
	0.975 to 0.997

	 	 	Lutein + zeaxanthin
	-0.017
	0.016
	-1.122
	0.262
	0.983
	0.952 to 1.012






Discussion
In this study, we used the NHANES (2013–2018) database to explore whether there was an independent association between dietary carotenoid intake and fracture risk. Using the propensity score, a 1:4 matched cross-sectional study was included, with 1140 prior fracture cases and 4351 non-prior fracture cases. Dietary beta-carotene and lycopene intake decreased the risk of fracture by 6.2% and 1.4%, respectively. This indicates that dietary beta-carotene intake played a significant role in the protection of bone fracture risk, independent of bone mineral density.
Several studies have investigated the relationship between carotenoid intake and fracture risk [12, 19, 24–29], with varying results. While some research supports a protective role of carotenoids in bone health, others, particularly certain case-control [27–29] and cohort studies [12, 19], have not observed a significant association. Recent prospective studies have highlighted those dietary total carotenoids and specific carotenoid such as α-carotene, β-carotene, and lutein/zeaxanthin are associated with a reduced risk of hip fracture in men but not in women [18, 28]. For instance, men with the highest quartile (Q4) of carotenoid intake had a 26–39% lower risk of hip fracture compared to those in the lowest quartile (Q1) (HR range: 0.61–0.74, all p < 0.05). Additionally, Zhang et al. [28] found a dose-response relationship between β-carotene intake and a reduced risk of osteoporotic hip fracture, particularly among ever-smokers in the elderly Utah population. Our study aligns with these findings, as we observed an inverse association between β-carotene intake and fracture risk, independent of bone mineral density (BMD).
β-carotene intake has been linked to improved bone health markers. In postmenopausal women, dietary β-carotene was positively associated with femur neck BMD (β = 0.0012, p = 0.035), supporting the hypothesis that carotenoids contribute to bone strength. Chen et al. [30] further reported a favorable association between β-carotene (a primary source of dietary vitamin A) and BMD, which is consistent with multiple studies [11–14]. In the Framingham Osteoporosis Study [12], a higher intake of β-carotene (mean intake: 4.77 mg/day in females, 3.89 mg/day in males) was linked to reduced BMD loss (P-trend = 0.02). moreover, a systematic review also suggested that adequate vitamin A intake, whether from dietary sources or supplements, is essential for maintaining bone health [31], indirectly affecting fracture risk. These findings collectively indicate that β-carotene and other carotenoids play a role in reducing bone loss and potentially lowering fracture risk, though further studies are needed to confirm these associations across different populations and study designs.
Our study found an inverse association between dietary intake of lycopene and β-cryptoxanthin and the risk of fracture in both men and women. This finding aligns with previous research, particularly the study by Sahni et al. [12], which demonstrated that higher intakes of total carotenoids and lycopene were inversely related to the risk of hip fracture. However, Sahni et al. [12] reported that other specific carotenoids did not show a significant association with fracture risk, suggesting that the protective effects of carotenoids may vary depending on the type of carotenoid and its role in bone metabolism.
Our finding of an inverse association between the dietary intake of lycopene and the risk of fracture in men and women is consistent with the previously reported study [12]. Sahni et al. [12] demonstrated that intakes of total carotenoids and lycopene (but not other specific carotenoids) were inversely related to the risk of hip fracture. In contrast to our findings, recent in vitro and in vivo experimental studies suggest that dietary intakes of β-cryptoxanthin have a beneficial effect on bone metabolism [10, 32, 33], in which β-cryptoxanthin enhanced the calcium content and alkaline phosphatase activity in the femoral-diaphyseal and femoral-metaphyseal tissues of young rats at physiologically low concentrations in vitro [10]. Furthermore, they found a stimulatory effect on bone formation and an inhibitory effect on bone resorption in tissue culture [32]. The in vivo study found that the oral administration of β-cryptoxanthin caused a significant increase in the calcium content and alkaline phosphatase activity in the femoral-diaphyseal and femoral-metaphyseal tissues [33].
There are potential biological mechanisms that show an inverse association between dietary carotenoids and bone health. Some of the mechanisms are: dietary intakes of carotenoids may reduce oxidative stress levels in the body by scavenging singlet oxygen and peroxyl radicals. Antioxidants can suppress the expression of the receptor activator of NF-kB ligand (RANKL) and thus suppress osteoclastic differentiation [34], promote osteoblast mineralization [35], and stimulate the alkaline phosphatase activity of osteoblasts [36]. A sufficient intake of vitamin A including beta-carotene is essential for normal physiological activities [37] by affecting the growth hormone axis [38, 39]. In vitro and in vivo studies suggest that antioxidant intakes contribute to a body’s defense against reactive oxygen species [35]. In addition, antioxidant seem to be a reactive oxygen species that enhance osteoclast genesis and reduce osteoblast apoptosis by stabilizing the β-catenin signaling pathway, which leads to a decrease in bone resorption [40–42]. Another mechanism is that carotenoids may interfere with growth factor receptor signaling by regulating IGF-1/IGFBP3, which are associated with cognitive function [43], and impaired cognitive function is a known risk factor for falls and hip fractures [44]. Therefore, dietary carotenoids would have great benefits in protecting bone fragility and its consequent osteoporotic fractures.
Our analysis has several strengths. First, in this study, we used propensity score matching to balance between fracture cases and non-fracture cases to avoid any influence of the baseline characteristics of the included participants. Second, a wide range of potential confounders was adequately adjusted to ensure an independent association between dietary carotenoid intake and fracture risk. Also, a large sample size was used to represent the general US adult population.
This study has some limitations: Our cross-sectional design allows us to identify associations between dietary carotenoid intake and fracture risk, but it does not permit causal inferences. Future research employing longitudinal or experimental designs is recommended to better elucidate this relationship. In future studies, employing longitudinal or experimental designs could help better address potential confounders and establish more robust causal relationships. In the extracted data, a small number of hip and vertebral fracture cases were found. Therefore, we have not analyzed the effects of dietary carotenoid intakes on those fracture risks. Secondly, there were too many missing values for different covariates in the NHANES 2013–2018 database. Due to this. our analysis did not include lifestyle and other factors.
In conclusion: in this study, we found that dietary intakes of beta-carotene and lycopene have significantly reduced the risk of fracture among the elderly population in the United States of America.
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A total number of participants in the two cycles of 2013-2018 was (N=19,429)

Excluded individuals:

- With participants younger than 40 years old (n = 8,209).
- With missing or invalid data on the alpha-carotene, beta-carotene, beta-
cryptoxanthin, lycopene, and lutein+zeaxanthin (n =3161)
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Participants were included in this study (n = 5491)
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