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Article 
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Abstract: Background: Increasing evidence suggests that serum carotenoids, an objective indicator of fruit and vegetable con-
sumption, promote the development of cancer and other cardiometabolic diseases.  Several studies have demonstrated the role 
of food insecurity in adverse health outcomes.  This raises the question of whether the interplay of food insecurity and low 
carotenoid levels results in a disproportionately higher mortality burden. Methods: In the National Health and Nutrition Ex-
amination Survey (2001-2006), we incorporated data on serum carotenoids (α-carotene, β-carotene, β-cryptoxanthin, total lyco-
pene, and lutein/zeaxanthin) and food security from 12,355 US adults aged ≥20. All-cause, cancer, and cardiovascular disease 
(CVD) mortality were ascertained by linkage to the National Death Index through December 31, 2019. Cox regression was uti-
lized to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). Results: After adjusting for sociodemographics, life-
style, diet quality, and underlying medical conditions, all-cause mortality was significantly lower in individuals with higher 
levels of serum carotenoids (HRs [95% CIs] for the highest vs. lowest quartiles=0.70 [0.61-0.81] for α-carotene, 0.74 [0.63-0.87] for 
β-carotene, 0.78 [0.66-0.91] for β-cryptoxanthin, 0.65 [0.52-0.81] for lycopene, and 0.70 [0.61-0.79] for lutein/zeaxanthin). When 
stratified by food security status, these inverse associations were observed exclusively among individuals with high food secu-
rity, with no associations among those with marginal, low, or very low food security (P-interaction=0.02 for lycopene, 0.08 for 
lutein/zeaxanthin, and >0.05 for the others).  Conclusions:  In this nationally representative sample of US adults, low serum 
carotenoids and food insecurity were jointly associated with increased risk of mortality, even after controlling for a broad spec-
trum of sociodemographic, lifestyle/diet, and clinical risk factors. Our findings underscore the urgent need for social risk-tar-
geted nutritional programs to reduce health disparities in the US. 

Keywords: diet; food security; health outcomes 
 

Introduction 
Increasing evidence suggests that serum carotenoids, an objective indicator of fruit and vegetable consump-

tion, promote the development of cancer and other cardiometabolic diseases [1–3]. The health-promoting effects of 
fruits and vegetables appear primarily attributable to diverse nutritional components, including vitamins, fiber, 
and carotenoids, which possess antioxidant and anti-inflammatory properties [1]. In particular, carotenoids, abun-
dant in colorful fruits and vegetables, have attracted significant attention due to their potent ability to scavenge 
reactive oxygen species (ROS), which can cause damage to DNA, RNA, and proteins involved in metabolism. This 
action plays a key role in mitigating various ROS-related disorders, including cancer, CVD, neurodegenerative 
diseases, and chronic inflammation [4,5] A growing body of epidemiological evidence has indicated that dietary 
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consumption, as well as serum concentrations of carotenoids, confer protective effects against the risk of developing 
and/or dying from the aforementioned diseases in the general population [3,6–11]  

Moreover, several studies have demonstrated the role of food insecurity, encompassing factors like food ac-
cessibility and affordability resulting in adverse health outcomes [12–14]. Specifically, food insecurity, defined as 
the inability to access adequate and safe foods due to financial constraints [15], can lead to insufficient fruit and 
vegetable intake, resulting in poor diet quality [16–20]. Food security status may significantly influence the health 
benefits derived from fruits and vegetables by directly controlling the total amount consumed and/or the overall 
quality of an individual’s diet. Furthermore, it is also possible that the functionality and bioavailability of carote-
noids may be dependent upon food security status.  

We investigated whether the combined impact of food insecurity and carotenoid levels influenced mortality 
risk from cancer, cardiometabolic diseases, and all causes among US adults in the National Health and Nutrition 
Examination Survey.  

Materials and Methods 
Study Population 

This study is based on the National Health and Nutrition Examination Survey (NHANES), an ongoing biennial 
health examination that represents the noninstitutionalized civilian population of the US. Detailed information on 
the NHANES has been documented elsewhere [21]. We utilized data from the 2001-2002, 2003-2004, and 2005-2006 
waves of NHANES, which included serum concentrations of carotenoids, including α-carotene, β-carotene, β-cryp-
toxanthin, total lycopene, and lutein/zeaxanthin, along with the food security assessments using the USDA House-
hold Food Security Survey Module [22]. Individuals aged 20 years or older with at least one valid serum carotenoid 
measurement were initially screened as the eligible analytic sample. Participants who did not complete food secu-
rity assessment or reported being pregnant, or lacked follow-up information were excluded from the analysis, leav-
ing a final unweighted sample of 12,355 (Figure S1).  

Assessment of Carotenoids 
Serum concentrations of α-carotene, β-carotene (the sum of Trans-β-carotene and Cis-β-carotene), β-crypto-

xanthin, total lycopene, and lutein/zeaxanthin were measured by high-performance liquid chromatography 
(HPLC) during the NHANES 2001-2002 and 2005-2006 cycles. In 2003-2004, carotenoids were quantified using a 
comparable HPLC technique and subsequently transformed by regression analysis into carotenoid readings that 
were equivalent to those obtained from the HPLC method. Total lycopene was not measured in 2001-2002. The 
laboratory protocols and quality control assessments for measuring serum carotenoids have been described previ-
ously [23–25]. To investigate the association with mortality outcomes, serum carotenoid levels were categorized 
into quartiles according to the distribution of the study population. 

Assessment of Food Security Status 
Food security status was evaluated using the USDA Household Food Security Survey Module, which com-

prises 18 questions for households with children under 18 years of age and 10 items for households without children 
[22]. Based on the affirmative responses to the questions concerning the preceding 12 months, food security status 
was classified into four levels: 1) High food security indicates no issues or constraints regarding food access; 2) 
Marginal food security reflects one or two signs, usually related to anxiety about food adequacy or shortage with 
minimal or no changes in dietary habits or food consumption; 3) Low food security denotes diminished quality, 
variety, or desirability of the diet with minimal or no evidence of decreased food consumption; and 4) Very low 
food security exhibits multiple signs of disrupted eating patterns and diminished food intake [26]. 

Ascertainment of Mortality 
Mortality outcomes were confirmed through linkage to death certificate records from the National Death Index, 

with follow-up duration computed from the date of survey participation through December 31, 2019 [27]. The 
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underlying causes of death were defined by the International Classification of Diseases, Tenth Revision (ICD-10) codes, 
including cancer (C00–C97) and CVD (heart diseases, I00-I09, I11, I13, I20-I51; cerebrovascular diseases, I60-I69). 

Covariates 
Information on sociodemographics, lifestyle factors, dietary quality/patterns, and other health-related charac-

teristics were collected during the questionnaire survey. Covariates were selected a priori—included were age 
(years), sex (male and female), self-reported race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, 
Others), educational attainment (below high school, high school graduate, college or above), family income-to-
poverty ratio (<1.30, 1.30 to <3.50, ≥3.50), smoking status (never smokers who smoked fewer than 100 cigarettes 
during their lifetime, former smokers who had smoked more than 100 cigarettes but quit smoking, current smokers 
who continued to smoke), physical activity (inactive, moderate, vigorous; determined based on participation in 
walking or cycling, moderate, and vigorous activities over the past 30 days), alcohol consumption (none, light-to-
moderate defined as >0 to ≤2 drinks/day for men and >0 to ≤1 drink/day for women, heavy as >2 drinks/day for 
men and >1 drink/day for women over the past 12 months), obesity status (body mass index <18.5, 18.5-24.9, 25.0-
29.9, or ≥30.0 kg/m2; underweight, normal, overweight, and obese, respectively), use of dietary supplement (yes, 
no), Healthy Eating Index (HEI) representing overall diet quality and adherence to the Dietary Guidelines for Amer-
icans [28], and underlying medical conditions, including history of cancer and CVD (heart failure, coronary heart 
disease, stroke), diabetes (self-reported doctor diagnosis, taking insulin or oral hypoglycemic medication), and hy-
pertension (self-reported doctor diagnosis, taking antihypertensive treatment).  

Statistical Analysis 
To accommodate the complex survey design and generate nationally representative estimates, all analyses 

incorporated sample weights, strata, and primary sampling units. Baseline characteristics across food security sta-
tus were compared using the chi-square test for categorical variables and the one-way analysis of variance test for 
continuous variables. Cox proportional hazards regression was used to estimate the hazard ratios (HRs) and 95% 
confidence intervals (CIs) for mortality outcomes in associated with serum carotenoids and food security status. 
The lowest quartile of serum carotenoids was modeled as the reference. Follow-up time was calculated using per-
son months from the date of survey participation to either the date of death or the end of the mortality follow-up 
period, whichever came first. The aforementioned covariates were incorporated into the statistical model in a se-
quential manner: 1) the basic models were adjusted for sociodemographic factors only, including age, sex, race/eth-
nicity, education, and family income-to-poverty ratio; and 2) the final models further included smoking status, 
physical activity, alcohol consumption, obesity status, dietary supplement use, HEI, history of cancer and CVD, 
diabetes, and hypertension. Linear trends were tested using median values of each quartile of serum carotenoids. 
Stratified analyses were conducted to evaluate whether food security status would modify the primary associations 
between serum carotenoids and mortality outcomes. Interactions of serum carotenoids and food security status 
were assessed using a multiplicative interaction term. Restricted cubic spline regression was used to evaluate po-
tential non-linear or linear associations between serum carotenoid levels and mortality, utilizing the 20th percentiles 
as a reference and fitting three knots at the 5th, 50th, and 95th percentiles. To minimize the impact of extreme outliers, 
the analysis eliminated the top 3% of each carotenoid. All statistical analyses were performed using SAS 9.4 (SAS 
Institute Inc., Cary, NC). A two-sided P less than 0.05 was considered statistically significant. 

Results 
Between 2001 and 2006, the weighted prevalence of high, marginal, low, and very low food security among 

US adults aged ≥20 years was 83.5%, 6.0%, 6.5%, and 4.0%, respectively (Table 1). Individuals facing any challenges 
with food access were more likely to be younger, belong to racial or ethnic minoritized groups, possess lower edu-
cational attainment, and have a low household income (p<0.001). Notably, a majority of those in the very low food 
security group—63.3% for very low food security, 59.5% for low food security, and 46.8% for marginal food secu-
rity—fell into a family income below 130% of the federal poverty level, allowing them to qualify for the Supple-
mental Nutrition Assistance Program. Furthermore, food-insecure individuals were more likely to report adverse 
health behaviors such as such as current tobacco use, physical inactivity, excessive alcohol use, and obesity while 
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showing a lower likelihood of taking nutritional supplements or achieving higher HEI scores (p<0.001). In terms of 
underlying clinical conditions, a higher proportion of cancer survivors was observed in the high food security 
group (8.9%) compared to the very low food security group (4.8%), while the prevalence of diabetes was markedly 
elevated in the very low food security group (11.8%) relative to the high food security group (7.2%).  

Table 1. Baseline Characteristics by Food Security, NHANES 2001-2006. 

d Security Status 

h  
721 

rginal  
45 

w  
115 

y Low  
74 P 

e, years ± 0.4 ± 0.8 ± 0.6 ± 0.9 01 
 male 7 (49.6) (44.7) (47.2) (46.2) 4 
e/ethnicity 
-White 9 (77.4) (52.8) (46.9) (50.6) 01 
-Black 1 (9.1) (19.4) (16.3) (20.1) 
panic 6 (8.5) (23.9) (32.7) (23.0) 
ers (5.0) 3.9) 4.1) 6.3) 

ucational Attainment 
ow high school 5 (14.7) (31.4) (40.0) (38.4) 01 
h school graduate 3 (25.2) (29.9) (26.0) (29.1) 
lege or above 3 (60.1) (38.7) (34.0) (32.5) 

mily Income-to-Poverty Ratio 
0 6 (11.9) (46.8) (59.5) (63.3) 01 
to <3.50 1 (63.6) (45.3) (36.8) (35.2) 

0 4 (51.5) 7.8) 3.7) .5) 
oking Status 
ver 7 (51.4) (43.4) (42.8) (38.8) 01 
mer 4 (26.4) (21.0) (19.7) 14.4) 
rent 0 (22.2) (35.6) (37.4) (46.8) 

sure-time Physical Activity a  
ctive 7 (27.4) (35.5) (39.9) (36.1) 01 
derate 4 (36.4) (34.4) (32.4) (40.0) 
orous 0 (36.2) (30.2) (27.7) (23.9) 
ohol Consumption b 
ne 7 (36.4) (45.9) (43.1) (44.2) 01 
ht-to-moderate 3 (31.4) (15.5) (19.2) 14.6) 
avy 1 (32.2) (38.6) (37.7) (41.2) 
y Mass Index, kg/m2 

derweight (<18.5) (1.6) 1.6) 3.1) .8) 01 
mal (18.5 to 24.9) 2 (31.7) (25.1) (30.3) (30.2) 

erweight (25.0 to 29.9) 4 (35.2) (32.5) (31.4) (31.6) 
ese (>30) 1 (31.4) (40.8) (35.2) (36.4) 
tary Supplement Use 8 (56.2) (39.4) (36.9) (35.9) 01 
althy Eating Index c  ± 0.3 ± 0.6 ± 0.5 ± 0.6 01 
derlying Clinical Conditions 
ncer (8.9) 8.8) 4.8) 4.8) 01 
diovascular disease (6.8) 8.3) 6.9) 7.4) 
betes (7.2) (9.6) (8.2) 11.8) 2 
pertension 4 (29.2) (30.5) (23.9) (30.1) 
Abbreviation: NH, non-Hispanic; LTPA, leisure-time physical activity. Continuous variables are represented by their means ± 
standard errors. Categorical variables are displayed as numbers with corresponding percentages. The numbers represent the 
actual size of the study sample, while the corresponding percentages reflect the survey-weighted values. a. Determined based 
on participation in walking or cycling, moderate, and vigorous activities over the past 30 days. b. Heavy drinking was defined 
as the consumption of over 2 drinks per day for men or over 1 drink per day for women, and light-to-moderate drinking was 
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described as consuming 2 drinks or fewer per day for men or 1 drink or fewer per day for women. c. Overall diet quality score 
evaluated using the Healthy Eating Index 2015: the higher scores, the better quality of diet. 

Overall serum carotenoid levels, except β-cryptoxanthin, appeared to decrease gradually as the severity of 
food insecurity intensified (Figure 1 and Table S1). The mean serum concentrations of high food security compared 
to very low food security were 4.59 µg/dL vs. 2.95 µg/dL for α-carotene (p<0.001), 20.18 µg/dL vs. 12.96 µg/dL for 
β-carotene (p<0.001), 9.15 µg/dL vs. 7.78 µg/dL for β-cryptoxanthin (p=0.29), 43.31 µg/dL vs. 40.58 µg/dL for total 
lycopene (p=0.009), and 16.19 µg/dL vs. 13.31 µg/dL for lutein/zeaxanthin (p<0.001). 

 
Figure 1. Serum Concentrations of Carotenoids across Food Security Status. 

During a mean follow-up of 14.6 years, a total of 3,216 deaths were confirmed, including 665 deaths from 
cancer and 1,046 deaths from CVD (Table 2). After controlling for sociodemographics, individuals experiencing 
any food access issues had a 24% to 69% increased risk of death from all causes and CVD compared to those with 
high food security (p-trend<0.001 and 0.009, respectively). Even after further adjustment for lifestyle factors, diet 
quality, and preexisting medical conditions, very low food security was associated with a 1.57- and 1.45-fold in-
crease in all-cause and CVD mortality, respectively, compared to high food security (multivariable-adjusted HR 
[95% CI]=1.57 [1.07-1.76] for all-causes and 1.45 [1.03-2.03] for CVD). In contrast, serum carotenoids were inversely 
associated with all-cause, cancer, and CVD mortality. After adjusting for age, sex, race/ethnicity, education, and 
family income-to-poverty ratio, the highest quartiles of α-carotene, β-carotene, β-cryptoxanthin, total lycopene, and 
lutein/zeaxanthin revealed a 36% to 60% risk reduction in all mortality outcomes relative to the lowest quartiles (p-
trend<0.01 for all). After adjusting for  all potential covariates,  higher levels of blood carotenoids were still asso-
ciated with a significant reduction in all-cause mortality (multivariable-adjusted HRs [95% CIs] for the highest vs. 
lowest quartiles=0.70 [0.61-0.81] for α-carotene, 0.74 [0.63-0.87] for β-carotene, 0.78 [0.66-0.91] for β-cryptoxanthin, 
0.65 [0.52-0.81] for lycopene, and 0.70 [0.61-0.79] for lutein/zeaxanthin; p-trend=0.002 for β-cryptoxanthin and <0.001 
for others). Similar trends were observed for cancer and CVD mortality.   
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Table 2. Association of Food Security Status, Serum Carotenoid Concentrations, and Mortality Outcomes. 

Causes ncer diovascular Disease 

of  
ath (95% CI) b (95% CI) c of  

ath (95% CI) b (95% CI) c of  
ath (95% CI) b (95% CI) c 

d Security 
h 3 ef.) ef.) ef.) ef.) ef.) ef.) 
rginal (1.12-1.60) (1.01-1.46) (0.80-1.55) (0.69-1.38) (1.01-1.94) (0.90-1.76) 

w (1.01-1.53) (0.86-1.33) (0.56-1.12) (0.48-1.01) (0.85-1.60) (0.69-1.35) 
y low (1.20-2.05) (1.07-1.76) (0.84-1.88) (0.76-1.69) (1.20-2.38) (1.03-2.03) 
end 01 9 
arotene 

ef.) ef.) ef.) ef.) ef.) ef.) 
(0.64-0.81) (0.74-0.92) (0.54-0.92) (0.64-1.10) (0.54-0.84) (0.61-0.95) 
(0.51-0.66) (0.66-0.86) (0.55-0.96) (0.72-1.30) (0.44-0.69) (0.57-0.92) 
(0.42-0.56) (0.61-0.81) (0.43-0.72) (0.66-1.20) (0.36-0.55) (0.53-0.84) 

end 01 01 01 01 2 
arotene  

ef.) ef.) ef.) ef.) ef.) ef.) 
(0.59-0.78) (0.66-0.87) (0.61-1.02) (0.68-1.15) (0.56-0.86) (0.63-0.97) 
(0.52-0.68) (0.64-0.84) (0.46-0.76) (0.55-0.99) (0.50-0.81) (0.62-1.05) 
(0.46-0.61) (0.63-0.87) (0.45-0.73) (0.60-1.08) (0.40-0.62) (0.58-0.99) 

end 01 01 01 01 
ryptoxanthin  

ef.) ef.) ef.) ef.) ef.) ef.) 
(0.71-0.92) (0.79-1.03) (0.66-1.08) (0.71-1.20) (0.64-0.99) (0.73-1.17) 
(0.59-0.78) (0.70-0.96) (0.40-0.74) (0.48-0.90) (0.64-0.89) (0.77-1.14) 

9 (0.47-0.64) (0.66-0.91) (0.31-0.52) (0.43-0.74) (0.50-0.82) (0.75-1.28) 
end 01 2 01 01 01 
al Lycopene  

ef.) ef.) ef.) ef.) ef.) ef.) 
(0.67-0.88) (0.72-0.91) (0.65-1.13) (0.69-1.17) (0.58-0.96) (0.65-1.01) 
(0.64-0.84) (0.70-0.89) (0.57-1.02) (0.61-1.08) (0.57-0.91) (0.64-1.01) 
(0.45-0.69) (0.52-0.81) (0.36-0.91) (0.42-1.08) (0.39-0.83) (0.47-1.00) 

end 01 01 2 
ein/Zeaxanthin 

ef.) ef.) ef.) ef.) ef.) ef.) 
(0.58-0.72) (0.65-0.79) (0.48-0.74) (0.52-0.81) (0.47-0.69) (0.51-0.77) 
(0.52-0.65) (0.61-0.77) (0.36-0.68) (0.43-0.81) (0.40-0.62) (0.47-0.74) 
(0.48-0.61) (0.61-0.79) (0.42-0.66) (0.54-0.87) (0.45-0.62) (0.59-0.85) 

end 01 01 01 3 01 01 
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Abbreviation: No, number; Q, quartile; HR, hazard ratio; 95% CI, 95% confidence interval; ref., reference. ꞵ-Carotene was estimated by adding up the values of trans-
beta-carotene and cis-beta-carotene. Total lycopene was not available in NHANES 2001-2002. a Based on the quartile distribution of the study population. b
 Adjusted for age, sex, race/ethnicity, education, and family income-to-poverty ratio. c Adjusted for age, sex, race/ethnicity, education, family income-to-
poverty ratio, smoking status, leisure-time physical activity, alcohol consumption, obesity status, healthy eating index, dietary supplement use, and history of cancer, 
cardiovascular disease, diabetes, and hypertension 
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The protective effect of serum carotenoids on all-cause mortality appeared to differ depending on food security 
status (Table 3). When stratified by food security status, the inverse associations of serum carotenoids remained 
significant only among individuals reporting high food security, with multivariable-adjusted HRs (95% CIs) for the 
highest vs. lowest quartiles being 0.70 (0.59-0.83) for α-carotene, p-trend<0.001; 0.75 (0.62-0.90) for β-carotene, p-
trend=0.004; 0.77 (0.66-0.91) for β-cryptoxanthin, p-trend=0.003; 0.64 (0.50-0.80) for total lycopene, p-trend<0.001; 
and 0.70 (0.61-0.80) for lutein/zeaxanthin, p-trend<0.001. Meanwhile, no associations were found among those en-
countering marginal, low, or very low food security. Significant interaction with food security status was indicated 
for total lycopene and lutein/zeaxanthin (p-interaction=0.02 for lycopene, 0.08 for lutein/zeaxanthin). Results for 
cancer and CVD mortality are given in Tables S2 and S3; however, the overall estimates for food-insecure individ-
uals were unstable due to the limited number of cancer-related deaths.  

Dose-response relationships between serum carotenoids and all-cause mortality are shown in Figure 2. Re-
stricted cubic spline analyses, adjusting for all potential covariates, suggested that the association of α-carotene, β-
carotene, β-cryptoxanthin, total lycopene, and lutein/zeaxanthin with all-cause mortality followed a non-linear in-
verse dose-response pattern in individuals with high food security (p for non-linearity<0.001 for all), as well as those 
with marginal, low, and very low food security (p for non-linearity<0.05 for all). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 December 2024 doi:10.20944/preprints202412.2087.v1

https://doi.org/10.20944/preprints202412.2087.v1


9 of 6 

Table 3. Association between Serum Carotenoids and All-Cause Mortality: Stratified by Food Security Status. 

d Security Status  

h rginal w y Low 
um  
ncentrations a   

of  
ath (95% CI) b of  

ath (95% CI) b of  
ath (95% CI) b of  

ath (95% CI) b eraction 
arotene 

ef.) ef.) ef.) ef.) 
(0.74-0.95) (0.41-1.10) (0.54-1.41) (0.43-1.49) 
(0.68-0.90) (0.43-1.12) (0.37-0.96) (0.24-1.13) 
(0.59-0.83) (0.40-0.97) (0.48-1.71) (0.46-2.51) 

end 01 
arotene  

ef.) ef.) ef.) ef.) 
(0.65-0.92) (0.40-1.12) (0.50-1.67) (0.22-0.96) 
(0.62-0.88) (0.36-0.93) (0.55-1.22) (0.49-1.40) 
(0.62-0.90) (0.52-1.11) (0.40-1.30) (0.39-1.75) 

end 4 
ryptoxanthin  

ef.) ef.) ef.) ef.) 
(0.78-1.08) (0.67-1.75) (0.61-1.64) (0.35-1.16) 
(0.73-1.00) (0.41-1.20) (0.27-1.05) (0.29-1.31) 
(0.66-0.91) (0.46-1.32) (0.59-1.70) (0.35-1.56) 

end 3 
al Lycopene  

ef.) ef.) ef.) ef.) 
(0.72-0.96) (0.37-1.03) (0.27-1.51) (0.22-2.63) 
(0.67-0.88) (0.35-1.23) (0.46-2.94) (0.24-1.56) 
(0.50-0.80) (0.34-1.41) (0.41-1.90) (0.28-1.33) 

end 01 
ein/Zeaxanthin 

ef.) ef.) ef.) ef.) 
(0.65-0.80) (0.26-0.88) (0.76-1.82) (0.29-1.03) 
(0.62-0.80) (0.40-0.96) (0.52-1.29) (0.22-1.00) 
(0.61-0.80) (0.50-1.13) (0.63-1.77) (0.12-0.71) 

end 01 9 
Abbreviation: No, number; Q, quartile; HR, hazard ratio; 95% CI, 95% confidence interval; ref., reference. ꞵ-Carotene was estimated by adding up the values of trans-
beta-carotene and cis-beta-carotene. Total lycopene was not available in NHANES 2001-2002. a Based on the quartile distribution of the study population. b
 Adjusted for age, sex, race/ethnicity, education, family income-to-poverty ratio, smoking status, leisure-time physical activity, alcohol consumption, obesity 
status, healthy eating index, dietary supplement use, and history of cancer, cardiovascular disease, diabetes, and hypertension. 
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Figure 2. Dose-response Relationship Between Serum Concentrations of Carotenoids and All-Cause Mortality. Solid lines represent the hazard ratios and dashed 
lines represent the 95% confidence intervals. The 20th percentile of each carotenoid level was designated as the reference, with three knots fitted at the 5th, 50th, and 
95th percentiles. To minimize the impact of extreme outliers, individuals with the highest 3% of each carotenoid were omitted from the analysis. All models were 
adjusted for age, sex, race/ethnicity, education, family income-to-poverty ratio, smoking status, leisure-time physical activity, alcohol consumption, obesity status, 
healthy eating index, dietary supplement use, and history of cancer, cardiovascular disease, diabetes, and hypertension. 
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Discussion 
In this nationally representative sample of US adults, the inverse associations between serum 

carotenoids and mortality outcomes were modified by food security status. Higher serum concentra-
tions of α-carotene, β-carotene, β-cryptoxanthin, total lycopene, and lutein/zeaxanthin were linked 
to a significant reduction in all-cause, cancer, and CVD mortality in US adults; however, the protec-
tive effects of serum carotenoids were evident only among those without food insecurity. Meanwhile, 
individuals experiencing food insecurity were not expected to gain life expectancy benefits from ca-
rotenoids. Notably, we evaluated α-carotene, β-carotene, β-cryptoxanthin, lycopene, lutein, and ze-
axanthin, which represent over 95% of total carotenoids [29–31,35,36]  

Consistent with our findings, the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) 
study, consisting of 29,103 men, demonstrated a significant inverse association between serum con-
centrations of β-carotene and the risk of deaths due to all causes, CVD, heart disease, stroke, cancer, 
respiratory disease, diabetes mellitus, and others, with multivariable-adjusted HRs for the highest 
versus lowest quintiles ranging from 0.21 to 0.73 (all p-trend<0.001) [6]. A recent study also found a 
25% to 39% reduction in cancer-related mortality linked to the highest quartile of serum α-carotene, 
trans-β-carotene, cis-β-carotene, β-cryptoxanthin, lutein/zeaxanthin, trans-lycopene, and total carot-
enoids, after controlling for potential confounders, but did not take food insecurity into account.8 Of 
note, the beneficial effects of serum carotenoids on mortality outcomes were similarly observed 
among older populations [37–40], and those with chronic conditions [41–44]. Moreover, in an 
NHANES study of 3,107 adults with type 2 diabetes [45], higher levels of serum β-carotene, unlike 
other carotenoids, were associated with an increased risk of cardiovascular mortality, suggesting a 
possible transition to pro-oxidant effects of β-carotene under a highly oxidative environment [46,47].  

Importantly, our findings indicate that the potential health properties of carotenoids may be 
affected by individuals’ food security status, with diminished benefits observed among those with 
marginal, low, and very low food security. Food insecurity is acknowledged as a significant concern 
that leads to insufficient consumption of fruits and vegetables and poor-quality diets [16–20], thereby 
resulting in adverse health outcomes [48,49]. Food insecurity is defined as limited access to sufficient 
nutritious food due to financial constraints, which may be linked to hunger [15] and poor diet quality 
even if caloric requirements are maintained [50]. Indeed, we observed that HEI-2015 component 
scores for total fruits, whole fruits, total vegetables, and greens and beans decreased gradually with 
increasing severity of food insecurity (Table S4). Moreover, a previous study indicated that food-
insecure individuals consumed fewer fruits and vegetables compared to their food-secure counter-
parts [51]. The baseline characteristics of our study population varied significantly based on food 
security status, which may explain, in part, the observed differences in the carotenoid-mortality as-
sociations across food security levels, consistent with other research [49,52]. Furthermore, it is com-
monly recognized that those with food insecurity often reside in suboptimal food environments, in-
cluding food deserts [53,54].  

This prospective investigation allowed us to evaluate the association between serum carotenoids 
and mortality outcomes in the context of food security status, a current major public health concern. 
The strengths of the study include our ability to evaluate serum carotenoids, an objective measure of 
fruit and vegetable intake, along with a four-tier classification of food security status, facilitated more 
accurate estimates by minimizing misclassification bias. Additionally, our nationally representative 
sample of US adults, combined with a long follow-up period and extensive data, supported rigorous 
analyses that accounted for subgroup differences in food insecurity severity. These analyses also in-
cluded comprehensive adjustments for confounding factors, including sociodemographic, lifestyle, 
diet quality, dietary supplement use, and underlying comorbid conditions. The findings provide new 
evidence of the differential health benefits of serum carotenoids depending on individuals’ socioec-
onomic backgrounds, highlighting food insecurity as a manifestation of health disparities. Neverthe-
less, several limitations should be noted. First, serum carotenoids and food security status were meas-
ured only once at baseline, which limited our ability to assess time-varying associations. Second, de-
spite using validated questionnaires and established laboratory measurements, we cannot fully rule 
out the possibility of measurement errors. Third, residual bias may result from unmeasured con-
founders. Finally, insufficient sample sizes, such as cancer mortality, resulted in risk estimates that 
were either not statistically significant or less reliable.  
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Conclusions 
In this nationally representative sample of US adults, low serum carotenoids and food insecurity 

were jointly associated with increased risk of mortality, even after controlling for a broad spectrum 
of sociodemographic, lifestyle and clinical risk factors. These results suggest that insufficient fruit 
and vegetable consumption resulting from food insecurity may exacerbate the disease burden. Our 
findings underscore the urgent need to implement social risk-targeted nutritional programs to reduce 
health disparities in the US population. 

Supplementary Materials: The following supporting information can be downloaded at the website of this pa-
per posted on Preprints.org. 
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