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  CHAPTER 1 

 

1 Background 

 

1.1 Carotenoids and vitamin A/retinol 

1.1.1 Structure and categorization 

Carotenoids belong to a class of natural pigments, through yellow, orange to red, and 

synthesized by photosynthetic organisms, like plants, algae, fungi, and some bacteria. Besides, 

they contribute to the pigments in eggs (egg yolk) and animals (e.g., birds feathers, orange-red 

skin crustaceans, fish). 750 carotenoids were found in nature, and more would be identified. 

Structurally, most carotenoids are comprised of 40 branched carbons, a tetra-terpenoid 

compounds by eight isoprenoid units, and formed by systems of conjugated double bonds.1 The 

characteristic long  polyene chain are responsible for 1) structural stability, 2) the absorption of 

light, attributing to the chromophore (more than seven double bonds absorb light in the visible 

range of yellow to red), 3) oxidation of light, heat or acids, and 4)geometric isomers.  In theory, 

carotenoids are derivatives of acyclic C40H56,  through hydrogenation, dehydrogenation, 

cyclization, oxygen insertion, and double bond migration.2 Typically, the fat-soluble molecules 

are divided into carotenes (general formula: C40H56), for example, β-carotene and lycopene, and 

xanthophylls (general formula: C40H56O2), for example, lutein, based on they are oxygenated or 

not. The xanthophylls, with a hydroxyl group, are more hydrophilic than carotenes. The 

properties allow more efficient reactions with single oxygen in the water (Figure 1.1).3  

Carotenoids have several natural isomeric forms: alpha (α), beta (β), gamma (γ), delta (δ), 

epsilon (ε), and zeta (ζ). Alpha and beta subtypes are the primary forms. In addition, the double 
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carbons structures allow carotenoids to have several trans-cis isomerization. The all-trans-

isomer form is dominant but unstable in the carotenoids’ isomers. In nature, all-trans β-carotene 

is predominantly present. The following abundance isomers are 9-cis, 13-cis, and 15-cis.4 

However, the all-trans isomers could easily be isomerized into cis-isomers if exposed to heat and 

light. Lycopene is, also, found mostly all-trans form. While 5-cis-lycopene is the most stable and 

9-cis-lycopene is the least stable form.5  

Figure 1.1. Structure of typical carotene (β-carotene) and xanthophylls 

 

Besides classification based on the chemical structure, there is another widely used 

classification criterion for the carotenoids. Some of the carotenoids with unmodified β-ionone 

rings, such as α-carotene, β-carotene, and β-Cryptoxanthin, can transfer into C20 retinoids and 
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vitamin A (all-trans-retinol) in the intestine or liver. While, some carotenoids, like lycopene, 

lutein, and zeaxanthin, will not generate up to vitamin A. We call them provitamin A and non-

provitamin A carotenoids. Retinol is with a β-ionone. α-carotene and β-carotene have the same 

molecular formula, however, the α-carotene has one α-ionone ring and one β-ionone ring at the 

two ends of its carbon chain, while both ends of β-carotene are β-ionone. Therefore, the retinol 

converted from β-carotene should be twice than that from α-carotene. Normally, vitamin A 

activity is measured by retinol activity equivalent (RAE), considering the bio-efficacy of 

provitamin A carotenoids. The units are mcg RAE. The current conversion is 1 International 

Units (IUs) retinol = 0.3 mcg (µg) RAE. 1 µg RAE is equal to 1 µg retinol, 2 µg β-carotene from 

supplements, 12 µg β-carotene from foods, 24 µg α-carotene, or 24 µg β-cryptoxanthin.6 The 

new conversion was announced by the U.S. Food and Drug Administration (FDA) in 2016 and 

carried out in 2019-2020.7 

 

1.1.2 Food sources 

The most common carotenoids consumption in the western diet are α-Carotene, β-

carotene, β-Cryptoxanthin, lutein & zeaxanthin, and lycopene. As mentioned above, most of 

carotenoids are found all-trans form in natural foods and can be transformed into cis isomers in 

the preparation process, like chopping, cooking, and heating with oil, which improve the 

bioavailability.  

α- and β-carotene share similar food sources, for example, orange and yellow vegetables 

like carrots and winter squash. Spinach is also a rich source of β-carotene, although the 

chlorophyll in spinach leaves hides the yellow-orange pigment. Generally, we can have α-
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carotene through pumpkin, carrots, winter squash, tomatoes, and peas, and β-carotene from 

carrot, pumpkin, spinach, sweet potato, kale, winter squash, and cantaloupe. 

Particularly, the intake of β-cryptoxanthin is mainly from orange and red fruit and 

vegetables like sweet red peppers and oranges. For example, pumpkin, papayas, sweet red 

peppers, orange, tangerines, carrot, yellow corn, nectarines are rich sources of β-cryptoxanthin. 

For now, it is difficult to separate lutein and zeaxanthin quantitatively, therefore, they are 

typically reported as lutein and zeaxanthin together. Lutein and zeaxanthin present widely in fruit 

and vegetables. Dietary lutein & zeaxanthin can be obtained from spinach, kale, turnip greens, 

summer squash, peas, winter squash, pumpkin, sprout, broccoli, sweet yellow corn, avocado, and 

egg yolk. The lutein content of egg yolks and avocados are low; however, their bioavailability is 

high. Zeaxanthin cannot be adequately acquired from dark green leafy vegetables like spinach 

and kale as lutein, but yellow corn, orange pepper, orange juice, honeydew, and mango are good 

sources of zeaxanthin. 

Lycopene is primarily acquired from red vegetables and fruits, like tomatoes, pink 

grapefruit, watermelon, and guava. In the U.S., about 80% of the dietary lycopene intakes are 

from tomatoes and tomato products like tomato sauce, tomato paste, and ketchup. 

Vitamin A is rich in two sources, provitamin A carotenoids and animal products. The 

provitamin A carotenoids include α-carotene, β-carotene, and β-cryptoxanthin. The animal 

products include fish, liver, egg, and dairy products. Besides, we can acquire vitamin A directly 

from dietary supplements contain retinyl acetate, β-carotene, or vitamin A. 

The food matrix from which carotenoids are released in the stomach is important for the 

start dissolution in the lipid emulsion, then affect its digestion and absorption. The intake 

carotenoids have better bioavailability if they are prepared with oil, homogenization or chopped 
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than those acquired directly from raw fruit or vegetables due to the process release carotenoids 

from food matrix. Normally, the bioavailability of carotenes is lower than xanthophylls because 

of their different polarity. Xanthophylls, like lutein, are more easily incorporated into the lipid 

carrier in the gastrointestinal and to be absorbed.  

 

1.1.3 Metabolism 

Carotenoids is a type of elements that humans are unable to produce but must obtain from 

daily diet and/or supplementations. Absorption of carotenoids starts in the stomach after having 

carotenoids-containing food, lipophilic carotenoids are released from food matrix and transfer 

into their lipid fraction. This process is influenced by the food matrix, lipophilic properties of the 

carotenoids, pH value, and lipids characteristics. The released carotenoids diffused in a lipid 

emulsion, which has a triacylglycerols core and a mono-molecular layer of proteins, 

polysaccharides, lipids, phospholipids, and ionized fatty acids.8 The TAGs in emulsion are 

affected by pancreatic colipases dependent lipase enzyme, probably resulting in low carotenoids 

blood when pancreatic insufficiency occurs. Because of different polar nature, xanthophylls are 

more likely to distribute at the surface of lipid emulsion and carotenes are incorporated into the 

core of the lipid emulsion. In the duodenum, the emulsion particles transfer into bile salt 

micelles, formed by bile salt and phospholipid lecithin, which act as a transport medium to 

intestinal epithelial cell and deliver carotenoids and lipids into enterocyte. In the enterocyte, 

carotenoids and retinyl esters are incorporated into chylomicrons, a water-soluble lipoprotein 

particle. Through that, some carotenoids and metabolites can be directly absorbed in the 

intestine. Finally, they will enter into the lymphatic and systemic circulation (Figure 1.2).9   
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Take β-carotene, the most extensively studied carotenoids, as a specific example to 

further describe the absorption process. Due to its highly lipophilic and non-polar properties, β-

carotene can be incorporated into the hydrophobic core of various lipoprotein particles such as 

chylomicrons and their remnants, very low-density lipoproteins (VLDLs) and low-density 

lipoproteins (LDLs) along with other lipids such as cholesteryl esters and retinyl esters. Whereas 

the content of xanthophylls, like lutein and zeaxanthin, is higher in high-density lipoproteins 

(HDLs). The transportations of the soluble vitamin from the intestinal barrier to tissues or across 

tissues in the body are facilitated by these lipoproteins. Therefore, carotenoids could be found in 

membranes and lipid droplets in cells.10 

Figure 1.2. Absorption process of carotenoids from the food matrix 

 

Source: Saini et al., Food Research International, 2015 
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After being absorption, the provitamin A carotenoids are cleaved symmetrically by β-

carotene 15,15′-oxygenase (BCO1) and asymmetrically by β-carotene 9,10′-oxygenase (BCO2) 

in the following metabolic pathway to generate retinol (Figure 1.3). Retinol is used to measure 

carotenoids and estimate amount of vitamin A. Specifically, one µg retinol activity equivalent 

(RAE) is equal to one µg all-trans-retinol (vitamin A), 12 µg β-carotene, 24 µg α-carotene or 24 

µg β-Cryptoxanthin.11,12 By contrast, the following story of non-provitamin A carotenoids is less 

clear. It is possible that they experienced similar cleavage process to shorten their polyene chain 

then deposit in liver and skins. 

Figure 1.3. Provitamin A metabolism process 

 

Source: Ross et al., Wolters Kluwer Health, 2012 

 

About 90% of the carotenoids in the body store in the tissues and ~10% in the plasma. 

Under most instances, the concentrations of β-carotene and lycopene are highest, followed by 

lutein/zeaxanthin, and the α-carotene and β-cryptoxanthin levels are the lowest in the tissues. The 

similar pattern was found in plasma. The concentration of plasma carotenoids is determined by 

the amount of intake and affected by absorption efficiencies and the release situations from 
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tissues into plasma. α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and lycopene 

account for up to 70% of the total plasma carotenoids.2 

 

1.1.4 Molecular risk factors  

The concentrations of carotenoids and vitamin A in the human body are closely 

associated with the process of diffusion, transportation, and absorption in the intestinal epithelia. 

For example, zeaxanthin and lutein concentrations are likely to be affected by their specific 

binding proteins: Glutathione S-transferase P1 isoform (GSTP1) and steroidogenic acute 

regulatory domain (StARD), respectively.13 As the most studied carotenoid, the absorption and 

metabolism processes of β-carotene can be modulated by proteins involved into lipids 

metabolism, such as apolipoprotein B (apoB), A-IV (apoA-IV), scavenger receptor class B type I 

(SR-BI), and lipoprotein lipase (LPL). Additionally, ISX, induced by retinoic acid receptors, is 

the intestinal transcription factor. It can negatively regulate the expression of SR-BI and CMOI, 

the key enzyme in the metabolism of β-carotene. The expression of ISX would be upregulated by 

retinoic acid if the intake of vitamin A was excessive.4,14 

Borel et al. have investigated the associations between single nucleotide polymorphisms 

(SNPs) and carotenoids and vitamin A (retinol) levels by using three population-based studies: 

the Supplémentation en Vitamines et Minéraux Antioxydants (SU.VI.MAX) study, the Fish Oil 

Intervention and Genotype (FINGEN) study, and the Healthy Lifestyle in Europe by Nutrition in 

Adolescence (HELENA) study. They found genotyped SCARB1 SNPs (rs61932577, rs4238001, 

and rs5888) and CD36 SNPs (rs1761667, rs1984112, and rs7755) impact the plasma β-

cryptoxanthin concentrations. Besides, the SNPs in gene hepatic lipase were observed play roles 

in the plasma concentrations of α-carotene and β-carotene, and SNPs in gene I-FABP were 
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observed to influence the levels of lycopene. In another Borel et al. study, they pointed out that 

SNPs in BCMO1 and CD36 could modulate the blood levels of lutein.15-17 

 

1.1.5 Effect 

Carotenoids and vitamin A are important for eye health, bone growth, cognitive function 

improvement, skin protection, and cancer prevention.  

The anti-cancer capacity of carotenoids mainly refers to its antioxidant property, 

theoretically, neutralizing free radicals and reactive oxygen species (ROS).18 Free radicals (O2, 

OH, NO) naturally occur in the body and are highly reactive chemicals, which cause damage to 

the cells. ROS, at high concentrations, could induce gene mutations and followed DNA damages, 

as well as be involved in the subsequently abnormal gene expression and blocked intercellular 

communication. An imbalance between the production of free radicals and reactive metabolites 

(oxidants or ROS (O2
-, H2O2, OH•)) are defined as oxidative stress. Oxidative stress and its 

induced inflammation would initiate and accelerate tumor progression through several cancer 

hallmarks, such as the increase of cell proliferation and survival, and augment tumor 

metastasis.19,20 Carotenoids and vitamin A can react with free radicals and participant in lipid 

peroxidation, especially under the increase of oxygen tension. In addition, carotenoids, for 

instance, β-carotene, lutein, lycopene, were observed positively associated with enhanced 

immune functions and infection prevention.  

On the early stage of carcinogenesis, carotenoids, like β-carotene, can react with some 

active intermediates of tumor initiators to reduce DNA damage. During the tumor growth and 

proliferation stage, carotenoids can act as quencher for singlet oxygen and chronic inflammation. 



10 
 

Particularly, lycopene and β-carotene contribute to apoptosis induction, cell growth inhibition, 

and up-regulate gap junctions intercellular communication to suppress malignant manifestation.  

 

1.2 Lung cancer  

1.2.1 Lung cancer epidemiology 

 Lung cancer is the leading cause of cancer-related death among men and women in the 

world, as well as in the United States. In 2022, the estimated incident lung cancer comprised 

13% of all new cancer cases and accounted for 21% of all cancer deaths.21 According to 

Surveillance, Epidemiology, and End Results Program (SEER), the number of estimated new 

cases of lung cancer is 236,740 and lung cancer-related deaths is 130,180 in the U.S. for 2022. 

AAs are the second largest racial/ethnic group in the U.S., and AA males experienced the highest 

incidence of lung cancer than any other subpopulations.7 During 2014-2018, the age-adjusted 

lung cancer incidence rates (per 100,000 population) were 57.3 in total, 65.8 in males and 50.8 in 

females. The rates for non-Hispanic white and black males were 69.0 and 77.4, respectively. The 

comparison is converse among females. The incidence rates of non-Hispanic white and black 

females are, separately, 56.0 and 47.2 per 100,000. Similar sex and race disparity pattern occurs 

in the lung cancer mortality data. During 2015-2019, the mortality rates of lung cancer was 36.7 

in total, 54.0 among black males (highest rates) and 29.2 among black females (lowest rates). 

 Besides sex and race/ethnicity, previous studies have observed that smoking is the 

leading cause of lung cancer and identified other important risk factors for lung cancer risk 

assessment, for example, age, passive smoking, socioeconomic status (SES),geography, alcohol 

consumption, environmental risk (e.g. radon, asbestos), diet pattern, physical activity and 

susceptible genes.22-24 Among these factors, smoking is the leading cause of lung cancer and 
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responsible for 80% of lung cancer. Radon is the second leading one for the general population 

and the leading risk factor for non-smokers. SES can be thought of as another individual risk 

factor of lung cancer risk after controlling smoking behavior. Hovanec et al. pooled 12 European 

and Canadian case-control studies, measured SES by the International Socio-Economic Index of 

Occupational Status (ISEI) and the European Socioeconomic Classification (ESeC), and found 

decreased SES was strongly associated with increased lung cancer incidents and the effect was 

stronger in male than female subjects. Similar associations were observed in the Yu et al. study. 

They reported consistent and widen SES disparity with lung cancer incidents among New South 

Wales males from 1987 to 2011.25,26 

 

1.2.2 Smoking and lung cancer 

In the U.S., smokers experience 20 times higher risks than non-smokers to have lung 

cancer. Over 80% of lung cancer mortality is associated with smoking. In the European and 

Canadian studies, investigators observed the current male smokers experienced over 20 times 

risks to have lung cancer, compared to never-smoking males. The associations were significantly 

stronger in subjects diagnosed with squamous cell carcinoma than adenocarcinoma, as well as 

stronger in population controls than hospital controls.27,28  

Due to previous substantial well-established studies, smoking has been announced as the 

cause of lung cancer in the 2004 Health Consequences of Smoking: A Report of the Surgeon 

General (Figure 1.4).29 
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Figure 1.4. The mechanism of the process of smoking initiates and develop lung cancer 

 
Source: Hecht et al., Int J Cancer, 2012 

 

Typically, the pathway to cancer starts from chronic cigarette smoke inhalation, mostly 

due to nicotine addiction after smoking initiation. Over 60 carcinogens are found in the cigarette 

smoke, such as free radicals, polycyclic aromatic hydrocarbons (PAHs), aldehydes, aromatic 

amines, ethylene oxide, benzene, N-nitrosamines, and 1,3-butadiene. Under chronic exposure to 

the condition, the covalent bond will be formed between carcinogens and DNA, resulting in 

DNA adducts.30 Without efficient correction, DNA polymerase enzymes are less likely to have 

the capacity to process the adducts appropriately, and the persistent DNA adducts will cause 

miscoding in the process of DNA replication. After that, the cigarette smoke-induced 

carcinogens, especially PAHs, will further lead to mutations of TP53 and KRAS gene and others, 

like retinoblastoma (RB) protein. Individually, TP53 gene, the most common mutated tumor 

suppressor gene in lung cancer cases, can operate protein p53, which is responsible for 

controlling the cell growth and proliferation. KRAS gene, an oncogene, influence the protein K-

Ras of one signaling RAS/MAPK pathway, which coach cell to grow and divide. Uncontrolled 

cell growth resulting from the mutations of the genes will finally cause tumor in the lung. 
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 Without efficient correction, DNA polymerase enzymes are less likely to have the 

capacity to process the adducts appropriately, and the persistent DNA adducts will cause 

miscoding in the process of DNA replication. After that, the cigarette smoke-induced 

carcinogens, especially PAHs, will further lead to mutations of TP53 and KRAS gene and others, 

like retinoblastoma (RB) protein. Individually, TP53 gene, the most common mutated tumor 

suppressor gene in lung cancer cases, can operate protein p53, which is responsible for 

controlling the cell growth and proliferation. KRAS gene, an oncogene, influence the protein K-

Ras of one signaling RAS/MAPK pathway, which coach cell to grow and divide. Uncontrolled 

cell growth resulting from the mutations of the genes will finally cause tumor in the lung.31 

 

1.2.3 Lung cancer early detection and diagnosis 

ICD-O is an international classification, created in 1976, to code the site, specific 

histology, benign/malignant/uncertain, and grading of neoplasms. Updated ICD-O-3.1 and ICD-

O-3.2 were released in 2013 and 2019. In the respiratory system, code C340-C349 represent the 

primary site of lung and bronchus. 

Lung cancer are primarily divided into small cell lung cancer (SCLC), composing 20% of 

lung cancer cases, and non-small cell lung cancer (NSCLC), accounting for the rest 80%. To be 

more specific, the NSCLC includes adenocarcinoma (AC), squamous cell (epidermoid) 

carcinoma, large cell (undifferentiated) carcinoma and some least common subtypes, such as 

adenosquamous carcinoma and sarcomatoid carcinoma. The main subtypes are classified due to 

the different cells they arise from. Among them, AC is the most common one, comprising almost 

half of the NSCLC.32 Usually, the proliferation of mutated epithelial cells caused by mutations in 

oncogenes starts the formation of lung cancer tumor, and the benign tumor could be transformed 
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into invasive cancer with additional mutations. The reported involved pathways of lung cancer 

pathogenesis include: receptor tyrosine kinases (RTKs) (e.g. EGFR), RAS, BRAF/ mitogen-

activated protein kinases (MAPK), the phosphatidylinositol 3-kinase (P13K), LKB1 

(STK11)/AMPK, TP53, RB1, MYC, epigenetics (e.g. DNA methylation and histone 

modifications), and oxidative stress.33  

 In the past decades, the studies focusing on lung cancer have covered the biological, 

preventive, therapeutic, prognostic factors. The current five-year survival rate for lung cancer is 

around 18%, and the stage-dependent rates range from 56% to less than 1% according to being 

locally or distantly diagnosed. Given that the treatment outcome is highly correlated with the 

detective timing, the early detection of lung cancer occurrence is critical to release the burden of 

this disease. On the other side, lung cancer tumors are less likely to cause symptoms before they 

spread. Emerging studies about associations of molecular biomarkers and lung cancer have been 

conducted to seek for the premalignant indicators, designed with the hope of controlling lung 

cancer during the curable stage. The promising studied biomarkers include genetic, DNA 

methylation profile changing, protein expression, mutations, protein biomarkers, immune cells 

and so on.34 

 Low-dose computed tomography (LDCT) scan with high sensitivity is recommended for 

early detection of lung cancer and implemented by age and smoking history. In the most recent 

the US Preventive Service Task Force (USPSTF) guideline, the eligible subjects should be aged 

50-80 and current smokers having more than 20 pack-year or former smokers having over 20 

pack-year and quit no more than 15 years.35 
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1.3 Overview of previous studies 

1.3.1 Molecular basis and experimental evidence 

 Besides carcinogenic compounds, cigarette smoke diverse free radicals and reactive 

oxygen species, which consume human intracellular and extracellular antioxidants, cause DNA 

damage, and accelerate carcinogenesis in lung and other sites. Carotenoids are expected to 

reduce cancer incidence due to several proposed mechanisms, including act as antioxidants, 

enhance immune function, increase gap junction communication, inhibit cell proliferation, 

induce cell apoptosis, induce carcinogen-metabolizing enzymes, and induce insulin-like growth 

factor-binding protein (IGFBP) to suppress insulin-like growth factor 1 (IGF-1)-stimulated cell 

proliferation.  

 Previous animal studies for the associations between carotenoids and lung cancer 

carcinogenesis widely used ferret and mouse, a few used rat and hamster. The most studied 

carotenoids were β-carotene and lycopene. Compared with other animals, ferret have the similar 

induced lung tumor characteristics, carotenoids absorption, metabolism and regulating genes as 

human. Wang et al. exposed ferrets to smoke and high doses of β-carotene supplements 

(equivalent to 30 mg/day in humans, in CARET study) and found the ferrets in experimental 

team developed squamous metaplasia and had lower retinoic acid levels in the lungs, indicating 

β-carotene play a prooxidant role under this condition. However, in the ferret model exposed to 

smoke and given β-carotene (0.85 mg/kg/day of body weight, ~10 mg/day in human) combined 

with α-tocopherol and ascorbic acid, the ferrets were found protected from lung carcinogenesis, 

indicating the presence of other stronger antioxidants may critical for β-carotene to play as 

antioxidant under smoke exposure. However, the experiments used ferret model to test lycopene 

and  β-cryptoxanthin showed cancer-protective role in the smoke-exposed ferrets, irrespective of 
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doses, indicating the provitamin A activity may be not involved in the anti-cancer effect of β-

cryptoxanthin.36 With higher doses of carotenoids supplements, the plasma and tissue 

concentrations of carotenoids increase in most models, however, the elevation is suppressed by 

cigarette smoke, particularly for β-carotene and lycopene.37 

  

1.3.2 Associations of dietary carotenoids with lung cancer risk 

 Previous studies have supplied evidence that fruits and vegetable intake is independently 

inversely associated with lung cancer risk. The associations remain significant among current 

smokers.38 Several case-control studies suggested strong inverse associations between 

carotenoids intake and lung cancer risk. Marchand et al. found that α-carotene, β-carotene, and 

lutein were significantly associated with lung cancer risk among Hawaii study participants.39 The 

findings of Dorgan et al. study also showed negative associations of total carotenoids intake with 

lung cancer risk among white females and smokers.40 Similar results of the association were 

generated among Uruguayan men. Stefani et al. reported additional inverse dose-response 

associations for α-carotene, β-carotene, lutein, and β-cryptoxanthin, but lycopene.41 Yu et al. 

conducted a meta-analysis of observational studies, including case-control and prospective 

studies. The 19 publications focused on the associations of vitamin A and β-carotene intake with 

lung cancer risk among American, European and Asian populations.42 In summary, the pooled 

risk estimates suggested elevated levels of β-carotene (RR= 0.77; 95%CI= 0.68-0.87) and 

vitamin A (RR=0.86; 95%CI= 0.74-0.99) intake were significantly associated with reduced lung 

cancer risk. The associations remained in the subjects diagnosed with squamous cell carcinoma, 

the dominant lung cancer substyle. Further, for vitamin A intake as the exposure, the 

summarized associations were inverse and significant in the prospective studies, Asian and male 
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populations. Similarly, the summarized results remain significant negative in prospective and 

case-control studies, American, Asian, and female populations when using β-carotene as the 

exposure. 

 Männistö et al. conducted a study to summarize the associations between the most 

acquired carotenoids, including the less studied ones, and lung cancer risk. This review included 

399,755 subjects and 3,155 cases from seven cohort studies.43 The findings suggested the 

increased levels of carotenoids: α-carotene, β-carotene, β-cryptoxanthin, lycopene, and 

lutein/zeaxanthin were associated with decreased lung cancer risk, and similar associations were 

observed among current smokers. However, the associations remain only significant for β-

cryptoxanthin intake after using multivariate adjustment of education, body mass index (BMI), 

alcohol consumption, energy, smoking status, smoking duration, and amount smoked. In another 

study, Gallicchio et al. found that the higher levels of total carotenoids intake were associated 

with lower lung cancer risk from four prospective studies.44 

 

1.3.3 Associations of beta-carotene intake with lung cancer risk 

The evidenced anti-cancer capacity of carotenoids and vitamin A encouraged 

investigators performed not only cohort studies but also randomized clinical trials. The most 

studied intervention of carotenoids is β-carotene. Among the studies, ATBC, CARET, and the 

Australia prevention study all enrolled populations of high risk: current smokers and former 

asbestos workers. While the rest three recruited general healthy subjects. The β-carotene 

supplements were given daily or alternate day, and the average doses ranged from 15 mg to 30 

mg per day, which were over 5 to 10 times more than regular daily intake. Based on several 
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national nutrition surveys, the β-carotene dietary intake from questionnaires was less than 3 

mg/day (Table 1.1).44,45 

 

 

Table 1.1. Selected intervention studies of associations between the β-carotene supplement and 

lung cancer risk 
Study Study population Intervention No. of 

cases 

Association 

The Alpha-Tocopherol, 

Beta-Carotene Cancer 

Prevention Study 

(ATBC) 

(1985-1993) 

29,133 white male 

smokers 

Southwestern Finland  

Aged 50-69 years 

 

Daily  

50mg Vitamin E, 

20mg β-carotene, 

Both, 

Placebo 

895 1.17 

(1.02, 1.34) 

The Carotene and Retinol 

Efficacy Trial (CARET) 

(1985-1994) 

18,314 active smokers 

and asbestos-exposed 

workers 

U.S (Seattle, Portland, 

San Francisco, Irvine, 

Baltimore, New Haven) 

Daily  

30mg β-carotene & 

25000 IU retinol, 

Placebo  

388 1.36 

(1.07, 1.72) 

Mesothelioma Prevention 

Study 

(Vitamin A and Cancer 

Prevention I study) 

(1990-1995) 

Former asbestos workers  

(1,203 subjects; 996 in 

the comparison group) 

Wittenoom George, 

Australia 

Daily  

30 mg β-carotene or 

25,000 IU retinol 

 

10 1.05 

(0.43, 5.26) 

The Physicians’ Health 

Study I (PHS I) 

(1982-1995) 

22,071 US male 

physicians  

40 to 84 years of age 

 

Alternate day 

325mg aspirin, 

50mg β-carotene, 

Both, 

Neither  

178 0.90 

(0.68, 1.18) 

The Women’s Health 

Study 

(1993-1996) 

39,876 US female health 

professionals 

Aged 45 years or older 

 

Alternate day 

100mg aspirin, 

600IU vitamin E, 

50mg β-carotene 

51 1.43 

(0.83, 2.48) 

Linxian General 

Population Trial 

(2006) 

29,584 Healthy adults  

Linxian, China 

Daily 

15mg β-carotene & 

30mg vitamin E & 

50µg selenium 

147 0.98 

(0.72, 1.34) 

 

ATBC and CARET, the most well-known intervention studies of β-carotene 

supplements, both found strong positive associations of β-carotene supplements and lung cancer 

risk among high-risk populations. There are several interpretations for the unexpected results. It 

is possible that the protective effects of vegetable and fruits on lung cancers are attributable to 
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many micronutrition, but the interactions between them are unclear. β-carotene may be not able 

to play the function without some other critical vitamins and minerals. It is likely that β-carotene 

act as a pro-oxidant but an antioxidant in the high oxidative stress condition caused by cigarette 

smoke. Alternatively, β-carotene might play a role against cancer initiation, but this effect does 

not work well during cancer development. Cell canceration may occur but undiagnosed in some 

subjects of the high-risk study population before enrolled in the cohort, therefore, β-carotene 

failed to delay the progression on the later stage.46 

In summary, the observational studies, including case-control and prospective studies, 

showed inverse or null associations between carotenoids and vitamin A (retinol) and lung cancer 

risk; however, interventions studies indicated positive associations with high doses of β-carotene 

supplements with lung cancer risk among the high-risk population and null associations among 

general populations in other trials (Table 1.1). 

  

1.3.4 Associations of plasma carotenoids and retinol with lung cancer risk 

 The most updated and comprehensive systematic review of prospective studies about the 

associations of blood carotenoids and vitamin A with lung cancer risk was conducted by Abar et 

al. in 2016.47 The study participants were from 17 population-based studies across different 

countries, genders and races, including National Health and Nutrition Examination Survey 

(NHANES) III, Multi-ethnic study, Japan Collaborative Cohort study, ATBC, and Chinese 

Miners high-risk population study and so on. In the dose-response analysis, significant inverse 

associations were observed between blood levels of α-carotene, β-carotene, lycopene, retinol, 

and total carotenoids, individually, and lung cancer risk. The nonlinear analysis demonstrated the 

relationships and found it was stronger at the low dose range. After excluding the studies 
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enrolling high-risk population, they still observed the elevated blood concentrations of β-

carotene negatively associated with lung cancer risk. In addition to the publications recruited, 

Comstock et al. designed a nested case-control study under the CLUE cohort, developed from a 

campaign in Washington County, Maryland. The mean concentrations of carotenoids were 

present distinctively lower level in cases than in controls. Also, the associations of α-carotene, β-

carotene, cryptoxanthin, and lutein/zeaxanthin with lung cancer risk were reported negative.48 

Since previous studies generated mixed results, we compared the carotenoids blood 

concentrations among participants from five prospective studies to assess the descriptive values 

(Table 1.2).49-52 It is observed that the blood levels of carotenoids and retinol, except lycopene, 

from the case-control study nested in the MEC, were substantially higher than those in other 

cohort studies. Probably, the differences resulted from the various distributions of smokers and 

races. The study population of MES was highly diverse, including African American (~30%), 

Japanese-American, Caucasian, Latino, and Native Hawaiian, and none of them were dominant 

race/ethnic groups in the cohort. In MES, never smokers made up 40% in male and 30% in 

female participants. While the study population from NHANES III included 28% AAs and 45% 

never smokers. Dissimilarly, the study population of CARET was almost white (~90%), as well 

as heavy smokers or former asbestos exposed. We also observed that the study population from 

the cohort of Shanghai presented a low level of the exposures of interest. It seems that the levels 

of carotenoids and retinol in blood were different and likely to be influenced by smoking status, 

race/ethnicity, sex, and regions. These micronutrition levels of participants from southern 

community cohort study (SCCS) are not consistent with others. We will investigate the research 

question in the study population. 
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Table 1.2. Comparison of blood-level carotenoids and retinol among participants from five 

prospective studies in median (Q1-Q3), µg/dl 
Parental 

Cohort 

NHANES 

III 

MES CARET Shanghai, 

China 

SCCS 

Subjects Overall Male 

controls 

Female 

controls 

Controls Controls Controls 

α-carotene 

 

3 

(1-6) 

5 

(3-8) 

5 

(2-10) 

3 

(2-5) 

1 

(0.7-1.6) 

1.4 

(1-2) 

β-carotene 

 

13 

(8-24) 

21 

(13-43) 

21 

(13-42) 

15 

(9-24) 

11 

(7-16) 

9 

(6-16) 

β-

cryptoxanthin 

8 

(5-13) 

18 

(11-29) 

17 

(9-32) 

6 

(4-9) 

3 

(2-5) 

7 

(5-9) 

Lutein + 

zeaxanthin 

20 

(14-28) 

40 

(30-55) 

41 

(26-54) 

14 (10-18) 

+ 3 (2-4) 

32 

(24-41) 

18 

(13-23) 

Lycopene 20 

(13-29) 

32 

(21-43) 

27 

(17-36) 

30 

(22-44) 

3 

(2-4) 

35 

(24-48) 

Retinol  119 

(100-156) 

109 

(78-143) 

67 

(57-77) 

47 

(40-57) 

57 

(45-66) 

Total 

carotenoids 

 150 

(110-183) 

  51 

(41-67) 

91 

(70-121) 

* Values measured as ng/ml are converted to µg/dl by formula: 1 ng/ml= 0.1 microgram/dl 

 

1.4 Introduction to Southern Community Cohort Study (SCCS) 

 The SCCS is a population-based, prospective cohort study of nearly 86,000 40-79 years-

old English-speaking participants enrolled from 2002 to 2009 across 12 southeastern states 

(Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North Carolina, South 

Carolina, Tennessee, Virginia, and West Virginia). Approximately 85% of the participants were 

from 71 community health centers (CHC), and the remaining 15 % were recruited from the 

general population (2004-2006). SCCS is a well-characterized cohort consisting of 70% of most 

participants from lower socioeconomic strata; about 60% of them had less than $15,000 annual 

household incomes, and up to 70% were AAs. The participants completed a computer-assisted 

in-person interview or mailed questionnaires at the baseline. The questionnaire included 



22 
 

demographic characteristics, tobacco use, family history of cancer, physical activity, dietary 

intake using the food frequency questionnaire (FFQ), and others.53-55  

 The SCCS is a unique resource and allow researchers to exam the incidence, mortality, 

and risk factors for different health outcomes, especially for chronic diseases, like cancer, to 

study the health disparities, particularly among AAs and low-income study populations, and to 

investigate the associations of interest using biological samples, for example, blood samples 

supplied molecular or genetic biomarkers information.  
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CHAPTER 2 

2 Specific aims and significance 

Lung cancer is the second most common cancer and the leading cause of cancer death in 

both genders in the U.S. In 2020, estimated 236,740 new lung cancer cases and 130,180 deaths 

from lung cancer will occur. Extensive studies found inverse associations of fruit and vegetable 

intake and lung cancer risks, regardless of observers’ smoking status.56 Carotenoids are well-

known and widely distributed in the fruit and vegetable, such as α-carotene, β-carotene, β-

cryptoxanthin, lycopene, lutein, and zeaxanthin. Their oxidation resistance and 

immunoregulatory effects suggest anti-carcinogenesis.57-59 In the past decades,  the biological 

cancer prevention properties of carotenoids were reported in substantial previous studies, 

including not only vivo experiments but epidemiological studies.36,37 However, the intake of 

dietary carotenoids and observed carotenoid blood concentrations were found to be either not 

associated with lung cancer risk or negatively associated among non-smokers. The supplements 

interventions in smokers showed positive associations for developing lung cancer.60 The mixed 

results from the prior case-control studies, prospective studies, and clinical trials were 

inconsistent between studies and barely reached convincing conclusions. Besides, no matter the 

exposures were measured by FFQ or blood samples, the studied populations in the literature 

were mainly white, some Asian, but barely blacks in the previous studies. Only two nested case-

control studies from the Third Nutrition and Health Examination Survey (NHANES III) and 

Multi-ethnic study (MES) analyzed black study population. Specifically, there were 2,916 AA 

subjects and 51 cases in NHANES III; 195 AA subjects and 65 cases in MES. Neither of them 

estimated or described the association in the AA study population. The associations between 
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carotenoids and lung cancer among African Americans (AAs), a quiet under-studied population, 

are little known. Noticeably, AAs, especially AA males, have experienced higher lung cancer 

risks than any other racial and ethnic groups. We aim to gain further understanding of the 

associations between the most common dietary intake carotenoids and lung cancer incidents. 

We will study the associations between carotenoids and lung cancer risks using the 

Southern Community Cohort Study (SCCS). SCCS is a prospective cohort enrolled over 73,700 

40-79 years-old English-speaking participants from 2002 to 2009 through 71 community health 

centers (CHC) across 12 southeastern states. The participants donated blood samples and 

completed baseline questionnaires. The survey covered demographic characteristics, mainly 

lifestyles and food frequency questionnaire (FFQ). SCCS enrolled under-represented 

participants, mostly living in rural areas with lower socioeconomic status (SES) and up to 70% 

of them were African Americans.53 

We hypothesized that carotenoids and vitamin A measured as either food intake or 

plasma are inversely associated with lung cancer risks, overall and across sexes and races.  

Aim1. To identify the associations of the dietary intake of carotenoids (α-carotene, β-carotene, β-

cryptoxanthin, lycopene, and lutein/zeaxanthin) and vitamin A from FFQ with lung cancer risk 

under SCCS. We analyzed 65,550 participants including 1,204 incident lung cancer cases and 

used multi-variates cox proportional hazards regression models to estimate hazard ratios (HRs) 

and 95% confidence intervals (CIs). The associations were further studied in the stratification 

models by sex and race. 

Aim2. To determine the associations of plasma concentrations of carotenoids and their isomers 

and retinol with lung cancer risk. In the study, controls (429) were 2:1 matched with cases (225) 



25 
 

in age, race, sex and enrollment time from SCCS. We used conditional logistic models to 

estimate odds ratios (ORs) and 95% CIs. 

Aim3. To examine the effects of carotenoids on lung cancer risks using Mendelian 

randomization methods. The SNPs associated with carotenoids (p-value <10e-8) are identified 

from the GWAS catalog and literature review. The lung cancer GWAS data are from dbGap.  

 In summary, we use SCCS to investigate the associations of carotenoids, in dietary intake 

and blood levels, with lung cancer risk. Further, we use genetic instruments to verify our findings 

from FFQ and plasma biomarkers. The well-characterized cohort enables us to conduct studies 

with more and detailed information for carotenoids and covariates, as well as explore 

associations among AA and low SES study populations. Our results will be reported as 

manuscript separately.  
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CHAPTER 3 

3 Associations of dietary carotenoids and vitamin A intake with lung cancer risk 

 

3.1 Abstract 

Results from observational studies investigating the associations of dietary carotenoids and 

vitamin A intakes with lung cancer risk have been inconclusive. Interventional trials among 

high-risk individuals showed that supplements of β-carotene increased the risk of lung cancer. 

Observational studies found inverse or nonsignificant associations of dietary carotenoids and 

vitamin A with lung cancer risk. Most of the previous studies were conducted on European 

descendants or Asians. We prospectively examined associations of lung cancer risk with dietary 

intakes of six most common carotenoids in Western diet and vitamin A in the Southern 

Community Cohort Study, a low-income of African Americans (AAs) and European Americans 

(EAs) in the Southeastern US. We included 65,550 participants with 1,204 incident lung cancer 

cases. Multivariate Cox regression was used to estimate hazard ratios (HRs) and the 95% 

confidence intervals (CIs). Lung cancer cases had lower energy-adjusted dietary intakes of all 

carotenoids and vitamin A than non-cases. However, dietary intakes of carotenoids were not 

associated with lung cancer risk overall and by race and sex, after controlling for potential 

confounding factors. A significant positive association of dietary vitamin A intake with lung 

cancer risk was observed among current smokers with the fully adjusted HRQ4 vs. Q1 of 1.23 (95% 

CI: 1.02-1.49; Ptrend = 0.01). There are positive associations of dietary vitamin A intakes with 

adenocarcinoma risk and of dietary β-cryptoxanthin intakes with squamous cell carcinoma risk 

that were more evident among AAs (fully adjusted HRQ4 vs. Q1 =1.55, 95%CI: 1.08-2.21; Ptrend 

=0.03, and HRQ4 vs. Q1 =1.44, 95%CI: 0.91-2.27; Ptrend =0.05, respectively). In summary, we did 
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not find that dietary carotenoid intakes were associated with lung cancer risk in this low-income 

and AA and EA population. Significant positive associations of vitamin A intake with 

adenocarcinoma risk and of β-cryptoxanthin with squamous cell carcinoma risk among AAs 

were observed, indicating a potential racial difference. Further studies are warranted to confirm 

our findings.   

 

3.2 Introduction 

Carotenoids belong to a class of natural pigments, from yellow, orange to red, 

synthesized by photosynthetic organisms, like plants, algae, and some bacteria. In the human 

body, some carotenoids with unmodified β-ionone rings such as α-carotene, β-carotene, and β-

cryptoxanthin can be metabolized into C20 retinoids and vitamin A (all-trans-vitamin A) in the 

intestine or liver and are commonly called provitamin A carotenoids. Other carotenoids, such as 

lycopene, lutein, and zeaxanthin, cannot be metabolized to vitamin A.3,4,61 Carotenoids cannot be 

produced by humans and must be obtained from the diet and/or supplements. Vegetables and 

fruits are the principal sources of carotenoids and were found independently inversely associated 

with lung cancer risk in the previous studies.38 The anti-cancer properties of carotenoids are 

primarily due to their antioxidant properties, which neutralize free radicals and reactive oxygen 

species (ROS).58,62 

Studies have been conducted to evaluate the associations of carotenoids intakes with 

cancer risks, including lung cancer. A meta-analysis of 19 observational studies suggested that 

higher intake levels of β-carotene and vitamin A were significantly associated with reduced lung 

cancer risk.42 The inversed associations were observed in both case-control and prospective 

studies. A pooled results from seven cohort studies showed that higher levels of α-carotene, β-
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carotene, β-cryptoxanthin, lycopene, and lutein/zeaxanthin were associated with decreased lung 

cancer risk. However, the association remained significant for β-cryptoxanthin intake after using 

the multivariate adjustment model.43 Unlike observational studies, intervention studies using β-

Carotene supplements showed positive associations among the high-risk population and null 

associations in other trials. The α-Tocopherol, β-Carotene Cancer Prevention Study (ATBC) and 

Carotene and Vitamin A Efficacy Trial (CARET), the most representative intervention studies of 

β-carotene supplements, found strong positive associations between β-carotene supplements and 

lung cancer risk among current smokers and asbestos-exposed workers.44 It has been shown that 

intake levels of carotenoids differ between sexes and races.63 Previous studies were conducted in 

primarily White and Asian populations. No result has been reported particularly among African 

Americans (AAs) and low-income populations. We conducted a study within the Southern 

Community Cohort Study (SCCS), a predominant low-income population (two-thirds of AAs), 

to investigate the associations between dietary intakes of carotenoids and vitamin A and lung 

cancer risk. 

 

3.3 Methods 

3.3.1 Study population 

 Till 12/31/2016, SCCS identified 1,861 lung cancer cases among 84,508 participants. The 

subjects were surveyed via in-person interview community health centers (CHCs), mailed survey 

(general population), or telephone interview using a structured questionnaire which covers 

dietary intake, alcohol drink, and supplements use, demographic characteristics, smoking 

behavior, diseases status and so on. 
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Exclusion criteria: We excluded subjects (1) who reported having ever been diagnosed 

with cancer of any kind at baseline (skin cancer patients were not excluded), including unknown 

(n=9,297); (2) who did not have complete dietary intake information (n=4,640); (3) who had 

missing information for the following covariates: race, chronic obstructive pulmonary disease 

(COPD), smoking status, pack-years of smoking, body mass index (BMI), alcohol intake, 

education, and income levels (n=3,497); and (4) who was diagnosed with lung cancer (n=203), 

died, or lost to follow up within the first two years (n=1321). Finally, 65,550 subjects with 1,204 

cases were included in the analysis (Appendix Figure A1). 

 

3.3.2 Dietary carotenoids and vitamin A intake assessment 

To estimate the food intake accurately and take the sex-, race-, and regional variations 

into consideration, the SCCS FFQ was developed from the 24-hour dietary recalls included in 

the National Health and Nutrition Examination Survey (NHANES) and the Continuing Survey of 

Food Intakes by Individuals (CSFII) surveys. The established food lists were specific for the 

important factors affecting eating patterns, including age, sex, race, and region in the southern 

U.S.  The dietary intake assessments were derived from the United States Department of 

Agriculture (USDA) and the University of Minnesota Nutrition Coordinating Center food 

composition databases. At the baseline, SCCS used FFQ to obtain the intake frequency of 104 

foods, including 13 food groups, energy, and 18 nutrients. 64 The amounts of food items 

consumed were estimated from frequency and portion size. Participants recalled their food 

consumption during the past year from the 9 frequency categories: “never”, “rarely”, “1/month”, 

“2-3/month”, “1/week”, “2-3/week”, “4-6/week”, “1/day”, and “2+/day”. The FFQ did not elicit 

portion size details; instead, it used average estimates applied in the NHANES III samples.65 In 
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our study, we evaluated vitamin A and the six most common carotenoids in the western diet, 

including α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and lycopene. The daily 

carotenoid intakes from food sources were estimated separately from dietary supplements. 

 Signorello et al. conducted a validation study to estimate the accuracy of self-report 

dietary assessment by test the correlation coefficient between the FFQ-estimated dietary value, 

including the most common carotenoids, folate, and vitamin E, and corresponding plasma 

biomarker levels from the individuals’ blood samples at baseline. They found SCCS FFQ is a 

qualified measurement instrument supplies reliable intake information.55 

Energy adjustment exposures: Total energy intake is a confounder on one of the 

noncausal pathway in the relationship between nutrients and diseases. Individually, total energy 

intake is related to body size, physical activity, metabolic efficiency, and can be a measure of 

diet composition. In the epidemiology studies, self-reported dietary assessment results in recall 

bias; however, the bias is kind of uniform across most food intakes if we assume the misreport in 

a similar degree and in the same direction (note: less healthy foods are more likely to be 

underreported compared with healthy foods). To address these concerns, adjustment of energy 

intake in the nutrients of interest will help to control the confounding biologically and minimize 

the measurement error of self-report dietary intake data.66 A common method to take care of 

energy intake in the epidemiology study is to calculate nutrient density (nutrient intake divided 

by total energy intake, expressed either as % kcal from some macronutrients or as units/1,000 

kilocalories.). Residual model is another frequently used energy adjustment method. In a 

regression model, total energy intake is the independent variable and absolute nutrient intake is 

the dependent variable, the residual of the model is the energy-adjusted intake estimate. Later, 

the residual, accounting for variation in food composition, will be used as an independent 
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variable in the association analyses model.67 In our study, we used nutrient density to resolve the 

influence of energy intake, easily for individual calculation, understanding, and interpretation. 

We chose multivariate nutrient density model, using energy adjusted exposures and additional 

adjustment of energy intake, which solve the concerns what if energy intake associated with lung 

cancer risk. 

 

3.3.3 Lung cancer ascertainment 

Incident lung cancer cases were ascertained through linkage to state cancer registries 

using International Classification of Disease Oncology [ICD-O-3] codes C340-C349 and 

National Death Index. Until 2016/12/31, 1,861 incident lung cancer cases were identified among 

84,508 participants. 

 

3.3.4 Statistical analysis  

All carotenoids and vitamin A dietary intakes were adjusted for total energy intake and 

expressed as µg/1000 Kcal. Given the different intake levels between females and males and 

AAs and European Americans (EAs), to reduce the sex and race residuals in the analyses, we 

used sex- and race-specific quartiles cutoff for dietary intake variables in the analyses. Cox 

proportional hazards regression analyses were used to calculate the hazards ratios (HRs) and 

corresponding 95% confidence intervals (CIs) to estimate the associations of the dietary intakes 

of carotenoids and vitamin A with the lung cancer risk. We generated three models to evaluate 

the associations. In the minimum adjusted model (Model 1), we only adjusted for age, race (EA, 

AA, and others), and sex. In the smoking behavior adjusted model (Model 2), we additionally 

adjusted for smoking status (current, former, and never smokers), packyears of cigarette smoked 
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(packs/day * years smoked; continuous), enrollment type (CHC or mailing), and dietary energy 

intake. In the fully adjusted models (Model 3), we further adjusted for education (<high school, 

completed high school, >high school), total household income (<$15,000, >=$15,000 and 

<$50,000, >=$50,000), BMI (continuous), chronic obstructive pulmonary disease (COPD) status 

(ever told by a doctor you have had emphysema or chronic bronchitis yes/no), and alcohol 

consumption (number of drinks/days; continuous). We conducted stratification analysis with 

fully adjusted models by sex (females or males), race (EAs or AAs; other race groups were 

excluded due to the small sample size), smoking status (current, former, or never smokers), lung 

cancer subtypes (adenocarcinoma, squamous cell carcinoma, or small cells lung cancer), and 

BMI categories. 

 

3.4 Results 

Table 3.1 presented demographic and major lung cancer risk factors among the study 

population. About 68% of participants were AAs, and about 60% were women. The mean age 

was 55.1 years for cases and 51.6 years for non-cases. Compared to non-cases, cases were more 

likely to be males and current smokers, reporting significantly higher pack-years. Lung cancer 

cases had a lower BMI, a lower education level, a lower income level, a higher prevalence of 

COPD, a higher total energy intake, and consumed more alcohol. Lung cancer cases had lower 

vegetable and fruit intake and energy-adjusted dietary intakes of all carotenoids (α-carotene, β-

carotene, β-cryptoxanthin, lutein & zeaxanthin, and lycopene) and vitamin A (RAE) than non-

cases (Table 3.1).   
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Table 3.1. Characteristics of study population and dietary intakes of carotenoids and vitamin A 

by lung cancer incident status, SCCS     
 Characteristic Study Populations P-value* 

 Cases Non-cases   
1204 64346 

 

Age (years) (mean±SD) 55.1±8.5 51.6±8.5 <0.001 

Sex (%) 
  

<0.001 

Female 49.3 59.6 
 

Male 50.7 40.4 
 

Race (%) 
  

0.07 

European American 31.1 28.2 
 

African American 65.8 68.0 
 

others 3.2 3.8 
 

BMI (kg/m2) (%) 
  

<0.001 

< 25 44.8 24.8 
 

25 - 30 29.6 29.7 
 

>= 30 25.6 45.5 
 

Education level (%) 
  

<0.001 

<High school 40.0 28.4 
 

High school 33.3 33.5 
 

>High school 26.7 38.1 
 

Annual household incomes (%) 
  

<0.001 

<$15,000 67.6 55.4 
 

$15,000-$49,999 29.1 35.8 
 

>=$50,000 3.3 8.9 
 

Smoking status (%) 
  

<0.001 

Current smokers 75.8 41.1 
 

Former smokers  17.7 21.7 
 

Never smokers  6.5 37.2 
 

Pack-year  

(the number of packs of cigarettes 

smoked/day * smoked years) (mean±SD) 

34.1±25.7 22.4±22.0 <0.001 

Ever diagnosed with COPD (%) 15.5 8.4 <0.001 

Alcohol consumption 

(the number of drinks per day), 

(mean±SD) 

1.7±4.3 1.3±3.6 <0.001 

Total energy intake, kcal/day, (mean±SD) 2699.7±1508.3 2582.0±1458.0 0.006 

Vegetables intake, (times/day)   <0.001 

<1 12.0 11.0  

1 43.2 37.4  

2 30.6 34.5  

>=3 14.2 17.1  

Fruits or fruit juices intake, (times/day)   <0.001 

<1 29.8 23.2  

1 32.9 34.9  

2 19.7 22.9  
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>=3 17.7 19.0  

Dietary carotenoids intake, median (Q1, Q3) ((µg/1000 Kcal)) 

α-carotene 134.0 (75.9, 249.7) 150.2 (81.4, 281.5) <0.001 

β-carotene 1370.8 (859.7, 2355.9) 1504.3 (924.5, 2414.4) 0.009 

β-cryptoxanthin 56.2 (31.0, 118.3) 67.9 (35.4, 130.9) <0.001 

Lutein & zeaxanthin 1069.9 (670.2, 1869.1) 1137.3 (694.8, 1957.1) 0.04 

Lycopene 1856.4 (1280.3, 2791.8) 2012.0 (1353.8, 

2866.7) 

0.002 

Vitamin A, RAE& 353.0 (260.0, 456.7) 353.8 (270.1, 458.7) 0.31 

* P-values calculation: age, pack-year, alcohol consumption, and total energy intake were calculated by t-

test;sex, race, BMI categories, educational level, annual household incomes, smoking status, and ever 

diagnosed with COPD, vegetables and fruits/fruit juice intake times per day were calculated by chi-square 

test; carotenoids and vitamin A intake levels were compared by Wilcoxon rank-sum test 
&RAE is retinol activity equivalents. 

 

We tested the normal distribution of dietary intakes of carotenoids and vitamin A, applied 

log-transformation to get bell distribution and tested correlation between the exposure of interest. 

As expected, the dietary carotenoids and vitamin A were related, and the results were listed on 

the Appendix A section (Appendix Figure A2, and Table A1). 

We first evaluated the associations of dietary carotenoids and vitamin A intakes with lung 

cancer risk with the minimum adjusted model (Model 1), adjusting for age, race, and sex (Table 

3.2). We observed significant inverse associations between all participants’ dietary intakes of all 

carotenoids and vitamin A and lung cancer risk. When comparing the highest with the lowest 

quartiles, the minimum-adjusted HRsQ4 vs. Q1 (95% CI) were 0.68 (0.58-0.80; Ptrend < 0.001) 

for α-carotene, 0.74 (0.63-0.87; Ptrend < 0.001) for β-carotene, 0.61 (0.52-0.71; Ptrend < 0.001) for 

β-cryptoxanthin, 0.77 (0.65-0.90; Ptrend < 0.001) for lutein/zeaxanthin, 0.81 (0.70-0.95; Ptrend 

=0.003) for lycopene, and 0.76 (0.64-0.89; Ptrend < 0.001) for vitamin A. The inverse associations 

became nonsignificant after additionally adjusting for smoking status, packyears, enrollment 

type, and energy intake in our smoking behavior models (Model 2), and the results are similar in 

our fully adjusted models with further adjustment of education, income, COPD status, BMI, and 

alcohol consumption (Model 3) (Table 3.2). The results did not change when we added vegetable 
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and fruit intake in the model 3. There is a suggestive positive association of dietary vitamin A 

intake with lung cancer risk with the fully adjusted HRQ4 vs. Q1 of 1.14 (95% CI: 0.96-1.35; 

Ptrend = 0.08), and the Ptrend became significant after adding vegetable and fruit intake in the 

model 3 with the HRQ4 vs. Q1 of 1.17 (95% CI: 0.99-1.39; Ptrend = 0.04). 

 

Table 3.2. Associations of dietary intakes of carotenoids and vitamin A with lung cancer risk, 

SCCS 
Carotenoids Quartiles Case Model 1# Model 2# Model 3# 

  
  

HR   95%CI HR  95%CI HR  95%CI 

α-carotene 1 334 ref ref ref 

  2 314 0.87 (0.75-1.01) 0.98 (0.84-1.14) 1.02 (0.87-1.19) 

  3 281 0.73 (0.63-0.86) 0.90 (0.76-1.05) 0.96 (0.81-1.12) 

  4 275 0.68 (0.58-0.80) 0.95 (0.81-1.12) 1.03 (0.87-1.22) 

Ptrend 
  

<0.001 0.33 0.94 

β-carotene 1 317 ref ref ref 

  2 309 0.86 (0.74-1.01) 0.99 (0.84-1.15) 1.02 (0.87-1.19) 

  3 275 0.72 (0.61-0.84) 0.89 (0.76-1.05) 0.94 (0.79-1.11) 

  4 303 0.74 (0.63-0.87) 1.03 (0.88-1.22) 1.09 (0.92-1.28) 

Ptrend 
  

<0.001 0.99 0.55 

β-Cryptoxanthin 1 351 ref ref ref 

  2 314 0.82 (0.71-0.96) 0.98 (0.84-1.14) 1.01 (0.87-1.18) 

  3 265 0.66 (0.56-0.77) 0.85 (0.72-1.00) 0.89 (0.76-1.05) 

  4 274 0.61 (0.52-0.71) 0.90 (0.76-1.06) 0.94 (0.80-1.11) 

Ptrend 
 

 <0.001 0.07 0.23 

Lutein &  1 321 ref ref ref 

Zeaxanthin 2 296 0.81 (0.69-0.95) 0.95 (0.81-1.12) 0.99 (0.84-1.16) 

  3 277 0.71 (0.60-0.83) 0.89 (0.76-1.05) 0.95 (0.80-1.12) 

  4 310 0.77 (0.65-0.90) 0.99 (0.84-1.16) 1.05 (0.89-1.24) 

Ptrend 
 

 <0.001 0.74 0.66 

Lycopene 1 343 ref ref ref 

  2 317 0.94 (0.80-1.09) 1.01 (0.87-1.18) 1.04 (0.89-1.21) 

  3 270 0.81 (0.69-0.95) 0.93 (0.79-1.09) 0.96 (0.82-1.13) 

  4 274 0.81 (0.70-0.95) 0.98 (0.83-1.14) 1.01 (0.85-1.18) 

Ptrend 
 

 0.003 0.53 0.82 

1 311 ref ref ref 
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Vitamin A, 

RAE 

  

  

2 285 0.81 (0.69-0.95) 0.93 (0.79-1.09) 0.95 (0.80-1.12) 

3 290 0.76 (0.64-0.89) 0.98 (0.83-1.15) 1.02 (0.87-1.21) 

4 318 0.76 (0.64-0.89) 1.09 (0.93-1.28) 1.14 (0.96-1.35) 

Ptrend 
  

<0.001 0.24 0.08 

#Model1- minimum adjustment model: adjusting for age, race, and sex. 

Model2- smoking behavior adjustment model: adjusting for age, race, sex, smoking status, packyears, 

enrollment type, and energy intake 

Model3- fully adjustment model: adjusting for age, race, sex, smoking status, packyears, enrollment type, 

energy intake, COPD status, education level, income level, alcohol consumption, and BMI. 

  

We then evaluated whether the association of dietary intakes of carotenoids and vitamin 

A with lung cancer differs by race or sex. No significant associations were detected in the 

stratification analyses for AAs or EAs and for males or females using the fully adjusted models 

(Table 3.3). In addition, no significant associations between dietary intakes of carotenoids and 

lung cancer risks were observed in the analyses stratified by BMI categories (Appendix Table 

A2).  

 We further evaluated whether smoking status modifies the associations. As shown in 

Table 3.4, a significant positive association was observed between dietary vitamin A intake and 

lung cancer risk among current smokers (HRQ4 vs. Q1 of 1.23; 95% CI: 1.02-1.49; Ptrend = 0.01). 

Also, a significant positive association was found between lycopene intake and lung cancer risk 

among former smokers (HRQ4 vs. Q1 of 1.50; 95% CI: 1.04-2.17; Ptrend = 0.03) (Table 3.4).  We 

further evaluated whether dietary intakes of carotenoids with lung cancer risk vary by smoking 

intensity. We did not find any positive associations of β-carotene or other carotenoids with lung 

cancer risk among heavy smokers 
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 Table 3.3. Associations of dietary intakes of carotenoids and vitamin A with lung cancer risk by race and sex, 

SCCS 

 α-Carotene β-Carotene β-Cryptoxanthin 
Lutein and 

Zeaxanthin 
Lycopene Vitamin A 

Quartile Case 
HR* 

95%CI 
Case  

HR 

95%CI 
Case  

HR 

95%CI 
Case  

HR 

95%CI 
Case 

HR 

95%CI 
Case HR 95%CI 

Sex              

Women 1 162 ref 156 ref 188 ref 158 ref 170 ref 149 ref 

 2 160 
1.07 

(0.86–1.34) 
147 

1.02 

(0.81–1.28) 
145 

0.88 

(0.71–1.10) 
154 

1.07 

(0.85–1.34) 
144 

0.96 

(0.77–1.20) 
140 

0.99 

(0.78–1.25) 

 3 128 
0.87 

(0.69–1.10) 
141 

1.02  

(0.81–1.29) 
127 

0.83  

(0.66–1.04) 
128 

0.92  

(0.72–1.16) 
142 

1.03  

(0.82–1.29) 
151 

1.15  

(0.91–1.45) 

 4 144 
1.11 

(0.88–1.40) 
150 

1.14  

(0.90–1.44) 
134 

0.89  

(0.71–1.12) 
154 

1.07  

(0.85–1.35) 
138 

1.02  

(0.82–1.29) 
154 

1.22  

(0.96–1.54) 
 Ptrend  0.80  0.29  0.24  0.85  0.72  0.06 

Men 1 172 ref 161 ref 163 ref 163 ref 173 ref 162 ref 

 2 154 
0.97  

(0.78–1.21) 
162 

1.02  

(0.82–1.27) 
169 

1.17  

(0.94–1.45) 
142 

0.92  

(0.73–1.15) 
173 

1.12  

(0.91–1.39) 
145 

0.92  

(0.72–1.16) 

 3 153 
1.05  

(0.84–1.32) 
134 

0.87  

(0.68–1.10) 
138 

0.98  

(0.78–1.24) 
149 

0.98  

(0.78–1.23) 
128 

0.91  

(0.72–1.15) 
139 

0.92  

(0.72–1.17) 

 4 131 
0.95  

(0.75–1.21) 
153 

1.03  

(0.81–1.30) 
140 

1.01  

(0.79–1.27) 
156 

1.03  

(0.82–1.30) 
136 

0.99  

(0.78–1.25) 
164 

1.06  

(0.83–1.35) 
 Ptrend  0.89  0.84  0.69  0.69  0.52  0.58 

Race              

EA 1 123 ref 100 ref 113 ref 102 ref 115 ref 98 ref 

 2 92 
0.84  

(0.64–1.10) 
105 

1.15  

(0.87–1.51) 
101 

1.08  

(0.83–1.42) 
96 

1.09  

(0.82–1.45) 
93 

0.94  

(0.71–1.24) 
94 

1.05  

(0.78–1.40) 

 3 80 
0.79  

(0.60–1.06) 
79 

0.95  

(0.70–1.29) 
78 

0.88  

(0.66–1.18) 
84 

0.98  

(0.73–1.32) 
87 

1.03  

(0.78–1.38) 
89 

1.04  

(0.77–1.40) 

 4 79 
0.84  

(0.63–1.13) 
90 

1.06  

(0.79–1.43) 
82 

0.93  

(0.69–1.24) 
92 

1.03  

(0.77–1.38) 
79 

0.95  

(0.71–1.27) 
93 

1.05  

(0.78–1.43) 
 Ptrend  0.19  0.98  0.38  1.00  0.88  0.77 

AA 1 203 ref 206 ref 226 ref 209 ref 216 ref 206 ref 

 2 211 
1.09  

(0.90–1.33) 
202 

0.99  

(0.82–1.21) 
203 

0.98  

(0.81–1.19) 
194 

0.96  

(0.79–1.17) 
216 

1.11  

(0.92–1.35) 
189 

0.93  

(0.76–1.15) 

 3 193 
1.04  

(0.85–1.27) 
183 

0.90  

(0.74–1.11) 
178 

0.90  

(0.73–1.10) 
184 

0.92  

(0.75–1.13) 
178 

0.97  

(0.79–1.19) 
188 

0.98  

(0.78–1.21) 

 4 185 
1.10  

(0.90–1.36) 
201 

1.07  

(0.87–1.31) 
185 

0.95  

(0.78–1.17) 
205 

1.02  

(0.84–1.25) 
182 

1.01  

(0.82–1.24) 
209 

1.12  

(0.91–1.38) 
 Ptrend  0.48  0.74  0.47  0.91  0.74  0.24 

*HR were calculated by fully adjusted model:  adjusting for age, race, sex, smoking status, packyears, enrollment type, 

energy intake, COPD status, education level, income level, alcohol consumption, and BMI. 
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Table 3.4. Associations of dietary intakes of carotenoids and vitamin A with lung cancer risk by smoking status 

and lung cancer histological subtypes 

 α-Carotene β-Carotene β-Cryptoxanthin 
Lutein and 

Zeaxanthin 
Lycopene Vitamin A 

Quartile Case 
HR 

95%CI 
Case 

HR 

95%CI 
Case 

HR 

95%CI 
Case 

HR 

95%CI 
Case 

HR 

95%CI 
Case 

HR 

95%CI 

Smoking status             

Current smokers 

1 269 ref 264 ref 291 ref 257 ref 277 ref 261 ref 

2 237 
1.02 

(0.86–1.22) 
233 

0.98 

(0.82–1.17) 
242 

1.01 

(0.85–1.20) 
225 

1.03 

(0.86–1.23) 
252 

1.04 

(0.88–1.24) 
216 

0.94 

(0.78–1.13) 

3 203 
0.96 

(0.80–1.16) 
198 

0.94 

(0.78–1.14) 
200 

0.92 

(0.77–1.11) 
204 

1.01 

(0.83–1.22) 
205 

0.95 

(0.79–1.14) 
217 

1.09 

(0.90–1.31) 

4 204 
1.17 

(0.97–1.41) 
218 

1.18 

(0.98–1.42) 
180 

0.93 

(0.77–1.13) 
227 

1.16 

(0.97–1.40) 
179 

0.88 

(0.73–1.07) 
219 

1.23 

(1.02–1.49) 

Ptrend  0.22  0.16  0.34  0.15  0.14  0.01 

Former smokers 

1 48 ref 36 ref 44 ref 45 ref 49 ref 34 ref 

2 53 
0.90 

(0.61–1.34) 
52 

1.12 

(0.73–1.72) 
50 

0.99 

(0.66–1.49) 
47 

0.72 

(0.48–1.10) 
45 

1.02 

(0.68–1.54) 
50 

0.95 

(0.60–1.49) 

3 55 
0.90 

(0.60–1.33) 
57 

0.98 

(0.64–1.51) 
43 

0.72 

(0.47–1.10) 
54 

0.73 

(0.49–1.09) 
46 

1.03 

(0.68–1.55) 
53 

0.83 

(0.53–1.30) 

4 57 
0.78 

(0.52–1.15) 
68 

0.99 

(0.65–1.50) 
76 

1.06 

(0.72–1.55) 
67 

0.79 

(0.53–1.17) 
73 

1.50 

(1.04–2.17) 
76 

0.91 

(0.59–1.39) 

Ptrend  0.22  0.73  0.96  0.39  0.03  0.61 

Never Smokers 

1 17 ref 17 ref 16 ref 19 ref 17 ref 16 ref 

2 24 
1.19 

(0.64–2.23) 
24 

1.08 

(0.58–2.03) 
22 

1.11 

(0.58–2.12) 
24 

1.03 

(0.56–1.90) 
20 

1.15 

(0.60–2.19) 
19 

0.90 

(0.45–1.77) 

3 23 
1.01 

(0.53–1.91) 
20 

0.77 

(0.40–1.50) 
22 

0.93 

(0.48–1.78) 
19 

0.73 

(0.38–1.39) 
19 

1.07 

(0.55–2.07) 
20 

0.77 

(0.39–1.53) 

4 14 
0.58 

(0.28–1.20) 
17 

0.58 

(0.29–1.17) 
18 

0.62 

(0.31–1.24) 
16 

0.58 

(0.29–1.15) 
22 

1.17 

(0.62–2.23) 
23 

0.77 

(0.39–1.52) 

Ptrend  0.10  0.06  0.11  0.06  0.70  0.42 

Histological subtypes             

Adeno- 

Carcinoma 

1 96 ref 99 ref 122 ref 110 ref 110 ref 93 ref 

2 118 
1.30 

(0.99–1.71) 
110 

1.14 

(0.86–1.50) 
100 

0.90 

(0.69–1.17) 
99 

0.93 

(0.71–1.23) 
109 

1.07 

(0.82–1.39) 
104 

1.12 

(0.84–1.50) 

 3 101 1.17 92 0.97 82 0.76 90 0.87 92 0.95 99 1.14 
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(0.88–1.55) (0.73–1.30) (0.57–1.01) (0.65–1.16) (0.72–1.26) (0.85–1.53) 

 4 88 
1.10 

(0.82–1.49) 
102 

1.14 

(0.86–1.53) 
99 

0.94 

(0.71–1.24) 
104 

1.01 

(0.77–1.33) 
92 

0.97 

(0.74–1.29) 
107 

1.27 

(0.94–1.71) 

 Ptrend  0.70  0.61  0.41  0.95  0.67  0.13 

Squamous cell 

carcinoma 

1 72 ref 69 ref 56 ref 62 ref 66 ref 61 ref 

2 65 
0.97 

(0.69–1.36) 
57 

0.86 

(0.60–1.23) 
62 

1.28 

(0.89–1.85) 
63 

1.10 

(0.77–1.57) 
65 

1.15 

(0.82–1.63) 
54 

0.90 

(0.61–1.31) 

3 55 
0.85 

(0.59–1.21) 
53 

0.81 

(0.56–1.18) 
65 

1.43 

(0.99–2.06) 
56 

0.99 

(0.68–1.44) 
59 

1.18 

(0.82–1.68) 
62 

1.10 

(0.76–1.60) 

4 58 
1.02 

(0.71–1.45) 
71 

1.14 

(0.81–1.62) 
67 

1.49 

(1.03–2.15) 
69 

1.19 

(0.83–1.70) 
60 

1.22 

(0.85–1.75) 
73 

1.29 

(0.89–1.86) 

Ptrend  0.85  0.51  0.03  0.46  0.27  0.10 

Small cells 1 50 ref 43 ref 48 ref 38 ref 46 ref 41 ref 

 2 41 
0.88 

(0.58–1.33) 
42 

1.04 

(0.68–1.60) 
44 

1.06 

(0.70–1.60) 
32 

0.97 

(0.60–1.56) 
43 

1.05 

(0.69–1.59) 
36 

0.91 

(0.57–1.43) 

 3 40 
0.90 

(0.59–1.37) 
34 

0.88 

(0.56–1.39) 
34 

0.88 

(0.56–1.37) 
47 

1.47 

(0.95–2.27) 
32 

0.86 

(0.54–1.36) 
44 

1.18 

(0.76–1.84) 

 4 24 
0.64 

(0.39–1.06) 
36 

1.04 

(0.66–1.64) 
29 

0.81 

(0.51–1.30) 
38 

1.19 

(0.75–1.88) 
34 

0.93 

(0.59–1.46) 
34 

1.00 

(0.62–1.61) 

 Ptrend  0.12  0.92  0.30  0.21  0.57  0.71 
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We conducted analyses stratified by major lung cancer histological types. A marginal 

positive association between dietary β-cryptoxanthin intake and squamous cell carcinoma risk 

was found with the fully adjusted HRQ4 vs. Q1 of 1.49 (95% CI: 1.03-2.15; Ptrend = 0.03) 

(Table 3.4). A suggestive positive association between dietary vitamin A intake and 

adenocarcinoma risk was observed and the positive associations were more evident among AAs 

(HRQ4 vs. Q1 = 1.55; 95%CI: 1.08-2.21; Ptrend = 0.03), but not significant among EAs (HR Q4 

vs. Q1 =0.65; 95%CI: 0.35-1.21; Ptrend = 0.03) (Pinteraction=0.02) (Table 3.5). In addition, we 

found the interactions between race (EA and AA) and α-carotene (Pinteraction =0.04), β-carotene 

(Pinteraction =0.05), and lycopene (Pinteraction =0.05) were significant in the associations of these 

carotenoids with adenocarcinoma risk. We did not find the associations between dietary 

carotenoids intakes and squamous cell carcinoma risk, along with the interactions with race. 

However, the positive association between dietary β-cryptoxanthin intake and squamous cell 

carcinoma risk was observed significant trend only among AAs (HRQ4 vs. Q1 = 1.44; 95%CI: 

0.91-2.27; Ptrend = 0.05) (Table 3.6). 

Table 3.5. The associations of dietary carotenoids and vitamin A intakes with risk of 

adenocarcinoma by race, SCCS 
Carotenoids Quartile RACE   

  
  

EA   AA   

  Case  HR  95%CI  Case  HR  95%CI  Pinteraction 

α-carotene 1 37 ref  55 ref  0.04 

  2 24 0.71 (0.42-1.20)  91 1.71 (1.22-2.40)   

  3 24 0.75 (0.44-1.26)  74 1.45 (1.02-2.07)   

  4 19 0.64 (0.36-1.13)  65 1.39 (0.96-2.01)   

Ptrend   0.13   0.21   

β-carotene 1 33 ref  61 ref  0.05 

  2 27 0.87 (0.52-1.46)  82 1.35 (0.96-1.88)   

  3 25 0.85 (0.50-1.44)  64 1.06 (0.74-1.52)   

  4 19 0.64 (0.35-1.14)  78 1.39 (0.98-1.98)   

Ptrend   0.14   0.20   

β-Cryptoxanthin 1 38 ref  80 ref  0.16 

  2 23 0.70 (0.42-1.18)  73 0.98 (0.71-1.35)   

  3 23 0.71 (0.42-1.20)  55 0.76 (0.54-1.08)   
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  4 20 0.61 (0.35-1.07)  77 1.10 (0.79-1.52)   

Ptrend   0.08   0.92   

Lutein &  1 37 ref  68 ref  0.09 

Zeaxanthin 2 25 0.74 (0.44-1.24)  73 1.08 (0.78-1.52)   

  3 18 0.54 (0.31-0.96)  70 1.06 (0.75-1.50)   

  4 24 0.71 (0.42-1.20)  74 1.13 (0.81-1.60)   

Ptrend   0.11   0.52   

Lycopene 1 33 ref  72 ref  0.05 

  2 33 1.11 (0.68-1.81)  72 1.07 (0.77-1.49)   

  3 23 0.87 (0.50-1.49)  66 1.02 (0.72-1.42)   

  4 15 0.57 (0.31-1.07)  75 1.16 (0.84-1.62)   

Ptrend   0.07   0.45   

Vitamin A, RAE 1 30 ref  60 ref  0.02 

  2 28 0.98 (0.58-1.67)  74 1.23 (0.87-1.75)   

  3 28 1.03 (0.60-1.77)  67 1.19 (0.82-1.71)   

  4 18 0.65 (0.35-1.21)  84 1.55 (1.08-2.21)   

Ptrend   0.24   0.03   

 

Table 3.6. The associations of dietary carotenoids and vitamin A intakes with risk of squamous 

cell lung cancer by race, SCCS 
Carotenoids Quartile RACE   

  
  

EA   AA   

  Case  HR  95%CI  Case  HR  95%CI  Pinteraction 

α-carotene 1 23 ref  47 ref  0.96 

  2 27 1.32 (0.75-2.31)  34 0.75 (0.48-1.17)   

  3 14 0.76 (0.39-1.48)  39 0.85 (0.55-1.32)   

  4 21 1.22 (0.66-2.25)  37 0.95 (0.60-1.48)   

Ptrend   0.94   0.91   

β-carotene 1 21 ref  44 ref  0.48 

  2 21 1.12 (0.61-2.08)  36 0.81 (0.52-1.28)   

  3 18 1.08 (0.57-2.06)  31 0.66 (0.41-1.06)   

  4 25 1.46 (0.80-2.69)  46 1.07 (0.69-1.67)   

Ptrend   0.25   0.91   

β-

Cryptoxanthin 

1 16 ref  37 ref  0.76 

  2 28 2.21 (1.19-4.11)  32 0.94 (0.58-1.52)   

  3 20 1.73 (0.88-3.38)  43 1.35 (0.86-2.13)   

  4 21 1.76 (0.90-3.44)  45 1.44 (0.91-2.27)   

Ptrend   0.19   0.05   

Lutein &  1 19 ref  41 ref  0.80 

Zeaxanthin 2 25 1.55 (0.85-2.83)  34 0.86 (0.54-1.37)   

  3 18 1.16 (0.60-2.24)  36 0.89 (0.56-1.42)   

  4 23 1.41 (0.75-2.64)  46 1.09 (0.70-1.71)   

Ptrend   0.47   0.64   

Lycopene 1 24 ref  39 ref  0.55 

  2 19 0.96 (0.52-1.76)  44 1.34 (0.86-2.08)   
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  3 21 1.32 (0.72-2.41)  38 1.25 (0.79-1.97)   

  4 21 1.29 (0.71-2.36)  36 1.20 (0.75-1.91)   

Ptrend   0.28   0.53   

Vitamin A, 

RAE 

1 20 ref  38 ref  0.94 

  2 19 1.04 (0.54-1.99)  35 0.90 (0.56-1.46)   

  3 20 1.14 (0.60-2.19)  39 1.09 (0.68-1.77)   

  4 26 1.41 (0.75-2.65)  45 1.25 (0.77-2.02)   

Ptrend   0.26   0.24   

 

3.5 Discussion 

This large prospective cohort study conducted in low-income AA and EA populations 

found inverse associations of dietary carotenoids intakes with lung cancer risk in the models 

adjusted for age, race, and sex. However, the associations were no longer significant after 

adjusting for additional covariates. Most of previous observational studies reported inverse 

associations between specific carotenoids and lung cancer risk. For example, Michaud et al. 

observed that intakes of α-carotene may reduce the risk of lung cancer, especially among women 

and never smokers, based on the pooled results from the Nurses’ Health Study and the Health 

Professionals Follow-up Study.68 Marchand et al. found that α-carotene, β-carotene, and lutein 

were significantly associated with lower lung cancer risk among Hawaii study participants with a 

case-control study design.39 Dorgan et al. showed inverse associations of total carotenoid intakes 

with lung cancer risk among white females and smokers.40 Similar associations were found by 

Stefani et al.17 They reported inverse dose-response associations between lung cancer risk and α-

carotene, β-carotene, lutein, and β-cryptoxanthin but not lycopene intake in Uruguayan men.41 

Our results were different from the conclusions of Yu et al. meta-analysis.42 They found 

significant inverse associations of dietary vitamin A and β-carotene intake with lung cancer risk, 

especially among Asian study populations and cohort studies. It is inappropriate to compare the 

results with ours, because of the very unlike racial component, and smoking habit. Also, this 
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study included about 45% case-control studies in the analysis and showed their concerns about 

the heterogeneity test results.  

Our findings were mainly consistent with Mannisto et al. study; the pooled results of 

seven cohort studies in North America and Europe.43 In that study, significant inverse 

associations between intakes of α-carotene, β-carotene, β-cryptoxanthin, lycopene, and 

lutein/zeaxanthin and lung cancer risk in the age-adjusted model. However, the association 

remained significant only for β-cryptoxanthin after using the multivariate model. Gallicchio et 

al., in a systematic review, found similar weak inverse or mostly nonsignificant associations 

between intakes of carotenoids and lung cancer risk. They also observed similar results in the 

smoking status stratified analysis.10 However, we tested the interactions between smoking status 

and dietary carotenoids and vitamin A intakes and found that the Pinteraction values were less than 

0.05 for all but β-cryptoxanthin (data not shown). Besides observed significant positive 

associations for vitamin A (Pinteraction=0.03) among current smokers and for lycopene 

(Pinteraction=0.04) among former smokers, there were suggestive positive associations for α-

carotene (Pinteraction=0.01), β-carotene (Pinteraction=0.02), and lutein/zeaxanthin (Pinteraction=0.01) 

among current smokers, indicating the different effects among former and never smokers. The 

observed significant interactions between smoking status and carotenoids and vitamin A intake 

in our study may result from the distinct smoking behaviors and diverse diet habits of our study 

population, that were characterized by low-income groups and up to 70% AAs.  

In a Canadian case-control study, Shareck et al. found that dietary intakes of β-

cryptoxanthin and lycopene were inversely associated with the risk of squamous cell carcinoma 

and small cell carcinoma.69 In our study, we found positive associations between dietary intakes 

of β-cryptoxanthin and the risk of squamous cell carcinoma. In the further analyses, the 



44 
 

association showed significant positive trend only among AAs, but EAs. It is difficult to compare 

our studies, because of the differences in study population and dietary intake levels. In the 

Shareck et al. study, over 80% of cases were Europeans, which were very unlike the racial 

composition of our participants. Also, there were considerable differences for the unadjusted β-

cryptoxanthin intakes. For example, the median values were 86 μg/day for male cases and 76 

μg/day for female cases in Shareck et al. study, the corresponding values in our study were 151.6 

and 128.5 μg/day. Given the small sample size of EAs, our finding is needed to be verified in the 

study with larger sample size. 

We found that higher dietary intakes of vitamin A were associated with increased 

adenocarcinoma risk and the association was differed by race, which was significant among AAs 

rather than EAs. Similar patterns in the associations were observed for α-carotene, β-carotene, 

and lycopene. The biological mechanisms underlying the association are unknown. However, we 

use restricted cubic splines (RCS) to plot the associations and found the directions of the 

associations of dietary vitamin A intake and adenocarcinoma risk are opposite among AAs and 

EAs (Figure 3.1). Additionally, we used RCS to plot similar associations of vitamin A with 

squamous cell carcinoma risk by race and found that the associations were similar among EAs 

and overall participants, which were weak at the beginning and became positive with the intake 

amount increased. Among AAs, the squamous cell carcinoma risk was observed distinctly 

increase with the elevated dietary vitamin A intake (Figure 3.2). Because of relatively small 

sample sizes in lung cancer histology subgroup analyses, further studies with a large sample size 

are warranted to confirm our findings. 
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Figure 3.1. Spline plot of associations between dietary vitamin A intake and adenocarcinoma 

risk, overall and by race (AAs vs. EAs) 

 

Figure 3.2. Spline plot of associations between dietary vitamin A intake and squamous cell 

carcinoma risk, overall and by race (AAs vs. EAs) 

 

 

Previous intervention studies found that β-carotene supplement was associated with 

incased lung cancer risk among heavy smokers.70,71 We evaluated whether dietary intakes of 

carotenoids with lung cancer risk vary by smoking intensity. We defined heavy smokers as 
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current and former smokers who reported using over 20 cigarette pack-year but excluded former 

smokers who quitted smoking over 15 years.35,72 We did not find any positive associations of β-

carotene or other carotenoids with lung cancer risk among heavy smokers. Several potential 

explanations for the inconsistent results from previous intervention studies and our study. Firstly, 

the intakes of β-carotene in the observational studies were much lower than those used in the 

intervention studies. Based on several national nutrition surveys, the β-carotene dietary intake 

from FFQ was less than 3 mg/day.45 For example, the mean energy-adjusted dietary intake of β-

carotene was 1,758 µg/day in the ATBC control group and 6,382 µg/day in the male participants 

from the New York State Cohort.43 However, in the intervention studies, the β-carotene 

supplement was given 30 mg/day in Carotene and Retinol Efficacy Trial (CARET). Several 

hypotheses were proposed to explain the increased lung cancer risk among heavy smokers with 

high-dose β-carotene supplements. A high concentration of β-carotene may cause excess retinoic 

signaling, leading to uncontrolled lung epithelial cell differentiation and proliferation. It has been 

reported that high-dose β-carotene was likely to induce expression of cytochrome P450 family 

and down-regulate RARβ protein expression, especially in a cigarette smoke environment. Also, 

it is possible that high-dose β-carotene acts as a pro-oxidant but an antioxidant in the high 

oxidative stress condition caused by cigarette smoke.46,73  Secondly, it is potential that a specific 

carotenoid may play a protective role together with other micronutrients other than itself alone or 

there is different between synthetic supplements and natural nutrients. Several previous studies 

showed inverse associations between fruit and vegetables and lung cancer risk.38,74,75 Especially, 

Holick et al. used ATBC cohort study population to evaluate the associations between dietary 

carotenoids and lung cancer risk and found inverse associations of fruit and vegetable 

consumption and carotenoids intakes with lung cancer risk. Moreover, they did not find positive 
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associations between dietary β-carotene and lung cancer risk.76 It has also been reported that the 

bioaccessibility and bioavailability of carotenoids would change due to different geographical 

types of vegetables and fruits, the cooking processing methods, fat and fiber intake, and food 

matrix.77   

Our study had several strengths. The population-based prospective cohort study 

minimizes potential recall biases and selection biases. We also excluded cases identified within 

the first two years of follow-up to minimize the possibility of reverse causation and/or the 

potential influence of preclinical conditions on dietary intake. A comprehensive set of 

prospectively collected exposures associated with lung cancer risk enabled us to adjust for 

several confounders. Our study includes many lung cancer cases among AAs and low-income 

participants. Previous studies have not examined the associations of dietary carotenoids and 

vitamin A intakes in these understudied populations. To reduce the sex and race residual, we 

used race- sex- specific quartile cutoffs for the dietary carotenoids and vitamin A intake in the 

analysis. We further analyzed the results with general quartile cutoff among all study populations 

and found the main results did not change (Appendix Table A3). Our study also has some 

limitations. Although we have adjusted smoking status and pack-year of cigarette smoking, 

residual confounding by smoking cannot be completely ruled out. We could not investigate the 

associations with the use of carotenoids or vitamin A supplement. In the SCCS, 2.9% of 

participants did not report whether or not using a vitamin A supplement and 90.3% of 

participants reported never using a supplement. Compared to non-cases, cases had a similar 

frequency of vitamin A supplement use (P=0.65). Among participants reported never used 

vitamin A supplement, we did not find any associations of carotenoids and vitamin A intake with 

lung cancer risk (Appendix Table A4). It is essential to collect supplemental dietary information 
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in future studies because associations of lung cancer risk with carotenoids and vitamin A may 

differ by intake sources (from food or supplement).   

 

3.6 Conclusion 

In a prospective study with a large proportion of AAs and low-income populations in the 

Southeastern United States, we found that dietary intakes of carotenoids (α-carotene, β-carotene, 

β-cryptoxanthin, lycopene, and lutein/zeaxanthin) were not associated with lung cancer risk. Our 

findings suggested that associations of dietary carotenoids and vitamin A intake with lung cancer 

risk were differed by smoking status. Positive associations were observed of vitamin A intake 

with adenocarcinoma risk and of β-cryptoxanthin with squamous cell carcinoma risk, especially 

among AAs, indicated a potential racial difference. Further studies are warranted to confirm our 

findings.    
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CHAPTER 4 

4 Associations of plasma carotenoids and retinol with lung cancer risk 

 

4.1 Abstract 

Lung cancer is the second most common cancer and the leading cause of death from 

cancer in the US. Carotenoids, with the property of anti-oxidation and immunoregulation, have 

been demonstrated to have an anti-carcinogenesis effect. Previous prospective studies showed 

inverse associations of circulating α-carotene, β-carotene, and total carotenoids with lung cancer 

risk among European descendants and Asians. The associations of different isomers and 

subtypes of common carotenoids, including carotene, cryptoxanthin, lycopene, lutein, 

zeaxanthin, and retinol with lung cancer risk have not been well investigated, particularly among 

African Americans (AAs) and low-income populations. We conducted a case-control study 

including 225 incident lung cancer cases and 429 controls individually matched on age, race, and 

sex nested in the Southern Community Cohort Study (SCCS) that includes ~86,000 participants, 

two-thirds of whom are AAs. Plasma concentrations of carotenes and retinol were determined by 

a validated assay using high-pressure liquid chromatography with photo-diode array detection. 

Plasma trans-β-carotene (Ptrend=0.03), cis-β-carotene (Ptrend=0.03), total β-carotene (Ptrend=0.01), 

and trans-anhydrolutein (Ptrend=0.02) were inversely associated with lung cancer risk. The 

associations remained significant after excluding cases diagnosed within the first year of follow-

up. The inverse associations of plasma cis-β-carotene, total β-carotene, and trans-anhydrolutein 

with lung cancer risk were only observed among AAs, males, and former and never smokers. 

While similar associations of trans-β-cryptoxanthin and cis-β-cryptoxanthin were only evident 

among females. Plasma trans-α-carotene, trans-β-carotene, cis-β-carotene, total β-carotene, 

trans-α-cryptoxanthin, trans-β-cryptoxanthin, trans-anhydrolutein, and cis (lutein and 



50 
 

zeaxanthin) were inversely associated with lung cancer risk among those with lower BMI 

(<median). In summary, plasma levels of β-carotenes were inversely associated with lung cancer 

risk in the African American and low-income populations. The associations differ by some 

plasma carotenoids isomers or subtypes. Further studies with a larger sample size are warranted 

to confirm our findings. 

 

4.2 Introduction 

Lung cancer is the second most common cancer and the leading cause of cancer death in 

women and men in the U.S.  In 2022, The incident lung cancer comprised 13% of all new cancer 

cases and accounted for 21% of all cancer deaths.21 Previous studies have consistently suggested 

fruit and vegetable intakes act against lung cancer development.38,74,75 Carotenoids, abundant in 

fruits and vegetables, showed possible protective effects through several mechanisms in animal 

experiments.78 Retinol, synthesized from pro-vitamin A carotenoids, with the property of anti-

oxidation and immunoregulation, has been demonstrated to have an anti-carcinogenesis effect.9,62 

Researchers conducted extensive studies to examine the effect of intake of carotenoids on lung 

cancer development.41,79,80 However, observational studies did not find consistent associations of 

dietary carotenoids and Vitamin A with lung cancer risk.42,43 Couillard et al. suggested plasma β-

cryptoxanthin and lutein concentrations can be used as robust biomarkers of fruit and vegetable 

consumption, especially among women. But plasma α-carotene and lycopene concentrations 

were negatively affected by fruit and vegetable intake, whereas no association was noted with 

plasma β-carotene.81 Grievink et al. found serum β-carotene have positive associations with lung 

cancer function among the elderly (65-85 yr) Dutch population.82 Further studies about the 

associations of plasma carotenoids and retinol with lung cancer risk were initiated to investigate 

the associations on the level of the biomarkers. Abar et al. conducted a systematic review of 17 
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cohort studies to evaluate the pooled results for blood concentrations of α-carotene, β-carotene, 

β-cryptoxanthin, lycopene, lutein and zeaxanthin, total carotenoids, and retinol across study 

designs, sex, and regions.47 They found that increased blood levels of α-carotene, β-carotene, 

total carotenoids, and retinol were significantly associated with decreased lung cancer risk. Yuan 

et al. evaluated the associations of serum carotenoids and retinol concentration and lung cancer 

risk among Chinese men with a nested case-control study. Only β-cryptoxanthin were observed 

to be significantly inverse associated with lung cancer incidents.52 Based on the double carbons 

structures, the configuration of carotenoids includes different subtypes and trans-cis 

isomerization. Carotenoids with diverse subtypes and isomeric structures show different stability 

and bioavailability. The all-trans-isomer form is dominantly present but unstable. It could easily 

be isomerized into cis isomers if exposed to heat and light.5 While, all-trans-β-carotene may 

have better bioavailability than 9-cis or 13-cis β-carotene.83 The effects of the different molecular 

configurations and/or isomeric occurrence on oxidation and anti-cancer properties were largely 

unknown in the previous studies. Also, few previous researchers studied the associations among 

then low-income populations and African Americans. We conducted this research to investigate 

the associations of carotenoids and retinol with lung cancer risk at circulating levels among 

under-studied populations. 

 

4.3 Methods 

4.3.1 Study population 

At the baseline, the participants provided individual information, including demographic 

characteristics, tobacco use, medical history, lifestyle factors, nutrition, diet intake, etc. Subjects 

enrolled through CHC donated their biological samples, including DNA, blood, 
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mouthwash/saliva, and urine. All participants provided written informed consent. The study has 

been approved by Institutional Review Boards (IRB) at Vanderbilt University and Meharry 

Medical College.  

 Till 2010, 230 identified lung cancer cases were also supplied blood sample at the 

baseline. Controls were randomly selected from the participants who provided a blood sample at 

baseline and individually 2:1 matched to cases on age at enrollment ±2 years (relaxed up to 5 

years), race (EAs, AAs, and others), sex, enrollment site, and date of blood sample collection ±6 

months (relaxed up to 9 months). We excluded subjects with missing data on chronic obstructive 

pulmonary disease (COPD) status, smoking status, and carotenoids biomarker and incomplete 

sets (single case and no case set). Finally, 225 cases and 429 matched controls were included in 

the analysis. 

 

4.3.2 Biomarker assessment 

The vast majority (>95%) of blood samples were processed within 24 hours after 

collection and stored at −80°C. Plasma concentrations of retinol and carotenoids were 

determined by high-pressure liquid chromatography with photo diode array detection, as applied 

previously. Briefly, 0.15 mL plasma were mixed with an ethanolic solution of 3 internal 

standards (one each for retinoids and carotenoids) followed by partitioning into hexane, drying, 

and re-dissolving in 0.15 mL of the HPLC mobile phase, as detailed previously.50,84,85 10 µL 

were as injected onto a Spherex C18 analytical column (150 mm x 3.2 mm, 3 µm), coupled to a 

Spherex C18 pre-column (4 mm x 3.0 mm, 10 µm) (Phenomenex; Torrance, CA), using isocratic 

elution with a mobile phase of 650 mL methanol, 250 mL dichloromethane, 100 mL acetonitrile 

and 2 mL aqua bis-tris propane (0.5 M, pH 6.8) (Sigma-Aldrich; St. Louis, MO), and containing 
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0.25 g/L butylated hydroxytoluene (1.14 mM) (Sigma-Aldrich; St. Louis, MO), at an elution rate 

of 0.23 mL/min. Retinol and carotenoid concentrations were monitored at 325 nm and 450 nm, 

respectively. Detection limits were approximately 1 ng/mL. Inter-assay variability was between 

4-10% for the major analytes at levels of 100-500 nM. 

 

4.3.3 Statistical analysis 

Our study analyzed the associations among 654 subjects, including 225 lung cancer cases 

and 429 matched controls. Student’s t-test, Chi-square test, and Wilcoxon rank-sum test were 

used to compare continuous and categorized covariates of demographic characteristics and 

median of biomarker concentrations between cases and controls. We imputed cigarette pack-year 

(imputed rate - 1.5%) for ten subjects by smoking status, race, sex, age group-specific median. 

Further imputed missing value of income levels (imputed rate - 1.1%) by the level with the mode 

and missing value of BMI (imputed rate - 0.3%) and alcohol intake (imputed rate - 1.1%) with 

sex-specific median value. In the main analyses, the carotenoids and retinol concentration were 

categorized into tertile by sex- and race-specific cutoff points among controls. In the stratified 

analysis, we used sex-race-specific median cutoffs to reduce the impact of a smaller sample size. 

Conditional logistic regression analyses were used to calculate the odds ratios (ORs) and 

corresponding 95% confidence intervals (CIs) to estimate the associations of the circulating 

carotenoids and retinol with the lung cancer risk. In the multivariate-adjusted models, the 

adjustment covariates included age at enrollment, education levels (<high school, completed 

high school, >high school), total household income (<$15,000, >=$15,000 and 

<$50,000, >=$50,000), smoking status (current, former, and never smokers), packyears of 

cigarette smoked (packs/day * years smoked; continuous), BMI (continuous), COPD status (ever 

told by a doctor you have had emphysema or chronic bronchitis yes/no), fasting status, and 
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alcohol consumption (number of drinks/day; continuous). Stratification analyses were conducted 

by smoking status (current, former and never smokers), sex (females and males), race (EAs and 

AAs), sex- race-specific median pack-year, sex-race-specific median BMI, and median follow-

up time (34 months). Additionally, we excluded the sets with cases diagnosed within the first 

year after enrollment in the primary association analyses to reduce reverse causation. Pearson 

correlation coefficients were tested to assess the associations between the dietary intake 

carotenoids and vitamin A and blood biomarkers. To improve the normality of the distribution of 

dietary intake and blood biomarkers values, we applied natural log-transformation for all the 

values. All reported p-values are two-sides, and type I error rates of association analyses are 

0.05. All statistical analyses were performed using SAS 9.4. 

 

4.4 Results 

The cases and matched controls in our study population had low education levels and low 

household income. Cases who had lower BMI and higher alcohol consumption as well were 

more likely to be previously diagnosed with COPD. The proportion of current smokers and the 

mean of packyears of cigarette smoking among cases were significantly higher than the 

proportion and pack-years of the controls (72.9% vs. 41.7%; 37.3 pack-years vs. 26.7 pack-

years). For the comparisons of the blood concentrations of carotenoids and retinol, we found that 

the median blood levels of the cases were lower than those of the controls for all the tested18 

different subtype and isomeric plasma biomarkers (Table 4.1).  
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Table 4.1. Characteristics of participants with blood-level carotenoids measurement at baseline 

by lung cancer incident status, SCCS, 2002-2009  
Baseline characteristics Cases 

(N=225) 

Controls 

(N=429) 

P-value* 

Age (yrs) (mean±SD) 57.4 ± 8.2 56.9 ± 8.2 0.54 

Sex (%)   0.85 

Female 39.1 39.9  

Male 60.9 60.1  

Race (%)   1.00 

White 27.1 27.0  

African American 71.6 71.6  

others 1.3 1.4  

BMI, kg/m2, (%)   <.001 

<25 49.8 29.4  

25-30 30.2 30.8  

>=30 20.0 39.9  

Education (%)   0.12 

<High school 52.0 44.3  

High school 30.2 32.4  

>High school 17.8 23.3  

Household Income (%)   0.25 

<$15,000 73.8 69.0  

$15,000-$49,999 25.3 28.7  

>=$50,000 0.9 2.3  

Smoking status (%)   <.001 

Current smokers 72.9 41.7  

Former smokers 22.2 31.5  

Never smokers 4.9 26.8  

Ever diagnosed with COPD (%) 17.3 8.6 .001 

Packyears of cigarette smoking, (mean±SD) 37.3 ± 30.4 26.7 ± 28.6 <.001 

Alcohol consumption, number of drinks/day, 

(mean±SD) 

2.3 ± 5.9 1.2 ± 3.3 0.01 

Blood concentration of carotenoids (ng/ml, median (Q1, Q3)) 

Trans-α-carotene 11.0 (8.0, 17.0) 14.0 (10.0, 22.0) <.001 

Trans-β-carotene 68.0 (40.0, 113.0) 87.0 (52.0, 147.4) <.001 

Cis-β-carotene 7.0 (4.0, 10.0) 8.0 (5.0, 14.0) <.001 

Total β-carotene (trans & cis) 75.0 (45.0, 123.0) 94.0 (57.0, 161.1) <.001 

Lycopene (trans & cis) 312.0 

(214.0, 458.0) 

340.0 

(236.0, 470.0) 

0.15 

Total dihydrolycopene 89.0 

(58.0, 126.0) 

101.0 

(69.0, 135.0) 

0.02 

Total (lycopene & dihydrolycopene) 390.0 

(274.0, 583.0) 

448.0 

(311.0, 603.0) 

0.09 

Trans-α-cryptoxanthin 20.0 (15.0, 25.1) 22.0 (17.0, 28.0) .007 

Trans-β-cryptoxanthin 38.0 (25.0, 52.0) 44.0 (31.0, 66.0) <.001 

Cis-β-cryptoxanthin 18.0 (13.0, 22.3) 20.0 (15.0, 27.0) <.001 

Trans-lutein 69.0 (46.0, 92.0) 78.0 (52.0, 101.0) 0.01 

Trans-anhydrolutein 26.0 (18.0, 35.0) 29.0 (21.0, 40.0) .004 

Cis-anhydrolutein 19.0 (14.0, 25.0) 21.0 (15.0, 28.0) .006 

Trans-zeaxanthin 39.0 (26.0, 50.0) 43.0 (32.0, 57.0) .001 
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Trans (lutein & zeaxanthin) 110.0 

(72.0, 139.8) 

120.0 

(86.0, 157.0) 

.004 

Cis (lutein & zeaxanthin) 50.0 (40.0, 63.0) 57.0 (43.0, 71.0) <.001 

Total carotenoids 835.0 

(598.0, 1063.0) 

909.0 

(699.0, 1185.0) 

.002 

Total retinol 524.0 

(415.0, 662.0) 

568.0 

(445.0, 659.0) 

0.05 

*: P-values: age, packyears of cigarette smoking, and alcohol intake were calculated by t-test; 

sex, race, BMI categories, education, income, smoking status, and ever diagnosed with COPD 

were calculated by chi-square test; carotenoids concentrations were compared by Wilcoxon rank 

sum test. 

 

Females had higher carotene-related but lower lutein/zeaxanthin-related biomarker 

concentrations than males. Compared with AAs, the blood carotenoid levels of EAs were lower 

in β-carotene-, cryptoxanthin-, and lutein/zeaxanthin-related biomarkers (Table 4.2).  
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Table 4.2. Distribution of blood-level carotenoids among non-cases, by sex and race, SCCS, 2002-2009 
Blood concentration of 

carotenoids  

(ng/ml, median (Q1, Q3)) 

Sex Race 

 Female (n=171) Male (n=258) p-v EAs (n=116) AAs (n=307) p-v 

trans α-carotene 14.0 (10.0, 22.0) 14.0 (10.0, 21.0) 0.71 15.0 (10.0, 20.0) 14.0 (10.0, 22.0) 0.58 

trans β-carotene 94.0 (58.0, 

153.0) 

80.5 (45.0, 

144.0) 

0.04 77.0 (52.0, 126.0) 89.0 (50.0, 

164.0) 

0.33 

cis β-carotene 9.0 (6.0, 14.0) 8.0 (5.0, 13.0) 0.14 7.0 (5.0, 11.0) 9.0 (5.0,15.0) 0.02 

Total β-carotene (trans & cis) 105.0 (61.0, 

171.0) 

90.5 (49.0, 

156.0) 

0.05 83.0 (57.5, 138.0) 99.0 (55.0, 

174.0) 

0.28 

Lycopene (trans & cis) 344.0 (236.0, 

487.0) 

337.5 (235.0, 

457.0) 

0.53 371.5 (245.0, 

491.0) 

332.0 (235.0, 

461.0) 

0.21 

Total dihydrolycopene 101.0 (70.0, 

139.0) 

100.5 (68.0, 

130.0) 

0.48 107.5 (72.5, 138.0) 98.0 (68.0, 

131.0) 

0.21 

Total (lycopene & 

dihydrolycopene) 

445.0 (305.0, 

621.0) 

448.5 (311.0, 

588.0) 

0.52 473.0 (318.5, 

617.0) 

432.0 (308.0, 

590.0) 

0.21 

trans α-cryptoxanthin 20.0 (16.0, 27.0) 23.0 (17.0, 29.0) 0.09 19.0 (15.0, 25.5) 23.0 (17.5, 29.0) <.001 

trans β-cryptoxanthin 45.0 (30.0, 71.0) 43.0 (31.0, 62.0) 0.31 41.0 (27.5, 59.5) 46.0 (32.0, 68.0) 0.02 

cis β-cryptoxanthin 21.0 (15.0, 28.0) 20.0 (15.0, 26.0) 0.49 19.0 (15.0, 25.0) 21.0 (15.0, 27.0)  0.13 

trans lutein 73.0 (50.0, 96.0) 78.5 (56.0, 

108.0) 

0.08 59.0 (45.0, 87.5) 81.0 (59.0, 

112.0) 

<.001 

trans anhydrolutein 28.0 (20.0, 36.0) 31.0 (21.0, 43.0) 0.04 24.0 (19.0, 32.5) 31.0 (22.0, 43.0) <.001 

cis anhydrolutein 20.0 (15.0, 26.0) 22.0 (16.0, 29.0) 0.08 21.0 (15.0, 27.0) 21.0 (15.0, 28.0) 0.60 

trans zeaxanthin 42.0 (31.0, 54.0) 43.0 (33.0, 58.0) 0.21 37.0 (29.5, 47.5) 45.0 (34.0, 59.0) <.001 

trans (lutein & zeaxanthin) 113.0 (81.0, 

150.0) 

124.0 (90.0, 

169.0) 

0.11 96.5 (73.5, 139.0) 126.0 (96.0, 

171.0) 

<.001 

cis (lutein & zeaxanthin) 53.0 (41.0, 69.0) 59.0 (46.0, 74.0) 0.02 52.0 (41.0, 65.0) 59.0 (45.0, 74.0) .005 

Total carotenoids  910.0 (687.0, 

1179.0) 

909.0 (699.0, 

1219.0) 

0.86 900.0 (680.5, 

1100.0) 

914.0 (699.0, 

1257.0) 

0.26 

Total retinol 540.0 (433.0, 

655.0) 

581.0 (459.0, 

670.0) 

0.07 557.5 (458.0, 

644.5) 

570.0 (442.0, 

674.0) 

0.73 

Note: P-value are calculated by Wilcoxon rank-rum test. 
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To confirm the validation of our Aim 1 measurement instrument, we evaluate the 

associations between the adjusted FFQ estimated intake values of carotenoids and vitamin A and 

the biomarkers tested in the blood samples (Appendix Table B1). We found the associations 

between the FFQ estimated values and the blood biomarker levels are all positive, and mostly 

significant. The results were reasonable that the associations of specific carotenoid with its 

corresponding nutrients biomarkers were stronger than with other carotenoids’, for example, the 

associations were stronger between carotene related biomarkers and β-carotene intake than other 

dietary carotenoids intake amount, and the association is especially strong for dietary vitamin A 

intake and blood retinol concentrations (the correlation coefficient is 0.71 and P-value<0.0001). 

In the multi-variates conditional logistic models, we found significant inverse 

associations of β-carotene-related and lutein/zeaxanthin-related biomarkers with lung cancer risk 

among all participants. Precisely, the biomarkers included trans-β-carotene (Ptrend =0.03), cis-β-

carotene (Ptrend =0.03), total β-carotene (Ptrend =0.02), trans lutein (Ptrend =0.04), trans 

anhydrolutein (Ptrend =.006), trans zeaxanthin (Ptrend =0.05), trans (lutein & zeaxanthin) (Ptrend = 

0.02), and cis (lutein & zeaxanthin) (Ptrend = 0.02). To reduce the impact of the inverse causality, 

we excluded the cases diagnosed within the first year after enrollment and found negative 

associations remained significantly for trans-β-carotene (OR T3 vs. T1=0.55, 95% CI: 0.32-0.97, 

Ptrend =0.05), cis-β-carotene (OR T3 vs. T1=0.56, 95% CI: 0.31-0.99, Ptrend =0.05), total β-carotene 

(OR T3 vs. T1=0.51, 95% CI: 0.29-0.91, Ptrend =0.03), and trans anhydrolutein (OR T3 vs. T1=0.50, 

95% CI: 0.28-0.90, Ptrend = 0.02) with lung cancer risk (Table 4.3). We found other inverse 

associations in the multi-adjusted models when biomarker concentrations changed by standard 

deviation among all participants and participants excluded the first-year cases. The associations 

were significant in trans-α-carotene, lycopene (trans & cis), and trans-β-cryptoxanthin. 
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Table 4.3. Associations between carotenoids and retinol biomarkers and lung cancer incidents, SCCS, 2002-

2009. 

Biomarkers All participants 
Excluding cases diagnosed within the first 

year after enrollment 

 
case/ 

control 

Age-

adjusted  
OR 

95% CI P* 

Multi-

adjusted 
OR 

95% CI P* 
case/ 

control 

Multi-

adjusted 
 OR 

95% CI P* 

CAROTENE               

Trans-α-carotene                    

T1 120/157 1.00 (Ref.)  1.00 (Ref.)   99/138 1.00 (Ref.)   

T2 55/136 0.50 0.34 0.75  0.66 0.42 1.04   47/113 0.65 0.39 1.06   

T3 50/136 0.42 0.27 0.65 <.001 0.70 0.42 1.17 0.11 43/107 0.65 0.37 1.13 0.09 

per SD increase  0.39 0.25 0.61 <.001 0.57 0.35 0.94 0.03  0.51 0.29 0.90 0.02 

Trans-β-carotene                    

T1 102/146 1.00 (Ref.)  1.00 (Ref.)   88/131 1.00 (Ref.)   

T2 81/145 0.74 0.5 1.09  0.95 0.61 1.50   66/115 0.99 0.60 1.63   

T3 42/138 0.40 0.25 0.62 <.001 0.55 0.33 0.92 0.03 35/112 0.57 0.33 0.99 0.07 

per SD increase  0.56 0.42 0.76 <.001 0.63 0.45 0.88 0.006  0.62 0.42 0.91 0.01 

Cis-β-carotene                    

T1 114/163 1.00 (Ref.)  1.00 (Ref.)   96/143 1.00 (Ref.)   

T2 67/136 0.64 0.43 0.95  0.84 0.53 1.35   56/112 0.85 0.51 1.42   

T3 44/130 0.43 0.27 0.67 <.001 0.56 0.33 0.94 0.03 37/103 0.57 0.32 1.01 0.06 

per SD increase  0.59 0.45 0.77 <.001 0.66 0.49 0.90 0.009  0.66 0.47 0.94 0.02 

total β-carotene  

(trans & cis) 
                   

T1 103/146 1.00 (Ref.)  1.00 (Ref.)   89/131 1.00 (Ref.)   

T2 79/142 0.75 0.51 1.1  0.97 0.62 1.53   64/113 1.03 0.63 1.70   

T3 43/141 0.39 0.25 0.61 <.001 0.52 0.31 0.86 0.02 36/114 0.53 0.30 0.93 0.04 

per SD increase  0.57 0.42 0.76 <.001 0.63 0.45 0.88 0.006  0.63 0.43 0.91 0.02 

LYCOPENE                             

lycopene  

(trans & cis) 
                   

T1 95/145 1.00 (Ref.)  1.00 (Ref.)   80/124 1.00 (Ref.)   

T2 61/143 0.61 0.40 0.92  0.73 0.44 1.19   48/118 0.65 0.37 1.14   

T3 69/141 0.7 0.47 1.05 0.08 0.98 0.60 1.59 0.91 61/116 1.06 0.63 1.81 0.84 

per SD increase  0.57 0.42 0.76 <.001 1.02 0.84 1.24 0.85  1.03 0.83 1.28 0.78 

total dihydrolycopene                    

T1 100/146 1.00 (Ref.)  1.00 (Ref.)   84/128 1.00 (Ref.)   

T2 60/142 0.60 0.40 0.91  0.74 0.46 1.18   47/114 0.70 0.42 1.18   

T3 65/141 0.64 0.42 0.97 0.03 0.97 0.59 1.59 0.79 58/116 1.09 0.64 1.86 0.90 

per SD increase  0.83 0.69 0.99 0.04 0.99 0.80 1.21 0.90  1.01 0.80 1.27 0.94 

total (lycopene & 

dihydrolycopene) 
                   

T1 96/145 1.00 (Ref.)  1.00 (Ref.)   81/124 1.00 (Ref.)   
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T2 60/143 0.62 0.41 0.92  0.69 0.43 1.11   47/119 0.65 0.38 1.10   

T3 69/141 0.71 0.48 1.06 0.09 1.05 0.65 1.70 0.94 61/115 1.14 0.66 1.95 0.73 

per SD increase  0.88 0.74 1.04 0.12 1.01 0.83 1.23 0.90  1.02 0.83 1.27 0.81 

CRPYTOXANTHIN                             

Trans-α-cryptoxanthin                    

T1 102/159 1.00 (Ref.)  1.00 (Ref.)   82/142 1.00 (Ref.)   

T2 71/137 0.77 0.52 1.14  1.10 0.70 1.76   62/112 1.35 0.82 2.24   

T3 52/133 0.58 0.38 0.88 0.01 0.84 0.52 1.37 0.54 45/104 0.98 0.58 1.67 0.94 

per SD increase  0.79 0.66 0.95 0.01 0.88 0.72 1.09 0.24  0.92 0.73 1.15 0.47 

Trans-β-cryptoxanthin                    

T1 107/146 1.00 (Ref.)  1.00 (Ref.)   91/131 1.00 (Ref.)   

T2 69/143 0.62 0.42 0.92  0.86 0.54 1.36   58/117 0.85 0.52 1.41   

T3 49/140 0.43 0.28 0.67 <.001 0.70 0.42 1.19 0.19 40/110 0.67 0.37 1.20 0.18 

per SD increase  0.62 0.50 0.77 <.001 0.72 0.57 0.92 0.007  0.70 0.53 0.92 0.01 

Cis-β-cryptoxanthin                    

T1 112/155 1.00 (Ref.)  1.00 (Ref.)   93/136 1.00 (Ref.)   

T2 70/140 0.67 0.46 1.00  0.75 0.47 1.18   62/116 0.76 0.46 1.25   

T3 43/134 0.41 0.26 0.63 <.001 0.64 0.38 1.08 0.08 34/106 0.62 0.34 1.11 0.10 

per SD increase  0.68 0.54 0.84 <.001 0.78 0.62 0.99 0.04  0.79 0.61 1.02 0.07 

LUTEIN 

/ZEAXANTHIN 
                            

Trans-lutein                    

T1 93/146 1.00 (Ref.)  1.00 (Ref.)   80/127 1.00 (Ref.)   

T2 79/143 0.85 0.58 1.26  0.92 0.58 1.45   63/125 0.84 0.51 1.39   

T3 53/140 0.54 0.34 0.84 0.007 0.57 0.34 0.95 0.04 46/106 0.66 0.37 1.15 0.14 

per SD increase  0.77 0.64 0.94 0.009 0.79 0.63 0.99 0.04  0.83 0.65 1.05 0.13 

Trans-anhydrolutein                    

T1 106/150 1.00 (Ref.)  1.00 (Ref.)   88/135 1.00 (Ref.)   

T2 69/141 0.60 0.40 0.89  0.74 0.46 1.18   59/114 0.82 0.49 1.38   

T3 50/138 0.41 0.26 0.65 <.001 0.47 0.28 0.80 0.006 42/109 0.50 0.28 0.90 0.02 

per SD increase  0.77 0.63 0.94 0.01 0.80 0.64 1.00 0.05  0.84 0.66 1.07 0.15 

Cis-anhydrolutein                    

T1 111/153 1.00 (Ref.)  1.00 (Ref.)   93/136 1.00 (Ref.)   

T2 59/142 0.56 0.37 0.83  0.54 0.33 0.86   47/116 0.49 0.29 0.84   

T3 55/134 0.51 0.33 0.78 <.001 0.65 0.40 1.08 0.04 49/106 0.77 0.45 1.34 0.16 

per SD increase  0.77 0.64 0.93 0.006 0.85 0.69 1.04 0.12  0.88 0.70 1.11 0.27 

Trans-zeaxanthin                    

T1 101/150 1.00 (Ref.)  1.00 (Ref.)   83/129 1.00 (Ref.)   

T2 76/144 0.77 0.53 1.12  0.92 0.59 1.43   67/124 0.88 0.55 1.42   

T3 48/135 0.47 0.30 0.75 0.001 0.57 0.34 0.96 0.05 39/105 0.62 0.35 1.12 0.13 

per SD increase  0.72 0.59 0.88 0.001 0.80 0.64 0.99 0.04  0.85 0.66 1.08 0.19 
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Trans (lutein & 

zeaxanthin) 
                   

T1 93/146 1.00 (Ref.)  1.00 (Ref.)   79/126 1.00 (Ref.)   

T2 88/143 0.93 0.64 1.37  0.98 0.63 1.54   72/126 0.91 0.56 1.48   

T3 44/140 0.41 0.26 0.67 <.001 0.49 0.28 0.86 0.02 38/106 0.58 0.32 1.06 0.10 

per SD increase  0.75 0.61 0.91 0.004 0.79 0.63 0.98 0.04  0.83 0.65 1.06 0.13 

Cis (lutein & zeaxanthin)                    

T1 98/143 1.00 (Ref.)  1.00 (Ref.)   80/129 1.00 (Ref.)   

T2 73/138 0.74 0.50 1.09  0.82 0.51 1.31   61/109 0.90 0.54 1.49   

T3 44/133 0.41 0.26 0.66 <.001 0.52 0.31 0.89 0.02 38/105 0.61 0.34 1.10 0.12 

per SD increase  0.71 0.58 0.87 <.001 0.78 0.62 0.97 0.03  0.82 0.65 1.05 0.11 

TOTAL CAROTENOID                             

T1 93/145 1.00 (Ref.)  1.00 (Ref.)   78/130 1.00 (Ref.)   

T2 80/143 0.84 0.57 1.22  0.90 0.57 1.41   67/115 0.95 0.58 1.56   

T3 52/141 0.53 0.35 0.82 0.004 0.71 0.43 1.17 0.18 44/113 0.77 0.45 1.32 0.35 

per SD increase  0.71 0.59 0.86 <.001 0.84 0.67 1.04 0.11  0.86 0.68 1.09 0.21 

TOTAL RETINOL                             

T1 93/147 1.00 (Ref.)  1.00 (Ref.)   76/127 1.00 (Ref.)   

T2 66/141 0.70 0.47 1.04  0.76 0.47 1.22   56/116 0.81 0.48 1.38   

T3 66/141 0.69 0.46 1.05 0.07 0.88 0.54 1.43 0.56 57/115 0.98 0.57 1.67 0.89 

per SD increase   0.84 0.70 1.01 0.06 0.90 0.73 1.11 0.31   0.91 0.72 1.16 0.45 

*The column of P is P-trend or P-value 

Age-adjusted OR were calculated by conditional logistical models and adjusted by age. 

Multi-adjusted OR were calculated by conditional logistical models and adjusted by age, education, income, smoking, 

BMI, packyear, COPD status, and alcohol consumption,  

 

 In the subpopulation analysis, we found the negative associations of cis-β-carotene, total β-

carotene, and trans anhydrolutein with lung cancer risk were more evident in AAs (OR=0.59, 95% CI: 0.35-

0.98; OR=0.58, 95% CI: 0.36-0.95; and OR=0.62, 95% CI: 0.39-0.99, respectively) and males (OR=0.58, 95% 

CI: 0.34-0.99; OR=0.56, 95% CI: 0.33-0.94; and OR=0.50, 95%CI: 0.29-0.86, respectively). Among females, 

increased trans-β-cryptoxanthin and cis-β-cryptoxanthin concentrations were associated with decreased lung 

cancer risk (OR=0.42, 95% CI: 0.19- 0.95 and OR=0.29, 95% CI: 0.13-0.67). We found the association between 

cis-β-cryptoxanthin and lung cancer risk was differed by sex (Pinter= 0.006) (Table 4.4). 
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Table 4.4. Associations between carotenoids and retinol biomarkers and lung cancer incidents by race and sex 

using median scales, SCCS, 2002-2009. 

 Biomarkers Race Sex 

 EA AA 

 

 

 

Pinter 

Female Male 

 

 

 

Pinter  case/control=61/116 case/control=161/307 case/control= 88/171 case/control=137/258 

 

Multi-

adjusted  

OR 95%CI 

Multi-

adjusted  

OR 95%CI 

Multi- 

adjusted 

OR 95%CI 

Multi- 

adjusted 

OR 95%CI 

CAROTENE 
      

 

      

 

Trans-α-carotene 
0.53 0.18 1.54 1.10 0.68 1.79 0.30 0.88 0.42 1.83 1.05 0.62 1.79 0.59 

Trans-β-carotene 
0.99 0.41 2.40 0.63 0.39 1.03 0.71 0.70 0.33 1.47 0.61 0.37 1.03 0.74 

Cis-β-carotene 
0.71 0.28 1.80 0.61 0.37 1.01 0.92 0.62 0.29 1.30 0.59 0.35 1.00 0.77 

total β-carotene  

(trans & cis) 

0.91 0.36 2.30 0.59 0.36 0.96 0.71 0.64 0.29 1.38 0.57 0.34 0.95 0.69 

LYCOPENE 

      
 

      
 

lycopene (trans & cis) 
1.03 0.42 2.53 0.91 0.56 1.46 0.74 0.99 0.49 1.98 0.91 0.54 1.53 0.89 

total dihydrolycopene 
0.66 0.25 1.75 0.77 0.47 1.27 0.87 0.79 0.38 1.63 0.82 0.47 1.42 0.86 

total (lycopene & 

dihydrolycopene) 

0.93 0.39 2.22 0.84 0.52 1.36 0.71 0.92 0.46 1.84 0.86 0.51 1.44 0.88 

CRPYTOXANTHIN 

      
 

      
 

Trans-α-cryptoxanthin 
0.97 0.42 2.25 0.71 0.44 1.15 0.72 0.54 0.26 1.12 0.80 0.48 1.34 0.51 

Trans-β-cryptoxanthin 
0.50 0.17 1.50 0.86 0.54 1.37 0.29 0.44 0.20 0.95 0.99 0.59 1.66 0.10 

Cis-β-cryptoxanthin 
0.60 0.22 1.63 0.92 0.56 1.49 0.25 0.29 0.13 0.67 1.31 0.76 2.26 .005 

LUTEIN/ZEAXANTHIN 

      
 

      
 

Trans-lutein 
0.65 0.24 1.75 0.79 0.49 1.28 0.85 0.93 0.44 1.93 0.70 0.42 1.19 0.58 

Trans-anhydrolutein 
0.77 0.30 2.00 0.61 0.38 0.98 0.90 0.74 0.37 1.51 0.50 0.29 0.86 0.27 

Cis-anhydrolutein 
0.48 0.18 1.26 0.87 0.54 1.39 0.29 0.73 0.36 1.48 0.82 0.49 1.35 0.78 

Trans-zeaxanthin 
0.46 0.16 1.34 0.94 0.58 1.53 0.25 0.45 0.20 1.02 1.05 0.62 1.76 0.15 

Trans (lutein & zeaxanthin) 
0.56 0.22 1.42 0.88 0.54 1.42 0.38 0.74 0.36 1.53 0.87 0.53 1.44 0.69 

Cis (lutein & zeaxanthin) 
0.53 0.19 1.46 0.69 0.42 1.13 0.56 0.64 0.32 1.27 0.64 0.37 1.10 0.98 

TOTAL CAROTENOID 
0.88 0.36 2.15 0.91 0.56 1.48 0.98 0.57 0.28 1.14 1.13 0.66 1.93 0.14 

TOTAL RETINOL 
1.04 0.42 2.55 0.72 0.45 1.14 0.54 0.74 0.39 1.40 0.72 0.41 1.24 0.94 

Multi-adjusted OR were calculated by conditional logistical models and adjusted by age, education, income, 

smoking status, BMI, packyear, COPD status, fasting status, and alcohol consumption.
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 Among former and never smokers, cis-β-carotene, total β-carotene, trans α-cryptoxanthin 

and trans anhydrolutein were negatively associated with lung cancer risk (OR=0.42, 95% CI: 

0.22-0.80; OR=0.51, 95% CI: 0.27-0.95; OR=0.44, 95% CI: 0.23-0.82; and OR=0.44, 95% CI: 

0.23-0.84, respectively). Among current smokers, similar associations were observed for total β-

carotene and cis (lutein & zeaxanthin) (OR=0.59, 95% CI: 0.36-0.96; and OR=0.59, 95% CI: 

0.37-0.95) (Table 4.5).  

Table 4.5. Associations between carotenoids and retinol biomarkers and lung cancer incidents by 

smoking status, SCCS, 2002-2009. 

Multi-adjusted OR1 were calculated by logistical models with adjustment of age, race, sex, education, 

income, BMI, packyear, COPD status,  

fasting status, and alcohol consumption. 

Multi-adjusted OR2 were calculated by logistical models with adjustment of age, race, sex, education, 

income, BMI, COPD status, fasting status,  

and alcohol consumption. 

 

  

 Biomarkers 

  

Smoking status 

Current Former and never 

case/control=164/179 case/control=61/250 

  

Multi-

adjusted OR    95% CI  

Multi-

adjusted OR     95% CI  
CAROTENE       

Trans-α-carotene 0.93 0.57 1.50 0.74 0.40 1.37 

Trans-β-carotene 0.64 0.39 1.03 0.55 0.30 1.03 

Cis-β-carotene 0.68 0.42 1.11 0.42 0.22 0.80 

total β-carotene (trans & cis) 0.60 0.37 0.97 0.50 0.27 0.93 

LYCOPENE       
lycopene (trans & cis) 0.88 0.56 1.38 1.04 0.57 1.90 

total dihydrolycopene 0.89 0.56 1.40 0.72 0.39 1.31 

total (lycopene & 

dihydrolycopene) 0.81 0.52 1.28 1.04 0.57 1.91 

CRPYTOXANTHIN       
Trans-α-cryptoxanthin 0.72 0.45 1.14 0.45 0.24 0.84 

Trans-β-cryptoxanthin 0.73 0.45 1.17 0.65 0.35 1.19 

Cis-β-cryptoxanthin 0.85 0.53 1.36 0.57 0.31 1.04 

LUTEIN/ZEAXANTHIN       
Trans-lutein 0.77 0.49 1.20 0.91 0.50 1.67 

Trans-anhydrolutein 0.73 0.47 1.16 0.43 0.23 0.82 

Cis-anhydrolutein 0.82 0.52 1.29 0.75 0.40 1.37 

Trans-zeaxanthin 0.86 0.54 1.36 0.62 0.34 1.15 

Trans (lutein & zeaxanthin) 0.72 0.46 1.14 1.02 0.56 1.88 

Cis (lutein & zeaxanthin) 0.59 0.37 0.95 0.70 0.38 1.29 

TOTAL CAROTENOID 0.91 0.58 1.44 0.66 0.36 1.21 

TOTAL RETINOL 0.75 0.48 1.18 0.82 0.45 1.51 
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For ever-smokers with less than median pack-year of cigarettes, higher levels of cis-β-

carotene, total β-carotene, and trans-α-cryptoxanthin were associated with lower risk of lung 

cancer (OR=0.40, 95% CI: 0.20-0.78; OR=0.45, 95% CI: 0.24-0.87; and OR=0.52, 95% CI: 

0.28-0.95, respectively). For those heavier smokers, we only observed the inverse association in 

trans anhydrolutein (OR=0.52, 95% CI: 0.30-0.89) (Table 4.6) 

 

Table 4.6. Associations between carotenoids and retinol biomarkers and lung cancer incidents by 

median packyear, SCCS, 2002-2009. 

  Race-sex-specific median packyears 

 Biomarkers < median packyear >=  median packyear 

  case/control=82/180 case/control=132/134 

  

Multi-

adjusted OR 95% CI  

Multi-

adjusted OR 95% CI  
CAROTENE       

Trans-α-carotene 0.88 0.47 1.64 0.96 0.56 1.65 

Trans-β-carotene 0.53 0.28 1.02 0.80 0.47 1.37 

Cis-β-carotene 0.40 0.20 0.78 1.01 0.59 1.72 

total β-carotene  

(trans & cis) 0.45 0.24 0.87 0.80 0.47 1.36 

LYCOPENE       
lycopene (trans & cis) 0.95 0.53 1.72 1.05 0.62 1.77 

total dihydrolycopene 0.92 0.51 1.66 0.99 0.58 1.68 

total (lycopene & 

dihydrolycopene) 0.90 0.50 1.62 0.97 0.58 1.65 

CRPYTOXANTHIN       
Trans-α-cryptoxanthin 0.52 0.28 0.95 0.82 0.48 1.41 

Trans-β-cryptoxanthin 0.75 0.40 1.40 1.02 0.59 1.75 

Cis-β-cryptoxanthin 0.69 0.38 1.26 1.04 0.60 1.79 

LUTEIN/ZEAXANTHIN       
Trans-lutein 0.65 0.36 1.18 1.35 0.80 2.28 

Trans-anhydrolutein 0.94 0.52 1.71 0.52 0.30 0.89 

Cis-anhydrolutein 0.85 0.47 1.55 0.98 0.58 1.67 

Trans-zeaxanthin 0.67 0.36 1.23 1.21 0.72 2.05 

Trans (lutein & 

zeaxanthin) 0.82 0.45 1.48 1.13 0.67 1.90 

Cis (lutein & zeaxanthin) 0.59 0.32 1.09 0.90 0.52 1.55 

TOTAL CAROTENOID 0.97 0.53 1.77 1.05 0.62 1.78 

TOTAL RETINOL 0.75 0.42 1.36 0.87 0.52 1.47 

Multi-adjusted OR were calculated by logistical models with adjustment of age, race, sex, 

education, income, BMI, smoking status, COPD status, and alcohol consumption. 
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In the median BMI stratification analysis, we found carotene-related biomarkers, trans-

cryptoxanthin (both α and β subtypes), trans-anhydrolutein, and cis (lutein & zeaxanthin) were 

all significantly inversely associated with lung cancer risk among participants with lower BMI 

level. The total blood concentrations of retinol showed a borderline negative association with 

lung cancer risk among those with higher BMI levels (Table 4.7). 

 

Table 4.7. Associations between carotenoids and retinol biomarkers and lung cancer incidents by 

median BMI, SCCS 

Multi-adjusted OR were calculated by logistical models with adjustment of age, race, sex, 

education, income, smokingstatus, packyear, COPD status, and alcohol consumption. 

 

 

 Biomarkers Sex-race-specific median BMI 

  <median BMI >=median BMI Pinter 

  case/control=147/179 case/control=78/250  

 
Multi-

adjusted OR 95% CI 

Multi-

adjusted OR 95% CI 

 

CAROTENE        

Trans-α-carotene 0.57 0.33 0.97 1.75 0.96 3.20 0.68 

Trans-β-carotene 0.51 0.30 0.86 0.87 0.47 1.60 0.14 

Cis-β-carotene 0.51 0.30 0.88 0.82 0.45 1.50 0.16 

total β-carotene (trans & cis) 0.47 0.28 0.80 0.82 0.45 1.51 0.14 

LYCOPENE        

lycopene (trans & cis) 0.69 0.42 1.12 1.33 0.75 2.38 0.23 

total dihydrolycopene 0.71 0.43 1.17 1.04 0.59 1.85 0.11 

total (lycopene & 

dihydrolycopene) 0.73 0.45 1.20 1.18 0.66 2.11 

0.12 

CRPYTOXANTHIN        

Trans-α-cryptoxanthin 0.48 0.29 0.80 0.95 0.52 1.74 0.16 

Trans-β-cryptoxanthin 0.61 0.36 1.03 0.91 0.50 1.65 0.08 

Cis-β-cryptoxanthin 0.65 0.39 1.09 1.01 0.56 1.82 0.13 

LUTEIN/ZEAXANTHIN        

Trans-lutein 0.78 0.48 1.28 1.12 0.62 2.01 0.10 

Trans-anhydrolutein 0.60 0.36 0.99 0.75 0.41 1.35 0.04 

Cis-anhydrolutein 0.65 0.40 1.07 1.13 0.63 2.03 0.22 

Trans-zeaxanthin 0.72 0.43 1.19 1.12 0.62 2.00 0.14 

Trans (lutein & zeaxanthin) 0.74 0.45 1.22 1.23 0.69 2.21 0.15 

Cis (lutein & zeaxanthin) 0.42 0.25 0.71 1.34 0.73 2.45 0.97 

TOTAL CAROTENOID 0.69 0.41 1.13 1.12 0.63 1.99 0.19 

TOTAL RETINOL 0.73 0.45 1.20 0.55 0.30 1.00 0.01 
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 In the median follow-up time stratification analysis, the inverse association for cis-β-

carotene was only significant within 34 months after enrollment. Similar associations were found 

for trans-anhydrolutein, trans- and cis- (lutein & zeaxanthin) (Table 4.8). 

 

Table 4.8. Associations between carotenoids and retinol biomarkers and lung cancer incidents by 

median follow-up time, SCCS, 2002-2009. 

 Follow-up Time  

Biomarkers <=34 months > 34 months  

 case/control = 113/223 case/control = 109/200  

 
Multi-

adjusted 

OR 

95% 

CI  

Multi-

adjusted 

OR 

95% 

CI  

Pinter 

CAROTENE        

Trans-α-carotene 1.12 0.61 2.06 0.85 0.46 1.55 0.61 

Trans-β-carotene 0.68 0.37 1.23 0.59 0.32 1.08 0.66 

Cis-β-carotene 0.43 0.22 0.83 0.84 0.46 1.53 0.17 

                   total β-carotene 

(trans & cis) 
0.60 0.33 1.09 0.59 0.32 1.07 

0.85 

LYCOPENE            

lycopene (trans & cis) 0.88 0.49 1.56 1.00 0.55 1.79 0.77 

total dihydrolycopene 0.82 0.45 1.49 0.78 0.41 1.46 0.97 

total (lycopene & 

dihydrolycopene) 
0.88 0.50 1.55 0.92 0.51 1.66 

0.85 

CRPYTOXANTHIN            

Trans-α-cryptoxanthin 0.57 0.32 1.02 0.90 0.50 1.60 0.33 

Trans-β-cryptoxanthin 0.62 0.33 1.16 0.91 0.51 1.60 0.35 

Cis-β-cryptoxanthin 0.66 0.35 1.22 0.95 0.51 1.75 0.26 

LUTEIN/ZEAXANTHIN            

Trans-lutein 0.54 0.29 1.02 1.05 0.59 1.86 0.13 

Trans-anhydrolutein 0.48 0.26 0.88 0.75 0.41 1.36 0.31 

Cis-anhydrolutein 0.85 0.48 1.49 0.71 0.39 1.32 0.86 

Trans-zeaxanthin 0.56 0.30 1.04 1.14 0.62 2.10 0.08 

Trans (lutein & zeaxanthin) 0.54 0.29 0.97 1.21 0.67 2.20 0.05 

Cis (lutein & zeaxanthin) 0.47 0.26 0.86 0.99 0.52 1.88 0.04 

TOTAL CAROTENOID 0.86 0.47 1.55 1.03 0.58 1.82 0.81 

TOTAL RETINOL 0.57 0.31 1.03 1.03 0.58 1.82 0.21 

Multi-adjusted OR were calculated by conditional logistical models and adjusted by age, 

education, income, smoking, BMI, packyear, COPD status, and alcohol consumption. 
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4.5 Discussion 

Our nested case-control study examined the associations of different subtypes and 

isomers of carotenoids and retinol with lung cancer risks among African American and low-

income populations on the circulating level. The comparisons of the variations in carotenoid 

biomarkers’ concentrations by race were mainly consistent with the results from Ford report 

based on the Third National Health and Nutrition Examination Survey.86 Carotenes, especially 

β-carotene, have been extensively studied previously. We found that elevated concentrations of 

cis-β-carotene and total β-carotene were significantly associated with decreased lung cancer risk. 

The associations were more evident among AAs, males, and lighter smokers (classified by 

median pack years). The results were consistent with many previous studies. Holick et al. used 

the baseline blood samples collected in the Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer 

Prevention Study and observed negative associations between serum β-carotene and lung cancer 

risk. Moreover, similar associations were found only significant among men who reported 5-19 

cigarettes per day but those heavier smokers.76 Menkes et al. conducted a population-based case-

control study,  matching age, sex, race, the month of blood donation, and smoking history, and 

found a significant inverse association between the serum β-carotene and the risk of squamous 

cell carcinoma of the lung in the study population from Maryland.87 Epplein et al. and Ito et al. 

all observed similar associations significant among males but females in their case-control 

studies, respectively,  nested in the multiethnic cohort study and the Japan collaborative cohort 

(JACC) study.88,89 There are several proposed mechanisms for the cancer prevention effect of β-

carotene. 1) β-carotene, as an antioxidant like other carotenoids, can act against reactive oxygen 

species and tumor-promoting inflammation and enhance human immune system; 2) Inhibit the 

growth of cancer cells and induce apoptosis in tumor cells by modulating the cell cycle (G1, G2, 
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and S phases), enhancing gap junctional communications, increasing expression of p53, 

modulating of retinoic acid signaling pathway and metabolism, and activating intrinsic apoptotic 

pathway and NF-kB, and so on; 3) Suppress the secretion of VEGF to against angiogenesis and 

further metastasis of cancer tumors.78,90-92  

Lycopene showed inverse associations with lung cancer risk by changing standard 

deviation of the concentration of combined trans and cis isomers among all participants. Abar et 

al. reported borderline significant inverse associations between the blood lycopene and lung 

cancer risk, while the associations were all null in the fasting-status stratification analysis. This 

meta-analysis study suggested the association was nonlinear and more robust at a lower level of 

lycopene (under 20 μg/100 mL).47 In our study, 80% of the participants’ blood lycopene 

concentrations were higher than this level. It may help explain why we cannot detect the negative 

associations for lycopene-related biomarkers.  

In the stratification analyses, trans-α-cryptoxanthin was found to be inversely 

associated with lung cancer risk among lighter or never smokers. Trans-β-cryptoxanthin and 

cis-β-cryptoxanthin showed similar association among females. Yuan et al. conducted a nested 

case-control study among middle-aged and older Chinese men in Shanghai and observed 

significant negative associations between β-cryptoxanthin and lung cancer risk.52 Min et al. used 

the Third Nutrition and Health Examination Survey (NHANES III) database. They found 

significant inverse associations between serum β-cryptoxanthin and lung cancer mortality, 

especially among current smokers.49  

In a cohort of Chinese Tin miners, Ratnasinghe et al. found the serum lutein/zeaxanthin 

suggested a protective role among non-drinkers in the occupational high-risk study population 

but a positive association among drinkers.93 We tested six lutein- and/or zeaxanthin- related 
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biomarkers. Negative associations between concentrations of total cis lutein & zeaxanthin were 

found among current smokers. Anhydrolutein is a metabolite from lutein, experiencing series of 

oxidation-reduction and double bond isomerization reactions.94 Overall, increased circulating 

trans-anhydrolutein was observed associated with decreased lung cancer risk, especially among 

AAs, males, and lighter and never smokers.  

Retinol showed a borderline negative association with lung cancer risk among the study 

population with the higher BMI level (above race-sex-median value). Beyond this, we did not 

find significant associations between serum retinol and lung cancer risk among our study 

population. Cook observed negative associations between serum vitamin A and lung cancer risk 

by the First National Health and Nutrition Examination Survey-Epidemiologic Follow-up 

Study.95 Menkes et al. did not find associations between serum retinol with lung cancer risk 

among a study population in Washington County, Maryland. That cohort was EA- and males-

dominated, and participants were more likely to be married, aged between 25-64 years, and have 

higher education level.87 

Noticeably, the inverse associations of cis-β-carotene, trans-α-cryptoxanthin, trans-

anhydrolutein, trans (lutein & zeaxanthin), and cis (lutein & zeaxanthin) with lung cancer risk 

were significant within 34 months (the median follow-up time) after enrollment (Table 4.8). We 

did not find any associations for lung cancer cases diagnosed during 34 -132 months after 

enrollment in the follow-up time stratified analyses. Moreover, the associations of trans (lutein 

& zeaxanthin) and cis (lutein & zeaxanthin) differed by the median follow-up time. It is possible 

that blood concentrations of some carotenoids were affected by the process of carcinogenesis, for 

example, the malignant transformation may impact the process of carotenoids metabolism, 

resulting in decreased circulating biomarkers in cases. Tebi et al. evaluated several plasma 
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micronutrition levels in hospitalized patients aged 70 and older with different diseases and 

compared them with matched healthy ones in a North-eastern France region. The results 

suggested that patients with cancer experienced a notably reduce in serum retinol and β-

carotene.96 

Our study has many strengths. First, previous studies only tested different subtypes for 

limited carotenoids as biomarkers in the analyses. Our study was the first to evaluate the 

associations between carotenoids and lung cancer risk by examining subtypes and isomerization. 

Lee et al. explored the associations between carotenoids and prostate cancer risk. That was the 

first to use molecular configuration and isomeric carotenoids to investigate the associations of 

carotenoids biomarkers and cancer.97 Second, our study was nested in a well-characterized 

prospective cohort study. SCCS database allowed us to estimate the associations among low-

income participants and AAs, which were less known in the previous studies. Besides, the 

questionnaires collected at baseline supplied sufficient information to control confounding and 

reduced the recall bias. 

Our study has some limitations. The main concern of our study is that we used the single 

time point measurement of plasma carotenoids and retinol at baseline in the analyses. During the 

time interval between the blood sample collection and the lung cancer occurrence, the changes in 

carotenoid concentration, for example, supplemental intake information, were unknown. While, 

Fujii et al. compared the risk of cancer mortality associated with baseline plasma carotenoids 

concentrations to the risk of the associations with repeated measurements in a prospective cohort 

study among 40-year-old or older Japanese.98 The associations showed inverse, and statistical 

significant status remained the same. Compared to using a single measurement, point estimates 

calculated using repeated serum carotenoids measurement were more substantial, and the 
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corresponding CIs were away from null. Therefore, it is likely that the results generated from 

single measurement could infer similar conclusions. Secondly, it is difficult to perfectly control 

the residual confounding related to cigarette smoking, which causes 80% of lung cancer. Other 

than smoking status and pack-year, smoking confounders include smoking history, puffing style, 

the frequency of smoking, etc. Thirdly, we did not estimate the values of storage of carotenoids 

and retinol in tissues, for example, liver. Obtaining these data may help better examine the effect 

of carotenoids and retinol on lung cancer incidence. Fourthly, the sample sizes of EAs and 

females were small, and the corresponding statistical power were low. To obtain a solid 

conclusion, the associations observed among those subgroups needed to be confirmed in a larger 

sample size. 

 

4.6 Conclusion 

Our study found the inverse associations between β-carotene and lung cancer risk among 

the AA-dominated and low-income study population; the associations were not observed in 

carotene α subtype biomarkers. In some subgroup analyses, the associations were differed by 

isomerization; for example, among AAs, the significant associations were found with cis-β-

carotene rather than the trans isomers; similar associations were found in trans-anhydrolutein but 

not for its cis isomers. This study can narrow the knowledge gaps about the research question for 

the underrepresented groups. Further studies with a larger sample size are warranted for our 

findings in the subgroup to confirm our findings. 
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CHAPTER 5 

5. Mendelian randomization methods to evaluate the associations  

 

5.1 Introduction 

 To investigate the associations of carotenoids and vitamin A/retinol with lung cancer risk, 

we have used FFQ and plasma biomarkers as measurement instruments, respectively, in the case-

cohort and nested case-control study design under SCCS, the prospective cohort. However, it is 

difficult to perfectly address the issues caused by known/unknown/unmeasured confounding, the 

exposure/covariates misclassification, and possible reverse causality in the observational studies. 

In the Aim 3, we chose to explore the potential causal relationships of the associations by 

mendelian randomization (MR) method, using genetic variants as the instruments. The 

fundamental premise of MR method is that the genetic variants are randomly allocated in the 

offspring and this process and are less likely to be confounded, therefore, MR study can be 

considered as the natural randomized controlled trial. 

 

5.1.1 Mendelian randomization method 

Mendelian randomization (MR) methods are generated to use genetic variants as 

instrumental variables or the proxies of the exposure of interest, which is assumed to be 

independent of the unmeasured or unknown confounders between the exposure and outcome of 

interest (Figure 5.1).99 In this case, the genetic variant will only impact the outcome through the 

exposure; will not be affected by the confounder in the associations of interest.100 It is less likely 

to experience the confounding, the reverse causation, and measurement errors in the MR studies. 
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Figure 5.1. Framework of Mendelian randomization analyses 

 

Source: Wade et al. Cancer Causes & Control, 2022 

 

 

MR analysis can be conducted in individual-level participant level, in that case, 

instrumental variables associated with risk factors and outcomes are obtained from a same 

population, which may experience an underestimate of the potential causal effect. In the MR 

analyses, collecting data from the same participants results in the errors of genetic variants-

exposure association and genetic variants-outcome association are correlated. The problem will 

be addressed if data are collected from different participants. In many cases, two-sample MR 

analysis are conducted in the summary-level data, in which the genetic variants associated with 

risk factors and with outcomes are obtained in different non-overlapping or partially overlapping 

study population. Summary data from large sample size in GWAS consortia will contribute to 

higher statistical power than one sample MR study, but the quality of the data is affected by the 

quality of each pooled studies and the overlapping would cause bias towards to the exposure-

outcome association. 

In the MR studies, there are three general assumptions.101 First is the relevance 

assumption that the genetic variant/ instrumental variable (IV) is associated with the exposure of 

interest/risk factor. Second is called independence assumption; the IV is uncorrelated with any 

confounders of the association of interest. The third assumption of exclusion restriction requires 
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the SNPs influence the outcome only through exposure rather than other direct or indirect 

pathways. The first assumption can be guaranteed by selecting single nucleotide polymorphisms 

(SNPs) from the GWAS studies at the genome-wide significance level. The second assumption 

could be considered held by using European ancestry study population samples for both SNP-

exposure and SNP-outcome relationship assessment. However, it is common in the MR studies 

to meet the violation of the third assumption by pleiotropy effects.102 

The phenomenon of pleiotropy indicates that one genetic variant can influence more than 

one trait. If the influence is vertical, the SNP associated with exposure influence the outcome 

through the exposure and we think it is appropriate to use the MR method. However, under the 

scenario called horizontal pleiotropy, the exposure-associated SNPs may influence the outcome 

through another independent pathway. In this case, the SNP is causally related to 

exposure/outcome of interest and influence another SNP through linkage disequilibrium (LD) in 

a distinct causal pathway. It violates the third MR assumption.103 When horizontal pleiotropy 

effect occurs, the MR detected associations of exposure and outcome are biased, and a false 

positive causal relationship is likely to be induced. Further, if an association is found between 

SNP and outcome in the exposure-free samples, there must be an alternative pathway from the 

SNP to the outcome. Sometimes, it could also be considered as gene-gene (GxG) or gene-

environment (GxE) interaction in the association of interest.104  

When the assumptions are satisfied, we can use several methods to estimate the 

associations, including two-stage least squares method, Inverse-Variance Weighted (IVW) 

method, median ratio estimate, weighted median estimator, penalized weighted median 

estimator, and MR-Egger regression. Among these, two-stage least squares and IVW methods 

are the same thing, respectively for individual-level and summary data-level. The results will be 
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biased if one or more IVs are invalid. The median ratio estimates/simple median method and 

weighted median method will work when there are 50% of IV or 50% of weight from IV are 

valid. Penalized weighted median method can limit the weight of invalid IVs when they are 

unbalance of the causal effect, in other words, it can deal with the heterogeneous genetic variant 

issues in the weighted median methods. MR-Egger regression will work even all the IVs are 

invalid. It allowed the violation of the third assumption and is used in address pleiotropy effect. 

However, it assumes that the pleiotropy effect affect outcome directly instead of through a 

confounder.105  

Several statistical methods have been developed to detect and correct the bias caused by 

horizontal pleiotropy effect and to improve the validity of MR studies. For example, the global 

and individual tests for direct effects (GLIDE) can be used to estimate the phenomenon and do 

sensitivity analysis.106 The pleiotropy-robust MR method is also designed to confirm the 

pleiotropy and generate less biased estimates.107 Rucker framework supplied a well-design flow 

to deal with the pleiotropy effect.108 The steps begin with the IVW-TS-MR analysis to acquire 

the fixed effects IVW estimate. Next, Cochran’s Q statistic will be used to test the heterogeneity 

to determine whether it is necessary to change to random effect IVW. After that, a fixed effect 

MR-Egger analysis will be used to assess the heterogeneity again and detect directional 

pleiotropy. If the heterogeneity has been confirmed, the random effects MR-Egger model will be 

considered. 

 

5.1.2 Racial disparity in the Genome-Wide Association Studies (GWAS) data 

The underlying rationale of the MR methods is the assumption that genetic variants, 

exposure/disease-associated or exposure/disease-unassociated, distribute naturally during 
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meiosis in one population. The random inherited genetic variations precondition will not be well 

hold in the very different population. Especially, in the two-sample MR studies, the different 

samples should represent the same underlying population. Race is one distinctive feature for 

different populations. Till 2018, in the GWAS data source, 78.4% individual data were from 

European ancestry, 10.2% belong to Asian ancestry, and only 2.0% were African ancestry.109 

We used the GWAS data of European ancestry study population to get the information of 

SNPs associated with carotenoids and retinol traits. Unfortunately, we did not found reported 

traits of interest in GWAS studies and the available lung cancer GWAS data for AA is limited, 

and the number of samples tested was ten times less than the number of subjects of European 

ancestry 

  

5.2 Methods 

Generally, MR studies can be carried out in different data source, for example, the MR-

Base, PhenoScanner, or GWAS catalog. In our study, we used GWAS catalog to identify the 

exposure associated SNPs, which supplies the most traits in the database. 

Carotenoids and vitamin A/retinol GWAS: We searched Institute Catalog of Published GWAS 

and the previous literature to select SNPs associated with traits of interest, including α-carotene, 

β-carotene, lycopene, β-cryptoxanthin, lutein, zeaxanthin, carotenoids, and vitamin A (retinol). 

The SNPs associated with any traits listed above at the genome-wide significance level (p-value 

<5*10-8) will be selected. 

Lung cancer risk GWAS: We used the same lung cancer GWAS data as McKay et al. study, 

including 29,266 cases and 56,450 controls. Data were from the OncoArray consortium (dbGap 

Study Accession: phs001273.v1.p1; 14,803 cases and 12,262 controls) and Transdisciplinary 
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research into cancer of the lung (TRICL) (dbGap Study accession: phs000876.v1.p1; 14,436 

cases and 44,188 controls).110-113  

 SNPs GWAS significant associated with carotenoids will be matched in lung cancer 

GWAS dataset and SNPs unassociated with lung cancer risk will be kept. If several SNPs are 

highly correlated, we will only keep the most significant one. If exposure-associated SNP is not 

able to be found in the lung cancer GWAS dataset, the index SNP will be replaced by a proxy 

SNP with same risk allele, very similar allele frequency and LD>0.8. In the process of data 

harmonization, we confirmed all exposure-associated SNP checked effect allele and effect allele 

frequency, flip the direction of effect in either exposure or outcome data.114 

We select two-sample (TS) MR method in the analysis since the SNP-exposure and SNP-

outcome associations were evaluated in the different or partially overlapping samples. The extent 

of overlap will determine the instrument bias induced toward-to-null impact, and the impact 

would be weak. We use “mr_ivw” in R to calculate the odds ratio and 95% confidence interval 

(CI) of the associations, which is suitable for a single genetic variant and the default setting of 

fixed-effect model for three genetic variants or fewer.115 

To check the pleiotropy effect, we search whether there are other traits associated with 

selected SNPs in the PhenoScanner (http://www.phenoscanner.medschl.cam.ac.uk/). The 

parameters were set as catalogue: “Diesease & traits”, p-value: “1E-5”, Proxies: “None”, r2: 

“0.8”, and Build: “37”. 

 

5.3 Results 

We found four articles in the GWAS catalog that meet our criteria for five traits: α-

carotene, β-carotene, lycopene, lutein, and retinol.116-119  

http://www.phenoscanner.medschl.cam.ac.uk/
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The number of SNPs associated with plasma level exposures are limited. There are only 

one for lycopene, two for retinol, three for α-carotene, and four for β-carotene and lutein. 

However, the four reported SNPs associated with β-carotene and lutein are the same, in the same 

chromosome (CHR 16), and from on study. We checked whether the SNPs are correlated in the 

LDlink web (https://ldlink.nci.nih.gov/?tab=home) and the four SNPs (rs6564851, rs6420424, 

rs11645428, and rs8044334) are mutually correlated. Because they are from a same region/gene, 

the contribution of the SNPs is likely to from a same source, we kept the most significant SNP 

rs6564851 for β-carotene and lutein for the following analyses (Table 5.1). The proportion of the 

variances of the associations can be explained by selected SNPs for each trait vary from 2.2% 

(vitamin A/retinol) to 21.8% (α-carotene).  

Table 5.1. SNPs associated with specific carotenoids and retinol, GWAS catalog 
Trait SNP Gene CHR Effect allele MAF R2 Sample size Beta Se P-value 

α-carotene 

  

rs2594495 PRKCE 2 A 0.04 7.2% 433 0.37 0.06 1.01E-08 

rs17830069 RNA LINC00290 4 A 0.02 7.5% -0.38 0.07 2.89E-08 

rs12137025 Between 

CAPN8, CAPN2 

1 C 0.07 7.1% 0.19 0.03 3.55E-08 

β-carotene rs6564851 BCO1 16 G 0.50 1.9% 3881 0.149 0.015 1.60E-24 

lutein rs6564851 BCO1 16 G 0.50 4.2% 1190 -0.032 0.004 7.30E-15 

lycopene rs7680948 SETD7 4 A 0.20 9.3% 441 -0.19 0.03 4.97E-09 

retinol   rs10882272 RBP4 10 C 0.35 0.5% 5006 -0.03 0.005 6.04E-12 

rs1667255 TTR 18 C 0.31 1.7% 0.04 0.005 2.30E-17 

Note: Study populations were all European ancestry. The unit of the studies of α-carotene, β-carotene and 

lutein is μmol/L; the unit of the studies of lycopene and retinol is μg/L. MAF-minor allele frequency 

 

When we successfully matched six of the seven SNPs in the lung cancer GWAS dataset 

and found a proxy for one retinol associated SNP rs10882272. The poxy SNP is rs11187539, in 

https://ldlink.nci.nih.gov/?tab=home
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the same chromosome 10, the r2 is 1, the effect allele is A and MAF is 0.38 (their correlated 

alleles is T=G, C=A). The associations of the SNPs (rs2594495, rs17830069, rs12137025, 

rs6564851, rs7680948, rs11187539, and rs1667255) with lung cancer were listed in Table 5.2. 

 

Table 5.2. SNPs matched in the lung cancer GWAS data 

SNPs CHR Position EA OA Beta Se P-value EAF 

rs2594495 2 46409466 A G 0.02995 0.019588 0.126 0.12 

rs17830069 4 1.82E+08 G A 0.0191 0.028525 0.503 0.04 

rs12137025 1 2.24E+08 C T -0.0410 0.022176 0.064 0.08 

rs6564851 16 81264597 T G 0.0013 0.011745 0.912 0.49 

rs7680948 4 1.4E+08 C A -0.0155 0.013559 0.253 0.25 

rs11187539 10 95346938 A G -0.0162 0.012151 0.183 0.38 

rs1667255 18 29187279 C A 0.01076 0.011993 0.370 0.39 

Note: EA-effect allele, OA-other allele, EAF-effect allele frequency, sample size is 85716 

 

After data harmonization, we organized input file combine both information of exposures 

and outcome in the Table 5.3. 

 

Table 5.3. SNPs in the two-sample Mendelian Randomization analysis of associations of specific 

carotenoids and retinol with lung cancer risk in the European Ancestry 
Instrumental variable Carotenoids/retinol associated  Lung cancer risk associated 

SNP CHR EA Traits Beta Se P-value Beta Se P-value 

rs2594495 2 A α-carotene 0.37 0.06 1.01E-08 0.02995 0.019588 0.126 

rs17830069 4 G  0.38 0.07 2.89E-08 0.0191 0.028525 0.503 

rs12137025 1 C  0.19 0.03 3.55E-08 -0.0410 0.022176 0.064 

rs6564851 16 G β-carotene 0.149 0.015 1.60E-24 -0.0013 0.011745 0.912 

rs6564851 16 T lutein 0.032 0.004 7.30E-15 0.0013 0.011745 0.912 

rs7680948 4 C lycopene 0.19 0.03 4.97E-09 -0.0155 0.013559 0.253 
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rs11187539 10 A retinol -0.03 0.005 6.04E-12 -0.0162 0.012151 0.183 

rs1667255 18 C  0.04 0.005 2.30E-17 0.01076 0.011993 0.370 

 

 Overall, we did not find any significant associations of specific carotenoids and retinol 

with lung cancer risk based on current reported information (Table 5.4). 

 

Table 5.4. Associations of specific carotenoids and retinol with lung cancer risk 

Trait OR    95% CI P-value 

α-carotene 1.04 0.96 - 1.12 0.37 

β-carotene 0.99 0.85 - 1.16 0.91 

lutein 1.04 0.51 - 2.14 0.91 

lycopene 0.92 0.80 - 1.06 0.25 

retinol 1.44 0.90 - 2.31 0.13 

 

 We checked the exposure-associated SNPs in “PhenoScanner” and found rs2594495 was 

reported to be also associated with hematocrit, and rs6564851 were associated with β-carotene, 

lutein, and zeaxanthin. 

 

5.4 Discussions 

Based on current reported carotenoids-associated SNPs in GWAS studies, we did not find 

any associations of α-carotene, β-carotene, lutein, lycopene, and retinol/vitamin A with lung 

cancer risk among European Ancestry. The findings also indicated that the associations are less 

likely to be confounded by pleiotropy effect for α-carotene, lycopene, and vitamin A. Even 

rs2594495 was reported also associated with hematocrit, the reported P-value does not meet 

GWAS significant level (p-value= 4*10-6) and hematocrit does not present significant 

relationship with α-carotene or a trigger of lung cancer.  
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G allele of rs6564851 was observed, GWAS significantly or insignificantly, associated 

positively with α-carotene, β-carotene, and β-cryptoxanthin, negatively with lycopene, 

zeaxanthin, and lutein, but null with retinol.117 rs6564851 located near the β-carotene 15,15’-

monooxygenase 1 (BCMO1/BCO1) gene, which is the protein-coding gene for the enzyme 

cleaves β-carotene in the vitamin A metabolism. There is no solid evidence indicated rs6564851 

affect the BCO1 expression, however, in vivo studies the BCO1 activity was reduced among 

female with GG homozygotes. The association between the G allele presence and elevated 

circulating β-carotene level have also been confirmed by Yabuta et al. study among 92 Japanese 

nonsmokers.120 The insignificant associations between rs6564851 and β-cryptoxanthin may 

result from the eccentric cleavage of  β-cryptoxanthin can be converted through mitochondrial β-

carotene-9’,10’-oxygenase (BCO2). Also, the circulating retinol level should be observed 

changed significantly when liver storage of vitamin A depleted other than the BCO1 was 

suppressed to some extent. 

It is difficult to explain the negative associations between BCO1 and non-provitamin A 

carotenoids, Ferrucci et al. hypothesized the circulating carotene level affect the metabolism of 

other carotenoids with unknown mechanism. Unlike the previous studies, Dela sena et al. 

conducted vivo experiments and observed that BCO1 cleaved all-trans-lycopene (25-70% 

lycopene in human body is cis isomers) but did not act with 9-cis-β-carotene, indicating that 

BCO1 preferred to a conjugated system starting from the 5-carbon to the 5’-carbon than the 

unmodified β-ionone ring.121 It is possible lycopene combined some BCO1 prior to β-carotene 

and experienced a decreased concentration. 

 We have several concerns about the MR analyses. First, there are a few exposure-

associated SNPs, one for β-carotene, lutein, and lycopene, two for retinol, and three for α-
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carotene. We do not have enough statistical power to detect the association of interest. Also, the 

limited IVs only explain small proportions of the variation in the phenotype, as weak 

instruments, the effect will be biased and toward to the null. Additionally, the most significant 

SNPs rs6564851 affected multiple carotenoids circulating levels with little known mechanism 

left unsolved pleiotropy effect issue in the associations. 

Besides, there is always a challenge in MR analyses when traits are associated with 

nutrition. In our study, the traits, carotenoids and retinol, are depend on consumptions from food, 

experience potential mutual interaction, and the biological mechanisms involved in their 

metabolisms have not been thoroughly studied. It is difficult to disentangle the complex 

associations related to dietary intake and involved metabolism and to guarantee the IVs perfectly 

represent exposure of interest or stable circulating level in a long time. 

 

5.5 Conclusion 

 GWAS studies for carotenoids, dietary or circulating level, with larger sample size 

among multiple race/ethnicities are needed to identify more IVs. Biological mechanisms 

involved in digestion, transition, absorption, and storage, for each common carotenoids and 

retinol, are needed to help to identify genetic variants and make interpretations of observed 

associations. 
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CHAPTER 6 

6 Summary of the findings 

 

Our study contributes to the evidence supporting recommendations about the modifiable 

nutritional factors, here is carotenoids and vitamin A dietary intake, fill part of knowledge gap to 

the impact of carotenoids and vitamin A intake and circulating level on lung cancer subtypes, 

incidents, and racial disparity. 

In summary, we did not observe significant associations of carotenoids and vitamin A 

intake from food and drinks with overall lung cancer risk among SCCS cohort. We compared the 

intake levels of the six most common carotenoids with other previous cohort studies and found 

the dietary level of α-carotene, β-carotene, lutein/zeaxanthin, and lycopene were not extremely 

too high or extremely too low (Appendix Table C1). However, the level of β-cryptoxanthin is 

noticeably higher than the participants in other seven cohort. To some extent, that may explain 

Männistö et al. found significant inverse associations only for β-cryptoxanthin in multi-variate 

model, but we did not. In the Aim1, several positive associations of Vitamin A intake were found 

among current smokers and with subtypes of lung cancer risk, especially, we found racial 

disparity of the associations with adenocarcinoma risk. β-carotene, did not show significant 

associations in our dietary project. In the biomarker project, the elevated blood concentrations of 

trans-, cis-, and total β-carotene were associated with decreased lung cancer risk. The negative 

associations of cis- and total β-carotene were more evident among AAs, males, and smokers with 

less than median cigarette pack-year. The results confirm the proposed cancer prevention 

hypothesis. In our Aim2 study, there were only 61 EA cases and 88 female cases, the sample size 

was not enough to detect the associations if the margin of effects were small. Trans-β-

cryptoxanthin showed negative associations with lung cancer risk by per SD change and a 
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negative association was more evident among females. Similar association was observed for cis-

β-cryptoxanthin only among female, and interaction term indicated sex may differ the 

association. The circulating levels of trans- or cis-β-cryptoxanthin of males and females were 

similar, what caused the differed effect on lung cancer risk was unknown.  

We did not obtain consistent results from our Aim1 and Aim2. First of all, the dietary 

intake level of nutrients measured by FFQ and circulating biomarkers concentrations measured 

by blood samples are different exposures. The biomarkers from plasma reflect more recent 

situation compared to information from questionnaire about the past year. Also, the magnitudes 

of correlation coefficients were small (Appendix Table B1). The dietary intake level and 

circulating level were weak positively correlated, especially for lycopene. The bioavailability is 

affected largely by cook method. In addition, compared with general characteristics of whole 

cohort participants (Aim1 case vs. Aim2 cases; Aim1 controls vs. Aim2 non-cases), the 

participants with circulating carotenoids and retinol information were older, composed of more 

males, more AAs, more former smokers, and less obesity subjects, had lower education levels 

and income levels, and higher packyears of cigarette smoking. Moreover, the exposures of 

dietary intake may play a role as surrogate for different lifestyle other than the true amount of 

carotenoids and vitamin A intake. 

All in all, our main findings did not challenge the results of previous observational 

studies and were consistent with some conclusions with studies chose dietary or blood 

biomarker, respectively, as measurement instrument. Further, we did not observe associations 

between carotenoids and retinol with lung cancer risk in the European ancestry the MR analyses. 
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Biomarkers epidemiology studies with larger sample size of females or GWAS studies or 

biological mechanism experiments were needed to investigate the questions in females and 

males. We did not have many findings for retinol/vitamin A in our biomarker project, but we 

observed dietary vitamin A intake were positively associated with adenocarcinoma risk and the 

association was differed by race, which was only significantly associated among AAs. This 

disparity among the subtype of lung cancer has not been reported before. We didn’t successfully 

confirm this finding in the biomarker project, there was only 44 AA adenocarcinoma cases in our 

Aim2.  

The main strength of our study, especially for Aim 1 and Aim 2, is that we investigated 

the associations among under-representative populations. The previous studies barely explored 

the research questions among the AAs and people living in the low SES, while SCCS allows us 

to uncover the associations in the under-studied populations. Secondly, we evaluated the 

associations of both dietary and blood-level carotenoids and vitamin A with lung cancer risk in 

the same cohort participants. Moreover, there are 15 carotenoids, and their isomers were 

measured blood concentrations, that information has not sufficiently studied before. Even our 

Aim3 did not supply sound conclusion, the studies move the hypothesis forward, and put forth 

further research questions in sex and racial disparity related to specific carotenoids, GWAS 

studies among AAs, and biological mechanism studies for the interactions between carotenoids 

or even with other antioxidants. 
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Appendix A – Chapter 3 Appendix 

 

Appendix Figure A1. Exclusion flowchart of Aim1 
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Appendix Figure A2. Distribution of energy-adjusted and log-transformed energy-adjusted 

dietary carotenoids and vitamin A intake 
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Appendix Table A1. Pearson Correlation Coefficients for dietary carotenoids and vitamin A 

Log-transformation α-carotene β-carotene 

β-

cryptoxanthin 

lutein/ 

zeaxanthin lycopene Vitamin A 

α-carotene 1 0.69551 0.42969 0.50129 0.33219 0.62146 

    <.0001 <.0001 <.0001 <.0001 <.0001 

β-carotene 0.69551 1 0.47906 0.82582 0.32861 0.82882 

  <.0001   <.0001 <.0001 <.0001 <.0001 

β-cryptoxanthin 0.42969 0.47906 1 0.44198 0.20988 0.42013 

  <.0001 <.0001   <.0001 <.0001 <.0001 

lutein/zeaxanthin 0.50129 0.82582 0.44198 1 0.17901 0.69523 

  <.0001 <.0001 <.0001   <.0001 <.0001 

lycopene 0.33219 0.32861 0.20988 0.17901 1 0.25388 

  <.0001 <.0001 <.0001 <.0001   <.0001 

Vitamin A 0.62146 0.82882 0.42013 0.69523 0.25388 1 

  <.0001 <.0001 <.0001 <.0001 <.0001   
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Appendix Table A2. Associations of dietary carotenoids and vitamin A intake with lung cancer 

risk by BMI category, SCCS 
Carotenoids Quartile BMI 

  
 

BMI <25  25<= BMI <30  BMI >=30 

  Case  HR  95%CI  Case  HR  95%CI  Case  HR  95%CI 

α-carotene 1 168 ref  91 ref  76 ref 

  2 136 0.96 (0.76-1.20)  100 1.10 (0.82-1.46)  78 1.01 (0.73-1.38) 

  3 121 0.95(0.75-1.21)  88 0.98 (0.73-1.32)  72 0.93 (0.67-1.30) 

  4 114 1.01(0.79-1.30)  77 0.97 (0.71-1.32)  84 1.11 (0.80-1.52) 

Ptrend   0.98   0.67   0.64 

β-carotene 1 164 ref  82 ref  71 ref 

  2 140 0.96 (0.77-1.21)  101 1.25 (0.93-1.68)  68 0.86 (0.62-1.21) 

  3 110 0.84 (0.66-1.08)  76 0.94 (0.68-1.29)  89 1.10 (0.80-1.52) 

  4 125 1.02 (0.80-1.31)  97 1.24 (0.91-1.68)  81 1.05 (0.75-1.46) 

Ptrend   0.83   0.49   0.45 

β-Cryptoxanthin 1 169 ref  98 ref  84 ref 

  2 141 1.08 (1.19-4.11)  95 0.97 (0.73-1.29)  78 0.96 (0.70-1.31) 

  3 120 0.93 (0.88-3.38)  77 0.86 (0.64-1.17)  68 0.85 (0.61-1.17) 

  4 109 0.93 (0.90-3.44)  86 0.96 (0.71-1.30)  79 0.94 (0.68-1.29) 

Ptrend   0.41   0.63   0.55 

Lutein &  1 157 ref  89 ref  75 ref 

Zeaxanthin 2 137 1.04 (0.82-1.31)  87 0.98 (0.54-1.37)  72 0.89 (0.64-1.24) 

  3 126 1.02 (0.80-1.29)  83 0.99 (0.56-1.42)  68 0.76 (0.54-1.06) 

  4 119 1.02 (0.79-1.30)  97 1.07 (1.06-1.08)  94 1.09 (0.80-1.49) 

Ptrend   0.94   0.65   0.72 

Lycopene 1 160 ref  102 ref  81 ref 

  2 143 1.05 (0.83-1.32)  98 1.08 (0.82-1.43)  76 0.94 (0.68-1.29) 

  3 125 1.03 (0.81-1.31)  70 0.78 (0.58-1.07)  75 1.03 (0.75-1.42) 

  4 111 0.96 (0.75-1.23)  86 1.02 (0.76-1.37)  77 1.02 (0.74-1.39) 

Ptrend   0.77   0.58   0.78 

Vitamin A, RAE 1 166 ref  75 ref  70 ref 

  2 130 0.88 (0.70-1.12)  86 1.16 (0.84-1.60)  69 0.89 (0.63-1.24) 

  3 127 1.00 (0.78-1.27)  84 1.21 (0.87-1.68)  79 0.91 (0.65-1.27) 

  4 116 0.94 (0.73-1.22)  111 1.57 (1.14-2.15)  91 1.08 (0.77-1.50) 

Ptrend   0.89   0.006   0.58 
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Appendix Table A3. Associations of dietary intakes of carotenoids and vitamin A with lung 

cancer risk by common quartiles categorization among overall population 
Carotenoids Quartiles Case Model 1# Model 2# Model 3# 

  
  

HR   95%CI HR  95%CI HR  95%CI 

α-carotene 1 335 ref ref ref 

  2 317 0.87 (0.75-1.02) 1.06 (0.91-1.24) 1.01 (0.87-1.19) 

  3 294 0.77 (0.65-0.90) 1.11 (0.95-1.30) 1.02 (0.87-1.20) 

  4 258 0.68 (0.57-0.80) 1.02 (0.86-1.21) 1.04 (0.88-1.23) 

Ptrend 
 

 <0.001 0.64 0.66 

β-carotene 1 335 ref ref ref 

  2 323 0.89 (0.77-1.04) 1.06 (0.90-1.24) 1.08 (0.93-1.26) 

  3 254 0.68 (0.57-0.80) 1.05 (0.89-1.24) 0.88 (0.74-1.04) 

  4 292 0.77 (0.65-0.90) 1.04 (0.88-1.23) 1.14 (0.96-1.35) 

Ptrend 
 

 <0.001 0.67 0.54 

β-Cryptoxanthin 1 356 ref ref ref 

  2 320 0.86 (0.74-1.00) 0.89 (0.76-1.04) 1.04 (0.89-1.21) 

  3 262 0.67 (0.57-0.79) 0.78 (0.66-0.92) 0.89 (0.76-1.05) 

  4 266 0.63 (0.53-0.74) 0.96 (0.81-1.14) 0.98 (0.83-1.16) 

Ptrend 
 

 <0.001 0.23 0.41 

Lutein &  1 326 ref ref ref 

Zeaxanthin 2 303 0.86 (0.73-1.01) 0.92 (0.78-1.08) 1.05 (0.89-1.23) 

  3 294 0.82 (0.70-0.97) 0.87 (0.74-1.03) 1.09 (0.92-1.28) 

  4 281 0.78 (0.66-0.92) 1.04 (0.87-1.23) 1.08 (0.91-1.28) 

Ptrend 
 

 0.004 0.92 0.34 

Lycopene 1 339 ref ref ref 

  2 328 0.96 (0.83-1.12) 1.07 (0.92-1.25) 1.06 (0.91-1.24) 

  3 253 0.73 (0.62-0.86) 1.07 (0.91-1.26) 0.88 (0.74-1.03) 

  4 284 0.81 (0.69-0.95) 1.11 (0.95-1.31) 1.01 (0.86-1.19) 

Ptrend 
 

 <0.001 0.21 0.57 

Vitamin A, 

RAE 

  

  

1 336 ref ref ref 

2 271 0.74 (0.63-0.87) 1.02 (0.86-1.20) 0.86 (0.73-1.02) 

3 298 0.76 (0.65-0.89) 1.07 (0.91-1.26) 1.01 (0.86-1.19) 

4 299 0.73 (0.62-0.86) 1.00 (0.85-1.18) 1.09 (0.92-1.29) 

Ptrend 
 

 <0.001 0.84 0.13 

#Model1- minimum adjustment model: adjusting for age, race, and sex. 

Model2- smoking behavior adjustment model: adjusting for age, race, sex, smoking status, packyears, 

enrollment type, and energy intake 

Model3- fully adjustment model: adjusting for age, race, sex, smoking status, packyears, enrollment type, 

energy intake, COPD status, education level, income level, alcohol consumption, and BMI. 
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Appendix Table A4. Associations of dietary carotenoids and vitamin A intake with lung cancer 

risk among participants never had vitamin A supplements 
Carotenoids Quartiles HR 95%CI P-trend 

α-carotene 1 Ref   

  2 1.01 0.75 – 1.35  

  3 0.88 0.65 – 1.18   

  4 1.06 0.79 – 1.42  0.90 

β-carotene 1 Ref    

  2 0.86 0.64 – 1.16  

  3 0.87 0.65 – 1.17  

  4 1.03 0.77 – 1.37  0.79 

β-Cryptoxanthin 1 Ref    

  2 0.80 0.60 – 1.08  

  3 0.91 0.68 – 1.22  

  4 0.99 0.74 – 1.32  0.83 

Lutein &  1 Ref    

Zeaxanthin 2 0.84 0.62 – 1.12  

  3 0.71 0.52 – 0.97  

  4 1.02 0.77 – 1.35 0.98 

Lycopene 1 Ref   

  2 1.02 0.77 – 1.35  

  3 1.09 0.82 – 1.45  

  4 1.02 0.76 – 1.37 0.77 

Vitamin A, RAE 

  

  

1 Ref   

2 1.14 0.84 – 1.55  

3 0.94 0.68 – 1.30  

4 1.19 0.87 – 1.63 0.49 

Note: adjustment of age, race, sex, smoking status, packyears, enrollment type, energy intake, COPD 

status, education level, income level, alcohol consumption, and BMI 
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Appendix B – Chapter 4 Appendix 

 

Appendix Table B1. Pearson Correlation Coefficients for dietary carotenoids and vitamin A and 

corresponding blood biomarkers. 

 α-carotene β-carotene 
β-

cryptoxanthin 

lutein/ 

zeaxanthin lycopene Vitamin A 

CAROTENE       

Trans-α-carotene 0.214 0.219 0.190 0.170 0.127 0.205 
 <.0001 <.0001 <.0001 <.0001 0.001 <.0001 

Trans-β-carotene 0.118 0.216 0.194 0.177 0.028 0.228 

 0.003 <.0001 <.0001 <.0001 0.477 <.0001 

Cis-β-carotene 0.123 0.237 0.216 0.203 0.079 0.239 

 0.002 <.0001 <.0001 <.0001 0.046 <.0001 

total β-carotene  

(trans & cis) 

0.119 0.218 0.197 0.179 0.033 0.229 

0.003 <.0001 <.0001 <.0001 0.400 <.0001 

LYCOPENE       

lycopene (trans & cis) 0.089 0.144 0.082 0.091 0.190 0.107 
 0.025 <0.001 0.039 0.022 <.0001 0.007 

total dihydrolycopene 0.116 0.157 0.148 0.112 0.193 0.127 

 0.004 <.0001 0.000 0.005 <.0001 0.001 

total (lycopene & 

dihydrolycopene) 

0.096 0.148 0.097 0.097 0.193 0.112 

0.016 <0.001 0.015 0.015 <.0001 0.005 

CRPYTOXANTHIN       

Trans-α-cryptoxanthin 0.019 0.105 0.177 0.149 0.039 0.090 
 0.634 0.008 <.0001 <0.001 0.328 0.023 

Trans-β-cryptoxanthin 0.125 0.197 0.326 0.220 0.057 0.170 

 0.002 <.0001 <.0001 <.0001 0.154 <.0001 

Cis-β-cryptoxanthin 0.086 0.153 0.224 0.171 0.083 0.112 

 0.030 <0.001 <.0001 <.0001 0.036 0.005 

LUTEIN/ZEAXANTHIN       

Trans-lutein 0.077 0.194 0.208 0.245 0.042 0.165 

 0.052 <.0001 <.0001 <.0001 0.295 <.0001 

Trans-anhydrolutein 0.086 0.205 0.118 0.254 0.101 0.155 
 0.031 <.0001 0.003 <.0001 0.011 <.0001 

Cis-anhydrolutein 0.124 0.203 0.131 0.209 0.193 0.170 

 0.002 <.0001 0.001 <.0001 <.0001 <.0001 

Trans-zeaxanthin 0.112 0.182 0.190 0.231 0.044 0.166 

 0.005 <.0001 <.0001 <.0001 0.272 <.0001 

Trans (lutein & zeaxanthin) 0.091 0.199 0.205 0.252 0.043 0.173 

 0.022 <.0001 <.0001 <.0001 0.280 <.0001 

Cis (lutein & zeaxanthin) 0.089 0.195 0.161 0.196 0.157 0.153 

 0.028 <.0001 <.0001 <.0001 <0.001 <0.001 

TOTAL CAROTENOID 0.117 0.207 0.175 0.178 0.145 0.169 

 0.003 <.0001 <.0001 <.0001 <0.001 <.0001 

TOTAL RETINOL 0.177 0.204 0.141 0.197 0.067 0.711 

 <.0001 <.0001 <0.001 <.0001 0.093 <.0001 
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Appendix C – Chapter 6 Appendix 

 

Appendix Table C1. Dietary energy-adjusted carotenoids levels in SCCS vs. previous cohort 

studies 
 

Note: Dietary energy-adjusted carotenoids levels in the previous cohort studies were obtained 

from: Männistö et al. Cancer Epidemiol. Biomark. Prev, 2004   

  

Study Number of cases Mean (SD) 𝝁g/day 

𝜶-carotene 𝜷-carotene 𝜷-cryptoxanthin Lutein/Zeaxanthin Lycopene 

𝛼-Tocopherol, 𝛽-Carotene Cancer Prevention Study 

Men 298 527 (505) 1758 (1262) 25 (30) 1146 (328) 645 (597) 

Canadian National Breast Screening Study 

Women 149 986 (818) 4619 (2939) 79 (58) 3037 (3096) 8891 (8933) 

Health Professionals Follow-up Study 

Men  244 980 (1036) 5159 (3591) 88 (103) 3949 (3013) 10844 (7795) 

Iowa Women's Health Study 

Women  433 773 (820) 4527 (3147) 74 (71) 2795 (2832) 4180 (4267) 

Netherlands Cohort Study 

Women 131 685 (565) 2901 (1501) 206 (172) 2448 (1028) 1303 (1883) 

Men 843 687 (527) 2960 (1453) 155 (164) 2550 (1120) 1045 (1544) 

New York State Cohort 

Women 130 1144 (854) 6346 (3384) 247 (264) 5998 (3790) 5683 (4100) 

Men 392 1171 (865) 6382 (3458) 215 (273) 6025 (3489) 7274 (4764) 

Nurses' Health Study (a) 

Women 156 723 (838) 4424 (3629) 104 (92) 5086 (5289) 5255 (5305) 

Nurses' Health Study (b) 

Women 379 764 (637) 4273 (2403) 62 (62) 3531 (2553) 9643 (6133) 

Southern Community Cohort Study 

EA women 213 937 (810) 5406 (3914) 280 (248) 4126 (3728) 7304 (3692) 

EA men 161 759 (644) 4200 (2980) 238 (212) 3450 (3057) 7933 (3881) 

AA women 359 834 (895) 6710 (4906) 389 (329) 6357 (5672) 6528 (4296) 

AA men 433 603 (573) 5309 (3879) 326 (283) 4996 (4558) 6724 (4285) 


