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ABSTRACT 
 

Introduction:  There is evidence to suggest that common genetic polymorphisms 

can modify the effect of environmental risk factors on colorectal neoplasia.   

Methods:  Data on 1430 individuals were obtained from two chemoprevention 

trials, the Wheat Bran Fiber Trial (WBF) (1) and the Effects of Ursodeoxycholic Acid on 

Adenomatous Polyp Recurrence Trial (URSO) (2). Data were analyzed to test for gene-

environment interactions between allelic variation in PPAR-γ (Pro12Ala, C1431T), body 

mass index (BMI) and waist circumference, and the biochemical biomarkers of metabolic 

syndrome.  Simulated data were then used to determine if the sample size required to 

formally test the relationship between gene-exposure interactions could be reduced by 

using a genetically enriched study population.  For this simulation aspect of the work, an 

established gene-drug interaction (i.e.: flavin monooxygenase 3 (FMO3) and sulindac) 

was used as a model system. 

Results:  There was a borderline significant interaction between BMI and PPAR-γ 

for the Pro12Ala genotype (pinter=0.11) and significant interactions between BMI and the 

C1431T genotype (pinter=0.09).  Results from the recursive partition model identified 

BMI (p = 0.007) and baseline fasting glucose levels (p =0.033) as significant predictors 

of colorectal adenoma recurrence for carriers of Ala12 and waist circumference as a 

significant predictor for the Pro12Pro12 carriers (p=0.002). Results from the simulated 

studies indicated that using genetically pre-screened and enriched populations can result 

in a 50% savings in the number of subjects required to test the candidate gene-drug 

interaction. 
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Conclusions: These findings provide evidence that the effect of allelic variation in 

PPAR-γ on colorectal adenoma recurrence is modified by BMI and that component traits 

of metabolic syndrome differentially affect the risk of colorectal adenoma recurrence 

depending on genotype. In addition, using genotype as an inclusion criterion in future 

studies of adenoma recurrence will result in a smaller sample size required to test gene-

environment interactions.    
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INTRODUCTION 

I. Explanation of the problem 
 

Colorectal cancer is currently the third most common cancer and the third leading 

cause of cancer death in the United States (3), with annual treatment costs estimated at 

8.4 billion dollars annually (4).  Given the complex nature of colorectal cancer 

carcinogenesis (5-7), there is evidence to suggest that genetic variation in common 

polymorphisms may modify the effects of environmental exposures relevant to the 

etiology of colorectal cancer.  These genetic variations may partially explain individual 

susceptibility to this disease.   

Colorectal adenomas are considered to be a precursor lesion for most sporadic 

colorectal cancers (6, 8-12).  Obesity and perhaps more relevant, the underlying 

metabolic disturbance associated with adiposity, are suspect factors in the risk for 

developing colorectal cancer (13-54), colorectal adenomas (36, 55-74)  and colorectal 

adenoma recurrence(75-78). Therefore, the overall goal of this dissertation is to explore 

potential gene-environment interactions that influence colorectal adenoma recurrence via 

the obesity pathway and to evaluate the manner in which accounting for genetic variation 

during study recruitment influences the sample required to formally test gene-

environment interactions.  As such, the following aims will be pursued in the current 

study: 

1. Evaluate if the influence of BMI or waist circumference on colorectal adenoma 

recurrence is modified by the PPAR-γ genotypes, haplotypes, or diplotypes.  
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2. Assess if the joint influence of PPAR-γ and BMI or waist circumference on colorectal 

adenoma recurrence is further modified by the biochemical biomarkers of metabolic 

syndrome. 

3. Determine if using a genetically pre-screened and enriched population will minimize 

the number of subjects needed to formally test a gene-drug interaction in a clinical 

trial designed to evaluate adenoma recurrence as the endpoint.  

 

Hypotheses Statement 

In aim one, it is hypothesized that genetic variation in the PPAR-γ gene that 

influences insulin sensitivity modifies the association between BMI or waist 

circumference on colorectal adenoma recurrence.  Specifically, the odds of recurrence in 

Ala12 carriers who have a high BMI or large waist circumference will be greater than the 

sum of Ala12 and BMI or waist circumference alone.  In aim two, it is hypothesized that 

elevated levels of the biochemical biomarkers of metabolic syndrome will modify the 

joint effect of PPAR-γ and BMI or waist circumference on colorectal adenoma 

recurrence.  Specifically, the combined effects of PPAR-γ and BMI or waist 

circumference and levels of the biochemical biomarkers of metabolic syndrome on 

colorectal adenoma recurrence will not just be the sum of their separate effects.  Instead, 

the combination of these factors will interact in a synergistic manner to increase or 

decrease each factor’s odds of recurrence. A positive finding for either of these 

hypotheses would provide additional evidence supporting an insulin pathway in the 

pathogenesis of colorectal lesions as well as identify potential subsets of the population 
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for whom lifestyle/behavior changes may prove more effective in reducing the odds of 

colorectal adenoma recurrence.  

In aim three, it is hypothesized that the use of a genetically pre-screened and 

enriched population will reduce the sample required to test gene-drug interactions, 

affording a more practical approach to validate promising gene-drug interactions in the 

randomized trial setting.  A positive finding will have direct public health benefit for 

drug-based chemoprevention and disease therapies through refined interventions that are 

focused on responding genotypes.  

II. Dissertation overview 
 

This dissertation is presented in two chapters and four appendices.  Chapter one 

includes the research problem, study aims, and a review of the literature. Chapter two 

includes the methods, results, and a discussion of the current study.   Specific aims one 

and two were addressed using secondary analyses of data collected from the Wheat Bran 

Fiber Trial (WBF) (1) and Ursodeoxycholic Acid Trial (URSO) (2).  Both studies were 

randomized, double-blinded, phase III clinical trials conducted at the Arizona Cancer 

Center.  The secondary analyses of these data for this dissertation have been approved by 

the University of Arizona Human Subjects Committee.  Specific aim three was addressed 

by using a literature-based candidate gene-drug interaction between the FMO3 gene and 

the drug sulindac (tradename Clinoril®).  This established model of gene-drug interaction 

was used to illustrate methods for reducing the required sample size to formally test the 

manner in which interactions can be incorporated into the design of randomized clinical 

trials, the current gold standard for evaluating the effect of pharmaceutics on disease.  
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Although aims one and two focused on interactions between PPAR-γ and obesity, aim 

three was addressed using FMO3 rather than PPAR-γ for several reasons.  First, there is 

strong literature-based evidence that variants of the FMO3 gene interact with sulindac to 

reduce the risk of colorectal adenoma recurrence, which provided ‘real’ estimates of the 

gene effect, the drug effect, and their potential interaction. Second, there has been 

considerable interest in sulindac for colorectal cancer prevention because of its anti-

tumor activity (79).  Third, a significant gene-drug interaction between PPAR-γ and 

sulindac, though mechanistically linked (80), had not been described in the literature at 

the time this dissertation was prepared. As such, ‘data’ to model the simulation were not 

available, making it imprudent to use PPAR-γ to address specific aim three.  However, as 

a part of this dissertation, the methodology developed for FMO3 has been applied to 

PPAR-γ and the results are available in Appendix A.  

The term “colorectal cancer” is a general term that will be used herein to describe 

cancers that occur within the colon and/or rectum.  Specific terminology related to the 

location of the cancer, such as “colon cancer” or “rectal cancer” will be used whenever 

possible based on the vocabulary used in the cited literature.  In addition, the general term 

“neoplasm” will be used to describe benign or malignant cell growth within the colon or 

rectum.  In appropriate situations, the terms “cancer” and “adenoma” will be used to 

more accurately describe the type of abnormal lesion. 
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III. Review of the literature 
 

The current research is an epidemiologic study of colorectal adenoma recurrence 

using genetic epidemiological techniques.  The literature review first describes the 

structure and function of the colon and the carcinogenesis models for colorectal cancer. 

This is followed by a summary of the general epidemiological information for colorectal 

cancer, colorectal adenomas, and colorectal adenoma recurrence. The subsequent section 

includes epidemiological information regarding the influence of obesity, metabolic 

syndrome, PPAR-γ, FMO3, and sulindac on colorectal neoplasms. An overview of 

genetic epidemiology as it generally relates to the study of human disease and as it 

specifically relates to the study of colorectal neoplasms and pharmacogenetics is then 

provided.  The literature review concludes with a brief description of the methodological 

issues associated with evaluating gene-environment interactions.   

 

A. The Colon: form, function, and carcinogenesis 
 

1. Anatomical and histological characteristic of the normal and neoplastic colon 
 

The structure of the colon is composed of crypts that are roughly 50 cells deep and 

aligned to enhance the available surface area for absorption (81). Replicating crypt stem 

cells and daughter cells are protected from exposure to the contents of the colon with 

cellular replication occurring in the deepest one third section of each crypt (81, 82).  As 

these cells divide, pressure from secreted mucus pushes them from the bottom of the 

crypts to the lining of the colon (81).  As the cells migrate up the crypts of the colon, they 

will mature into healthy colon cells that are no longer replicating, are fully differentiated, 
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and are ready to begin apoptosis (81).  As such, these well differentiated cells at the 

exposed surface are less vulnerable to the propagation of DNA damage from potentially 

mutagenic contents of the colon (81).  

The importance of the tissue architecture of the colon and the mechanism of cellular 

migration on the formation of colorectal neoplasias is twofold (81):  First, since the 

replicating stem cells are located deep in the crypts of the colon, they are not exposed to 

the mutagenic contents of the colon and thus are less likely to propagate cells harboring 

genetic alterations.  Since the highly proliferative cellular fraction is somewhat protected 

from DNA damaging exposures, the initial cause of cellular mutation and dysfunction has 

been hypothesized to more likely arise from a  germ-line mutation or inherited 

susceptibility (81, 83), such as the rare familial mutations in the tumor suppressing 

adenomatosis polyposis coli (APC) gene (5) or the tumor protein 53 (p53) gene (84).  

Due to the architecture of the colon, it is believed that two genetic “hits” are involved in 

the development of sporadic colorectal cancer from normal colonic cells (5-7, 81, 83).  

Mutation in one or both of these genes has been characterized as the first “hit” and results 

in the development of abnormal colon cells (5-7, 81, 83). Second, once the abnormal cells 

migrate to the epithelial lining of the colon, they often form a lesion known as aberrant-

crypt focus (ACF) or microadenoma (9, 85, 86).  These hyperproliferative lesions are 

vulnerable to the mutagenic contents of the colon (81). After sufficient exposure to the 

contents of the colon, it is hypothesized that ACFs will develop into adenomas (9).  

In summary, the tissue architecture of the colon and the mechanism of cellular 

migration are important in the formation of colorectal neoplasias.  The replicating crypt 
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stem cells and daughter cells are located in the deepest one third of the colon and are 

protected from the mutagenic contents of the colonic lumen. It is believed that the initial 

cause of cellular mutation and dysfunction is likely to arise from a germ-line mutation or 

inherited susceptibility of the APC or p53 genes. 

 

2. Colorectal carcinogenesis  
 

There is substantial clinical and histopathological evidence to suggest that the 

majority, if not all of colorectal cancers, develop from benign colorectal preneoplasia or 

adenomas (6) and that colorectal adenomas are derived from a singe stem cell (87).  With 

the widespread and common use of endoscopic procedures to evaluate the colon, 

colorectal cancer has proven to be an excellent model for studying tumorigenesis in 

humans and in animal models since neoplasms at varying degrees of development can be 

obtained for analysis (6). 

  There is evidence from both animal models and human studies to support a limited 

number of pathways in the development of colorectal cancer from normal colonic cells 

(81).  Each pathway assumes a genetic basis for colorectal cancer and they all share the 

following  similar features (6): 

• Colorectal cancers are a result of mutational activation of oncogenes followed by 

mutational inactivation of tumor suppressor genes; 

• The mutation of four or five genes is required for a colorectal tumor to develop; 

• The biologic properties of the colorectal tumor is determined by the total 

accumulation of genetic alternations, not the order in which they occur; 

   
 



 20

• Heterozygous mutant tumor suppressor genes can produce phenotypic changes, 

suggesting that some genes are recessive at the cellular level.  

A well-supported carcinogenesis model for sporadic colorectal cancer was developed 

by Vogelstein and colleagues in the early 1990s (5-7).  This model, known as the 

suppressor pathway (Figure 1),  supports the genetic basis for colorectal cancer through a 

series of mutations after the inactivation of the APC gene (9).  The Vogelstein model (5-

7) has been summarized below in a sequential list of events; however, it should be noted 

that there is inherent uncertainty in any carcinogenesis model and the number and 

frequency of mutations varies from tumor to tumor.  In addition, none of the genes 

described in the Vogelstein model are affirmed to be necessary or sufficient in this model 

(9). 

 

 

 

 

 
Genetic instability 

APC/ β -catenin Ki-Ras DCC/SMAD4/SMAD2 

Normal 
epithelium 

Dysplastic 
ACF 

Early 
Adenoma 

Intermediate 
Adenoma 

Late 
Adenoma 

Carcinoma Metastasis  

P53 Other 
h

 

Figure 1.  Schema of the Vogelstein model.  Copied from Thomas 2004 (9). 

 

Step 1: Inactivation of both copies of the APC oncogene through a germline mutation 

results in the formation of a single dysplastic cell (9).  The APC gene is known to 

regulate β-catenin-induced signaling, cell adhesion using β-catenin and E-cadherin, and 

   
 



 21

cellular migration (81).  The APC gene is also known to directly inhibit the cellular cycle 

(81).  As described above, this is considered to be the first genetic “hit” in the colorectal 

carcinogenesis model and it occurs in the replicating stem cells that are located at the 

bottom of the colonic crypts (81). 

 
Step 2: The single dysplastic cell that was formed due to APC mutation may develop into 

an adenoma through clonal expansion (the majority of adenomas have suffered at least 

one hit in the APC gene (81)).  After this stage, the adenoma will either remain dormant, 

regress, or will undergo additional genetic mutation, as described below. 

 

Step 3: Further genetic mutations can occur in one or more cells within the adenoma.  

These are most often mutations in the kirsten rat sarcoma (Ki-RAS) oncogene, which 

give the cellular structures of the adenoma proliferative advantage and will result in a 

larger tumor (88). Ki-RAS mutations are implicated in 25-60% of colorectal cancer cases 

(88). Approximately 17% of the baseline colorectal adenomas removed during the Wheat 

Bran Fiber trial were found to have Ki-ras mutations (89).  Data from this study showed 

that age, tubulovillous/villous histology, and high-grade dysplasia were all significantly 

associated with the mutation (89). A more recent study of Ki-ras in the Wheat Bran Fiber 

data concluded that advanced adenomas had an OR = 3.96 (95% CI = 2.54-6.18) for the 

Ki-ras mutation, as compared to non-advanced adenomas (90). Interestingly, Martinez et 

al. (91) has also concluded from the Wheat Bran Fiber trial data that subjects in the 

highest tertile of total folate had an OR=0.52 (95% CI = 0.30-0.88) for Ki-ras mutation, 

as compared to subjects in the lower tertile of total folate.   
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Step 4:  Somatic mutations can then occur in the SMAD4, SMADA2, deleted in colon 

cancer (DCC), and p53 tumor suppressor genes, which results in the presence of more 

dysplastic cells, genetic instability, and aggressive cellular growth (92).  When sufficient 

mutations have occurred, the tumor will then become malignant and can metastasize. It is 

estimated that mutations in the DCC gene occur in approximately 70% of colorectal 

cancer cases (92) and mutations in the p53 gene occur in approximately 50% of 

colorectal cancer cases (93).  Results from the Wheat Bran Fiber trial report that p53 

overexpression occurred in approximately 7% of the subjects with colorectal adenomas 

(90).  Furthermore, results from this study indicate that subjects who were found to have 

Ki-ras mutations had an OR = 2.46 (95% CI = 1.36-4.46) for the p53 mutation, as 

opposed to subjects without the Ki-ras mutation (90). Approximately 95% of the subjects 

who had both a Ki-ras and p53 mutation were considered to have an advanced colorectal 

adenoma in this study (90).  

In addition to the Vogelstein model, a second model called the mutator pathway has also 

been proposed, which is the result of defective mismatched repair (MMR) genes and 

overall genetic instability within the tumor (9, 94, 95).  Tumors that are formed based on 

changes characterized by the mutator pathway are biologically different than those  
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obtained via suppressor pathway and are distinguished by the presence of microsatellite 

instability (MSI)  (9, 94, 95).  From an epidemiologically perspective, these tumors 

appear to occur more often in women than men, are most likely to be located on the right 

side of the colon, and generally have a better prognosis (9, 96).  From a molecular 

perspective, these tumors are more likely to be diploid, will often have a mutation in the 

transforming growth factor beta (TGF-β) receptor gene (rather than mutations in p53 or 

Ki-ras), the APC gene is likely to be functioning normally, and there is lower expression 

of carcinoembryonic antigen (CEA) (9, 96).  CEA is a tumor marker for colorectal cancer 

and has been used to assess cancer recurrence among colorectal cancer patients with 

resected colons (97).  

There is evidence to suggest that there may be different pathways for colon cancer 

than rectal cancers.  Specifically, mutations in the APC gene may be more common in 

rectal cancers than colon cancers and Ki-ras mutation may be more common in colon 

cancers than rectal cancers  (98). There is also evidence to suggest that the overall 

number of mutations detected will be higher in tumors found in the colon, as compared to 

tumors found in the rectum (98).  Furthermore, in a study of 35 colon cancers and 42 

rectal cancers, Kapiteijn et al., (99) found that rectal cancer had a significantly higher 

expression of β-catenin (p=0.04) and p53 expression (p=0.003), as compared to colon 

cancer.  In this study, p53 expression was associated poorer overall disease-free survival 

only among subjects with rectal cancer (p=0.008) (99). 

In summary, several plausible mechanisms for the molecular etiology of colorectal 

cancer have been proposed.  Given the anatomic structure of the colon, it is believed that 
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two genetic “hits” are involved in the development of sporadic colorectal cancer from 

normal colonic cells.  The first hit involves a germ-line mutation in the APC and/or p53 

tumor suppressor genes.  The second hit occurs after the abnormal cells have been 

exposed to the mutagenic contents of the colon following their migration to the epithelial 

lining of the colon.  It is then believed that the process of adenoma to cancer can occur 

through several pathways, all of which involve genetic instability. The following sections 

will now describe the epidemiology of colorectal cancer, adenomas, and adenoma 

recurrence.  

 
B. Epidemiology of colorectal neoplasms 

 
1. Epidemiology of colorectal cancer 
 
In the United States, colorectal cancer is the third most common cancer and the third 

leading cause of cancer death (3), with an estimated $8.4 billion spent annually on 

treatment (4).  Colorectal cancer can develop in the colon or rectum; however, over two 

thirds of the cancerous lesions are found in the colon (3, 100).  The incidence for 

colorectal cancer is highest in areas that exhibit a westernized lifestyle, such North 

America, Europe, and Australia (101).  

 The probability of developing cancer of the colon and rectum between the ages of 50 

and 70 years is 2.19% for men and 1.60% for women (3). As of January 1, 2004, there 

were 521,676 prevalent cases of colon and rectal cancer among men and 554,659 

prevalent cases among women (3). The age-adjusted mortality rate is 19.8 per 100,000 

persons in the United States (3). In 2007, there is expected to be 55,250 cases of colon 

cancer and 23,840 cases of rectal cancer among US men and 57,020 colon cancer cases 
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and 17,580 rectal cancer cases among US women (3). The estimated number of deaths 

related to colon cancer in 2007 is 26,000 for men and 26,180 for women (3).  Cress et al., 

(102) evaluated the secular trends of colorectal cancer incidence from 1992 to 2001, as 

measured by the SEER program.  Results from this analysis concluded that there was an 

overall 1.2% decline in the incidence in colorectal cancer for all stages and ages among 

men and 0.7% decline among women. When stratified by anatomical location, the annual 

percent decline for tumors in the sigmoid colon was 2.4% for males and 1.9% for 

females, while there was a consistent decline of 0.7% in rectal tumors for both genders  

(102). 

Age is considered to be a strong risk factor for colorectal cancer.  In fact, the 

incidence of colorectal cancer is more than 50 times higher is people 60-79  years of age, 

as compared to people who are less than 40 years of age (3, 103).  Despite this statistic, 

colorectal cancer is increasingly more commonly diagnosed in younger people and is 

now classified as one of the top 10  most frequently diagnosed cancers for men and 

women who are between the ages of 20 and 49 (104-106).  In fact, colorectal cancer is 

now one of the four most commonly diagnosed cancers among men 40 to 49 years of age, 

after adjusting for race (105).    Cress et al., (102) reported that the overall diagnosis of 

regional or distant stage colon tumors was dichotomized at age 50, with a significant 

decrease in incidence among subjects over this threshold but not under the threshold 

(102).  Conversely, the incidence of rectal cancer was significantly increasing for people 

under the age of 50 (102).  In this age category, the percent increase in the incidence of 

rectal cancer was 3.6% for women and 2.5% for men (102). 

   
 



 26

Race is also a known risk factor for colorectal cancer (102).  In the 1980s, the rates of 

colorectal cancer were higher for white males than black males and were equal for white 

and black females (107).  However, current incidence rates are now higher for black 

males and females than white males and females(107). In fact, the highest incidence rate 

of colorectal cancer in the United States is now among black population, where early 

onset of disease, right-sided lesions, and reduced 5-year survival rates are commonly 

observed (108).  In addition, Cress et al., (102) reported an age-adjusted 3.2% increase in 

rectal cancer among black men but a 3.1% decrease among white men. Some speculate 

these differences are related to socioeconomic status or access to care (109).  However, it 

should be noted that microsatellite instability and mutations in the p53 gene are more 

commonly seen in blacks than whites (108). This may reflect differences in susceptibility 

by genetic background among different populations and their interaction with potential 

environmental risk factors.   

With the exception of persons with familial adenomatous polyposis (FAP) who 

generally require resection of the colon, the removal of colorectal adenomas during 

colonoscopy has been proven to reduce the incidence of subsequent colorectal cancer 

(110-117). Colonoscopy is currently the most sensitive and specific screening test 

available for identifying colorectal cancer and adenomas (118, 119), and population-

based colonoscopy screening programs have been implemented (120). However, in the 

United States it is estimated that only 43% of people who are eligible or in need of 

screening undergo colonoscopy within the recommended time intervals (which varies 

depending on an individual’s personal risk factors) (121). Low participation in colorectal 
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cancer screening, as compared to screening for other cancers such as breast or cervical, is 

attributed to patient discomfort with colonoscopy, high cost and lack of awareness (121-

123).  Fortunately, the survival rates for persons with colorectal cancer have been 

increasing since the 1960s.  The average five-year survival rate is 65% for men and 64% 

for women, after adjusting for stage of tumor at diagnosis (103). 

Aside from age and gender, a number of environmental and genetic factors have been 

identified in the etiology of colorectal cancer, including obesity (124). This risk factor, as 

measured by BMI and waist circumference in the current study, was selected as the 

primary main effect of this dissertation for two primary reasons.  First, the prevalence of 

obesity is growing to epic proportions in our society (125, 126); therefore, there is a 

critical need to better understand the underlying physiological mechanisms and 

consequences associated with this condition. Second, the increased risk of cancer 

associated with obesity can be reduced through weight loss (127), which affords public 

health scientists and clinicians with an opportunity to implement primary prevention 

strategies. The specific epidemiology of obesity and colorectal cancer and adenomas is 

described in more detail below. 

 Other modifiable behaviors that are important in the etiology of colorectal cancer 

include smoking (128), regular alcohol consumption (129), and diet (130). There is 

substantial evidence in the literature regarding these behaviors; however, a detailed 

discussion of their influence on colorectal cancer etiology is beyond the scope of this 

dissertation.  Briefly, recently published results from the Singapore Chinese Health Study 

of 63,257 men and women concluded that light smokers had an OR = 1.43 (95% CI = 
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1.10-1.87) for rectal cancer and heavy smokers had an OR = 2.64 (95% CI = 1.77-3.96) 

for rectal cancer, compared to non-smokers (128).  In this study, there was not a 

statistically significant effect of smoking on colon cancer (128).  However, it has been 

suggested that smoking is a risk factor for colon cancer and that people who smoke non-

filtered cigarettes may be at higher risk for colon cancer than people who smoke filtered 

cigarettes, as compared to non-smokers (131).  A review of the literature related to 

smoking and risk of colon cancer was published by Giovannucci (132).  In relation to 

alcohol consumption, the Miyagi Cohort Study of 25,279 Japanese men of showed that 

current drinkers had an OR = 1.60 (95% CI = 1.1-2.2) for colorectal cancer compared to 

non-drinkers (129). Results from this study also revealed an increased risk of rectal 

cancer (HR = 1.8, 95% CI = 1.1-3.2) and distal colon cancer (HR = 4.2, 95% CI = 1.6-

10.7) among subjects who consumed 45.6 grams of alcohol per day, as compared to 

subjects who never consumed alcohol (129).  In relation to diet, consumption of large 

quantities of red meat and processed foods has been shown to increase the risk of both 

colon and rectal cancer (133), while consumption of dietary fiber and folate may reduce 

the risk for these cancers (134).  A review provided by Martinez (130) summarizes the 

primary prevention of colorectal cancer through nutrition. 

Physical activity is a modifiable behavior relevant to this dissertation that has been 

consistently shown to have a protective effect on colon cancer.  There is a large body of 

evidence available in the literature regarding the effect of physical activity on colon 

cancer and it has been estimated that active individuals have a 30-40% reduction in risk 

of colon cancer compared to those who have sedentary lifestyles (135).  In general, the 
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duration and intensity of exercise that is necessary to obtain reduced risk of colon cancer 

is somewhat nebulous; however, it has been speculated that 3.5-4.0 hours of intense 

exercise every week may be sufficient to reap a measurable health benefit (135). 

Several mechanisms of action have been proposed in the association between 

physical activity and colon cancer including a decrease in insulin-like growth factor 

(136), modified synthesis of prostaglandins that regulate inflammation and promote 

intestinal movement (137), and promotion of a healthy immune system (138). In addition, 

people who engage in regular exercise generally have a lower percentage of body fat than 

people who do not (139).  Martinez et al., (140) have also shown that people who engage 

in leisure-time physical activity have significantly lower levels of prostaglandin E2 

(PGE2) than physically inactive people. PGE2 is associated with COX-2 and is known to 

stimulate colorectal cancer growth (141).   

The published literature support physical activity as a protective factor for colon 

cancer. For example, in the European Prospective Investigation into Nutrition and Cancer 

cohort study, Friedenreich et al., (142) found that the most active study participants had 

an OR = 0.78 (95% CI = 0.59-1.03) for colon cancer compared to inactive participants. 

Mai et al., (143) concluded from the California Teachers Study that engagement in 

lifetime physical activity resulted in an OR= 0.51 (95% CI = 0.31 – 0.85) for colon 

cancer among active post-menopausal women who had never taken HRT, compared to 

non-active women with a similar menopausal and HRT status. Review articles 

summarizing the literature on HRT use and risk of colon cancer have been recently 

published (144, 145). 
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The benefits of exercise have been inconsistent and the magnitude of the risk 

reduction has been far less for rectal cancer than for colon cancer (146).  The majority of 

studies designed to evaluate the effect of exercise on rectal cancer have been within the 

design on larger case-control or cohort studies that were powered to detect significant 

differences for colon cancer, which is more common than rectal cancer (3).  Given the 

common evaluation of multiple outcomes in cohort studies, it has been speculated that the 

differential effect of exercise in these two cancer sites may be attributed to lack of power 

to detect significant differences for rectal cancer (135).  It has also been hypothesized that 

the mechanism associated with physical activity that promotes protection against colon 

cancer may be different for rectal cancer (135).   

Another modifiable behavior that is directly relevant to the current study that reduces 

the risk of colorectal cancer is the use of aspirin or NSAIDs. Dube et al., (147) recently 

published a systematic review of the literature related to the primary prevention of 

colorectal cancer through the use of NSAIDs.  After describing the results of many case-

control studies, cohort studies, and clinical trials related to this topic, the overall 

conclusion from this review was that NSAIDs do reduce the incidence of colorectal 

cancer (147). In fact, results from Cancer Prevention Study II Nutrition Cohort suggest 

that daily use of adult-strength aspirin for at least 5 years yielded a protective relative risk 

for colorectal cancer (RR = 0.68, 95% CI = 0.52-0.90) (148). On the contrary, results 

from the Physician’s Health Study concluded that the risk ratio for developing colorectal 

cancer among subjects in the treatment arm, compared to those in the control arm was 

1.15 (95% CI = 0.80 – 1.65)   (149).  Similar results were obtained from the Women’s 
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Health Initiative, in which there was no effect of low-dose aspirin on colorectal cancer 

(OR = 0.97, 95% CI = 0.77-1.24) (150).  The Iowa Women’s Healthy Study did not find 

a significant effect of regular NSAID use and rectal cancer in a cohort of 27,160 women 

(151). 

Although environmental risk and protective factors for colorectal cancer are well 

established in the etiology of colon cancer, it should also be noted that there is a subset of 

colorectal cancers known as the familial forms that have a well-defined and 

predominantly genetic component. Familial adenomatous polyposis (FAP) and hereditary 

nonpolyposis colon cancer (HNPCC) are two inherited conditions that account for 

approximately 5% of the total incidence of colorectal cancer (152, 153). FAP is the result 

of a germ-line mutation of the APC gene and accounts for 1-2% of colorectal cancers 

(154).  This condition leads to the development of hundreds of colorectal polyps, which 

are highly likely to develop into colorectal cancer by age 40 if prophylactic removal of 

colon is not performed (154).  

HNPCC, also known as Lynch syndrome, is a genetic syndrome that accounts for 

approximately 3-4% of all colorectal cancers (155).  This condition is thought to be the 

result of mutations in the highly penetrant MMR genes (156), which results in a 70% 

lifetime risk of developing colorectal cancer (152). HNPCC tends to aggregate in families 

and is characterized by the Amsterdam criteria, which includes the following (157):  three 

or more members within a family have colorectal or endometrial cancer, two or more 

successive generations are effected, and at least one of the effected relatives was 

diagnosed with their cancer before age 50.  
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The risk of developing colorectal cancer does increase among people who have first 

and second degree relatives with colorectal cancer, which suggests additional genetic 

determinants in disease etiology.  Butterworth et al., (158) conducted a meta-analysis of 

47 studies that evaluated the risk of colorectal cancer among subjects who had one or 

more first-degree relatives with colorectal cancer.  The results from these pooled analysis 

showed a RR=2.24 (95% CI 2.06-2.43) for colorectal cancer among subjects with one 

affected first-degree relative (158).  The relative risk increased to 3.97 (95% CI=2.60-

6.06) among subjects with two affected first-degree relatives (158).  Of the 47 studies 

evaluated in the meta-analysis, 13 also included a risk measure for subjects with affected 

second-degree relatives.  Results from the pooled analysis showed a RR=1.73 (95% CI = 

1.02-2.94) for colorectal cancer among subjects with an affected grandparent, grandchild, 

aunt, or uncle (158). Age-specific risk was also addressed in the meta-analysis.  The 

pooled relative risk for colorectal cancer among subjects with a relative who was affected 

with colorectal cancer before the age of 50 was 3.55 (95% CI = 1.84 – 6.83) (158).  This 

decreased to a pooled relative risk of 2.18 (95% CI = 1.56 – 3.04) for subjects with a 

relative who was affected with colorectal cancer at 50 years or older (158).   In addition, 

results from a case-control study conducted by Strum (159) indicated that having a family 

history of colorectal cancer influenced the age-of-onset for other family members who 

later developed the disease.  In this study of 124 patients, the mean age of colorectal 

cancer onset for men with a family history was 65 years vs. 70 years for men without a 

family history of the disease (p=0.03) (159).  Using data from two population-based 

cancer registries in Iceland, Stefansson et al., (160) reported that familial risk influenced 
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both colon and rectal cancers, but that the risk of rectal cancer increased only among 

brothers but not among sisters.  

Having a personal history of colorectal adenomas is known to increase the risk of 

developing colorectal cancer (6, 8-12).  However, results from the National Polyp Study 

also suggest that having a first-degree relative with a colorectal adenoma is an additional 

genetically-based risk factor for colorectal cancer. In this study, the RR=1.78 (95% CI = 

1.18 – 2.67) for colorectal cancer among first-degree relatives of persons with colorectal 

adenomas, as compared to spousal controls without adenomas (161).  Results from the 

same study concluded that the relative risk increased to 2.59 (95% CI = 1.46 – 4.58) for 

colorectal cancer if the adenoma was identified before the age of 60, compared to 

subjects who were classified as having an adenoma after the age of 60 (161). 

In summary, colorectal cancer presents a substantial burden to public health. There 

are several risk factors for cancers in the colon and/or rectum, including older age, male 

gender, race, smoking, alcohol, diet and family history of colorectal cancer or adenoma.  

Physical activity has been shown to reduce the risk of cancer in the colon. Use of 

NSAIDs has also been shown to be protective. 

 

2. Epidemiology of colorectal adenomas 
 

Colorectal adenomas are considered to be a precursor lesion for most sporadic 

colorectal cancer (6, 8-12) and the estimated time for an adenoma to develop into a 

malignant lesion is greater than 5 years for persons with small, low-grade lesions (12).  

The true prevalence of colorectal adenomas is difficult to ascertain because adenomas can 
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only be detected in specific circumstances, such as during an autopsy, pathologic exam of 

tissue surrounding a resected colorectal cancer specimen, examination of symptomatic 

patients, and during regular screening of symptomatic patients (162). These conditions 

may lead to biased estimates of the true prevalence of colorectal adenomas in the 

population at large (162).  However, it has been estimated that 20% of the general 

population (163, 164) and 30% of  people aged 50 years or older (165) have one or more 

colorectal adenomas.  The life-time risk of developing a colorectal adenoma is 19% (103) 

and it is expected that 50% of the people identified as having one adenoma during 

colonoscopy actually have more than one adenoma located within the colon or rectum 

(166).  Approximately 90% of the colorectal adenomas are <10 mm in size (165).  Of the 

10% that are >10 mm,  it is estimated that  2-5% of these will develop into invasive 

cancer (165, 167).   

As discussed in greater detail below, obesity and metabolic syndrome are risk factors 

for colorectal adenomas (55, 56, 62, 69).  Like colorectal cancer, other risk factors for 

colorectal adenomas include, increased age (162) and being male (162).   Specifically, the 

number of colorectal adenomas a person has is positively correlated with age and there is 

also evidence to suggest that older individuals are more likely to have colorectal 

adenomas in the proximal colon (168).  Furthermore, results obtained from autopsy 

suggest the prevalence of adenomas may be higher in women than men among 

individuals 55 years of age or younger, but that men have a higher prevalence than 

women above the age of 55 (169). Similar results were obtained from another autopsy 

study in which the prevalence of colorectal adenomas correlated with age in men but had 
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a bimodal distribution at age 59 and 70 years of age for women (170). Although these 

studies provide insight into the prevalence of adenomas, it should be noted that autopsies 

are only performed on select patients in special circumstances.  This introduces selection 

bias in the prevalence estimates and reduces the generalizability of these results to the 

public at large. 

As observed in the etiology of colorectal cancer, smoking (171, 172), and 

consumption of alcohol (173) are also known to increase the risk of colorectal adenomas.  

A review article summarizing the literature related to tobacco and adenomas was 

published in the late 1990s by Giovannucii and Martinez (172).  This article reported 

there was at least a twofold increase in risk in the majority of studies designed to evaluate 

the influence of smoking on adenomas.  More recent literature suggests that the OR = 4.4 

(95 % CI = 3.7-5.2) for hyperplasic polyps and the OR =1.8 (95 % CI = 1.5 – 2.1) for 

adenomas among current smokers, compared to non-smokers (171). This study also 

reported significant trends in the risk of colorectal adenomas among smokers versus non-

smokers for the number of years the subject had smoked and the number of cigarettes 

smoked per day (171).  Similar patterns have been observed among people who regularly 

consume alcohol. Results from Anderson et al., (173) suggest that the OR = 2.53 (95 % 

CI = 1.10 – 4.28) for colorectal neoplasia among subjects who drank more than 8 

alcoholic drinks or ‘spirits’ per week.  Results from this study suggest that the type of 

alcohol consumed may also influence the risk of neoplasia. Compared to subjects who 

didn’t consume any alcoholic beverages, those who consumed eight glasses of wine per 

week had an OR = 0.55 (95% CI = 0.34 – 0.87) (173). 
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In addition to smoking and alcohol consumption, another modifiable behavior that 

influences colorectal adenomas is diet. There is a substantial body of evident to support 

the fact that consuming a diet high in fiber and low in fat reduces the risk of colorectal 

adenomas. In fact, Austin et al., (174) conducted a cluster analysis on 18 food groups and 

found that the risk of colorectal adenomas differed among subjects who consumed a diet 

classified within the following three specific clusters, (1) high fruit and low meat 

consumption, (2) high vegetable and moderate meat consumption, and (3) high meat 

consumption. After adjusting for smoking, age, BMI, race, NSAID use, gender and 

alcohol consumption, the OR for adenomas was 2.17 (95 % CI = 1.20 – 3.90) among 

subjects in the high-vegetable and moderate meat cluster and the OR was 1.70 (95 % CI 

= 1.04 – 2.80) among subjects in the high meat cluster (174). The referent group for both 

comparisons was the high fruit and low-meat cluster.  

Physical activity has been shown to reduce the risk of colorectal adenomas. It has 

been estimated that physical activity may reduce the risk of colorectal adenomas by 

approximately 40% (146).  In a large cohort study of 47,723 men, Giovannucci et al., 

(55) found physical activity had a non-significant protective effect on adenomas in the 

distal colon (RR = 0.79; 95% CI = 0.57-1.09) and adenomas in the rectum (RR = 0.92; 

95% CI = 0.56-1.52).  Giovannucci et al., (56) found a similar results among women in a 

cohort study of 13,057 female nurses (RR=0.68; 95% CI 0.40-1.15).  

From an epidemiological perspective, colorectal adenomas are a more efficient 

endpoint than colorectal cancer in clinical research for two primary reasons (9).  First, 

they occur with greater frequency than colorectal cancer, thus requiring shorter follow-up 
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time. Second, identifying a colorectal adenoma during colonoscopy allows the possibility 

for intervention, which is likely to reduce the risk of subsequent colorectal cancer. 

However, not all colorectal adenomas develop into cancers; therefore, epidemiologists 

must be careful about evaluating the natural history and risk factors associated with 

colorectal adenomas as a proxy for colorectal cancer.    

In summary, colorectal adenomas are considered to be a precursor lesion for most 

sporadic colorectal cancer.  However, the true prevalence of colorectal adenomas is 

difficult to ascertain because adenomas can only be detected in specific circumstances, 

such as during an autopsy, pathologic exam of tissue surrounding a resected colorectal 

cancer specimen, examination of symptomatic patients, and during regular screening of 

asymptomatic patients.  There are several accepted risk factors for colorectal adenomas, 

including older age, male gender, obesity, smoking, alcohol consumption, and diet.  

Physical activity has been shown to reduce the risk of colorectal adenomas. NSAIDs have 

also been shown to reduce risk.  

 

3. Epidemiology of colorectal adenoma recurrence 
 

Colorectal adenoma recurrence is the outcome for the current research. Since 

colorectal adenomas are commonly removed during colonoscopy, there is a limited body 

of literature associated with adenoma recurrence.  As such, studying the natural history 

and associated risk factors of colorectal adenoma recurrence is challenging.  It is 

estimated that 20-30% of the general population (163, 165) have one or more colorectal 
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adenomas depending on their age.  Of these people, it has been suggested that  

approximately 45% will recur with subsequent adenomas (1, 2, 165).   

In general, less is known about risk factors for colorectal adenoma recurrence since 

fewer studies have been conducted on this particular endpoint, as compared to the 

number of studies that have been conducted using colorectal cancer as the endpoint.  A 

number of the environmental exposures that are associated with both colorectal cancer 

and colorectal adenomas have been investigated as determinants of adenoma recurrence, 

such as age and gender (175, 176) , alcohol consumption (177), smoking (178) diet (1, 

179), physical activity (180) and use of NSAIDs (181). In contrast, personal history of 

adenoma and the characteristics of the pre-existing condition (size, histology, location, 

and number of lesions) are unique risk factors for adenoma recurrences (182).     

A positive correlation between age and the number, size, and type of recurrent 

adenomas (i.e. advanced vs. non-advanced) is established (176).  Therefore, age is often 

regarded as the key independent predictor of colorectal adenoma recurrence, with rates 

consistently higher in people over 60 years (176).  Results from a large (n=4659 men, 

n=1566 women) cohort study conducted in Japan concluded a significant linear trend 

with age and colorectal adenoma recurrence (p=0.001), with recurrence rates increasing 

from 6.1% per year among subjects less than 40 years old to 16.3% per year among 

subjects greater than 60 years old (176).  Results from the same study also showed that 

the incidence of colorectal adenoma recurrence was higher for men than women (12.4% 

vs. 6.5% per year, respectively)  (183).  Similar results were observed by Kim et al., 2006 

(175) in a cohort study conducted to assess the cumulative adenoma recurrence in 1037 
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subjects.  Here the male gender (p = 0.011) and age over 59 years (p=0.001) were both 

independent predictors of colorectal adenoma recurrence (175).    

There have been few studies published related to influence of alcohol consumption 

and smoking on colorectal adenoma recurrence. Results from a small case-control study 

conducted by Almendingen et al., (177) concluded that subjects who consumed more 

than 21.1 grams of alcohol per day had an increased odds of adenoma growth (OR = 5.8, 

95% CI = 0.7-48.2), compared to subjects who consumed less than 12.0 grams of alcohol 

per day. Results from this study also concluded that subjects who consumed more than 

15.1 grams of alcohol per day had an OR for adenoma recurrence of 0.5 (95% CI = 0.1-

2.0), compared to subjects who consumed no alcohol per day (177). Reid et al., (178) 

evaluated the effect of smoking on adenoma recurrence in 1304 participants in the Wheat 

Bran Fiber Trial. In this study, current smokers had an OR for adenoma recurrence of 

1.31 (95% CI = 0.87 – 1.98) compared to subjects who had never smoked (178). Using 

never-smoked as the reference category, subjects who smoked >30 cigarettes per day has 

an OR = 1.23 (95% CI = 0.83-1.83), subjects who had been smoking for at least 35 years 

had an OR = 1.42 (95% CI = 1.01-1.98) and subjects who has smoked 30 or more pack 

years has an OR = 1.34 (95% CI = 0.98-1.84) (178).  All of the aforementioned point 

estimates for this study were adjusted for age, gender, BMI, previous adenomas, number 

of colonoscopies, and the location, size, histology and number of baseline adenomas 

(178). 

 There is evidence to suggest that diet is associated in the etiology of colorectal 

cancer (130); however, its implication on colorectal adenoma recurrence is less clear.  
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Results from the Polyp Prevention Trial concluded that consuming a diet that is low in fat 

and high in fiber does not reduce the incidence of recurrent adenomas (179).  Similar 

results were obtained from the Wheat Bran Fiber trial, in which consumption of dietary 

fiber did not influence colorectal adenoma recurrence (1). However, in a pooled analysis 

of the Polyp Prevention Trial and Wheat Bran Fiber Trial data, Jacobs et al., (184) 

showed that the dietary intervention was protective for men (OR = 0.81, 95% CI = 0.67-

0.98), but not for women.  

The effect of other specific dietary factors or micronutrients on colorectal adenoma 

recurrence has also been explored.  Martinez et al., (185) concluded from secondary 

analysis of the Wheat Bran Fiber Trial data that serum folate is protective for colorectal 

adenoma recurrence.  In this study,  subjects in the highest quartile of serum folate who 

did not consume a multivitamin had an OR = 0.65 (95% CI = 0.40 – 1.06) for colorectal 

adenoma recurrence (185).  Using data from the UDCA Trial, Jacobs et al., (186) 

reported that women who had serum 25(OH)D levels above the median had lower odds 

of developing colorectal adenomas, as compared to subjects below the median level (OR 

= 0.59, 95% CI = 0.30 – 1.16).  Jacobs et al., (187) has also concluded from pooled 

analyses of data obtained in the Wheat Bran Fiber Trial, the Polyp Prevention Trial, and 

the Polyp Prevention Study that subjects in the highest quartile for blood selenium had an 

OR = 0.66 (95% CI = 0.50-0.87) for new adenoma, as compared to subjects in the lowest 

tertile.  This evidence suggests that adenoma recurrence may be altered by diet.  

The protective effects of physical activity and use of NSAIDs on colorectal adenoma 

recurrence has also been explored.  Using data from the Polyp Prevention Trial, Colbert 
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et al., (180) concluded that subjects who engaged in vigorous activity on a constant basis 

did not have significantly reduced risk of recurrence compared to sedentary subjects (OR 

= 0.80, 95% CI = 0.5-1.1).  However, additional results from the Polyp Prevention Trial 

concluded that use of NSAIDs conferred a protective effect on recurrence (OR = 0.77, 

95% CI = 0.63-0.95).  Results of the Prospective Study on Aspirin Efficacy in Reducing 

Colorectal Adenoma Recurrence (APACC) Trial (n=272) concluded there was an 

association between regular consumption of a low-dose aspirin and recurrence of 

adenomas greater than 5 cm (188).  In fact, 10% of the subjects in the treatment arm 

recurred with colorectal adenomas >5cm, while 26% in the placebo group recurred with 

colorectal adenomas that large (p = 0.01) (188).  In a randomized controlled trial of 

rofecoxib, Baron et al., (189) found that subjects treated with the NSAID had a lower 

odds of recurrence than subjects in the placebo group (OR = 0.76, 95% CI = 0.69-0.83).  

Kim et al., (190) evaluated the effect of aspirin use in preventing recurrent adenomas 

separately among normal weight, overweight, and obese subjects.  Results from this 

study suggest that subjects who were overweight or obese conferred a more protective 

effect of the drug than normal weight subjects, which may be related to the fact that 

obese subjects have higher levels of circulating proinflammatory cytokines than normal 

weight subjects (190).  Results from a recent trail conducted by Bertagnolli et al., (181) 

concluded that subjects who consumed 400 mg of celecoxib a day for three years had a 

RR= 0.67 (95% CI = 0.59-0.77) for any adenomas and a RR = 0.45 (95% CI = 0.33-0.63) 

for advanced adenomas, as compared to subjects who were taking a placebo (181).  When 

the dose was doubled to 800 mg/day for three years, the relative risk among subjects 
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taking the drug compared to those who were not decreased to 0.43 (95% CI = 0.31 – 

0.61) for any adenoma and 0.34 (95% CI = 0.24 – 0.50) for advanced adenoma (181).  

Most colorectal cancers develop from colorectal adenomas (6, 8-12) and having a 

personal history of colorectal adenomas increases the likelihood of recurrence (117).  The 

effects of obesity and family history of colorectal cancer on recurrence of colorectal 

adenoma among the WBF and URSO participants was evaluated by Jacobs et al., (191).  

In this population, family history was a significant effect modifier in the relationship 

between obesity and colorectal adenoma recurrence (191). Subjects who were obese 

(BMI > 30 kg/m2) with a family history of colorectal cancer had significantly higher odds 

of recurrence (OR = 2.25, 95% CI = 1.32-3.84) than subjects without a family history of 

colorectal cancer who were also obese (191).  

In addition to environmental risk factors, the characteristics of adenomas also 

influence the likelihood of subsequent recurrence. Multiplicity of colorectal adenomas at 

baseline has been shown to confer increased adenoma recurrence in several randomized 

controlled trials (182, 192-194).  Results from the National Polyp study (n=1481) suggest 

that persons with two adenomas at baseline had an OR = 1.50 (95% CI = 1.0 – 2.1) for 

recurrence (194).  The OR for colorectal adenoma recurrence increased to 2.40 (95% CI 

= 1.7 – 3.5) for persons with three or more adenomas (194).  The predictors of colorectal 

adenoma recurrence in 479 patients were evaluated by van Stock (193), who found that 

subjects with three or more colorectal adenomas at baseline had  higher odds of 

recurrence than subjects with only one or two adenomas at baseline (OR = 2.25, 95% CI 

= 1.20 – 4.21).  Multiple baseline adenomas was also a risk factor for  recurrent 
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adenomas among participants in the Wheat Bran Fiber Trial (182).  In this study,  the 

odds ratio for subjects with three or more baseline adenomas compared to subjects with 

only one adenoma was 1.91 (95% CI = 1.30 – 2.79), after adjusting for age, sex, number 

of colonoscopies, and other adenoma characteristics(182).  Similar results have also been 

found in other studies (195, 196).   

  Size of baseline adenoma is also a known risk factor for colorectal adenoma 

recurrence.   A study conducted on patients enrolled in the Cleveland Clinic Foundation 

Adenoma Registry (n= 697) found that colorectal adenoma recurrence increased 

significantly for subjects with baseline adenomas >1cm, as compared to subjects with 

adenomas <1 cm (OR = 3.68, 95% CI = 2.01 – 6.76) (196). Similar results have also been 

observed in several cohort studies, including Yang et al., (197) who showed a significant 

increase in recurrence of advanced colorectal adenomas among 1490 Chinese subjects 

who had 0.6 – 1.0 cm rectal adenomas at baseline, compared to subjects with rectal 

adenomas less than or equal to 0.5 cm (RR = 2.4, 95% CI = 1.3 – 4.6). Size of baseline 

adenoma was also a  risk factor in the Wheat Bran Fiber Trial, in which subjects with an 

adenoma >1.0 cm had an OR = 1.47 (95% CI = 1.02 – 2.10) for recurrence, compared to 

subjects with a baseline adenoma <0.5 cm, after adjusting for age, sex, number of 

colonoscopies, and other adenoma characteristics (182).  

In summary, there are multiple exposures that confer increased risk or protection 

in the etiology of colorectal neoplasms.  As such, the epidemiology of colorectal 

neoplasms is a well-studied and highly prolific field.  Age and gender are common risk 

factors across all three aforementioned endpoints (colorectal cancer, adenoma and 
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adenoma recurrence).  Other risk factors include smoking, alcohol, and diet.  Physical 

activity and use of NSAIDs have been shown to protect against colorectal neoplasm. 

Relevant epidemiological information associated with the study-specific genetic and 

environmental exposures is provided below.  

 
C. Study-specific exposures 
 

1. Obesity, waist circumference and metabolic syndrome  
 
  Obesity and metabolic syndrome are fast emerging as the major public health 

concerns in Western cultures (126, 198-204), with the prevalence of these conditions 

growing considerably in the past two decades (199, 204).  BMI, measured as a function 

of a person’s weight divided by their height (kg/m2) and is used to measure a person’s 

degree of obesity. In 2005, it was estimated that 60.5% of the adult US population was 

overweight (BMI = 25.0 - <30 kg/m2),  23.9% were obese (BMI >30 kg/m2) (125, 126) 

and 23-24% of persons between 20 to 79 years of age had metabolic syndrome (205).  

Metabolic disturbance in insulin sensitivity, glucose disposition, lipids and inflammation 

are common in the overweight/obese and are known to be strongly associated with 

metabolic syndrome.  Metabolic syndrome has been defined by several groups, however, 

for the purposes of this dissertation it will be defined using the National Cholesterol 

Education Program’s Adult Treatment Panel III criterion (ATP III) (199).  This includes a 

set of risk factors that have been associated with elevated risk for cardiovascular disease, 

diabetes and other disease outcomes, including cancer of the colon. Component traits of 

this condition and their cut points defined by the ATP include (199): 

 abdominal obesity (>40 inches for men and >35 inches for women),  
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 high triglycerides (>150 mg/dL),  

 low HDL cholesterol (<40 mg/dL for men and <50 mg/dL for women),  

 high blood pressure > 130 mm Hg), 

 high fasting glucose (>110 mg/dL).   

A person is classified as having metabolic syndrome if they possess three or more of 

these traits.  

Obesity and metabolic syndrome have been evaluated as risk factors for colorectal 

cancer (13-54), colorectal adenomas (36, 55-74)  and colorectal adenoma recurrence.(75-

78). The available literature related to the influence of obesity, visceral adiposity and 

metabolic syndrome on colorectal cancer, adenomas, and adenoma recurrence is 

summarized for cohort, case-control and cross-sectional studies in Appendix B. Briefly, 

several large cohort studies, including the First National Health and Nutritional 

Examination Survey (19), the Health Professional’s Follow-up Study (55), and the 

Nurse’s Health Study (26) all showed increased incidence of colon or colorectal cancer 

among subject with a high BMI, compared to subjects in lower BMI categories.  The 

strength of theses studies lies in their large sample size and their prospective design, 

which allows a direct measure of incidence and establishes a temporal relationship 

between obesity and colorectal cancer (206).  For example, Martinez et al., (26) followed 

89,448 women for 1,012,375 person-years to show a strong association (OR=1.45, 95% 

CI=1.02-2.07) between BMI and colon cancer among women aged 30-55 years who had 

a BMI >29 kg/m2, compared to women with a BMI<21 kg/m2. A more recent cohort 

study of 45,906 European males supported the role of obesity in colorectal cancer 
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etiology, with a HR=1.54 (95% CI=1.08-2.21) for men with BMI >30 kg/m2, compared 

to men with a BMI<23.0 kg/m2 (21).  Many case-control studies have obtained similar 

findings with strong retrospective evidence that body mass is a risk factor for colorectal 

cancer (43, 51), colorectal adenomas (61, 69), and colorectal adenoma recurrence (75-

77).  However, a small number of other epidemiological studies have found no 

association between body mass and colorectal neoplasms (59, 78). 

There is evidence to suggest that the influence of obesity on colorectal neoplasms is 

different for men than women. In a large cohort study of 368,277 men and women, 

Pischon et al., (34) concluded the RR=1.55 (95% CI=1.12-2.15) for men with a BMI 

>29.4 kg/m2 and the RR=1.06 (95% CI=0.71-1.58) for women with a BMI >29.4 kg/m2, 

compared to men and women with a BMI <23.6 kg/m2 (34).  Using data from the Wheat 

Bran Fiber Trial, Jacobs et al., (191) found a similar gender-specific pattern for colorectal 

adenoma recurrence and reported an OR=1.17 (95% CI=0.92-1.48) among men with 

BMI > 30 kg/m2 and an OR= 0.90 (95% CI=0.60-1.33) among women with BMI > 30 

kg/m2, compared to normal weight men and women, respectively. A meta-analysis of 30 

prospective studies concluded that a 5-unit increase in BMI significantly increased the 

risk of colon cancer for both men (RR=1.30, 95% CI = 1.25-1.34) and women (RR=1.12, 

95% CI=1.07-1.18) (207).  However, in this study BMI was only associated with an 

increased risk of rectal cancer for men (RR=1.12, 95% CI=1.09-1.16), but not women 

(RR=1.03, 95% CI=0.99-1.08) (207).  The differential effect of gender and obesity on 

colorectal neoplasm has been partially explained by the protective effects of estrogen, 

though the exact mechanism of this apparent protective effect is unknown  (53).   

   
 



 47

Although there is strong evidence in the literature to support the role of obesity in 

colon cancer etiology, the association between adiposity and rectal cancer is weaker.  For 

example, results from the Physician’s Health Study (n=21,581 men) concluded a 

significant association between BMI and colon cancer (OR = 1.38, 95% CI = 1.11-1.70) 

but not rectal cancer (OR = 1.19, 95% CI = 0.80-1.77) for men with a BMI >25 kg/m2, as 

compared to normal weight men (16).  Larsson et al., (21) also found a significant 

association between obese men and colon cancer (HR = 1.60, 95% CI=1.03-2.48) but not 

rectal cancer (HR = 1.44, 95% CI=0.79-2.61), when compared to normal weight subjects 

in a large cohort of 45,906 men.  

As described above, these null findings may be related to the fact that many of these 

studies were designed to primarily evaluate the effect of adiposity on colon cancer, which 

may have led them to be underpowered to find significant association with the small 

numbers of rectal cancers that they observed (146).  However, a large cohort study of 16, 

876 men and 24, 247 women designed to primarily evaluate the association between body 

size and rectal cancer also found null association between obesity and rectal cancer for 

men (HR = 1.09 (95% CI = 0.86-1.38) and women (HR= 0.98, 95% CI = 0.80-1.22) (28).  

A similar pattern was found in a case-control study conducted by Slattery et al., (208), 

where null associations between BMI and rectal cancer were found for obese men (OR = 

1.1, 95% CI = 0.7-1.6) and obese women (OR=1.2, 95% CI =0.8-1.7), as compared to 

gender-specific normal weight controls. These findings suggest that the biological 

mechanism between adiposity and colorectal neoplasia may be different in the colon and 

rectum (146).  In a cohort of 24,247 women, MacInnis et al., (209) found a significant 

   
 



 48

association between BMI and rectal cancer (HR = 1.4, 95% CI = 1.1-2.0) and a 

borderline significant association between waist circumference and rectal cancer (HR = 

1.4, 95% CI =1.0 – 2.0).  

There is recent epidemiological evidence to suggest that visceral adiposity may be a 

stronger risk factor for colorectal cancer than BMI (210).  In fact, an independent effect 

of visceral adiposity on colon cancer (after controlling for the effects of BMI) has been 

described by Moore et al., (30).  Using data obtained from the Framingham Study, this 

research group developed several models to illustrate the independent effects of BMI and 

waist circumference on colon cancer (30).  After adjusting for waist circumference (and 

other confounders), the OR for colon cancer was 1.3 (95% CI=0.46-3.7) among men aged 

30-50 who had a BMI>30 kg/m2, compared to normal weight men in the same age group 

(30).  In a second model evaluating the effects of visceral adiposity after adjusting for 

BMI (and other confounders), the OR was 3.3 (95% CI=1.3-8.8) among men aged 30-50 

who had a waist circumference >101.6cm, compared to men in the same age group with a 

waist circumference <83.3 cm (30).  These results indicate a stronger measure of effect 

for subjects with a larger waist circumference (after adjusting for the effects of BMI) than 

for subjects with a high BMI (after adjusting for the effects of waist circumference) (30).  

Abdominal obesity >40 inches for men and >35 inches for women are component 

traits of the metabolic syndrome  because of the strong relationship between central 

obesity and metabolic disturbances in insulin, glucose and lipids (211, 212).  This same 

underlying association with physiologic disturbances in insulin and lipids has been 

suggested to explain the association between obesity and colorectal cancer (124).   
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Results from the Risk Factors and Life Expectancy Project (n=21,311 men and 15,991 

women), concluded that a cluster of three or more metabolic abnormalities yielded a 

HR=2.96 (95% CI=1.05-8.31) for colorectal cancer among men and a HR=2.71 (95% 

CI=0.59-12.50) for colorectal cancer among women, in comparison to men and women 

who did not have metabolic abnormalities (38).  Using a case-control design, Morita et 

al., (68) found that men and women with traits of metabolic syndrome were more likely 

to have colorectal adenomas than subjects without these component traits (OR=1.38, 95% 

CI-1.13-1.93).  

The biologic factors that explain the association between obesity and metabolic 

syndrome with colorectal neoplasms is not fully understood.  It has been postulated that 

elevated exposures to epithelial growth factors such as IGF-1 and insulin, associated 

inflammation, and/or disturbances in the steroid hormones such as estrogen and 

progesterone contribute to the pathophysiology (210).  Insulin is a recognized mediator in 

the relationship between obesity and colorectal cancer (124) and has been associated with 

the colorectal cancer risk in numerous epidemiological studies (213-217) as well as in 

vitro studies of colorectal cancer cell lines (218-220).   

Variation in genes that modulate insulin signaling, such as PPAR-γ, have been 

implicated as gene determinants of susceptibility to metabolic syndrome and the 

associated hyperinsulinemia that are common in obese individuals (221).  As such, there 

is evidence to suggest that these genes, as potential genetic determinants of 

hyperinsulinemia and metabolic disturbance, could shed additional light on the 

underlying biochemical events that contribute to the association between body mass and 
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colorectal neoplasms (210); this is particularly true in the absence of direct and repeated 

measures of metabolic phenotype in case-control studies.  Along these lines, the current 

study hypothesizes that genetic variation in the PPAR-γ gene modifies the association 

between BMI and colorectal adenoma recurrence.  It is further hypothesized that elevated 

levels of the biochemical biomarkers of metabolic syndrome will modify the joint effect 

of genetic variation of PPAR-γ and obesity on colorectal adenoma recurrence. This 

hypothesis and the rationale are illustrated in Figure 2.  As can be seen, the proposed 

pathway from obesity to colorectal cancer is associated with hyperinsulinemia which is 

itself influenced by the function of PPAR-γ (222).  

As illustrated in Figure 2, the pathway begins with a state of chronic positive energy 

balance, which leads to the formation of adipose tissue resulting in obesity (222). 

Adipose tissue is known to be a dynamic endocrine organ, activating a series of immune 

responses that are associated with a chronic proinflammatory state, as well as insulin 

resistance and a state of chronic hyperinsulinemia (increased insulin exposure) (222).  

The induced pro-inflammatory state includes an increase in the levels of tumor necrosis 

factor-alpha (TNF-α) and interleukin-6 IL-6 (222), both of which are over expressed in 

the adipose tissue of people with insulin-resistance (223).  The influence of TNF-α on 

insulin resistance results from the stimulation of stress hormones, as well as the 

prolonged initiation of the suppressor of cytokine signaling-3 protein (SOCS-3) (224).   
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Figure 2.  Illustration of the pathway from obesity to colon cancer.  Modified from John 

2006 (222). 
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SOCS-3 is known to reduce the insulin-induced insulin receptor substrate 1 (IRS1) 

tyrosine phosphorylation and is also known to negatively regulate the function of PPAR-γ 

(224). IL-6 influences insulin resistance by impairing insulin signaling during gene  

transcription (223). People with insulin resistance and/or those who have excess visceral 

adipose tissue (212) are also known to have elevated levels of circulating free fatty acids 

(FFAs) and decreased levels of adiponectin (222).  FFAs inhibit the action of insulin and 

prevents insulin-stimulated glucose uptake into the muscle (225) and activates the 

function of PPAR-γ, both of which play a role in insulin sensitivity and adipogenesis 

(226).   

Adiponectin is a protein hormone that is associated with glucose regulation (227).  It 

is inversely correlated with BMI, which leads to increased levels of circulating insulin in 

obese people (227).  High levels of circulating insulin results in low levels of insulin-like 

growth factor binding protein (IGFBP-1) levels (228). IGFBP-1 modulates the activities 

of insulin-like growth factor 1 (IGF-1); therefore,  low levels of IGFBP-1 results in an 

increase in IGF-1 (228).  IGF-1 is associated with total percent body fat and visceral 

adiposity (229) and is a recognized pro-mitogen with strong tumor promoting activity 

suspect in a number of cancers (230) including colorectal cancer (231-233).  

In summary, obesity and metabolic syndrome are fast emerging as major public 

health concerns in Western cultures. Metabolic disturbance in insulin sensitivity, glucose 

disposition, lipids and inflammation are common in the overweight/obese and are known 

to be strongly associated with metabolic syndrome. Obesity and metabolic syndrome 

have been evaluated as risk factors for colorectal adenomas, colorectal adenoma 
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recurrence, and colorectal cancer. The degree of risk conferred by BMI on colorectal 

neoplasms appears to be higher for men than women and higher for neoplasms 

originating in the colon than rectum. In addition, there is recent epidemiological evidence 

to suggest that visceral adiposity may be a stronger risk factor for colorectal cancer than 

BMI.  The biologic factors that explain the association between obesity and metabolic 

syndrome with colorectal neoplasms is not fully understood.  It has been postulated that 

elevated exposures to epithelial growth factors such as IGF-1 and insulin, associated 

inflammation, and/or disturbances in the steroid hormones such as estrogen and 

progesterone contribute to the pathophysiology.  

 
2. PPAR-γ  
 
In specific aims one and two of this dissertation, PPAR-γ is under investigation as a 

candidate susceptibility gene that modifies the relationship between BMI or waist 

circumference and colorectal adenoma recurrence.  PPAR-γ was selected based on its 

presumed role as a tumor suppressor in the colon (234), its association with obesity (226), 

and its role as a genetic determinant of metabolic syndrome (235-251).   

PPAR-γ is a member of the steroid nuclear receptor superfamily (252), which is a 

large and diverse class of transcriptional regulators that control several biological 

functions including reproduction and development, homeostasis, and metabolism (253, 

254).  The function of nuclear receptors is associated with two chronic diseases that are 

pertinent to the current study, diabetes and cancer (253).  Since nuclear receptors are 

ligand-activated transcription factors, they serve as a connection between the molecules 

that control biological function and the transcriptional responses (253). 
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Found predominantly in adipose tissue, the liver and heart, PPAR-γ is specifically 

known to regulate glucose and lipid homeostasis (255), adipocyte differentiation (226), 

and insulin sensitivity (256). It is activated by FFAs, prostaglandins and leukotrienes 

(255). Once activated, PPAR-γ functions to stimulate genes that are involved in fatty acid 

release, synthesis, and transport (257). The gene for PPAR-γ is located on chromosome 3 

(258) and there are two PPAR-γ proteins that have been identified to date, PPAR-γ1 and 

PPAR-γ2 (259).  PPAR-γ2 differs from PPAR-γ1 due to an additional 28 amino acids in 

the N terminus of the isoform and is regulated by its own promotor (259). This difference 

causes the transcription-stimulating activity of the ligand-independent activation 

function-1 domain to increase 5-to-6 fold in the PPAR-γ2 (259, 260).   

At amino acid 12 in the PPAR-γ2 protein, there is a polymorphic substitution (proline 

to alanine) that occurs in approximately 25% of the population (259).  The Ala12 

polymorphism has been extensively studied and is known to have a reduced activity for 

the PPAR-responsive element (PPRE) (259), which is a specific binding site for PPAR on 

the DNA of target genes.   In comparison to the common Pro12 allele, the Ala12 

polymorphism has reduced in vitro transcriptional and adipogenic activity, which may 

result in the presence of less fat mass (261).  This decreased binding activity for the 

PPRE and diminished adipogenic activity has been suggested to explain why the Ala12 

polymorphism is associated with a lower BMI, increased insulin sensitivity, and reduced 

risk of metabolic syndrome (252, 262-265).  However, the association of the Ala12 

polymorphism with obesity and non-insulin dependent diabetes mellitus has been highly 

inconsistent, with positive (237, 247-249), negative (238, 241, 250, 251), and null 
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associations reported in the literature (243, 266, 267).  Interactions between PPAR-γ and 

obesity (268), diet (269), nutrients (270) and obesity-related genes (271-273) have been 

evaluated to explain the relationship, but these results are also inconsistent.   

These conflicting findings may be related to differences in study design, statistical 

analysis methods, and the number of Ala12 carriers that were included in the each study. 

Interestingly, results from Ek et al., (238) concluded that obese homozygous carriers of 

the Ala12 allele increased their weight gain annually by 27% (p=0.004), while normal 

weight homozygous carriers of the Ala12 allele only increased their weight by 11% 

annually (p=0.002). The referent group for both of these analyses was the wildtype 

carriers. These results suggest that the modulating effect of PPAR-γ that influences the 

phenotypic expression of the Ala12 polymorphism may be affected by several factors 

related to obesity, such as BMI, waist circumference, or possibly the biochemical 

biomarkers of metabolic syndrome. 

An alternative and more plausible explanation for the inconsistent findings is the 

presence of other allelic variations in association with Pro12Ala that are not detected by 

genotyping the single Pro12Ala SNP.  A theoretically silent 1431C>T polymorphism  

located on exon 6 (265) is in tight linkage disequlibrium with Pro12Ala (236).  This 

polymorphism has yielded similar conflicting results on obesity when assayed in 

isolation, with several studies indicating the polymorphism was associated with high BMI 

(247, 274) and others showing no association with BMI (275, 276).  It is not unusual to 

observe similar phenotypic patterns for the Pro12Ala and C1431T polymorphism, given 

their strong linkage disequilibrium (236). However, it has been suggested that the specific 
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combination in which these alleles occur differentially influence obesity and weight 

pattern with masking effects (235).  This may provide evidence that co-carriage of these 

two variants is a better determinant than the single SNP and may also partially explain 

inconsistencies in studies that failed to measure both SNPs.   Haplotype-based analyses 

conducted by Doney et al., (235) revealed opposing effects of the Pro12Ala and C1431T 

variants on BMI.  Approximately 70% of their study population carried both of the 

variant alleles; however, among the 30% who did not, the Ala12 allele was associated 

with low BMI and the T1431 allele was associated with higher BMI. The role of PPAR-γ 

haplotypes on Type 2 diabetes was later evaluated in a second study conducted by this 

group  (236). Their results suggested that when the Ala12 variant was on a haplotype that 

didn’t include the T1431 variant, there were lower odds of Type 2 diabetes (OR = 0.66, 

p=0.0003).  In contrast, when both variants were present, the protection was lost (OR = 

0.99, p=0.94), suggesting an independent effect of the T1431 variant on Type 2 diabetes 

risk. Therefore, given our current understanding of the potential joint effects of the SNP, 

the influence of PPAR-γ genetic polymorphism on colorectal adenoma recurrence should 

be evaluated in the context of more advanced genetic epidemiological techniques, such as 

haplotype and diplotype analyses (277).   

The effect of PPAR-γ on colorectal cancer has also been evaluated. Human colon 

cancer cells express PPAR-γ and are known to respond to PPAR-γ agonists with reduced 

tumor size and cellular differentiation (278).  PPAR-γ has also been shown to regulate 

cell growth, cellular differentiation, and apoptosis of colon cancer cell lines in vitro (279, 

280).  Furthermore, medical administration of PPAR-γ ligands has been associated with 
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reduced inflammation and aberrant crypt foci in the colon of animal models (281).  This 

evidence has lead to the evaluation of PPAR-γ in colorectal neoplasm etiology (252, 268), 

with several potential mechanisms reported in the literature. First, PPAR-γ expression is 

known to be inversely correlated with COX-2, which is also associated with chronic 

inflammation and is present in colorectal tumors (282).  Second, PPAR-γ may function as 

a tumor suppressor in the absence of APC mutations (283) and PPAR-γ induced apoptosis 

is thought to be controlled by p53 (284). Lastly, PPAR-γ plays a critical systemic role in 

the regulation of fatty acid metabolism and insulin sensitivity, which are both associated 

with colorectal neoplasm etiology (268) 

Several epidemiological studies have evaluated the role of PPAR-γ in the etiology of 

colorectal neoplasms, with fairly consistent findings. In a study of 1577 cases and 1971 

controls, Slattery et al., (268) showed that carriers of any Ala12 polymorphism had an 

OR=0.90 (95% CI=0.80-1.0) for colorectal cancer, compared to carriers of two copies of 

the Pro12 genotype. Similar results from the same study population were also presented 

by Murtaugh et al., (269). In the Singapore Chinese Health Study, carriers of any Ala12 

polymorphism had an OR=0.53 (95% CI = 0.30-0.92) for colorectal cancer, compared to 

wildtype carriers (285).  Gong et al., (252) found that the Ala12 polymorphism had a 

similar protective effect on colorectal adenomas (OR=0.65, 95% CI=0.39-1.09).  Slattery 

et al., (268) found no significant association for colon cancer (OR = 0.9 (95% CI = 0.8-

1.0) and rectal cancer (OR = 1.2, 95% CI = 1.0-1.5) among any Ala12 carriers, as 

compared to Pro12Pro12 carriers.  Although the evidence is convincing that homozygous 

or heterozygous Ala12 carriers confer lower risk for colorectal neoplasms than 
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homozygous Pro12 carriers, none of the aforementioned studies evaluated if the presence 

of colon neoplasms differed among Ala12 carriers by obesity or by metabolic status. 

Given the established systemically-acting role of PPAR-γ in obesity, inflammation, 

insulin regulation, and diabetes, this study hypothesizes that the protective action of the 

PPAR-γ genotype may be related to its activity as a genetic determinant of insulin 

resistance; a relationship that may help explain the biologic underpinnings of the 

association between obesity and colorectal cancer.  

In summary, PPAR-γ was selected for this study based on its presumed role as a 

tumor suppressor in the colon, its association with obesity, its role as a genetic 

determinant of metabolic syndrome and its association with colorectal cancer.  Human 

colon cancer cells express PPAR-γ and are known to respond to PPAR-γ agonists with 

reduced tumor size and cellular differentiation.  PPAR-γ has also been shown to regulate 

cell growth, cellular differentiation, and apoptosis of colon cancer cell lines in vitro. 

Several epidemiological studies have evaluated the role of PPAR-γ in the etiology of 

colorectal neoplasms, with fairly consistent findings. PPAR-γ is a member of the steroid 

nuclear receptor superfamily, which is a large and diverse class of transcriptional 

regulators that control several biological functions including reproduction and 

development, homeostasis, and metabolism. PPAR-γ is specifically known to regulate 

glucose and lipid homeostasis, adipocyte differentiation, and insulin sensitivity. At amino 

acid 12 in the PPAR-γ2 protein, there is a polymorphic substitution (proline to alanine) 

that occurs in approximately 25% of the population. In comparison to the common Pro12 

allele, the Ala12 polymorphism has reduced in vitro transcriptional and adipogenic 
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activity, which may result in the presence of less fat mass.  Ala12 polymorphism with 

obesity and non-insulin dependent diabetes mellitus has been highly inconsistent in the 

literature. These finding may be related to the presence of other allelic variations in 

association with Pro12Ala that are not detected by genotyping the single Pro12Ala SNP.  

A theoretically silent 1431C>T polymorphism located on exon 6 is in tight linkage 

disequlibrium with Pro12Ala.  This polymorphism has yielded similar conflicting results 

on obesity when assayed in isolation. 

 

3. FMO3 and sulindac 
 
  The majority of positive gene-environment interactions identified to date have been 

obtained by evaluating suspect associations in secondary analyses of both randomized 

and observational studies.  However, when the environmental exposure under 

investigation is a pharmaceutical agent, confirming the modifying effect of gene 

determinants on disease outcome requires formal prospective hypothesis testing in a 

clinical trial, the current gold standard for pharmaceutical research.  Unfortunately, 

classical hypothesis testing for interactions requires a sample size that becomes 

particularly burdensome when genotype is a component of the interaction, especially 

when response to treatment is modified by rare variants (286, 287).  To address this 

challenging methodological issue, the final hypothesis of the current study is that using a 

genetically pre-screened and enriched population will reduce the sample required to 

formally test gene-drug interactions, affording a more practical approach to validate 

promising gene-drug interactions in the randomized trial setting. Observational data for a 
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candidate gene-drug interaction between FMO3 and sulindac is used to model this 

principle. 

   FMO3 is the candidate gene for aim three of the current study because there is 

strong literature-based evidence of a gene-drug interaction between FMO3 and sulindac, 

which may increase the efficacy of sulindac as a chemoprevention agent for colorectal 

neoplasms among carriers of specific FMO3 polymorphisms (288, 289).  Located on 

chromosome 1, FMO3 composes a family of FAD-, NADPH- and O2-dependent enzymes 

that have been shown to expedite the breakdown of several nitrogen-, sulfur-, 

phosphorous-, selenium-, and nucleophilic chemicals (290), including pharmaceuticals 

such as sulindac (291, 292) and agricultural chemicals (293). The physiological 

mechanisms of FMO3 are largely unknown; however, it is believed that FMO3 has 

evolved to serve as a detoxification enzyme that converts nucelophiolic heteroatom-

containing chemicals into polar, water-soluble metabolites that are readily excreted in the 

urine (294). FMO3 is one of six known FMO isoforms in humans and is found 

abundantly in the liver (294).  Twenty-four polymorphisms of FMO3 have been 

identified, resulting in considerable inter-individual and inter-ethnic genetic variability of 

this gene (294). Most allelic variations in FMO3 are due to a single base change; 

however, other missense and nonsense mutations have also been observed (294).  

Although it is not directly related to colorectal neoplasm etiology, there is strong 

evidence to support a modifying effect of FMO3 variants on the chemopreventive 

relationship between sulindac and colorectal cancer or adenomas (295).  In fact, seven 

polymorphic sites in the FMO3 gene carried on specific haplotypes show promise as 
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genetic modifiers of sulindac efficacy for chemoprevention of  colorectal adenoma  

development (288).  These include M661, P153L, E158K, V257M, E305X, E308G, and 

R429W (288). Of the polymorphisms described, carriers of the variant E158K and 

E308G alleles expressed a significant reduction in mucosal prostanoid levels (288, 289).  

Low levels of mucosal prostanoids have been correlated with improved clinical response 

to sulindac (296), which may partially explain the increased efficacy of sulindac for 

colorectal chemoprevention in E158K and E308G carriers. Only the E158K 

polymorphism will be evaluated in the current study, with the following genotype 

frequencies: homozygous variant (VV) = 20%, heterozygous (VW) = 41%, homozygous 

wildtype (AA) = 39% (288).   

Since the early 1980s, there have been several studies supporting the role of aspirin 

and NSAIDS in reducing risk of colorectal cancer in mouse models (297).  As discussed 

above in more detail, there is mounting evidence of aspirin and NSAIDS as 

chemoprevention agents. Interestingly, there have also been several studies evaluating 

potential gene-drug interactions between aspirin or NSAIDS and genes associated with 

colorectal cancer or colorectal adenoma recurrence.  As described earlier, a candidate 

gene-drug interaction between sulindac and FMO3 may result in the increased 

chemopreventative activity of sulindac on the etiology of colorectal neoplasms for 

carriers of specific polymorphisms (288, 289).  In addition, Martinez et al., (298) 

evaluated the effect of aspirin on colorectal adenoma recurrence for polymorphism of the 

ornithine decarboxylase (ODC) gene.  Using the GG carriers/no aspirin group as the 

referent, the GG/aspirin-users had an OR for adenoma recurrence of 0.83 (95% CI = 0.51 
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– 1.34) and the GA/aspirin-users had an OR of  0.64 (95% CI = 0.37 – 1.09) (298).  

However, aspirin users who were homozygous carriers of the A allele had an OR for 

recurrence of 0.10 (95% CI = 0.02 – 0.66) (298).  

The chemopreventative action of other NSAIDs has also been evaluated. For 

example, an interaction between FMO3 and the NSAID sulindac is evaluated in specific 

aim three of the current study.  Sulindac, marketed under the tradename Clinoril® by 

Merck & Co. Inc., is a non-steroidal, anti-inflammatory indene derivative with the 

chemical designation of (Z)-5-fluoro-2-methyl-1-[[p-(methylsulfinyl)phenyl]methylene]-

1H-indene-3-acetic acid.  It is available through prescription in 150 and 200 mg tablets 

for oral administration for the relief of pain, tenderness, inflammation, and stiffness 

caused by gout, arthritis, and other inflammatory conditions. There has been considerable 

interest in sulindac for colorectal cancer prevention because of it’s anti-tumor activity 

(79).  Though the exact method of action for chemoprevention is not known, it is 

believed that the primary mechanism involves the inhibition of prostaglandin synthesis 

through the inhibition of COX1, COX2, or LOX enzymes by the sulfide metabolite (299, 

300).  Sulindac is considered to be a prodrug, meaning it is administered in an inactive 

form that will be metabolized into an active form in vivo (288).  It contains optically 

inactive sulfoxide molecules that are reduced to the active sulfide form by flora in the 

gut, which are then oxidized by variants of the FMO3 genotype into sulfoxide and 

sulfone (288).   Since cancer is known to be associated with inflammation (301), reducing 

inflammation through the use of NSAIDS may prevent tumor growth. Therefore, it is 

hypothesized that genetic variations in the FMO3 gene that alter and reduce these 
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enzymatic activities may contribute to an individual’s beneficial responsiveness to 

sulindac as a chemoprevention agent for colorectal neoplasms (299). A positive finding 

will have direct public health benefit for NSAID-based chemoprevention on colorectal 

neoplasm etiology through refined interventions that are focused on responding 

genotypes. 

In summary, the environmental exposures relevant to the current study include BMI, 

waist circumference, metabolic syndrome, PPAR-γ, FMO3 and sulindac. There is strong 

evidence to suggest that the main effects of obesity and metabolic syndrome are putative 

risk factors for colorectal neoplasms.  The evidence is less clear for PPAR-γ; however, it 

is suggested that carriers of the Ala12 polymorphism may have reduced risk. Given the 

biological association between PPAR-γ and obesity, it is plausible to explore the 

possibility that PPAR-γ modulates the effect of obesity on colorectal outcomes. FMO3 

(as a main effect) has not been implicated in the etiology of colorectal neoplasms; 

however, there is evidence to suggest that the chemopreventive action of sulindac may be 

modified by FMO3. As such, it is becoming increasingly important to understand the role 

of genetic variation in the study of human disease. The following section provides an 

overview of genetic epidemiology and pharmacogenetics, as they generally relate to the 

study of human disease and as they specifically relate to colorectal neoplasms.  

 
D. Overview of genetic epidemiology  
 

The revolutionary advances in human genetics during the 21st century have given rise 

to the field of genetic epidemiology, which promotes the investigation of heritability and 

genetic variation on disease risk (302, 303).  The primary purpose of genetic 

   
 



 64

epidemiology is to enhance the understanding of how genetics and environmental risk 

factors work together to cause disease (304). Like classic epidemiology, this evolving 

area of research investigates disease distribution and determinants; however, it 

emphasizes the role of genetic variation on pathogenesis (302, 305).  In complex diseases 

such as colorectal cancer, where genetic and environmental risk factors are both likely to 

contribute to risk, genetic epidemiological studies help identify and quantify the strength 

of association for risks that are related to genetic variation, environmental exposures, or 

their combined effect (300, 306). Thus, studying interactions between genetic variation 

and environmental risk factors is becoming increasingly important in epidemiological 

research (307).  In doing so, epidemiologists and clinicians can work together to target 

prevention strategies and improve treatments (206, 302, 305-307).  Genetic epidemiology 

studies translate into direct public health benefit in the following specific ways (306):  

 By evaluating the joint effect of genetic variation and environmental risk factors, 

a more accurate estimate of the population-attributable risk that is associated with 

the gene, the environment, or their joint effect can be obtained;  

 Focusing on genetically susceptible individuals or populations is likely to result in 

a higher measure of association between the environmental risk factor and the 

disease, which minimizes the possibility that the association was observed by 

chance; 

 The biological pathways of disease can be pinpointed using knowledge of genes 

that are susceptible or resistant to the environmental risk factor of interest; 
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 New preventative or therapeutic agents can be developed based on knowledge of 

interactions that involve genotype; 

 The potential for individualized medicine through pharmacogenetics techniques 

becomes possible when gene-drug interactions can be identified and quantified.  

In summary, the field of genetic epidemiology promotes the investigation of 

heritability and genetic variation on disease risk.  The etiology of many complex diseases 

is associated with environmental exposures, genetic variation, or a combination of both.  

Genetic epidemiological studies help identify and quantify the strength of association for 

these risk factors. 

 
1. Genetic epidemiology and colorectal neoplasm research 

There is growing evidence to support the role of common genetic polymorphisms as 

modifiers in the relationship between environmental exposures and colorectal neoplasms 

(9).   As explained above, the carcinogenesis model for colorectal cancer is a complex 

process that involves a series of genetic mutations that can lead to the growth of 

colorectal adenomas and ultimately colorectal cancer (5-7). There are numerous 

environmental factors that influence the etiology of colorectal neoplasia (101) and 

emerging evidence to support important gene-environment interactions as determinants 

of individual colorectal cancer risk.  Examples of gene-environment interaction important 

in colorectal carcinogenesis include interactions between methylenetetrahydrofolate 

reductase (MTHFR) and folate (308, 309), N-acetyltransferase 2 (NAT2) and red meat 

consumption (310), and aldehyde dehydrogenase 2 (ALDH2) and alcohol (311).  

However, the study of gene-environment interactions in the field of colorectal cancer and 
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adenoma research is relatively new and is susceptible to the inherent challenges 

associated with evaluating interactions.   

The discipline of genetic epidemiology has received criticism recently for an apparent 

lack of success across all disease outcomes due to the innate methodological difficulties 

associated with gene-environment interaction research (312), as explained with more 

detail below. The complex nature of these studies begins at the molecular level, where 

gene penetrance, Hardy-Weinburg Equilibrium, linkage disequilibrium, and the genetic 

mode of inheritance all play an important role in how genetic variation is associated with 

disease outcome.  There is evidence to suggest that gene-gene and/or SNP-SNP effects 

also play a critical role in disease etiology; however, there is substantial difficulty in 

evaluating and quantifying these associations due to sample size constraints. 

Furthermore, the effect of modest-acting genes in disease onset and progression is also 

imperative to understand but difficult to ascertain and isolate.   

Although numerous challenges exist, the promise of genetic epidemiology to enhance 

clinical research remains substantial. With the completion of the Human Genome Project 

and large re-sequencing efforts, researchers around the world have an opportunity to 

evaluate the role of genetic variation in disease using a number of strategies, including 

hypothesis-based testing for candidate gene variants in suspect causal pathways, such as 

described herein  (313).  Researchers involved in genetic epidemiology continue to refine 

analytical methodologies that advance the field for clinical application. Two examples of 

progress in managing and utilizing genetic data in clinical research include recursive 

partition modeling (314-317) and the use of genetic information in the intervention or 
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treatment setting via pharmacogenetics (318, 319).  These methods were utilized for aims 

two and three of the current study, respectively. 

In summary, there is growing evidence to support the role of common genetic 

polymorphisms as modifiers in the relationship between environmental exposures and 

colorectal neoplasms.  Although there are innate methodological challenges associated 

with the evaluation gene-environment interactions, several potential interactions have 

been identified in the etiology of colorectal neoplasia.  

 

2. Pharmacogenetics 
 
The final hypothesis of the current study is that using a genetically pre-screened and 

enriched population will reduce the sample required to test gene-drug interactions, 

affording a more practical approach to validate promising gene-drug interactions in the 

randomized trial setting.   Pharmacogenetics, the science of  “determining the clinical 

relevance of polymorphisms that are known to modify drug response” (318) is gaining 

clinical interest as an increasing number of drug-modifying SNPs are identified and as 

technologies emerge for the rapid and low cost measurement of genetic information in 

human subjects (318, 319).    

  In current medical practice, physicians commonly treat patient populations who 

receive the same disease diagnosis as a homogenous group with regard to drug therapy 

(320, 321).  Yet,  similarly diagnosed  patients receiving identical treatments do not 

always respond to the therapy in a uniform or predictable manner (320, 322, 323). 

Historically, such differential responses have been explained by demographic 
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characteristics such as gender, age, and ethnicity, with drug delivery and 

recommendations modified accordingly (324). However, it is becoming increasingly 

clear that genetic background, such as genetic variations in the form of SNPs in key drug 

metabolizing enzymes, explain a large component of the individual variation in drug 

tolerability and benefit (322, 325).  Over 60,000 SNPs have been identified in the coding 

regions of genes, many of which are candidates for modifying drug metabolism and 

treatment efficacy (326).  

The majority of positive gene-drug associations identified to date have been derived 

from secondary analyses of both randomized clinical trials and non-randomized 

observational studies (324).  Although these results provide clues about clinically 

relevant gene-drug interactions, they are generally underpowered to demonstrate 

interaction at an acceptable level of significance (α < 0.05) using a two-sided test (325, 

327).   Such post-hoc analyses are commonly implemented to explore gene-drug 

interaction as a partial explanation for a greater observed response or a higher number of 

adverse events in a certain subset of the study population.  In spite of having a strong 

gene candidate, the majority of these studies have not been designed to specifically test 

candidate gene-drug interactions as a primary hypothesis due to the requirement of a 

large sample to do so (287, 324).   Classical testing for interactions requires a sample size 

that becomes particularly burdensome when genotype is a component of the interaction, 

especially when response to treatment is modified by rare variants (286, 287).  This 

makes traditional design approaches for evaluating both main effects and gene-drug 

interactions largely impractical in clinical research (320).  Given the increasing evidence 
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of the importance of genetic background on therapy response, implementing studies 

designed primarily to test candidate gene-drug interactions must be addressed creatively 

(328).   

Extensive discussions on the design and implementation of pharmacogenetic studies 

using observational methods such as case-control, case-only,  and nested case-control are 

available in the published literature (303, 318, 329-332).  However, adoption of genetic 

information as a component of therapeutic efficacy in clinical practice and prescribing 

patterns ultimately requires convincing evidence that the effect modification of genotype 

on treatment outcome is significant.   Thus, as evidence supporting the role of genetic 

modifiers of treatment responsiveness emerges, future studies will be challenged to 

consider the patient’s genetic information in the early design of randomized drug trials – 

the current gold standard for clinical research (330-332).   

With the advent of high throughput and low cost genotyping methods, the immediate 

challenges for pharmacogenetics studies are identifying the most responsive genetic 

variants and determining the mode of inheritance of the suspected gene modifiers.  For 

example, if a genotype functions in a recessive model, then enrolling subjects who are 

homozygous dominant or heterozygous in the study is inefficient and may cause “genetic 

noise” that could lead to inaccurate results and increased risk of type II error (322, 328).   

Screening subjects for molecular markers that separate potential responders from non-

responders will aid in refining the study population for confirmatory studies of suspect 

gene-drug interaction (333, 334).  The gene-drug associations emerging from such 

studies can then be used to focus the evaluation of the candidate gene-drug interaction in 
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a randomized controlled setting.  Furthermore, enriching and balancing the frequencies of 

the genotypes to achieve equal proportion in each study arm will result in lower sample 

size requirements and increased power (333, 334).  This is especially important when the 

frequencies of the variant allele are low.  

There are several examples of how pharmacogenetics have been applied to 

gastrointestinal diseases, including the treatment for ulcerative colitis, Crohn’s disease, 

and gastroesophageal reflux disease (GERD) (335).  There is also evidence of differential 

response to standard adjuvant chemotherapy with 5-FU based on genotype among 

patients with stage III colorectal cancer (335, 336).  The metabolism and efficacy of 5-FU 

are influenced by approximately 20 polymorphisms of the dihydropyrimidine 

dehydrogenase gene (DPYD) (335).  Patients with low activity alleles respond to 5-FU 

with reduced tumor mass, while patients with extremely low activity alleles experience 

toxicity severe enough to prohibit continued treatment with 5-FU (335).  Diagnostic kits 

to genotype patients for the DPYD polymorphism are currently available for clinical use 

(335). Aim three of the current study seeks to address the burdensome sample size that is 

required to formally test candidate gene-drug interactions in a clinical trial through 

refined recruitment methodologies. A positive finding will have direct public health 

benefit for drug-based chemoprevention and disease therapies that are focused on 

responding genotypes. 

In summary, the fields of genetic epidemiology and pharmacogenetics hold 

substantial promise for the future understanding of disease etiology.  By incorporating 

genetic variation into epidemiological research, the etiology of complex diseases may 
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become better understood.  However, several challenges have limited the progress of 

these disciplines.  As discussed below in more detail, specific methodological 

considerations must be made during genetic epidemiological studies, especially those 

designed to evaluate gene-drug interactions.   

  

E. Methodological considerations for identifying gene-environment interactions 
 

1. Statistical interaction  
 

Statistical interaction, also known as effect modification, occurs when the measure of 

effect between the exposure variable and the outcome is modified by a third variable 

(206).  This is not to be confused with biological interaction, where the relationship 

between two or more factors cause or prevent an outcome (337).  A gene-environment 

interaction occurs when the combined effect of the genetic variation and the 

environmental exposure causes a departure in the additive or multiplicative effect of the 

two factors (9, 337). A multiplicative model of interaction is observed when the relative 

risk of the disease for subjects exposed to the risk factor compared to the relative risk for 

subjects not exposed to the risk factor differs in the presence of a third variable.  An 

additive model of interaction occurs when the absolute difference in risk between 

subjects with the environmental risk factor and subjects without the environmental risk 

factor differ in the presence of a third variable (338). Although numerous statistical 

techniques have been (or are currently being) developed to evaluate departures from the 

multiplicative model (339), few statistical methods have been established to evaluate 

gene-environment departures from the additive model (304).  Thus, the interactions 
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described in the current study are only focused on departures from the multiplicative 

model.  

The current research hypothesizes that the effect of BMI on colorectal adenoma 

recurrence is modified by genetic variation in PPAR-γ.  However, there are several 

possible scenarios in which obesity and PPAR-γ could influence the risk of colorectal 

adenoma recurrence (Figure 3).  For example, since obesity is a possible risk factor for 

colorectal adenomas (36, 55-74) , it is plausible that the risk of colorectal neoplasms 

increases as the percentage of body fat increases, regardless of the genetic variation in 

PPAR-γ (Figure 3-A).  On the contrary, since the Ala12 allele has been inversely 

associated with colorectal adenoma recurrence (252), it is also feasible that the risk of 

colorectal adenoma recurrence is associated only with genotype, regardless of obesity 

(Figure 3-B).  However, given that the development of colorectal adenomas is a 

multifactorial process, it is plausible that the combined effect between PPAR-γ and 

obesity differentially affects colorectal adenoma recurrence, resulting in effect 

modification (Figure 3-C).    
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Figure 3.  Illustration of potential gene and environmental effects on disease outcome. (A) Environment 
effect with no genotype effect, (B) genotype effect with no environment effect, (C) environment and 
genotype effect with an interaction. Note: the normal weight Pro12Pro carriers are used as the reference 
group in each figure. Figures were modified from Talmud et al. (337). 
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It should be noted that three-way interactions can occur when a two-way interaction 

is modified by the presence of a third variable, which can be either another gene or an 

environmental exposure (340).  These higher order interactions can be difficult to 

interpret but are likely to aid in teasing out how genotype and multiple environmental 

exposures contribute to disease etiology. Multiple linear regression methodologies can be 

applied to evaluate the significance of a suspected three-way interaction (341, 342).  The 

assessment of three-way interactions is becoming more common in epidemiological 

research (343-346) and three-way interactions between PPAR-γ, obesity, and the 

biochemical biomarkers of metabolic syndrome were evaluated for aim two of the current 

study.   

In summary, a gene-environment interaction occurs when the combined effect of the 

genetic variation and the environmental exposure causes a departure in the additive or 

multiplicative effect of the two factors.  Understanding the combined effect between 

genetic variation and the exposure on an outcome will help researchers and 

epidemiologists better understand the etiology of many complex diseases.  

 

2. Bias  
 
There are several potential biases in genetic epidemiological studies that can result in 

the inaccurate quantification of a gene-environment interaction.  Like classic 

epidemiological studies, common biases in molecular epidemiological studies include 

non-random sampling, enrolling controls that are non-representative of the population, 

low response rates, and errors in data collection or analysis (347).  Specific biases that 
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have the largest impact on studies involving genotype include confounding  and 

measurement error (329). 

Confounding 
 

Ethnicity and race are the most common confounder in genetic epidemiology 

studies (339).  Confounding occurs when measure of effect between the exposure and the 

outcome is distorted by the presence of one or more other variables (329).  Confounders 

are always a risk factor of the disease, are causally or non-causally associated with the 

exposure, and are not in the causal pathway between the exposure and the disease (348).  

As illustrated in Figure 4, ethnicity is always associated with genotype and can be 

associated with known or unknown other potential confounders, which is likely to result 

in a biased estimate of the measure of effect between the genotype and the disease (9).   

It is not expected that the confounding by ethnicity will be problematic for the current 

study since the majority of the sample is Caucasian.  However, other potential 

confounders are known to predict adenoma recurrence in this study population (182) or 

are suspected risk factors for colorectal cancer (101, 103) or colorectal adenomas (162).  

This includes age, gender, smoking number of colonoscopies, family history of colorectal 

cancer, alcohol, use of aspirin or NSAIDS, previous colorectal polyps, number of 

colorectal adenomas at baseline, largest adenoma at baseline, location of adenoma at 

baseline, and the study in which the subject participated (WBF or URSO). The manner in 

which these potential confounders have been accounted for in the current study is 

addressed in more detail in the methods section.  
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Figure 4.  Schematic of confounding in epidemiological studies.   

 
 
Measurement error and misclassification 

Accurate assessment of exposure ensures the validity and reproducibility of 

epidemiological studies (349, 350).  Observational epidemiological studies are prone to 

measurement error and  the implications of these errors is accentuated when the 

combined effect of genotype and exposure are under evaluation (307).  Measurement 

errors can be introduced into a study designed to measure gene-environment interactions 

during the study design, sample collection, and sample processing (primarily DNA 

extraction, amplification, or storage) (329).  The most severe consequences of 

measurement error in genetic epidemiological studies are inaccurate estimates of effect 

size and loss of power to detect gene-environment interactions (329, 351).  In the 

presence of measurement error that is associated with exposure, the standard error of the 

interaction is positively correlated with the rate in which genotyping errors occur (329).   

Like classic epidemiological studies, differential and nondifferential misclassification 

can occur in genetic epidemiology studies (329).  Nondifferential misclassification occurs 

when the measurement error does not depend on the status of the outcome, resulting in an 
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underestimation of the genetic or environmental risk factors (329).  On the contrary, 

differential misclassification occurs when the bias is dependent on the disease status and 

can result in either an increase or decrease in the measure of effect (329).  In the context 

of gene-environment interactions, both differential and nondifferential misclassification 

have the potential to result in an over or underestimation of the interaction (329).  

However, in situations where the risk factors are independent within the control 

population or there is minimal misclassification of the exposure variable in either the case 

or control populations, both differential and nondifferential misclassification will bias the 

interaction effects towards the null (352).  

In the current study, it is assumed that there will be limited misclassification related 

to the PPAR-γ genotype since there was a 2% non-assignment rate for these data.  It has 

been reported that a genotyping error rate of 3% is within the acceptable limits of SNP 

typing  (351). It is also expected that there will be limited misclassification associated 

with the measure of obesity since it was obtained from trained study personnel. However, 

study participants were required to self-report their waist circumference using 

measurement techniques provided by study personnel.  Measurement errors related to 

waist circumference were likely to have occurred equally among subjects with and 

without recurrent colorectal adenomas because the exposure (i.e.: waist circumference) 

was not dependant on the status of the outcome (i.e.: colorectal adenoma recurrence).  

Previous studies comparing self-reported waist measurements to those obtained from a 

technician have shown that women generally under-measure their waist circumference by 

an average of -1.6cm (95% CI = -2.4cm to -0.8cm) and men under-measure their waist 
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circumference by an average of -3.0cm (95% CI = -3.8cm to -2.3cm) (353).  This 

nondifferential misclassification could lead to an underestimation of the main effect of 

waist circumference and the combined effect of waist circumference and PPAR-γ on 

colorectal adenoma recurrence.  

In summary, there are many types of bias that can influence the validity of 

epidemiologic studies, including confounding and misclassification.  Ethnicity is the most 

common confounder in genetic epidemiologic studies and is generally accounted for 

through stratified analysis. Measurement errors can be introduced into a study designed 

to measure gene-environment interactions during the study design, sample collection, and 

sample processing (primarily DNA extraction, amplification, or storage). The most 

severe consequences of measurement error in genetic epidemiological studies are 

inaccurate estimates of effect size and loss of power to detect gene-environment 

interactions.  

 

3. Hardy-Weinberg Equilibrium, linkage disequilibrium, mode of inheritance, and 
penetrance 

 
The accuracy in which gene-environment interactions is evaluated, the biological 

validity of significant interactions, and the manner in which the knowledge of significant 

interactions is applied to public health benefit is dependent upon Hardy-Weinberg 

Equilibrium, linkage disequilibrium, the genetic mode of inheritance, and the penetrance 

of the gene. These genetic characteristics are the foundation of genetic epidemiological 

analysis since they describe the behavior of the genes at the population level.  
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Hardy-Weinberg Equilibrium 

The Hardy-Weinberg law was formulated by Geoffrey Hardy and Wilhelm Weinberg 

in 1908 to calculate genotype frequencies from allele frequencies (354).  The following 

assumptions of Hardy-Weinberg Equilibrium are important to consider in any research 

that involves genetic analysis: 

 The population is large and there is random mating with respect to the genotype in 

question, thus all people have an equal probability of mating with someone who has 

any of the three genotypes (AA, Aa, aa). 

 The frequencies of the three genotypes (AA, Aa, aa) are a function of the binomial 

expansion (p + q)2, which is equal to p2 + 2pq + q2. 

 If the allele frequencies (p + q) remain constant, the genotype frequencies will not 

change from generation to generation if there is random mating. 

 The genotype in question is not mutating at an appreciable rate. 

 There is no migration of people from a population that has significantly different 

allele frequencies than the endogenous population.  

Often, all of these assumptions do not hold true and the specific genotypes within a 

population are not considered to be in Hardy-Weinberg equilibrium (354).  When this 

occurs, the result can be a substantial change in disease incidence due to deviations in 

allele frequencies from one generation to another (9).  To better understand the 

population, the mutation rate for the locus of interest, and the influence of the disease-

causing allele on reproduction and survival, it is beneficial to investigate which 
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assumptions have been violated.  Common deviations from these assumptions include (9, 

354): 

 Non-random mating.  This can be caused by population stratification, assortative 

mating, and/or consanguinity.  The result of population stratification and assortative 

mating is an increase in homozygotes and a deficiency in heterozygotes. The result 

of consanguinity is that rare alleles that are heterozygous have an increased 

opportunity to become homozygous.  These occurrences have the potential to 

substantially upset the Hardy-Weinberg equilibrium quickly.   

 Allele frequencies are not constant from one generation to another.  This can be 

caused by selection, mutation, and migration.  Generally, changes to the genotype 

due to these actions occur very slowly and cause only minor deviations to the 

Hardy-Weinberg equilibrium but may cause linkage disequilibrium between two or 

more loci.    

 

Linkage disequilibrium 

Linkage disequilibrium  is the propensity for the alleles at two loci to be associated 

with each other in the general population (9) and has the potential to distort the truth of 

seemingly significant or biologically plausible gene-environment interactions (307).  In 

populations that do not contain inbreeding, detectable linkage disequilibrium is limited to 

short intervals between loci (10 -100 thousand base pairs) due to recombination (9). 

Linkage disequilibrium is an important phenomenon to evaluate when conducting genetic 

epidemiology studies because it can lead to erroneous classification of causality between 
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a genotype and a disease outcome (9).  In small populations, there is a general bias for 

overestimating the linkage disequilibrium (355). Causes of linkage disequilibrium 

include, random drift in allele frequencies (which leads to chance associations of rare 

alleles in finite population), natural selection for or against specific combinations of 

alleles, nonrandom mating that results in the union of rare genotypes, admixture between 

two or more ethnically diverse population, genetic mutations, and founder effects (9).  

When the results from studies involving genotype can not be replicated across study 

populations, linkage disequilibrium between the polymorphism under investigation and 

the polymorphism that is truly associated with the disease should be expected and 

evaluated (329). 

 

Genetic mode of inheritance 

There are three inheritance patterns that affect how mutant alleles are passed from 

one generation to another within family groups: dominant, recessive and log-additive 

(354) (Figure 5). In the dominant mode of inheritance, only one copy of the mutant allele 

is required for phenotypic expression of the disease and an increase in the measure of 

association.  Two copies of the mutant allele are required to have a genetic effect in the 

recessive mode of inheritance.  In the log-additive mode of inheritance, the measure of 

association between the genotype and the outcome increases with the number of mutant 

allele copies.  Identifying the mode of inheritance during epidemiological studies 

establishes the proportion of a population that may be affected, which provides some 

indication for the influence of a given variant at the population level.  This information 
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directs the development of guidelines for the prevention or treatment based on genotype. 

As illustrated by specific aim three in this dissertation, the mode of inheritance directly 

affects the sample size required to test the main effects of genotype and any interactions 

that may be present between the genotype and environmental exposures.  
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Figure 5. Illustration of genetic modes of inheritance (assuming a is the 
mutant allele).  A: recessive, B: dominant, C: log-additive. 

 
 
Penetrance 
 
Penetrance is defined as the proportion of people who carry the variant allele and 

subsequently develop the disease of interest (356).  The penetrance of a variant in a gene 

is dependent upon several factors, including the functional consequence of the variant 

allele on the protein that is encoded by the gene, if alternative pathways can compensate 

for a loss or decline in function, and if the gene interacts with other genes or 

environmental risk factors in the disease pathway (356). In general, there is an inverse 

relationship between penetrance of the disease phenotype and the frequency of the causal 

variant allele, such that highly penetrant genes or those that confer strong disease risk 

occur with less frequency in the general population (with some exceptions) (356).   
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 In the study of gene-environment interactions as causal contributors to sporadic 

colorectal cancer, as studied herein, the genetic component is thought to be common 

allelic variation with low disease penetrance.  For example, it has been reported that 

PPAR-γ is a common, low-penetrance gene for the susceptibility of many cancers, 

including cervix, ovary, prostate, endometrial and colon (357, 358). In addition, it is 

expected that FMO3 also exhibit low-penetrance to diseases that may be associated with 

exposure to heteroatom-containing drugs, such as sulindac (359).  The implications for 

these findings illustrate the challenge that is associated with identifying gene-

environment interactions, since both the environment and the gene are required to 

produce a phenotypic response. This leads to a need for increased sample size and 

meticulous measurements of the environmental and genetic risk factors.  

In summary, the accuracy in which gene-environment interactions are evaluated, the 

biological validity of significant interactions, and the manner in which the knowledge of 

significant interactions is applied to public health benefit is dependent upon Hardy-

Weinberg Equilibrium, linkage disequilibrium, the genetic mode of inheritance, and the 

penetrance of the gene.  Often, the assumptions of Hardy-Weinberg do not hold true and 

the specific genotypes within a population are not considered to be in Hardy-Weinberg 

equilibrium.  When this occurs, the result can be a substantial change in disease incidence 

due to deviations in allele frequencies from one generation to another. Linkage 

disequilibrium is an important phenomenon to evaluate when conducting genetic 

epidemiology studies because it can lead to erroneous classification of causality between 

a genotype and a disease outcome. Causes of linkage disequilibrium include, random drift 
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in allele frequencies (which leads to chance associations of rare alleles in finite 

population), natural selection for or against specific combinations of alleles, nonrandom 

mating that results in the union of rare genotypes, admixture between two or more 

ethnically diverse population, genetic mutations, and founder effects. There are three 

inheritance patterns that affect how mutant alleles are passed from one generation to 

another within family groups: dominant, recessive and log-additive. Identifying the mode 

of inheritance during epidemiological studies establishes the proportion of a population 

that may be affected, which provides some indication for the influence of a given variant 

at the population level. Penetrance is defined as the proportion of people who carry the 

variant allele and subsequently develop the disease of interest. The penetrance of a 

variant in a gene is dependent upon several factors, including the functional consequence 

of the variant allele on the protein that is encoded by the gene, if alternative pathways can 

compensate for a loss or decline in function, and if the gene interacts with other genes or 

environmental risk factors in the disease pathway.  All of these factors are important to 

consider in genetic epidemiology studies.  

4. Pathway analysis  
 
 Pathway analysis is a mechanism for elucidating the biological chain of events that 

initiates disease outcome. Often path diagrams are drawn to demonstrate the relationship 

between exposure variables and disease, with an illustration of correlations between 

variables that are expected to jointly influence disease progression or response to 

treatment (360).  However, clarifying the relationship between environmental risk 

factors, genetic variation, and disease outcome is a challenge and definitive answers 
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related to causality are often unattainable.  This is due to the complex interactions 

between exposure variables, the existence of low frequency alleles, and the likelihood 

that multiple genes influence the etiology of most complex diseases (361), including 

colorectal cancer.   

The challenges of pathway analysis are directly evident in aims one and two of the 

current research where the complex relationship between obesity, metabolic syndrome 

and PPAR-γ are explored. Here the exposure variable (i.e.: obesity) is measured as either 

BMI or waist circumference.   Although these variables are highly correlated and are 

often viewed as a comparable measure of excess adipose tissue, there is evidence to 

suggest that their influence on the pathway to colon cancer may not be identical (30). 

Furthermore, in conjunction with the measure of obesity, the genetic variation in PPAR-γ 

within the population also may independently influence the pathway to colorectal cancer 

possibly by acting directly as a tumor suppressor (234) or via modulating effects on 

insulin sensitivity (256). It is plausible that a direct action of PPAR-γ genetic variation on 

colonic epithelial biology manifests differentially among the genotypes that are 

responsible for adipose storage and body type.  This complexity becomes compounded 

when one begins to consider the number of gene-gene products that influence the 

postulated mechanisms of hyperinsulinemia and inflammation.  Thus, there are a number 

of possibilities for how exposure variables like obesity and genetic variation influence 

adverse outcomes and other events such as inflammation or pro-tumor growth factors.  

Identifying major disease determining gene-environment interaction remains a major 

challenge to the field of genetic epidemiology.  Relying on experimental knowledge and 
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model systems have allowed for progress toward identifying specific pathways that are 

associated with disease outcome, though formal testing to date has been modest due to 

previous technologic limitations precluding highly parallel testing of the impact of 

multiple polymorphisms within genes suspected to influence the activity of pathways 

(361).  With the removal of this technical barrier and the accumulating knowledge of 

colorectal pathogenesis pathways, considerable promise remains for the identification of 

informative genetic variation that improves our understanding of disease pathogenesis 

and for identifying high-risk individuals.  This study herein of BMI and PPAR-γ, 

illustrates the potential of this integrative approach to gain insight on the contribution of 

genetic variation and exposure on disease susceptibility. 

In summary, pathway analysis is a mechanism for elucidating the biological chain of 

events that initiates disease outcome. However, clarifying the relationship between 

environmental risk factors, genetic variation, and disease outcome is a challenge and 

definitive answers related to causality are often unattainable. Identifying major disease 

determining gene-environment interaction remains a major challenge to the field of 

genetic epidemiology. There is a substantial level of complexity associated with 

relationship between PPAR-γ, BMI and colorectal neoplasms that can hopefully be 

addressed through exploring the data using novel statistical methods.  
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5. Statistical considerations 
 
Sample size and power 
 
The  primary goal of most studies is to have a large enough sample so there is 

adequate power to test the main effects of a risk factor (347). If the prevalence of the 

genotype of interest is 10% in the general population, the sample size needed to test the 

main effects of the genotype on the disease outcome in a case-control study with an odds 

ratio of 1.5, assuming 80% power and an alpha level of 0.05 is 900 cases and 900 

controls (347). This indicates that the majority of studies are underpowered to detect 

gene-environment interactions (9, 306), especially when the variant polymorphisms have 

a low prevalence or a modest effect size when combined with the environmental 

exposure (362).  It has been estimated that the sample size required to test a gene-

environment interaction using a multiplicative model is greater than four times higher 

than the sample size required to test the main effects of the genotype and/or the 

environmental exposure (363).  Large sample size requirements and loss of power are 

common constraints on studies that seek to test hypotheses regarding interactions 

between genotype and environmental risk factors (340). Several methods have been 

proposed to minimize the cost of implementing studies to detect gene-environment 

interactions, including data pooling and limiting enrollment into the study to only 

subjects with the responding genotype (306, 362) since controlling for genetic 

heterogeneity can reduce the sample required to test for interactions (303).  The current 

study is a pooled analysis of two populations, which is advantageous for evaluating gene-

environment interactions due to the large sample size.  
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False discovery rate and multiple comparisons  
 
It can be highly valuable to perform sub-group analyses in the assessment of gene-

environment interactions using tools such as recursive partition modeling.  These 

methods were utilized for specific aim two of the current study and are described in more 

detail below.    However, since multiple comparisons are made in recursive partition 

models, the rate of false discovery increases and investigators must cautiously assess if 

the significant measures of association that are present in one sub-group but absent in 

another is truly an interaction (329).   

When subgroups are compared in gene-environment interactions, the rate of false 

discovery can be reduced by adjusting the p-values for multiple comparisons (329).  The 

p-values for multiple comparisons can be adjusted using several methods, including the 

Bonferroni method (364), semi-Bayes or empirical-Bayes methods (365). Although 

relatively easy to apply, the Bonferroni method for correction tends to be overly 

conservative and can fail to detect differences that truly exist in the data (364).  As a 

result, semi-Bayes and empirical-Bayes methods have recently become popular in 

epidemiologic research.  These methods are favorable because the investigator can chose 

to evaluate only a subset of the comparisons, while the Bonferroni method inherently 

evaluates all possible comparisons (365).  The disadvantage of these methods is that they 

require an approximately normal distribution of the data and the investigator can bias the 

results by choosing the comparisons in which they are most interested (365, 366).  

Garcia-Closas  (329) has suggested that the false discovery rates in gene-environment 

interactions can also be reduced without statistical adjustment by using the following 

   
 



 88

techniques: (1) only evaluating biologically plausible sub-groups using a strong a priori 

hypothesis, and (2) including a large sample so there are adequate numbers of 

participants in each sub-group. However, it can be expected that studies using this design 

may be expensive in terms of recruitment and assessment of the eligibility criterion. 

Given the potential for inaccurate results associated with false discovery and multiple 

comparisons, gene-environment interactions are generally only accepted by the scientific 

community if they are reproduced in more than two studies and are biologically plausible 

(306).   

 
Categorical analyses 
 
Assessing interactions between environmental risk factors and genotype is easiest to 

interpret when the genotype and the exposure are either dichotomous or categorical.  This 

structure allows the use of a 2 x 2 table (or similar rendition), which is the essential 

building block of epidemiological analyses (303). Setting up the data in this fashion has 

several advantages over the analysis of continuous variables (303): (1) the data are 

organized in clear, mutually exclusive groups, (2) the measures of association can be 

calculated for the each risk factor alone (i.e.: genotype or environmental risk factor)  or 

for the combined risk factors, and (3) departure from additive and multiplicative models 

can be easily calculated.  For the purposes of this dissertation, all interactions have been 

evaluated using a dichotomous genetic variable and a dichotomous or categorical 

exposure variable, which simplifies the interpretation of gene-environment interactions. 

However, it should be noted that using categorical variables rather than continuous 

variables can result in a loss of power. 
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If an interaction between two categorical covariates is deemed to be statistically 

significant, linear combinations can be used to generate a new categorical variable that 

accounts for all possible combinations of the covariates included in the interaction term.  

This point is illustrated in Table 1. Using a common reference category, the direction and 

strength of association for each combination can then be assessed using unconditional 

logistic regression.   

The common referent group is established in one of two ways (1) the environmental 

risk category with the lowest disease risk and the polymorphism with the largest sample 

size is deemed the reference category, (2) the environmental risk category with the lowest 

disease risk and the polymorphism that is not under investigation is deemed the reference 

category.  Using a common reference category based on a single genotype and category 

of exposure allows the measure of effect between polymorphisms and environmental risk 

factors to be compared (Table 1). 
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Table 1.  Example of a linear combination between a dichotomous genetic variable and a categorical 
exposure variable.  

 Genotype  

Risk Category aa/aA* AA Variable Description 

Low Risk Yes No Reference group: low risk – aa/aA 

Medium Risk Yes No Medium risk – aa/aA 

High Risk  Yes No High risk – aa/aA 

Low Risk No Yes Low risk - AA 

Medium Risk No Yes Medium risk - AA 

High Risk  No Yes High risk - AA 

*aa/aA used as the genotype included in the reference category assuming that this genetic group either has a larger sample size than 
AA genotype or the hypothesis is designed to test the effect of the exposure variable in the AA genotype. 

 
 
Logistic Regression 
 
Logistic regression is a commonly-used statistical method in epidemiological 

research to calculate the odds ratio using one of the following formulas (367).   

 

 

 

 

          P(D+|E-)/ [1- P(D+|E-)] 

 

OR = P(D+|E+)/ [1- P(D+|E+)] 

 

          P(E+|D-)/ [1- P(E+|D-)] 

OR = P(E+|D+)/ [1- P(E+|D+)] 
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It is most commonly used in case-control studies since risk can not be measured, but can 

also be used in cohort studies. When the outcome is rare (i.e.: approximately less than 

10%) the odds ratio can be used to approximate the relative risk (368). However, when 

the outcome is not rare, it has been shown that the odds ratio will overestimate the risk 

ratio when it is more than one and the odds ratio will underestimate the risk ratio when it 

is less than one (368). 

Logistic regression models were used in the current study to calculate the odds of 

colorectal adenoma recurrence among subjects with the exposure of interest vs. the odds 

of recurrence among the subjects without the exposure of interest.  This method was 

selected over Cox regression models because it was impossible to ascertain the exact time 

the recurrent colorectal adenoma emerged.  Instead, when a subject underwent their 

endoscopy procedure, they were simply classified as having a recurrent adenoma or not.  

A measurement of the time to recurrence could not be obtained during the colonoscopy.  

It should be noted that since approximately 45% of the study population recurred with 

one more colorectal adenoma, it is not appropriate to use the odds ratio as a determinant 

of risk in this study.  

 
Recursive partition modeling 
  
Recursive partition modeling is a statistical technique that is quickly emerging in the 

field of genetic epidemiology to evaluate heterogeneity and interactions that lead to 

complex diseases (314, 316, 369).  This straightforward and robust statistical method is 

similar to Classification and Regression Tree Analysis (CART) (315), both of which 

were developed to uncover complex relationships that involve thresholds, interactions, 
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and nonlinearities that can influence a dichotomous disease outcome (317) .  The primary 

benefit of recursive partition modeling over traditional linear models is that the recursive 

partitioning framework does not assume a linear relationship between the independent 

and dependent variables (316, 317). Rather, it identifies optimal cut point for continuous 

variables using the maximum likelihood that minimizes the sum of squared deviations for 

the mean minus the number of observations within each subgroup (370). This is an 

iterative process in which the splitting rules are assessed in a stepwise fashion by 

analyzing all possible cut points for each independent variable.  The partitioning is 

repeated until all of the subgroups contain a homogenous population or the subgroup is 

too small to be further split (316, 317).  The final model represents homogenous sub-

groups within the population that are defined based on specific characteristics that are 

better predictors of disease outcome in one-subgroup of the population than other sub-

groups of the population (316).  A fictitious example is described below in Figure 6.  

The outcome in a recursive partition model is always dichotomous (Figure 6).  Using 

all of the variables included in the dataset (in this example that includes risk factor A, B, 

and C, which are measured on a continuous scale), the recursive partition algorithm 

identifies the strongest predictor for the dichotomous outcome.  This variable is split at a 

location where each subgroup contains a homogenous population that differentially 

influence the outcome (denoted in this example by ‘high’ and ‘low’).  From there, the 

tree is built based on how each of the variables within the model influences the outcome 

as a function of the variables that have already been placed in the tree.  For example, risk 

factor B is a stronger predictor of the outcome among subjects who have a high level of 
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risk factor A (left side of Figure 6).  On the contrary, risk factor C is a stronger predictor 

of the outcome among subjects with a low level of risk factor A (right side of Figure 6).  

As described above, the partitioning is repeated until all of the subgroups contain a 

homogenous population or the subgroup is too small to be further split (316, 317). 
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Risk Factor B 
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  Figure 6. Schema of recursive partition model.   

 

In addition to being relatively easy to interpret, there are several other benefits of this 

type of modeling over traditional linear models.  First, it is non-parametric, meaning it 

allows the use of highly skewed continuous and/or categorical independent variables 

(315). Second, it accounts for multiple comparisons and colliniarity between variables, 

which allows the user to include all independent variables in the model they would like 

without concern about correlation between them (315).  This was especially important for 

the current study, since several variables are highly correlated (i.e.: such as BMI and 

waist circumference; the biochemical biomarkers of metabolic syndrome) but are likely 

to contribute unequally to colorectal adenoma recurrence at the molecular level.  Finally, 
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the recursive partition model is designed to account for missing data by generating a 

separate subgroup for those with missing data (315).   

The primary disadvantage of the recursive modeling is that any errors made in the 

root-level of the tree will be passed throughout the remaining branches (315) .  This can 

result in inaccurate results. Other disadvantages of this method are based on the fact that 

the model requires a dichotomous outcome, a large dataset, and diagnostic methods to 

assess the final model have not been developed. In addition, since it is a relatively new 

statistical method, few statisticians or investigators have experience using it (315) and 

there is a limited body of research-based literature currently available.  However, it 

should be noted that recursive partition modeling methods have been applied to colon 

cancer research by Camp and Slattery (314).  Their results suggest the use of NSAIDS, 

diet and family history were the most important predictors of colorectal cancer risk in a 

large population-based case-control study (n=4403) (314).   

 In summary, there are numerous methodological considerations that must be 

made in the discipline of genetic epidemiology and the evaluation of potential gene-

environment interactions.  Studies of this nature require careful planning and execution.  

Ultimately, the results must be interpreted with caution. This concludes the background 

section of the current study. The remaining sections are devoted to the methods, results 

and discussion of the current study.   
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THE PRESENT STUDY 
 

The chapter describes the methods, results and conclusions associated with the 

three specific aims in this dissertation.     

I. Methodology  
 

Specific aims one and two were based on the secondary analysis of data obtained 

from the WBF (1) and URSO trials (2) and specific aim three was based on simulated 

data of FMO3 polymorphisms.  As such, this portion of the dissertation has been divided 

into two sections.  The first section includes the methodology for aims one and two, 

including an explanation of the study populations, data collection, and statistical analyses.  

The second section includes the methodology specific for aim three, including an 

explanation of the simulated study population and statistical methods that were 

implemented to assess sample size requirements. 

 
 
A. Section one: specific aims one and two  
 

1. The study populations 
 

WBF and URSO were both randomized, double-blinded, phase III clinical trials 

conducted at the Arizona Cancer Center.  The primary outcome in each trial was the 

presence or absence of at least one recurrent colorectal adenoma detected during follow-

up colonoscopy (1, 2). The University of Arizona Human Subjects committee and local 

hospital committees approved both studies and required all participants to complete a 

written informed consent prior to enrollment.   The population for the current study 

includes a total of 1430 subjects from the WBF and URSO trials who had complete data 
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on the main effects under evaluation in this study. The University of Arizona Human 

Subjects committee has approved the secondary analysis of these data for the current 

research; however, it should be noted that the degree candidate did not participate in the 

study design or data collection for either of these trials. The specific attributes of the 

WBF and URSO studies are provided below. 

a) Wheat Bran Fiber Trial (WBF) 
 

A total of 1429 participants were enrolled in The Wheat Bran Fiber trial 

(WBF) between 1990 and 1995 to test the hypothesis that recurrence rates of colorectal 

adenomas can be reduced by consuming a diet high in wheat-bran fiber.  The detailed list 

of eligibility criterion has been described by Martinez et al.,  (371).  Briefly, men and 

women living in the Phoenix metropolitan area were eligible to participate in the WBF 

trial if they were 40 to 80 years old and had at least one histologically confirmed 

colorectal adenoma removed within 6 months prior to enrollment (371). In addition, a 

food frequency questionnaire (FFQ) was used to assist in screening for trial eligibility, 

where subjects who consumed less than 500 mg of calcium per day and subjects who 

consumed more than 30 gram of fiber per day were deemed ineligible for the WBF trial 

(372). As illustrated in Figure 7, 4705 people were initially identified to participate in the 

trial (371). From this population, 2088 (44%)  refused to participate, 1006 (21%) did not 

meet the eligibility criterion for the trial, and 102 (2%) discontinued their involvement in 

the study before the study run-in period (371).  The remaining subjects (n=1509) were 

enrolled in the 6-week run-in period, which was designed to allow study personnel an 

opportunity to observe subject adherence to a low WBF intervention (2 g/day) and to  
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Figure 7.  Study schema of the Wheat Bran Fiber Trial.  Copied directly from Martinez et 
al., (371). 
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collect baseline data on all subjects (371). At this time, a blood sample was collected, 

medication use reported by the participants was recorded, and a number of questionnaires 

related to the participant’s dietary and physical activity habits were implemented (371).  

A lifestyle questionnaire related to health behavior was also administered during the run-

in period (371).  

Eligibility for randomization was then evaluated based on participant 

consumption of the intervention during the run-in period.  At total of 80  subjects 

consumed less than 75% of the supplementation provided during the run-in period and 

were deemed ineligible to participate in the trial (371).  The remaining 1429 subjects in 

the run-in consumed at least 75% of their supplementation and were randomized into the 

high-fiber (13.5 grams per day) (n=802) or the low-fiber (2 grams per day) (n=627) arms 

of the trial (1, 371).  It should be noted that during the initial portion of the WBF trail, 

subjects were randomized 1:1 into each arm (1).  However, results from an interim 

analysis indicated there was a difference in the number of subjects who complied with the 

fiber supplementation in the high and low fiber groups (12.7% and 23.3% non-

compliance, respectively) (1). Therefore, near the end of the accrual period, the 

randomization was modified to accommodate this difference, with a 4:1 high-fiber, low-

fiber ratio (1).   

All WBF participants were scheduled for quarterly clinic appointments, in which 

study personnel dispensed the fiber intervention (either in the form of high/low fiber 

cereal or a high/low fiber bar) and collected information related to toxicity and medical 

events (371).  Adherence to the study protocol was also monitored during the visit, which 
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was ascertained from the participants daily fiber consumption log and the number of 

cereal boxes they returned  (371).  Subjects who consumed at least 75% of the provided 

supplementation were considered to be compliant with the study protocol.  At the annual 

clinic visit, blood was collected for storage and surveys related to diet and physical 

activity were implemented (371).  A lifestyle questionnaire related to health behavior was 

also administered at the termination of the study (371). 

The initial study protocol required participants to complete two follow-up 

colonoscopies after randomization (1).  The first colonoscopy was originally scheduled to 

occur one year after randomization, with the purpose of identifying and removing 

colorectal adenomas that were missed during the qualifying colonoscopy (1).  The second 

colonoscopy was scheduled to occur two years after the first procedure (1).  During the 

design of the WBF trial, the national recommendation for frequency of colonoscopies for 

patients with previous adenomas was one and three years after adenoma removal.  These 

recommendations changed during the course of the study to only one follow-up 

colonoscopy three years after adenoma removal (373, 374). Therefore, subjects who were 

enrolled later in the trial had fewer colonoscopies than subjects who were enrolled at the 

beginning of the trial (1).  This resulted in 138 subjects who underwent only one 

colonoscopy (1).  

There were 1304 (91.2 %) subjects who completed the study (1).  The 

baseline characteristics of these subjects has been previously reported by Alberts et al., 

2000 (1).  Follow-up colonoscopies were conducted on subjects after completion of the 

intervention, with a median follow-up time of 34 months and 36 months in the high-fiber 
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and low-fiber groups, respectively (1).  During the 1:1 randomization scheme, there was a 

mean of 2.17 colonoscopies in the low-fiber group and 2.15 colonoscopies in the high-

fiber group.  This decreased during the 4:1 randomization scheme to 1.64 in the low-fiber 

group and 1.66 in the high-fiber group.   

The primary endpoint for the WBF trial was the presence or absence of one or 

more recurrent colorectal adenoma by the time the follow-up colonoscopy was completed 

(1). There were 299 subjects in the low-fiber group and 338 subjects in the high-fiber 

group who had a least one recurrent colorectal adenoma at the end of the study (1).  The 

characteristics of the recurrent colorectal adenomas have been summarized by Alberts et 

al., 2000 (1).  Briefly, 111 (32.8%) of the subjects in the high-fiber group vs. 94 (31.4%) 

of the subjects in low-fiber group had a recurrent colorectal adenoma >1 cm (1). A total 

of 133 (39.3%) of the subject in the high-fiber group vs. 88 (29.4%) of the subjects in the 

low-fiber group had three or more recurrent colorectal adenomas (1). Results from the 

multivariate logistic regression did not indicate a statistically significant protective effect 

of consuming a high-fiber diet on adenoma recurrence after randomization, adjusting for 

the randomization scheme (OR = 0.88, 95% CI = 0.70 – 1.11) (1). A significant 

protective effect was also not observed after colonoscopy at one year, adjusting for the 

randomization scheme (OR=1.04, 95% CI=0.79-1.38) (1).  

b) Ursodeoxycholic Acid Trial (URSO) 
 

The Effects of Ursodeoxycholic Acid (Ursodiol/Actigall) on Adenomatous Polyp 

Recurrence (URSO) trial was initiated in 1996 to test the effect of ursodeoxycholic 

(UDCA) on reducing the rate of colorectal adenoma recurrence. Men and women aged 
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40-80 years old who were residents of Maricopa or Pima counties in the state of Arizona 

were eligible to participate in the trial if they had no record of invasive cancer within the 

previous five years and also had one or more colorectal adenoma 3 mm diameter or larger 

removed within six months before study initiation (2).  

As illustrated in Figure 8, there were 6570 potential participants, of these 1537 

were eligible for randomization (2).  These participants began a 4-week run-in period, in 

which placebos were administered to monitor adherence to the study protocol (2). A total 

of 252 (16.40%) subjects were excluded from the study during the run-in period due to 

toxicity (n=29), medical conditions (n=27), poor adherence (n=5), unwillingness to 

continue (n=63), inability to continue (n=9), loss to follow-up (n=1), ineligible (n=113), 

relocation out of Arizona (n=3), or current use of medication contrary to the study 

protocol (n=2) (2). Subjects who consumed at least 75% of the run-in intervention were 

considered compliant with the study protocol and were eligible for randomization (2). A 

total of 1285 participants were randomized to receive either a daily dose of UDCA (8-10 

mg/kg) (n=661) or a placebo (n=624) (2).  Of these subjects, 613 (92.75%) in the UDCA  

arm and 579 (92.79%) in the placebo arm were analyzed at the completion of the study 

(2). The reasons for dropping out of the study are provided in Figure 8.  

The study protocol required one follow-up colonoscopy to be completed within 6 

months of the 3-year anniversary of the colonoscopy used to qualify the subject for the 

study (2).  The median follow-up time to screening procedure was 34.0 months in both 

arms (2). After the qualifying colonoscopy, 769 (64.5%) of the subjects had only one 

follow-up screening procedure, 66 (5.5%) of the subjects had two screening procedure,  
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Assessed for 
eligibility 

Excluded 
(ineligible/refused) 

n=6570 Randomization  
n=6570 

Excluded (n=252) 
   Toxicity during run-in (n=29) 
   Medical condition (n=27) 
   Poor adherence during run-in (n=5) 
   Unwilling to continue (n=63) 
   Unable to continue (n=9) 
   Lost to follow-up (n=1) 
   Ineligible (n=113) 
   Moved out of state (n=3) 
   Medication contrary to protocol (n=2) 
 

Allocated to UDCA 
n=661 

Allocated to placebo 
n=624 

Excluded from analysis due to no 
endpoint colonoscopy (n=48) 
Reasons for study withdrawal: 
   Study-related toxicity (n=4) 
   Toxicity unrelated to study (n=3) 
   Medical conditions (n=3) 
   Poor adherence (n=1) 
   Unwilling to continue (n=2) 
   Unable to continue (n=2) 
   Lost to follow up (n=6) 
   Moved out of state (n=2) 
   Medication contrary (n=1) 
   Death (n=3) 
   Unknown (n=4) 
 

Excluded from analysis due to no 
endpoint colonoscopy (n=45) 
Reasons for study withdrawal: 
   Study-related toxicity (n=4) 
   Toxicity unrelated to study (n=1) 
   Medical conditions (n=10) 
   Unwilling to continue (n=15) 
   Lost to follow up (n=4) 
   Moved out of state (n=1) 
   Medication contrary (n=1) 
   Death (n=7) 
   Unknown (n=3) 
 

Analyzed 
(n=613) 

Analyzed 
(n=579) 

 

 

Figure 8.  Study schema of the URSO Trial.  Copied directly from Alberts et al., (2). 
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14 (1.2%) of the subject had four screening procedures, and 8 participants (<1%) had 

more than four screening procedures (2). There were no statistically significant 

differences in the trail arms related to fulfillment of the screening procedures established 

by the study protocol (2).  

As measured by the returned pill count, the percentage of participants who 

adhered to the study protocol was 94.7% in the UDCA arm and 94.4% in the placebo arm 

(2). There was not a significant difference in the median time on the UDCA treatment or 

placebo (31.8 months vs. 32.0 months, respectively) (2). Of the 1285 subjects who started 

the study, 1192 (92.76%) had one or more follow-up colorectal screening procedures and 

the cecum was reached in 1179 (98.9%) of these subjects (2). The baseline characteristics 

of the subjects in the UDCA and placebo arms have been previously reported by Alberts 

et al., (2). A total of 254 (43.9%) subjects in the placebo group and 251 (41.0%) subjects 

in the UDCA group had recurrent colorectal adenomas in this trial (2).  Results from the 

multivariate logistic regression did not indicate a statistically significant protective effect 

of UDCA on adenoma recurrence, adjusting for age and gender (OR = 0.89, 95% CI = 

0.70 – 1.12) (2). 

c) The defined population for the current study 
 

As described above in more detail, there were 1304 subjects who completed the 

WBF  trial (1) and 1192 subjects who completed the URSO trial (2). The subjects 

included in the defined population for the current study were identified from the complete 

datasets obtained from these trials. The selection of the subjects to be included in the 

current study was made based on the availability of data for the main effect variables  
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(PPAR-γ, BMI, and waist circumference) and the availability of complete data for the 

component traits of metabolic syndrome (blood pressure, HDL, triglycerides, and glucose 

(199)).  As illustrated in Figure 9, subjects were excluded from the defined study 

population for the current study if they were: 

 Missing genotype data for one or both of the PPAR-γ SNPs (Pro12Ala and 

C1431T).   

 Underweight (BMI <18.5 kg/m2) 

 Missing data for waist circumference 

 Missing data for one or more of the component traits for metabolic syndrome 

(blood pressure, HDL, triglycerides, and glucose (199)). 

After selection was made based on these conditions, there were a total of 1430 

subjects included in the analysis for aims one and two of the current study (599 subjects 

from WBF and 831 subjects from URSO).  

It should be noted that three subjects were removed from the WBF dataset due to 

extremely outlying data points with the value of 999 for the triglycerides variable.  After 

reviewing the files of record for these subjects, it was determined that the number ‘999’ 

indicated that the triglyceride value for these subjects was actually greater than 999.  It 

was decided that this high value was unreasonable and/or could be biologically 

implausible, given that the other obesity-related measures and biomarkers (i.e.: BMI, 

waist circumference, HDL and glucose) for these three subjects were near the median 

value in this population.  Therefore, these subjects were excluded from the analysis 

presented in this dissertation.  To ensure that removing these subjects did not  

   
 



 105

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

URSO 
1192 subjects completed the 

trial (2) 

296 subjects excluded due to 
missing data for one or both 

of  the PPAR-γ SNPs 
(Pro12Ala and c1431T). 

(nsubtotal=896) 

4 subjects excluded because 
they were underweight (BMI 

<=18.5 kg/m2)  
(nsubtotal=892) 

30 subjects excluded due to 
missing data for waist 

circumference 
(nsubtotal=862) 

31 subjects excluded due to 
missing data for HDL, 

triglycerides and glucose 
(these are measurements 

require by the ATP criterion 
to determine metabolic 

syndrome) 
(nsubtotal=831) 

Defined Study 
Population for URSO 

 
n = 831 

WBF 
1304 subjects completed the 

trial (1) 

657 subjects excluded due to 
missing data for one or both 

of  the PPAR-γ SNPs 
(Pro12Ala and c1431T). 

(nsubtotal=647) 

3 subjects excluded because 
they were underweight (BMI 

<=18.5 kg/m2)  
(nsubtotal=644) 

18 subjects excluded due to 
missing data for waist 

circumference 
(nsubtotal=626) 

27 subjects excluded due to 
missing or outlying data for 

HDL, triglycerides and 
glucose (these are 

measurements require by the 
ATP criterion to determine 

metabolic syndrome 
(nsubtotal=599) 

Defined Study 
Population for WBF 

 
n = 599 

WBF and URSO Combined 
2496 subjects completed the 

trials 

953 subjects excluded due to 
missing data for one or both 

of  the PPAR-γ SNPs 
(Pro12Ala and c1431T). 

(nsubtotal=1543) 

7 subjects excluded because 
they were underweight (BMI 

<=18.5 kg/m2)  
(nsubtotal=1536) 

48 subjects excluded due to 
missing data for waist 

circumference 
(nsubtotal=1488) 

55 subjects excluded due to 
missing data for HDL, 

triglycerides and glucose 
(these are measurements 

require by the ATP criterion 
to determine metabolic 

syndrome 
(nsubtotal=1433) 

Defined Study 
Population for WBF and 

URSO Combined 
 

n =1430 

 

Figure 9. Illustration of the defined study populations used in the current study. 
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substantially influence the final results of this research, sensitivity analyses were 

conducted on the dataset that included the three subjects and the dataset that excluded the 

three subjects. Results of these analyses revealed that the p-values for the main effects of 

BMI, waist circumference, and the PPAR-γ were not influenced by removing these 

subjects.  In addition, the p-values for the interactions between PPAR-γ and BMI were 

also not substantially changed.  These results were consistent in the WBF dataset and in 

the combined dataset (see Appendix D). 

 

2. Data collection  

a) Questionnaire data and pathology reports 
 

As explained above in more detail, the demographic and epidemiological data 

from the WBF and URSO trials were collected from participants at enrollment and 

thereafter using comprehensive self-administered questionnaires.  Data collected from the 

questionnaires that are relevant to the current study include age, gender, smoking status, 

family history of colorectal cancer, personal history of colorectal adenomas, alcohol 

consumption, and use of aspirin. Pathology reports and medical records were used to 

obtain information on baseline adenoma characteristics observed during the qualifying 

colonoscopy  (182).  Information collected at this time that is relevant to the current 

research includes the number of colorectal adenomas, their location, and their size. 
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b) Anthropometric measures 
 

Study personnel measured the height and weight of all subjects who participated 

in the WBF and URSO trials during the baseline examination. For this dissertation, 

mutually  

exclusive weight categories were generated based on BMI (kg/m2) for aim one: normal 

weight (BMI>18.5 & BMI <25.0), overweight (BMI>25 and <30), and obese (BMI>30).  

There were 19 subjects in the current study with a BMI<18.5, which is considered to be 

underweight.  These subjects were excluded from the categorical variable for BMI.  

Study participants were required to self report their waist circumference using instruction 

provided by study personnel.  The waist measurement was to be taken at the umbilical 

level and repeated three times with results recorded to the nearest 1/16th inch.  For the 

purposes of this dissertation, mutually exclusive gender-specific waist categories were 

developed as follows:  small (men < 36.5 inches; women <30.5 inches), medium (men 

>36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men >39.0 to 41.92 inches; 

women >33.43 to 37.21 inches), and extra-large (men >41.96 inches; women >37.2 

inches).   These cut points were selected by creating gender-specific quartiles for the 

continuous waist variable.  This method resulted in a relatively equal number of subjects 

in each waist category. 

Jacobs et al., (191) has defined similar waist cut points in the combined WBF and 

URSO populations.  Moore et al., (30) also describes waist circumference cut points used 

in the Framingham Study to evaluate the effect of waist circumference on colorectal 
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cancer; however, the population used in the current study had an overall higher BMI and 

waist circumference than the population they described. 

c) Biochemical markers of metabolic syndrome 
 

As part of the study eligibility in the WBF and URSO trials, all participants provided 

a fasting whole blood sample at their baseline clinic visit.  These samples were sent to 

clinical reference laboratories for standard diagnostic measures of fasting glucose 

(mg/dL), triglycerides (mg/dL), low density lipoprotein (LDL) (mg/dL), and high density 

lipoprotein (HDL) (mg/dL).  All plasma and serum biomarker traits of metabolic 

syndrome used in these studies were obtained using diagnostic testing in CLIA certified 

laboratories approved for patient care. As required by standard guidelines, the coefficient 

of variation never exceeds 3% in tests used for diagnostic purposes (375).  Therefore, a 

conservative estimate of the CV for the markers studied herein are considered to be <3%. 

Hypertension and diabetes status were obtained by self-report. 

d) Colorectal adenoma recurrence  
 

Presence or absence of at least one recurrent colorectal adenoma at follow-up was 

the dependent variable for all statistical models in this dissertation.  The term 

“recurrence” does not mean recurrence of the same lesion, but rather refers to the 

development of new or metachronous lesions post polypectomy within the same person.  

These lesions may not be entirely independent of the original lesions, since those having 

one or more adenomas are at higher risk for future adenomas than those who have never 

had them, but they are distinct events that may or may not occur in proximity to the 

   
 



 109

original lesion(s).  Common use refers to these lesions as recurrences or recurrent 

adenoma, and so this language is used throughout the dissertation.  

The eligibility criterion for WBF and URSO required that one histologically 

confirmed colorectal adenoma was removed within 6 months prior to enrollment.  For the 

purposes of this research, recurrent colorectal adenomas were defined as any adenoma 

that was detected during colonoscopy at least six months after the qualifying 

colonoscopy.  In cases where more than one colorectal adenoma was discovered, the 

largest and/or most advanced adenoma was used to define the type of recurrent adenoma 

(i.e.: advanced versus non-advanced).  The specific characteristics of the recurrent 

adenomas were acquired from pathology reports and patient medical records (182).  This 

includes the number of recurrent adenomas, their size, location, and histology. Adenomas 

were classified as either advanced or non-advanced based on size and histology. 

Adenomas >1 cm, adenomas with tubulovillous or villous histology (at least 25% 

villous), and cancers were categorized as advanced.  All others adenomas were 

considered non-advanced.  The current analysis includes the evaluation of any adenoma 

recurrence, which was a combination of both non-advanced and advanced adenomas. 

 

3. Laboratory methods  

a) DNA extraction  
 
 DNA was isolated from whole blood collected from WBF and URSO participants 

at baseline using the phenol-chloroform method for the WBF study and the Purgene® 

extraction method for the URSO study.  The purity of the DNA was assessed by 

   
 



 110

calculating the ratio of corrected absorbance at 260nm to corrected absorbance at 280nm 

and then the DNA was frozen at 100ug/ml with 1:10 dilution working stocks. The DNA 

samples were arrayed at 5ng/ul in 384-well reaction plates.  To ensure quality control, 

blinded repeats and water blanks were added to every plate.  A total of 94 DNA samples 

from 8 multi-generational families selected from the CEPH collection (Coriell 

Repositories, Camden, New Jersey) were included throughout the plates to serve as 

controls for Mendelian errors in our analyses.  The CEPH samples were processed for 

Mendelian inheritance errors with the Merlin software program 

(http://csg.sph.umich.edu/pn/index.php/furl=/abecasis/Merlin/).   

b) PCR amplification   
 

Genotyping reactions were performed using the 5’ exonuclease reaction (Taqman, 

Applied Biosystems, Foster City, California).  Real-time PCR allelic discrimination 

assays were designed using the Assay-by-DesignSM service offered by Applied 

Biosystems (Foster City, CA). Primer and probe combinations designed using Assay-by-

DesignSM service included the following sequences:   

Pro12Ala 

• Forward Primer : 5’-GTTATGGGTGAAACTCTGGGAGATT-3’;  

• Reverse Primer : GCAGACAGTGTATCAGTGAAGGAAT; and  

• Probes: C [VIC]:CTCCTATTGACcCAGAAAG and G [FAM]: 

CTATTGACgCAGAAAG.   

C1431T 

• Forward Primer : 5’- CAGAAAATGACAGACCTCAGACAGA -3’;  
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• Reverse Primer : CGTCTTCTTGATCACCTGCAGTAG; and  

• Probes: A [FAM]: CTGCACGTGTTCCG and A [FAM]: CTGCACATGTTCCG. 

Reaction mixtures were robotically assembled, consisting of 1X TaqMan 

Universal PCR Master Mix (Applied Biosystems), PCR Primers (Forward and Reverse) 

at 900 nM, dual-Labeled Probes (One for each allele) at 200 nM, and template (genomic 

DNA at 15 ng or water blank), with a total reaction volume 5 ųl.  Plates were sealed with 

optical sealing film (Applied Biosystems) and subjected to thermal cycling in PCR 9700 

thermal cyclers (Applied Biosystems) according to the standard genotyping protocol of 

95oC for 15 minutes, followed by 40 cycles of 92oC for 15 seconds and 60oC for 1 

minute.  Plates were assayed for fluorescence using a 7900HT sequence detection system 

(Applied Biosystems), following thermal-cycling. 

c) PPAR-γ genotyping  
 

Assignment of genotypes was based on the ratio of reported fluorescence to passive 

dye standard, and performed automatically using the “auto-clustering” feature of the 

allelic discrimination software (SDS V2.0, Applied Biosystems).  There was a 2% non-

assignment rate for the PPAR-γ genotyping.  The blank controls did not generate 

genotypes and there were no Mendelian inconsistencies in the CEPH controls. Our 

sample was in Hardy-Weinberg equilibrium (p = 0.92). The PHASE Version 2.1 software 

was used to impute the haplotypes between Pro12Ala and C1431T at a probability of 

90%. D’ between the two loci was 0.69 (95% CI = 0.64 – 0.73), their correlation was 

0.44, the LOD was 146.1, and the distance between the loci was 1391 bases.  
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4. Data analysis   
 
The population for the current study includes a total of 1430 subjects in the WBF 

and URSO trials. The main effects used in the current study were as follows:  BMI 

(assessed categorically in aim one and continuously in aim two), waist circumference 

(assessed categorically in aim one and continuously in aim two), PPAR-γ genotypes 

(Pro12Ala and C1431T; both genotypes were evaluated in aim and only Pro12Ala was 

evaluated in aim two), PPAR-γ haplotypes (evaluated only in aim one), and PPAR-γ 

diplotypes (evaluated only in aim one). Binary main effects and covariates were 

evaluated for miscoding and errors.  Continuous main effects and covariates were 

evaluated for potential outliers and normality using normal probability plots. The PPAR-γ 

genotypes were treated as binary variables.  In the Pro12Ala analyses, subjects were 

either homozygous Pro12 carriers or they were classified as carrying ‘any Ala12 allele’.  

This indicated the subject was a homozygous or heterozygous Ala12 carrier.  The same 

methods were implemented for the C1431T, in which subjects were classified as 

homozygous CC carriers or they were classified as carrying “any T allele’. This indicated 

the subject was a homozygous or heterozygous T carrier. This method of classification is 

commonly seen in the literature due to the low frequency of the homozygous variant 

alleles.  For example, in this dataset only 22.59% of the subject who recurred were 

heterozygous for the Ala12 allele and 1.64% were homozygous for the Ala12 allele. On 

the C1431T SNP, 21.76% were heterozygous T carriers and 1.83% were homozygous T 

carriers.  
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STATA statistical software package (version 9.1, Stata Corporation, College 

Station, TX) was used to summarize the baseline characteristics of the WBF and URSO 

participants and to fit the unconditional logistic regression models in aims one and two.  

Helix Tree software (version 5.1.2, from Golden Helix, Bozeman, MT) was used for the 

recursive partition modeling implemented in aim two.  Power and sample size 

calculations for the interactions between PPAR-γ and BMI and were made using Quanto 

Software (version 1.0, Los Angeles, CA).    Colorectal adenoma recurrence was the 

binary outcome variable for all analyses.  All statistical tests were two-sided and were 

considered to be statistically significant at p < 0.05. The specific attributes of the 

statistical methods used in the current study are described in more detail below.  

a) Pooling the WBF and URSO datasets – test for homogeneity 
 

Specific aims one and two were addressed using secondary analysis of data 

obtained from the WBF (1)  and URSO  trials (2).  Since these two studies were 

conducted using similar methods and they both had a primary endpoint of colorectal 

adenoma recurrence, the data collected from each study have been pooled for previous 

research (185, 308) and for this dissertation. The methods used to pool the datasets for 

the current research were as follows:  First, common names were created for variables 

that were present in both datasets.  Second, in situations where the unit of measurement 

was different in each study (i.e.: metric vs. U.S. customary units), a common unit of 

measure was decided upon and the data in each study were converted accordingly.  Third, 

an additional dichotomous variable was generated to identify the parent study in which 

each observation was associated (i.e.: WBF or URSO).  Quality control measures also 
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were enacted to ensure that the data were pooled accurately and that the data in the 

combined dataset matched the individual datasets.   

For the current study, the test for homogeneity was conducted on the pooled 

dataset to ensure the log odds of disease were homogeneous for each covariate in the 

WBF and URSO studies. Unconditional logistic regression (376) was used for these 

anlayses.  Each model contained the main effect of the covariate, the main effect of the 

study (measured as a dichotomous variable for WBF and URSO) and an interaction 

between the covariate and study.  For example, to assess the homogeneity of effect for 

age between the WBF and URSO studies, the following model was built where age was 

treated as a continuous variable and study was coded dichotomously:     

 

adenoma recurrence = b0 + b1(age) + b2(study) + b3 (age*study)         

 

Interaction terms were created by using the interaction expansion code in STATA (ie: xi: 

i.study*i.varname for categorical covariates and xi: i.study|varname for continuous 

covariates). A statistically significant interaction term indicated heterogeneity of the 

covariate by the study.  

b) Assessment for confounding  
Confounding was assessed for covariates that are known or suspected risk factors of 

colorectal cancers or adenomas.  These included age, gender, smoking status, alcohol use, 

family history of colorectal cancer, and use of NSAIDS (or aspirin).  The confounding 

effects of several other covariates that are known or suspected risk factors for colorectal 
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adenoma recurrence in the population used for the current study were also evaluated 

(182). These included the characteristics of the baseline adenomas (i.e.: number, size, 

histology, and location),  number of colonoscopies after the qualifying procedure for the 

WBF or URSO trials, and a history of previous colorectal polyps identified prior to the 

qualifying colonoscopy  (182).   

To assess for confounding, first unconditional logistic regression (376) was used 

to identify associations between each main effect (i.e.: BMI, waist circumference, 

Pro12Ala, and C1431T) and colorectal adenoma recurrence.  These analyses yielded a 

crude point estimate for each main effect.  Next, adjusted point estimates were obtained 

through bivariate analysis, which involved adding each of the aforementioned 

confounders to the logistic regression model that contained a single main effect.  The 

following formula was then applied to determine which potential confounders should 

remain in the final multivariate models: 

(ORcrude – ORadjusted/ORcrude) *100. 

Potential confounders that resulted in a 10% change in the crude point estimate or 

that were significant in the bivariate analysis were then included in the final models 

presented herein.  An additional variable for the study in which the subjects were enrolled 

(i.e.: either WBF or URSO) was also evaluated as a potential confounder in the 

relationship between the main effects and colorectal adenoma recurrence.  The 

assessment for confounding was done for all of the aforementioned covariates separately 

for WBF, URSO, and the combined dataset. 
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c) Assessment of subjects included and excluded from the current study 
 

There were a total of 2496 subjects who completed the WBF and URSO trials.  Of 

these, 1430 have been included in the defined population for the current study due to the 

availability of data for the main effects that were evaluated in the current study.  In an 

effort to evaluate if the distributions of the baseline covariates were comparable between 

subjects who were included in the current study and subjects who were not, statistically 

significant differences across the two categories (i.e.: Included vs. Excluded) were 

calculated using the Student’s t-test (364) for continuous data and the chi-square (367) 

for categorical data. In addition, means and standard deviations were calculated for the 

continuous data and frequencies and percentages were calculated for the binary or 

categorical data. These analyses were done separately for the WBF (n=599 Included, 

n=705 Excluded), URSO (n=831 Included, n=361 Excluded) and combined datasets (n= 

1430 Included, n= 1066 Excluded).   

d) Descriptive statistics of baseline values  
 

Descriptive statistical analyses were performed for subjects who had data on 

colorectal adenoma recurrence (i.e.: recurred or not).  These analyses were done 

separately for WBF (n=599), URSO (n=831), and the combined dataset (n=1430). The 

mean and standard deviation were calculated for the continuous variables.  The 

frequencies and percentages were calculated for the binary and categorical variables. The 

Student’s test (364)  and the chi-square test (367)  were used to identify statistically 

significant differences in the composition of the baseline values between the two studies 

for continuous and categorical variables, respectively.     
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5. Statistical methods for aim one  
 

The goal of aim one was to evaluate if the effect of BMI or waist circumference on 

colorectal adenoma recurrence is modified by PPAR-γ genotypes, haplotypes, or 

diplotypes.  Among the subjects with available genotype data, age and gender adjusted 

baseline covariates for each PPAR-γ genotype were calculated with unconditional logistic 

regression (376), using the Pro12Pro genotype as the reference category.  Age and gender 

adjusted means were calculated for the continuous variable.  Age and gender adjusted 

proportions were calculated for the binary or categorical variables. These analyses were 

done separately for the WBF, URSO and combined datasets.  

 The main effects of obesity and the PPAR-γ genotypes (both Pro12Ala and 

C1431T), haplotypes, and diplotypes on colorectal adenoma recurrence were evaluated 

using unconditional logistic regression (376), adjusting for potential confounders. Subject 

who were normal weight (BMI >18.5 kg/m2 to <25 kg/m2) were used as the reference 

category for the main effect of BMI, subjects with a small waist circumference (men < 

36.5 inches; women <30.5 inches) were used as the reference category for the main 

effects of waist circumference, homozygous Pro12 carriers were used as the reference for 

the main effects of Pro12Ala, homozygous CC carriers were used as the reference for the 

main effects of C1431T, the Pro-C haplotype was used as the reference in the haplotype 

analyses, and the Pro/Pro_CC diplotype was used as the reference in the diplotype 

analyses.  

 Only WBF and URSO participants with a likelihood of linage > 0.90 for PPAR-γ 

were included in the logistic regression analyses of the haplotypes and diplotypes 
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analyses. This threshold was selected because it was the most realistic probability of 

haplotype certainty that could be obtained while maintaining as many subjects in the 

sample as possible.   Diplotypes with less than 5 subjects per weight category were not 

included in the logistic regression analysis, due to the small sample size.  This included 

Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT.  

The goal of aim one was to evaluate if the effect of BMI on colorectal adenoma 

recurrence is modified by the PPAR-γ genotypes, haplotypes, or diplotypes. Therefore, 

the following four interaction terms were created using the interaction expansion 

command in STATA (xi: i.varname*i.varname): 

 

Model 1: i.BMI * i.PPAR-γ genotype Pro12Ala 

Model 2: i.BMI * i.PPAR-γ genotype C1431T 

Model 3: i.BMI * i.PPAR-γ haplotypes 

Model 4: i.BMI *i.PPAR-γ diplotypes 

 

The statistical significance of the four interaction terms was tested using the 

likelihood ratio test (342) by comparing the full model (main effects of PPAR-γ, main 

effects of BMI, the PPAR-BMI interaction term and covariates) to the reduced model 

(full model minus the PPAR-BMI interaction term).  This process was conducted 

independently for each of the four interaction terms. If an interaction term was deemed 

statistically significant in the likelihood ratio test (p <0.10), a categorical variable for 

each linear combinations of the BMI and PPAR-γ variables were then generated (Table 
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2).  The direction and magnitude of each category was assessed using unconditional 

logistic regression (376), using the xi: i.varname expansion command in STATA. The 

reference categories for each model were composed of normal weight wildtype carriers in 

each model.  

Table 2.  Explanation of the categorical variables that were generated using linear combinations of the 
covariates for specific aim one to evaluate the magnitude and direction of the combined effect between 
PPAR-γ and BMI. 

Categories  
Model Normal Weight1 Overweight2 Obese3

Model 1: BMI * PPAR-γ genotype Pro12Ala    
Pro12Pro Reference 1 2 
any Ala12 3 4 5 
    
Model 2: BMI * PPAR-γ  genotype C1431T    
1431 – CC Reference 1 2 
1431 – any T 3 4 5 
    
Model 3: BMI* PPAR-γ haplotypes    
Pro-C Reference 1 2 
Pro-T 3 4 5 
Ala-C 6 7 8 
Ala-T 9 10 11 
    
Model 4: BMI * PPAR-γ diplotypes    
Pro/Pro_CC Reference 1 2 
Pro/Pro_TC 3 4 5 
Pro/Ala_CC 6 7 8 
1 Normal weight was defined as BMI>18.5 and <25 kg/m2.  
2 Over weight was defined as BMI>25 and <30 kg/m2. 

 
3 Obese was defined as BMI >30 kg/m2. 

 

6. Statistical methods for aim two 
 

Aim two was to assess if the joint effect of PPAR-γ and obesity on colorectal 

adenoma recurrence is further modified by the biochemical biomarkers of metabolic 

syndrome. Formal Inference-based Recursive Partition Modeling (FIRM) methods were 

used for these analyses. As introduced in the background section of this dissertation, the 
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recursive partition model identifies optimal cut point for continuous variables using the 

maximum likelihood that minimizes the sum of squared deviations for the mean minus 

the number of observations within each subgroup (370). This is an iterative process in 

which the splitting rules are assessed in a stepwise fashion by analyzing all possible cut 

points for each independent variable.  The partitioning is repeated until all of the 

subgroups contain a homogeneous population or the subgroup is too small to be further 

split (316, 317).  The final model represents homogeneous sub-groups within the 

population that are defined based on specific characteristics that are better predictors of 

disease outcome in one-subgroup of the population than other sub-groups of the 

population (316).  

 The analysis for aim two was conducted only on the pooled dataset due to the large 

sample size requirements for the recursive partition modeling. The objective of aim two 

was to assess if the joint effect of PPAR-γ and obesity on colorectal adenoma recurrence 

is further modified by the biochemical biomarkers of metabolic syndrome. A three step 

process was enacted to accomplish this goal:   

 
Step One – Identification of the most significant risk factors for colorectal adenoma 
recurrence. 

First, recursive partition methods were used to determine the risk factors, and 

specific cut points within each risk factor, that best predicted adenoma recurrence in this 

study population. Recurrence of any adenoma was the dependent variable in the recursive 

partition model. At each step in the recursive partition, the covariates are listed in order 

from the most significant predictors of colorectal adenoma recurrence to the least 
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significant predictors of recurrence, with a program-identified cut point.  The operator 

has three options for building the recursive partition model: (1) s/he can use the most 

significant risk factor and the program-identified cut point, or (2) s/he can use the most 

significant risk factor but change the cut point to a location within the variable’s data 

continuum that s/he prefers, or (3) s/he can select a risk factor that is not the most 

significant and select the cut point s/he prefers. Since there are no main effects of the 

PPAR-γ Pro12Ala genotype on adenoma recurrence in this population and the goal of this 

aim is to evaluate the joint effect of PPAR-γ and obesity on colorectal adenoma 

recurrence, the first partition from the parent node (adenoma recurrence) was forced by 

the operator so that the primary branch would be stratified by genotype (Figure 10). The 

result was two PPAR-γ genetic nodes: Pro12Pro12 and any Ala12.  The next branch of 

the tree captured the effect of obesity.  At this stage, the operator evaluated which 

anthropometric measure (either BMI or waist circumference, both measured as 

continuous variables) was most significant in each of the two PPAR-γ genetic nodes 

(Figure 10). Here the anthropometric measure with the lowest p-value in each genetic 

node was selected for the second branch.  The cut points identified by the program for 

BMI and waist circumference were not changed by the operator. The final partition was 

based on the most significant p-value associated with the component traits of metabolic 

syndrome within each anthropometric measure and genetic cluster (Figure 10).  As 

illustrated in Figure 9, sides A and B are ‘clusters’ of variables that will be used later to 

create three-way interaction terms (as discussed in more detail below).  
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Adenoma Recurrence 

Pro12Pro12 Any Ala12 

The operator evaluated 
if BMI or waist 

circumference was a 
better predictor of 
recurrence among 

Pro12Pro12 carriers.  

The operator evaluated if 
BMI or waist circumference 

was a better predictor of 
recurrence among any Ala12 

carriers.  

The operator evaluated 
which component trait 
of metabolic syndrome 
was the most significant 
predictor of recurrence 

within the cluster of 
risk factors in the 

preceding branches.  

The operator evaluated 
which component trait 
of metabolic syndrome 
was the most significant 
predictor of recurrence 
within the cluster of 
risk factors in the 
preceding branches 

Operator-forced Split A B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Illustration of the manner in which the recursive partition tree was build for 
aim two. 
 

Step Two- Verify the results of the recursive partition model using logistic regression. 

 The second step in accomplishing the goal of aim two was to verify the validity 

and clinical importance of the subgroups identified by the recursive partition model using 

unconditional logistic regression (376), which is the more standard and well-recognized 
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statistical method used in clinical research. In this step, new dichotomous variables were 

created from the continuous metabolic biomarker data using the cut points identified by 

the recursive partition model as the threshold.  For example, if the metabolic syndrome 

biomarker data originally had a range from 10 u/ml to 50 u/ml and the recursive partition 

model identified a significant split at 15 u/ml, a new dichotomous variable would be 

created where 0 u/ml - 15 u/ml would be coded as 0 and 16 u/ml - 50 u/ml would be 

coded as 1. After the new dichotomous variables were created based on the results of the 

recursive partition model, the main effects of these variables on colorectal adenoma 

recurrence were then evaluated in logistic models, adjusting for the selected covariates.  

Although the recursive partition model identified specific variables that were better 

predictors of adenoma recurrence within each genetic node, point estimates for the main 

effects for both the Pro12Pro12 and the Ala12 polymorphisms were calculated so that the 

magnitude of the risk factor could be compared between the polymorphisms. 

 
Step Three – Create and test the three-way interaction term from clusters of variables 
identified by the recursive partition model 
 

The final step in accomplishing aim two was to create and test three-way interaction 

terms for the clusters of variables and their specific cut points that were identified by the 

recursive partition model. The clusters of variables are illustrated in Figure 9, where side 

A and B each represent a cluster.  For example, if the recursive partition identified a 

cluster of variables that included the Pro12Pro12, BMI with a cut point of 26 kg/m2 and 

glucose with a cut point of 110 mg/dL, a three-way interaction term would be created that 
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included the dichotomized BMI (threshold of 25.8 kg/m2), the dichotomized glucose 

(threshold of 110 mg/dL) and the PPAR-γ genotype.  

The three-way interaction expansion code in STATA (xi3: 

i.variable*i.variable*i.variable) was used to create the three-way interaction terms. The 

significance of the potential three-way interactions was determined using the log 

likelihood ratio test (342), as described in more detail above. If an interaction term was 

deemed statistically significant in the likelihood ratio test (p <0.10), a categorical variable 

of the linear combinations of each of the three variables was then created (Table 3).  

Unconditional logistic regression (376) was then used to assess the direction and 

magnitude of the combined effects of these three risk factors compared to a common 

reference category, , using the xi: i.varname expansion command in STATA.  

 

Table 3. Example of the categorical variable that will be used in aim two to evaluate the 
magnitude and direction of the combined effect between PPAR-γ, obesity, and glucose. 
Linear Combinations of the Variables  Pro12Ala Any Ala12 
Glucose <110 mg/dL & BMI<25.8 kg/m2 Reference 1 
Glucose >110 mg/dL & BMI<25.8 kg/m2 2 3 
Glucose <110 mg/dL & BMI>25.8 kg/m2 4 5 
Glucose >110 mg/dL & BMI>25.8 kg/m2 6 7 

 

 

B. Section two: specific aim three  
 

The goal of aim three is to determine if using a genetically pre-screened and enriched 

population will minimize the number of subjects needed to formally test a gene-drug 

interaction in a clinical trial designed to evaluate adenoma recurrence as the endpoint. It 

is hypothesized that using a genetically pre-screened and enriched population will reduce 
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the sample required to test gene-drug interactions, affording a more practical approach to 

validate promising gene-drug interactions in the randomized trial setting.  A positive 

finding will have direct public health benefit for drug-based chemoprevention and disease 

therapies through refined interventions that are focused on responding genotypes.   

 
1. The simulated study population 
 
The variant allele frequencies of the FMO3 genotype (as previously reported by 

Hisamuddin et al., (288): homozygous variant (aa) = 20%, heterozygous (aA) = 41%, 

homozygous wildtype (AA) = 39%) were used to simulate a large representative 

population to be used in specific aim three.  From this population, 10,000 random 

individuals were drawn at varying sizes and randomly assigned to the treatment or 

control group to assess the sample size and power required to test the main effects of 

genotype and the candidate gene-drug interaction.  

 
2. The dependent variable  
 
Recurrence of a colorectal adenoma was the outcome measure for specific aim 

three. In the simulated data set,  the subject’s response to treatment was determined 

assuming 50% incidence of recurrence in the homozygous non-carriers (AA), as 

previously described by Hisamuddin et al., 2004 (288) and Hisamuddin et al., 2005 (289). 

 
3. Proposed approach for reducing the required sample to test gene-drug 

interactions in a clinical trial  
 

The following applied and sequential approach was developed to reduce the sample 

size requirement to test candidate gene-drug interactions for aim three:  
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Step 1 – Use a priori knowledge derived from secondary analyses of randomized clinical 
trials or non-randomized observational studies to identify potentially beneficial gene-drug 
interactions. 
 

Observational study designs such as case-control, case-only, nested case-control, 

and before-after comparisons in the same patients are commonly used to identify 

potential gene-drug interactions as secondary hypotheses (303, 318, 329-331).  Although 

these studies are typically underpowered to formally test candidate gene-drug 

interactions, they are highly valuable in generating evidence to support further testing of 

potentially important interactions in a randomized controlled trial.  Often, information 

used in this step is literature-based, as is the candidate gene-drug interaction between 

FMO3 and sulindac we will use to demonstrate our proposed model (288, 289, 320).  

 
 
Step 2 – Formally test if carriage of the variant allele truly confers better response to the 
drug than carriage of the wildtype allele using a treatment-only study design. 
 

Once a candidate gene-drug interaction has been identified, it must be determined 

if carriage of the variant allele confers better response to treatment than carriage of   the 

wildtype allele.  Initially enrolling each genotype (AA, Aa, aa) into a treatment only 

study is the proposed course of action.  Effort will need to be made at this step to ensure 

genotypes with low prevalence in the population are adequately represented in the 

sample. Although all three genotypes will be enrolled, stratifying the analysis to initially 

include a balanced sample of only those who are homozygous recessive for the variant 

allele (aa) and those who are homozygous dominant for the wildtype allele (AA) to test 

for the main effects of the drug in each genotype is proposed.  The benefit of analyzing 

only these two genetically dissimilar groups and initially ignoring the heterozygote 
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genotype is twofold: (1) Focusing on subjects who are aa allows formal testing if carriage 

of the variant allele results in a better response to the drug.   (2)  Focusing on subjects 

who are AA allows the evaluation of response among the wildtype alleles that may have 

been unrecognized in the initial preliminary studies. By focusing on these two genetic 

groups and not including the heterozygote genotype (Aa) in the analysis, the potential for 

introducing “genetic noise” into the study population is minimized.  Balancing the 

proportions of each genotype will reduce the required sample size needed to test the main 

effects. The goal of this initial step is to test if the variant allele does explain a significant 

component of individual response to drug therapy, as suggested by prior studies. 

Therefore, using the AA genotype as the reference group for all analyses is proposed. We 

do not suggest there needs to be statistically significant main effect of the variant allele, 

only an observable increase/decrease in the measure of effect. Learning this information 

early in the study promotes an efficient study population and more rapid evaluation of the 

strongest candidate gene polymorphisms.      

 
 
 
Step 3 – Determine if carriage of the variant allele acts in a recessive or dominant genetic 
mode. 

In this portion of the study, the goal is to determine the genetic model of the 

variant allele.  This information will further identify the genetic backgrounds most 

responsive to treatment, which will reduce the required sample to test the candidate gene-

drug interaction in step 4.  In this step, focusing the analysis on a balanced sample of 

those who are aa and those who are Aa to identify the genetic model is proposed. In a 

dominant genetic model, where only one variant allele is necessary to increase response 
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to the drug, the measure of effect will be similar in both aa and Aa. In a recessive genetic 

model, where two variant alleles are necessary to increase response, the measure of effect 

will be higher/lower in the aa group as compared to the Aa group.  This information 

identifies which combination of alleles is most influential in drug response, thus 

potentially refining the genetic characteristics of the sample needed to test a gene-drug 

interaction in a randomized controlled trial.   

 

Step 4 – Formally test the candidate gene-drug interaction in a randomized controlled 
trial using an efficient study population. 
 

Using the information obtained from steps 1-3, the final step in confirming a 

clinically relevant gene-drug interaction is to design a randomized controlled trial to 

formally test the candidate gene-drug interaction. The genotype of the subjects 

recruited into each study arm will depend on the genetic model of the responding 

genotype, which was determined in step 3.  In situations where the allele acts in a 

recessive manner, aa will be tested against Aa/AA.  While in a dominant model, 

aa/Aa will be tested against AA.  Genetically balancing the two study arms so there 

are equivalent proportions in each group to reduce the required sample size for testing 

the candidate interaction is proposed. This will be especially important when the 

variant allele has a low frequency.  

To determine the sample size reduction that can be obtained by incorporating 

genetic variation as an inclusion criterion in a clinical trial, the following methods were 

employed.  First, the sample required to test the main effects of the drug in each genotype 

was calculated.  These calculations were made by taking into account several clinically 
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relevant conditions that could influence sample size, such as: the ratio between the 

genotypes, the prevalence of the disease in the exposed group, and the relative response 

to treatment due to genetic variation.  Second, using information available in the 

literature regarding FMO3 variant frequencies and their expected response to treatment, a 

simulated study population was developed. Through multiple iterations of random 

treatment assignment, this population was used to ultimately calculate the sample 

required to test gene-drug interaction when genetic variation is and is not accounted for 

during the study design.  The specifics of these steps are described in more detail below.  

 
Calculating Sample Size 

Sample size calculations to test the main effects of the drug for each genotype 

(steps 2-3) were made using Stata Statistical Software [version 9.1, Stata Corporation, 

College Station, TX], assuming a significance level of 0.05.  A two sample comparison of 

proportions was conducted, where p1 was defined as the probability of the outcome in the 

exposed and p2 was defined as the probability of the outcome in the unexposed group. 

The variant allele was classified as exposed.  In applying these methods to our candidate 

gene-drug interaction between FMO3 and sulindac, the outcome was defined as adenoma 

recurrence. Two samples sizes for each scenario presented in our model:  one for the 

genetically balanced sample, where equivalent proportions of each genotype were present 

in both study arms and a second for the standard sample, where subjects were enrolled 

without regard to genotype.  

The following information was then used to calculate specific sample size 

requirements for different clinically relevant scenarios: 
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 Ratio between genotypes - calculated by dividing the frequency of genotype in group 

one of the study population by the frequency of genotype in group two of the study 

population (Note: Group 1 includes homozygous carriers of the minor allele variant 

(aa).  Group 2 includes homozygous carriers of the major allele variant (AA) in step 2 

and the heterozygous genotype (Aa) in step 3. 

 Prevalence of the outcome in the unexposed group - wildtype allele was defined as 

unexposed and disease was defined as adenoma recurrence in our candidate gene-

drug interaction between FMO3 and sulindac. 

 Relative treatment response – the expected reduction of disease in carriers of the 

variant allele(s) caused by the treatment. 

 

Variant allele frequencies were then used to simulate a large representative 

population to determine the required sample sizes for testing the candidate gene-drug 

interaction (for step 4).  From this population, random samples were drawn and randomly 

assigned to the treatment or control group. The subject’s response to treatment was 

determined assuming 50% incidence of recurrence in the homozygous non-carriers (AA) 

and a 50% relative reduction of incidence in the homozygous carriers (aa) caused by the 

treatment (288, 289). The following logistic regression model was used, where gene was 

coded dichotomously, using the group two genotype as the referent group in each of the 

proposed steps and treatment was coded dichotomously as 0 for placebo and 1 for the 

treatment group: 

 
Adenoma recurrence = b0 + b1(FMO3) +b2 (sulindac) + b3 (FMO3*sulidac) 
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The simulation was repeated 1000 times and the proportion of runs in which b3 was 

statistically significant was used to establish the level of statistical power for detecting 

the gene-drug interaction.  Repeating the simulation for clinical trials of varying sizes 

enabled creation of a power curve for a range of sample sizes.  This exercise was 

repeated using a genetically enriched model approach in which the frequencies of the 

genotypes in each group were balanced to equal proportions.  The power curve for the 

balanced sample was compared to the curve for the standard sample and changes in 

sample size required to achieve given levels of statistical power were determined. 

 In summary, this concludes the description of the methods used in the current 

study.  The results for each aim are presented below, followed by the discussion.  

 

II. Results 
Specific aims one and two were based on the secondary analysis of data obtained 

from the WBF (1) and URSO trials (2) and specific aim three was based on simulated 

data of FMO3 polymorphisms.  As such, this portion of the dissertation has been divided 

into two sections.  The first section includes the results for aims one and two. It will 

begin by reporting results that are generally applicable to aims one and two, such as: the 

test of homogeneity, the assessment of confounding, the assessment of missing PPAR-γ 

genotype data, the evaluation of power to test the proposed gene-environment 

interactions, and the descriptive statistics of the baseline values that are relevant to both 

aims.  Results that are unique for aims one and two will then be presented separately. The 

second section includes the results for aim three only.  
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A. Section one: specific aims one and two   
 

1. General results for aims one and two 

a) Pooling the WBF and URSO datasets – test for homogeneity  

Using a significance level of p<0.05, there were no statistically significant p-

values from the test of homogeneity of effect between the WBF and URSO studies for 

the covariates evaluated in this dissertation (Table 4), with the exception of LDL 

cholesterol (p=0.02)  This indicates the risk factors are homogeneous in the two studies 

and supports pooling the WBF and URSO datasets.  Aside from the significant difference 

for LDL cholesterol, the p-values for the other variables included in this study ranged 

from 0.09 for aspirin use to 0.89 for the Pro12Pro12 SNP.  
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Table 4.  Test for homogeneity between the WBF and URSO studies (n=1430). 
Characteristic p-value 
Age1 0.20 
Male2 0.72 
White3 0.32 
Family history CRC4 0.14 
Current smoker5 0.14 
Aspirin use6 0.09 
Alcohol use7 0.51 
Previous polyp8 0.17 
Number of colonoscopies9 0.19 
BMI10 0.82 
Waist circumference11 0.25 
Adenoma characteristics at baseline 
Number of adenomas12 0.26 
Size13 0.86 
Villous histology14 0.34 
Proximal location15 0.36 
Biochemical markers of metabolic syndrome 
High blood pressure16 0.36 
Fasting glucose (mg/dL)17 0.80 
Triglycerides  (mg/dL)18 0.68 
HDL cholesterol  (mg/dL)19 0.50 
LDL cholesterol (mg/dL)20 0.02 
PPAR-γ genotype 
Pro12Pro21 0.89 
C1431_T22 0.85 
1 Age was measured as a continuous variable. 
2 Gender was measured as a dichotomous variable. 
3 Race was measured as a dichotomous variable, excludes 14 individuals with missing data. 
4 History of colorectal cancer in parent or sibling was measured as a dichotomous variable.  
5Smoking was measured as a dichotomous variable. 
6 Regular consumption of alcoholic beverages (at baseline).  
7 Regular use of aspirin in the past month (at baseline). 
8History of previous polyps prior to qualifying colonoscopy was measured as a categorical variable, excludes 92 individuals with 
missing data. 
9Number of colonoscopies after the qualifying procedure was measured as a continuous variable. 
10BMI (kg/m2) was measured as a continuous variable. 
11Waist circumference (in) was measured as a continuous variable. 
12Number of adenomas was measured as a continuous variable, excludes 5 individuals with missing data. 
13Size of adenoma >10 mm was measured as a dichotomous variable, excludes 6 individuals with missing data. 
14Includes tubular villous or villous adenomas measured as a dichotomous variable, excludes 7 individuals with missing data. 
15Proximal location of adenoma was measured as a dichotomous variable, excludes 7 individuals with missing data. 
16High blood pressure was measured as a dichotomous variable. 
17Fasting glucose was measured as a continuous variable. 
18Triglycerides were measured as a continuous variable. 
19HDL cholesterol was measured as a continuous variable. 
20LDL cholesterol was measured as a continuous variable, excludes 21 individuals with missing data.  
21Pro12Pro was measured as a dichotomous variable. 

 
22C1431T was measured as a dichotomous variable.
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b) Assessment of confounding  
 

 Table 5 summarizes the covariates that were identified as potential confounders 

for each main effect and dataset. Age, gender, history of previous polyps prior to the 

qualifying colonoscopy for the WBF and URSO trials, number of adenomas at baseline, 

and size of baseline adenoma were consistent confounders for each main effect within 

each dataset, with some exceptions (Table 5).  Histology was a confounder in the URSO 

dataset, regardless of the main effect (Table 5). The study in which each participant was 

enrolled was a consistent confounder across all main effects in the combined dataset 

(Table 5). 

In an effort to present consistent covariates for all analyses for each main effect 

and each dataset, the following covariates will be included in each model: age, gender, 

history of previous polyps before the qualifying procedure for the WBF or URSO trials, 

number of adenomas at baseline, size of baseline adenoma, and study (this variable will 

only be included in the models for the combined dataset). Although all of these covariates 

were not identified as a potential confounder for each of the main effects in all three 

datasets, the statistical penalty for including extra variables is the loss of one degree of 

freedom for every variable added to the model. Additional degrees of freedom results in 

loss of power; however, that is of minimal concern in datasets of this size.  In general, it 

is advisable to construct the most parsimonious model possible; however, due to the 

multifaceted analysis plan utilized in the current study (i.e. multiple main effects and 

datasets), consistency across models may be a more appropriate approach.  This would 

not be true if the study population were small.  



Table 5. Assessment of confounding for each main effect and dataset.  
 WBF URSO WBF and URSO combined 
Potential 
Confounders 

BMI Waist PPARγ 
Pro12Ala 

PPARγ 
C1431_T 

BMI Waist PPARγ 
Pro12Ala 

PPARγ 
C1431_T 

BMI Waist PPARγ 
Pro12Ala 

PPARγ 
C1431_T 

Age X X X X X X   X X X X 
Gender X X X X X  X X X X X X 
Family history of 
CRC1

            

Smoking             
Number of 
colonoscopies2

            

Alcohol3             
Aspirin 4             
Previous polyps5 X X X X X    X X X X 
Number of 
adenomas at 
baseline6  

X X X X X X X X X X X X 

Size of baseline 
adenoma7

X X X X X X X X X X X X 

Proximal location of 
baseline adenomas8

            

Histology of 
baseline adenomas9

    X X X X     

Study10         X X X X 

 

 

1 History of colorectal cancer in parent or sibling. 
2 Number of colonoscopies after the initial study colonoscopy.  
3 Regular consumption of alcoholic beverages (at baseline).  
4 Regular use of aspirin in the past month (at baseline). 
5History of previous polyps prior to qualifying colonoscopy.  The results exclude individuals with missing data (WBF= 50, URSO = 42, combined dataset = 92).     
6 Total number of adenomas. The results exclude individuals with missing data (WBF = 5, combined dataset = 5).   
7  Size of adenoma >10mm.  The results exclude individuals with missing data (WBF = 5, URSO = 1, combined dataset = 6).  
8  Proximal location of adenoma. The results exclude individuals with missing data (WBF = 5, URSO = 2, combined dataset = 7). 
9  Includes tubular villous or villous adenomas measured as a dichotomous variable.  The results exclude individuals with missing data (WBF = 5; URSO = 2, combined dataset = 7) 

10An indicator variable for the WBF and URSO studies was included in the analysis of the combined dataset.  
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c) Assessment of subjects included and excluded from the current study  

There were a total of 2496 subjects who completed the WBF and URSO trials.  Of 

these, 1430 have been included in the defined population for the current study due to the 

availability of data for the main effects that were evaluated in the current study. The 

distribution of the baseline covariates between subjects who were included and those who  

were not included was evaluated using chi-square (367) for categorical data and the 

student’s t-test (377)  for continuous data. As reported below, these analyses were done 

separately for the WBF, URSO and the combined datasets.    

 

WBF 

Table 6 summarizes the baseline characteristics of the WBF participants who 

were and were not included in the defined population for the current study.  Of the 1304 

subjects who completed the WBF trial, 599 (45.93%) were included in the current study 

and 705 (54.07%) were not. There were a higher proportion of smokers among the 

excluded subjects as compared to the included subjects (15.60% vs. 11.35% respectively; 

p=0.03) (Table 6).  In addition, the excluded subjects had fewer follow-up colonoscopies 

(p=0.005) and higher mean triglyceride levels (p=0.05), as compared to the subjects who 

were included in the current study (Table 6).  

 
URSO 

Table 7 summarizes the baseline characteristics of the URSO participants who 

were and were not included in the defined population for the current study.   Of the 1192 

subjects who completed the URSO trial, 831 (69.71%) were included in the current study 
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and 361 (30.29%) were not.  The mean number of colonoscopies was 1.67 among the 

subjects who were excluded from this study and 1.36 among the subjects who were 

included (p<0.001) (Table 7).  The mean LDL cholesterol level among subjects excluded 

from this study was 130.25 mg/dL and was 125.02mg/dL for subjects included in this 

study (p=0.01) (Table 7).  

 
Combined dataset 
 
 Table 8 summarizes the baseline characteristics of the URSO participants who 

were and were not included in the defined population for the current study.  Of the 2496 

subjects who completed the URSO or WBF trials, 1430 (57.29 %) were included in this 

study and 1066 (42.71%) were not. There was a statistically significant higher proportion 

of subjects with a family history of colorectal cancer among the subjects who were 

included in this study, as compared to the subjects who were excluded (23.64% vs. 

19.61% respectively; p=0.02) (Table 8).  In addition, the mean number of colonoscopies 

(p<0.001) and the mean number of adenomas at baseline (p=0.03) was higher among the 

subjects excluded from this study, as compared to the subjects who were included (Table 

8).  

d) Power calculations 

A total of 1430 subjects were included in the defined study population for the 

current research.  Power calculations were made for the unconditional logistic regression 

models using the Stata statistical software package [version 9.0, Stata Corporation,  
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Table 6.  Summary statistics for WBF subjects that were included and excluded from the defined study 
population used in the current study. 

Subjects Included in the 
Current Study  

Subjects Excluded  from 
the Current Study p value* 

 Characteristic n=599 n=705  
Age at baseline (mean± SD) 66.19 + 8.30 66.58 + 9.20 0.21 
Male, n (%) 406 (67.78) 468 (66.38) 0.59 
White, n (%) 578 (96.49) 673 (95.46) 0.35 
Family history CRC, n (%)1 113 (18.86) 107 (15.18) 0.08 
Current smoker, n (%) 68 (11.35) 110 (15.60) 0.03 
Alcohol (Mean grams + SD) 2 7.35 + 15.44 7.06 (0.54) 0.73 
Aspirin use, n(%) 3 179 (29.88) 189 (26.81) 0.22 
Number of colonoscopies (mean± SD)4 2.14 + 0.82 1.98 + 0.84 0.005 
Previous polyps, n (%)5 222 (40.44) 230 (38.08) 0.41 
Adenoma Characteristics at Baseline    
    Number of adenomas (Mean± SD)6 1.78 ± 1.27 1.86 ± 1.44 0.27 
    Large, n (%)7 264 (44.44) 312 (45.02) 0.34 
    Villous histology, n (%)8 114 (19.19) 159 (22.94) 0.10 
    Proximal location, n (%)9 159 (26.77) 190 (27.42) 0.79 
Anthropometric Measures    
BMI10     
    Normal  (%) 172 (28.71) 200 (28.82)  
    Overweight (%) 288 (48.08) 309 (44.52)  
    Obese (%) 139 (23.21) 185 (26.66) 0.30 
Waist circumference11    
    Small, n (%) 178 (29.72) 172 (24.40)  
    Medium, n (%)   149 (24.87) 138 (19.57)  
    Large, n (%)  152 (25.38) 146 (20.71)  
    Extra-large, n (%)  120 (20.03) 143 (23.87) 0.45 
Biochemical Markers of Metabolic Syndrome    
    High blood pressure, n (%)12 245 (40.90) 289 (43.07) 0.44 
    Fasting glucose (mg/dL), mean± SD13 105.74 + 24.59 106.79 + 27.93 0.48 
    Triglycerides  (mg/dL), mean± SD14 157.78 + 91.88 168.16 + 100.48 0.05 
    HDL cholesterol  (mg/dL), mean±  SD15 52.47 + 15.56 52.19 + 17.38 0.76 
    LDL cholesterol  (mg/dL), mean±  SD16 134.24 + 39.31 130.39 + 46.32 0.11 
* p-values were obtained from chi-square for categorical variables and the student’s t-test for continuous variables. 
1 History of colorectal cancer in parent or sibling. 
2 Regular consumption of alcoholic beverages (at baseline).  
3 Regular use of aspirin in the past month (at baseline). 
4  Number of colonoscopies after the initial study colonoscopy.  
5  History of previous polyps prior to qualifying colonoscopy.  The results exclude individuals with missing data (Included subjects= 50, Excluded subjects = 101). 
6  Total number of adenomas. The results exclude individuals with missing data (Included subjects= 5, Excluded subjects = 12). 
7 Size of adenoma >10mm.  The results exclude individuals with missing data (Included subjects= 5, Excluded subjects = 12). 
8  Includes tubular villous or villous adenomas. The results exclude individuals with missing data (Included subjects= 5, Excluded subjects = 12). 
9  Proximal location of adenoma. The results exclude individuals with missing data (Included subjects= 5, Excluded subjects = 12). 
10 Normal weight: BMI>18.5 and <25 kg/m2; Over weight: BMI>25 and <30 kg/m2,  Obese: BMI >30 kg/m2.  The results exclude individuals with missing data (Excluded subjects = 
11). 
11 Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men >39.0 to 41.92 inches; women >33.43 to 37.21 
inches), and extra-large (men >41.96 inches; women >37.2 inches).  The results exclude individuals with missing data (Excluded subjects = 106). 
12 The results exclude individuals with missing hypertension data (Excluded subjects = 34). 
13 The results exclude individuals with missing glucose data (Excluded subjects = 6). 
14The results exclude individuals with missing triglyceride data (Excluded subjects = 9). 

 

15 The results exclude individuals with missing HDL data (Excluded subjects = 6). 
16  The results exclude individuals with missing data LDL cholesterol (Excluded subjects=6).    
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Table 7. Summary statistics for URSO subjects that were included and excluded from the defined study 
population used in the current study. 

Subjects Included in the 
Current Study  

Subjects Excluded  from 
the Current Study p value* 

 Characteristic n = 831 n = 361  
Age at baseline (mean± SD) 66.34  + 8.28 65.93  + 8.94 0.44 
Male, n (%) 569 (68.47) 235 (65.10) 0.25 
White, n (%)1 768 (94.00) 340 (95.77) 0.22 
Family history CRC, n (%)2 225 (27.08) 102 (28.25) 0.68 
Current smoker, n (%) 101 (12.15) 39 (10.80) 0.51 
Alcohol (Mean grams + SD) 3 7.96 +14.08 8.25 + 13.57 0.74 
Aspirin use, n(%) 4 229 (27.56) 102 (28.25) 0.81 
Number of colonoscopies (mean± SD)5 1.36 +0.61 1.67 + 0.87 <0.001 
Previous polyps, n (%)6 359 (45.50) 174 (51.48) 0.41 
Adenoma Characteristics at Baseline    
    Number of adenomas (Mean± SD)7 1.58 ± 0.90 1.59 ± 0.98 0.86 
    Large, n (%)8 348 (41.93) 155 (42.94) 0.75 
    Villous histology, n (%)9 175 (21.11) 72 (19.94) 0.65 
    Proximal location, n (%)10 275 (33.17) 129 (35.73) 0.79 
Anthropometric Measures    
BMI11     
    Normal  (%) 251 (30.20) 119 (33.62)  
    Overweight (%) 379 (45.61) 152 (42.94)  
    Obese (%) 201 (24.19) 83 (23.45) 0.50 
Waist circumference13    
    Small, n (%) 172 (20.70) 64 (17.78)  
    Medium, n (%)   201 (24.19) 64 (17.78)  
    Large, n (%)  221 (26.59) 51 (14.17)  
    Extra-large, n (%)  237 (28.52) 61 (25.42) 0.10 
Biochemical Markers of Metabolic Syndrome    
    High blood pressure, n (%)14 323 (38.87) 119 (35.42) 0.27 
    Fasting glucose (mg/dL), mean± SD15 106.12 + 27.57 107.08 + 23.88 0.58 
    Triglycerides  (mg/dL), mean± SD16 158.77 + 95.61 154.73 + 93.86 0.52 
    HDL cholesterol  (mg/dL), mean±  SD17 50.51 + 15.03 52.02 + 17.36 0.14 
    LDL cholesterol  (mg/dL), mean±  SD18 125.02 + 30.88 130.25 + 32.89 0.01 
* p-values were obtained from chi-square for categorical variables and the student’s t-test for continuous variables. 
1 Results exclude individuals with missing data for race (Excluded subjects = 6 ).   
2 History of colorectal cancer in parent or sibling. 
3 Regular consumption of alcoholic beverages (at baseline).  
4 Regular use of aspirin in the past month (at baseline). 
5  Number of colonoscopies after the initial study colonoscopy.  
6  History of previous polyps prior to qualifying colonoscopy.  The results exclude individuals with missing data (Included subjects= 42, Excluded subjects = 23). 
7  Total number of adenomas.  
8 Size of adenoma >10mm.  The results exclude individuals with missing data (Included subjects= 1). 
9  Includes tubular villous or villous adenomas. The results exclude individuals with missing data (Included subjects= 2). 
10  Proximal location of adenoma. The results exclude individuals with missing data (Included subjects= 2) 
11 Normal weight: BMI>18.5 and <25 kg/m2; Over weight: BMI>25 and <30 kg/m2,  Obese: BMI >30 kg/m2.  The results exclude individuals with missing data (Excluded subjects = 
7). 
13 Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men >39.0 to 41.92 inches; women >33.43 to 37.21 
inches), and extra-large (men >41.96 inches; women >37.2 inches).  The results exclude individuals with missing data (Excluded subjects = 121). 
14 The results exclude individuals with missing hypertension data (Excluded subjects = 25). 
15 The results exclude individuals with missing glucose data (Excluded subjects =35). 
16 The results exclude individuals with missing triglyceride data (Excluded subjects = 35). 

 

17 The results exclude individuals with missing HDL data (Excluded subjects = 36). 
18  The results exclude individuals with missing data LDL cholesterol (Included subjects = 21, Excluded subjects=44).    
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Table 8.  Summary statistics for WBF & URSO subjects in the combined dataset that were included and 
excluded from the defined study population used in the current study. 

Subjects Included in the 
Current Study  

Subjects Excluded  from 
the Current Study p value* 

 Characteristic n = 1430 n =1066  
Age at baseline (mean± SD) 66.28 + 8.29 65.70 + 9.11 0.10 
Male, n (%) 975 (68.18) 703 (65.95) 0.24 
White, n (%)1 1346 (95.06) 1013 (95.57) 0.55 
Family history CRC, n (%)2 338 (23.64) 209 (19.61) 0.02 
Current smoker, n (%) 169 (11.82) 149 (13.98) 0.11 
Alcohol (Mean grams + SD) 3 7.70 +14.66 7.46 +14.11 0.68 
Aspirin use, n(%) 4 408 (28.53) 291 (27.30) 0.50 
Number of colonoscopies (mean± SD)5 1.68+0.80 1.87+0.87 <0.001 
Previous polyps, n (%)6 581 (43.42) 404 (42.89) 0.80 
Adenoma Characteristics at Baseline    
    Number of adenomas (Mean± SD)7 1.66 ± 1.07 1.77 ± 1.30 0.03 
    Large, n (%)8 612 (42.98) 467 (44.31) 0.51 
    Villous histology, n (%)9 289 (20.31) 231 (21.92) 0.33 
    Proximal location, n (%)10 434 (30.50) 319 (30.27) 0.90 
Anthropometric Measures    
BMI11     
    Normal  (%) 423 (29.58) 319 (30.44)  
    Overweight (%) 667 (46.64) 461 (43.99)  
    Obese (%) 340 (23.78) 268 (25.57) 0.39 
Waist circumference13    
    Small, n (%) 350 (24.48) 236 (28.13)  
    Medium, n (%)   350 (24.48) 202 (24.08)  
    Large, n (%)  373 (26.08) 197 (23.48)  
    Extra-large, n (%)  357 (24.97) 204 (24.31) 0.23 
Biochemical Markers of Metabolic Syndrome    
    High blood pressure, n (%)14 568 (39.72) 408 (40.52) 0.69 
    Fasting glucose (mg/dL), mean± SD15 105.96 + 26.35 106.88 + 26.70 0.40 
    Triglycerides  (mg/dL), mean± SD16 158.35 + 94.04 163.88 + 98.57 0.16 
    HDL cholesterol  (mg/dL), mean±  SD17 51.33 + 15.28 52.14 + 17.37 0.23 
    LDL cholesterol  (mg/dL), mean±  SD18 128.94  + 35.99 130.35  + 42.57 0.37 
* p-values were obtained from chi-square for categorical variables and the student’s t-test for continuous variables. 
1 Results exclude individuals with missing data for race (Included subjects = 14, Excluded subjects = 6).   
2 History of colorectal cancer in parent or sibling. 
3 Regular consumption of alcoholic beverages (at baseline).  
4 Regular use of aspirin in the past month (at baseline). 
5  Number of colonoscopies after the initial study colonoscopy.  
6  History of previous polyps prior to qualifying colonoscopy.  The results exclude individuals with missing data (Included subjects= 92, Excluded subjects = 124). 
7  Total number of adenomas. The results exclude individuals with missing data (Included subjects= 5, Excluded subjects = 12). 
8 Size of adenoma >10mm.  The results exclude individuals with missing data (Included subjects= 6, Excluded subjects = 12). 
9  Includes tubular villous or villous adenomas. The results exclude individuals with missing data (Included subjects= 7, Excluded subjects = 12). 
10  Proximal location of adenoma. The results exclude individuals with missing data (Included subjects=7, Excluded subjects = 12). 
11 Normal weight: BMI>18.5 and <25 kg/m2; Over weight: BMI>25 and <30 kg/m2,  Obese: BMI >30 kg/m2.  The results exclude individuals with missing data (Excluded subjects = 
18). 
13 Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men >39.0 to 41.92 inches; women >33.43 to 37.21 
inches), and extra-large (men >41.96 inches; women >37.2 inches).  The results exclude individuals with missing data (Excluded subjects = 227). 
14 The results exclude individuals with missing hypertension data (Excluded subjects = 59). 
15 The results exclude individuals with missing glucose data (Excluded subjects = 41). 
16 The results exclude individuals with missing triglyceride data (Excluded subjects = 44). 
17 The results exclude individuals with missing HDL data (Excluded subjects =42). 

 

18  The results exclude individuals with missing data LDL cholesterol (Included subjects = 21, Excluded subjects=50).    
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College State, TX].  All tests were two-sided with a significance level of 0.05. Assuming 

a colorectal adenoma recurrence rate of 45%, a 25% occurrence of the Ala12 allele, a 

61% occurrence of overweight, a 45% occurrence of obese, a 50% occurrence of 

medium-sized waist, a 52% occurrence of large-sized waist, and a 51% occurrence of an 

extra large-sized waist, there will be at least 80% power to detect a significant main effect 

of BMI, waist circumference and the PPAR-γ SNPs with an OR>1.4.  There will also be 

at least 80% power to test an interaction between PPAR-γ and BMI (or waist 

circumference) with an OR>1.7. 

 

e) Descriptive statistics for the baseline values  

Table 9 summarizes the descriptive statistics of the baseline values for the WBF, 

URSO and combined datasets. There were statistically significant differences observed in 

the composition of the baseline values between the two studies.  For example, a higher 

proportion of URSO participants than WBF participants reported having a family history 

of colorectal cancer (27.08% vs. 18.86%, respectively; p<0.001).  The same pattern was 

observed for proximal location of the baseline adenoma (URSO = 33.17% vs. WBF = 

26.77%; p<0.01).  Furthermore, waist circumference was statistically different between 

the two studies when it was measured as a categorical variable (p=0.001) and a 

continuous variable (p<0.001).  The WBF participants had a higher mean number of 

baseline adenomas than the URSO participants (1.78 vs. 1.58, respectively; p<0.001), 

higher mean LDL cholesterol levels (134.24 mg/dL vs. 125.02 mg/dL, respectively; 

p<0.001), higher mean HDL cholesterol levels (52.47 mg/dL vs. 50.51 mg/dL,  
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respectively; p=0.02), and they underwent more follow-up colonoscopies (2.14 vs. 1.36, 

p<0.001). These significant differences suggest that the distributions of the 

aforementioned covariates are dissimilar in the two studies, implying that the populations 

in each study are different with regard to these variables. The implications for this are 

minimal in the current study since the test for homogeneity of effect indicated the two 

populations were homogenous across the covariates that were tested.  However, it is 

important to be aware of the population differences that were identified with these 

analyses so that the conclusions can be addressed accordingly. Fortunately, the current 

study is evaluating the WBF, URSO, and combined datasets separately in aim one. This 

will allow for a more comprehensive understanding of the relationships that are occurring 

between the main effects and colorectal adenoma recurrence within each dataset. 
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Table 9.  Baseline characteristics of study participants in the WBF and URSO trials. 
Combined WBF URSO p value* 

 Characteristic n=1430 n=599 n=831  
Age at baseline     
    Less than 40 years  n (%) 0 0 0 ---- 
    40-49 years  n (%) 63 (4.41) 28 (4.68) 35 (4.21)  
    50-59 years  n (%) 227 (15.87) 98 (16.36) 129 (15.53)  
    60-69 years  n (%) 569 (39.79) 229 (38.23) 340 (40.91)  
    70+ years  n (%) 571 (39.93) 244 (40.73) 327 (39.35) 0.77 
    Mean± std.dev. 66.28 + 8.29 66.19 + 8.30 66.34 + 8.28 0.74 
    Age range 40 to 81 40 to 80 40 to 81 ---- 
Male, n (%) 975 (68.18) 406 (67.78) 569 (68.47) 0.78 
White, n (%)1 1346 (95.06) 578 (96.49) 768 (94.00) 0.03 
Family history CRC, n (%)2 338 (23.64) 113 (18.86) 225 (27.08) <0.001 
Current smoker, n (%) 169 (11.82) 68 (11.35) 101 (12.15) 0.64 
Alcohol (Mean grams + SD) 3 7.70 (14.66) 7.35 (15.44) 7.96 (14.08) 0.44 
Aspirin use, n(%) 4 408 (28.53) 179 (29.88) 229 (27.56) 0.34 
Number of colonoscopies (mean± 
SD)5

1.68+0.80 2.14 + 0.82 1.36 +0.61 <0.001 
Previous polyps, n (%)6 581 (43.42) 222 (40.44) 359 (45.50) 0.07 
Adenoma Characteristics at Baseline     
    Number of adenomas (Mean± SD)7 1.66 ± 1.07 1.78 ± 1.27 1.58 ± 0.90 0.001 
    Large, n (%)8 612 (42.98) 264 (44.44) 348 (41.93) 0.34 
    Villous histology, n (%)9 289 (20.31) 114 (19.19) 175 (21.11) 0.38 
    Proximal location, n (%)10 434 (30.50) 159 (26.77) 275 (33.17) 0.01 
Anthropometric Measures     
BMI11      
    Normal  (%) 423 (29.58) 172 (28.71) 251 (30.20)  
    Overweight (%) 667 (46.64) 288 (48.08) 379 (45.61)  
    Obese (%) 340 (23.78) 139 (23.21) 201 (24.19) 0.65 
    Mean BMI ± SD12 27.49 +4.35 27.41 +4.15 27.54 + 4.48 0.58 
Waist circumference13     
    Small, n (%) 350 (24.48) 178 (29.72) 172 (20.70)  
    Medium, n (%)   350 (24.48) 149 (24.87) 201 (24.19)  
    Large, n (%)  373 (26.08) 152 (25.38) 221 (26.59)  
    Extra-large, n (%)  357 (24.97) 120 (20.03) 237 (28.52) <0.001 
    Mean waist circumference ± SD14 37.73 ± 5.19 37.07 (5.04) 38.20 (5.25) <0.001 
Biochemical Markers of Metabolic 
Syndrome 

    

    High blood pressure, n (%) 568 (39.72) 245 (40.90) 323 (38.87) 0.44 
    Fasting glucose (mg/dL), mean± 
SD 

105.96 + 26.35 105.74+ 24.59 106.12 + 27.57 0.79 

    Triglycerides  (mg/dL), mean± SD 158.35 + 94.04 157.78 + 91.88 158.77 + 95.61 0.84 
    HDL cholesterol  (mg/dL), mean±  
SD 

51.33 + 15.28 52.47 + 15.56 50.51 + 15.03 0.02 

128.94  + 35.99 134.24 + 39.31 125.02 + 30.88 <0.001     LDL cholesterol  (mg/dL), mean±  
SD15

* p-values were obtained from chi-square for categorical variables and the student’s t-test for continuous variables. 
1 Results exclude individuals with missing data for race (URSO = 14, combined dataset = 14).   
2 History of colorectal cancer in parent or sibling. 
3 Regular consumption of alcoholic beverages (at baseline).  
4 Regular use of aspirin in the past month (at baseline). 
5  Number of colonoscopies after the initial study colonoscopy.  
6  History of previous polyps prior to qualifying colonoscopy.  The results exclude individuals with missing data (WBF= 50, URSO = 42, combined dataset = 92).   
7  Total number of adenomas. The results exclude individuals with missing data (WBF = 5, combined dataset = 5).    
8 Size of adenoma >10mm.  The results exclude individuals with missing data (WBF = 5, URSO = 1, combined dataset = 6).  
9  Includes tubular villous or villous adenomas. The results exclude individuals with missing data (WBF = 5, URSO = 2, combined dataset = 7).    
10  Proximal location of adenoma. The results exclude individuals with missing data (WBF = 5, URSO = 2, combined dataset = 7). 
11 Normal weight: BMI>18.5 and <25 kg/m2; Over weight: BMI>25 and <30 kg/m2,  Obese: BMI >30 kg/m2.   *Footnotes continued below.*   
12 BMI kg/m2 measured as a continuous variable.     
13 Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men >39.0 to 41.92 inches; women >33.43 to 37.21 
inches), and extra-large (men >41.96 inches; women >37.2 inches). 
14 Waist circumference (in) measured as a continuous variable.  
15  The results exclude individuals with missing data LDL cholesterol (URSO = 21, combined dataset = 21). 
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2. Results for aim one 

a) Baseline characteristics 

Aim one sought to evaluate if the effect of obesity on colorectal adenoma recurrence 

is modified by the PPAR-γ genotypes, haplotypes, or diplotypes.  The age and gender 

adjusted means and proportions for the baseline characteristics, stratified by the PPAR-γ, 

are provided on the following pages for the WBF, URSO, and combined datasets.  

 

WBF 

Table 10 summarizes the age and gender adjusted baseline characteristics for 

subjects in WBF trial.  There were a total of 599 WBF participants included in this study.  

Within the Pro12Ala genotype, there were 453 (75.63%) Pro12Pro12 carriers and 146 

(24.37%) Ala12 carriers.  Within the C1431T genotype, there were 456 (76.13%) CC 

carriers and 143 (23.87%) any T carriers (Table 10). After adjusting for age and gender, 

there were no significant differences between the two SNPS for any of the covariates. 

(Table 10).  

URSO 

Table 11 summarizes the age and gender adjusted baseline characteristics for subjects 

in the URSO trial.  There were a total of 831 URSO participants included in this study. 

Within the Pro12Ala genotype, there were 637 (76.65%) Pro12Pro12 carriers and 194 

(23.35%) Ala12 carriers.  Within the C1431T genotype, there were 654 (78.70%) CC 

carriers and 177 (21.30%) any T carriers (Table 11).   There was a higher proportion of 

Pro12Pro12 carriers that reported aspirin use, as compared to any Ala12 carriers (0.28 vs. 
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0.20, respectively; p<0.05) (Table 11).  No other statistically significantly differences 

were observed. 

 

WBF and URSO Pooled Dataset 

Table 12 summarizes the age and gender adjusted baseline characteristics for subjects 

in the combined dataset.  There were a total of 1430 participants who completed the WBF 

or URSO trials that were included in this study. Within the Pro12Ala genotype, there 

were 1090 (76.22%) Pro12Pro12 carriers and 340 (23.78%) Ala12 carriers.  Within the 

C1431T genotype, there were 1110 (77.62%) CC carriers and 320 (22.38%) any T 

carriers  In the combined dataset, there was a significantly higher proportion of Ala12 

carriers who reported having a previous polyp, as compared to Pro12Pro12 carriers (0.48 

vs. 0.41, respectively; p<0.05) (Table 12).  No other statistically significantly differences 

were observed.  

a) Main effects of risk factors on adenoma recurrence 

WBF 

Table 13 summarizes the main effects of BMI, waist circumference, and the 

PPAR-γ genotypes, haplotypes, and diplotypes on colorectal adenoma recurrence among 

the WBF participants. After adjusting for age, gender, number of adenomas at baseline, 

size of baseline colorectal adenoma and history of previous polyps, there were no 

statistically significant main effects for BMI, waist circumference or PPAR-γ on 

colorectal adenoma recurrence observed in the WBF trial (Table 13).  
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URSO 

 Table 14 summarizes the main effects of BMI, waist circumference, and the 

PPAR-γ genotypes, haplotypes, and diplotypes on colorectal adenoma recurrence among 

the URSO participants.  Unlike the WBF trial where there were no main effects of BMI 

on colorectal adenoma recurrence, results from the URSO trial indicate the odds of 

recurrence was significantly higher among obese participants, compared to participants 

who were normal weight (OR=1.56, 95% CI=1.04 – 2.35) (Table 14). No other 

statistically significant main effects were observed in this population.  

 

WBF and URSO Pooled Dataset 

Table 15 summarizes the main effects of BMI, waist circumference, and PPAR-γ 

on colorectal adenoma in the WBF and URSO studies.  Results from the combined 

dataset show that the odds of recurrence was statistically higher among obese 

participants, compared to participants who were normal weight (OR=1.40, 95% CI=1.02 

– 1.91) (Table 14). No statistically significant main effects of waist circumference or 

PPAR-γ were observed in the pooled dataset.  

 

b) Interactions between PPAR-γ and obesity 

WBF 

 Table 16 summarizes modifying effect of PPAR-γ on the relationship between 

BMI and colorectal adenoma recurrence in the WBF trial.  In this dataset, there was a 

significant interaction for the Pro12Ala genotype (pinter=0.03),  the haplotypes (pinter 
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=0.002) and the diplotypes (pinter =0.02) (Table 16). Interestingly, the percentage of 

normal weight Pro12Pro carriers who recurred was 51.11%, while the percentage of 

normal weight Ala12 carriers who recurred was 35.14% (Table 16).  This large difference 

in the percentage of subjects who recurred based on genetic variation was reduced among 

the obese subjects, where 52.48% of the obese Pro12Pro carriers and 55.26% of the obese 

Ala12 carriers recurred (Table 16).  Similar results were observed for the C1431T 

genotype (Table 16).  

Results from the haplotype analysis show that the odds of recurrence was 

significantly higher among obese Pro-T carriers (OR=8.36, 95% CI = 1.04 – 67.40) and 

overweight Ala-T carriers (OR=2.18, 95% CI = 1.14-4.20), compared to the referent 

normal weight Pro-C carriers (Table 16). Not surprisingly, a very high proportion of 

subjects with these haplotypes recurred (obese Pro-T carriers = 88.33%; overweight Ala-

T carriers = 65.45%) (Table 16).  
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Table 10.  Age and gender adjusted baseline characteristics by  PPAR-γ genotype for subject with adenoma recurrence data in the WBF study 
(n=599). 

PPAR-γ Pro12Ala (n=599) PPAR-γ C1431T (n=599)  
 
Subject Characteristics*

Pro12/Pro12 
n=453 

Any Ala12 
n=146 

CC 
n=456 

Any T 
n=143 

Age, mean + SD 66.52 + 8.15 65.19 + 8.71  66.35 +  8.30  65.71 + 8.29  
Male, no (%) 308 (67.99) 98 (67.12) 306 (67.11) 100 (69.93) 
Family history1 0.18 (0.14 – 0.21) 0.21 (0.15 – 0.28) 0.19 (0.15 – 0.23) 0.18 (0.12 – 0.25) 
Aspirin use2 0.30 (0.25 – 0.34) 0.28 (0.21 – 0.36) 0.29 (0.25 – 0.34) 0.29 (0.22 – 0.37) 
Current smoker 0.09 (0.07 – 0.13) 0.12 (0.08 – 0.18) 0.10 (0.07 – 0.13) 0.11 (0.07 – 0.17) 
Previous polyp3 0.38 (0.33 – 0.43) 0.47 (0.39 – 0.56) 0.39 (0.35 – 0.44) 0.43 (0.34 – 0.51)  
# of colonoscopies4 1.79 (1.71 – 1.89) 1.81 (1.67 – 1.96) 1.79 (1.71 – 1.87) 1.83 (1.70 – 1.98) 
Anthropometric Measures 
BMI5 27.30 (26.92 – 27.68) 27.77 (27.10 – 28.45) 27.41 (27.03 – 27.79) 27.43 (26.75 – 28.11) 
Waist circumference6 36.95 (36.54 – 37.37) 37.42 (36.69 – 38.14) 37.08 (36.67 – 37.50) 37.01 (36.28 – 37.75) 
Adenoma Characteristics  at Baseline 
Number7 1.81 (1.70 – 1.92) 1.68 (1.47 – 1.88) 1.82 (1.71 – 1.94) 1.61 (1.39 – 1.82) 
Large size8 0.44 (0.40 – 0.49) 0.46 (0.38 – 0.54) 0.45 (0.41 – 0.50) 0.42 (0.34 – 0.50) 
Proximal location9 0.27 (0.23 – 0.31) 0.27 (0.21 – 0.35) 0.27 (0.23 – 0.31) 0.27 (0.20 – 0.35) 
Villous histology10 0.19 (0.16 – 0.23) 0.19 (0.13 – 0.26) 0.20 (0.17 – 0.24) 0.15 (0.10 – 0.22) 
* The plus-minus values are means + SD; other values represent age and gender adjusted proportions for categorical variables and age and gender adjusted means for continues 
variables (95% confidence interval). 
1 History of colorectal cancer in parent or sibling.  
2 Regular use of aspirin in the previous month. 
3History of previous polyps prior to qualifying colonoscopy; excludes 50 individuals with missing data. 
4 Number of colonoscopies after the initial study colonoscopy. 
5BMI = kg/m2. 
6 Waist circumference (in). 
7 Total number of adenomas;   excludes 5 individuals with missing data. 
8 Size of adenoma >10mm;  excludes 5 individuals. 
9Proximal location of adenoma;  excludes 5 individuals. 
10Includes tubular villous or villous adenomas;  excludes 5 individuals.  
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Table 11.  Age and gender adjusted baseline characteristics by  PPAR-γ  genotype for subject with adenoma recurrence data in the URSO study 
(n=831).*

PPAR-γ Pro12Ala (n=831) PPAR-γ C1431T (n=831)  
 
Subject Characteristics*

Pro12/Pro12 
n=637 

Any Ala12 
n=194 

CC 
n=654 

Any T 
n=177 

Age, mean + SD 66.17 + 8.35 66.92 + 8.05  66.24 +  8.29  66.74 + 8.24  
Male, no (%) 436 (68.45) 133 (68.56) 447 (68.35) 122 (68.93) 
Family history1 0.27 (0.24 – 0.30) 0.26 (0.20 – 0.33) 0.27 (0.24 – 0.31) 0.24 (0.18 – 0.31) 
Aspirin use2 0.28 (0.25 – 0.32) 0.20 (0.15 – 0.27)+ 0.27 (0.24 – 0.31) 0.24 (0.18 – 0.31) 
Current smoker 0.11 (0.09 – 0.14) 0.12 (0.08 – 0.18) 0.11 (0.09 – 0.14) 0.12 (0.08 – 0.17) 
Previous polyp3 0.44 (0.40 – 0.48) 0.48 (0.41 – 0.56) 0.44 (0.40 – 0.48) 0.49 (0.41 – 0.57)  
# of colonoscopies4 1.72 (1.65 – 1.78) 1.74 (1.62 – 1.86) 1.71 (1.65 – 1.78) 1.77 (1.64 – 1.89) 
Anthropometric Measures 
BMI5 27.60 (27.26 – 27.95) 27.35 (26.73 – 27.97) 27.60 (27.26 – 27.94) 27.34 (26.69 – 27.99) 
Waist circumference6 38.24 (37.89 – 38.60) 38.07 (37.43 – 38.71) 38.23 (37.88 – 38.58) 38.10 (37.43 – 38.77) 
Adenoma Characteristics at Baseline   
Number7 1.55 (1.48 – 1.61) 1.68 (1.55 – 1.80) 1.55 (1.49 – 1.62) 1.66 (1.53 – 1.79) 
Large size8 0.43 (0.39 – 0.47) 0.39 (0.32 – 0.46) 0.43 (0.39 – 0.46) 0.40 (0.33 – 0.47) 
Proximal location9 0.32 (0.29 – 0.36) 0.35 (0.29 – 0.42) 0.34 (0.30 – 0.37) 0.31 (0.24 – 0.38) 
Villous histology10 0.21 (0.18 – 0.25) 0.20 (0.15 – 0.26) 0.21 (0.18 – 0.24) 0.21 (0.15 – 0.27) 
*  The plus-minus values are means + SD; other values represent age and gender adjusted proportions for categorical variables and age and gender adjusted means for continues 
variables (95% confidence interval). 
+p<0.05 between polymorphisms within each genotype – measured with logistic regression using the wild type genotype as the reference category.  
1 History of colorectal cancer in parent or sibling.  
2 Regular use of aspirin in the previous month. 
3History of previous polyps prior to qualifying colonoscopy; excludes 42 individuals with missing data. 
4 Number of colonoscopies after the initial study colonoscopy. 
5BMI = kg/m2. 
6 Waist circumference (in). 
7 Total number of adenomas. 
8 Size of adenoma >10mm;  excludes 1 individual with missing data. 
9Proximal location of adenoma;  excludes 2 individuals with missing data. 
10 Includes tubular villous or villous adenomas;  excludes 2 individuals with missing data. 
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Table 12.   Age and gender adjusted baseline characteristics by  PPAR-γ genotype for subject with adenoma recurrence data in the combined 
dataset (n=1430).*

PPAR-γ Pro12Ala (n=1430) PPAR-γ C1431T (n=1430)  
 
Subject Characteristics*

Pro12/Pro12 
n=1090 

Any Ala12 
n=340 

CC 
n=1110 

Any T 
n=320 

Age, mean + SD 66.31 + 8.26 66.18 + 8.37 66.28 +  8.30  66.28 + 8.27  
Male, no (%) 744 (68.26) 231 (67.94) 753 (67.84) 222 (69.38) 
Family history1 0.23 (0.21 – 0.26) 0.24 (0.20 – 0.29) 0.24 (0.21 – 0.26) 0.21 (0.17 – 0.26) 
Aspirin use2 0.29 (0.26 – 0.32) 0.24 (0.20 – 0.29) 0.28 (0.25 – 0.31) 0.26 (0.22 – 0.32) 
Current smoker 0.10 (0.09 – 0.12) 0.12 (0.09 – 0.16) 0.11 (0.09 – 0.13) 0.11 (0.08 – 0.16) 
Previous polyp3 0.41 (0.38 – 0.44) 0.48 (0.42 – 0.54)+ 0.42 (0.39 – 0.45) 0.46 (0.41 – 0.52)  
# of colonoscopies4 1.75 (1.70 – 1.80) 1.77 (1.68 – 1.86) 1.74 (1.69 – 1.79) 1.80 (1.70 – 1.89) 
Anthropometric Measures     
BMI5 27.48 (27.22 – 27.74) 27.52 (27.06 – 27.97) 27.52 (27.27 – 27.78) 27.37 (26.90 – 27.84) 
Waist circumference6 37.70 (37.44 – 37.97) 37.80 (37.32 – 38.28) 37.76 (37.49 – 38.03) 37.62 (37.12 – 38.11) 
Adenoma Characteristics at Baseline 
Number7 1.65 (1.59 – 1.72) 1.68 (1.56 – 1.79) 1.67 (1.60 – 1.73) 1.64 (1.52 – 1.76) 
Large size8 0.43 (0.41 – 0.46) 0.41 (0.36 – 0.47) 0.44 (0.41 – 0.47) 0.40 (0.35 – 0.46) 
Proximal location9 0.30 (0.27 – 0.33) 0.32 (0.27 – 0.37) 0.31 (0.28 – 0.34) 0.29 (0.24 – 0.34) 

0.19 (0.15 – 0.23) Villous histology10 0.21 (0.18 – 0.23) 0.20 (0.16 – 0.24) 0.21 (0.18 – 0.23) 
* The plus-minus values are means + SD; other values represent age and gender adjusted proportions for categorical variables and age and gender adjusted means for continues 
variables (95% confidence interval). 
+p<0.05 between polymorphisms within each genotype – measured with logistic regression using the wild type genotype as the reference category.  
1 History of colorectal cancer in parent or sibling.  
2 Regular use of aspirin in the previous month. 
3History of previous polyps prior to qualifying colonoscopy; excludes 92 individuals with missing data. 
4 Number of colonoscopies after the initial study colonoscopy. 
5BMI = kg/m2. 
6 Waist circumference (in). 
7 Total number of adenomas;   excludes 5 individuals with missing data. 
8 Size of adenoma >10mm; excludes 6 individuals with missing data. 
9Proximal location of adenoma; excludes 7 individuals with missing data. 
10 Includes tubular villous or villous adenomas; excludes 7 individuals with missing data. 
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Table 13.  Main effects of BMI, waist circumference, PPAR-γ haplotypes and diplotypes on any 
adenoma recurrence for the WBF study (n=599). 
 
Characteristic 

Total 
n (%) 

Any Recurrence 
n (%) 

 
OR* (95% CI) 

BMI1    
Normal weight 172 (28.71) 82 (47.67) 1.0 
Over weight 288 (48.08) 150 (52.08) 1.13 (0.75 – 1.70) 
Obese 139 (23.21) 74 (53.23) 1.16 (0.71 – 1.89) 
Waist Circumference2    
Small 178 (29.72) 90 (50.56) 1.0 
Medium 149 (24.87) 70 (46.98) 0.88 (0.55 – 1.40) 
Large 152 (25.38) 82 (53.95) 1.18  (0.74 – 1.88) 
Extra-large 120 (20.03) 64 (53.33) 1.14 (0.68 – 1.90) 
Pro12Ala     
Pro12/Pro12 453 (75.63) 229 (50.55) 1.0 
Any Ala12 146 (24.37) 77 (52.74) 1.16 (0.77 – 1.74) 
C1431T    
1431 – CC 456 (76.13) 231 (50.66) 1.0 
1431 – any T 143 (23.87) 75 (52.45) 1.19 (0.79 – 1.80) 
Haplotypes3    
Pro-C 988 (83.23) 500 (50.61) 1.0 
Pro-T 44 (3.71) 21 (47.73) 1.02 (0.53 – 1.95) 
Ala-C 49 (4.13) 26(53.06) 1.18 (0.64 – 2.18) 
Ala-T 106 (8.93) 58 (54.72) 1.23 (0.79 – 1.90) 
Diplotypes4    
Pro/Pro_CC 409 (83.13) 208 (50.86) 1.0 
Pro/Pro_TC 41 (8.33) 20 (48.78) 1.05 (0.53 – 2.11) 
Pro/Ala_CC 42 (8.54) 20 (47.62) 0.92 (0.46 – 1.84) 
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured 
dichotomously as >10mm or <10mm, and previous polyps (measured dichotomously as yes or no).  
1 Normal weight was defined as BMI>18.5 and <25 kg/m2.  Over weight was defined as BMI>25 and <30 kg/m2.    Obese was 
defined as BMI >30 kg/m2.  

 

 

 

 

2Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large 
(men >39.0 to 41.92 inches; women >33.43 to 37.21 inches), and extra-large (men >41.96 inches; women >37.2 inches).  
5 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the 
analysis. Results exclude 13 subjects.  
6 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the 
analysis. The following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, 
Ala/Ala_TT.  Results exclude 107 subjects.  
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Table 14.  Main effects of BMI, waist circumference, PPAR-γ haplotypes and diplotypes on any adenoma 
recurrence for the URSO study (n=831). 
 Total 

n (%) 
Any Recurrence 

n (%) 
 

Characteristic OR* (95% CI) 
BMI1    
Normal weight 251 (30.20) 93 (37.05) 1.0 
Over weight 379 (45.61) 157 (41.42) 1.10 (0.77 – 1.57) 
Obese 201 (24.19) 93 (46.27) 1.56 (1.04 – 2.35) 
Waist Circumference2    
Small 172 (20.70) 64 (37.21) 1.0 
Medium 201 (24.19) 69 (34.33) 0.88 (0.55 – 1.40) 
Large 221 (26.59) 95 (42.99) 1.18 (0.74 – 1.88) 
Extra-large 237 (28.52) 115 (48.52) 1.14 (0.69 – 1.90) 
Pro12Ala    
Pro12/Pro12 637 (76.65) 261 (40.97) 1.0 
Any Ala12 194 (23.35) 82 (42.27) 1.01 (0.72 – 1.41) 
C1431T    
1431 – CC 654 (78.70) 266 (40.67) 1.0 
1431 – any T 177 (21.30) 77 (43.50) 1.09 (0.77 – 1.54) 
Haplotypes3    
Pro-C 1395 (84.91) 576 (41.29) 1.0 
Pro-T 46 (2.80) 17 (36.96) 0.83 (0.45 – 1.56) 
Ala-C 60 (3.65) 22 (36.67) 0.80 (0.46 – 1.39) 
Ala-T 142 (8.64) 64 (45.07) 1.12 (0.78 – 1.60) 
Diplotypes 4    
Pro/Pro_CC 580 (86.18) 239 (41.21) 1.0 
Pro/Pro_TC 39 (5.80) 14 (35.90) 0.79 (0.40 – 1.59) 
Pro/Ala_CC 54 (8.02) 19 (35.19) 0.75 (0.41 – 1.37) 
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as 
>10mm or <10mm, and previous polyps (measured dichotomously as yes or no).  
1 Normal weight was defined as BMI>18.5 and <25 kg/m2.  Over weight was defined as BMI>25 and <30 kg/m2.    Obese was defined 
as BMI >30 kg/m2.   

 

2Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men 
>39.0 to 41.92 inches; women >33.43 to 37.21 inches), and extra-large (men >41.96 inches; women >37.2 inches). 
3 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the analysis. 
Results exclude 19 subjects.  
4 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the analysis. The 
following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT.  Results exclude 
160 subjects.  

 

 

 

 

 

 



 

   
 

153

Table 15.  Main effects of BMI, waist circumference, PPAR-γ haplotypes and diplotypes on any adenoma 
recurrence for the combined dataset (n=1430). 
 Total 

n (%) 
Any Recurrence 

n (%) 
 

Characteristic OR* (95% CI) 
    
BMI1    
Normal weight 423 (29.58) 175 (41.37) 1.0 
Over weight 667 (46.64) 307 (46.03) 1.12 (0.86 – 1.46) 
Obese 340 (23.78) 167 (49.12) 1.40 (1.02 – 1.91) 
Waist Circumference2    
Small 350 (24.48) 154 (44.00) 1.0 
Medium 350 (24.48) 139 (39.71) 0.88 (0.55 – 1.41) 
Large 373 (26.08) 177 (47.45) 1.18 (0.74 – 1.88) 
Extra-large 357 (24.96) 179 (50.14) 1.14 (0.68 – 1.90) 
Pro12Ala    
Pro12/Pro12 1090 (76.22) 490 (44.95) 1.0 
Any Ala12 340 (23.78) 159 (46.76) 1.05 (0.81 – 1.36) 
C1431T    
1431 – CC 1110 (77.62) 497 (44.77) 1.0 
1431 – any T 320 (22.38) 152 (47.50) 1.12 (0.85 – 1.46) 
Haplotypes3    
Pro-C 2383 (84.20) 1076 (45.15) 1.0 
Pro-T 90 (3.18) 38 (42.22) 0.90 (0.57– 1.42) 
Ala-C 109 (3.85) 48 (44.04) 0.94 (0.62 – 1.41) 
Ala-T 248 (8.77) 122 (49.19) 1.16 (0.88 – 1.54) 
Diplotypes4    
Pro/Pro_CC 989 (84.89) 447 (45.20) 1.0 
Pro/Pro_TC 80  (6.87) 34 (42.50) 0.90 (0.55 – 1.48) 
Pro/Ala_CC 96 (8.24) 39 (40.63) 0.80 (0.51 – 1.26) 
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as 
>10mm or <10mm,  previous polyps (measured dichotomously as yes  or no), and study (WBF or URSO).  
1 Normal weight was defined as BMI>18.5 and <25 kg/m2.  Over weight was defined as BMI>25 and <30 kg/m2.    Obese was defined 
as BMI >30 kg/m2.   

 

 

 

2Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men 
>39.0 to 41.92 inches; women >33.43 to 37.21 inches), and extra-large (men >41.96 inches; women >37.2 inches). 
3 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the analysis. 
Results exclude 32 subjects.   
4 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the analysis.   
The following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT.  Results 
exclude 267 subjects.  
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URSO 

 Table 17 summarizes the modifying effect of PPAR-γ on the relationship between 

BMI and colorectal adenoma recurrence in the URSO trial. Unlike the results observed in 

the WBF trial, there were not statistically significant interactions between BMI and the 

Pro12Ala genotype, the C1431T genotype, or their haplotypes and diplotypes in this 

dataset (Table 17). However, obese T carriers on the 1431 allele had an OR = 2.26 (95 % 

CI = 1.06-4.85), compared to normal weight CC carriers on the 1431 allele (Table 17). In 

the haplotype analyses, obese Pro-C carriers had an OR = 1.43 (95% CI = 1.05 – 1.96), 

compared to normal weight Pro-C carriers (Table 17).  

 

WBF and URSO Pooled Dataset 

 Table 18 shows that the modifying effect of PPAR-γ on the relationship between 

BMI and colorectal adenoma recurrence in the combined dataset.  In this study, there was 

a borderline significant interaction for the Pro12Ala genotype (pinter=0.11), and 

significant interactions for the C1431T genotype (pinter=0.09), the haplotypes (pinter 

=0.004) and the diplotypes (pinter r=0.004) (Table 18). Obese any T carriers had an 

OR=2.14 (95% CI = 1.21 – 3.81), compared to the referent normal weight CC carriers 

(Table 18).   

Haplotype analysis revealed that the obese Pro-T carriers had the overall highest 

percentage of recurrence (75.00%), with a significant OR = 4.32 (95% CI = 1.54-12.15) 

compared to the reference normal weight Pro-C carriers (Table 18).  Interestingly, the 

overweight Pro-T carriers had only 25.71% recurrence and a significantly protective OR 



 

   
 

155

= 0.37 (95% CI = 0.17-0.82) compared to the reference normal weight Pro-C carriers 

(Table 18).  

Results from the diplotype analysis show that obese Pro/Pro_TC carriers had 

significantly higher odds of recurrence than the normal weight Pro/Pro_CC carriers (OR 

= 4.60, 95 % CI = 1.45-14.64) but the overweight Pro/Pro_TC carriers had a lower odds 

of recurrence (OR = 0.33, 95% CI = 0.13-0.82) (Table 18). As expected, the percentage 

of obese Pro/Pro_TC carriers who recurred was much higher than the overweight 

Pro/Pro_TC carriers (76.19% vs. 24.24%, respectively) (Table 18).   

 

c) Interactions between PPAR-γ and waist circumference 

Given the strong correlation between waist circumference and BMI in this 

population (r = 0.76, p<0.001) and the known influence of visceral adiposity on insulin 

resistance (124, 214, 378), colorectal cancer (30),  and colorectal adenomas (78),  the 

interaction between waist circumference and the PPAR-γ genotypes was also evaluated. 

As illustrated previously in Tables 13, 14, and 15, there were no main effects of waist 

circumference in the WBF, URSO, or combined datasets, respectively.  

A significant interaction between waist circumference and the PPAR-γ genotypes 

was not observed after adjusting for age, gender, number of adenomas at baseline, 

previous polyps and study in the WBF dataset (Table 19), the URSO dataset (Table 20) 

or the combined dataset (Table 21).  However, among the WBF participants, there was a 

significantly higher odds of recurrence among any Ala12 carriers who had a large waist 

circumference (OR = 2.54, 95% CI = 1.09 – 5.94), compared to Pro12Pro12 carriers who 
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had a small waist (Table 19). The proportion of subjects who recurred in this group was 

71.05% (Table 19).  This pattern was also observed within the C1431T genotype, where 

carriers of the any T allele who had a large waist had a significantly higher odds of 

recurrence than the CC carriers who had a small waist (OR = 2.50, 95% CI 1.04 – 6.02) 

(Table 19). The proportion of subjects who recurred in this group was 65.71% (Table 19). 
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Table 16. Interactions between BMI and PPAR-γ genotypes, haplotypes and diplotypes on any adenoma 
recurrence for the WBF study.  

Normal Weight1 Overweight2 Obese3 
 
Genotype 

recur/total 
 (%) 

OR* 

(95% CI) 
recur/total 

n (%) 
OR* 

(95% CI) 
recur/total (%) OR* 

(95% CI) 
Pro12Ala  

 

 

 

 

 

     
Pro12/Pro12 69/135 

(51.11) 
1.0 107/217 

(49.31) 
0.84 (0.52-

1.33) 
53/101 (52.48) 0.94 (0.53-

1.64) 
Any Ala12 13/37 

 (35.14) 
0.49(0.22-1.09) 43/71 

 (60.56) 
1.50 (0.79-

2.82) 
21/38 

 (55.26) 
1.19 (0.54-

2.65) 
p-inter=0.03 

C1431T       
1431 – CC 67/133 

(50.38) 
1.0 111/217 

(51.15) 
0.96 (0.60-

1.54) 
53/106 (50.00) 0.89 (0.51-

1.56) 
1431 – any T 15/39 

 (38.46) 
0.66 (0.30-

1.43) 
39/71 

(54.93) 
1.26 (0.67-

2.36) 
21/33 

 (63.64) 
1.93 (0.80-

4.69) 
p-inter=0.13 

Haplotypes**       
Pro-C 142/294 

(48.30) 
1.0 245/470 

(52.13) 
1.10 (0.80-

1.51) 
113/224 (50.45) 1.0 (0.68-

1.45) 
Pro-T 6/12 

 (50.00) 
1.57 (0.46-

5.40) 
5/20 

(25.00) 
0.32 (0.10-

1.01) 
10/12 

 (83.33) 
8.36 (1.04-

67.40) 
Ala-C 3/8  

(37.50) 
0.67 (0.15-

3.00) 
11/22 

 (50.00) 
1.06 (0.43-

2.65) 
12/19 

 (63.16) 
1.97 (0.72-

5.42) 
Ala-T 10/29 

 (34.48) 
0.53 (0.23-

1.25) 
36/55 

(65.45) 
2.18 (1.14-

4.20) 
12/22 1.27 (0.46-

3.49) (54.55) 
p-inter=0.002 

Diplotypes**       
Pro/Pro_CC 63/124 1.0 102/197 

(51.78) 
0.97 (0.60-

1.58) 
43/88 

(50.81)  (48.86) 
0.84 (0.46-

1.52) 
Pro/Pro_TC 5/10 

 (50.00) 
1.44 (0.36-

5.77) 
5/19  

(26.32) 
0.31 (0.09-

1.02) 
10/12 

(83.33) 
7.79 (0.94-

64.41) 
Pro/Ala_CC 3/8 

 (37.50) 
0.64 (0.14-

2.96) 
8/18 

 (44.44) 
0.76 (0.26-

2.18) 
9/16 

 (56.25) 
1.23 (0.40-

3.78) 
p-inter=0.02 

* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as 
>10mm or <10mm, and previous polyps (measured dichotomously as yes or no).  
 
**Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the logistic 
regression.  Diplotypes with less than 5 subjects per BMI category were not included in the combined logistic regression analysis.  The 
following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT.  
 
1 Normal weight was defined as BMI>18.5 and <25 kg/m2. 
2 Over weight was defined as BMI>25 and <30 kg/m2. 
3 Obese was defined as BMI >30 kg/m2.   
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Table 17.   Interactions between BMI and PPAR-γ genotypes, haplotypes and diplotypes on any adenoma 
recurrence for the URSO study.   

Normal Weight1 Overweight2 Obese3 
 
Genotype 

recur/total 
 (%) 

OR* 

(95% CI) 
recur/total 

n (%) 
OR* 

(95% CI) 
recur/total 

(%) 
OR* 

(95% CI) 
Pro12Ala       
Pro12/Pro12 70/188 (37.23) 1.0 119/289 (41.18) 1.07 (0.72-1.61) 72/160 

(45.00) 
1.42 

(0.90-
2.25) 

Any Ala12 23/63 (36.51) 0.84 (0.45-1.59) 38/90 
 (42.22) 

1.00 (0.58-1.73) 21/41 
(51.22) 

1.85 
(0.89-
3.84) 

p-inter=0.66 
C1431T       
1431 – CC 71/190 (37.37) 1.0 123/301 1.07 (0.72-1.60) 

(40.86) 
72/163 
(44.17) 

1.39 
(0.88-
2.19) 

1431 – any T 22/61 (36.07) 0.89 (0.47-1.68) 34/78 
 (43.59) 

1.06 (0.60-1.89) 21/38 
(55.26) 

2.26 
(1.06-
4.85) 

p-inter=0.45 
Haplotypes**       
Pro-C 153/408 

(37.50) 
1.0 270/646 (41.80) 1.09 (0.83-1.43) 153/341 

(44.87) 
1.43 

(1.05-
1.96) 

Pro-T 5/19 
(26.32) 

0.63 (0.22-1.81) 4/15  
(26.67) 

0.47 (0.13-1.69) 8/12  
(66.67) 

3.02 
(0.85-
10.73) 

Ala-C 7/20 
(35.00) 

0.84 (0.30-2.30) 8/27  0.57 (0.23-1.43) 
(29.63) 

7/13 
 (53.85) 

1.70 
(0.54-
5.40) 

Ala-T 19/48 
(39.58) 

0.96 (0.50-1.84) 30/64 1.21 (0.69-2.14) 
 (46.88) 

15/30 
(50.00) 

1.91 
(0.86-
4.26) 

p-inter=0.54 
Diplotypes**       
Pro/Pro_CC 62/166 (37.35) 1.0 113/266 1.15 (0.75-1.77) 64/148 

(42.48) (43.24) 
1.36 

(0.84-
2.21) 

Pro/Pro_TC 5/16 (31.25) 0.87 (0.28-2.69) 3/14 
 (21.43) 

0.32 (0.08-1.39) 6/9  
(66.67) 

3.12 
(0.70-
13.90) 

Pro/Ala_CC 6/16 
(37.50) 

1.00 (0.32-3.11) 7/26  0.49 (0.18-1.34) 6/12  
(26.92) (50.00) 

1.54 
(0.45-
5.25) 

p-inter=0.20 
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as 
>10mm or <10mm, and previous polyps (measured dichotomously as yes or no).  
 
**Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the logistic 
regression.  Diplotypes with less than 5 subjects per BMI category were not included in the combined logistic regression analysis.   The 
following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT. 
 
1 Normal weight was defined as BMI>18.5 and <25 kg/m2. 
2 Over weight was defined as BMI>25 and <30 kg/m2. 
3 Obese was defined as BMI >30 kg/m2.   
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Table 18.   Interactions between BMI and PPAR-γ genotypes, haplotypes and diplotypes on any adenoma 
recurrence for the combined dataset.   
 Normal Weight1 Overweight2 Obese3

 
Genotype 

recur/total 
 (%) 

OR* 

(95% CI) 
OR* recur/total 

n (%) (95% CI) 
recur/total 

(%) 
OR* 

(95% CI) 
Pro12Ala  

 

 

 

 

 

     
Pro12/Pro1
2 

139/323 
(43.03) 

1.0 226/506 0.98 (0.73-1.32) 
(44.66) 

125/261 
(47.89) 

1.28 (0.91-
1.80) 

Any Ala12 36/100 
(36.00) 

0.72 (0.44-
1.63) 

81/161 (50.31) 1.25 (0.84-1.85) 42/79 
 (53.16) 

1.58 (0.95-
2.64) 

p-inter=0.11 
C1431T       
1431 – CC 138/323 

(42.72) 
1.0 234/518 

(45.17) 
1.03 (0.76-1.39) 125/269 

(46.47) 
1.18 (0.83-

1.67) 
1431 – any 
T 

37/100 
(37.00) 

0.79 (0.48-1.29) 73/149 (48.99) 1.17 (0.77-1.79) 42/71  
(59.15) 

2.14 (1.21-
3.81) 

p-inter=0.09 
Haplotypes
**

      

Pro-C 295/702 
(42.02) 

1.0 515/1116 
(46.24) 

1.09 (0.89-1.34) 266/565 
(47.08) 

1.25 (0.98-
1.59) 

Pro-T 11/31 
(35.48) 

0.91 (0.42-1.97) 9/35 
 (25.71) 

0.38 (0.16-0.90) 18/24 
 (75.00) 

4.32 (1.54-
12.15) 

Ala-C 10/28 
(35.71) 

0.75 (0.33-1.74) 19/49 
(38.78) 

0.81 (0.44-1.53) 19/32 
 (59.38) 

1.90 (0.89-
4.04) 

Ala-T 29/77 
(37.66) 

0.77 (0.46-1.30) 66/119 (55.46) 1.60 (1.05-2.43) 27/52 
(51.92) 

1.64 (0.88-
3.07) 

p-inter=0.004 
Diplotypes*

*
      

Pro/Pro_C
C 

125/290 
(43.10) 

1.0 215/463 
(46.44) 

1.07 (0.78-1.47) 107/236 
(45.34) 

1.13 (0.78-
1.65) 

Pro/Pro_T
C 

10/26 
(38.46) 

1.03 (0.44-2.42) 8/33 
 (24.24) 

0.33 (0.13-0.82) 16/21 
 (76.19) 

4.60 (1.45-
14.64) 

Pro/Ala_C
C 

9/24 
 (37.50) 

0.80 (0.32-2.01) 15/44 
 (34.09) 

0.63 (0.31-1.28) 15/28 
 (53.57) 

1.41 (0.62-
3.20) 

p-inter=0.004 
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as 
>10mm or <10mm,  previous polyps (measured dichotomously as yes  or no), and study (WBF or URSO) 
 
**Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage > 0.90 were included in the logistic 
regression.  Diplotypes with less than 5 subjects per BMI category were not included in the combined logistic regression analysis.   
The following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT. 
 
1 Normal weight was defined as BMI>18.5 and <25 kg/m2. 
2 Over weight was defined as BMI>25 and <30 kg/m2. 
3 Obese was defined as BMI >30 kg/m2.  
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Table 19. Interactions between waist circumference and PPAR-γ genotypes for the WBF study. 
Small1 Medium2 Large3 Extra Large4 

 
Genotype 

recur/total 
 (%) 

OR* OR* 

(95% CI) 
recur/total 

 (%) 
OR* 

(95% CI) 
recur/total 

 (%) 
OR* recur/total 

(95% CI)  (%) (95% 
CI) 

Pro12Ala         
Pro12/Pro12 68/133 

(51.13) 
1.0 59/121 

(48.76) 
0.87 (0.51-1.49) 55/114 

 (48.25) 
0.85 (0.49-1.47) 47/85 

(55.29) 
1.12 

(0.61-
2.06) 

Any Ala12 22/45 
(48.89) 

0.86 (0.42-1.77) 11/28 0.64 (0.25-1.60) 27/38 
(71.05) 

2.54 (1.09-5.94) 17/35 0.99 
(0.43-
2.24) 

(39.29) (48.57) 

p-inter=0.18 
C1431T         
1431 – CC 65/130 

(50.00) 
1.0 58/117 

(49.57) 
0.98 (0.57-1.69) 59/117 

(50.43) 
0.99 (0.58-1.70) 49/92 

(53.26) 
1.08 

(0.60-
1.96) 

1431 – any T 25/48 
 (52.08) 

1.06 (0.52-2.13) 12/32 
(37.50) 

0.63 (0.26-1.49) 23./35 
(65.71) 

2.50 (1.04-6.02) 15/28 
(53.57) 

1.45 
(0.58-
3.62) 

p-inter=0.33 
1 Small (men < 36.5 inches; women <30.5 inches) 
2 Medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches) 
3 Large (men >39.0 to 41.92 inches; women >33.43 to 37.21 inches) 
 4Extra-large (men >41.96 inches; women >37.2 inches).  
*  Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as >10mm or <10mm, and previous polyps (measured 
dichotomously as yes  or no).  
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Table 20. Interactions between waist circumference and PPAR-γ genotypes for the URSO study. 
 Small1 Medium2 Large3 Extra Large4

 
Genotype 

recur/total 
 (%) 

OR* 

(95% CI) 
recur/total OR* recur/total 

 (%) 
OR** 

(95% CI) 
recur/total 

 (%) 
OR* 

(95% 
CI) 

 (%) (95% CI) 

Pro12Ala         
Pro12/Pro12 50/129  

(38.76) 
1.0 50/153 

(32.68) 
0.74 (0.44-1.24) 71/168 

(42.26) 
0.98 (0.60-1.60) 90/187 

(48.13) 
1.55 

(0.96-
2.49) 

Any Ala12 14/43 
(32.56) 

0.75 (0.35-1.64) 19/48 0.85 (0.41-1.75) 24/53 
(45.28) 

1.02 (0.51-2.03) 25/50 1.52 
(0.76-
3.06) 

(39.58) (50.00) 

p-inter=0.24 
C1431T         
1431 – CC 51/130 

(39.23) 
1.0 52/159 

(32.70) 
0.71 (0.42-1.18) 74/176 

(42.05) 
0.94 (0.58-1.53) 89/189  

(47.09) 
1.41 

(0.88-
2.26) 

1431 – any T 13/42 
(30.95) 

0.65 (0.29-1.43) 17/42 
(40.48) 

0.87 (0.41-1.85) 21/45 
(46.67) 

1.04 (0.50-2.14) 26/48 
(54.17) 

1.90 
(0.93-
3.87) 

p-inter=0.28 
1 Small (men < 36.5 inches; women <30.5 inches) 
2 Medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches) 
3 Large (men >39.0 to 41.92 inches; women >33.43 to 37.21 inches) 
 4Extra-large (men >41.96 inches; women >37.2 inches).  
*  Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as >10mm or <10mm, and previous polyps (measured 
dichotomously as yes  or no).  
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Table 21. Interactions between waist circumference and PPAR-γ genotypes for the combined dataset. 
 Small1 Medium2 Large3 Extra Large4

 
Genotype 

recur/total 
 (%) 

OR** 

(95% CI) 
recur/total 

 (%) 
OR* 

(95% CI) 
recur/total 

 (%) 
OR** 

(95% CI) 
recur/total 

 (%) 
OR* 

(95% 
CI) 

Pro12Ala         
Pro12/Pro12 118/262 

(45.04) 
1.0 109/274 

(39.78) 
0.79 (0.55-1.14) 126/282  

(44.68) 
0.92 (0.64-1.33) 137/272 

(50.37) 
1.39 

(0.96-
2.01) 

Any Ala12 36/88 
 (40.91) 

0.81 (0.48-1.37) 30/76 
(39.47) 

0.77 (0.44-1.35) 51/91 
 (56.04) 

1.48 (0.88-2.47) 42/85  
(49.41) 

1.28 
(0.75-
2.16) 

p-inter=0.16 
C1431T         
1431 – CC 116/260 

(44.62) 
1.0 110/276 

(39.86) 
0.81 (0.56-1.17) 133/293 

 (45.39) 
0.96 (0.67-1.37) 138/281 

(49.11) 
1.31 

(0.91-
1.88) 

1431 – any T 38/90 
 (42.22) 

0.86 (0.51-1.44) 29/74 
(39.19) 

0.76 (0.43-1.34) 44/80 
 (55.00) 

1.47 (0.85-2.53) 41/76 
 (53.95) 

1.72 
(0.98-
3.00) 

p-inter=0.22 
1 Small (men < 36.5 inches; women <30.5 inches) 
2 Medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches) 
3 Large (men >39.0 to 41.92 inches; women >33.43 to 37.21 inches) 
 4Extra-large (men >41.96 inches; women >37.2 inches).  
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as >10mm or <10mm,  previous polyps (measured 
dichotomously as yes  or no), and study (WBF or URSO). 
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3. Results for aim two 

 The objective of aim two was to assess if the joint effect of PPAR-γ and obesity 

on colorectal adenoma recurrence is further modified by the biochemical biomarkers of 

metabolic syndrome. The baseline anthropometric and biochemical markers of metabolic 

syndrome for subjects with data on colorectal adenoma recurrence are reported by 

genotype in Table 22.   

Table 22.  Baseline characteristics by PPAR-γ Pro12Ala genotype (n=1430). 
Characteristics* Any Ala12  Pro12/Pro12  

(n=340) (n=1090) 
Anthropometric Measures 
BMI ( kg/m2) 27.52 + 4.30 27.48 + 4.37 
Waist circumference (in)1 37.79 + 5.35 37.71 + 5.14 
Biochemical Markers of Metabolic Syndrome 
High blood pressure, n (%)2 139 (40.59) 430 (39.45) 
Fasting glucose (mg/dL)3 104.57 + 23.86 106.40 + 27.08 
Triglycerides  (mg/dL)4 154.16 + 93.88 159.66 + 94.09 
HDL cholesterol  (mg/dL)5 52.63 + 15.67 50.93 + 15.14 

 

LDL cholesterol  (mg/dL)6 128.04 + 36.69 129.22 + 34.47 
*Values represent the total number of subjects who contributed data for the baseline values regardless of recurrence status.  Mean 
+ standard deviations are reported for continuous variables. Frequencies (%) are reported for categorical variables.  
 
 

a) Recursive partition model  

Figure 11 illustrates the results of the recursive partition model. Two pieces of 

information about the relationship between the PPAR-γ genotype, anthropometric 

measures, and component traits of metabolic syndrome on adenoma recurrence can be 

obtained from the recursive partition model.  First, the model identified clusters of 

variables that predict adenoma recurrence based on genotype. Second, the model selected 

optimal cut points for each continuous variable included in the model.  As illustrated in 

Figure 11 Partition IIA, BMI (p = 0.007) is a stronger predictor of adenoma recurrence 

   
 



 164

than waist circumference (p = 0.048) for carriers of the Ala12 genotype.  The most 

optimal split for BMI was at 25.8 kg/m2.  Subjects with a BMI < 25.8 kg/m2 (Node IIA-1) 

had a 35.29% recurrence rate, while subjects with a BMI > 25.8 kg/m2 (Node IIB-1) had a 

52.94% recurrence rate.  For carries of the any Pro12/Pro12 genotype, waist 

circumference (p = 0.002) served as a more significant predictor of recurrence than BMI 

(p = 0.991).  The most optimal split for waist circumference was at 47.5 inches (Figure 

11, Partition IIB).  Participants with a waist circumference <47.5 inches had a 43.92% 

recurrence rate (Figure 11, Node IIB-1), while participants with a waist circumference 

>47.5 inches had a 82.76% recurrence rate (Figure 11, Node IIB-2).  

Splits from the anthropometric nodes (Figure 11, Node IIA-1, IIA-2, IIB-1, IIB-2) 

included fasting glucose levels (p = 0.033) for carriers of the any Ala12 polymorphisms 

who were classified with a larger BMI (>25.8 kg/m2) and HDL cholesterol (p = 0.001) 

for carriers of Pro12/Pro12 who had a large waist.  There were no significant splits for 

participants with the low values for either BMI or waist circumference.   The most 

optimal splits for glucose and HDL cholesterol were 110 mg/dL and 47 mg/dL, 

respectively.  The highest rate of adenoma recurrence (100.0%) was observed in subjects 

who had low HDL cholesterol, large waist, and carried the Pro12/Pro12 genotype.  This 

was followed by subjects who had high fasting glucose, high BMI, and carried any Ala12 

polymorphism (69.84%).   

Since age and gender are known confounders in this population, an additional 

recursive partition model was developed that first stratified by gender, then age, and then 

by the PPAR-γ genotype to evaluate if this changed the behavior of HDL in the recursive 
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model (Appendix C). Unfortunately, after the data had been stratified three times, many 

of the nodes had <5 subjects and there was not sufficient power to detect statistical 

differences among the anthropometric measures or any of the biomarkers of metabolic 

syndrome on adenoma recurrence. This is a weakness of the recursive partition model 

that needs to be considered during study design to ensure this statistical method is 

adequate for the dataset and the hypothesis to be tested.   

 

b) Main effects of risk factors on adenoma recurrence 

Using the cut off values that were identified by the recursive partition model to 

dichotomize the continuous metabolic biomarker data, the main effects of each new 

binary variable were assessed for each polymorphism using unconditional logistic 

regression (376), after adjusting for gender, age, number of adenomas at baseline, 

previous polyps at baseline, size of baseline adenoma, and the study in which the subject 

was enrolled (WBF or URSO) (Table 23). Although the recursive partition model 

identified specific variables that were better predictors of adenoma recurrence within 

each genetic node, point estimates for the main effects for both the Pro12Pro2 and the 

Ala12 polymorphisms were calculated so that the magnitude of the risk factor could be 

evaluated between the polymorphisms.  

Results from the recursive partition model suggested that waist circumference was 

a more statistically significant predictor of colorectal adenoma recurrence than BMI for 

the Pro12/Pro12 carriers (p=0.003 vs. p=0.991) (Figure 11). As illustrated in Table 23, 

Pro12/Pro12 carriers with a waist circumference >47.5 inches had an OR= 5.70 (95% CI 
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= 2.11 – 15.46), compared to Pro12/Pro12 carriers with a waist circumference <47.5 

inches. In contrast, the Ala12 carriers with a waist >47.5 inches had an OR=1.91 (95% CI 

= 0.58-6.22), compared to Ala12 carriers with a waist <47.5 inches.  

 Results from the recursive partition model suggested that BMI was a more 

statistically significant predictor of colorectal adenoma recurrence than waist 

circumference for the Ala12 carriers (p=0.007 vs. p=0.048) (Figure 11). Ala12 carriers 

with a BMI >25.8 kg/m2 had an OR= 2.08 (95% CI = 1.26 – 3.43), compared to Ala12 

carriers with a BMI <25.8 kg/m2 (Table 23). In contrast, Pro12Pro carriers with a BMI 

>25.8 kg/m2 had an OR=1.15 (95% CI = 0.88 – 1.50), compared to Pro12Pro12 carriers 

with a BMI <25.8 kg/m2 (Table 23).  

Results from the recursive partition model suggested that glucose was a more 

statistically significant predictor of colorectal adenoma recurrence than hypertension for 

the Ala12 carriers (p=0.033 vs. p=0.094) (Figure 11). Ala12 carriers with high glucose 

(>110 mg/dL) had an OR = 2.21 (95% CI=1.24 – 3.94), compared to Ala12 carriers with 

glucose <110 mg/dL (Table 23). In contrast, a statistically significant main effect of 

glucose at this threshold was not observed among the Pro12Pro12 carriers (OR=0.92, 

95% CI=0.68-1.25) (Table 23). Although the recursive partition model suggested that 

HDL cholesterol was a more statistically significant predictor of colorectal adenoma 

recurrence than triglycerides for the Pro12/Pro12 carriers (p=0.001 vs. p=0.055) (Figure 

11), HDL did not reach statistical significance as a main effect for either genotype in the 

logistic regression model.  
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c) Three-way interactions  
 
The goal of aim two was to assess if the joint effect of PPAR-γ and obesity on 

colorectal adenoma recurrence was further modified by the biochemical biomarkers of 

metabolic syndrome. As illustrated in Figure 11, there were two clusters of risk factors 

that were identified by the recursive partition model to be predictors of colorectal 

adenoma recurrence:  

• Side A: Ala12 + BMI (dichotomized at 25.8 kg/m2) + glucose (dichotomized at 

110 mg/dL)  

• Side B: Pro12/Pro12 + waist circumference (dichotomized at 47.5 inches) + HDL 

cholesterol (dichotomized at 47 mg/dL) 

 
Three-way interaction terms were created for each of these clusters identified by 

the recursive partition model, using the three-way interaction expansion code in STATA 

(xi3: i.variable*i.variable*i.variable).  The statistical significance of these three-way 

interaction terms were tested using the likelihood ratio test, in which the full model (main 

effects, two-way interaction terms, three-way interaction term and covariates as shown 

below) was compared to the reduced model (full model minus the three-way interaction).  

The bxk covariates included in each model were gender, age, number of adenomas at 

baseline, previous polyps at baseline, size of baseline adenoma, and the study in which 

the subject was enrolled (WBF or URSO).  
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A 
Node IB -Genotype 

Pro12/Pro12 
Recur: 490/1090 = 44.95% 

Parental Node 
Adenoma Recurrence: 649/1430 = 45.38% 

Partition I  
Genotype   p-valueadjusted = 0.821

Partition IIB 
Waist Circumference  p-valueadjusted  = 0.002 
BMI                            p-valueadjusted  = 0.991  

Node IIB-2 –Waist 
Large (>47.5 in) 

Recur: 24/29 = 82.76% 

Node IIB-1 – Waist 
Small (<47.5 in) 

Recur: 466/1061 = 43.92% 

Partition IIIB 
HDL         p-valueadjusted  = 0.001 
Triglycerides         p-valueadjusted  = 0.055 

Node IIIB-2 – HDL 
Low (<47 mg/dL) 

Recur: 16/16 = 100% 

Node IIIB-1 – HDL 
High (>47 mg/dL) 

Recur: 8/13 = 61.54% 

Node IA -Genotype 
Any Ala12 

Recur: 159/340 = 46.76% 

Partition IIA 
BMI                            p-valueadjusted  = 0.007 
Waist Circumference  p-valueadjusted  =0.048 

Node IIA-2 – BMI 
High (>25.8 kg/m2) 

Recur: 117/221 = 52.94% 

Node IIA-1 – BMI 
Low (<25.8 kg/m2) 

Recur: 42/119 = 35.29% 

Partition IIIA 
Glucose        p-valueadjusted  = 0.033 
Is hypertensive  p-valueadjusted  = 0.094 

Node IIIB-2 – Glucose 
High (>110 mg/dL) 

Recur: 44/63 = 69.84% 

Node IIIA-1 – Glucose 
Low (<110 mg/dL) 

Recur: 73/158 = 46.20% 

No Significant Splits No Significant Splits

No Significant Splits No Significant Splits No Significant Splits No Significant Splits

B

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Tree of risk factors for adenoma recurrence identified using recursive partition modeling. 
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Table 23.   Main effects of risk factors identified by the recursive partition model stratified by genotype for subjects in the WBF and URSO trials who 
had data on the presence or absence of recurrent colorectal adenomas.  

Any Ala 12 (n=340) Pro12/Pro12 (n=1090) 
 

 

Total  
n (%) 

Any 
Recurrence 

n (%) 

OR* (95% CI) Total  
n (%) 

Any Recurrence 
n (%) 

OR* (95% CI) 

Waist Circumference       
< 47.5 in 325 (95.59) 149 (45.85) 1.0 1061 (97.34) 466 (43.92) 1.0 
> 47.5 in 15 (4.40) 10 (66.67) 1.91 (0.58 – 6.22) 29 (2.66) 24 (82.76) 5.70 (2.11 – 15.46) 
       
BMI       
< 25.8 kg/m2 119 (35.00) 42 (35.29) 1.0 403 (36.97) 171 (42.43) 1.0 
> 25.8  kg/m2  221 (65.00) 117 (52.94) 2.08 (1.26 – 3.43) 687 (63.03) 319 (46.43) 1.15 (0.88 – 1.50) 
       
HDL       
High (> 47 mg/dL) 195 (57.35) 89 (45.64) 1.0 581 (53.30) 252 (43.37) 1.0 
Low (< 47 mg/dL) 145 (42.65) 71 (48.97) 1.13 (0.70 – 1.83) 509 (46.70) 238 (46.76) 1.04 (0.79 – 1.37) 
       
Glucose        
Low (< 110 mg/dL) 267 (78.53) 113 (42.32) 1.0 841 (77.16) 375 (44.59) 1.0 
High (>110 mg/dL) 115 (46.18) 46 (63.01) 2.21 (1.24 – 3.94) 249 (22.84) 73 (21.47) 0.92 (0.68 – 1.25) 
* Odds ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as >10mm or <10mm, previous polyps (measured 
dichotomously as yes  or no), and study (WBF or URSO). No adenoma recurrence was used at the reference category.  
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Full Model 1 (Figure 10 – side A cluster): 

adenoma recurrence = b0 + b1(PPAR-γ) + b2(BMI) +  b3(glucose) + b4(PPAR-γ*glucose) 

+ b5(PPAR-γ*BMI) + b6(glucose*BMI) +  b7(PPAR-γ*glucose*BMI) + bxk(covariates as 

indicated in the text)  

 

Full Model 2 (Figure 10 – side B cluster): 

adenoma recurrence = b0 + b1(PPAR-γ) + b2(waist circumference) +  b3(HDL) + 

b4(PPAR-γ*HDL) + b5(PPAR-γ*waist circumference) + b6(HDL*waist circumference) +  

b7(PPAR-γ*HDL*waist circumference) + bxk(covariates as indicated in the text)  

 

  There was a significant three way interaction for cluster 1 

(genotype*BMI*glucose) (p=0.10) but not for cluster 2 (genotype*waist circumference* 

HDL) (p=0.98).   

Since the recursive partition model only indicates statistical significance but does 

not provide a measure for the magnitude of the effect or the direction of the relationship, 

dummy variables were created for cluster one, using the Pro12/Pro12 genotype, low BMI 

(< 25.8 kg/m2) and low glucose (<110 mg/dL) as the reference group. Point estimates and 

confidence intervals for each dummy variable were then determined using logistic 

regression (376), adjusting for gender, age, number of adenomas at baseline, previous 

polyps at baseline, and the study in which the participant had enrolled. 

 It was determined in aim one that carriers of the Ala12 allele who were obese had 

a higher odds of colorectal adenoma recurrence than normal weight Pro12Pro12 carriers.  
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The results of aim two now suggest that the joint effect between PPAR-γ and BMI on 

colorectal adenoma recurrence is further modified by glucose. Compared to the referent 

Pro12Pro12 carriers with low BMI and low glucose, Ala12 carriers with a high BMI and 

low glucose have an recurrence rate of 20.00% and an OR = 0.29 (95% CI  = 0.06-1.45), 

while Ala12 carriers with a high BMI and high glucose have a recurrence rate of 69.84% 

and an OR = 2.83 (95% CI = 1.53-5.22) (Figure 12). However, these results must be 

interpreted with caution due to the small sample sizes and the complex nature of three-

way interactions.  Future research is needed in this area to determine the public health 

relevance of these findings.  
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Figure 12. Measure of effect and direction for each combination of PPAR-γ (Pro12Pro12 vs. any Ala12), fasting glucose (< 
110 mg/dL vs. >110 mg/dL), and BMI (<25.8 kg/m2).  The n values represent the number of subject who recurred in each 
category and the values in the parenthesis represent the percent recurrence.  Odds ratios (95% CI) are provided below.  

 
 

 

Note: Odds ratios and 95% confidence intervals (in parenthesis) for each bar are as follows: Pro12Pro12, low glucose, low BMI: OR = 1.0; 
Pro12Pro12, low glucose, high BMI: OR = 1.11 (0.82 – 1.49); Pro12Pro12, high glucose, low BMI: OR = 0.68 (0.36 – 1.32); Pro12Pro12, high 
glucose, high BMI: OR = 1.07 (0.73 – 1.57); any Ala12, low glucose, low BMI: OR = 0.72 (0.45 – 1.16); any Ala12, low glucose, high BMI: OR = 
1.08 (0.72 – 1.62); any Ala12, high glucose, low BMI: OR = 0.29 (0.06 – 1.45); any Ala12, high glucose, high BMI: OR = 2.83 (1.53 – 5.22).  Odds 
ratios were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured dichotomously as >10mm or <10mm, 
previous polyps (measured dichotomously as yes  or no), and study (WBF or URSO).
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B. Section two: specific aim three  
 

1. General applications of the model 

Aim three sought to determine if using a genetically pre-screened and enriched 

population would minimize the number of subjects needed to formally test a gene-drug 

interaction in a clinical trial designed to evaluate adenoma recurrence as the endpoint.  

Since there is no evidence of a gene-drug interaction between sulindac and PPAR-γ, aim 

three was addressed using a literature based interaction between sulindac and FMO3.  

However, as a part of this dissertation project, the methods developed for aim three have 

been applied to PPAR-γ (Appendix A). 

Sample size requirements for standard and genetically balanced study groups to 

test the main effects of the treatment under a variety of clinically relevant scenarios are 

presented in Table 24. As expected, there was an inverse relationship between sample 

size and (1) the prevalence of disease in the unexposed group and (2) the relative 

treatment response.  As each of these values increased, the required sample size 

decreased. The minimum and maximum savings in the number of subjects required to test 

the main effects of treatment on disease ranged was 10.5% and 66.3%, respectively 

(Table 24).  We observed the greatest benefit of genetically balancing the study groups 

when the difference between the frequency of genotypes in group one and two was 

largest (i.e.: 0.10/0.90 or 0.90/0.10),   although respectable savings in sample size were 

still observed when the difference between the frequency of genotypes in group one and 

two was smaller (i.e.: 0.30/0.70 or 0.70/0.30) (Table 24). 
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2. Application of the model to the candidate gene-drug interaction (FMO3-

sulindac) 

When these methods were applied to our candidate gene-drug interaction between 

FMO3 and sulindac, we observed an 8.3% savings in the required number of subjects 

enrolled to determine if carriage of the variant allele truly confers better response to the 

drug than carriage of the wildtype allele (step 2).  Here the ratio between the genotypes in 

group one and two was 0.51 (aa= 0.20 and AA= 0.39).  The savings increased to 10.2% 

in step three, where we were seeking to determine if FMO3 acts in a dominant or 

recessive model. Here the ratio between the genotypes in group one and two decreased to 

0.49 (aa = 0.20 and Aa = 0.41).  These values were calculated assuming a 50% incidence 

of recurrence in the non-carriers (AA) and a 50% relative reduction of incidence in the 

carriers (aa) caused by the treatment (288, 289) 

 

3. Reduced sample size to test the candidate gene-drug interaction (FMO3-

sulindac) 

Results from the simulation suggest a substantial savings in the number of subject 

required to formally test the candidate gene-drug interaction between FMO3 and sulindac 

by enriching and balancing the study population with the relevant genotypes.  If FMO3 

acts in a recessive model, we observed a 50% reduction in the required sample size by 

using the proposed methods, decreasing the sample from 2400 subjects to 1200 subjects 

(Figure 13). If FMO3 acts in a dominant model, where the genotype frequencies of aa/Aa 

combined is 61%, the sample size is approximately 2000 subjects.  This equates to a  
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Table 24. A comparison of the required sample sizes needed to test the main effects of treatment in specific genetic background given genotype frequency by disease 
prevalence and by the relative reduction in incidence, assuming 80% power. * 

30% Prevalence of Disease§ in the Unexposed Group (Major Genotype) 
30% Relative 

 Treatment Response  
50% Relative  

Treatment Response 
70% Relative  

Treatment Response 
 

Genotype 
Frequency 
in group 1¥

  
Ratio 

between 
genotypes 

Genotype 
Frequency  in 

group 2++
Standard 
Sample  

Balanced 
Sample 

Percent 
Saved 

Standard 
 Sample 

Balanced 
Sample 

Percent 
Saved 

Standard 
Sample 

Balanced 
Sample 

Percent 
Saved 

.10 .90 0.11 2230 778 65.11 780 268 65.64 380 128 66.32 

.30 .70 0.43 943 778 17.50 330 268 18.79 160 128 20.00 

.50 .50 1.0 778 778 0 268 268 0 128 128 0 

.70 .30 2.33 909 778 14.41 307 268 12.70 143 128 10.49 

.90 .10 9.0 2088 778 62.74 682 268 60.70 300 128 57.33 
50% Prevalence of Disease§ in the Unexposed Group (Major Genotype) 

30% Relative 
 Treatment Response  

50% Relative  
Treatment Response 

70% Relative  
Treatment Response 

 
Genotype 
Frequency  
in group 1¥

 
Genotype 
Frequency 
group 2++

 
Ratio 

between 
genotypes 

Standard 
Sample  

Balanced 
Sample 

Percent 
Saved 

Standard 
 Sample 

Balanced 
Sample 

Percent 
Saved 

Standard 
Sample 

Balanced 
Sample 

Percent 
Saved 

.10 .90 0.11 1020 366 64.12 370 132 64.32 190 66 65.26 

.30 .70 0.43 437 366 16.25 160 132 17.50 80 66 17.50 

.50 .50 1.0 366 366 0 132 132 0 66 66 0 

.70 .30 2.33 431 366 15.08 152 132 13.16 75 66 12.00 

.90 .10 9.0 998 366 63.33 342 132 61.40 157 66 57.96 
70% Prevalence of Disease§ in the Unexposed Group (Major Genotype) 

30% Relative 
 Treatment Response  

50% Relative  
Treatment Response 

70% Relative  
Treatment Response 

  
Genotype 
Frequency  
group 2++

 
Ratio 

between 
genotypes 

Standard 
Sample 

Balanced 
Sample 

Percent 
Saved 

Standard 
 Sample 

Balanced 
Sample 

Percent 
Saved 

Standard 
Genotype 
Frequency  
in group 1¥ Sample 

Balanced 
Sample 

Percent 
Saved 

.10 .90 0.11 500 188 62.40 190 74 61.05 100 38 62.00 

.30 .70 0.43 220 188 14.55 87 74 14.94 47 38 19.15 

.50 .50 1.0 188 188 0 74 74 0 38 38 0 

.70 .30 2.33 226 188 16.81 86 74 13.95 45 38 15.56 

.90 .10 9.0 529 188 64.46 196 74 62.24 94 38 59.57 
* Assuming no independent effect of allele carrier status on disease prevalence or disease outcomes in the absence of drug. 
§  When this model is applied to the candidate gene-drug interaction between FMO3 and sulindac, disease refers to recurrence of colorectal polyps. 
¥   Group 1 includes homozygous carriers of the minor allele variant (aa) as described in step 2 and step 3. 
++ Group 2 includes homozygous carriers of the major allele variant (AA) in step 2 and the heterozygote genotype (Aa) in step 3.  

   
 



 

   
 

Figure 13. A 50% reduction in the number of subject that must be enrolled can be achieved to test the candidate gene-drug interaction between FMO3 
and sulindac with 80% power, assuming 50% incidence of recurrence in the non-carriers and a 50% relative reduction of incidence in the carriers caused 
by the treatment, assuming FMO3 acts in a recessive genetic model.
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16.7% savings in the number of subjects required to test the interaction by using 

information regarding the mode of inheritance in study design and recruitment.  In this 

scenario, we do not suggest balancing the sample because the variant allele is adequately 

represented.  

This concludes the results for the current study.  A discussion of these findings, 

including this study’s strengths/limitations, and future directions is provided below.  

III. Conclusions  
 

There is a growing body of evidence that complex diseases such as cancer, 

cardiovascular diseases and diabetes occur as the result of combined effects or 

interactions between genetic variation and environmental exposures (347).  As the 

specifics of these associations with disease risk (which genes and which exposures) are 

identified and the magnitude of effect is estimated more accurately, a better 

understanding of the underlying disease mechanisms in humans is likely to emerge.  This 

knowledge could result in improved risk assessment and risk management for complex 

diseases.  As such, the overall goal of this dissertation was to explore how potential gene-

environment interactions influence colorectal adenoma recurrence.   

In aims one and two, potential interactions between genetic variation and 

environmental exposures were investigated as they relate to the obesity pathway and 

common genetic variation in the insulin regulating nuclear receptor PPAR-γ.  In aim one, 

it was hypothesized that genetic variation in the PPAR-γ gene that influences insulin 

sensitivity modifies the association of BMI or waist circumference with colorectal 

adenoma recurrence.  Specifically, the odds of recurrence in Ala12 carriers who have a 
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high BMI or large waist circumference will be greater than the sum of Ala12 and BMI or 

waist circumference alone..  The results of this study showed a relationship in that 

direction for the Pro12Ala SNP but it did not reach statistical significance. The same was 

true for C1431T SNP; however, this association did achieve statistical significance.  In 

terms of visceral adiposity, the odds of recurrence did not increase as a function of an 

increasing waist circumference for either PPAR-γ SNP. Given these results, hypothesis 

one is accepted for BMI but not for waist circumference.  

In aim two, it is hypothesized that elevated levels of the biochemical biomarkers 

of metabolic syndrome will modify the joint effect of PPAR-γ and BMI or waist 

circumference on colorectal adenoma recurrence.  Specifically, the combined effects of 

PPAR-γ and BMI or waist circumference and levels of the biochemical biomarkers of 

metabolic syndrome on colorectal adenoma recurrence will not just be the sum of their 

separate effects.  Instead, the combination of these factors will interact in a syngeristic 

manner to increase or decrease each factor’s odds of recurrence. The results of this study 

showed a statistically significant synergistic relationship. Given this information, 

hypothesis two is accepted.  

In aim three, the possibility of reducing the sample required to formally test 

candidate gene-environment interactions through refined recruitment efforts that focused 

on genetic variation was explored. It was hypothesized that use of a genetically pre-

screened and enriched population reduces the sample size required to test gene-drug 

interactions, affording a more practical approach to validating promising gene-drug 

interactions in the randomized trial setting.  The results of this study illustrate that using a 
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genetically pre-screened and enriched population reduces the sample size required to test 

gene-drug interactions by as much as 50%. Given this information, hypothesis three is 

accepted. 

Several conclusions about the role of gene-environment interactions on colorectal 

adenoma recurrence can be derived from the results of this dissertation.  The overall 

conclusions for this study will be presented separately for each aim below.  

 

Aim One - Genetic variation in PPAR-γ modified the effect of BMI on colorectal 
adenoma recurrence. 
 
Interaction between PPAR-γ  and BMI  

Given the current understanding of PPAR-γ and its role in obesity and colorectal 

neoplasm etiology, the current study sought to evaluate if the role of obesity on adenoma 

was modified through the activity of PPAR-γ.  The results suggest that the effect of BMI 

on colorectal adenoma recurrence is indeed modified by PPAR-γ.  Results from the 

current study revealed a borderline significant or significant interaction between the 

PPAR-γ genotypes, haplotypes, and diplotypes and BMI on colorectal adenoma 

recurrence. Specifically, obese Ala12 carriers confer higher odds of colorectal adenoma 

recurrence and normal weight Ala12 carriers confer lower odds of recurrence in the 

combined dataset, as compared to the referent Pro12Pro carriers. A similar pattern was 

observed in the C1431T SNP, where obese 1431T carriers had significantly higher odds 

of recurrence and normal weight 1431T carriers had lower odds of recurrence, compared 

to the normal weight 1431C reference group.  
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Although borderline significant or significant interactions between PPAR-γ and BMI 

were observed in the current study for colorectal adenoma recurrence, this interaction is 

not unequivocally supported for colorectal cancers in recent studies. For example, 

Slattery et al., (268) did not find a significant interaction between obesity and PPAR-γ in 

a large case-control study of colon and rectal cancers. However, this discrepancy could 

be related to the different outcomes under evaluation in each study.    

As discussed in the background, the pro-to-alanine substitution in PPAR-γ results in a 

lower activity protein (269), which originally led to the suggestion that Ala12 carries 

would be more prone to higher BMI and increased risk of metabolic syndrome than 

wildtype Pro12 carriers; however, this assumption is not well supported.  In fact, several 

studies suggest that the Ala12 allele is a protective factor against obesity (238, 241, 250, 

251).  Specifically, Deeb et al., (241) showed that the Ala12 allele is associated with a 

lower BMI and that Pro12Pro12 carriers have significantly increased odds of type 2 

diabetes. These findings may be explained by the stronger association between insulin 

sensitivity and obesity among Ala12 carriers than among Pro12Pro carriers, as previously 

discussed (237, 238, 247-249).  Furthermore, it has been suggested by Ek et al., (238) 

that there is a modulating effect of PPAR-γ related to BMI, in which the phenotypic 

expression of the Ala12 is influenced by changes in BMI.  Results from this study 

indicated that obese homozygous carriers of the Ala12 allele had higher levels of weight 

gain than normal weight homozygous Ala12 carriers, although these findings did not 

reach statistical significance. In relation to the current study, it is plausible that this 
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occurrence could lead to a higher risk of colorectal neoplasms through mechanisms in the 

obesity pathway, such as the initiation of insulin resistance syndrome.  

 

PPAR-γ  haplotype analyses and BMI 

A theoretically silent 1431C>T polymorphism  located on exon 6 (265) has been 

identified and is in tight linkage disequlibrium with Pro12Ala (236).  As such, it is highly 

reasonable to suspect that the polymorphism at 1431C>T plays an important role in the 

relationship between obesity and colorectal neoplasm. It has been suggested that the 

specific combination in which these alleles occurs differentially influences obesity, 

indicating that haplotype-based analysis of the co-carriage of these variants is a more 

powerful strategy for addressing the underlying genetic mechanisms for the observed 

results (235).   

Results from the haplotype-based analysis in this study suggest that overweight 

carriers of the Ala-C haplotype had non-significantly lower odds of colorectal adenoma 

recurrence, while the overweight Ala-T carriers had significant increased odds of 

recurrence, compared to the normal weight Pro-C carriers. Haplotype-based analyses 

conducted by Doney et al., (235) revealed opposing effects of the Pro12Ala and C1431T 

variants on BMI and type 2 diabetes.  Results from this study suggest  that the Ala12 and 

T1431 alleles were most commonly present together (in approximately 70% of the study 

population) (235).  Among the remaining 30% of the study population, their results 

indicate that the Ala12 allele was associated with a lower BMI and the T1431 allele was 

associated with a higher BMI (235).  Another study conducted by Doney et al., (236) 
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revealed haplotypes consisting of the Ala12 allele and the 1431C allele were at reduced 

risk for type 2 diabetes.  In contrast, results from this study showed that this protection 

was lost among the subjects who had haplotypes consisting of the Ala12 allele and the 

1431T allele.  These results suggest an independent effect of the T variant at nucleotide 

1431 among Ala12 allele carriers on type 2 diabetes risk.  

 

Aim Two – The recursive partition model identified the differential affects of BMI, waist 
circumference, and the biochemical markers of metabolic syndrome on colorectal 
adenoma recurrence. 

 
As obesity and obesity-related diseases rise in the United States(200, 204), there is a 

need to better understand the role of adiposity and genetic sensitivity on disease risk.  

Once assumed to be an inert storage for adipocytes, adipose tissue in now known to be an 

dynamic endocrine organ that activates immune response by promoting generalized and 

local immune functions that can ultimately result in insulin resistance (222) and chronic 

low grade inflammation, both of which are implicated in colon carcinogenesis.   

The goal of aim two was to assess if the joint effect of PPAR-γ and BMI or waist 

circumference on colorectal adenoma recurrence is further modified or better explained 

by the biochemical markers of metabolic syndrome. This involved the inclusion and 

evaluation of several highly correlated variables on colorectal adenoma recurrence (e.g. 

BMI and waist circumference; the biochemical biomarkers of metabolic syndrome).  

Although these are correlated from a statistical perspective, it is highly plausible that they 

contribute unequally to the etiology of colorectal adenoma recurrence at the molecular 

level. Therefore, recursive partition modeling methods were used to tease out the most 
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influential metabolic risk factors for colorectal adenoma recurrence, as a function of 

genetic variation in PPAR-γ and obesity.  These results were then applied to traditional 

logistic regression models in an effort to quantify the measure of effect using the 

commonly reported odds ratio.  

 

BMI vs. waist circumference 

 Results from the current study suggested that the influence of BMI and waist 

circumference on colorectal adenoma recurrence differed based on genetic variation in 

PPAR-γ.  Specifically, that BMI was a stronger predictor of colorectal adenoma 

recurrence among the Ala12 carriers and waist circumference as a stronger predictor for 

Pro12Pro12 carriers.  

 The complex relationship between the adipocyte and insulin is known to depend on 

the location of the adipose tissue, with subcutaneous fat or visceral abdominal fat having 

a different affect on insulin levels (124). The literature suggests that excess adiposity, 

especially located in the visceral region, is a strong determinant of insulin 

resistance(214).  Salmenniemi et al.,(378) found that visceral abdominal fat, not total fat 

mass, was correlated with high plasma insulin levels.  This finding was supported by 

Bosy-Westphal et al., (211), where no advantage of measuring total percent fat mass 

(rather than BMI or waist circumference) was observed in the evaluation of metabolic 

risk.   

In regard to colorectal neoplasm etiology, results from an ancillary study to the Polyp 

Prevention Trial (78) suggests that visceral fat was strongly associated with adenoma 
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recurrence, with weaker association between BMI and recurrence. Moore et al., (30) 

observed similar results in the  Framingham Study cohort where the independent effects 

of BMI and waist circumference were evaluated.  In this study there was a 50% increase 

in risk for colon cancer among subjects aged 30-54 who had a BMI >30 kg/m2, compared 

to subjects with a BMI 18.5 – 25.0 kg/m2.  Interestingly, this was attenuated when waist 

circumference was added to the models.  Furthermore, results from the Framingham 

Study cohort confer that a large waist (39 inches for women and 40 inches for men) was 

associated with a 2-fold increase in risk of colon cancer (30).   However, these results 

were not attenuated when BMI was added to the model, suggesting that waist is a 

stronger predictor of risk than BMI (30).   

 

Identifying optimal cut points for the risk factors 

 One advantage of the recursive partition model is that it identifies optimal cut 

points for risk factors at locations within the data continuum where the disease risk in one 

sub-group is most different than the disease risk in other sub-groups based on the 

function of the covariates that have already been included in the tree. For example, BMI 

was shown to be a stronger predictor of colorectal adenoma recurrence among the Ala12 

carriers and waist circumference as a stronger predictor for Pro12Pro12 carriers. The 

model identified optimal cut points of BMI and waist circumference at 25.8 kg/m2 and 

47.5 inches, respectively. Interestingly, the optimal cut point for waist identified by the 

recursive partition model was much higher than the NCEP guidelines for either men or 

women (>40 inches for men and >35 inches for women) (199).  This may be partially 
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explained by the fact that the Pro allele is considered to be the ‘high-activity’ allele(269); 

therefore Pro12Pro12 carriers may require a very large amount of visceral adiposity to 

increase their risk of colorectal adenoma recurrence.  

In regards to the biochemical biomarkers of metabolic syndrome, results from the 

recursive partition model suggested a differential effect of these biomarkers on colorectal 

adenoma recurrence in relation to the type of obesity measure and genetic variation in 

PPAR-γ. Specifically, glucose was the most significant predictor of colorectal adenoma 

recurrence among the overweight Ala12 carriers and HDL cholesterol was the most 

significant predictor of recurrence among the Pro12Pro12 carriers who had a large waist 

circumference, with cut points of 110 mg/dL and 47 mg/dL, respectively.  

The ATP III guidelines have identified component traits of metabolic syndrome at 

specific thresholds (199).  These guidelines have been set without regard to the effect of 

genetic variation on disease outcome.  Interestingly, the cut point identified by the 

recursive model for glucose at 110 mg/dL is identical to that of the ATP III criterion 

(199). Furthermore, the cut point identified for HDL at 47 mg/dL centered between the 

current   ATP III guidelines for men and women (<40 mg/dL and <50 mg/dL, 

respectively) (199).  These consistencies are relevant to the current study in two ways. 

First, they indicate the validity of the recursive partition model in identifying the 

appropriate thresholds for the component traits of metabolic syndrome.  Second, they 

suggest the possibility that other outcomes besides type 2 diabetes and cardiovascular 

disease may be identified using these biomarkers.  
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Three-way interactions between PPAR-γ, BMI and glucose 
 

A highly significant three-way interaction between PPAR-γ, BMI and glucose was 

observed in aim two.  There have been inconsistent results regarding the affect of glucose 

on colorectal cancer or colorectal adenomas, which may be attributable to interactions 

with environmental or dietary factors that are difficult to identify, isolate  and quantify 

(264).  For example, Schoen et al., (379) observed increased risk of incident colorectal 

cancer among study participants with high fasting glucose levels, as compared to subjects 

with normal glucose levels. Similar results were observed by Nilsen and Vatten (380) and 

Yamada et al., (381).  However, unlike the current research, none of aforementioned 

studies evaluated the combined affect of glucose levels with high anthropometric 

measures or genotype on recurrence.  Therefore it is difficult to ascertain if they support 

the findings of the current research.   

 

Aim Three – The sample required to formally test gene-drug interactions can be reduced 
through refined eligibility criterion focused on genetic variation.   
 

It is widely expected that information on genetically determined response to therapy 

will have a major impact on drug development and will ultimately prove useful in 

individualizing drug use and dosing. However, to date, there have been few randomized 

clinical trials designed specifically to test the efficacy of drugs in candidate non-

responder/responder genotypes. As proposed in this study, genetically pre-screening 

study participants to ensure greater representation of variant alleles as a component of the 

study design can be a useful approach to reduce the large sample size required to test 

suspected effect modification by genotype.  Given the advent of low cost and rapid 
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technologies for acquisition of individual genotype data, this is now technically feasible 

and cost-effective.  The proposed methods for aim three have potential to aid in the 

implementation of effective and efficient therapies for people with specific measurable 

responsive genotypes.  This will become increasingly relevant as more drug metabolizing 

enzymes are identified to explain a significant and measurable source of inter-individual 

variation in the tolerability and efficacy of drug therapies.  

The objective of aim three was to demonstrate how sample size requirements can be 

reduced by screening subjects for the SNPs of interest and then using this genetic 

information as a primary inclusion criterion to enrich study populations.  Results of the 

current study suggest there can be a substantial reduction in the number of subjects 

required to formally test candidate gene-drug interactions through refined eligibility 

criterion focused on genetic variation.  Developing methodologies for reducing the 

number of subjects required to test gene-drug interactions in a randomized controlled trial 

is a key component in the scientific advancement of pharmacogenetics and genetic 

epidemiology. As discussed below, accounting for genetic variation during study design 

could prove to be very beneficial in further evaluation of obesity and PPAR-γ on 

colorectal adenoma recurrence.  

 

A. Significance of this study 
 

There is an abundance of information in the literature regarding the effects of the 

PPAR-γ genotype, obesity, and metabolic syndrome on colorectal adenoma recurrence; 

however, the results have been somewhat inconsistent.  It was hypothesized by the 
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current study that genetic variation in the PPAR-γ gene that influences insulin sensitivity 

modifies the association between BMI and colorectal adenoma recurrence.  It is also 

hypothesized that elevated levels of the biochemical biomarkers of metabolic syndrome 

will modify the joint effect of PPAR-γ and obesity on colorectal adenoma recurrence.   

The results from aim one of the current research concluded that the effect of obesity 

on colorectal adenoma recurrence is modified by genetic variation in PPAR-γ. 

Furthermore, the results from aim two concluded that the joint effect of PPAR-γ and 

obesity on colorectal adenoma recurrence is further modified by glucose levels. 

Assuming these results are validated in future research projects, the public health impact 

lies in the primary prevention of obesity and development of metabolic syndrome. This is 

a worthy public health effort regardless of genotype; however, it can be hoped that the 

public at large would respond with improved behavioral practices if they understood how 

their genetic composition influence their likelihood of becoming obese, developing 

metabolic syndrome, or developing colorectal neoplasms.  

 

B. Strengths and limitations  
 
Strengths 
 

The strengths of this dissertation are numerous. Primarily, the results for aims one 

and two are based on secondary analysis of data that were collected prospectively in two 

large clinical trials using colonoscopy at follow-up to measure colorectal adenoma 

recurrence.  Colonoscopy is currently the most sensitive and specific screening test 

available for identifying colorectal cancer and adenomas (118, 119).  
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Second, the test for homogeneity revealed the WBF and URSO studies were 

homogenous in regards to the covariates included in the current study.  This promoted the 

pooling of the two studies and results in a very large sample to test the aforementioned 

interactions. Large sample size requirements and loss of power are common constraints 

in studies that seek to test hypotheses regarding interactions between genetic variation 

and environmental risk factors (340). In fact, it has been estimated that the sample size 

required to test a gene-environment interaction using a multiplicative model is greater 

than four times higher than the sample size required to test the main effects of the 

genotype and/or the environmental exposure (363).  Therefore, it is possible that the 

results obtained from the current research may not have been found in a smaller dataset. 

For example, the WBF, URSO, and combined datasets were evaluated separately in aim 

one. There were differences in the levels of significance for the interactions, depending 

on which dataset was under evaluation. Specifically, the interactions between BMI and 

PPAR-γ were significant in the WBF and combined datasets, but not in the URSO 

dataset. If the URSO dataset had been solely used for the current study, the results would 

have been null.  These differences may be related to the fact that the distribution of some 

of risk factors for colorectal neoplasms, such as family history of colorectal cancer and 

waist circumference, were statistically different between the two studies.  They could also 

be related to the fact that this study was not sufficiently powered to evaluate the main 

effects or the interactions in the separate datasets 

 Third, recursive partition modeling was implemented to identify relationships in 

the data that can not be observed with linear models. This simple but powerful statistical 
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method has been used in other studies to uncover complex relationships that involve 

thresholds, interactions, and nonlinearities that may influence cancer outcomes (382, 

383), including colon cancer (314).  There were several highly correlated variables in this 

dataset. As such, modeling their independent and joint influence on colorectal adenoma 

recurrence would have been difficult using traditional statistical methods such as logistic 

regression. The recursive partition model allowed the combined assessment of multiple 

risk factors on adenoma recurrence that would not have otherwise been obtained with a 

linear model.   

Fourth, there were few statistically significant differences in the distribution of the 

covariates between subjects genotyped for PPAR-γ and those who were not. This 

minimized the likelihood of selection bias in our sample and allows for a higher level of 

generalizability.  

Finally, the parameters for the simulated population that was generated for aim 

three were based on literature-based evidence (288, 289). The information available in 

the literature related to FMO3 provided a foundation in which to explore aim three of the 

current study.  Pharmacogenetics is a fairly new field in medical research and relying 

upon existing information in the literature is the first step in developing methods that can 

be applied to the direct benefit of public health.   

 

Limitations 

There are several limitation associated with the current study. First, the design and 

conduct of this particular study may be subject to the biases that are associated with 
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residual confounding or misclassification. For example, confounding was assessed for 

several covariates that are known or suspected risk/protective factors of colorectal 

cancers or adenomas including age, gender, family history of colorectal cancer, number 

of colonoscopies, alcohol consumption, history of previous polyps, number of adenomas 

at baseline, and the size, location and histology of the baseline adenoma. Other factors 

that may be associated with colorectal cancers or adenomas include physical activity, 

micro-nutrients, and diet.  The confounding effects of these specific factors were not 

assessed and could lead to residual confounding.  In terms of misclassification, subjects 

were required to self-report their waist circumference.  Although every effort was made 

to communicate the proper way to take this measurement, it can not be guaranteed that 

every subject measured their waist as directed by the study personnel. Waist 

circumference that was measured inaccurately could result in a measurement that was 

larger or smaller than the subject’s actual waist size. It would not be without reason to 

assume that subjects would tend to report a smaller waist circumference that what was 

actually observed.  In fact, previous studies comparing self-reported waist measurements 

to those obtained from a technician have shown that both women and men generally 

under-report their waist circumference (353).  It can be expected that the 

misclassification associated with the waist measurement in the current study is 

nondifferential in nature since the measurement error is not dependent on the status of the 

outcome (329).  Such a bias would lead to underestimation of the measure of effect for 

waist circumference on colorectal adenoma recurrence, which might be a partial 

explanation for why there were no main effects of waist circumference in this sample.  
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The other plausible explanation is that this study was underpowered to detect the main 

effect of waist circumference in this sample.  

Second, since the data used for aim one and two were obtained from a discrete 

group of subjects who had undergone a recent colonoscopy, the generalizability of this 

study is limited. For example, the sample used for the current study was 95.06% white 

and the median age was 66.28 years. The parameters of these characteristics make it 

difficult to apply these results to other ethnic groups who are showing increasing 

incidence rates of colorectal cancer, such as African Americans. Given the age 

distribution of this sample, there is also limited generalizability in younger populations. It 

could also be argued that the results may be somewhat limited in female populations, 

since 68.18% of the sample is male. The confounding effects of gender were addressed in 

this study by including gender as a covariate in the logistic regression models, rather than 

by stratification.  However, it should be noted that the main effects of BMI stratified by 

gender have been reported for the combined WBF and URSO population by Jacobs et al., 

(191).  Briefly, when the effects of obesity on colorectal adenoma recurrence were 

evaluated for men and women separately, recurrence was higher for obese men, 

compared to normal weight men (OR = 1.36, 95% CI = 1.01 – 1.83) than for obese 

women, compared to normal weight women (OR = 0.90, 95% CI = 0.92 – 1.48).   

Third, the median follow-up time for colonoscopy was 31-36 months in both 

studies.  The short follow-up time also eliminates the ability to evaluate severe events 

that may require more time to develop in the adenoma-to-carcinoma sequence. 
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Fourth, as expected by the variant allele frequencies in the Pro12Ala and C1431T 

genotypes, the observed haplotype and diplotype frequencies were too low to provide 

meaningful results.  This is a common occurrence in genetic association studies and 

methods have been proposed to improve the inference in haplotype-based genetic 

epidemiology studies using imputation strategies (384). However, the suggestions 

provided there are beyond the scope of this study.   

Fifth, the test for homogeneity revealed the WBF and URSO studies were 

homogenous in regards to the covariates included in the current study, which promoted 

pooling the two studies. Homogeneity in this study was tested using unconditional 

logistic regression, in which each model contained the main effect of the covariate, the 

main effect of the study (measured as a dichotomous variable for WBF and URSO) and 

an interaction term between the covariate and the study.  In retrospect, this may not have 

been the most powerful method available to detect heterogeneity between the two studies.  

If this study were to be re-conducted, it would be a good idea to explore use of the 

Mantel-Haenszel test or the Q statistic, which are both other commonly used methods in 

epidemiologic research (385). Their use might have resulted in more caution about 

pooling the data.  Regardless of whether they had done so or not, I have also come to 

realize in retrospect that my inclusion of a simple dummy variable for study was not 

sufficient to control for heterogeneity.   

 In addition, there are limitations associated with using logistic regression models 

in any epidemiologic study.  Had the exact time of colorectal adenoma recurrence been 

known, survival analysis (such as Cox regression models) would have been a better 
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choice.  Logistic regression does not directly provide a measure of risk such as the 

relative risk (RR), which is essentially a probability ratio.  Logistic regression provides 

an odds ratio, not a risk ratio. When the probability of occurrence of the outcome is 

sufficiently low (<10% at most), the odds ratio approximates the relative risk (368). 

However, when the outcome is not rare, the odds ratio will overestimate the risk ratio 

when RR>1 and underestimate the risk ratio when RR<1 (368). Since approximately 45% 

of the study population in the two original studies recurred with one more colorectal 

adenoma, it is not appropriate to use the odds ratio as a determinant of risk in this study.  

As a result, references to odds rather than risk are made throughout. 

In relation to aim two, it should be noted that results from the recursive partition 

model are most valuable when they are obtained from a large dataset, which allows 

adequate power to test if there are statistically significant differences between the sub-

groups.  The sample size of this study was sufficient for the recursive partition model 

presented in the main body of this dissertation, but was not large enough to support 

further stratification by gender and age. Furthermore, it should be noted that the three-

way interaction presented for aim two may be more difficult to interpret than a standard 

two-way interaction. Although complex, three-way interactions allow the data to be 

evaluated in a multidimensional fashion from which the complexities of genotype and 

environmental exposures in multifactorial disease etiology can be assessed.   

One weakness of the proposed methods for aim three is that large numbers of 

potential subjects will need to be genetically tested to determine their eligibility status 

before enrollment.    This could prove difficult in certain situations, especially when the 
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variant allele frequency is low or when the disease is rare.  Another weakness is that the 

model presented for aim three is limited to only one SNP.  It can be expected that 

multiple SNPs are involved in the etiology of most complex diseases and thus should be 

considered in future simulation models when possible.  It should also be noted a 

significant gene-drug interaction can exist when a medication counteracts a deleterious 

genetic effect.  This would result in missing the main effects of genotype because the 

genetic groups would show no difference in the presence of the drug.  

Although the Human Genome Project has provided a wealth of information 

regarding the role of genotype on disease, there is still a substantial amount of research 

that needs to be completed before researchers will understand how the relationship 

between genes influences disease risk and occurrence.  The goal of aim three was to 

provide methods that can be used as a starting place in the exploration of bringing 

genotype into randomized clinical trials.   

 
 
 
 
C. Future research  
 

The results of the current research illustrate the public health value that could be 

obtained from a large prospective analysis that is focused on measuring the effect of 

obesity on colorectal adenoma neoplasms by the PPAR-γ genotypes. The results of the 

current research conclude that the influence of obesity on colorectal adenoma recurrence 

is modified by genetic variation in PPAR-γ. Using the information obtained from aim 

three to recruit subjects based on genotype, a large cohort study could be designed to 
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further assess these findings. In a study such as this, subjects would be classified as 

exposed (any Ala12 carriers) or not (Pro12Pro carriers) and followed for decades into the 

future to obtain a direct measure of risk for colorectal adenoma recurrence based on 

genotype, anthropometric measures, and their combined effect. The strength of the cohort 

design for this type of research would be the ability to establish a temporal relationship 

between the effect of obesity on colorectal adenoma recurrence within each 

polymorphism.  This type of study would allow several questions to be evaluated, such 

as: (1) Is there a difference in the change of BMI or visceral adiposity over time between 

the Pro12Pro and Ala12 carriers? (2)  Are there differences in the levels of the 

biomarkers of metabolic syndrome as a function of BMI and visceral adiposity depending 

on variation in the PPAR-γ genotype? (3) Do mutations in the APC or p53 genes alter the 

effect of PPAR-γ on colorectal neoplasm depending on levels of obesity?  (4) Does the 

mean length of time from the removal of the baseline adenoma to the development of the 

subsequent adenoma differ for the Pro12Pro and Ala12 carriers?  (5) Does the influence 

of diet and exercise on colorectal neoplasms differ for the Pro12Pro and Ala12 carriers? 

(6)  How do all of the aforementioned factors influence the etiology of advanced 

colorectal neoplasms, as compared to non-advanced neoplasms? Furthermore, since 

PPAR-γ regulates adipocyte differentiation, it would also be interesting to evaluate the 

total percentage of body fat, in addition to BMI and visceral adiposity.  Although costs 

would likely be prohibitive and cohort studies are not generally implemented for 

outcomes with long latent periods, this type of study could bring valuable insight into the 
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complex process of colorectal neoplasm etiology that is related to PPAR-γ, obesity, and 

metabolic syndrome. 

In closing, the results of this study have shown that the effect of obesity on colorectal 

adenoma recurrence is modified by genetic variation in PPAR-γ and that the joint effect 

of PPAR-γ and obesity is further modified by glucose levels. Moreover, the possibility for 

reducing the sample required to test candidate gene-drug interactions through refined 

eligibility criterion that is focused on genotype has been demonstrated. The public health 

impact of these findings lies in the primary prevention of obesity and metabolic 

syndrome, and in the potential for research that is focused on the complex role of genetic 

variation in disease etiology as it relates to environmental exposures.   
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APPENDIX A 
 
 
 

Sample size requirements to test a gene-drug interaction between PPAR-γ and sulindac 
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Table 25. Power to test an interaction between PPAR-γ and sulindac with 80% power, assuming 45% incidence of recurrence among the Pro12Pro12 
carriers at varying levels of reduced relative incidence among the Ala12 carriers.  

n=400 n= 600 n = 800 Relative Reduction of Incidence  
Among the Carriers * Enriched Standard Enriched Standard Enriched Standard 
.10 99 100 100 100 100 100 
.20 91 83 99 97 100 100 
.30 63 41 73 62 87 82 
.40 16 13 26 21 31 27 
.50 12 9 4 3 4 2 
* The model assumes PPAR-γ acts in a dominant model.   
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APPENDIX B 
 
 

Summary of literature regarding the association between obesity, waist circumference, 
and metabolic syndrome on colorectal cancer, adenomas, and adenoma 

recurrence.  
 

Tables are organized by outcome and study design.  
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Table 26. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer.   

Author, Year 
 (citation number) 

Independent 
Variables Follow-up Period Sample Size 

Number of 
Subjects with 

Cancer Outcome Measure of Effect (95% CI) 
Confounders Included in 

the Analysis 

Ahmed et al., 2006 (13) 

waist circumference  
and metabolic 

syndrome 1987-2000 
n=14,109 men and 

women n=194 colorectal 

RR=1.40 (1.0-1.9) for men with high waist 
circumference (referent=men with low waist 

circumference), RR=1.33(0.6-2.9) for men with 
3 component traits of metabolic syndrome 
(referent=men with 0 traits of metabolic 

syndrome), RR=1.21 (0.6-2.5) for women with 
3 component traits of metabolic syndrome 

(reference=women with 0 traits of metabolic 
syndrome) 

family history of 
colorectal cancer, physical 

activity, NSIADS use, 
smoking, alcohol, and 
HRT (women only) 

Bostick et al., 1994 (14) BMI 1986-1990 n = 35,215 women n = 212 colon 

RR = 1.41 (0.90 – 2.23) for women in highest 
quintile of BMI (referent = women in lowest 

quintile of BMI) 

age, total energy intake, 
height, parity, total 

vitamin E intake, and total 
vitamin E by age 

interaction term, vitamin 
A supplementation 

Bowers et al., 2006 (15) BMI and diabetes 1993-2002 n = 28,983 men 

n = 227 colon 
n = 183 rectal 

n=410 colorectal 

HR=1.66 (1.27-2.18) for colorectal cancer 
among men with BMI>30 (referent=men with 

BMI<18.5); HR=0.92 (0.41-2.08) for colorectal 
cancer among men with diabetes (referent=men 

without diabetes); HR=1.78 (1.25-2.55) for 
colon cancer among men with BMI>30 

(referent=men with BMI<18.5);  HR = 1.09 
(0.66-1.80) for colon cancer among men with 

diabetes (referent=men without diabetes); HR = 
1.51 (0.99-2.29) for rectal cancer among men 
with BMI>30 (referent=men with BMI<18.5); 
HR = 1.23 (0.65-2.32) for rectal cancer among 

men with diabetes (referent=men without 
diabetes) 

age and number of 
cigarettes smoked per day 

Driver et al. 2007 (16) BMI 1982-2002 n = 21,581 men 

history of diabetes, 
exercise level, vegetable 
intake, cold cereal intake, 
vitamin C, vitamin E, and 
other multivitamin intake  

OR = 1.38 (1.11-1.70) for colon cancer among 
subjects with BMI >25 (referent = BMI <25); 
OR = 1.19 (0.80-1.77) for rectal cancer among 
subjects with BMI >25 (referent = BMI <25) 

n = 381 colon 
n  = 104 rectal 
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Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 

Author, Year 
 (citation number) 

Independent 
Variables Follow-up Period Sample Size 

Number of 
Subjects with 

Cancer Outcome Measure of Effect (95% CI) 
Confounders Included 

in the Analysis 

Eichholzer et al., 2005 (17) BMI 1971-1973 n = 2974 n = 22 colon 
RR = 1.09 (0.92-1.24) for every one unit 

increase in BMI age, smoking 

Engeland et al., 2005 (18) BMI 1963 – 2001 n = 2,000,000 n = 47,117 

RR = 1.61 (1.41 – 1.84) for persons aged 
20-44 with BMI >30 (referent = same age 
group with BMI 18.5 – 24.9), RR = 1.44 
(1.33 – 1.56) for persons aged 45-74 for 

persons aged 45.74 with BMI >30 
(referent = same age group with BMI 18.5 

– 24.9) 
no covariates were 

reported 

Ford, 1999 (19) BMI 1971-1992 N = 13,420 n = 222 colon 

OR=2.79 (1.22-6.35) for BMI >30 
(referent = BMI<22),  OR=2.95 for men 

with BMI >30 (referent = BMI>22), 
OR=2.74 (1.04-7.25) for women with 

BMI>30(referent = BMI <22) 

age, gender (only in 
crude model), race, 
education, smoking, 
serum cholesterol, 

physical activity, and 
alcohol consumption 

Kreger et al., 1992 (20) BMI 

RR = 1.07 (1.00 – 1.15) for colon cancer 
among  men in highest quartile of BMI 
(referent = men in lowest quartile for 

BMI), RR = 0.91 (0.80 – 1.05) for rectal 
cancer among  men in highest quartile of 

BMI (referent = men in lowest quartile for 
BMI), RR = 1.03 (0.98 – 1.07) for colon 

caner among women in the highest 
quartile for BMI (referent = women in the 
lowest quartile for BMI), RR = 0.99 (0.90 
– 1.10) for rectal cancer among women in 

the highest quartile for BMI (referent = 
women in the lowest quartile for BMI) 

n = 153 colon unadjusted odds ratios 
were reported 1948 - 1988 n = 5209 n = 154 rectum 

BMI and waist 
circumference Larsson et al., 2006 (21) 

 
1997 - 2005 n = 45, 906 men 

n = 309 colon 
n = 190 rectum 

HR = 1.60 (1.03 – 2.48) for colon cancer 
among subjects with BMI >30 (referent = 
BMI <23.0); HR = 1.44 (0.79-2.61) for 
rectal cancer among subjects with  BMI 
>30 (referent = BMI <23.0); HR = 1.44 

(0.93-2.24) for colon cancer among 
subjects with waist >104 cm (referent = 

waist <88 cm); HR = 1.24 (0.68-2.25) for 
rectal cancer among subjects with  with 

waist >104 cm (referent = waist <88 cm) 

education, family 
history of CRC, history 
of diabetes, smoking, 
leisure-time physical 
activity, and height 
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Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 

Author, Year 
 (citation number) 

Independent 
Variables Follow-up Period Sample Size 

Number of Subjects 
with Cancer Outcome Measure of Effect (95% CI) 

Confounders Included 
in the Analysis 

Lee et al., 1992 (22) Quetelet’s Index 1962 - 1988 n = 17,595 men n = 302 colon 

RR = 1.42 (0.99 – 2.04) for men 
with QI >23.5 (referent = men 

with QI <20.0) 

age, physical activity, 
and parental history of 

cancer 

Lin et al., 2004 (23) BMI 1993 – 2002 n = 39,867 women 

 

n = 202 colorectal 

RR for colorectal cancer=1.67 
(1.08-2.59) for women with 

BMI>30 (referent = women with 
BMI<23), RR for colon cancer = 
1.73 (1.05-2.85) for women with 
BMI>30 (referent = women with 

BMI<23). 

age, treatment 
assignment, family 

history, history of colon 
polyps, physical 

activity, smoking status, 
baseline aspirin use, red 

meat intake, alcohol 
consumption, 

menopausal status, 
baseline PMH use. 

Lukanova  et al., 2006 (24) BMI 1985 – 2003 
n = 35,362 women 

n = 136 colorectal in 
men 

n = 108 colorectal in 
women 

n = 73 colon in men 
n = 76 colon in women 

n = 58 rectal in men 
n = 31 in women 

RR = 1.20 for colorectal cancer 
among men with BMI >27.7 

(referent = men with BMI 18.5 – 
23.4), RR = 1.54 for colorectal 

cancer among women with BMI = 
27.1 (referent = women with BMI 

18.5 – 22.1), RR = 1.28 (0.66 – 
2.60) for colon cancer among men 
with BMI >27.7 (referent = men 

with BMI 18.5 – 23.4), RR = 2.05 
(1.04 – 4.41) for colon cancer 

among women with BMI = 27.1 
(referent = women with BMI 18.5 
– 22.1), RR = 1.23 (0.63 – 2.51) 

for rectal cancer among men with 
BMI >27.7 (referent = men with 
BMI 18.5 – 23.4), RR = 0.86 for 
rectal cancer among women with  
BMI = 27.1 (referent = women 

with BMI 18.5 – 22.1) n = 33,424 men 
age, calendar year, 

smoking 
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Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, Year 

 (citation number) 
Independent 

Variables Follow-up Period Sample Size 
Number of Subjects 

with Cancer Outcome Measure of Effect (95% CI) 
Confounders Included 

in the Analysis 

Marchand et al., 1992 (25) Quetelet’s Index 1972 - 1986 n = 52, 539 men n = 737 colorectal 

OR = 0.7 (0.4 – 1.2) for cancer in 
the cecum among men with 
highest tertile of QI change 

between 1942 and 1972 (referent 
= men with lowest tertile of QI 

change between 1942 -1972) OR 
= 1.2 (0.8 – 1.8) for rectal cancer 
among men with highest tertile of 

QI change between 1942 and 
1972 (referent = men with lowest 
tertile of QI change between 1942 

-1972) socioeconomic status 

Martinez et al., 1997 (26) BMI 1980 – 1992 n = 121,701 women n = 396 colon 

age, smoking, family 
history of CRC, leisure-
time physical activity, 
post-menopausal HRT, 

aspirin, red meat 
consumption, alcohol 
(Note: model includes 
only 89,448 subjects) 

RR=1.45 (1.02-2.07) for women 
with BMI>29 (referent=women 

with BMI<21) 

BMI and waist 
circumference MacInnis et al., 2004 (27) 1991 -2002 n= 16,556 men n = 153 colon 

OR=1.37 (1.18-1.60) for men 
with waist >99.3 cm 

(referent=men with waist 
<87.0cm), OR=1.29 (1.04-1.60) 
for men with BMI>29.2 (referent 

= men with BMI <24.8) 

age, county of birth, 
highest level of 

education 

MacInnis et al., 2006 (28) 1990 - 2003 
n = 16,876 men 

n = 24,247 women n = 229 rectal  

HR=1.09 (0.86-1.38) for men 
with BMI >30 (referent=men with 
BMI <25), HR=0.98 (0.80-1.22) 

for women with BMI >30 
(referent=women with BMI <25) age and country of birth BMI 

Moller et al.,  1994 (29) 
 

BMI unavailable n = 43,965 n = 195 colon RR = 1.2 age 

 
 
 

 229



 230

Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, Year 

 (citation number) 
Independent 

Variables Follow-up Period Sample Size 
Number of Subjects 

with Cancer Outcome Measure of Effect (95% CI) 
Confounders Included in 

the Analysis 

n=3,764 men/women 
aged 30-54,  

BMI and waist 
circumference Moore et al., 2004 (30) 1948 - 1999 

 

n=3,802 men/women 
aged 55-79 

n = 157 colon cancers 
among subjects 

followed beginning 30 
-54 years old , n= 149 
colon cancers among 

subjects followed 
beginning 55-79 years 

old 

OR=1.3 (0.46-3.7) for men aged 
30-54 with BMI>30 (referent= 

men in same age group with 
BMI=18.5-25), OR=3.0 (1.1-8.3) 
for men aged 55-79 with BMI>30 
(referent=men in same age group 

with BMI=18.5-25), OR=0.96 
(0.36-2.6) for women aged 30-54 
with BMI >30 (referent = women 

in same age group with BMI=18.5-
25), OR=1.6 (0.67-3.8) for women 
aged 55-79 with BMI >30 (referent 
= women in same age group with 
BMI=18.5-25), OR=3.3 (1.3-8.8) 

for  men age 30-54 with waist 
>101.6cm (referent=men in same 
age group with waist <83.8cm), 
OR=3.0 (0.86-10.3 for men aged 

55-79 with waist >101.6cm 
referent=men in same age group 

with waist <83.8cm),OR=2.3 
(0.74-7.0) for women aged 30-54 

with waist >99.1 cm 
(referent=women in same age 
group with waist <81.3cm), 

OR=2.1 (0.63-6.7) for women with 
waist >99.1 cm (referent=women 

in same age group with waist 
<81.3cm) 

education, age, height, 
alcohol, smoking, physical 
activity, models for BMI 
were adjusted for waist 

circumference, models for 
waist circumference were 

adjusted for BMI 

Murphy et al., 2000 (31) BMI 1982 - 1994 
n = 496, 239 women 

n = 379, 167 men 
n = 1792 colon cancer 

deaths 

RR=1.75(1.49-2.05) for men with 
BMI>30 (referent=men with 

BMI<23.4), RR=1.25 (1.06-1.46) 
for women with BMI >30 (referent 

= women with BMI <23.4) 

race, education, age, 
smoking, alcohol, exercise, 
family history of CRC, fat 
intake, vegetable intake, 
fiber intake, and aspirin 
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Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 

Author, Year 
 (citation number) 

Independent 
Variables Follow-up Period Sample Size 

Number of Subjects 
with Cancer 

Outcome Measure of Effect (95% CI) 
Confounders Included 

in the Analysis 

Nomura et al., 1985 (32) BMI 1965-1968 n = 8, 006 men n = 101 

Incidence of colon cancer for men 
with BMI= 26.32-44.59 was 17.4 per 

1000  none 
RR = 2.8 (0.8 – 10.2) for fatal rectal 

cancer for men and women with 
>125% increase in  weight (referent 
= normal weight men and women); 
RR = 3.3 (1.3-8.4) for colon cancer 
in males among men with >125% 

increase in weight (referent = normal 
weight men) BMI 1960 - 1980 n = 25,493 

n = 56 colon in men 
n = 91 colon in 

women 
n = 15 rectum in 

men 
n = 20 rectum in 

women Phillips et al., 1985 (33)  age 

BMI and waist 
circumference Pischon et al., 2006 (34)  

 
1992 – 2004 n = 368,277 

n = 984 colon 
n = 586 rectum 

RR=1.55 (1.12-2.15) for colon 
cancer for men with BMI >29.4 
(referent=men with BMI>23.6), 
RR=1.06 for colon cancer for 

women with BMI >29.4 
(referent=women with BMI<23.6), 

OR=1.39 (1.01-1.93) for colon 
cancer for men with waist >103.0 cm 
(referent=waist<86.0cm), RR=1.48 

(1.08-2.03) for colon cancer for 
women with waist >103.0 cm 

(referent=waist<86.0cm); RR = 1.05 
(0.72 – 1.55) for rectal cancer for 

men  with BMI >29.4 (referent=men 
with BMI>23.6.0) , RR = 1.06 (0.71-

1.58) for rectal cancer for women  
with BMI >29.4 (referent=women 
with BMI<23.6); RR = 1.27 (0.84-

1.91) for rectal cancer for men  with 
waist >103.0 cm 

(referent=waist<86.0cm); RR = 1.23 
(0.81-1.86) for rectal cancer for  
women with waist >103.0 cm 

(referent=waist<86.0cm) 

smoking, education, 
alcohol intake, physical 

activity, fiber intake, 
consumption of red 

meat, fish and shellfish, 
fruits, and vegetables. 
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Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, Year 

 (citation number) 
Independent 

Variables Follow-up Period Sample Size 
Number of Subjects with 

Cancer Outcome Measure of Effect (95% CI) 
Confounders Included 

in the Analysis 

Rapp et al., 2005 (39) BMI  1985 – 2001 n = 167,371  
n = 260 colon 

n = 138 rectum 

HR = 2.48 (1.15 – 5.39) for 
colon cancer among subjects 

with BMI >35 (referent = 
subjects with BMI = 18.5-24.9); 

HR = 1.66 (1.01 – 2.73) for 
rectal cancer among subjects 

with BMI = 30-34.9 ( referent = 
subjects with BMI = 18.5-24.9) 

age, smoking status, 
and occupational group 

Samanic et al., 2006 (40) BMI 1971 – 1992 n = 107, 815  
n = 1795 colon 

n = 1362 rectum 

OR = 1.74 (1.48 – 2.04)  for 
colon cancer among subjects 
with BMI >30.0 (referent = 

BMI 18.5 – 24.9), OR =1.36 for 
rectum cancer among subjects 

with BMI >30.0 (referent = 
BMI 18.5 – 24.9) 

age, calendar year, and 
smoking 

Shimizu et al., 2003 (41) BMI  1992 – 2000 n = 29,051 
n = 193 colon 

OR = 2.11 (1.26-3.53) for colon 
cancer for men with BMI > 

23.6 (referent = men with BMI 
<21.2); OR = 0.83 (0.42 – 1.64) 
for rectal cancer for men with  
BMI > 23.6 (referent = men 
with BMI <21.2); OR = 1.22 
(0.69 – 2.15) for colon cancer 
for women with BMI >23.1 

(referent = women with BMI 
<21.6); OR = 0.83 (0.35-1.99) 

for rectal cancer for women 
with  BMI >23.1 (referent = 

women with BMI <21.6) 

age, height, alcohol 
consumption, smoking, 
education and physical 

activity  n = 99 rectum 

Sturmer et al., 2006 (42) 
 

BMI and diabetes  1982 - 2003 n = 22,071 men n = 494 colon 

HR=1.40 (1.1-1.7) for men with 
BMI >27.0 (referent=men with 
BMI<27.0), HR=1.5 (1.1-2.0) 

for men with diabetes 
(referent=men without diabetes) 

age, vigorous exercise, 
smoking, number of 
cigarettes per day, 

alcohol, multivitamin 
use, regular NSIADS 

use, history of arthritis, 
consumption of fruits 

and vegetables, all 
metabolic variables 
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Table 26 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, Year 

 (citation 
number) 

Independent 
Variables Follow-up Period Sample Size 

Number of Subjects 
with Cancer Outcome Measure of Effect (95% CI) 

Confounders Included in 
the Analysis 

Suadicani et al., 
1993 (35) BMI 

18 years of follow-
up (exact dates 

unknown) 
n = 5249 men aged 

40-59 
n = 51 colon 

n = 42 rectum 

OR = 2.5 (0.9-6.9) for rectal cancer 
for highest tertile of BMI ( referent 

= lowest tertile of BMI).  There 
were no significant differences in 

BMI for cases vs. non-cases. age and height 

Terry et al., 2002 
(36) 1980 - 1985 n = 89, 835 women 

n = 363 colon 
n = 164 rectal 

HR = 1.95 (1.15 – 3.29) for colon 
cancer for premenopausal women 

with BMI >30 (referent = 
premenopausal women with BMI < 

25); OR = 1.75 (0.88-3.49) for 
rectal cancer for  premenopausal 
women with BMI >30 (referent = 

premenopausal women with BMI < 
25); OR = 0.62 (0.36 – 1.08) for 
colon cancer for postmenopausal 
women  with BMI >30 (referent = 
postmenopausal women with BMI 
< 25); OR = 0.92 (0.49-1.75) for 
rectal cancer for  postmenopausal 
women  with BMI >30 (referent = 
postmenopausal women with BMI 

< 25) 

age, smoking, education, 
vigorous physical activity, 

oral contraceptive use, 
HRT, and parity BMI 

Thun, et al., 1992 
(37) BMI 1982 – 1988 n = 764, 343 n = 1150 colon 

RR = 1.36 (0.93 – 2.00)  for 
severely overweight subjects 

(referent = normal weight subjects) 

consumption of vegetables, 
citrus, high-fiber grains, 
total fat, exercise, family 
history of colon cancer, 

aspirin use 

Trevisan et al., 
2001 (38) Insulin resistance 1978 - 1987 

n=21,311 men, 
n=15,991 women n = 51 colorectal 

HR=2.96 (1.05-8.31) for men with 
cluster of metabolic abnormalities 
(referent=men without metabolic 
abnormalities), HR=2.71 (0.59-

12.50) for women with cluster of 
metabolic abnormalities 

(referent=women without 
metabolic abnormalities) no covariates reported 

 233



 234

Table 27.  Summary of case-control studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, 

Year 
 (citation 
number) 

Independent 
Variables Study Period Sample Size Measure of Effect (95% CI) Confounders Included in the Analysis 

Caan et 
al., 1998 
(43)  

BMI and  
waist 

circumference 1991 -1994 

n=1983 cases, 
n=2400 controls 

(matched on 
gender and age) 

OR=1.96 (1.50-2.57) for men in highest quintile of BMI (referent= men 
in lowest quintile of BMI), OR=1.06 (0.80-1.40) for men in highest 

quintile of waist circumference (referent=men in lowest quintile of waist 
circumference), OR=1.45 (1.08-1.94) for women in highest quintile of 

BMI (referent= women in lowest quintile of BMI), OR=1.14 (0.84-1.54) 
for women in highest quintile of waist circumference (referent=women 

in lowest quintile of waist circumference) 

age, regular use of aspirin or NSIADS, 
intake of dietary energy, intake of fiber, 
intake of calcium, history of CRC in first 

degree relative, long-term vigorous exercise 
Dietz et 
al., 1995 
(44) BMI Unavailable 

n = 779 cases 
n = 2315 controls 

OR = 1.4 (1.0 – 1.9) for subjects with weight between 72.57-148.33kg 
(referent = subjects with weight between 36.29 – 58.05kg) height  

Graham 
et al., 
1998 (45) 

Quetelet’s 
Index 1975 - 1984 

n = 205 cases,  
n = 223 controls 
(matched on age 

and 
neighborhood of 

residence) 

OR = 2.20 (1.20 – 4.05) for males with highest quartile of QI (referent = 
males with lowest quartile of QI), OR = 1.84 (1.01 – 3.35) for females 
with highest quartile of QI (referent = females with lowest quartile of 

QI).  no covariates reported 

Hou et 
al., 2005 
(46) BMI 1990 - 1993 

n = 931 cases 
 n = 1552 
controls 

OR = 1.7 (1.1 – 2.4) among men with BMI >22.8 (referent = men with 
BMI <19.2), OR = 1.4 (1.0 – 2.1) among women with BMI >23.6 

(referent = women with BMI <19.0) 

age, education, family income, marital 
status, total energy intake, intake of red 

meat, carotene and fiber, number of 
pregnancies (women only), years of 

menstruation (women only) 

Le 
Marchand 
et al., 
1992 (47) 

Quetelet’s 
Index 1972 -1986 

n = 737 cases 
n = 2800 controls 

(matched on 
month and year 

of birth and 
ethnicity of the 

parents) 
OR = 2.1 (1.4 – 3.2) among subject with QI in the highest tertile 

(referent = subjects with QI in the lowest tertile) socioeconomic status 
Le 
Marchand 
et al., 
1997 (48) BMI 1987-1991 

n = 1192 cases 
n = 1192 controls 
(matched on age, 
sex and ethnicity) 

OR = 0.90 (0.6-1.3) for males in the highest quartile of BMI (referent = 
males in the lowest quartile of BMI); OR= 0.60 (0.40-1.0) for females in 
the highest quartile of BMI (referent = females in the lowest quartile of 

BMI) 

age, family history of colorectal cancer, 
alcohol consumption, smoking, fiber, 

calcium, calorie intake, physical activity and 
BMI five years ago 

Le 
Marchand 
et al., 
1999 (49) 

n = 1192 cases 
 n = 1192 
controls 

(matched on 
gender, age and 

ethnicity) 

OR = 2.2 (1.5 – 3.1) among men in the highest tertile of QI with no 
family history of CRC (referent = men in lowest tertile of QI with no 

family history of CRC), OR = 1.3 (0.8 – 1.9) among women in the 
highest tertile of QI with no family history of CRC (referent = women in 

lowest tertile of QI with no family history of CRC) 

age, alcohol, pack-years of cigarette 
smoking, lifetime physical activity, dietary 
fiber, calcium intake, egg intake, and total 

calorie intake 
Quetelet’s 

Index 1987 - 1991 
Mao et 
al., 2003 
(50) 

n = 1447 rectal 
cases 

OR = 1.44 (1.06 – 1.95) for women with BMI >30 (referent = normal 
weight women), OR = 1.78 (1.36 -2.34) for men with BMI >30 (referent 

= normal weight men) BMI 1994 – 1997 n = 3106 controls caloric intake 
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Table 27 cont. Summary of case-control studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, Year 

 (citation 
number) 

Independent 
Variables Study Period Sample Size Measure of Effect (95% CI) Confounders Included in the Analysis 

OR=1.7 (1.3-2.3) for men in the highest quintile of 
BMI (referent=men in the lowest quintile of BMI), 

OR= 0.90 (0.70-1.2) for women in the highest quintile 
of BMI (referent=women in the lowest quintile of 

BMI). 

education, physical activity, energy 
intake, family history of CRC, and 

recent weight change 
n=1217 cases, 

n=4136 controls 
Russo et al., 
1998 (51) BMI 1992 - 1996 

OR = 1.58 (1.22 – 2.03) for men in the highest quintile 
of BMI (referent = men in the lowest quintile of BMI) 

OR = 1.18 (0.90-1.53) for women in the highest 
quintile of BMI (referent = women in the lowest 

quintile of BMI) 

 
 
 
 
 
 
 
 

Slattery et al., 
1999 (52) BMI 1991-1995 

n = 1993 cases, 
age n = 2410 controls 

OR = 2.19 (0.94-5.07) for premenopausal women with 
BMI > 30 (referent = premenopausal women with BMI 

<23); OR = 3.36 (1.58-7.13) for postmenopausal 
women who use HRT and have BMI >30 (referent = 
postmenopausal women who use HRT and have BMI 

<23); OR = 0.98 (0.67-1.44) for postmenopausal 
women who do not use HRT and have BMI >30 

(referent = postmenopausal women who do not use 
HRT and have BMI <23) 

Slattery et al., 
2003 (53) 

 n = 1972 cases, age, waist/hip ratio, physical activity 
level BMI  1991-1994 n = 2386 controls 

Slattery et al., 
2003 (208) BMI 1997-2002 

n = 952 cases 
n = 1205 controls 

OR = 1.1 (0.7-1.6) for rectal cancer for men with BMI 
> 30 (referent = men with BMI <23); OR = 1.2 (0.8 – 

1.7) for rectal cancer for women with BMI >30 
(referent = women with BMI <23). There were also no 
association between BMI and rectal cancer when the 

data were stratified by age (<60 and >60) 

age, physical activity, pack-years of 
cigarettes smoked, NSAIDs, energy 

intake, dietary fiber, and calcium  
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Table 28. Summary of cross-sectional studies for obesity, visceral adiposity, and metabolic syndrome on colorectal cancer. 
Author, Year 

 (citation 
number) 

Independent 
Variables Study Period Sample Size Measure of Effect (95% CI) Confounders Included in the Analysis 

Lagra et al., 
2004 (54) BMI unknown n = 97 colon cancer 

This article only presented descriptive 
statistics for the association between 
BMI and colon cancer.  24.7% of the 

subjects with colon cancer had a 
BMI<25, 49.5% had a BMI 25-30, 

and 25.8% a BMI >30. none 
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Table 29. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal adenoma. 
Author, Year 

 (citation number) 
Independent 

Variables Follow-up Period Sample Size 
Number of Subjects with 

Adenoma Outcome Measure of Effect (95% CI) 
Confounders Included 

in the Analysis 

Giovannucci et al., 1995* 
(55) BMI 1986 - 1992 n =  47,723 

n = 586 adenoma 
n = colon cancer 

RR of large CRA = 2.48 (1.15-
5.35) for men with waist >43 

inches (referent=men with 
waist<35), RR of small 

CRA=1.07 (0.53-2.12) for men 
with waist >43 inches 

(referent=men with waist<35), 
RR of CRC=1.48 (0.89-2.46) for 

men with BMI>29 
(referent=men with BMI<22 

physical activity, age, 
history of endoscopic 

screening or polyp 
diagnosis, smoking, red 
meat and total energy. 
age, prior endoscopy, 

parental history of 
CRC, smoking, aspirin, 

intake of animal fat, 
dietary fiber, folate, 

methionine, and alcohol 

RR=2.21 (1.18-4.16) for large 
adenomas in the distal colon 

among women with BMI >29 
(referent = women with BMI 

<21) 
Giovannucci et al., 1996 
(56) BMI 1986 – 1992 n = 13,057 n = 439 adenoma 

OR = 2.26 (1.22 – 4.20) for 
adenomas among subjects with 
BMI >30 (referent = BMI <25), 

OR = 1.77 (1.02 – 3.07) for 
adenomas among subjects with 

the highest tertile of waist 
circumference (referent = the 

lowest tertile of waist 
circumference) 

Age at colonoscopy and 
gender Sedjo et al., 2007 (57) BMI and WC 1992 - 1994 n = 600 n = 136 adenoma 

Stemmermann et al., 1988 
(58) 

No association between BMI 
and adenoma BMI 1965 – 1968 n = 8006 n = 88 adenoma no covariates reported 

Wallace et al., 2005** 
(59) BMI unavailable n = 930 

n = 156 hyerplastic 
polyp 

n = 236 tubular adenoma 
n = 70 advanced 

adenoma 

RR =  0.59 (0.62 – 1.27) for 
hyperplastic polyps among 

subjects with BMI>30 (referent 
= subjects with BMI <25), RR = 

1.07 (0.82 – 1.40) for tubular 
adenomas  among subjects with 

BMI>30 (referent = subjects 
with BMI <25), RR = 1.07 (0.62 
– 1.86) for advanced neoplasm  
among subjects with BMI>30 
(referent = subjects with BMI 

<25). 

age, gender, clinical 
center, time since first 
study exam, treatment 

assignment, and BMI at 
baseline. 

*Note: this article evaluated both colorectal cancer and adenoma as an outcome 
**Note: this study was an observational study nested within an intervention 

 237



 238

Table 29 cont. Summary of cohort studies for obesity, visceral adiposity, and metabolic syndrome on colorectal adenoma. 

Author, Year 
 (citation number) 

Independent 
Variables Follow-up Period Sample Size 

Number of Subjects 
with Adenoma 

Outcome Measure of Effect (95% CI) 

 
 
 
 
 
 
 

Confounders Included 
in the Analysis 

Wang et al., 2005 (60) 
Metabolic 
syndrome 2001 – 2002 n = 4938 n = 840 adenoma 

OR=1.78 (1.31-2.35) for 
subjects with 3 component 

traits of metabolic syndrome 
(referent=subjects with 0 

traits of metabolic 
syndrome) no covariates reported 
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Table 30. Summary of case-control studies for obesity, visceral adiposity, and metabolic syndrome on colorectal adenoma. 
Author, Year 

 (citation number) 
Independent 

Variables Study Period Sample Size Measure of Effect (95% CI) 
Confounders Included in the 

Analysis 

Bird et al., 1998 (61) BMI 1991 - 1993 
n=483 with adenoma 

 n=483 controls 
OR=1.7 (1.0-2.8) for subjects in the highest quintile of BMI 

(referent=subjects in the lowest quintile of BMI) 
gender, age, date of exam, and 

center 

Chiu et al., 2007 (62) 
Metabolic 
Syndrome unavailable 

n = 384 with adenoma 
n = 3893 controls 

OR=1.35 (1.05-1.73) for subjects with metabolic syndrome 
(referent=subjects without metabolic syndrome), no covariates reported 

Elwing et al., 2006 (63) BMI 2004 
n=100 with adenoma 

 n=500 controls 
OR=1.82 (1.26-2.62) for obese women (referent=normal 

weight women) no covariates reported 

Erhard et al., 2002 (64) 1995 – 1997 

n = 207 with adenoma 
n =  71 with hyperplastic 

polyps 
n = 224 controls  

OR = 1.91 (1.26 – 2.88) for subjects with BMI >24 (referent 
= normal weight subjects) no covariates reported BMI 

BMI Unavailable 

n = 429 sigmoid adenoma 
n = 75 rectal adenoma 

n = 3101 controls 

Unable to get article – the following information was 
obtained from the abstract:  

There was a significant positive association between BMI 
and large sigmoid adenomas but not rectal adenomas no covariates reported Honjo et al., 1995 (65) 

n = 189 with adenoma 
Kono et al., 1999 (66) BMI 1995 – 1996 n = 226 controls 

OR = 2.2 (1.0 – 4.8) for subjects with >6kg of weight gain 
within the last 10 years (referent = <2 kg of weight gain 

within the last 10 year) 
hospital, rank in the armed forces, 

smoking and alcohol 

Little et al., 1993 (67) BMI 

n = 147 with adenoma 
n = 176 with positive fecal 

occult test 
n = 153 with negative fecal 
occult test (matched on age 

and gender) No association was found between BMI and adenoma age, gender, and social class unavailable 
Metabolic 
Syndrome 1995 - 2002 

n=756 with adenoma 
 n=1751 controls OR=1.38 (1.13-1.93) for subjects with IRS age, gender, smoking Morita et al., 2005 (68) 

Neugut et al., 1991 (69) BMI unavailable 
n=301 with adenoma 

 n=506 controls 

OR=2.1(1.1-4.0) for women in highest quintile of BMI 
(referent=women in lowest quintile of BMI), OR=1.4 (0.8-
2.5) for men in highest quintile of BMI (referent=men in 

lowest quintile of BMI) age 

Otake et al., 2005 (70) BMI  

OR=1.11 (0.96-1.28) for BMI (no reference group 
provided), OR=2.19 (1.47-3.28) for visceral fat (no 

reference group provided). 
n=51 adenoma  

2001 n=52 controls no covariates reported 
smoking, alcohol, physical activity, 
rank in the armed forces, hospital, 

and waist-to-hip ratio 
n = 228 adenoma No association was found between BMI and adenoma after 

adjusting for waist-to-hip ratio Shinichi et al., 1994 (71) BMI 1991 -1992 n = controls 

 
BMI pooled in 1996 

n = 119 advanced adenoma 
n = 441 non-adv adenoma 

n = 1866 controls 
OR = 1.6 (1.2 – 2.3) among subjects in the highest quartile 
of BMI (referent = subjects in the lowest quartile of BMI) Terry et al., 2002 (386) age, gender, and study site 
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Table 31.Summary of cross-sectional studies for obesity, visceral adiposity, and metabolic syndrome on colorectal adenoma. 
Author, Year 

 (citation number) 
Independent 

Variables Study Period Sample Size Measure of Effect (95% CI) Confounder Included in the Analysis 

Bayerdorffer et al., 
1993 (72) BMI unavailable n = 2012 men and women 

OR = 3.21 (1.15-8.98) for high-risk 
adenomas among men aged 50.5-68.1 

year in the highest two quintiles of 
BMI (referent = lowest quintile for 

BMI) age, sex, and serum cholesterol 

Kahn et al., 1998 (73) BMI 1982 
n = 72, 868 men 

n = 81,356 women 

OR = 1.06 (1.00 – 1.13) for polyps 
among men with BMI >28 (referent = 

men with BMI 22-26), OR = 1.08 
(0.99 – 1.17) for polyps among 

women with  BMI >28 (referent = 
women with BMI 22-26) 

age, education, race, gallbladder 
status, exercise, smoking, alcohol 
consumption, coffee consumption, 

aspirin, vitamin use, family history of 
CRC, diet change, diet, parity, HRT, 

and menopausal status 
OR = 1.57 (1.13 – 2.18) for low risk 
adenoma among subjects with BMI 
>30 (referent = subject with BMI 
<25), OR = 1.37 (0.72 – 2.58) for  

high risk adenoma  among subjects 
with BMI >30 (referent = subject with 

BMI <25)  There was not a linear 
trend of BMI across the three 

outcome measures for men.  There 
was a significant linear trend for 
women across the three outcome 

measures (p=0.03), where the mean 
BMI for women in the no neoplasm 
group, low-risk adenoma group and 
advanced adenoma group was 24.50, 

25.10, and 24.00, respectively. 
 

Larsen et al., 2006 (74) BMI 2001 

n = 443 with low-risk adenoma 
n = 108 with high-risk adenoma 

n = 3447 with no adenoma 
 

age, gender, smoking habits, total 
score for exercise, total consumption 

of vegetables, consumption of 
fruits/berries, boiled potatoes, poultry, 

other meat and fatty fish. 
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Table 32. Summary of case-control studies for obesity, visceral adiposity, and metabolic syndrome on colorectal adenoma recurrence. 
Author, Year 

 (citation number) 
Independent 

Variables Study Period Sample Size Measure of Effect (95% CI) Confounders Included in the Analysis 

Almendingen et al., 
2001 (75) BMI unavailable 

 
n=28 with recurrent adenoma 

n=38 controls 
OR = 1.2 (0.3-5.1) for BMI>29.9 (referent 

= BMI<23.0) 

family history of colorectal cancer, 
energy, fat, fiber, dietary vitamin C, 
cruciferous vegetables and smoking 

Boutron-Ruault et al., 
2001 (76) BMI unavailable 

 
n=154 with recurrent adenomas 

n=426 controls 

 
OR = 2.1 (1.2-3.5) for highest quintile of 
BMI (referent = lowest quintile of BMI) no covariates reported 

age at diagnosis of incident adenoma, 
age at highest weight, activity level, 
pack-years of smoking, kilocalories 

OR = 1.9 (no CI or p-value was provided) 
for second highest BMI quartile in men 

(referent = lowest quintile of BMI in men)
There were no significant results for 

women. 
Davidow et al., 1996 
(77) BMI 1986 - 1988 

n=198 with recurrent adenomas
n=347 controls 

RR = 4.6 (1.7-12.4) for highest quartile of 
visceral fat (referent = lowest quartile of 

visceral fat) 
n = 60 with recurrent adenomas 

n = 59 controls unavailable visceral fat 

 

 

Sass et al., 2004 (78) 
age, gender, prior adenoma, 

randomization group 
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APPENDIX C 

 
Recursive partition model stratified by age and gender 
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Figure 14. Tree of risk factors for adenoma recurrence identified using recursive partition modeling, stratifying by gender and age before genotype. 

Parental Node 
Adenoma Recurrence: 649/1430 = 45.38% 

Node IA - Gender 
Female 

Recur: 181/455 = 39.78% 

Node IB - Gender 
Male 

Recur: 468/975 = 48.00% 

Node IVA-2 - BMI 
Large (>24 kg/m2) 

Recur: 37/77 = 48.05% 

Node IVA-1 -BMI 
Small (<24 kg/m2) 

Recur: 7/26 = 26.92% 

Node VIA-1 – Glucose 
Low (<100 mg/dL) 

Recur: 34/68 = 50.00% 

No Significant Splits

Node VIA-2 – Glucose  
High (>100 mg/dL) 

Recur: 51/86 = 59.30% 

No Significant Splits 

NodeVA-2 - BMI 
Large (>25.8 kg/m2) 

Recur: 85/154 = 
55.19% 

Node VA-1 -BMI 
Small (<25.8 kg/m2) 

Recur: 26/72=36.11% 

No Significant Splits

Node IIA-2 – Age (> 50 years) 
Recur: 174/430 = 40.47% 

Node IIA-1 –Age (<=50 years) 
Recur: 7/25 = 28.00% 

Node IIIB –Genotype  
(Pro12Pro12) 

Recur: 5/19 = 26.32% 

Node IIIA –Genotype 
(any Ala12) 

Recur: 2/6 = 33.33% 

Node IIIB –Genotype  
(Pro12Pro12) 

Recur:130/327=39.8% 

Node IIIA –Genotype 
(any Ala12) 

Recur:44/103= 
42 72%

No Significant Splits 

No Significant Splits 

Node IIA-2 – Age (> 46 years) 
Recur: 463/956 = 48.43% 

Node IIA-1 –Age (<=46 years) 
Recur: 5/19 = 26.32% 

Node IIIB –Genotype  
(Pro12Pro12) 

Recur: 3/14=21.43% 

Node IIIA –Genotype 
(any Ala12) 

Recur: 2/5=40.00% 

Node IVB –
Genotype  

(Pro12Pro12) 

Node IVA –
Genotype (any 

Ala12)
No Significant Splits

NodeVA-2 - Waist 
Large (>47.5inches) 

Recur: 22/26 = 
84.61% 

Node VA-1 -Waist 
Small (<47.5 inches) 

Recur: 330/704 = 
46.88% 

No Significant Splits

Node VIA-1 – 
Triglycerides 

Low (<112 mg/dL) 
Recur: 3/7 = 42.86% 

No Significant Splits

Node VIA-2 – 
Triglycerides  

High (>112 mg/dL) 
Recur: 19/19 = 100.0% 

No Significant Splits

No Significant 
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APPENDIX D 

 
Sensitivity Analyses  
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Table 33. Sensitivity analysis to compare levels of significance between the full population and the population 
that excludes three outliers with outlying triglyceride values.  

WBF Combined Dataset  
 
 
 
Characteristic  

Sample 
Including 
Outliers 
(n=602) 
p-value* 

Sample 
Excluding 
Outliers 
(n=599) 
p-value* 

Sample 
Including 
Outliers 

(n=1433) 
p-value* 

Sample 
Excluding 
Outliers 

(n=1430) 
p-value* 

Main Effects     
BM)1     
Normal weight reference reference reference reference 
Over weight 0.56 0.56 0.42 0.42 
Obese 0.66 0.54 0.04 0.04 
Waist Circumference2     
Small reference reference reference reference 
Medium 0.56 0.59 0.26 0.59 
Large 0.52 0.49 0.59 0.49 
Extra-large 0.70 0.62 0.10 0.62 
Pro12Ala      
Pro12/Pro12 reference reference reference reference 
Any Ala12 0.44 0.49 0.68 0.71 
C1431T     
1431 – CC reference reference reference reference 
1431 – any T 0.40 0.41 0.42 0.42 
Haplotypes3     
Pro-C reference reference reference reference 
Pro-T 0.94 0.96 0.64 0.64 
Ala-C 0.57 0.59 0.75 0.76 
Ala-T 0.29 0.36 0.27 0.30 
Diplotypes4     
Pro/Pro_CC reference reference reference reference 
Pro/Pro_TC 0.89 0.88 0.68 0.68 
Pro/Ala_CC 0.84 0.82 0.35 0.34 
Interactions     
Pro12Ala*BMI 0.03 0.03 0.10 0.11 
C1431T* BMI 0.13 0.13 0.09 0.09 
Haplotypes*BMI 0.002 0.002 0.004 0.004 
Diplotypes*BMI 0.02 0.02 0.004 0.004 
Pro12Ala*Waist Circumference 0.18 0.18 0.15 0.16 
C1431T* Waist Circumference 0.33 0.33 0.21 0.22 
* Odds ratios to obtain the p-values were adjusted for age, gender, number of adenomas at baseline, size of baseline adenoma (measured 
dichotomously as >10mm or <10mm, and previous polyps (measured dichotomously as yes or no).  
1 Normal weight was defined as BMI>18.5 and <25 kg/m2.  Over weight was defined as BMI>25 and <30 kg/m2   .  Obese was defined as 
BMI >30 kg/m2.  
2Small (men < 36.5 inches; women <30.5 inches), medium (men >36.5 to 38.99 inches; women >30.5 to 33.42 inches), large (men >39.0 to 
41.92 inches; women >33.43 to 37.21 inches), and extra-large (men >41.96 inches; women >37.2 inches).  
5 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the analysis.  
6 Linkage was assessed using the phase algorithm.  Only subjects with a likelihood of linage >  0.90 were included in the analysis. The 
following diplotypes were removed: Pro/Pro_TT, Pro/Ala_TT, Pro/Ala_TC, Ala/Ala_CC,  Ala/Ala_TC, Ala/Ala_TT.   
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