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ABSTRACT  

Obesity and Aggressive Prostate Cancer: Bias and Biomarkers  

Russell Bailey McBride 

Obesity is suspected to be a risk factor for aggressive PC due to its associations with altered 

circulating levels of metabolic and sex steroid hormones involved in prostate development as 

well as oncogenesis.  However, the current observational evidence linking obesity to aggressive 

PC is inconsistent or conflicting, and there is growing concern that much of the heterogeneity 

across studies may be the result of obesity interfering with PC screening, diagnosis, and 

treatment.  We performed a critical review of studies analyzing the association between 

anthropomorphic measures and overall PC risk, as well as risk of aggressive disease, and 

illustrate how unique aspects of PC diagnosis and treatment render its risk factor associations 

unusually susceptible to selection biases which are largely unabated by conventional statistical 

adjustment.  Using a counterfactual framework to describe the selection processes that give 

rise to these biases, we demonstrate instances in which the use of marginal structural models 

(MSM) and inverse probability weighting (IPW) may be able to address such biases.   

Using data collected on a series of patients referred for prostate biopsy, and found to have PC, 

we examined the association between BMI, clinical and pathological characteristics.  We found 

evidence of differential receipt of radical prostatectomy (RP) by BMI category, and history of 

obesity which, in the latter case, partially attenuated the association between obesity and high 

grade biopsy.  After multivariate statistical adjustment and IPW, obesity was associated with 

increased odds of higher pathological grade and stage after RP, associations which were not 



 

 

 

 

apparent without the use of IPW.  We also examined the association between one’s exposure 

to history of obesity (measured at age 20, 40 and near the time of diagnosis), and found that 

men with a BMI 30 at all three measures had an increased odds of high pathologic stage 

(pT3), tumor volume >30mm3, and positive surgical margins, compared to never obese.  In the 

multivariate models which did not use inverse probability weights, only the association 

between chronic obesity and high pathological grade reached statistical significance.  These 

findings suggest that treatment selection factors caused a bias toward the null in our estimates 

of the associations between history of obesity and adverse tumor characteristics, and would 

have substantively altered the overall findings of the study.   

We then conducted multiplex immunoflorescence immunohistochemistry on tissue microarrays 

(TMA) made from representative cores of tumor tissue from RP specimens.  Using a semi-

automated, florescence microscopy and imaging technique, we measured nuclear expression or 

androgen receptor (AR), epithelial insulin like growth factor I receptor (IGF-IR), and proliferation 

marker Ki67, in 357 cases who received a RP.  We then tested for associations between patient 

history of obesity and other demographic and clinical characteristics.  Expression of AR and Ki67 

were positively associated with tumor grade and stage, while Ki67 and IGF-IR were associated 

with tumor volume in excess of 30mm3.  We also found an inverse association between IGF-IR 

and tumor grade.  We did not, however, find that history of obesity was significantly associated 

with expression of any of the biomarkers.  Thus we have found no evidence that the association 

between chronic obesity and aggressive disease is mediated by differential expression of 

androgen or IGF-I receptor, or greater tumor proliferation (Ki67).   



 

 

 

 

As researchers continue to understand the underlying causes of aggressive PC and pursue the 

goal of personalized medicine, studies such as these become increasingly important as they 

have the potential to reduce the biases inherent in these dataset and explore important 

interactions between risk factors, and tumor phenotypes that may point the way to new 

preventive and treatment.   
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Preface  

This dissertation consists of a statement of specific aims and hypotheses, a review, two 

self-contained research articles, and a brief summary/synthesis of the findings.  Each of the 

research articles is organized as a scientific manuscript with its own abstract, introduction, 

methods, results, discussion, and references. Chapter 1, entitled “Obesity and aggressive 

prostate cancer – where Bias and Biology Collide”, is structured as a review of the observational 

studies of obesity and PC, and lays out the central methodological issues surrounding the use of 

different case and control populations.  It also provides a brief summary of the hypothesized 

biological basis for the association between obesity and aggressive disease based on work in 

molecular pathology and cellular biology.  The specific aims are addressed in chapters 2 and 3 

and chapter 4 is an overall conclusion and summary and discussion of the relevance of the 

major findings and future directions for research. 

Chapter 2, entitled ‘Obesity and Aggressive Prostate Cancer – Resolving Bias Introduced 

by Treatment Selection’, is focused entirely on Aim 1a, in which I examine the association 

between diagnostic BMI and adverse clinical and pathological characteristics.  Chapter 2 also 

explores sources of treatment selection bias and introduces the use of marginal structural 

models to conceptualize selection processes that can harm the inferential utility of case series 

datasets.   

Chapter 3, entitled “Chronic Obesity Associated with Adverse Tumor Characteristics, 

Independent of Prognostic Markers AR, IGF-IR and Ki67”, examines chronic obesity and its 

relationship to adverse pathological findings (Aim 1b-c), and expression level of the AR, IGF-IR, 
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or Ki67 in radical prostatectomy specimens (Aim 2), as well role of these biomarkers as 

mediators of the association between chronic obesity and aggressive disease.   

In Chapter 4 I briefly summarize the results of the studies within the context of the 

issues set forth in the review paper.  Specifically, I discuss instances in which we may able to 

reduce selection bias in studies utilizing RP specimens, the implications of applying these new 

analytic techniques to studies which integrate tumor pathology, clinical data, demographic and 

risk factor information.  Finally, I suggest several new directions which will be instrumental in 

moving beyond the current set of concerns about using RP series datasets for the purpose of 

making etiologic or biologic inferences about the root causes of aggressive PC.    
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Specific Aims & Hypotheses 

Aim 1:  Obesity and PC Aggressiveness 

To determine whether there is an association between obesity at the time of diagnosis, or a 

history of obesity prior to diagnosis, and the clinical and pathologic characteristics of the tumor.  

The hypotheses to be tested are that:  

a. Obesity measured near the time of diagnosis is associated with more advanced PC stage 

at diagnosis, and higher prostatectomy Gleason grade. 

b. A history of obesity prior to diagnosis is associated with more advanced PC stage at 

diagnosis, and higher prostatectomy Gleason grade. 

c. The prevalence of cases with advanced PC stage at diagnosis, higher Gleason grade, will 

be higher among patients with episodic obesity (BMI ≥30 at one or two intervals) when 

compared to never-obese patients, and highest among those with chronic obesity (BMI 

≥30 at age 20, 40, and at diagnosis) when compared to never-obese patients. 

 

Aim 2: Obesity and Biomarkers of Hormone Signaling  

To examine if obesity is associated with expression level of the androgen receptor (AR), the 

insulin-like growth factor 1 receptor (IGF-IR), or proliferation marker Ki67. 

The hypotheses for the biomarker data are that: 

a. Expression of the AR, IGF-IR, or Ki67 in prostate tumor epithelium is higher among 

obese, compared to non-obese patients.  
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b. Expression of the AR, IGF-IR, or Ki67 in prostate tumor epithelium is higher in patients 

with episodic obesity (BMI ≥30 at one or two intervals) when compared to never-obese 

patients, and higher still among those with chronic obesity (BMI ≥30 at age 20, 40, and 

at diagnosis) when compared to never-obese patients.   

 

Aim 3:  Obesity, Biomarkers of Hormone Signaling, and PC Aggressiveness  

To determine if the expression level of the AR, IGF-IR, or Ki67in prostate tumor epithelium is 

associated with a more advanced stage at diagnosis, or higher Gleason grade, and examine the 

extent to which any association between obesity and PC aggressiveness identified in Aim 1 is 

reduced after adjustment for AR, IGF-IR, or Ki67 expression level. 

The hypotheses to be tested are that: 

a. Individuals with higher expression levels of AR, Ki67, and lower expression of IGF-IR, will 

have higher stage at diagnosis, or higher Gleason grade, than individuals with 

corresponding low expression levels.  

b. The magnitude of any association between obesity and more advanced stage at 

diagnosis, or higher Gleason grade (identified in Aim 1) will be substantially reduced 

after adjusting for the expression level of AR, IGF-IR, and Ki67.   
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Chapter I – Obesity and aggressive prostate cancer – where Bias and Biology ‘Collide’ 

Introduction 

Prostate cancer (PC) is the most commonly diagnosed non-skin cancer among men in the 

United States, with more than 217,000 new cases, 32,000 deaths, and over 2.3 million men 

living with a diagnosis of PC in 2010.(Howlader, Ries et al. 2010)  Yet, the established risk factors 

for PC are surprisingly few, with age, ethnicity and family history being the only consistently 

reproducible factors identified.  The descriptive epidemiology of PC reveals a rapidly shifting 

clinical presentation due to a succession of changes in screening and detection methods, 

refinements in surgical techniques, and the development of new primary therapeutics over the 

past 30 years.  Observational studies of PC must therefore contend with a confluence of cohort 

effects, confounding, and selection biases that lead to heterogeneous results and challenge the 

validity of many reported associations.  Obesity is frequently cited as a PC risk factor due to its 

capacity to alter serum levels of metabolic and sex steroid hormones involved in prostate 

growth and development.  However, evidence is emerging that obesity interferes with the 

screening, diagnosis, and treatment of PC in ways that may induce large and unpredictable 

biases in the effects of obesity on PC incidence, aggressiveness, and treatment outcomes.  Not 

surprisingly, studies of obesity and PC have generated a wide range of inconsistent and 

heterogeneous results, with little resolution as to the underlying association.  The aim of this 

paper is to illustrate how the nature of PC diagnosis and treatment renders studies of this 

disease unusually susceptible to selection biases which are largely unabated by conventional 

statistical adjustment.  We will use a counterfactual framework to describe the selection 
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processes that give rise to these biases and introduce the use of marginal structural models 

(MSM) and inverse probability weighting (IPW) as analytic tools that may be instrumental in 

conceptualizing and addressing these biases.  Finally, we will highlight the need to integrate 

these new methods into studies seeking to understand the underlying biological basis for the 

association between obesity and aggressive PC. 

Obesity is among the greatest emerging threats to public health in the United States.  Between 

1960 and 2006 the prevalence of obesity more than doubled from 13.5 to 35.1 percent among 

adults aged 20-74.(E-Stats. 2008)  If these national trends continue, by 2030 the overall 

prevalence of obesity is estimated to top 51%, and obesity associated health-care costs will 

reach $698 to $785 billion, accounting for 14.1–15.8% of total health-care expenditures.(Wang, 

Beydoun et al. 2008)  In the United States, four of the top 10 causes of death are obesity related 

chronic diseases.(Calle, Rodriguez et al. 2003)  As the average BMI has steadily increased, rates of 

obesity and type II diabetes have risen to the highest rates ever recorded.(Prevention 2009)  Also 

expected, increases in the rates of coronary heart disease, hypertension, stroke, disease of the 

liver and gallbladder, osteoarthritis, infertility, and premature death have occurred.(NIH 1998; 

Popkin 2001; Popkin and Gordon-Larsen 2004; Prevention 2009)  Obesity has been shown to 

increase risk of both incidence and mortality for a wide range of cancer types including post-

menopausal breast, colon, liver, endometrial, pancreas, and others.(Calle, Rodriguez et al. 2003; 

Calle and Kaaks 2004; Rapp, Schroeder et al. 2005) Obesity has been estimated to underlie as much 

as 20% of the cancer related death in the United States.(Calle, Rodriguez et al. 2003) 
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The biology of obesity and prostate cancer 

Obesity is associated with changes in serum concentrations of a range of growth and sex 

steroid hormones, most notable of which are testosterone(Pasquali, Casimirri et al. 1991; Haffner, 

Valdez et al. 1994; Chen, Xu et al. 2006) and insulin-like growth factor 1 (IGF-I) (Thissen, Ketelslegers 

et al. 1994; Wabitsch, Braun et al. 1996; Argente, Caballo et al. 1997; Argente, Caballo et al. 1997; Nam, 

Lee et al. 1997; Nyomba, Berard et al. 1997).  A great deal is now known about how Androgen 

receptor (AR) and IGF signaling control cellular proliferation, differentiation and apoptosis in PC 

cell lines. Considering the remarkable sensitivity of PC to these two hormones, we and others 

have hypothesized that obesity may induce alterations in androgen receptor (AR) and insulin-

like growth factor (IGF) expression within the prostate itself.  These alterations may inhibit 

differentiation, increase cellular proliferation (Ki67), and provide a selection pressure toward 

the development of prostate tumor which is higher grade, and has more invasive and greater 

metastatic potential.(Hsing 1996; Giovannucci, Rimm et al. 1997; Amling 2005; Freedland and Platz 

2007; Hsing, Sakoda et al. 2007; Hsing, Chu et al. 2008)    

The sensitivity of PC to changes in the availability of circulating androgens, particularly 

testosterone and dihidrotestosterone (DHT), is among the earliest mechanisms described in the 

field of cancer (Huggins 1942; Huggins 1943), and provides the basis for treatment of advanced PC 

with androgen ablation.  In light of this, one might expect that higher circulating serum levels of 

testosterone would increase PC risk.  However, a pooled analysis of 18 large prospective cohort 

studies reported no overall association between total testosterone concentration and PC 

incidence.(Roddam, Allen et al. 2008)  However, two recent cohorts, which were able to stratify 

by adverse clinical characteristics (e.g., tumor grade and stage), found inverse associations 
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between testosterone level and risk of aggressive disease. (Platz, Leitzmann et al. 2005; Severi, 

Morris et al. 2006)  The Melbourne Collaborative Cohort Study (Severi, Morris et al. 2006) reported 

nearly twice the risk of aggressive cancer (HR= 1.81, 95% CI 1.05-3.13) in the lowest vs. highest 

categories of total testosterone concentration, whereas, Platz et al. found 3.85 (95% CI 1.52-

10.0) times the risk of Gleason sum 7 or greater.  Several case series studies have similarly 

shown that lower circulating testosterone levels are associated with worse clinical and 

pathological characteristics at diagnosis.(Hoffman, DeWolf et al. 2000; Schatzl, Madersbacher et al. 

2001; D'Amico, Chen et al. 2002; Massengill, Sun et al. 2003)  Among the PC series studies, however, 

none examined the potential association of circulating androgens with BMI.   

Androgen Receptor Signaling 

A possible mechanism linking obesity to androgen receptor (AR) signaling is through the 

breakdown of the AR ligands (testosterone, and dihydro-testosterone) via aromatization within 

adipocytes.(Carruba 2007) Reductions in circulating androgens due to chronic obesity could 

result in a compensatory over-expression of AR, proliferative changes, and ultimately offer a 

selective pressure towards prostate cells with the capacity to bypass androgen dependent AR 

signaling.(Freedland 2005)  The possibility that a hypo-androgenic hormonal milieu could serve 

to up-regulate AR expression in prostatic tissue raises concern over the possibility that adiposity 

could give rise to a prostate micro-environment that is conducive to development of more 

aggressive PC.  AR signaling regulates cellular growth and differentiation in healthy prostatic 

cells, but increases proliferation in tumor cells, suggesting that the androgen receptor may act 

as a tumor suppressor in normal prostate tissue and an oncoprotein in transformed prostate 

cells.(Heemers and Tindall 2007)  Expression of AR within tumor nuclei is among the strongest 
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predictive biomarkers of aggressive PC, with relatively low levels expressed in normal prostate 

tissue, and increasing expression in prostate intraepithelial neoplasia (PIN), invasive PC, and 

androgen independent tumor, respectively.(Li, Wheeler et al. 2004; Shi, Ma et al. 2004; Inoue, 

Segawa et al. 2005; Cordon-Cardo, Kotsianti et al. 2007; Diallo, Aldejmah et al. 2008; Donovan, Hamann 

et al. 2008; Donovan, Khan et al. 2009)  In contrast to the substantial number of studies examining 

the relationships between circulating androgens, BMI, and PC risk, few studies have sought to 

test the association between BMI and PC in relation to AR expression within the tumors.  The 

only study to our knowledge which measured immunohistochemical expression levels of AR 

comparing a small group of obese (n=62) cases to non-obese (n=59) cases treated with radical 

prostatectomy, reported no differences between these groups.(Gross, Ramirez et al. 2009)  The 

potential limitations of this study could include the small number of cases, as well as the lack of 

information on BMI prior to diagnosis.     

Insulin-like Growth Factor Signaling 

Obesity is associated with alterations in elements of the IGF signaling axis.  In physiologically 

normal cells, IGF signaling is involved in prenatal and postnatal cellular growth and 

differentiation (Liu, Baker et al. 1993), as well as mediating the life-span of the entire 

organism.(Russo, Gluckman et al. 2005; Laustsen, Russell et al. 2007)  The IGFI ligand is synthesized 

primarily in the liver under the control of growth hormone, but is also produced in other organs 

such as the prostate and bone.(Sutherland, Knoblaugh et al. 2008)  Chronic hyperinsulinemia, 

common in obese individuals and those with non-insulin-dependent type-2 diabetes, leads to 

reductions in IGF binding proteins 1 and 2, and corresponding increases in free or bioavailable 

IGF-I.(Thissen, Ketelslegers et al. 1994; Wabitsch, Braun et al. 1996; Argente, Caballo et al. 1997; 
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Argente, Caballo et al. 1997; Nam, Lee et al. 1997; Nyomba, Berard et al. 1997)  A meta-analysis by 

Roddam et al. concluded that men in the highest compared to lowest quintile of total 

circulating IGF-I have a 38% increased risk of PC (RR=1.38, 95% CI 1.19- 1.60; P<0.001 for 

trend).(Roddam, Allen et al. 2008)   Among the studies which measured the levels of bio-available 

IGF-I (or the ratio of total IGF-I to IGFBPs), the reported associations with PC risk increased 

markedly.(Yu and Rohan 2000; Kaaks and Lukanova 2001; Chan, Stampfer et al. 2002)  An analysis of 

the Physicians Health Study, found men with high IGF-I levels and low IGFBP-3 levels had 9.5 

(95% CI = 1.9 to 48.4) times the risk of advanced prostate cancer, compared to with men with 

low levels of both proteins.(Chan, Stampfer et al. 2002)  The IGF-I regulatory network is 

remarkably complex and encompasses three separate ligands and six binding proteins, with 

multiple feedback loops and a high degree of redundancy.(Chitnis, Yuen et al. 2008)  Efforts to 

develop models to explore the relationships between IGFI signaling and PC have been hindered 

by this complexity, but remains an active subject of investigation.   

The IGF-IR is a transmembrane tyrosine kinase receptor ubiquitously expressed in nearly all 

human tissue types and is involved in a host of different cellular processes including 

mitogenesis, angiogenesis, transformation, apoptosis and cell motility (Ma, Yang et al. 2009; Yin, 

Chai et al. 2009).  Although largely expressed in the cellular membrane, a number of cell culture 

studies have shown phosphorylation of IGF-IR and translocation to the nucleus to be required 

for neoplastic transformation.(Baserga, Porcu et al. 1993; Sell, Ptasznik et al. 1993)  Surprisingly, the 

studies measuring expression of IGF-IR within the context of a biopsy or radical prostatectomy 

series are quite limited in both size and number.  In a small set of prostatectomy specimens (15 

PC and 32 benign), IGF-IR expression was significantly lower in the cancer cases.(Tennant, 
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Thrasher et al. 1996)  Whereas, another set of 43 PC cases found no difference in IGF-IR 

expression compared to normal prostate or prostatic intraepithelial neoplasia (PIN) in adjacent 

non-cancerous glands.(Cardillo, Monti et al. 2003)  A more recent study, which measured IGF-IR 

expression by western-blot in 51 cases of PC, reported higher levels in cancer vs. benign tissue, 

and greater expression in high vs. low Gleason grade tumors.(Monti, Proietti-Pannunzi et al. 2007)  

The largest study to date measured IGF-IR immuno-expression in 166 PC specimens arrayed 

into tissue microarrays, and found no differences in expression by grade.(Cox, Gleave et al. 2009)  

The limitations of the sample size and case selection of these studies notwithstanding, none of 

the studies examined or reported on the potential relationship between IGF-IR expression and 

BMI in prostatectomy tissues.  In light of the critical role of the IGF axis in oncogenesis, IGF-IR 

has become a popular target in recent years for drug development with numerous clinical trials 

already underway.(Ozkan 2011)   Due to the potential interactions between BMI, IGF signaling, 

and PC, the dearth of studies capable of addressing these issues within a well-designed cohort 

or case series represents a conspicuous gap in the literature. 

Cellular Proliferation and Ki67 

Cellular proliferation is required for growth and development, and is a common acute 

phenomenon within the normal inflammatory response to injury or infection.  Both AR and IGF-

IR signaling in adults are important regulators of cellular proliferation, and when damage at the 

protein or genetic level occurs to elements within these regulatory systems it may contribute to 

benign proliferative conditions, such as BPH, or malignant tumor growth.  Ki67 is a protein 

which is expressed in the nucleus during the G1 phase of the cell cycle and is otherwise absent, 

making it a nearly perfect marker of cellular proliferation.  Recent work in human adipocytes, 
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have shown an unexpectedly high cellular turnover rate, as indicated by the number of Ki67 

positive nuclei.(Rigamonti, Brennand et al. 2011)  In studies of PC, tumors with high proportions of 

Ki67 positive nuclei were more likely to be high pathological grade (Feneley, Young et al. 1996; 

Keshari, Tsachres et al. 2011), and had a greater likelihood of recurrence(Pollack, Cowen et al. 2003; 

Donovan, Khan et al. 2009)  To date, no PC study has examined Ki67 to test whether the prostate 

tumors of obese men have higher rates of proliferation, compared to those of non-obese men.   

Summary 

There is currently a great deal of interest in identifying regulatory mechanisms whereby 

the prostate or PC adapts to changes in the hormonal signals from its surrounding micro-

environment.  First, gene amplification of the AR locus can result in increased mRNA and 

protein expression.  Second, multiple mutations have been identified in the AR gene that either 

render the protein constitutively active or allow it to be activated by a range of other steroid 

hormones.(Culig, Stober et al. 1996; Hara, Miyazaki et al. 2003; Taplin, Rajeshkumar et al. 2003; Attar, 

Takimoto et al. 2009) Third, cross-talk signal transduction pathways between IGF-IR and AR 

signaling have also been described.  Elevated IGF-I signaling, for instance, can result in 

increased AR expression, translocation of the AR from the cytoplasm to the nucleus, and a 

significant change in androgen-regulated gene expression.(Wu, Haugk et al. 2006; Belfiore 2007; 

Frasca, Pandini et al. 2008)  Similarly, IGF-1 signaling has been linked specifically to 

phosphorylation of the AR, ligand-independent activation of the AR, and to androgen 

independent growth.(Wu, Haugk et al. 2006)  Hence, it is plausible that a population of rapidly 

proliferating prostate cells, pre-conditioned to androgen independent functioning, will be at 

increased risk of cellular initiation or transformation, and have a greater potential to develop 
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into tumors which are more aggressive, and have worse clinical outcomes.  Given, the 

mechanistic links that both AR and IGF signaling have to mitogenic control and cellular 

proliferation of the prostate, Ki67 may be an important correlate of AR or IGF signaling within 

the prostate.   

While there is compelling evidence linking obesity and alterations in circulating sex 

hormones and growth factors, as well as in vitro work detailing how these same compounds act 

as key regulators of cellular proliferation, and apoptosis (Strain, Zumoff et al. 1982; Pasquali, 

Casimirri et al. 1991; Yamamoto and Kato 1993; Kaaks and Lukanova 2001), few studies have tested 

associations between obesity and differing levels of receptor expressed within the prostate 

tumor tissue.(Gross, Ramirez et al. 2009)   In the following chapters we will use a well annotated, 

single institution, PC case series to explore the potential associations between exposure to 

obesity, expression of AR, IGF-IR and Ki67 in prostatectomy specimens, and adverse 

pathological outcomes.  

 

Epidemiology of Obesity and PC 

PC Incidence and the Rise of PSA 

The lifetime risk of PC in the United States is approximately 17%, or roughly 1 in 6.(Shao, 

Demissie et al. 2009)  PC is rarely fatal, with less than 15% cancer specific mortality.(Quinn and 

Babb 2002)  Most PC is microscopic and well-differentiated with low invasive or metastatic 

potential.  Autopsy studies have found latent PC in 25-50% of prostates from men over age 50, 

suggesting that there is a large reservoir of undetected, largely benign, disease in the 

population.(Billis 1986; Sakr, Grignon et al. 1994)  Not surprisingly, widespread adoption of 
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prostate specific antigen (PSA) screening in the mid-1980s dramatically altered the descriptive 

epidemiology of PC in the United States.  From the mid-1970 to the mid-1980s, the incidence 

rates of PC were increasing at a rate of 2.6% annually. The introduction of PSA as a screening 

test in the late 1980’s elicited a dramatic 16.1% annual increase, nearly doubling the incidence 

rate from 1988-1993.  After this initial jump, incidence receded to a level consistent with what 

the rates would have been assuming a linear extension of the increases reported before the 

PSA era (See figure 1. source: SEER 9, 1975-2005).  In the pre-PSA era, cases commonly 

presented with local symptoms such as urinary retention, or symptoms indicative of more 

advanced disease such as hematuria and back pain.(ACS 2011)   Between 1980 and 1986, the 

age-adjusted incidence of regional-distant disease was 42%, and declined to 18% in 1994-

2000.(Mullan, Jacobsen et al. 2005)  The abrupt spike in the incidence of PC is believed to be a 

largely due to the combined effects of the rapid utilization of PSA screening, in a population 

with a high prevalence of latent disease, leading to the identification of thousands of previously 

sub-clinical lesions.  Within this context, the identification of factors related to incident PC is 

made far more challenging.  In effect, any factor that alters an individual’s probability of being 

screened, or alters the sensitivity of the diagnostic process, may induce biases in studies that 

create spurious associations or can mask true effects.    

Obesity and PC Mortality 

A compelling biological basis supports the hypothesized link between obesity and PC 

that is more aggressive, and deadly.  However the observational evidence supporting this causal 

model has been strikingly inconsistent.  Perhaps the only robust and consistent evidence linking 

obesity to PC that is more aggressive and deadly, comes from  a set of large, population-based, 
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prospective cohort studies, such as the Swedish construction workers study (n=135K), the 

Cancer Prevention Studies (CPS I, n=381K and CPS II, n=404K), and the NIH-AARP Diet and 

Health study (n=287K).  Although these populations differed substantially in terms of cancer 

screening, prevalence of obesity, and the timing of exposure, the relative increases in PC 

specific mortality were consistently on the order of 20%-40%, when comparing highest to 

lowest categories of BMI. (Andersson, Wolk et al. 1997; Rodriguez, Patel et al. 2001; Calle, Rodriguez 

et al. 2003; Wright, Chang et al. 2007)  A recent random-effects meta-analysis of the six 

population-based cohort studies estimated the relative risk of prostate cancer-specific mortality 

per 5 kg/m2 increase in BMI to be 1.15, 95% CI (1.06-1.25).(Cao and Ma 2011)  Although large 

mortality studies based on death registries offer only very crude insights into the underlying 

associations, they are highly resistant to the types of systematic errors that can lead to biased 

and spurious associations common to case-control and case series designs.  In fact there are a 

number of aspects of the nature of both PC and obesity that render these smaller more 

detailed studies particularly bias prone.  Although these study designs help with understanding 

the mechanisms, a number of challenges to studying the association between obesity and PC 

mortality, incidence, aggressive pathology/histology, and treatment outcomes need to be 

understood and addressed; the following sections highlight these concerns. 

Obesity and PC Incidence and Clinical Severity 

Among 23 cohort studies which examined obesity or BMI in relation to PC incidence, 

only 4 reported significantly increased risk.(Veierod, Laake et al. 1997; Rodriguez, Patel et al. 2001; 

Calle, Rodriguez et al. 2003; Engeland, Tretli et al. 2003)  In the Swedish Construction Workers 

cohort study, the increase in incidence of PC was only moderate, 13% increased risk comparing 
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the lowest to the highest BMI categories, and this difference did not reach statistical 

significance.(Andersson, Wolk et al. 1997)  The Norwegian cohort collected height and weight on 

just under one million men over a 21 year period and observed an increased risk of 9% 

(RR=1.09 95% CI 1.04-1.15) comparing obese to normal weight men.(Engeland, Tretli et al. 2003).  

It is noteworthy that population based PSA screening was not offered in either the Swedish or 

Norwegian cohorts.  In contrast, the Health Professionals Follow-up Study enrolled 50,000 men 

and followed them from 1986 to 2000, as PSA screening became increasingly common, and 

reported that obesity was associated with a decreased risk of PC (RR=0.52 95%CI 0.33-0.83), 

but only among men less than 60 years of age at diagnosis. (Giovannucci, Rimm et al. 2003)   A 

meta-analysis from 2006 that included 21 prospective cohort studies measuring BMI and 

incident PC, reported a modest but dose dependent summary relative risk of 1.05 (95% CI 1.01-

1.08) per five unit increase in BMI. (MacInnis and English 2006)   The following year, the World 

Cancer Research Fund and American Institute for Cancer Research (WCRF/AICR) published an 

exhaustive reivew of diet, physical activity and cancer, and reported that there was insufficient 

evidence for the association between obesity, BMI, or other anthropometic measures and PC 

incidence.(AICR 2007)   

However, when separately examining the studies which were able to conduct subgroup 

analyses of clinically advanced and localized cases, a more complex picture emerged.  The 

stratified results from the MacInnis meta-analysis showed higher BMI was associated with 

advanced disease (random-effects RR, 1.12 per 5 kg/m2, 95% CI 1.01–1.23), and a borderline 

negative association with localized disease (RR 0.96 per 5 kg/m2, 95% CI 0.89–1.03).  The 

WCRF/AICR used more stringent criteria for inclusion into their analyses and reported a 
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random-effects OR for aggressive PC of 1.08 (95% CI 1.02-1.14) per 5 kg per m2 increase.  

However, when the included studies were weighted using the WCRF standardization protocol, 

the estimate dropped to 0.99 (95% CI 0.96-1.01) per 5 kg/m2.(Wiseman 2008) Three large U.S. 

based cohort studies, which were not included in either meta-analyses, reported positive 

associations between obesity and advanced PC, and inverse associations with risk of localized 

PC.(Rodriguez, Patel et al. 2001; Gong, Agalliu et al. 2007; Wright, Chang et al. 2007)   Based on these 

data, obesity is believed to increase risk of advanced, lethal PC, while decreasing risk of less 

aggressive forms of the disease.  If obesity has opposing effects on PC risk, which vary by 

disease severity, these effects would tend to cancel one another making it more difficult to 

detect any association between BMI and PC.    

In an attempt to explain these paradoxical results, a series of overlapping theories have 

been suggested.  Etiologic explanations have focused on the physiological aspects of obesity 

and PC, and the complex interplay between obesity, androgen or metabolic signaling, and the 

hormonal sensitivity of PC.  Explanations for the greater risk of PC mortality emphasized the 

potential for suboptimal treatment of obese men leading to inferior outcomes after surgery, 

radiation, or inferior response to hormonal therapy and shorter time to recurrence and death. 

Other theories highlight ways in which obesity could interfere with PC screening and diagnosis, 

citing the potentially reduced sensitivity of PSA screening and prostate needle biopsy in obese 

men, causing their tumors to remain undetected until they are more advanced, aggressive and 

deadly.  From a cancer prevention perspective, if any of these theories are correct they would 

supply yet another reinforcement of the general recommendation to maintain a healthy BMI.  If 

obesity is associated with the severity or lethality of PC due to modifying the efficacy or 
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effectiveness of treatment, then this would dictate the need for weight loss/management in 

more than 1.5 million men in the U.S. currently diagnosed with PC.  Whereas, if obesity 

increases the risk of aggressive PC through predominantly biological routes, rather than 

technical challenges in screening and diagnosis, this has important implications for how we 

understand its natural history, etiologic and phenotypic heterogeneity.  The issue of whether 

the more aggressive features of PC in obese men is merely an artifact of differential detection 

error, or represents an etiologically distinct subtype of the disease that may respond differently 

to prevention and treatment strategies, remains an important question. 

The increasing use of hospital based treatment cohorts and tumor registries offer the 

opportunity of examining the association between obesity and aggressive disease phenotypes 

by comparing attributes across hundreds or thousands of biopsy specimens or primary tumor 

tissues.  The additional clinical detail permits researchers to generate models adjusting for a 

range of demographic and prognostic factors (such as age, race, and diagnostic PSA).  However, 

as we will illustrate below, such studies may have opened the door to even greater biases, 

inconsistencies and confusion.   

The Structure of Selection Bias 

What is termed ‘selection bias’ in this paper encompasses a range of different issues 

that arise in observational studies, but which all have essentially the same structure.  

Alternately termed, ‘detection bias’, ‘information bias’, or  ‘Berkson bias’, all are the result of 

measurement error, and serve to add either systematic or random error into the measures of 

exposure or disease.(Hernan, Hernandez-Diaz et al. 2004)  Misclassification of the exposure or 

disease can be either ‘non-differential’, or ‘differential’.  While non-differential misclassification 
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is usually random and causes a bias to the null, differential misclassification is systematic and 

can induce large biases capable of amplifying, eliminating, or reversing associations.  Recall bias 

is an example of differential misclassification of exposure by disease.  If obesity reduces the 

detection rate (false negative rate) of PC, then the process of PSA screening and diagnosis will 

introduce a misclassification of disease status which is differential by exposure (BMI).   

In situations when a screening or diagnostic test result (e.g. PSA screening) is influenced 

by both the exposure of interest (obesity) and the disease state of interest (PC), and is a 

determinant of entry into the study dataset, the direction and magnitude of the ensuing biases 

can be difficult to predict.  For example, if obesity decreases the sensitivity of PSA screening or, 

needle biopsy, or influences the use of a particular therapeutic strategy, then each of these 

processes amount to conditioning on a common effect of both the exposure and disease.  The 

magnitude of selection (or collider stratification bias) that results will vary by factors such as the 

distribution of the exposure in the source population, the degree of detection error caused by 

the exposure, and the predominance of alternate paths leading to the diagnosis which do not 

pass through U.  Thus, if obesity is rare in a population, or PSA screening is not widely used, 

there may be no need for concern.  However, if obese men are less likely to engage in PC 

screening, or less likely to have their PC detected by a screening PSA or prostate needle biopsy, 

then in a screened population with a high prevalence of obesity we may expect a significant 

number of obese cases misclassified as non-cases.  As a result, obesity will appear to protect 

against PC incidence, and by extension, obese men will have proportionally less lead-time, 

comparatively more advanced disease, and shorter cumulative survival times.  The challenge 

facing analysts of observational data is to identify the sources of measurement error which 
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cause our measured exposures or outcomes to deviate from the constructs of interest.  Yet 

doing so, requires detailed knowledge of both the study design, and the technical aspects of the 

procedures involved in ascertaining the exposure and disease status.(Robins 2001)  There may 

be instances, as with PSA, in which the measurement tool is widely used long before its error 

dynamics are understood.   

Studies of BMI and PC that are most likely to suffer the effects of selection bias are 

those which use surrogate end points (such as tumor grade, stage, and recurrence-free survival) 

instead of prostate cancer specific survival or overall survival.  The use of a series of PC cases 

treated with radical prostatectomy (RP) as a data source, assumes that the association between 

obesity and advanced or aggressive PC treated by RP will approximate the same association 

found by following a cohort of non-diseased individuals to diagnosis.  However, doing so 

assumes that the case ascertainment and referral to RP is independent of BMI.  As we will 

illustrate below, there is evidence that several processes during PC screening (PSA testing), 

diagnosis (prostate needle biopsy), and treatment selection, are not independent of patient 

BMI, and may induce complex and potent selection biases.   

Obesity and Selection Bias in Prostate Cancer Screening, Detection, and Treatment 

Numerous studies have reported that PC diagnosed in obese men is higher grade, at a 

more advanced stage, with worse clinical outcomes than PC diagnosed in non-obese men 

(Freedland, Terris et al. 2004; Freedland, Grubb et al. 2005; Freedland, Isaacs et al. 2005; Strom, Wang 

et al. 2005; Gong, Neuhouser et al. 2006; Fowke, Motley et al. 2007; Freedland, Sun et al. 2008), while 

other studies have failed to replicate these associations.(Mallah, DiBlasio et al. 2005; Siddiqui, 

Inman et al. 2006; Gallina, Karakiewicz et al. 2007; Isbarn, Jeldres et al. 2008; Hack, Siemens et al. 2010; 
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Moon, Park et al. 2010; Bittner, Merrick et al. 2011; De Nunzio, Freedland et al. 2011)  The majority of 

these studies are single institution case series studies collected either at the time of biopsy 

diagnosis, or prostatectomy. The common use of treatment cohorts to examine the association 

between obesity and aggressive PC seems reasonable from the perspective that if obesity 

causes prostate cancer that is more aggressive and lethal, the characteristics of tumors 

themselves should contain evidence of this association. The radical prostatectomy (RP) cohort 

is a common and readily available resource with patient information about height and weight, 

as well as diagnostic, clinical, pathological details, and outcomes.  Yet, by the time these cases 

have been screen detected, biopsy confirmed, and divided into treatment groups, the pool of 

patients remaining in the RP study population have undergone multiple waves of case selection 

on the basis of their BMI.  As a result, the covariate distribution in the exposed (obese) and 

unexposed (non-obese) subjects will have systematically diverged from that of the non-selected 

population that gave rise to the cases, and the set of conditions necessary to obtain unbiased 

estimates no longer exist within the dataset.  In the following sections some of the mechanisms 

proposed, through which obesity could induce selection bias will be described.  In addition, I 

will try to illustrate how a better understanding of the marginal structures that generate these 

biases can be used to improve our estimations of the effects of obesity on PC incidence, tumor 

aggressiveness, and treatment outcomes. 

PSA Hemodilution 

Most studies examining associations between body size and PSA levels report inverse 

associations on the order of a 5-10% decrease in (total or complexed) PSA per 5-unit increase in 

BMI.(Gray, Delahunt et al. 2004; Baillargeon, Pollock et al. 2005; Barqawi, Golden et al. 2005; Ahn and 
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Ku 2006; Fowke, Signorello et al. 2006; Werny, Thompson et al. 2007; Rundle and Neugut 2008; Rundle 

and Neugut 2009; Parekh, Lin et al. 2010)  A proposed biological explanation for this phenomenon 

is that lower circulating testosterone levels in obese men attenuate PSA production in the 

prostate.(Mohr, Bhasin et al. 2006; Travison, Araujo et al. 2007; Parekh, Lin et al. 2010)   A simpler 

explanation is referred to as PSA hemodilution, in which the comparatively larger volume of 

blood in obese individuals, serves to dilute the PSA to a lower concentration.(Banez, Hamilton et 

al. 2007; Rundle and Neugut 2008)  Using a formula validated against the PCPT data, Rundle and 

Neugut estimated that in a man of average height, a gain of 10 lbs. would result in a decrease of 

0.028ng/ml in PSA.  They further demonstrate that when BMI increases between PSA measures, 

hemodilution can attenuate the appearance of an otherwise increasing PSA velocity.(Rundle and 

Neugut 2009)  A second model calibrated used data from the Baltimore Longitudinal Study of 

Aging, and adjusted for patient age and reported a far more modest relationship of a -

0.03ng/ml change in PSA per 10-point BMI increase.(Loeb, Carter et al. 2009)  The impact of BMI 

mediated hemodilution on the performance of PSA screening is difficult to assess.  And many 

key questions cannot be directly addressed, such as whether PSA hemodilution leads to 

differential under-diagnosis of PC in men with higher BMI, if it has any effect on the timing of 

PC diagnosis, or delays diagnosis sufficiently to allow tumors to grow or advance.  Part of the 

difficulty in testing this hypothesis stems from the natural variation of PSA in the healthy 

screening population, and the natural course of PC.  Results from a population based 

prospective cohort of 3,568 healthy men enrolled in a biennial PSA screening study, estimated 

that changes in PSA concentration within 30% of baseline could be considered normal random 

variability.(Bruun, Becker et al. 2005).   
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If the causal structure of the relationship between BMI and PC is such that, if PC causes 

an increase in PSA and PSA decreases as BMI increases, then PSA testing acts as a collider 

variable which will serve to generate correlations between BMI and PC.  Without the benefit of 

perfect insight into the true PC status of all individuals, it impossible to know which cases were 

missed as a result of obesity related hemodilution.  However, given the causal structure 

proposed in figure 2a is correct; the impact of the ensuing bias will vary depending on the study 

design and source population.  The primary drivers of the bias are cases with screen detected, 

non-palpable tumors.  Studies using diagnoses made on the basis of grossly palpable nodules, 

for example, or those from regions without PSA screening, are exempt from the potential 

biasing effect of PSA hemodilution.  It is noteworthy, that among the cohort studies that 

reported a protective effect of obesity on the incidence of localized PC, most were conducted in 

PSA screened individuals.(Rodriguez, Patel et al. 2001; Gong, Agalliu et al. 2007; Wright, Chang et al. 

2007)   

A parallel explanation for the inverse relationship between BMI and PSA is that the 

comparatively poor health of obese individuals might get them in to see their doctor more 

frequently, if not earlier, than their leaner counterparts.  Having earlier and more frequent 

contact with health care providers could increase their likelihood of receiving a PSA test at an 

earlier age when normal circulating PSA levels are lower.  The Behavioral Risk Factor 

Surveillance Survey (BRFSS), a large U.S. population based study of preventive health practices, 

reported progressively higher odds of having obtained a PSA test within the previous year, in all 

but the highest category of BMI (≥40) compared to men of normal BMI.(Fontaine, Heo et al. 2005)  

In addition, obesity is associated with a higher risk of BPH, and greater urinary symptoms 
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(LUTS), when compared to non-obese men, giving them many more opportunities for a 

prostate examination and PSA test.(Kasturi, Russell et al. 2006)  Thus, the lower PSA levels 

reported in obese men could be explained if obese men are more intensively screened, and 

their tumors identified at an earlier stage, compared to their normal BMI counterparts.  

However, this phenomenon would also be expected to generate an association between 

obesity and improved PC outcomes and mortality, which is rarely found in screened population-

based cohorts.   

 

Prostate Volume and Prostate Needle Biopsy (PNB) 

Prostate size measured by trans-rectal ultrasound at the time of the PNB, has been 

reported to correlate positively with BMI in most (Dahle, Chokkalingam et al. 2002; Freedland, Platz 

et al. 2006; Parsons, Carter et al. 2006; Freedland, Wen et al. 2008; Parsons, Sarma et al. 2009; Pruthi, 

Swords et al. 2009), but not all biopsy cohorts.(Presti, Lee et al. 2004; Bittner, Merrick et al. 2011) 

Non-cancerous proliferative changes in the prostate, such as benign prostatic hyperplasia 

(BPH), are a common cause of prostatic enlargement which may account for the association 

between BMI and prostate size.  A recent meta-analysis of 19 studies reporting measures of 

BMI and BPH reported a 27% increase in the odds of BPH (95% CI 1.05–1.53) per 5 unit increase 

in BMI.(Wang, Mao et al. 2011)   If obesity is associated with larger prostate size due to non-

malignant causes, and large prostate size represents a significant technical challenge to the 

accuracy of the PNB, then biopsy detection of small focal tumors would be more difficult to 

detect in men with larger prostates.  Therefore, all else being equal, within a cohort of men 

followed over time, obese men would be less likely to be diagnosed with incident PC, whereas, 
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the resulting pool of obese cases would be enriched for comparatively larger, more advanced 

tumors than those of non-obese men.  Freedland and others have pointed out that this 

phenomenon, in conjunction with that of PSA hemodilution, could account for the paradoxical 

protective effect of obesity on PC incidence, while increasing risk of advanced, lethal 

disease.(Freedland 2005; Freedland and Platz 2007)   

In the absence of grossly metastatic disease, the diagnosis of PC is entirely conditional 

upon finding cancer in a PNB specimen.  The clinical staging of PC combines information about 

diagnostic PSA level, DRE results (whether nodule is palpable), number of needle cores 

containing tumor, and the primary and secondary Gleason grade biopsy specimen.  From this 

relatively small amount of information, the physician and patient determine the most 

appropriate treatment.  Thus the accuracy of the PNB is of profound importance to patient risk 

assessment.  Yet, the amount of tissue collected during the biopsy procedure is a tiny fraction 

of the total volume of the prostate, and may miss the tumor entirely or fail to identify the 

highest grade regions.  Several authors have raised the issue that the ability of the PNB to 

identify PC may be significantly worse in larger prostates, citing an inverse association between 

prostate size and PC detection rates.(Uzzo, Wei et al. 1995; Eskew, Bare et al. 1997; Karakiewicz, 

Bazinet et al. 1997; Letran, Meyer et al. 1998; Levine, Ittman et al. 1998; Freedland, Isaacs et al. 2005; 

Goetzl and Holzbeierlein 2006; Fowke, Motley et al. 2007) However, these observations equally 

support an alternate interpretation in which patients with smaller prostates are at higher risk of 

PC.  Dismissing concerns about PNB measurement error, other groups have argued that smaller 

prostate size is an independent risk factor for a biologically more aggressive form of PC, citing 

as evidence a greater risk of high-grade tumors, extraprostatic extension, positive surgical 
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margins and biochemical recurrence among those undergoing RP.(Al-Azab, Toi et al. 2007; 

Briganti, Chun et al. 2007; Newton, Phillips et al. 2010) 

The results of the RCTs evaluating the chemopreventive effects of 5-alpha reductase 

inhibitors (5-ARIs), such as Finasteride, are alternately used to support either the fallibility of 

PNB for PC detection in larger prostates, or the biological basis for the association between 

small prostate size and high grade disease. The Prostate Cancer Prevention Trial (PCPT) 

demonstrated a 25% reduction in PC risk in the Finasteride treatment arm.(Thompson, Goodman 

et al. 2003)  However, the drug was ultimately not approved for use due to a 1.3% absolute 

increase (26% relative increase) in the incidence of high-grade tumors.  Although the trial was 

designed to test the chemo preventive effect of Finasteride, its approved indication is to reduce 

prostatic enlargement and BPH symptoms.  Secondary analyses of the PCPT found that the 

median prostate volume was 25% lower in the Finasteride arm than in the placebo arm (25.1 

cm3 vs. 33.5 cm3).(Cohen, Liu et al. 2007; Elliott, Shinghal et al. 2009) If biopsy measurement error 

increases in proportion to prostate volume, one would expect that both the sensitivity of biopsy 

to detect smaller tumors and accuracy of the biopsy Gleason grade should decrease due to the 

lower sampling density. Thus, some concluded that Finasteride effectively reduce the incidence 

of low risk PC, but by shrinking the prostate and reducing the biopsy sampling error, also 

increased detection of higher grade tumors that were unresponsive to treatment.(Kulkarni, Al-

Azab et al. 2006)  The alternate interpretation, and ultimately the reason that 5-ARIs were not 

approved for use as chemo-preventives, contends that Finasteride may promote the 

development of higher grade tumors, and throws into question the safety of drugs which treat 

prostate enlargement.   
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Attempting to resolve the association between PC risk/grade and gland volume, several 

authors examined the reliability of Gleason grading from biopsy to RP.  Discordance between 

biopsy and prostatectomy tumor grade generally occurs when the needle biopsy misses the 

most aggressive areas of tumor, leading to underestimation of the grade and extent of the 

tumor.  Upgrading of the tumor grade at surgery is quite common, ranging from 21% to 57% of 

cases across different study samples.(King and Long)  A number of smaller RP series studies have 

reported significantly greater rates upgrading in larger volume prostates.(Hoedemaeker, Kranse 

et al. 1999; Dong, Jones et al. 2008; Fine and Epstein ; Moreira Leite, Camara-Lopes et al. 2009)  Several 

more recent studies have shown upgrading to increase significantly as prostate volume 

decreases; thus, supporting the rather counterintuitive conclusion that small prostates are 

more likely to be upgraded at RP, despite benefitting from greater sampling density in 

PNB.(Moon, Park et al. 2010; Seitz, Strittmatter et al. 2010; Serkin, Soderdahl et al. 2010; Davies, 

Aghazadeh et al. 2011; Gershman, Dahl et al. 2011)  One criticism of studies reporting higher rates 

of upgrading in smaller prostates was the need to rule out the possibility that this association 

was not a result of men with larger prostates having a greater number of biopsy cores sampled, 

leading to greater biopsy accuracy and reducing the changes of upgrading.  However, a group 

which specifically tested this question in 646 cases from the Shared Equal Access Regional 

Cancer Hospital (SEARCH) database found that men with smaller prostates had more biopsy 

cores sampled, and were more likely to be upgraded compared to men with larger 

prostates.(Freedland, Kane et al. 2007; Turley, Terris et al. 2008) Taken together, the results 

from the SEARCH dataset suggest that the phenomenon of upgrading is less a function of 

biopsy sampling error, than an indicator of the aggressiveness of the tumor.  It also raises the 
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possibility that the adverse histological characteristics in upgraded tumors progressed in the 

interval from biopsy to surgery, a timeframe which is relatively brief given the lengthy natural 

course of PC.  A final peculiarity of the SEARCH database is that it is the only such database in 

which the rate of downgrading exceeded upgrading (30% vs. 25%) among cases with a biopsy 

Gleason grade equal to 7, suggesting that the selection processes from biopsy to RP may be 

distinct from other RP series.(Freedland, Kane et al. 2007)   

The answer to the question of whether gland volume is positively or negatively 

associated with aggressive PC has proven far more challenging than expected, and remains a 

highly disputed issue.(Liu, Brooks et al. 2011; Ngo, Conti et al. 2012)  It also illustrates the 

difficulties which arise when evaluating the effect of an exposure which is correlated with the 

detection error of the disease or outcome in question.  For example, if obesity is associated 

with prostate enlargement via benign processes, the sensitivity of PNB to identify and correctly 

grade PC is reduced, and the association between BMI and high grade PC would be biased 

toward a protective effect.  In a series of 787 men who received a PNB, secondary to an 

elevated PSA or abnormal DRE, investigators reported a significant positive linear association 

between BMI category and prostate volume (p<0.001), and a decreased odds of finding cancer 

at biopsy in age-adjusted models comparing overweight or mildly obese men to normal BMI.  

Whereas, in models further adjusted for prostate volume, abnormal DRE, PSA concentration, 

and race, a higher BMI was associated with an increased odds of being diagnosed with prostate 

cancer (P trend <0.007), and among men diagnosed with cancer, a greater odds of a 

pathological Gleason grade 4+3 (P trend <0.004).  Among those with BMI  35 the odds of a 

cancer diagnosis or high grade cancer were 2.36 (95% CI :1.20–4.61) and 3.95 (95% CI :1.55–
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10.09) times that of normal BMI men, respectively.(Freedland, Terris et al. 2005)  In an analysis of 

a biopsy series from the Nashville Men’s Health Study, Fowke et al. suggested that prostate 

volume acts as an effect modifier, by masking the association between BMI and PC detection.  

The authors reported that obese men (BMI 30) with high volume prostates (40cc) were 

marginally less likely to have a positive PC biopsy, compared to normal weight men with 

similarly sized glands.  Whereas, obese men with smaller (<40cc) prostates had twice the odds 

(OR=2.17, 95% CI 1.09-4.32) of a cancer diagnosis compared to normal BMI.(Fowke, Motley et al. 

2007)  These findings support the hypothesis that increased sampling error in larger volume 

prostates, could differentially obscure the presence of disease in obese patients, and highlight 

the need for increased biopsy sampling density in this potentially high risk group.    

Still another concern in interpreting the results from these studies stems from the fact 

that this phenomenon can only be evaluated in cases with TRUS guided biopsy that were 

subsequently treated with RP.  Clinical datasets lacking estimates of prostate size obtained via 

TRUS, in addition to BMI and the number of biopsy cores sampled during the procedure, lack 

the requisite information to address the possibility that there is greater biopsy sampling error in 

the obese patients.  Although there are institutions where TRUS guided biopsies have become 

the standard practice, it is one of many recent technological advances in prostate biopsy, and is 

unlikely to have been uniformly integrated into all urology clinics.  Finally, if patients attending 

clinics which offer these specialized services are not representative of the general population, 

or if the detection and error rates of TRUS guided biopsies differ significantly from other 

techniques, the results of analyses using such clinical series may not be generalizable to the 
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wider populations.  Patients not treated with RP are not pathologically graded, and opportunity 

to introduce substantial selection biases which will be discussed in detail below.   

Obesity and Treatment Selection Bias 

When considering the RP series studies, the reported association between obesity and 

aggressive PC characteristics are highly variable.  No less than ten such studies reported that PC 

diagnosed in obese men is either higher grade, at a more advanced stage, or has shorter time 

to recurrence, when compared to PC in non-obese (Amling, Riffenburgh et al. 2004; Freedland, 

Aronson et al. 2004; Freedland, Grubb et al. 2005; Freedland, Isaacs et al. 2005; Strom, Wang et al. 

2005; Gong, Neuhouser et al. 2006; Fowke, Motley et al. 2007; Freedland, Sun et al. 2008; Freedland, 

Banez et al. 2009), while other studies have failed to replicate any of these associations. (Bassett, 

Cooperberg et al. 2005; Kane, Bassett et al. 2005; Mallah, DiBlasio et al. 2005; Siddiqui, Inman et al. 

2006; Gallina, Karakiewicz et al. 2007; Isbarn, Jeldres et al. 2008; Bittner, Merrick et al. 2011; De Nunzio, 

Freedland et al. 2011)  Although there is considerable regional and secular variations in its use, 

radical prostatectomy (RP) is regarded as the gold standard treatment for clinically localized 

prostate cancer and it is the primary treatment in roughly 40-50% of cases in the United 

States.(Hamilton, Stanford et al. 2001; Harlan, Potosky et al. 2001; Schymura, Kahn et al. 2010).  

Radical prostatectomy contrasts with surgical treatment for most other malignancies, in which 

removal of the tumor is a prerequisite for curative therapy, and would be omitted only when 

prevented by extreme frailty, comorbidity, or non-compliance.  The use of RP varies 

considerably by degree of clinical risk, age, and comorbid conditions, as well as non-clinical 

factors such as race, marital status, year of diagnosis and clinic location.(Harlan, Potosky et al. 

2001; Schymura, Kahn et al. 2010; Hamilton, Albertsen et al. 2011).  Although not able to examine 
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BMI as a predictor, one study which modeled predictors of treatment using the Prostate Cancer 

Outcomes Study linked to the Surveillance, Epidemiology and End Results (SEER) dataset, found 

multiple non-clinical factors (such as race/ethnicity, marital status, educational level, income 

and insurance status) significantly associated with treatment type.(Harlan, Potosky et al. 2001)  

The authors regard the association of nonclinical factors with treatment, to be the result of a 

lack of definitive information on treatment effectiveness, and highlight the need to better 

inform patients as to the risks and benefits of all treatment options.  In fact, a review of the 

available comparative outcome studies of different treatments for localized PC found no 

difference in survival outcomes comparing RP to external beam radiation therapy or watchful 

waiting (in low risk PC).(Wilt, MacDonald et al. 2008)  However, the risk of treatment 

complications such as erectile dysfunction and urinary incontinence are slightly higher after RP 

compared to less invasive treatment (See table 2 in (Wilt, MacDonald et al. 2008)).  Several 

studies have reported greater rates of adverse events and surgical sequelae as well as lower 

health related quality of life both before and after RP in obese verses normal BMI 

men.(Montgomery, Gayed et al. 2006; Mendenhall, Nichols et al. 2010) 

Other Selection Factors 

Obesity is uniformly found to be positively associated with comorbidities such as type II 

diabetes and hypertension, both of which are strong contraindications for surgery, and 

particularly so in individuals with morbid obesity.(Deitel and Shahi 1992; Eisenberg, Cowan et al. 

2011)   Thus, the physician, when presented with patients diagnosed with a low-risk PC, as well 

as a commonly clustered set of comorbid conditions (obesity, hypertension, type II diabetes), 

must determine the point at which the risk of post-surgical complications outweighs the 
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marginal benefit of RP over radiation therapy.  In the absence of other selection processes, the 

resulting pool of patients treated by RP will have proportionally fewer obese men than were 

initially diagnosed with PC, but those obese men receiving RP are expected to have 

comparatively more aggressive disease, biasing the association between BMI and adverse 

pathology, and outcomes, away from the null.   

Advanced age is another factor that is negatively associated with receiving surgery.  If 

older, obese men are less likely to be referred to surgery, then BMI and age at diagnosis should 

be inversely correlated in RP series studies.  In nearly every RP series, age at diagnosis is lower 

among those with higher BMI.(Amling, Riffenburgh et al. 2004; Bassett, Cooperberg et al. 2005; 

Freedland, Grubb et al. 2005; Kane, Bassett et al. 2005; Strom, Wang et al. 2005; Freedland, Giovannucci 

et al. 2006; Siddiqui, Inman et al. 2006; Stroup, Cullen et al. 2007; Freedland, Wen et al. 2008; Ma, Li et 

al. 2008; Freedland, Banez et al. 2009)  If obesity promotes PC growth and development, it is 

conceivable that obese men may be diagnosed at an earlier age than their non-obese 

counterparts.  However, when examining the results of the large prospective cohort studies, 

age at diagnosis does not differ significantly across categories of BMI, where 

reported.(Rodriguez, Patel et al. 2001; Gong, Agalliu et al. 2007; Wright, Chang et al. 2007)  

Patient preference may also play a role in generating selection bias.  For example, study 

participants diagnosed with PCa may subsequently choose to receive treatment at an outside 

clinic, effectively censoring themselves from studies of pathological characteristics.  Patients 

who seek out specialists or 2nd opinions from other physicians have generally superior 

outcomes, particularly with respect to surgical oncology.(Earle, Schrag et al. 2006; Steyerberg, 

Neville et al. 2007)  Individuals who engage the health care system, to reassure themselves that 
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they are receiving the best possible care, often have greater socioeconomic resources, lower 

BMI, and fewer comorbidities than those who do not.  If these non-obese, ‘pro-active’ cases 

also have disproportionately low grade, early stage tumors, the remaining pool of men in the 

normal BMI category would be expected to have higher grade and stage disease compared to 

the other BMI categories.  The resulting bias could easily negate any harmful effects of obesity, 

or even cause obesity to appear protective against aggressive PC.  Studies performed at clinics 

located near unaffiliated centers of excellence, are at risk of producing biased and inconsistent 

findings as a result of the phenomenon described above. 

In situations where the main exposure of interested influences the type of treatment, 

which in turn determines whether a case is included or excluded from a study pool, the 

resulting selection bias is not amenable to correction through conventional statistical 

adjustment.  In the study of PC, patients who do not receive an RP are omitted from analyses of 

pathological staging/grading and biochemical recurrence, because these outcomes are not 

known.  In the greater context of surgical oncology, generally only a small fraction of the total 

cases will go without treatment, limiting the potential biases resulting from their absence.  This 

is in stark contrast to PC where 40-60% of eligible cases will not remain in the RP group.  In 

effect, whatever nonrandom factors and decision processes are associated with treatment can 

have profound effects on the ability of studies based on the remaining patient pool to produce 

unbiased association measures.  Race, socio-economic status, comorbid conditions as well as 

the drugs used to treat such conditions, have been linked to increased or decreased odds of 

aggressive PC based on pathological findings obtained at RP.(Baquet, Horm et al. 1991; Will, 

Vinicor et al. 1999; Freedland, Sutter et al. 2000; Nelson and Harris 2000; Hoffman, Gilliland et al. 2001; 
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Amling, Riffenburgh et al. 2004; Hubbard, Rohrmann et al. 2004; Evans, Donnelly et al. 2005; Loeb, Kan 

et al. 2009; Kim, Moreira et al. 2011)  Insofar as any of these factors is associated with treatment 

compliance, or is a contraindication for surgery within a given dataset, their reported 

associations are at risk of selection bias.   

By extension, the use of RP specimens to investigate biomarker associations runs the 

risk of identifying ‘passenger’ associations rather than etiologic factors.  If obesity, or other 

surgical contraindication, selects men with more aggressive disease into the RP series, 

subsequent analyses of prognostic biomarker expression level may be statistically associated 

with the selection factor.  Thereby, creating the appearance of an underlying biological 

association between the risk factor and the biomarker, that would be reduced or eliminated in 

the absence of the described treatment selection process.  Similarly, a biomarker of unknown 

prognostic value may appear to be significantly associated with aggressive disease, when in fact 

its expression is merely linked to a selection factor bearing no causal association with disease 

aggressiveness. We believe that the capacity for obesity (and related comorbid conditions) to 

influence treatment type, represents a considerable source of bias in risk factor or biomarker 

associations derived from PC case series studies, and that these issues have been largely 

ignored or deemphasized in the literature.   

Conclusions and Solutions 

PC is unique in the degree to which its means of identification has shaped its descriptive 

epidemiology.  The sharp increase in incidence and stage migration which occurred subsequent 

to the adoption of PSA screening in the United States, was followed by a wave of confusion in 
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the medical community about the possible harms and ambiguous benefits of screening, and 

continues to perplex researchers hoping to discern the true causes of disease from the effects 

of screening.  The complex tangle of proposed associations between obesity and the accuracy 

of screening PSA and diagnostic biopsy, as well as its effect as a surgical contraindication, 

together enlarge the assumptions required to draw any conclusions about obesity as a causal 

factors for aggressive PC.  Yet, the desire to study the complex etiology of PC in clinic 

populations persists despite the technical and methodological challenges to making valid causal 

inferences.  Studies which integrate information about putative exposures, clinical and 

treatment characteristics, and tumor specimens, can enable researchers to test mechanistic 

hypothesis about the physiological and pathological processes through which a given exposure 

or risk factor may drive prostate tumor growth and progression, and generate a more 

aggressive cancer phenotype.  The compelling promise of such research is that by elucidating 

distinct molecular subtypes of PC associated with common, modifiable risk factors we will 

identify new preventive strategies and uncover opportunities for individualized treatment.   

How then, are we to disentangle the etiologic effects of obesity on PC from those 

resulting from the technical challenges of diagnosing and treating PC in obese men?  In a sense, 

the descriptive epidemiology of a disease within a population will invariably bear the marks of 

the manner in which it is diagnosed.  For instance, while few would consider a cancer screening 

or diagnostic test to be a causal or etiologic factor in the development of the disease, 

individuals who do not benefit from early diagnosis are at a relatively higher risk of presenting 

with disease which is more advanced with fewer effective therapeutic options available.  Thus, 

if obesity reduces the potential benefits of PC screening, then it could validly be regarded as a 
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risk factor for advanced PC, but it is not necessarily involved in the etiology of the disease.  

From the point of view of the treating physician, this may be a semantic distinction of little 

importance as there is little harm in advising men at risk or diagnosed with PC to maintain a 

normal BMI.  However, if we are seeking to identify modifiable risk factors that will prevent or 

reduce an individual’s PC risk, or uncover the physiological states that give rise to aggressive PC, 

the aforementioned distinction is critical to our ability to make accurate, actionable, inferences 

from our data.   

In the following two chapters, I examined the association between obesity and 

aggressive PC from two vantage points.  In the first, I sought to examine the potential for 

selection bias, from biopsy to RP, in the association between obesity and adverse clinical and 

pathological findings.  I then demonstrated a novel application of inverse probability weighting 

to restore the population’s covariate distribution to that of the source biopsy series.  In the 

second, I measured tumor biomarkers selected for their biologically plausible links to both 

obesity and aggressive disease, and tested whether differential expression of these proteins 

accounts for the more aggressive disease characteristics in chronically obese men.  In doing so 

we sought to test whether the tumors of chronically obese men were phenotypically distinct 

from those of their normal BMI counterparts.   
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Figure 1. Incidence and mortality for prostate cancer – SEER 1973-2002  
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Chapter 2 – Obesity and Aggressive Prostate Cancer – Resolving Bias Introduced 

by Treatment Selection  

Abstract 

Purpose:  Studies examining the association between BMI and aggressive prostate cancer using 

selected treatment series, such as radical prostatectomy (RP) patients, have had inconsistent 

results.  We sought to test whether selection bias (differences between patients who receive a 

RP and those who receive other treatment) could account for those inconsistencies.      

Materials and Methods:  Among 620 men with prostate cancer recruited at Henry Ford Health 

System from July 2001 to January 2005, we analyzed clinical and demographic characteristics 

associated with BMI and RP.  We used logistic regression to estimate the odds of adverse 

clinical findings at the time of biopsy, among obese or overweight men versus men of normal 

BMI in all cases (n=620), and those who later underwent RP (n=423).  We generated inverse 

probability weights (IPW) for selection to RP treatment and tested whether use of weighted 

analyses removed biases observed in the initial analyses of obesity and adverse clinical findings 

at biopsy among men treated with RP.  Weighted analyses were then used to study associations 

between obesity and adverse pathological findings in RP specimens.        

Results:  Overall, obese men were 1.70 (95%CI 1.05-2.77) times and overweight men 1.65 

(95%CI 1.01-2.52) times more likely than men of normal BMI to have high-grade disease at the 

time of biopsy; however among those treated with RP, obesity was not associated with any 

adverse clinical or pathological factors.  Normal weight men with clinically low risk disease were 

half as likely to receive RP as comparable overweight men (OR=0.42, 95%CI 0.19-0.97).  Using 
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inverse probability weights to counter the biases caused by selection into RP, we found that 

obese men had significantly greater odds of adverse clinical grade (OR=1.60 95% CI 1.19-2.16), 

pathologic grade (OR=1.51 95% CI 1.10-2.07) and extra-prostatic extension (OR=1.54 95% CI 

1.13-2.10) than men of normal weight.   

Conclusions:  We demonstrate a quantitative approach to estimating and counteracting 

selection bias in studies of obesity and aggressive PC conducted among men referred for 

specific treatments.  In our dataset, normal weight men with favorable clinical prognosis were 

less likely than comparable overweight or obese men to receive RP.  Using inverse probability 

weights from logistic models of selection into RP, our data support an association between 

obesity and aggressive disease characteristics among men undergoing RP.  
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Introduction 

The dramatic rise in the prevalence of obesity in the United States has raised concerns 

about a possible future increase in the burden of obesity-related diseases.  Prostate cancer (PC) 

is often counted among such diseases, based on the findings of several large prospective cohort 

studies in which men with high BMI have rates of PC mortality roughly 20-40% higher than that 

in men with normal BMI.(Andersson, Wolk et al. 1997; Rodriguez, Patel et al. 2001; Calle, 

Rodriguez et al. 2003; Rapp, Schroeder et al. 2005; Wright, Chang et al. 2007)  However, 

investigations into the role of obesity as a risk factor for the development of PC have produced 

a perplexing mixture of positive, negative and null associations. (Andersson, Wolk et al. 1997; 

Veierod, Laake et al. 1997; Nilsen and Vatten 1999; Putnam, Cerhan et al. 2000; Schuurman, 

Goldbohm et al. 2000; Engeland, Tretli et al. 2003; Giovannucci, Rimm et al. 2003)  Among 

three large U.S. based cohort studies which were able to separate cases on the basis of disease 

severity at diagnosis, reported positive associations between obesity and advanced PC and 

inverse associations between obesity and localized PC.(Gong, Neuhouser et al. 2006; Rodriguez, 

Freedland et al. 2007; Wright, Chang et al. 2007)  Though far from conclusive, the consensus 

interpretation is that obesity increases one’s risk of advanced, lethal PC, while simultaneously 

protecting against less aggressive forms of the disease.  In an effort to explain these apparently 

conflicting findings many researchers turned to smaller, more detailed hospital based 

treatment cohorts, to try and clarify the true relationship between obesity and aggressive PC.  

The treatment cohort is a common and readily available resource with detailed patient 

information about height and weight, as well as diagnostic PSA, clinicopathological 

characteristics, and outcomes.  However, specific aspects of its diagnosis and treatment make 
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studies of PC uniquely prone to selection bias from a multiple sources, each with the potential 

to obscure, amplify, or reverse associations.  The use of radical prostatectomy (RP) series’ to 

study the association between obesity and PC, as will be illustrated below, represents a 

scenario in which the exposure, the disease, and the study design, all conspire to confound the 

results, and for which conventional statistical methods can do little more than add to the 

confusion.  Our research illustrates how factors influencing selection into treatment with RP, 

can generate large and unexpected biases in the association between obesity and adverse 

clinical and pathological tumor findings.  We demonstrate how the use of marginal structural 

models and inverse probability weighting can be an effective means of counteracting these 

biases.    

Studies using hospital based cohorts to identify PC risk factors have used a wide variety 

of adverse prognostic factors, and intermediate endpoints as indicators of aggressive PC.  

However, not all of the endpoints are available on all cases.  Which prognostic measure are 

available, depends largely on the choice of treatment.  To understand this, it is necessary to 

describe some of the clinical considerations from the time of diagnosis to treatment.  The initial 

diagnosis and clinical staging are made, in large part, on the basis of the PSA level, the results of 

a digital rectal exam (whether nodule is palpable), on the biopsy tumor grade, and the number 

of biopsy cores containing tumor.(Edge, American Joint Committee on Cancer. et al. 2010)  

Virtually all PC patients will have clinical staging information available.  If locally advanced 

disease is suspected, a metastatic work-up is performed, and additional data for number of 

positive lymph nodes and metastases are gathered.  From this relatively small amount of 

information the physician must accurately stage the tumor, and make treatment 
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recommendations.  Although there is considerably regional and secular variation in its use, 

radical prostatectomy (RP) is regarded as the gold standard treatment for clinically localized 

prostate cancer and it is the primary treatment in roughly 40-50% of cases in the United 

States.(Harlan, Potosky et al. 2001; Schymura, Kahn et al. 2010; Hamilton, Albertsen et al. 

2011).  Subsequent to the resection of the prostate, the organ is dissected and a thorough 

evaluation is conducted by a pathologist to determine the prognostic features of the tumor.  

These measures include the pathological grade of the tumor, the tumor volume, the 

distribution of tumor throughout the prostate, evidence of extra-prostatic extension or seminal 

vesicle invasion, and surgical margin status.  After removal of the prostate, the patient’s PSA 

production will generally drop to non-detectable levels, and men are followed up with routine 

PSA tests to identify evidence of recurrence.  In the absence of clinically apparent metastases, 

evidence of rising PSA levels is termed biochemical failure, or biochemical recurrence (BCR).  

For the patients who do not receive RP, the pathological details of the tumor cannot be 

assessed, and the endpoint of BCR is not relevant, since their intact prostate is still producing 

PSA.  Thus, other than using more distant endpoints, such as overall survival, or clinically 

metastatic disease (for which surgery is not curative), treatment selection effectively splits the 

pool of diagnosed PC cases available for study into two non-comparable groups.  This division, 

which is somewhat unique to prostate cancer, creates a very large opportunity for selection 

bias to emerge in studies using PC treatment series’.   

Radical prostatectomy contrasts with surgical treatment for most other malignancies, in 

which removal of the tumor is a prerequisite for curative therapy, and would be omitted only 

when prevented by extreme frailty, comorbidity, or non-compliance.  The use of RP varies 
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considerably by degree of clinical risk, age, and comorbid conditions, as well as non-clinical 

factors such as patient race, marital status, year of diagnosis and clinic location.(Harlan, Potosky 

et al. 2001; Schymura, Kahn et al. 2010; Hamilton, Albertsen et al. 2011).  Although not able to 

examine BMI as a predictor, one study which modeled predictors of treatment using the 

Prostate Cancer Outcomes Study linked to the Surveillance, Epidemiology and End Results 

(SEER) dataset, found multiple non-clinical factors (such as Race/ethnicity, marital status, 

educational level, income and insurance status) significantly associated with treatment 

type.(Harlan, Potosky et al. 2001)  The authors regard the association of nonclinical factors with 

treatment, to be the result of a lack of definitive information on treatment effectiveness, and 

highlight the need to better inform patients as to the risks and benefits of all treatment options.  

In fact, a review of the available comparative outcome studies of different treatments for 

localized PC found no difference in survival outcomes comparing RP to external beam radiation 

therapy or watchful waiting (in low risk PC).(Wilt, MacDonald et al. 2008)  Although the risk of 

treatment complications such as erectile dysfunction and urinary incontinence are slightly 

higher after RP compared to less invasive treatment (See table 2 in (Wilt, MacDonald et al. 

2008)).  Several studies have reported greater rates of adverse events and surgical sequelae as 

well as lower health related quality of life both before and after RP in obese verses normal BMI 

men.(Montgomery, Gayed et al. 2006; Mendenhall, Nichols et al. 2010) 

Obesity is uniformly found to be positively associated with comorbidities such as type II 

diabetes and hypertension, both of which are strong contraindications for surgery, and 

particularly so in individuals with morbid obesity.(Eisenberg, Cowan et al. 2011)  Thus, the 

physician, when presented with patients diagnosed with a low-risk PC, as well as a commonly 
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clustered set of comorbid conditions (obesity, hypertension, type II diabetes), must determine 

the point at which the risk of post-surgical complications outweighs the marginal benefit of RP 

over radiation therapy.  In the absence of other selection processes, the resulting pool of 

patients treated by RP will have proportionally fewer obese men than were initially diagnosed 

with PC, but those obese men receiving RP are expected to have comparatively more aggressive 

disease, biasing the association between BMI and adverse pathology, and outcomes, away from 

the null.   

Advanced age is another factor that is negatively associated with receiving surgery.  If 

older, obese men are less likely to be referred to surgery, then BMI and age at diagnosis should 

be inversely correlated in RP series studies.  In nearly every RP series, age at diagnosis is lower 

among those with higher BMI.(Amling, Riffenburgh et al. 2004; Bassett, Cooperberg et al. 2005; 

Freedland, Grubb et al. 2005; Kane, Bassett et al. 2005; Strom, Wang et al. 2005; Freedland, 

Giovannucci et al. 2006; Siddiqui, Inman et al. 2006; Stroup, Cullen et al. 2007; Freedland, Wen 

et al. 2008; Ma, Li et al. 2008; Freedland, Banez et al. 2009)  If obesity promotes PC growth and 

development, it is conceivable that obese men may be diagnosed at an earlier age than their 

non-obese counterparts.  However, when examining the results of the large prospective cohort 

studies, age at diagnosis does not differ significantly across categories of BMI.(Rodriguez, Patel 

et al. 2001; Gong, Agalliu et al. 2007; Wright, Chang et al. 2007)  

Patient preference may also play a role in generating selection bias.  For example, study 

participants diagnosed with PC who refuse treatment or choose to receive treatment at an 

outside clinic, are effectively excluding themselves from studies of pathological characteristics.  

Patients who seek out specialists or 2nd opinions from other physicians generally have superior 



51 

 

 

 

outcomes, particularly with respect to surgical oncology.(Earle, Schrag et al. 2006; Steyerberg, 

Neville et al. 2007)  Individuals who engage the health care system, to reassure themselves that 

they are receiving the best possible care, often have greater socioeconomic resources, lower 

BMI, and fewer comorbidities than those who do not.  If these non-obese, ‘pro-active’ cases 

also have disproportionately low grade, early stage tumors, the remaining pool of men in the 

normal BMI category would be expected to have higher grade and stage disease compared to 

the other BMI categories.  The resulting bias could easily negate any harmful effects of obesity, 

or even cause obesity to appear protective against aggressive PC.  Studies performed at clinics 

located near unaffiliated centers of excellence, are at risk of producing biased and confusing 

findings as a result of the phenomenon described above. 

In situations where the main exposure of interested influences the type of treatment, 

which in turn determines whether a case is included or excluded from a study pool, the 

resulting selection bias is not amenable to correction through conventional statistical 

adjustment.  In the study of PC, patients who do not receive an RP are omitted from analyses of 

pathological staging/grading and biochemical recurrence, because these outcomes are not 

known.  In the context of surgical oncology in general, only a small fraction of the total cases 

will go without treatment, limiting the potential biases resulting from their absence.  Whereas, 

in PC 40-60% of eligible cases will not remain in the RP group, and thus, whatever nonrandom 

factors and decision processes contribute to treatment selection can have profound effects on 

the ability of studies based on the remaining patient pool to produce unbiased association 

measures.  To estimate the association between obesity and aggressive pathological 

characteristics, unbiased by selection into RP conditional on BMI, data on the covariate 
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distribution in the entire case population from which the RP set was drawn is required.  If the 

pre-selected set of patients cannot be circumscribed within the available data, conventional 

stratification may cause to effect estimates of interest to change, but it will not reliably produce 

unbiased estimates.   

To examine the association between BMI and the decision to undergo RP and markers 

of aggressive disease, we analyzed data from a series of men with biopsy-proven PC who were 

members of a large integrated health system.  We sought to examine the association between 

obesity and aggressive disease characteristics in a series of biopsy confirmed PC cases and 

among those subsequently treated with RP, to identify factors that predicted RP, and to 

determine how selection into this treatment modality altered assessment of the association 

between obesity and aggressive disease in the sub-group of men treated with RP.  We utilized 

marginal structural models (MSM) and inverse probability weighting (IPW) to remediate the 

effects of selection bias in analyses of obesity and markers of aggressive disease among men 

who underwent RP   

Materials and Methods 

Patient Population and Accrual 

All study subjects were enrolled in the Gene-Environment Interaction in Prostate Cancer 

(GECAP) study conducted by B. Rybicki, Ph.D., at the Henry Ford Health System from January of 

1999 through December 2004.(Rybicki, Neslund-Dudas et al. 2008)  Potential study subjects 

were identified during monthly review of the HFHS electronic pathology records.  All cases 

residing within the metropolitan Detroit tri-county area (Macomb, Wayne and Oakland), had 

seen a primary care physician (i.e., in internal medicine, gerontology or family practice) 
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affiliated with the HFHS system within five years of enrollment, were deemed medically capable 

of participating, had no previous diagnosis of dementia, and were fluent in English were invited 

to participate in the study. The study protocol for the GECAP study and the secondary analyses 

described in this proposal were approved by both the IRB of HFHS and Columbia University. 

Patient Data 

The patient information for the GECAP study was collected from a variety of sources, including 

electronic medical records, self-administered questionnaires, and interviewer administered 

questionnaires conducted in person or via telephone.  Patient height and weight data were 

collected from the electronic medical record as well as from the self-administered 

questionnaire.  Additional information collected by questionnaire included race, family history 

of prostate cancer, detailed smoking history, marital status, and educational attainment.  

Census tract median household income and average household size were obtained from the 

publicly available 2000 census datasets for each patient address and used to generate a group 

level measure of socioeconomic status.  Through abstraction of patient medical records, 

information about prostate cancer screening history, including PSA results, digital rectal exam 

(DRE) findings within 5 years of the diagnosis, and other medical conditions or comorbidities.  

With the exception of obesity, type II diabetes, and hypertension, coded individually, all other 

comorbid conditions were compiled into an index (0, 1, 2, >2) based on the Carlson comorbidity 

score.(Charlson, Pompei et al. 1987; Charlson, Szatrowski et al. 1994)   
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Outcomes 

Patients’ PSA levels on or immediately prior to their date of diagnosis were used as their 

diagnostic PSA levels.  Biopsy tumor grade was recorded using traditional histological grade 

used by the hospital for reporting to the SEER database in addition to primary and secondary 

Gleason score (Appendix 4). (Edge, American Joint Committee on Cancer. et al. 2010) These two 

histologic grading measures were collapsed into a single measure categorized as low (II/G6) 

vs. high (III/G7) tumor grade.  Clinical stage was categorized into low(T1c) vs. high(T2). We 

also created categories for clinical risk, using the AJCC classification for anatomic risk groups, 

comparing clinically low risk (PSA<10, clinical grade  II/G6, clinical stage T2a) to 

intermediate/high risk cases (PSA10, clinical gradeIII/G7, and clinical stage >T2a).(Edge, 

American Joint Committee on Cancer. et al. 2010)   Among patients treated surgically with RP, 

additional pathological grade and stage data were available and included pathological TNM 

stage, pathological grade, the dimensions (cc) and weight (g) of the prostatectomy specimen, 

tumor volume, and positive surgical margins (PSM) status.    

Statistical Analysis 

Self-reported weights near the time of prostatectomy, and the weight recorded in the medical 

record near the date of prostatectomy, were used for the calculation of body mass index.  In 

instances where these measures differed enough to alter the patient’s BMI by 1 kg/m2 or more, 

the greater of the two values was used.  BMI cut points were based on the WHO (World Health 

Organization) definitions of normal (BMI <25 kg/m2), overweight (BMI ≥25 and <30 kg/m2), and 

obese (BMI 30 kg/m2 or greater).   
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Histograms and scatter plots were generated for each variable to assess normality of 

distribution and linearity of associations in relation to the BMI category, receipt of RP, and 

markers of tumor aggressiveness at the time of biopsy and RP, respectively.  The normality of 

the distributions was assessed using the Kolmogorov-Smirnoff procedure.  The continuous 

variables that required log transformation to achieve a normal distribution were: PSA at 

diagnosis, size (cm3), and weight (g) of the prostatectomy specimen, census tract median 

household income, and census tract average household size.  We used the 2 test statistic to 

compare frequency distributions of categorical variables between groups, and the Student’s T-

test or Wilcoxon rank-sum test to compare measure differences in continuous variables 

between groups.  To test associations between clinical and pathologic characteristics and BMI, 

we used the Kruskal–Wallis test for categorical variables and Spearman correlations for 

continuous variables. We also used ordinary least squares (OLS) regression and maximum 

likelihood (ML) regression approaches to test associations between continuous and 

dichotomous outcomes, respectively, and the main patient variables of interest.   

To assess crude association between obesity and patient characteristics, we tabulated socio-

demographic, and clinical staging information across the three different BMI categories.  All 

univariate associations were assessed separately in the full case series, and in only those cases 

who received RP.  To evaluate consistency in the results we examined the associations between 

BMI category and clinical characteristics in the full case set compared to the RP sub-set.  We 

then performed logistic regression analyses to identify patient characteristics associated with 

receipt of an RP in the overall cases series.  To test for multiplicative interaction between BMI 

category and other factors associated with receipt of RP, we tested the statistical significance of 



56 

 

 

 

cross-product/interaction terms when added to the logistic models.  We also compared the 

proportions of cases receiving RP by BMI category, stratified by clinical disease severity.  We ran 

logistic models stratified by clinical risk group, to test for heterogeneity of effect between BMI 

category and receipt of RP.  

We generated inverse probability weights for selection into the RP treated series, based on the 

Hernán methods (Hernan, Brumback et al. 2000; Hernan, Hernandez-Diaz et al. 2004 2004), in 

which we use factors associated with treatment selection in the entire sample to estimate each 

individual’s probability of treatment (also known as a propensity score).  We then weighted 

each case in the final RP treated set, by their inverse probability of treatment, in effect creating 

a pseudopopulation, with a sample size and covariate distribution similar to those of the non-

selected source population.  Assuming accurate model specification and no unmeasured 

confounders, these methods are uniquely effective at obtaining unbiased estimates in samples 

where selection bias may be present.  Because the source population was comprised of biopsy-

confirmed prostate cancer cases, we were able to use the association between obesity and 

biopsy grade, in the base sample, the RP sample, and the IPW psuedopopulation to assess 

selection bias and observe the extent to which IPW methods corrected the results in the RP 

group for selection bias.   

First, using the full sample we ran adjusted logistic regression models assessing associations 

between body size and each of the following adverse clinical characteristics: biopsy tumor 

grade (III/G7), diagnostic PSA (>10 ng/ml), and low vs. intermediate/high anatomic risk 

group.  We then used only the RP cases and ran logistic models of both clinical and adverse 
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pathological findings, which included clinical grade, pathological grade (≥III/≥G7), extra-

prostatic extension (pT3), tumor volume >30mm3, and positive surgical margins (PSM).  

Logistic models were run three ways:  1) adjusting for age only, 2) fully covariate adjusted (for 

year of diagnosis, age at diagnosis, race, abnormal DRE, hypertension, type II diabetes, 

comorbidity score, current tobacco use, median household income, and educational 

attainment), and 3) IPW (fully covariate adjusted with IPW).  All statistical analyses were 

conducted using SAS, version 9.2 for Windows.  All hypothesis tests were two-tailed and P-

values of ≤0.05 were considered significant.   

Results 

Of the 863 men who were invited into the study, 663 (77%) agreed to participate, and 637 were 

enrolled and completed the study protocol.  Five men were excluded because they had 

received neoadjuvant hormone therapy, which can induce significant changes in weight, and 12 

were excluded because their clinical information was incomplete.  Among the 620 men who 

were included in our analysis, 423 (68%) received a radical prostatectomy at HFHS.  The other 

197 received watchful waiting (n=21), radiation therapy (n=84), hormone therapy (n=25), or 

both radiation and hormone therapy (n=15).  The remainder (n=52) were either not treated or 

sought treatment outside the HFHS. 

The mean (standard deviation) and median BMI of the 620 men in our dataset were 29.0 (±5.1) 

and 28.1, respectively.  According to the WHO BMI categories, 120 (19.4%) were of normal 

weight, 286 (46.1%) were overweight, and 214 (34.5%) were obese.  Table 1a compares the 

BMI groups in the full sample, and Table 1b does so among RP recipients, with respect to 

demographic and clinical characteristics.  In the univariate analyses of the 620 patients, the BMI 
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groups differed in distribution of hypertension, type II diabetes, current tobacco use and census 

tract median household income.  Among the 423 patients who received RP, the same 

associations were found, although most P-values were larger.   

Obesity and adverse clinical findings at the time of biopsy 

Table 2 reports the odds ratios for adverse clinical findings at the time of biopsy by BMI 

category in full sample and in the subgroup treated with RP.  In the full sample, the odds of high 

grade tumor found at biopsy was 1.70 (95% CI 1.05-2.77) times greater in the obese and 1.60 

(95% CI 1.01-2.52) times greater in overweight cases than in those with normal BMI.  Whereas, 

among the 423 cases who received RP, the corresponding estimates were an OR of 1.50 (95% CI 

0.81-2.79) in the obese, and an OR of 1.17 (95% CI 0.66-2.07) in the overweight, relative to 

normal BMI cases.   

Selection into treatment by RP 

Table 3 compares patients who received RP with those who did not in relation to clinical and 

demographic characteristics.  The mean age of the RP treated group was approximately 4 years 

younger than in the group not treated with RP (p<0.001).  The RP group also had fewer 

comorbidities (p<0.001), and fewer individuals with Type II diabetes (p<0.001) or hypertension 

(p<0.001) than the non-RP group.  Men who received RP lived in census tracts with higher 

median household incomes (p=0.02) than men who did not receive RP.  Higher proportions of 

the RP group than of the non-RP group had biopsy tumor grades of III or IV (p<0.001), and 

intermediate to high clinical risk (p<0.001).  The median BMI in the RP group (28.9 kg/m2, 

SD=4.36, min=20.2, max=48.4) was not significantly different from that in the non-RP group 
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(29.3kg/m2, SD=6.50, min=19.0, max=64.2), however those with the highest and lowest BMI 

appear not to have received RP.   

We used multivariate logistic models to test for associations between BMI (continuous), 

and receipt of RP, adjusted for clinical factors.  We added a BMI squared variable (BMI2) into 

the model to evaluate a non-linear association between BMI and RP.  Although BMI as a 

continuous measurement was not associated with receipt of RP, the addition of a BMI squared 

term yielded p value <0.001, suggesting a non-linear association between BMI and odds of 

receiving and RP.  To further explore the non-linear association between BMI and RP, we 

ranked BMI into quintiles and found an ‘n’ shaped distribution, in which the highest rates of RP 

(69.7%) were in the middle three quintiles (corresponding to BMI 25-32 kg/m2), while men in 

the highest and lowest quintiles had rates of 65.6% and 62.9%, respectively.   

To test whether the association between BMI category and receipt of a RP varied by 

clinical risk, we examined the likelihood of RP across BMI category, overall and stratified by 

clinical grade or risk group.  The analyses summarized in tables 4 and 5, show that among men 

with low grade tumors at biopsy, normal weight men are the least likely to receive RP at 52%, 

vs. 66% and 54% in overweight or obese, respectively (p=0.08).  Whereas in those with high 

grade tumors at biopsy, the proportion receiving RP was highest among normal weight men 

(81%), compared to overweight (76%) or obese (76%)(p=0.58).  We also restricted the sample 

to patients into those with lowest clinical risk profile (clinically non-palpable, low grade tumors, 

with diagnostic PSA <10 ng/ml), and found normal BMI men to have the lowest proportion 

receiving RP (52%) compared to overweight (71%) or obese (55%) (p=0.03).  In table 5 we 
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report the adjusted logistic models of association between BMI and RP in the full sample, and 

stratified by clinical grade or risk group.  To illustrate the ‘n’ shaped association, we chose the 

middle BMI category (BMI 25-30) as the reference group.  Logistic models in table 5 are 

adjusted for other factors crudely associated with receipt of RP, identified in table 3 (diagnosis 

age, year, comorbidities, and median household income).  Among the cases with low biopsy 

grade (≤6) those of normal BMI were 55% less likely to receive RP (OR=0.45, 95%CI 0.23-0.96) 

compared to overweight, and 21% less likely (p= n.s.) than obese men.  In the group with low 

overall clinical risk features, normal BMI was associated with 58% decrease in the odds of RP 

(OR=0.42, 95%CI 0.19-0.97) compared to overweight men, and a non-significant 34% lower 

odds than obese men.   

Obesity and adverse tumor characteristics among men treated by RP, adjusting for selection 

The inverse probability weights were derived from logistic regression estimates of factors either 

associated with BMI, or related to whether they received an RP within the Henry Ford health 

system.  In addition to variables for BMI category, the model included year of diagnosis, older 

age (>50 years), race, current tobacco use, hypertension, type II diabetes, comorbidity score >2, 

enlarged prostate noted on DRE, diagnostic PSA, highest educational attainment, quintile rank 

of median household income, clinical/biopsy grade, and clinical stage 2 or higher.  The mean, 

median and SD of the IP weights among the 423 cases in the RP group were 5.8, 4.2, and 4.8, 

respectively.  The minimum value was 1.0, maximum value was 35, and 90% of the values were 

10 or lower.   
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In table 6, we report age-adjusted, fully covariate adjusted, and fully covariate adjusted with 

inverse probability weights odds ratios for adverse prognostic findings by BMI category for the 

RP treated subjects.  In the age-adjusted, as well as the fully-adjusted models, neither 

overweight nor obese men differed significantly in the odds of any adverse clinical or 

pathological characteristics, compared to normal BMI.  In the IPW models, however, we found 

that men who were obese had a 60% greater odds of high clinical grade (OR=1.60 95% CI 1.19-

2.16), and the overweight men had a 27% increase of borderline statistical significance 

(OR=1.27 95% CI 0.98-1.67), compared to normal BMI cases.  These estimates more closely 

resemble the odds ratios obtained in the source sample (n=620) for the relationship between 

BMI category and clinical grade.  In the IPW analyses of adverse tumor findings, obesity was 

associated with an increased likelihood of high pathological grade (OR=1.51 95% CI 1.10-2.07), 

and a lower likelihood of extraprostatic extension (pT3 OR=1.54 95%CI 1.13-2.10), compared 

to normal BMI.    

Discussion 

In our case series of 620 patients diagnosed with PC, we found men who were overweight or 

obese had a significantly greater odds of high grade tumor at biopsy, after adjustment for year, 

age, race, abnormal DRE, hypertension, type II diabetes, comorbidity score, tobacco, median 

household income, educational attainment.  However, among the 423 men who went on to be 

surgically treated with RP, the association between BMI category and high grade tumor at 

biopsy could not be reproduced in the conventionally adjusted models.  The analyses identified 

several potential selection factors, independently associated with both receipt of RP and BMI 

category.  Contrary to our expectation that obese men with low risk disease would be less likely 
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to receive RP, we found that normal BMI subjects with low clinical risk were significantly less 

likely to be in the RP treated group (OR=0.45, 95% CI 0.23-0.96), such that the normal BMI men 

that received RP had comparatively more aggressive tumor characteristics, than overweight or 

obese men.  However, after modeling the factors predictive of who received RP, and 

incorporating inverse probability weights for treatment into the adjusted models, we found 

obesity to be associated with a significant increase in the odds of high tumor grade at biopsy, as 

well as high pathological tumor grade, and extraprostatic extension, compared to normal BMI.    

The use of RP series’ to examine the association between obesity and aggressive disease 

characteristics, has produced heterogeneous results.  Some studies have shown obesity to be 

associated with an increased likelihood of one or more adverse prognostic features (Amling, 

Riffenburgh et al. 2004; Freedland, Aronson et al. 2004; Freedland, Grubb et al. 2005; 

Freedland, Isaacs et al. 2005; Kane, Bassett et al. 2005; Spangler, Zeigler-Johnson et al. 2007; 

Jayachandran, Banez et al. 2009; Moon, Park et al. 2010; Zilli, Chagnon et al. 2010), while others 

have found no association (Bassett, Cooperberg et al. 2005; Mallah, DiBlasio et al. 2005; 

Komaru, Kamiya et al. 2010; Bittner, Merrick et al. 2011; De Nunzio, Freedland et al. 2011).  Our 

initial hypothesis was that if obesity is a contraindication for surgery, physicians would be more 

likely to recommend RP to an obese man presenting with high clinical risk features, than one 

presenting with low clinical risk.  Stated differently, the probability that an obese man would be 

in an RP series would be contingent upon their presenting with relatively higher clinical risk 

disease than an equivalent case with normal BMI.  Selection into an RP series in this manner 

could result in a spurious association between obesity and aggressive disease characteristics, 

creating a bias which would amplify the expected association between obesity and aggressive 
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PC.  Had our initial hypothesis been supported, it would demonstrate the tendency for bias in 

RP study results, and challenge the assertion that obesity increases the risk of aggressive PC.   

Contrary to our expectations, we found that among men with low clinical risk features, those 

with normal BMI (52.1%) were the least likely to receive RP, followed by obese men (54.7%) 

and overweight men (70.5%).  In covariate adjusted logistic models, compared to overweight 

men with low clinical risk, obese men with low clinical risk were not significantly less to receive 

RP, but normal BMI men with low clinical risk were significantly less likely to receive RP.  

Although the nature of the selection bias was not as predicted, bias was present as judged by 

the clear association between obesity and clinical grade in the full biopsy sample, and the lack 

of association between obesity and clinical grade among the sub-set of men treated by RP.  The 

significance of this finding should not be understated, as the presence of an unexpected 

selection bias in an RP series, potent enough to remove an association apparent at the time of 

biopsy, throws into question the validity of many findings generated from RP datasets.    

While it is known that commonly clustered comorbidities, such as obesity, type II diabetes and 

hypertension confer selection pressure against surgery, the clinical and non-clinical processes 

that underlie the lower odds of surgery among normal weight men in our dataset are unclear.  

However, these cases were almost uniformly normal BMI men from higher income census 

tracts, with low clinical risk features.  Details concerning why untreated cases did not receive 

therapy were incomplete in our data set, however, there were several instances in the 

database in which cases from the original biopsy series were noted to have received RP at a 

neighboring institution.  The catchment area for the Henry Ford Health System is served by 
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both the University of Michigan cancer center and Karamanos Hospital.  To our knowledge, bias 

caused by self-censoring, or refusing treatment only to receive it at a different institution, has 

not been described previously.   

 Although we can only speculate on the true reasons for the lower likelihood of normal weight 

men to receive RP in our dataset, its biasing effect is only observable because we have data 

from the overall case series from which the RP series was derived.  Without information on the 

patient characteristics prior to selection into RP, the analysis would, at best, have contributed 

to the pool of inconsistent results published on the subject of BMI and obesity.  In most studies 

of PC using treatment series, the cases from biopsy series from which the RP cases are drawn 

are unavailable or necessarily ignored in order to analyze outcomes specific to RP treated cases 

(pathological stage/grade, biochemical recurrence, etc).  However, ignoring the possibility of 

biases stemming from systematic selection of men from the biopsy series to the surgery series 

makes the implicit assumption that selection into treatment is random with respect to BMI and 

adverse pathology.  Our findings do not support this view.  Having access to data from the 

entire enrolled case series however provides the opportunity to identify systematic selection 

processes, and generate inverse probability weights which can be used to obtain unbiased 

estimates of the association between BMI and aggressive disease characteristics.     

We have identified a number of existing PC datasets to which the methods described can be 

immediately applied, as well as a wide range of other issues in outcomes research in which 

these methods are directly applicable.(Freedland, Terris et al. 2005; Fowke, Motley et al. 2007; 

Pruthi, Swords et al. 2009; Bittner, Merrick et al. 2011)  The use of inverse probability weights 
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to address selection bias in an RP series is most feasible in settings where you have data from 

the cohort of all diagnosed individuals from which the RP series was derived.  Information 

about the patient characteristics from the source population can be used to model the marginal 

structures through which the final RP series is selected.  Based on a given cases’ set of 

attributes, we can estimate their individual probability of treatment (sometimes called a 

propensity score), and by weighting each case in the final RP treated set, by their inverse 

probability of treatment, the effect of selection for treatment can be removed.  These methods 

should, ideally, achieve a better approximation of the counterfactual than is offered by 

standard regression, and stratification.  The same method can also be used to address other 

common biases such as differential lost to follow up, and confounding by indication.  The 

capacity for these methods to produce unbiased effect estimates, however, hinges on the 

validity of the structure and assumptions embodied in the modeling of the weights.  In 

situations where you have an intermediate outcome that is obtained on the entire source 

population, prior to selection into treatment, the effectiveness and efficiency of the weights 

can be tested.  We used clinical biopsy tumor grade for this purpose.  Comparing the estimates 

for the association between BMI and clinical biopsy grade in the full sample, and in the RP 

treated we found that the association between obesity and biopsy grade observed in the 

standard models was biased to the null, while in the IPW model the association was similar to 

that obtained using the full cohort.  This served as a sensitivity analysis which supported the 

validity of our inverse probability weights, and suggested the IPW estimates of post-RP 

pathological outcomes were equally valid.  It is noteworthy that, the statistically significant 
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associations between BMI category and pathological grade and stage obtained by the IPW 

models were both absent in the conventionally adjusted models.  

Perhaps the largest limitation of our study is the possibility that selection bias introduced prior 

to diagnosis might, in part, be responsible for associations observed between obesity and 

clinical grade in the biopsy series.  Several potential mechanisms have been described which, if 

true, could explain the inverse association between obesity and incident PC, and might 

contribute to increased risk of advanced disease, as well as inferior treatment 

outcomes.(Freedland, Isaacs et al. ; Freedland, Terris et al. 2005; Freedland, Giovannucci et al. 

2006; Freedland and Platz ; Mondul, Caffo et al. 2010)  Lower PSA values and larger sized 

prostates found in obese men, which could cause their tumors to be missed altogether, or until 

such time that they have become more advanced, aggressive and deadly.  Our study used as a 

base population, a group of men with biopsy confirmed PC; not the full biopsy cohort or entire 

screened population.  Given this sampling frame, our study could only model selection from the 

time of diagnosis to treatment with RP.  Any biases stemming from selection processes which 

occurred prior to diagnosis likely remained despite adjustment for treatment selection factors.   

Unfortunately, without insight into the true PC status of all individuals, it is impossible to know 

which cases were missed or delayed as a result of these detection errors; a fact which is not so 

much a limitation of our study as it is the field as a whole.   

To our knowledge, ours is the first study to demonstrate the vulnerability of findings from PC 

treatment series datasets to patient selection processes occurring from the time of diagnosis to 

treatment.  In addition, our study is the first to offer evidence suggestive of a bias caused by 
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individuals seeking treatment outside the diagnosing institution.  The magnitude and direction 

of the biases, however, will likely vary depending on factors such as diagnostic and treatment 

standards, type of clinic, time period of study, the prevalence of PSA screening in the hospital 

catchment area, as well as the proximity of other treatment centers of excellence.  We 

demonstrate that in studies examining the association between obesity and adverse 

pathological findings, the use of conventional multivariate adjustment, may be of very limited 

value in obtaining unbiased effect estimates.  However, in studies samples where data 

regarding the larger population of PC cases from which the RP series is derived are available, 

methods such as inverse probability weighting may be used to efficiently and effectively reduce 

selection biases.   

Finally, with respect to obesity and aggressive PC, our IPW results are in agreement with prior 

studies reporting an increased likelihood of adverse pathological features.  Given the high 

prevalence of obesity and PC in the United States, the need to better understand the biological 

basis for this association has never been greater.  Moving forward, researchers will 

undoubtedly continue to use treatment series to pursue these questions.  We hope that our 

study provides a helpful demonstration of the methods and design elements necessary 

generate findings that are as coherent and unbiased as possible.    
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Table 1.  Patient characteristics by BMI  

  a. Biopsy proven PC cases (n=620)   b.  Patients treated with RP (n=423)   

BMI (kg/m2) <25.0 25.0-29.9 30.0 total p-value <25.0 25.0-29.9 30.0 total p-value 

N (%) 120(19.4) 286(46.1) 214(34.5) 620  78(18.4) 204(48.3) 141(33.3) 423  
Mean age (SD) 62.6 (7.4) 62.6 (6.9) 61.9(6.8) 62.4(7.0) 0.43 60.6(6.7) 61.6(6.6) 60.2(6.4) 61.0(6.6) 0.13 
Race/ethnicity     0.30     0.19 

Caucasian 58(19.5) 169(48.4) 112(32.3) 349(56.3)  46(19.3) 122(51.1) 71(29.7) 238(56.4)  
African American 52(19.2) 117(43.2) 102(37.6) 271(43.7)  32(17.4) 82(44.6) 70(38.4) 184(43.5)  
Type II Diabetes     <0.001*     <0.001* 

No 111(22.2) 243(48.6) 146(29.2) 500(80.7)  74(20.4) 180(49.7) 108(29.8) 362(85.6)  
Yes 9(7.5) 44(35.8) 68(56.7) 121(19.4)  4(6.6) 24(39.3) 33(54.1) 61(14.4)  

Hypertension     <0.001*     0.002* 
no 57(24.7) 117(50.7) 57(24.7) 231(37.3)  42(23.0) 94(51.4) 47(25.7) 183(43.3)  
yes 63(16.2) 169(43.4) 157(40.4) 389(62.7)  36(15.0) 110(45.8) 94(39.2) 240(56.7)  

Cormorbidity Index     0.51     0.18 
0 66(20.6) 156(48.8) 98(30.6) 320(51.6)  48(20.0) 118(49.2) 73(30.8) 240(56.7)  
1 24(17.7) 59(43.4) 53(39.0) 136(21.9)  17(17.3) 46(46.9) 35(35.7) 98(23.2)  
2 15(21.4) 29(41.4) 26(12.2) 70(11.3)  8(19.5) 17(40.5) 17(40.5) 42(9.9)  

3 15(16.0) 42(44.7) 37(39.4) 94(15.2)  5(11.6) 23(54.5) 15(34.9) 43(10.2)  
Positive Family Hx 21(16.2) 68(52.3) 41(31.4) 130(21.0) 0.31 18(18.8) 54(56.3) 24(25.0) 96(22.7) 0.37 

Smoking status           
Current smoker 24(27.3) 47(53.4) 17(19.3) 88(14.2) 0.001* 14(25.9) 30(55.6) 10(18.5) 54(12.8) 0.02* 
Former smoker 74(18.4) 196(68.6) 133(33.0) 403(65.0)  46(17.1) 140(52.0) 83(30.9) 269(63.6)  
Never smoked 46(21.2) 90(41.5) 81(37.3) 217(35.0)  32(20.8) 64(41.6) 58(37.7) 154(36.4)  
Marital status     0.43     0.54 

Single 31(22.6) 63(46.0) 43(31.4) 137(22.5)  19(21.8) 42(48.3) 26(29.9) 87(20.8)  
Married 85(18.0) 220(46.6) 167(35.4) 472(77.5)  57(17.2) 161(48.5) 114(34.3) 332(79.2)  

unknownᶧ 4(36.4) 3(27.3) 4(36.4) 11(1.8)  2(50.0) 1(25.0) 1(25.0) 4(1.0)  
Education     0.40     0.44 

Highschool or less 38(16.7) 103(45.2) 87(38.2) 228(36.8)  22(15.3) 68(47.2) 54(37.5) 144(34.0)  
Undergraduate 64(22.2) 134(46.4) 91(31.5) 289(46.6)  45(21.8) 98(47.6) 63(30.6) 206(48.7)  
Postgraduate 18(17.5) 49(47.6) 36(35.0) 103(16.6)  11(15.7) 38(52.1) 24(32.9) 73(17.3)  

MHI in 1K$ (SD)ǂ 59.7(27.7) 55.2(25.6) 51.6(24.6) 54.8(25.8) 0.02 61.7(27.0) 56.0(26.1) 52.9(26.1) 56.0(26.4) 0.05 
Avg HH size (SD)ǂ 2.7(0.44) 2.7(0.43) 2.7(0.42) 2.7(0.43) 0.70 2.7(0.4) 2.7(0.4) 2.7(0.4) 2.7(0.41) 0.70 

Abnormal DRE 78(19.5) 191(47.8) 131(32.8) 405(64.5) 0.43 47(17.2) 139(50.9) 87(31.9) 273(64.5) 0.32 
Enlarged Prostate 31(16.9) 82(44.8) 70(38.3) 183(29.5) 0.38 20(16.1) 57(46.0) 47(37.9) 124(29.3) 0.20 
Diagnostic PSAǂ 8.0(8.0) 7.2(6.6) 7.1(7.2) 7.3(7.1) 0.37 7.3(5.1) 6.7(6.3) 7.2(6.6) 7.0(6.2) 0.68 

Diagnostic PSA ≥ 6 48 (21.3) 104 (46.2) 73 (32.4) 225 (36.3) 0.56 32 (21.1) 70 (46.1) 50 (32.9) 152 (35.9) 0.57 
Clinical Stage     0.41     0.49 

T1C 89(19.0) 221(47.1) 159(33.9) 469(75.6)  62(18.9) 160(48.8) 106(32.3) 328(77.6)  
T2/T3 32(21.2) 65(43.0) 54(35.8) 151(24.4)  16(17.0) 44(46.8) 34(36.2) 94(22.3)  

Biopsy Grade     0.30     0.85 
I/II 67(22.3) 138(44.7) 103(33.0) 305(48.8)  35(44.9) 91(44.6) 56(40.0) 182(43.1)  
III 33(14.7) 109(48.7) 82(36.6) 224(36.2)  28(16.9) 78(47.0) 60(36.1) 166(39.2)  
IV 20(23.0) 39(44.8) 29(33.3) 88(14.8)  15(20.0) 35(46.7) 25(33.3) 75(17.3)  

Clinical risk group     0.84     0.85 
Low Risk 49(40.8) 114(44.9) 91(35.8) 254(41.0)  28(18.2) 77(50.0) 49(31.8) 154(36.4)  

Intermediate/High 71(19.4) 172(47.0) 12(33.6) 366(59.0)  50(18.6) 127(47.2) 92(34.2) 269(63.6)  

ǂ P value based on regression coefficient of log transformed value.  *= Mantel-Haenszel P value  
Positive Family Hx = 1st degree relative (father or brother) with a prostate cancer diagnosis  
MHI = census median household income.  HH size = census average household size  

 



 

 

 

  

 

Table 2.  Odds ratios for adverse clinical findings by BMI category in full sample and in RP subgroup  

  a. Biopsy proven PC cases (n=620)   b.  Patients treated with RP (n=423) 

BMI Category Normal Overweight Obese   Normal Overweight Obese 

Biopsy tumor grade 7  OR OR 95% CI OR 95% CI   OR OR 95% CI OR 95% CI 
Crude 1.00 (Ref) 1.36 0.88-2.08 1.36 0.87-2.12   1.00 (Ref) 1.00 0.71-2.18 1.24 0.70-2.18 

Multivariate* 1.00 (Ref) 1.60 1.01-2.52 1.70 1.05-2.77   1.00 (Ref) 1.17 0.66-2.07 1.50 0.81-2.79 
Diagnostic PSA ≥10 ng/ml OR OR 95% CI OR 95% CI   OR OR 95% CI OR 95% CI 

Crude# 1.00 (Ref) 0.70 0.40-1.21 0.62 0.34-1.11   1.00 (Ref) 0.65 0.32-1.31 0.81 0.39-1.68 
Multivariateᶲ 1.00 (Ref) 0.70 0.40-1.23 0.60 0.32-1.13   1.00 (Ref) 0.61 0.30-1.25 0.74 0.34-1.60 

Intermediate/high risk group OR OR 95% CI OR 95% CI   OR OR 95% CI OR 95% CI 
Crude# 1.00 (Ref) 1.07 0.60-1.50 0.95 0.60-1.50   1.00 (Ref) 0.95 0.55-1.64 1.07 0.60-1.92 

Multivariateᶲ 1.00 (Ref) 1.10 0.70-1.72 0.95 0.58-1.54   1.00 (Ref) 0.9 0.51-1.58 0.95 0.51-1.76 
 Adjusted for age only                       
*Adjusted for year, age, race, abnormal DRE, comorbidities, tobacco, median household income, educational attainment      
ᶲFull model excluded variable for diagnostic PSA                   

6
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Table 3. Clinical and demographic characteristics associated with type of treatment 

 Other RP Total  
 N % N % N % p-value 

N (%) 197 31.8 423 68.2 620 100.0  
Mean BMI kg/m

2
 (SD) 29.3 (6.5) 28.9 (4.4) 29.0 (5.1) 0.001 

BMI categories       0.30 
Normal (BMI <25) 42 21.3 78 18.4 120 19.4  

Overweight (BMI 25-29.9) 82 41.6 204 48.2 286 46.1  
Obese (BMI ≥30) 73 37.1 141 33.3 214 34.5  

Mean age (SD) 65.3 (6.9) 60.9 (6.6) 62.3 (7.0) <0.001 
Race/ethnicity       0.88 

Caucasian 110 55.8 239 56.5 349 56.3  
African-American 87 44.2 184 43.5 271 43.7  

Type 2 diabetes 59 29.9 61 14.4 120 19.4 <0.001 
Hypertension 149 75.6 240 56.7 389 62.7 <0.001 
Comorbidities       <0.001 

0 80 40.6 240 56.7 320 51.6  
1 38 19.3 98 23.2 136 21.9  
2 28 14.2 42 9.9 70 11.3  

3 51 25.9 43 10.2 94 15.2  

Positive family Hx PCa 34 17.3 96 22.7 130 21.0 0.26 
Smoking status       0.09 

current 34 17.3 54 12.8 88 14.2  
former 103 52.3 218 51.5 321 51.8  
never 60 30.5 151 35.7 211 34.0  

Marital status       0.13 
single 50 25.4 87 20.6 137 22.1  

married 140 71.1 332 78.5 472 76.1  
unknown 7 3.6 4 0.9 11 1.8  

Education       0.12 
High school or less 84 42.6 144 34.0 228 36.8  

Undergraduate 83 42.1 206 48.7 289 46.6  
Postgraduate 30 15.2 73 17.3 103 16.6  

HH size (SD) 2.6 (0.5) 2.7 (0.4) 2.7 (0.4) 0.07 
MHI in 1K$ (SD)* 51.0 (22.8) 56.0 (26.4) 54.4 (25.4) 0.02 
Abnormal DRE 127 64.5 273 64.5 400 64.5 0.99 
Enlarged Prostate 59 29.9 124 29.3 183 29.5 0.87 
Mean diagnostic PSA (SD) 8.0 (8.7) 7.0 (6.2) 7.3 (7.1) 0.10 
Diagnostic PSA ≥10  34 17.3 67 15.8 101 16.3 0.66 
Clinical tumor stage‡       <0.001 

T1c 141 71.6 329 77.8 470 75.8  

T2/T3 56 28.4 94 22.2 150 24.2  
Biopsy tumor grade‡       <0.001 

I/II 127 64.5 182 43.0 309 49.8  
III 58 29.4 166 39.2 224 36.1  
IV 12 6.1 75 17.7 87 14.0  

Clinical risk group       <0.001 
Low Risk 100 50.8 154 36.4 254 41.0  

Intermediate/High Risk 97 49.2 269 63.6 366 59.0  
ǂ P value based on regression coefficient of log transformed value.  *= Mantel-Haenszel P value 
Positive Family Hx = 1st degree relative (father or brother) with a prostate cancer diagnosis 
MHI = census median household income.  HH size = census average household size 
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Table 4.  Percent receiving RP with different prognostic features, by BMI 

N=620 Normal Overweight Obese  

 
<25.0 25.0-29.9 30.0 p value 

Low clinical grade (I-II) 52.2% 65.9% 54.4% 0.08 
High clinical grade (III-IV) 81.1% 76.4% 75.6% 0.58 

Low clinical risk 52.1% 70.5% 54.7% 0.03 
Moderate/high clinical risk 73.6% 71.7% 71.9% 0.95 

 

 

Table 5.  Adjusted OR of receiving RP overall and in cases with favorable clinical 
prognosis, by BMI* 

BMI Category Normal  Overweight Obese 

OR Receiving RP OR 95 % CI OR OR 95% CI 

Overall 0.60 0.37-0.98 ref 0.86 0.56-1.34 

Low clinical grade (I-II) 0.45 0.23-0.96 ref 0.79 0.42-1.48 

Low clinical riskᶧ 0.42 0.19-0.97 ref 0.66 0.31-1.41 

*Adjusted for year of diagnosis, age, comorbidities, median household income 
ᶧNon-palpable, low clinical grade, with diagnostic PSA below 6.0 ng/ml 
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Table 6. Adjusted OR and 95% CI for adverse tumor findings among RP recipients, by BMI (n=423) 

BMI Category Normal Overweight Obese 
Clinical grade (III/G7) OR OR 95% CI OR 95% CI 

Multivariate (n=620) 1.00 (Ref) 1.60 1.01-2.52 1.70 1.05-2.77 
Crude‡ 1.00 (Ref) 1.00 0.71-2.18 1.24 0.70-2.18 

Multivariate-adjustedᶲ 1.00 (Ref) 1.17 0.66-2.07 1.50 0.81-2.79 
IPW* 1.00 (Ref) 1.27 0.98-1.67 1.60 1.19-2.16 

Pathological grade (III/G7)      
Crude‡ 1.00 (Ref) 0.89 0.52-1.52 1.18 0.66-2.10 

Multivariate-adjustedᶲ 1.00 (Ref) 1.06 0.58-1.91 1.45 0.75-2.79 
IPW* 1.00 (Ref) 1.12 0.85-1.48 1.51 1.10-2.07 

Pathological stage (pT3)      
Crude‡ 1.00 (Ref) 0.54 0.28-1.06 0.87 0.44-1.71 

Multivariate-adjustedᶲ 1.00 (Ref) 0.56 0.27-1.17 1.02 0.48-2.18 
IPW* 1.00 (Ref) 0.65 0.48-0.88 1.54 1.13-2.10 

Tumor Volume >30mm3      
Crude‡ 1.00 (Ref) 0.67 0.38-1.20 0.79 0.43-1.45 

Multivariate-adjustedᶲ 1.00 (Ref) 0.71 0.37-1.33 0.79 0.40-1.58 
IPW* 1.00 (Ref) 1.29 0.98-1.71 1.15 0.85-1.55 

Positive Surgical Margins      
Crude‡ 1.00 (Ref) 0.82 0.47-1.44 0.85 0.47-1.54 

Multivariate-adjustedᶲ 1.00 (Ref) 0.83 0.46-1.49 0.83 0.44-1.58 
IPW* 1.00 (Ref) 0.99 0.77-1.27 0.98 0.75-1.29 

Diagnostic PSA >10 ng/ml      
Crude‡ 1.00 (Ref) 0.65 0.32-1.31 0.81 0.39-1.68 

Multivariate-adjustedᶲ 1.00 (Ref) 0.61 0.30-1.25 0.75 0.34-1.60 
IPW* 1.00 (Ref) 0.32 0.23-0.44 0.55 0.32-0.63 

‡ Age-Adjusted only 
ɸ 

Adjusted for year, age, race, abnormal DRE, comorbidities, tobacco, MHI, education  
* Adjusted for above variables, and inverse probability weighted 
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Chapter 3 - Chronic Obesity, Adverse Tumor Characteristics, and Tumor 

Expression of AR, IGF-IR and Ki67 

Abstract 

Purpose:  Obesity may influence prostate cancer (PC) screening and treatment.  In addition, 

obesity has been hypothesized to promote prostate cancer tumor initiation and progression 

through hormonal and metabolic changes; however, the association between chronic obesity 

and aggressive PC in observational studies are inconsistent.  Thus, we propose to examine if the 

tumor expression of biomarkers involved in androgen signaling, metabolism, and cellular 

proliferation mediate the relationship chronic obesity and adverse tumor characteristics (high 

pathological grade and stage, tumor volume, and positive surgical margins).   

Methods:  Using a series of 620 biopsy confirmed cases treated with radical prostatectomy (RP, 

n=423) at Henry Ford Health System from July 1999 through 2004, we constructed tissue 

microarrays and used a semi-quantitative multiplex immunofluorescence technique to measure 

nuclear expression of androgen receptor (AR), epithelial insulin-like growth factor I receptor 

(IGF-IR), and Ki67 expression (n=357).  To address potential treatment selection bias, inverse 

probability weights (IPW) were calculated.  We tested associations between chronic obesity 

(obesity at age 20, 40 and at diagnosis) and adverse tumor characteristics, as well as AR, IGF-IR, 

and Ki67 expression in multivariate models adjusted for demographic and clinical covariates, 

and weighted using IPW.  Finally, we examined whether biomarker expression could explain the 

relationship between chronic obesity and adverse tumor characteristics.   
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Results:  Chronically obese men had tumors of higher pathological stage, volume, and positive 

surgical margins compared to those never obese.  In general, the use of IPW strengthened the 

association between chronic obesity and adverse tumor characteristics. All three biomarkers 

were positively associated with adverse tumor characteristics, (with the exception of IGF-IR and 

tumor grade, which were inversely associated), however none of them were related to chronic 

obesity.  The direct effects of chronic obesity on adverse tumor characteristics were minimally 

attenuated after adjustment for biomarker expression.   

Conclusions:  Our results support the association between chronic obesity and adverse tumor 

characteristics, even after addressing potential treatment selection bias. Differential expression 

of AR, IGF-IR, or Ki67 within their tumors are unlikely mechanisms underlying the association 

between chronic obesity and adverse tumor characteristics.     
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Introduction: 

There is a compelling theoretical basis for the hypothesis that obesity, through 

hormonal and metabolic changes, facilitates tumor initiation, progression, and gives rise to 

prostate cancer (PC) that is more aggressive, and deadly.(Hsing ; Giovannucci, Rimm et al. 1997; 

Amling 2005; Freedland and Platz 2007; Hsing, Sakoda et al. 2007; Hsing, Chu et al. 2008)  

However, the empirical evidence for this association is inconsistent.  Numerous observational 

studies have reported that PC is diagnosed in obese men at a more advanced stage, higher 

grade, and with worse clinical outcomes when compared to non-obese(Freedland, Aronson et 

al. 2004; Freedland, Grubb et al. 2005; Freedland, Isaacs et al. 2005; Strom, Wang et al. ; Gong, 

Neuhouser et al. 2006; Fowke, Motley et al. 2007; Freedland, Wen et al. 2008), while other 

studies have failed to replicate these associations.(Mallah, DiBlasio et al. 2005; Siddiqui, Inman 

et al. 2006; Gallina, Karakiewicz et al. 2007; Isbarn, Jeldres et al. 2008; Bittner, Merrick et al. 

2011; De Nunzio, Freedland et al. 2011)  The majority of these studies are single institution 

case-control or RP series studies with readily available information about patient BMI, as well as 

diagnostic, clinical, pathological details, and outcomes.  Yet, there is evidence (see chapter 2) 

that processes involved in treatment selection can bias the association between obesity and 

adverse tumor findings, and may account for some of the heterogeneity in the literature.  Thus, 

empirical data indicating plausible biological links between obesity history and aggressive PC 

would help support the association been obesity and adverse tumor findings.  The current 

analysis attempts to address the issue of treatment selection bias, while testing the association 

between history of obesity, tissue expression of biomarkers involved in androgen signaling, 

metabolism, and cellular proliferation, and adverse tumor characteristics (high pathological 
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grade and stage, tumor volume, and positive surgical margins). This research seeks to clarify the 

mechanisms underlying more aggressive and invasive prostate phenotypes.    

Obesity is associated with changes in serum concentrations of a range of growth and sex 

steroid hormones, most notable of which are testosterone (Pasquali, Casimirri et al. 1991; 

Haffner, Valdez et al. 1994; Chen, Wulf et al. 2006) and insulin-like growth factor 1 (IGF-I) 

(Thissen, Ketelslegers et al. 1994; Wabitsch, Braun et al. 1996; Argente, Caballo et al. 1997; 

Argente, Caballo et al. 1997; Nam, Lee et al. 1997; Nyomba, Berard et al. 1997) which, 

respectively, are the predominant lingands involved in antrogen receptor (AR) and insulin-like 

growth factor I receptor (IGF-IR) signaling.  Obesity may induce alterations in AR and IGF-IR 

signaling within the prostate, which could inhibit differentiation, increase cellular proliferation 

(Ki67), and support the development of prostate cancer which is higher grade, and has more 

invasive and greater metastatic potential.(Hsing 1996; Giovannucci, Rimm et al. 1997; Amling 

2005; Freedland and Platz 2007; Hsing, Sakoda et al. 2007; Hsing, Chu et al. 2008) 

When prostate cancer is deprived of testosterone by castration or hormone ablation 

therapy, it generally regresses to non-clinically detectable levels. Given the remarkable 

responsiveness of PC to androgen blockade, one would hypothesize that higher circulating 

serum levels of testosterone would increase PC risk.  However, a pooled analysis of 18 large 

prospective cohort studies reported no overall association between total testosterone 

concentration and PC incidence.(Roddam, Allen et al. 2008)  Furthermore two recent cohorts, 

which were able to stratify by adverse clinical characteristics, observed inverse associations 

between testosterone level and aggressive disease.(Platz, Leitzmann et al. 2005; Severi, Morris 
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et al. 2006)  Severi et al. reported nearly twice the risk of aggressive cancer (HR= 1.81, 95% CI 

1.05-3.13) in the lowest vs. highest quartile of total testosterone concentration, whereas, Platz 

et al. found 3.85 (95% CI 1.52-10.0) times the risk of high grade tumor.  Several case series 

studies have similarly shown that lower circulating testosterone levels are associated with 

worse clinical and pathological characteristics at diagnosis.(Hoffman, DeWolf et al. 2000; 

Schatzl, Madersbacher et al. 2001; D'Amico, Chen et al. 2002; Massengill, Sun et al. 2003)  

Among the PC series studies, however, none have specifically examined the potential 

association of circulating androgens with BMI.   

Androgen receptor (AR) signaling controls cellular growth and differentiation in healthy 

prostatic cells, but increase proliferation in tumor cells, supporting the role of the androgen 

receptor as a tumor suppressor in normal prostate tissue, and an oncoprotein in transformed 

prostate cells.  It has been suggested that reductions in circulating androgens due to chronic 

obesity could result in a compensatory over-expression of AR, proliferative changes, and 

ultimately offer a selective pressure towards prostate cells that have developed the capacity to 

bypass androgen dependent AR signaling.  Notably, Schatzl et al. found that among 52 PC cases 

with low serum testosterone (<3.0 ng/ml), two thirds had tumors with > 80% AR positive nuclei, 

compared to one third of the 104 cases with serum testosterone 3.0 ng/ml.  Expression of AR 

within tumor nuclei is among the strongest predictive biomarkers of aggressive PC, with 

relatively low levels expressed in normal prostate tissue, and increasing expression in prostate 

intraepithelial neoplasia (PIN), invasive PC, and androgen independent tumor, respectively.(Li, 

Wheeler et al. 2004; Shi, Ma et al. 2004; Inoue, Segawa et al. 2005; Cordon-Cardo, Kotsianti et 

al. 2007; Diallo, Aldejmah et al. 2008; Donovan, Hamann et al. 2008; Donovan, Khan et al. 2009)  
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The possibility that a hypo-androgenic hormonal milieu could serve to up-regulate AR 

expression in prostatic tissue is consistent with the possibility that adiposity could give rise to a 

prostate micro-environment that is conducive to development of more aggressive PC.  In 

contrast to the substantial number of studies examining the relationships between circulating 

androgens, BMI, and PC risk, only one prior study has sought to test the association between 

BMI and PC in relation to AR expression within the tumors.  This study measured 

immunohistochemical expression levels of AR in men treated with radical prostatectomy, and 

compared a small group of obese (n=62) cases to non-obese (n=59) cases, and reported no 

differences between these groups.(Gross, Ramirez et al. 2009)  The potential limitations of this 

study could include the small number of cases, as well as the lack of information on BMI prior 

to diagnosis.     

In addition to androgen signaling, obesity is associated with alterations to elements 

within the IGF signaling axis.  Chronic hyperinsulinemia, common in obese individuals and those 

with non-insulin-dependent type-2 diabetes, leads to reductions in IGF binding proteins 1 and 

2, and corresponding increases in free or bioavailable IGF-I.(Thissen, Ketelslegers et al. 1994; 

Wabitsch, Braun et al. 1996; Argente, Caballo et al. 1997; Argente, Caballo et al. 1997; Nam, Lee 

et al. 1997; Nyomba, Berard et al. 1997)  A meta-analysis by Roddam et al. concluded that men 

in the highest quintile of total circulating IGF-I have an increased risk of PC (RR=1.38, 95% CI 

1.19-1.60; P<0.001 for trend).(Roddam, Allen et al. 2008)  Studies which measured the levels of 

bio-available IGF-I (or the ratio of total IGF-I to IGFBPs), reported stronger associations with PC 

risk.(Chan, Stampfer et al. 1998; Yu and Rohan 2000; Kaaks and Lukanova 2001)  An analysis of 

the Physicians Health Study, found men with high IGF-I levels and low IGFBP-3 levels had 9.5 
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(95% CI = 1.9 to 48.4) times the risk of advanced prostate cancer, compared to men with low 

levels of both proteins.(Chan, Stampfer et al. 2002)     

IGF-IR is expressed in nearly all human tissue types and is involved in a host of different 

cellular processess including mitogenesis, angiogenesis, transformation, apoptosis and cell 

motility.(Werner and Bruchim 2009).  Several studies have shown phosphorylation of IGF-IR to 

be required for neoplastic transformation.(Baserga, Porcu et al. 1993; Sell, Ptasznik et al. 1993)  

Studies measuring expression of IGF-IR (or other components of IGF system) within the context 

of a biopsy or radical prostatectomy series are quite limited in both size and number.  In a small 

set of prostatectomy specimens (15 PC and 32 benign), IGF-IR expression was significantly 

lower in the cancer cases.(Tennant, Thrasher et al. 1996)  A second study measured IGF-IR 

mRNA expression levels, comparing areas of tumor to adjacent PIN and normal epithelium in 43 

prostatectomy specimens and found no difference across the different regions.(Cardillo, Monti 

et al. 2003)  A more recent study, measured IGF-IR mRNA and protein expression in RP 

specimens from 51 PC cases, and reported a significant positive association between IGF-IR 

expression and prognostic risk group (low, intermediate, high).(Monti, Proietti-Pannunzi et al. 

2007)  The largest study to date examined IGF-IR expression in 166 PC specimens arrayed into 

tissue microarrays, and found no differences in expression by grade.(Cox, Gleave et al. 2009)  

Sample size and design limitation notwithstanding, none of these studies examined 

relationships between IGF-IR expression and BMI.  In light of the potential interactions between 

BMI, IGF signaling, and PC, the dearth of studies addressing these issues represents a 

conspicuous gap in the literature.  
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Advances in molecular pathology have helped to generate models of the prostate in 

which multiple hormonal signals from the surrounding micro-environment control gene 

expression and protein synthesis, which in turn regulate normal prostate development, growth 

and differentiation.  There is currently a great deal of interest in identifying modifiable 

elements within these regulatory pathways which could clarify how to maintain the normal 

function or disrupt pathogenic signaling processes.  Several distinct mechanisms have been 

described to date.  First, gene amplification of the AR locus can result in increased mRNA and 

protein expression.  Second, multiple mutations have been identified in the AR gene that either 

render the protein constitutively active or allow it to be activated by a broader range of steroid 

hormones, such as estradiol, progesterone, and cortisol.(Culig, Stober et al. 1996; Hara, 

Miyazaki et al. 2003; Taplin, Rajeshkumar et al. 2003; Attar, Takimoto et al. 2009)  Third, cross-

talk signal transduction pathways between IGF-IR and AR signaling have also been described.  

Elevated IGF-I signaling, for instance, can result in increased AR expression, translocation of the 

AR from the cytoplasm to the nucleus, and a significant change in androgen-regulated gene 

expression.(Wu, Haugk et al. 2006; Belfiore 2007; Frasca, Pandini et al. 2008)  Similarly, IGF-1 

signaling has been linked specifically to phosphorylation of the AR, ligand-independent 

activation of the AR, and to androgen independent growth.(Wu, Haugk et al. 2006)  Hence, it is 

not implausible that a population of prostate cells, pre-conditioned to androgen independent 

functioning, will be at increased risk of cellular initiation or transformation and have a greater 

potential to develop into tumors which are more aggressive, and with worse clinical outcomes.   

Another cellular process which is of central importance to relationship between obesity 

and PC is proliferation.  Cellular proliferation is required for growth and development, and is a 
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common acute phenomenon within the normal inflammatory response to injury or infection.  

Chronic inflammation, however, can allow proliferative processes to occur to a pathological 

degree, and is found frequently in benign and precancerous lesions, such as benign prostatic 

hyperplasia and proliferative inflammatory atrophy.(Sutcliffe and Platz 2007)  Obesity is also 

linked to altered immune response and a persistent inflammatory state, believed to mediated 

by increases in a range of pro-inflammatory cytokines.(de Heredia, Gomez-Martinez et al. 2012)  

Several authors have proposed that obesity and other dietary or environmental factors, lead to 

chronic inflammation and occurrence of regenerative lesions of the prostate (e.g. PIA)(De 

Marzo, Platz et al. 2007).  Ki67 is a protein which is expressed in the nucleus during the G1 

phase of the cell cycle and is otherwise absent, making it a nearly perfect marker of cellular 

proliferation.  Given the mechanistic links that both AR and IGF signaling have to mitogenic 

control and cellular proliferation of the prostate, Ki67 may be an important correlate of AR or 

IGF signaling within the prostate.  In studies of PC, tumors with high proportions of Ki67 positive 

nuclei were more likely to be of high pathological grade (Feneley, Young et al. 1996; Keshari, 

Tsachres et al. 2011), and had a greater likelihood of recurrence.(Pollack, Cowen et al. 2003; 

Donovan, Khan et al. 2009)  To date, no PC study has examined the proliferation index (Ki67) of 

tumor specimens in relation to patient BMI.    

In summary, current evidence suggests obesity can cause alterations in circulating 

concentrations of the primary ligands for AR and IGF-IR, which are also known to be key 

regulators of prostate differentiation and cellular proliferation(Pasquali, Casimirri et al. 1991; 

King and Long 2000; Scholzen and Gerdes 2000; Seitz, Scher et al. 2007).  Far less clear, is 

whether the expression levels of these hormone receptors (AR, IGF-IR) within the prostate 
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tumor tissue itself is associated with obesity or BMI prior to the diagnosis of PC.(Gross, Ramirez 

et al. 2009)  Using data and radical prostatectomy specimens from a cohort of PC cases 

collected within an integrated health system, we explored the relationship between chronic 

obesity and PC using tissue biomarkers (AR, IGF-IR and Ki67) as intermediate outcomes to 

evaluate pathways through which obesity might lead to a more aggressive PC phenotype.   

Methods  

Patient Population and Data Collection 

All study subjects were men diagnosed with adenocarcinoma of the prostate, recruited 

from the the Henry Ford Health System (HFHS), from January of 1999 through the end of 2004 

(PI: Ben Rybicki).  The study eligibility criteria required that all participants reside within the 

metropolitan Detroit tri-county area (Macomb, Wayne and Oakland), had seen a primary care 

physician (i.e., in internal medicine, gerontology or family practice) affiliated with the HFHS 

system within five years of enrollment, were deemed medically capable of participating, had no 

previous diagnosis of dementia, and were fluent in English.  Of the 863 men who were invited 

into the study, 637 (74%) agreed to participate and completed the study questionnaires.  An 

additional five subjects were excluded for having neoadjuvant hormone therapy, which can 

induce significant changes in weight, as were 12 subjects who were lacking clinical grading and 

staging information required to be included in the analyses.  Among these 620 men, 423 (68%) 

received an (RP), of which 396 (94%) had tumor specimens included in a tissue microarray.  A 

complete set of biomarker expression measures (AR, IGF-IR, Ki67) were collected in 357 cases, 

or 92% of those represented in the tissue array.  The study protocol for the GECAP study and 
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the secondary analyses described in this proposal were approved by the IRB of both Henry Ford 

and Columbia University.   

Patient information was collected from a variety of sources, including electronic medical 

records, self-administered questionnaires, and interviewer administered questionnaires 

conducted in-person or via telephone.  The GECAP study collected self-reported current height 

and weight, as well as recalled weight at 20 and 40 years of age.  Directly measured weight 

close to the time of diagnosis was also recorded in the medical record.  Additional information 

collected by questionnaire included race, family history of prostate cancer, detailed smoking 

history, marital status, and educational attainment.  Patient addresses were geocoded to 

Census tracts of residence and median household income data for the tracts were downloaded 

from the 2000 census databases.  An abstraction of the patient medical records compiled 

information about prior history of cancer as well as prostate cancer screening history, including 

PSA results, digital rectal exam (DRE) results within 5 years of their diagnosis, and other medical 

conditions or comorbidities.  Clinical staging was performed after the identification of PC in 

prostate needle biopsy, whereas pathological staging (obtained only among those who received 

an RP) was performed upon removal of the prostate.  All clinical and pathological details were 

abstracted from the patient medical records.   

Body Mass Index (BMI) and Chronic Obesity 

Self-reported weight near the time of prostatectomy and weight recorded in the 

medical record near the date of prostatectomy were used for the calculation of body mass 

index (BMI).  BMI cut points were based on the WHO (World Health Organization) definitions of 
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normal (BMI < 25 kg/m2), being overweight (BMI ≥25 and <30 kg/m2), and obesity (BMI 30 

kg/m2 or greater).  To evaluate the accuracy of self-reported weight, we compared self-

reported current weight with patient weight taken from the medical record.  In instances where 

these measures differed enough to alter the patient’s BMI by 1 kg/m2 or more, the greater of 

the two values was used (n=251).  Despite these discrepancies, the two weight variables were 

found to be strongly correlated (R2=0.88), with the medical record weight being on average 2.2 

pounds higher than self-reported.  The number of instances in which the difference would have 

resulted in a shift between WHO BMI categories was small (n=17).  Self-reported weights at age 

20 and 40 were used to calculated BMI at these ages, and assumed a fixed height from age 20 

to present.  ‘Chronic’ obesity was defined as the presence of obesity (BMI 30) at diagnosis and 

at age 40, combined with the presence of being overweight or obesity (BMI of 25) at age 20.  

BMI <30 at diagnosis, and age 40, and a BMI of less than 25 at age 20 were classified as ‘Never’ 

obese.  All others were defined as ‘Episodic’ obesity.  

Adverse Tumor Characteristics 

Patients’ PSA levels on or immediately prior to their date of diagnosis were designated 

as their ‘diagnostic PSA’ levels.  Diagnostic PSA level was dichotomized using 10 ng/ml2 as the 

cutpoint (>10 and 10 ng/ml2) to mirror the AJCC prognostic risk cutpoints (see Appendix 4).  

Clinical grade was determined by the HFHS pathology review of the prostate needle biopsy 

specimens.  Tumor grade was recorded using both traditional histological grade (well, 

moderately, poorly, undifferentiated) used by the hospital for reporting to the SEER database, 

as well as the conventional Gleason grading system.  Although the two variables for clinical 

grade were nearly interchangeable, histologic grade was more complete.  We therefore 
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selected histologic grade as the main measure of clinical grade, and used the Gleason grade in 

instances when histologic grade was missing and Gleason grade was available.  For this small 

number of cases (n=17) we translated Gleason sum into histological grade using the standard 

conversion described in the SEER staging manual (see Appendix 4).  Clinical tumor grade was 

further categorized into low grade (II or Gleason 6) vs. high grade (III or Gleason 7).  

Clinical (T) staging was coded using AJCC 7th edition guidelines, and was further dichotomized 

into low (T1c) vs. high (T2) stage.  Categories for clinical risk group were computed using the 

AJCC classification for anatomic stage/prognostic risk, comparing low risk (PSA<10, clinical 

grade  II/G6, and clinical stage T2a) vs. intermediate/high risk cases (PSA10, clinical grade 

III/G7, and clinical stage >T2a).(Edge, American Joint Committee on Cancer. et al. 2010)  

Among patients treated surgically with RP, pathological grade and (pT) staging data were 

collected and categorized as follows.  Pathological grade information, available as histological 

grade and Gleason grade, was collapsed and categorized in the identical manner as clinical 

stage.  Pathological stage (pT) was also coded using AJCC 7th edition guidelines and 

dichotomized as low (pT2c defined as tumor confined within the prostate) vs. high stage (pT3 

defined as a tumor that exhibits extraprostatic extension).  Other characteristics recorded from 

the RP included the tumor volume (mm3), and positive surgical margins (PSM) status.  Tumor 

volume was dichotomized at a cut point of less than or >30mm3. 

Other Clinical & Demographic Covariates  

Through abstraction of patient medical records, information about prostate cancer 

screening history, including PSA results, digital rectal exam (DRE) findings within 5 years of the 

diagnosis, and other medical conditions or comorbidities were collected.  With the exception of 
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obesity, type II diabetes, and hypertension, which were coded separately, all other comorbid 

conditions were compiled into an comorbidity index based on the methods described by 

Charlson, et al.(Charlson, Pompei et al. 1987; Charlson, Szatrowski et al. 1994)  The comorbidity 

index was then categorized into 4 levels (0, 1, 2, 3).  Using a self-administered questionnaire, 

extensive exposure history for alcohol and tobacco use, education and marital status were 

ascertained.  Information on tobacco use was collapsed into current, former, and never user.  

Alcohol use was computed into an estimate of grams per day, further categorized into >1g, 1-

10g or >10g per day. Marital status at the time of diagnosis was dichotomized into single or 

married.  Detailed information on educational attainment was collapsed into the following 

groups ( high school diploma, any college or professional education, graduate level education 

or other advanced degree). Census tract median household income (MHI) was obtained from 

the publicly available 2000 census datasets, based on each patient’s address and used to 

generate an ranked index (quintiles) for area-level wealth.   

Laboratory Methods:  Biospecimen Collection and TMA Construction 

On the day of surgery, the HFHS department of pathology received the prostatectomy 

specimens whereupon they were fixed and embedded in paraffin using standard methodology.  

Tissue blocks from the primary tumor were selected by a HFHS pathologist based on the 

hematoxylin and eosin (H&E) stained slides used to confirm the diagnosis.  The formalin fixed 

paraffin embedded (FFPE) prostatectomy specimens were sent from Henry Ford Hospital in 

Detroit to the Columbia University Molecular Pathology lab (PI: Cordon-Cardo) for processing 

into Tissue Microarrays (TMA).  Once the complete set of tumor blocks was received by the CU 

department of pathology, new (5 μm) slides were cut from each of the representative blocks, 
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mounted on positively charged slides and stained with H&E.  The stained sections were 

reviewed by two pathologists who identified the representative block for each case and 

manually marked the highest grade regions of tumor identified on the slides.  Tumor specimens 

were assembled by punching 0.6 mm diameter tissue cores from the representative areas on 

the blocks marked by the pathologists, and arraying them into a recipient paraffin block 

(Beecher Instruments).  To guard against loss of data, each tumor specimen was sampled in 

triplicate. The remaining unused tumor blocks were returned to HFHS pathology department.  

Laboratory Methods:  Immunofluorescence and Imaging 

Commercially available primary antibodies and fluorescent secondary labels were used 

to measure levels of AR, IGF-IR, and Ki67 expression of within the tumor tissue specimens.  The 

tissue labeling was conducted using two separate multiplex immunofluorescence protocols (see 

appendix 1&2), one was optimized for the visualization of AR positive nuclei, and the second 

targeted IGF1R and Ki67 within the epithelial cells.  Both protocols incorporated additional 

labeling steps for Cytokeratin-18 (CK-18) and 4',6-diamidino-2-phenylindole (DAPI) to mark the 

epithelial and nuclear compartments, respectively.  Although the individual cores arrayed into 

the TMA were macro-dissected to be highly enriched for tumor content, the prostatic tissue of 

men diagnosed with cancer is generally a heterogeneous mix of atrophic glands, BPH, pre-

neoplastic intraepithelial lesions (PIN), and stromal elements.  As there is no combination of 

antibodies capable of distinguishing PC from highly abnormal (non-cancerous) tissue with 

perfect sensitivity, a manual review was required to identify the single spot for each case with 

the highest proportion of tumor cells present and lowest amount of background or aberrant 

expression.  For each protocol, a complete set of TMA sections, as well as a set of control slides, 
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simultaneously underwent deparaffinization followed by antigen retrieval using a standard 

procedure.  The double staining protocol consisted of AR (Dako AR441/M3562) labeled with 

Alexa Fluor 594 (red), CK18 (Novocastra NCL-CK18) labeled with Alexa Fluor 488 (green), and 

DAPI (blue).    

Florescence imaging was done using combinations of four different emission and 

bandpass filters optimized to illuminate the different fluorescent secondary labels.  This process 

of spectral segmentation requires a microscope equipped with a multi-spectral filter such as CRI 

Nuance FX series multispectral camera (Cambridge Research and Instrumentation, Inc).  To use 

images for quantitation purposes, filter combinations and exposure time must be fixed over the 

entire dataset.  To determine the optimal exposure times we took a set of 5 ‘random’, 

representative sample images from each of the TMAs, allowing the computer software to 

determine the appropriate auto-exposure setting for each image.  We then computed the 

average exposure time for each filter set as the optimal setting to use across the entire TMA 

set.  For each spot, a ‘stack’ of 8 bit TIFF image files, representing the absorption of each of the 

four light sources , divided into 10 NM increments, was saved.  The control slides were used to 

assemble a set of reference spectra, or spectral library, remove autoflorescence and capture 

the area, intensity, and location of each of the individual markers.  A full description of the 

sensor resolution of the Nuance, the signal-to-noise ratios, and capacity to successfully 

distinguish similar spectral signals has been previously described.(Zimmermann, Rietdorf et al. 

2003; Levenson, Lynch et al. 2008; Mansfield, Hoyt et al.)     
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Biomarker Identification and Image Analysis  

For each tumor spot, a set of measures were recorded for each of the following signals 

(AR, IGF-IR, Ki67, CK18 and DAPI): average pixel intensity (1-256), standard deviation, total 

signal intensity, max intensity, total pixel area.  For each of the pixel area measures, we used 

threshold mapping to reduce background and improve specificity.  Fixed thresholds for each 

signal were ascertained by taking the average auto-threshold level obtained from a random 

sample of 50 spots, spanning the entire dataset.  The auto-thresholding was performed using 

the CRI Nuance software using an adaptation of the Otsu method which transforms the grey-

scale TIFFs into binary images (signal vs. background), in which the optimum threshold between 

the two is where the intra-class variance is minimized.(Otsu 1979; Liao 2001)  We also 

measured areas in which multiple signals were overlapping, or colocalized.  The ability to 

capture information from overlapping combinations of signals enables the researcher to restrict 

the measurements to specific micro-anatomical compartments.  For example, we used the pixel 

areas of DAPI and CK18, with expression intensity above a minimally restricted threshold, as the 

areas corresponding to the nuclear and epithelial compartments, respectively.  The pixel areas 

corresponding to the overlap between AR and DAPI, are thus ‘AR positive nuclei’, whereas the 

overlap of IGF-IR and CK18 are designated ‘epithelial IGF-IR’.  This capability is particularly 

important in histological analyses of PC, because the tissues have a high degree of granularity 

and mixture between tumor epithelium and stromal cells, as well as differences in the amount 

of tumor present across different spots, which can introduce error into the expression 

measures.  The use of ratio measures (Ex. area of AR positive nuclei/ total nuclear area) reduces 

the influence of variation in the amount of tumor present across spots.   
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The expression measures used in our analyses included nuclear AR, epithelial IGF-IR, and 

Ki67 (See Supplemental figures S2 and S3).  Nuclear AR was measured as the proportion of the 

total nuclear area (DAPI) that is positive for AR expression.  Stated differently, Nuclear AR is the 

overlapping pixel area of AR and DAPI divided by the total area expressing DAPI (Area 

AR|DAPI/total area DAPI).  Similarly, epithelial IGF-IR was measured as the overlapping area of 

IGF-IR and CK18 as a proportion of total CK18 positive area (area IGF-IR|CK18/total area CK18).  

To estimate tumor proliferation, we measured the total area of Ki67 as a proportion of total 

CK18 positive area.  Because Ki67 is only expressed in the nucleus, it was unnecessary to 

colocalize the signal with DAPI.  Using the CK18 positive epithelial area as a denominator, 

provided an estimate of the proportion of proliferating cells as a function of the epithelial 

content of the spot.  For the remainder of the text we will refer to nuclear AR, and epithelial 

IGF-IR, as AR and IGF-IR, respectively.   

Image acquisition started within two days of completing the multiplex assay, and was 

completed within 10 days.  TMA slides not undergoing imaging were kept in a freezer at -20 C.  

Spots that became detached, folded, or contained only stroma, were not imaged.  Imaging was 

done using fixed settings for exposure time, binning, camera gain, and bit depth, to ensure 

comparable expression quantitation across the entire dataset.   

After all of the spots were imaged, we ran a spectral segmentation script using the 

spectral library, to unmix the different signals and remove autofluorenence from the images.  

We then used scripts (designed for Nuance software) to perform thresholding and measure the 

different spectral elements, as well as the specified colocalized signals, on all spot images.  
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Finally, a trained reviewer (RM) selected the best single image from among those 

corresponding to each case.  The representative spot image was chosen on the basis of having 

the most tumor epithelium present, and the least amount of noise (autoflorescence, 

background).  The reviewer was blinded to the exposure and outcomes of the individual cases 

represented in the TMA until all of the expression measurements had been acquired.   

Among the 396 cases that were included in the TMAs, AR tissue expression was 

obtained for 383 (96%) of the cases, while IGF-IR and Ki67 expression levels were obtained for 

381 (95%).  Reasons for incomplete biomarker data included, tissue spot detachment during 

the assay, poor stain quality, or a lack of tumor within the specimen.  The complete set of 

expression data (AR, IGF-IR, and Ki67) were unavailable for analysis in 39 (10%) of the cases, 

rendering a final set of 357 cases with complete clinical and biomarker data.  To evaluate the 

association between biomarker expression and adverse tumor characteristics, an ordinal 

ranked variable corresponding to expression quintile was created for each biomarker, using the 

expression measures described above.  We then produced a set of dummy variables 

corresponding to expression ranks 1-5 (1st quintile lowest, 5th quintile highest). 

Statistics and Analytical Plan 

Univariate Analyses 

To test associations between BMI, demographic, clinical or pathologic characteristics 

and the chronicity of obesity, we used Kruskal–Wallis test for categorical variables and 

Spearman correlations for continuous variables.  We used the 2 test statistic to compare 

frequency distributions of categorical variables in the three different categories of historic 
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obesity (never, episodic, chronic), and Mantel-Haenszel 2 test statistic to evaluate increasing 

or decreasing trends across categories.  We used the Student’s T-test or Wilcoxon rank-sum test 

to compare differences in continuous variables between groups.  We generated scatter plots 

and histograms for each continuous variable to assess normality of distribution and linearity of 

associations in relation to biomarker expression levels and patient characteristics. The 

normality of all continuous or ordinal numeric distributions was evaluated using the 

Kolmogorov-Smirnoff test statistic.  The continuous measures of each biomarker as normalized 

using a logarithmic transformation.  We reported the geometric mean, median, standard 

deviation, and inter-quartile range for log-transformed biomarker expression measures, and 

used the Wilcoxon rank sum test for significant differences across categorical variables, and 

Spearman to test for correlations with other continuous variables.  Log-transformed tissue 

expression measures were used to examine associations with clinical characteristics (age, race, 

year of diagnosis, comorbidity score, hypertension, type II diabetes, family history of PC, 

tobacco use, daily alcohol consumption, marital status, educational attainment, and census 

tract median income rank)  and adverse pathological features (clinical grade , pathological 

grade, extraprostatic extension (pT3), PSM, and tumor volume).  To determine crude 

associations between obesity history and patient characteristics, we tabulated socio-

demographic and clinical staging information across the three different categories of obesity 

history.  Univariate associations between BMI history and all clinical and demographic 

characteristics were assessed separately in the full biopsy case series, and in the final analytic 

set.  All statistical analyses were conducted using SAS, version 9.2 for Windows.  All hypothesis 

testing were two-tailed and p-values of ≤0.05 were considered statistically significant.   
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Selection Bias and IPW 

To evaluate the possibility of selection bias being introduced into our results due to 

differential treatment selection into the RP series, or censoring due to incomplete biomarker 

expression data acquisition, we compared the associations between obesity history and 

demographic and clinical characteristics in the full biopsy series (n=620) compared to the final 

analytic sample with complete pathological and biomarker expression data (n=357).  We then 

performed logistic analyses to model factors associated with receipt of RP, or censoring, and 

used these probabilities to generate inverse probability weights, based on the methods 

developed by Hernán et al.(Hernan, Brumback et al. 2000; Hernan, Hernandez-Diaz et al. 2004 

2004).  In the context of a point exposure/treatment, such as RP, the inverse probability 

weights (IPW) are derived from the propensity score (PS), or the conditional probability of the 

exposure given the covariates.  The IPW is calculated as the inverse of the PS in the RP group.  

When these weights applied to subsequent models of adverse tumor characteristics, the 

individual cases in the final dataset (n=357) are weighted such that the overall distribution of 

covariates from the pre-selected source population (n=620) is restored.  Assuming no 

unmeasured confounders and correct model specification, the resulting weighted associations 

between history of obesity and adverse tumor characteristics should be unbiased by treatment 

selection factors.  Statistical adjustment through IPW is particularly important when entry into a 

dataset is conditional on factors such as disease severity (clinical grade/stage), or comorbid 

conditions, both of which may be associated with chronic obesity.  Insofar as the assumptions 

of correct model specification, positivity, and no unmeasured confounders, are met, the use of 
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inverse probability weights is a uniquely effective means of adjusting for selection bias.(Suarez, 

Borras et al. 2011)    

Multivariate Models 

Obesity history and adverse tumor characteristics 

We used multivariate logistic regression models to evaluate whether obesity history 

(Chronic, Episodic, Never) is associated with odds of adverse tumor characteristics, including 

clinical and pathological tumor grade (histologic grade ≥III/Gleason 7), clinical and pathological 

stage (<pT3/pT3=extra-prostatic extension), positive surgical margin (PSM), or tumor volume).  

We generated a set of logistic models to test crude and adjusted associations between obesity 

history and adverse tumor characteristics, with and without adjustment for other demographic 

and clinical characteristics: age at diagnosis, year of diagnosis, race, comorbidity index, current 

tobacco use, daily alcohol consumption, median household income rank, and educational 

attainment, diagnostic PSA (log-transformed), abnormal DRE, clinical grade and stage.  To 

evaluate the presence of bias due to treatment selection or censoring from the original biopsy 

series, we examined the associations between BMI history and clinical tumor characteristics in 

the original biopsy series (n=620) compared to those obtained in the final analytical set (n=357).  

In addition, to assess the adequacy of the inverse probability weighting, we compared the 

weighted estimates based on the final sample to the non-IPW estimates based on the full 

biopsy series.   

Biomarker expression and adverse tumor characteristics 
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We computed odds ratios and 95% confidence intervals for association between 

biomarker expression quintiles (AR, IGF-IR, Ki67) and adverse tumor characteristics using the 

dichotomous outcome variables (clinical grade, clinical stage, pathological grade, pathological 

stage, tumor volume and PSM,) in multivariate adjusted models with and without IPW.  

Multivariate models included the following covariates:  age, year of diagnosis, race, abnormal 

DRE, diagnostic PSA, diabetes, hypertension, comorbidity score, tobacco, alcohol consumption, 

educational attainment, census tract median household income.  For each outcome, we ran a 

second set of multivariate models utilizing inverse probability weights.  To evaluate the 

significance of an association between biomarker expression levels and adverse tumor 

characteristics, we tested for significant trends in these associations in two ways.  We first 

replaced the ranked expression dummy variables with a single numeric rank variable (1-5), and 

second, we used a log-transformed continuous variable for biomarker expression, and tested 

for significant trends across increasing expression level using the 2 test statistic.  Potential non-

linear and/or threshold effects between biomarker expression and adverse PC features were 

evaluated by adding a quadratic term for individual expression value (log(EXP)2) for each of the 

three biomarkers.   

Obesity History and expression of AR, IGF-IR, and Ki67 

To examine the association between obesity history and biomarker expression level, we 

separately modeled  normalized AR, IGF-IR, and Ki67 expression levels as continuous outcome 

variables in linear regression, as well as the expression rank variables in quintiles using 

polytomous logistic regression.  Corresponding models were adjusted for the full set of clinical 
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and demographic covariates, excluding adverse tumor characteristics.  We estimated Beta 

coefficients and 95% confidence intervals for differences in biomarker expression, comparing 

chronically obese to never obese, and episodic obese to never obese.  Identical multivariate 

adjusted models were also generated using the inverse probability weights.   

Mediation Analysis 

Evidence of mediation exists when the relationship between variables can be partially or 

fully accounted for by an intermediate variable or mediator.  The structural model in Figure 2 

illustrates the relationship between aggressive PC features and obesity history, with and 

without adjustment for the expression of single (or combined) biomarkers in prostate tumor 

specimens.  To test whether biomarker expression mediates the association between BMI 

history and adverse tumor characteristics, we compared the ‘direct’ and ‘indirect’ effect of BMI 

history on aggressive PC characteristics.  The degree of mediation was judged on the basis of 

the percent change in the magnitude of the effect estimate of the BMI variable(s) comparing 

the base to the nested models.  The F-statistic was also used to assess the difference in the 

proportion of total variance explained with the addition of other potentially confounding 

covariates.  We used the -2log likelihood and Wald test statistic to assess model fit for the 

logistic regression models.   

Results 

Univariate Analyses 

Table 1 compares the means and proportions of clinical and demographic characteristics 

among cases characterized as chronically obese, episodically obesity, or never obese.  Part 1a 
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consists of the baseline sample of those with biopsy confirmed prostate cancer (n=620), while 

part 1b consists of those that received an RP and for whom biomarker expression measures 

(AR, IGF-IR and Ki67) were collected (n=357).  In the full sample (n=620), chronically obese 

cases were approximately two years younger on average than the other two categories 

(p=0.03).  The prevalence of type II diabetes (p<0.001), hypertension (Mantel-Haenszel 2 

p<0.001), and comorbidity index (p=0.01) increased proportionally with increased chronicity of 

obesity.  Current tobacco and Alcohol (p=0.005) use were both inversely proportional to the 

chronicity of obesity, although tobacco use did not reach statistical significance.  Chronically 

and episodically obese men were marginally more likely to have lower educational attainment 

(p=0.09) and were also disproportionately represented in the bottom two quintiles for census 

level median household income (p=0.04 for trend).  Among the 357 patients in the final analytic 

set (Table 1b), associations with age, Comorbidity score and income rank no longer differed 

significantly across category of BMI history.    

In table 2a, we present descriptive statistics for AR, IGF-IR, and Ki67 biomarker 

expression by patient characteristics including history of obesity, age, year of diagnosis, race, 

comorbidities, family history, tobacco and alcohol use, marital status, and median household 

income.  We found non-significant positive associations between history of obesity and the 

geometric mean (gM) expression levels of AR (p=0.12) and Ki67 (p=0.12), respectively.  In both 

instances, expression levels were highest in chronic obese, and lowest in never obese men.  We 

found that IGF-IR was lower in chronically obese men (gM=2.7) than in episodic (gM=3.5) or 

never obese men (gM=3.3), but this association was non-significant.  We noted inverse 

association of borderline statistical significance between age at diagnosis (continuous) and IGF-
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IR expression (Beta=-0.1, p=0.07), although neither AR nor Ki67 expression differed significantly 

by age at diagnosis, as a continuous or dichotomous variable.  We found statistically significant 

variability in AR and IGF-IR expression by year of diagnosis, however, these differences were 

not chronological.  Although not reaching statistical significance, we found AR expression was 

marginally higher in current smokers (gM=5.7) compared to former smokers (gM=4.1), or those 

who never smoked (gM=3.1), p=0.08.  We found a borderline statistically significant difference 

in IGF-IR expression comparing single (gM=2.2) to married (gM=3.6) men (p=0.08).  We also 

found that cases in the lowest category of educational attainment (High school) had 

significantly higher levels of AR expression (gM=5.3), than those who attended college (gM=3.1) 

or graduate school (gM=2.9), p=0.02.  Similarly, Ki67 expression was significantly higher in cases 

with a high school level education (gM=0.75) compared to those who attended college 

(gM=0.51) or graduate school (gM=0.60), p=0.01.  None of the expression measures differed 

significantly by race, type II diabetes, hypertension, comorbidity index, family history of PC, or 

median household income level. 

  In table 2b, we present the descriptive statistics for AR, IGF-IR, and Ki67 biomarker 

expression by the patients’ diagnostic and clinicopathological characteristics, including 

abnormal DRE, PSA level, clinical and pathological grades and stages, as well as tumor volume 

and the presence of a positive surgical margin.  There was no association between any of the 

biomarkers and having had an abnormal DRE, a diagnostic PSA level at or above 10 ng/ml, or 

PSA level when expressed as a continuous variable.  However, AR and Ki67 expression were 

positively associated with both clinical and pathological grade (p>0.01).  We noted a possible 

inverse association between IGF-IR and clinical (p=0.09) and pathological (p=0.08) grades, 
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however neither of these reached statistical significance.  None of the biomarker expression 

levels differed appreciably by clinical or pathological stage, with the possible exception of Ki67 

which was higher in locally advanced (pT3) tumors but did not reach statistical significance 

(p=0.06).  We also found a significantly higher Ki67 expression in those with tumor volume >30 

mm3 (gM=0.79) vs. 30 mm3 (gM=0.58, p=0.05).  We report a similar, positive association 

between IGF-IR and tumor volume, although this association did not reach statistical 

significance (p=0.09).  The presence of a positive surgical margin was not found to be associated 

with any of the biomarkers.   

Treatment Selection Models  

To test whether the association between history of obesity and receipt of a RP varied by 

clinical characteristics, we examined the likelihood of RP by category of obesity history, overall 

and stratified by clinical grade or risk group.  Supplemental table S1 illustrates that chronically 

obese men are less than half as likely to receive an RP as never obese men (OR=0.43, 95% CI 

0.23-0.81) controlling for age, year of diagnosis, race, PSA at diagnosis, abnormal DRE, clinical 

grade and stage, alcohol (g/day), current tobacco use, median household income quintile, and 

educational attainment.  However, this effect is nullified (OR=0.90, 95% CI 0.48-1.70) after 

further adjustment for comorbidity score, hypertension, and type II diabetes.  The models in 

table S1 also show that cases with high clinical grade biopsies have 3.39 (95% CI 2.25-5.11) 

times the likelihood of RP, while clinical stage 2C is inversely associated with RP (OR=0.38, 95% 

CI 0.20-0.74).  In supplemental table S2, we report the adjusted OR for receipt of RP by obesity 

history, stratified by AJCC anatomic risk, where low risk is defined as Non-palpable (T1c), low 

grade (II/G6), and a diagnostic PSA below 10.0 ng/ml, and moderate to high risk cases are 
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those with clinically palpable tumors, or grade III/G7, or diagnostic PSA >10.0 ng/ml.  Among 

those with low clinical risk, chronic (OR=0.38, 95% CI 0.16-0.91) and episodic (OR=0.55, 95% CI 

0.30-1.01) obesity are associated with a decreased odds, although the latter confidence interval 

overlaps the null (p=0.054).  Whereas, cases with moderate to high clinical risk are equally likely 

to receive RP, regardless of their history of obesity, and adjusted for year of diagnosis, 

race/ethnicity, abnormal DRE, diagnostic PSA, alcohol (g/day), current tobacco use, median 

household income quintile, educational attainment.  In the logistic model used to generate the 

inverse probability of treatment/censoring weights, we sought to include all available factors 

which may influence inclusion or exclusion from the analytic set.  The variable set used to 

generate the treatment/censoring probabilities are included in supplemental table S3.  The 

distributional statistics for the inverse probability weight variable used in subsequent analyses 

are as follows:  Mean=1.7, standard deviation=0.69, minimum= 1.10 and maximum=7.62.     

Multivariate: History of Obesity and Adverse Tumor Characteristics  

In table 3, we report the multivariable odds ratios for adverse tumor characteristics 

comparing the never obese men to those with chronic or episodic obesity adjusted for age and 

year at diagnosis, race, comorbidity index, current tobacco, alcohol, median household income 

rank, and educational attainment, diagnostic PSA (log transformed), clinical grade and stage 

where appropriate.  From the full sample of 620 cases with positive biopsy specimens, those 

that were chronically obese had statistically equivalent likelihood of high clinical grade 

(OR=1.29, 95%CI 0.74-2.27) or clinical stage (OR=1.26, 95%CI 0.67-2.39) compared to never 

obese men.  Although neither clinical grade nor stage were significantly associated with chronic 

obesity in the weighted or non-weighted multivariate models, the IPW estimates obtained 
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using the final case set (n=357) are closer to the pre-selected (n=620) estimates, than the 

estimates obtained in the un-weighted models.  The multivariate ORs for high pathological 

grade (III/Gleason 7) were suggestive of a positive association with episodic (OR=1.49, 95% CI 

0.89-2.47) and chronic (OR=1.84, 95% CI 0.82-4.42) obesity, although neither reached 

significance.  In the weighted models the association between episodic obesity and high 

pathological grade became significant (OR=1.49, 95% CI 1.01-2.20).  The associations with 

pathological stage (pT3) were not significantly higher in the episodically obese (OR=1.40, 95% 

CI 0.70-2.82), but were 3.38 (95% CI 1.24-9.21) times higher in the chronically obese, compared 

to never obese.  In the weighted models this association increased to an OR=3.75 (95% CI 1.73-

8.14).  The chronically obese men had borderline significantly greater odds (OR=2.26, 95% CI 

0.99-5.13) of having more than 30mm3 of tumor in the non-weighted models, which increased 

to an OR=2.67 (95% CI 1.41-5.07) times after weighting the models.  Similarly, the chronically 

obese were 2.16 (95% CI 0.99-4.66) times higher likelihood of positive surgical margins 

compared to never obese, which was of borderline significance in the non-weighted models, 

and increased in both magnitude and significance in the weighted models (OR= 2.86, 95% CI 

1.57-5.22).  In summary, the benefit of using inverse probability weights in the models of BMI 

history and adverse tumor characteristics was subtle, but served to increase the magnitude and 

narrow the confidence intervals of the estimates for pathological stage, PSM, and tumor 

volume, compared to un-weighted multivariate adjustment.  

Multivariate:  Biomarker Expression and Adverse Tumor Characteristics 

In tables 4a-c we separately modeled the relationships between AR, IGF-IR, and Ki67 

expression level and likelihood of a range of adverse tumor characteristics including: clinical 
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grade (III/Gleason 7), clinical stage (T2), pathological grade (III/Gleason 7), pathological 

stage (extra-prostatic extension=pT3), tumor volume (>30mm3), and PSM.  In the un-weighted 

multivariate models, nuclear AR expression in the fifth quintile (Q5, highest) and third quintile 

(Q3) were associated respectively with 5.71 (95% CI 2.54-12.80) and 2.50 (95% CI 1.16-5.32) 

times greater odds of high clinical grade, compared to the first expression quintile (Q1, lowest).  

We also noted statistically significant linear trends between clinical grade and both AR 

expression quintile (p<0.001) as well as AR expression as a continuous variable (p<0.001).  No 

association was detected between nuclear AR and clinical stage.  Nuclear AR in the highest vs. 

lowest expression quintile was associated with 4.53 (95% CI 2.01-10.60) times greater odds of 

high pathological grade, while for pathological stage, a statistically significant relationship was 

noted for Q4 expression quintile vs. lowest quintile (OR=4.25 (95% CI 1.43-12.70).  Statistically 

significant linear trends were noted for pathological grade (III/G7) and pathological stage 

(pT3), using either the quintile rank or continuous expression measure in the un-weighted 

models.  In the IPW models, the associations between nuclear AR expression and clinical and 

pathological grades were slightly attenuated although the confidence intervals narrowed and 

more quintiles reached statistical significance.  Compared to the lowest quintile, Q3, Q4 and Q5 

nuclear AR expression showed greater odds for clinical grade [OR=2.68  (95% CI 1.50-4.81); 2.14 

(95% CI 1.20-3.82 and 5.49 (95% CI 2.94-10.30), respectively]; pathological grade (OR=1.95 (95% 

CI 1.09-3.48); 2.05 (95% CI 1.15-3.65 and 4.36 (95% CI 2.34-8.14), respectively]; and 

pathological stage [OR=2.67  (95% CI 1.16-6.16); 4.30 (95% CI 1.83-10.10 and 2.96 (95% CI 1.20-

7.31), respectively].  Nuclear AR had a statistically significant linear associations with expression 

across quintiles (trend p<0.001 for all three) and continuous AR expression (p<0.001 for clinical 
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and pathological grade; p=0.002 for pathological stage).  Nuclear AR was also associated to Q2 

clinical stage [OR=2.12 (95% CI 1.08-4.15)] and Q3 tumor volume [OR=1.96 (95% CI 1.00-3.85)]. 

With these exceptions, we did not identify any statistically significant associations between 

nuclear AR expression and tumor volume, or PSM in either un-weighted or IPW models.  A non-

linear (quadratic) association was identified between nuclear AR and pathological stage 

(p=0.01), suggestive of a ‘J’ shaped association. 

In the un-weighted models, expression of epithelial IGF-IR expression in the highest vs. 

lowest quintile was inversely associated with high clinical grade (OR=0.40, 95% CI 0.19-0.87).  

Clinical stage did not appear to be associated with IGF-IR expression, although a borderline 

inverse association was observed among those comparing expression in Q2 vs. Q1 (OR=0.40, 

95% CI 0.17-0.99).  A decreased odds of high pathological grade (III/G7) was noted among 

those in the highest vs. lowest quintiles of IGF-IR expression (OR=0.38, 95% CI 0.17-0.84).  No 

other associations reached statistical significance in the un-weighted models of IGF-IR.  The 

addition of IPW to these models had little effect on the magnitude of the associations between 

IGF-IR expression and clinical or pathological grade, although the confidence intervals became 

narrower and trend test statistics improved in both models.  In the IPW models of tumor 

volume, IGF-IR expression in the highest vs. lowest quintile was associated with a 2.32 (95% CI 

1.18-4.57) times greater odds of tumor volume >30mm3 (p trend=0.05).  Non-linear (quadratic) 

associations were identified for the association between IGF-IR expression and both clinical and 

pathological grade (p=0.01), however the shape of the association is ambiguous.  No other 

associations between IGF-IR expression and adverse clinical or pathological characteristics were 

noted.   
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In un-weighted models, prostate tumor specimens expressing Ki67 in the top quintile 

had 2.73 (95% CI 1.25-5.94), times the odds of high clinical grade, and 3.24 (95% CI 1.18-8.86) 

times the odds of clinical stage (T2) compared to the lowest quintile.  Similarly, top vs. bottom 

quintile of Ki67 expression was associated with 2.58 (95% CI 1.17-5.69) times greater odds of 

high pathological grade, and a 3.46 (95% CI 1.12-9.72) times greater odds of pathological stage 

(pT3).  In addition, tumors with Ki67 expression in the top vs. bottom quintile were 2.70 (95% 

CI 1.10-6.61) times as likely to have tumor volume >30mm3.  The associations between Ki67 

expression and the aforementioned adverse clinical and pathological characteristics were 

largely unchanged in the weighted models, however the linear trend associations between Ki67 

and tumor volume only reached significance in the IPW models.  Similarly, only in the IPW 

models of Ki67 did we observe a statistically significant quadratic term for the associations with 

clinical grade (quadratic p=0.03) and pathological stage (quadratic p=0.03).  In these cases, the 

data appeared to have a ‘J’ shaped dose response relationship between the biomarker and 

outcome.   

Multivariate: History of Obesity and Biomarker Expression Levels 

In supplemental table S4 we summarize the result of univariate and multivariate 

adjusted linear regression models (with and without IPW), testing whether a patient’s history of 

obesity correlates with tissue measures of AR, IGF-IR, or Ki67 expression, respectively.  We 

found no statistically significant associations between history of obesity and biomarker 

expression in univariate or multivariate models.  In the IPW models, the AR expression was 

suggestive of an increasing trend with greater chronicity of obesity (trend p=0.09).  In addition, 
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Ki67 expression was significantly higher in chronically obese compared to never obese (p=0.04), 

however the overall trend was not statistically significant (p=0.11).  Similar models were run 

specifying each biomarker expression rank as the dependent variable in ordered and unordered 

polytomous logistic regression models.  In the ordered regression models the associations 

between history of obesity category and biomarker expression ranks (quintiles) were found to 

violate the proportional odds assumption (Score test, p<0.05).  Subsequently, in each of the 

unordered polytomous models, none of the regression coefficients relating obesity history to 

expression rank reached statistical significance (data not shown).  

Mediation  

In table 5, we report the odds ratios for adverse tumor characteristics by history of 

obesity in a series of nested models (depicted in Figure 2) adjusted for expression levels of AR, 

IGF-IR, and Ki67 individually and combined.  For the ‘direct’ model we used the covariate 

adjusted and weighted logistic models from table 2.  The ‘indirect’ models are additionally 

adjusted for each biomarker using ordinal expression rank, and finally the combined effect of all 

three biomarkers.  To test the hypothesis that the harmful effects of obesity are causally linked 

to aggressive PC via measurable hormonal, metabolic, and proliferative effects on the prostate 

glandular and tumor epithelium, we calculated the percentage change in the direct effects Beta 

coefficient for chronic obesity after adjustment for biomarker expression levels.  The 

association between chronic obesity and high clinical grade were reduced by 33%, 33% and 22% 

after adjustment for AR, IGF-IR, or Ki67 expression, respectively.  Whereas, the combined 

effects of adding of all three biomarkers resulted in an 84% reduction in comparison to the 

direct effects model.  The addition of individual or combined biomarker expression levels had 
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negligible effect on the association between chronic obesity and clinical stage.  In the models of 

high pathological grade, the addition of variables for AR, IGF-IR or Ki67 resulted in reductions in 

the effect estimates of 25%, 26%, and 18%, respectively.  The combined effects of all three 

biomarkers resulted in a 67% decrease in the direct effects of chronic obesity on high 

pathological grade.  We found little evidence of biomarker mediation in the association 

between history of obesity and pathological stage, or tumor volume.   

Discussion 

Using data and prostatectomy specimens from the GECAP study, we tested for 

associations between obesity history, tissue expression of biomarkers (AR, IGF-IR and Ki67), and 

adverse tumor characteristics.  Our main findings are as follows: A) cases with a history or 

chronic obesity had a greater likelihood of locally advanced (pT3) disease, positive surgical 

margins, and tumor volume >30mm3, compared to men who were never obese, B) nuclear 

expression of AR was independently associated with high pathological tumor grade (III/G7), 

and locally advanced (pT3) disease, while total area expressing Ki67 was associated with these 

outcomes as well an increased likelihood of having a total tumor volume >30mm3, C) history of 

obesity was not associated with biomarker expression levels and therefore expression levels 

were not found to mediate the associations between chronic obesity and adverse tumor 

characteristics.  Our study is among the first to utilize marginal structural models and IPW, to 

address potential biases resulting from differential selection/censoring from the time of biopsy 

diagnosis to inclusion in the final RP treated sample of men.  Our work represents a critical 

integration of information about chronic obesity, clinico-demographic factors, and molecular 

biomarkers necessary to explore the complex links between chronic physiologic states (such as 
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obesity) and PC aggressiveness.  Moreover, by integrating information about the source 

population and treatment selection processes, we have come closer to resolving concerns over 

the influence of selection bias on the true association between obesity and PC.    

In tables 4a-c we modeled the likelihood of each of the adverse tumor characteristics 

over increasing biomarker expression ranks in adjusted and weighted logistic models.  Our 

results support the hypothesized association linking AR and Ki67 expression in tumor epithelial 

nuclei to adverse diagnostic and pathological findings, and provides a plausible mechanism 

supporting the role of AR and proliferation (Ki67) to PC invasiveness and time to biochemical 

failure.(Li, Wheeler et al. 2004; Inoue, Segawa et al. 2005; Cordon-Cardo, Kotsianti et al. 2007; 

Donovan, Hamann et al. 2008; Donovan, Khan et al. 2009 2011)  Although AR has been 

implicated in the progression of prostate cancer from androgen dependence to androgen 

independence, its association with adverse tumor characteristics is entirely novel.  In the case 

of Ki67, the strong relationships with adverse tumor characteristics, and the similarity of our 

findings to those in other published studies, lends some credibility to the accuracy of our 

measures. (Kononen, Bubendorf et al. 1998; Enger, Ross et al. 2000; Robins 2001; Cotterchio, 

Kreiger et al. 2003; Rundle 2005; Briganti, Chun et al. 2007; Larre, Azzouzi et al. 2007; Plymoth, 

Chemin et al. 2009 2007; Rundle and Neugut 2009; Klotz 2010; Madersbacher 2010)   

In our dataset, IGF-IR expression was inversely associated with odds of high clinical and 

pathological grade, but positively associated with pathological stage.  Although a number of 

studies have reported higher expression in tumor compared to normal tissue (Hellawell, Turner 

et al. 2002; Ohshima, Pignatelli et al. 2002; Liao, Abel et al. 2005; Ryan, Haqq et al. 2007; 
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Boffetta 2010), only one of these found a positive correlation with tumor grade (Liao, Abel et al. 

2005). The measurement of IGF-IR presented the greatest challenges with respect to 

immunofluorescence and imaging, being the only assay that used a polyclonal antibody, and 

the one with the greatest degree of heterogeneity across the samples.  It is possible that our 

automated measures were inadequate to distinguish the signals of prognostic significance, or 

that our conflicting findings were due to chance.  The IGF system is extremely complex and 

many potentially relevant mechanisms and interactions with androgen signaling have been 

demonstrated in prostate cancer cell lines (Atawodi, Lea et al. 1998).  Further, the association 

between circulating insulin levels, type II diabetes and IGF-IR expression in the prostate are 

unknown.  Assuming a homeostatic link between the IGF-I receptor and circulating 

concentrations of its binding ligands (IGF1, IGF-II, IR), one might expect IGF-IR expression to 

decrease in response to insulin resistance and hyperinsulinemia, followed by an increase in 

response to sharply lower levels of growth factor after beta-cell death (Bell and Polonsky 2001). 

Although we identified significantly lower IGF-IR expression in higher grade tumors, we found 

no evidence that IGF-IR differed by history of obesity, diabetes, or any other clinico-

demographic factor.  As new human monoclonal IGF-IR antibodies are developed additional 

testing with our dataset will be pursued.   

The lack of associations between history of obesity and biomarker expression levels was 

surprising.  Although the differences noted in AR and Ki67 expression were in the expected 

direction, the contrasts were insufficient to reach statistical significance.  A possible explanation 

is that our categorization of obesity history was too heterogeneous, and did not isolate a 

sufficiently unexposed group of patients.  We might have had different results if, for example, 
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we had distinguished cases who had normal BMI at all 3 time points.  We also might have 

examined patients on the basis of change in BMI over the three time points (increasing, 

decreasing, no change).  Our ultimate categorization choice was made on the basis of sample 

size considerations and in the interests of keeping our exposure classification as simple and 

comprehensible as possible.  Ideally, we would have had repeated measures of height and 

weight, starting at birth, giving us the ability to fully examine the potential role of birthweight, 

pubertal BMI, and modeling BMI as a time-varying exposure with potentially different effects 

on the development of the prostate. 

Despite the fact that we found no statistically significant associations between history of 

obesity and biomarker expression levels, we performed a basic mediation analysis (table 5) 

which revealed minimal evidence that the greater odds of adverse tumor characteristics among 

chronically obese men is mediated by differential expression of AR, IGF-IR or Ki67.  We report 

that the addition of AR, IGF-IR and KI67 resulted in changes in the beta coefficients for clinical 

and pathological grade of 84% and 67%, respectively comparing chronic to never obese men.  

However, these apparently large percentage changes in the effect estimates of chronic obesity 

should be tempered by the fact that the magnitudes of the direct effects are small and not 

significantly different from the null.  In contrast, the direct effect off chronic obesity on the 

odds of pathological stage (pT3) and tumor volume (>30mm3) were 3.75 and 2.67 times that 

of never obese men.  Yet, the odds difference and percent change in the betas after the 

addition of biomarker measures was negligible.  Overall, our data do not support the premise 

that the aggressive tumor characteristics found in chronically obese men are the result of 
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differences in their tissue expression of AR, IGF-IR or Ki67, compared to that of episodically or 

never obese men with PC.   

We identified evidence of differential selection into RP by history of obesity, conditional 

on disease severity.  In our data, subjects with a history of chronic obesity were less than half as 

likely to receive RP compared to never obese men.  When we stratified these data by clinical 

risk group, we found the association was due to a lower receipt of RP among chronically obese 

men with clinically low risk disease features.  Further, after adjusting for medical history of 

comorbidities (hypertension, type II diabetes, etc.) the inverse association between chronic 

obesity and receipt of RP was nullified, suggesting that chronic obesity reduces the odds of RP 

insofar as it is associated with a higher prevalence of contraindicating health conditions.  We 

suspected that this treatment selection process could result in a higher proportion of 

chronically obese cases with aggressive disease characteristics in the RP series (n=357), 

potentially biasing the association between history of obesity and adverse PC pathology away 

from the null.  To counteract potential biases from selection factors associated with RP, we 

used inverse probability weighting (IPW).   

To test the effect of the IPW based analyses in our dataset, we compared the estimates 

of the effect of chronic obesity on clinical grade and stage in the preselected biopsy series 

(n=620), with those obtained from the final RP set (n=357), using multivariate adjustment with 

and without IPW.  We have shown previously (see chapter 2) that weighted models were more 

effective than non-weighted multivariate adjustment at restoring the associations obtained 

from the full biopsy series.  We were surprised to find that our data did not support a 
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statistically significant association between history of obesity and clinical grade (III/G7), or 

stage (T2) in the biopsy cohort.  As a result, we were limited in our ability to judge the effect of 

the IPW, on the magnitude of the association alone.  In the top of table 3, we found that the 

association between chronic obesity and clinical grade in the RP set deviated minimally from 

the estimates obtained using the entire biopsy cohort (marked with ǂ).  Although, the non-

weighted multivariate model of clinical stage was suggestive of a positive association with 

chronic obesity (OR=2.19, 95% CI 0.91-5.29), this association was reduced (OR=1.64, 95% CI 

0.83-3.25) after applying IPW.  As expected, the direction of the suspected treatment selection 

bias was away from the null, and was reduced in magnitude after applying IPW.  However, the 

lack of statistical significance of the underlying associations between obesity and clinical grade 

and stage impaired our ability to convincingly demonstrate the value of these methods.   

In the multivariate adjusted and IPW models of pathological characteristics, we did not 

identify a statistically significant association between chronic obesity and pathological grade 

(III/G7).  Nevertheless, we found positive associations between chronic obesity and 

pathological stage (pT3), tumor volume (>30mm3), and positive surgical margins.  A possible 

explanation for these findings could be that if the obese men had larger prostates, their clinical 

staging/grading may have underestimated the true disease severity.  Several RP series studies 

have reported significantly greater rates of upgrading in larger volume 

prostates.(Hoedemaeker, Kranse et al. 1999; Dong, Jones et al. 2008; Fine and Epstein ; Moreira 

Leite, Camara-Lopes et al. 2009).  Unfortunately, our data did not include biopsy trans-rectal 

ultrasound measures of prostate volume, which would have enabled us to more thoroughly 

examine the relationships between obesity, prostate size and error in cancer staging.  Another 
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possibility is that removing the treatment selection bias allowed the potential detection biases 

related to obesity to become more apparent.  For example, if chronic obesity reduced the 

sensitivity of PSA screening, and causes the tumors of obese men to be undetected until they 

become larger and more advanced, such a detection bias might contribute to the greater odds 

of adverse tumor findings.  Unfortunately, such a bias would be very difficult to address even 

with information about the entire PSA screened population from which the biopsy cohort was 

derived.  The complex associations between obesity, prostate size and tumor characteristics, 

underscore the difficulty in identifying all covariates relevant to detection and treatment 

selection processes which occur in prostate cancer.  The pre-diagnostic data available to us only 

allowed us to model factors involved in RP treatment selection, which would have little effect 

on reducing biases introduced during screening and diagnosis. 

After incorporating treatment weights (IPW), we observed an increase in the magnitude 

and statistical significance of the odds ratios for pathological stage, tumor volume, and PSM.  

Whereas, the IPW odds ratios for clinical stage, clinical and pathological grade, moved toward 

the null.  These differences were intriguing, and may be interpreted in a number of ways.  First, 

chronically obese men with high clinical grade and stage PC may have been proportionally less 

likely to receive RP, supporting our proposed selection model.  However, the ORs for clinical 

grade and stage were not statistically significant in either the multivariate models using the 

analytical set (n=357) or those of the full biopsy set (n=620 marked with ǂ), making it more 

difficult to gauge the effect of the IPW models to remove selection bias.  Whereas, in the IPW 

models of pathological stage, tumor volume, and PSM, the ORs for chronic obesity increase, 

and (in the latter two instances) change from borderline to high statistical significance.  
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Increased ORs after IPW suggest that chronically obese cases with the least likelihood of 

receiving an RP were those that went on to have more advanced disease features after surgery, 

despite the fact they that they did not have significantly worse clinical features.  The use of IPW 

may prove to be an essential analytical tool in future studies using RP series’ to test associations 

between obesity or other comorbidities and surgical outcomes.      

Strengths & Limitations 

Our study had a number of strengths as well as important limitations.  First, the use of 

TMAs is an efficient, high-throughput system that minimizes many sources of laboratory error 

which can result from batch effects, and imperfect agreement among pathologists.  

Immunofluorescence also has substantially better sensitivity and dynamic range when 

compared to IHC.  In addition, in comparison to traditional immunohistochemistry (IHC), 

immuno-florescence (IF-IHC) allows a greater number of antibodies to be used simultaneously, 

which can reduce the quantity of specimen used.  The use of TMAs has proven to be an 

efficient, reproducible, and cost effective way of processing and archiving paraffin embedded 

tissue samples for high-throughput molecular profiling studies.(Kononen, Bubendorf et al. 

1998; Hoos, Urist et al. 2001; Simon and Sauter 2002) Given the heterogeneous nature of 

prostate tumors, there remains a question as to the adequacy of triplicate tissue cores to 

accurately provide expression level that is representative of the tumor as a whole.  The use of 

triplicate 0.6mm cores have been shown to reliably identify subtle histological characteristics, 

(such as Gleason grade), and quantify a range of molecular markers.(Kononen, Bubendorf et al. 

1998; Hoos and Cordon-Cardo 2001; Kajdacsy-Balla, Geynisman et al. 2007)  
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There are several advantages to our image acquisition and analysis technique; it allows 

for removal of autoflorescence, which is the primary drawback to fluorescence microscopy, as 

well as separation and localization of the individual spectral components of each marker.  

Although setting up the spectral segmentation process is initially a more complex and time 

consuming process, this technique has the advantages of improving the specificity of the 

measurements, primarily through removal of autoflorescence, image normalization, threshold 

adjustment, while also automating and ensuring consistency of the measures across the 1500+ 

spots in the TMA.  Interestingly, the element that is the biggest limitation of our study is also 

one of its most important advantages.  Most studies of tissue biomarkers require one or more 

trained pathologists to review all of the sections and to estimate a semi quantitative score for 

biomarker expression levels for each tissue section.  While this method is arguably more 

accurate as the pathologist can distinguish tumor cells from surrounding non-tumor cells, it also 

has the capacity to produce a systematic bias, since the reviewer scoring the fields will not only 

see the expression of interest, but histological features of the tumor as well.  In contrast, we 

used a semi-automated measurement system with exposure and image capture conditions 

applied uniformly across the entire dataset.  Among the advantages of computer aided 

measurements of biomarker exposure levels are their speed, convenience, and resistance to 

systematic measurement error, resulting from reviewer knowledge about the clinico-

pathological characteristics of the tumor.  In general, these techniques remove much of the 

subjectivity of pathologist based scoring systems and provides more continuous and 

reproducible scoring of protein expression scoring in tissue samples (Camp, Chung et al. 2002).  

Studies evaluating the reproducibility of similar semi-quantitative protein expression measures 
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uniformly report significantly superior inter-rater agreement compared to pathologist based 

scoring, R=0.88 vs. 0.73, respectively.(Camp, Chung et al. 2002; McCabe, Dolled-Filhart et al. 

2005)  Our method was able to exploit some of imaging platform’s ability to spectrally micro-

dissect the images and substantially improve signal to noise, while still remaining simple 

enough to be conducted by a single trained reviewer.  However, these advantages come at the 

expense of the accuracy of the measures, and potentially a greater random error component, 

when compared to pathologist review.  Although the TMA spots we analyzed were chosen to 

maximize the amount of tumor in the image field, our method was unable to completely avoid 

the measurement of biomarker expression in non-cancerous epithelial cells that might be 

present in the field.  If, for example, the non-tumor cell content of the field was correlated with 

tumor grade and with biomarker expression, a directional bias could occur.  However, it is 

unclear whether this hypothetical scenario presents a larger potential threat to validity than 

earlier subjective scoring systems that relied on review by a pathologist. A comparison of 

traditional pathologist review of biomarker expression with some of the newly developed 

computer based methods has yet to be systematically conducted.    

Our original intent was to measure the total signal of Ki67 positive epithelial nuclei, 

(colocalized with DAPI and CK18).  However the colocalization of three signals together, while 

feasible in many of the specimens, was impractical given the heterogeneous quality of our 

tissue samples.  We instead used a simpler measure of the total pixel area positive for Ki67 

divided by the total area represented by CK18.  Although this measure ignored signal intensity 

information, and did not require the colocalization of the Ki67 on CK18 positive regions, it 

nonetheless provided a reliable estimate of the proportion of epithelial cells positive for Ki67.  
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It is likely that obtaining fresh frozen tissue specimens, rather than FFPE tissue blocks would 

have improved the antigenicity and performance of the IF-IHC, however it is doubtful that they 

would have altered the interpretation of our findings.   

Concluding remarks 

There is growing evidence that prostate cancers diagnosed in obese men are more 

aggressive and deadly than those in men of normal BMI.  However, there remains uncertainty 

about the degree to which these observations are driven by the effect of excess adiposity on 

prostate itself or the ways in which obesity hinders the screening diagnosis and treatment of 

PC.  The current study is among the first to explore connections between chronic obesity, 

tumor biomarkers, and adverse tumor characteristics.  Further, ours is the only study to employ 

marginal structural models and IPW to address potential bias stemming from treatment 

selection from diagnosis to RP.     

Our failure to identify differences in expression across BMI categories was unlikely the 

result of inadequate IHC or imaging methods, since our measures of AR and Ki67 were strongly 

associated with adverse tumor characteristics.  Although our biomarker measures seem to have 

performed well in the case of nuclear AR, and Ki67, our measurement of IGF-IR may have failed 

to distinguish the salient features with regard to tumor aggressiveness.  Our measure of IGF-IR 

was insensitive to expression within the tumor nuclei which may have important biological 

significance.(Aleksic, Chitnis et al. 2010)  It is plausible that nuclear translocation of IGF-IR 

represent the critical event of interest in these cells, rather than overall epithelial expression 

levels.   
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Future work might benefit from direct measurements of circulating or tissue level 

steroid hormones and their binding proteins.  The level of evidence supporting lower average 

testosterone levels in obese men is consistent, but limited.  Factors such as the rate of age-

related decline in testosterone, its relationship to AR signaling, and it relevance to men with PC 

remains to be clarified.  We were similarly unable to account for serum IGF levels or their 

binding proteins.  The level of nuclear AR expression or epithelial IGF-IR in one’s prostatectomy 

specimen represents a snapshot of individual elements within these complex signaling axes, 

and likely ignores important aspects which might offer a clearer picture of their prognostic 

value.  Measures of hormones and their binding proteins within the prostate in addition to the 

level of receptor expressed in tumor could reveal an important layer of detail that would allow 

more direct approximation of the involvement of specific signaling pathways.   

Taken together our data reinforce the importance of nuclear expression of AR and Ki67 

as biomarkers of aggressive tumor biology.  Whereas, the IGF-IR axis remains a highly complex 

and challenging target for biomarker studies.  Our data add to the evidence that chronic 

obesity, occurring several decades prior to diagnosis, is associated with prostate tumors with 

higher pathological stage, volume and positive surgical margins, compared to those never 

obese.  In addition, we found that the use of IPW to adjust for treatment selection bias resulted 

in a strengthening of these effects, suggesting that conventionally adjusted multivariate models 

of these associations may be biased such that these associations are more difficult to identify.  

Although our data support the hypothesized association between chronic obesity and PC with 

more aggressive pathological characteristics, we found no evidence that these differences are 
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mediated by differences in expression of AR, IGF-IR, or excess proliferation (Ki67) in chronic, 

episodic, and never obese men.     

     



 

 

 

Table 1.  Patient characteristics by history of obesity  
  a. Biopsy proven PC cases (n=620)       b.  Patients treated with RP (Final set n=357) 

  Never Episodic Chronic  total p-value  Never Episodic Chronic  total p-value  

  N % N % N % N %   N % N % N % N %   

N (%) 328 52.9 223 36 69 11.1 620 100   196 54.9 123 34.5 38 10.6 357 100   
Mean age (SD) 62.3 (6.9) 62.9 (7.0) 60.4 (6.7) 62.3 (7.0) 0.03 60.9 (6.7) 61.4  6.6 58.6 (5.9) 60.8 (6.6) 0.07 
Race/ethnicity           0.18           0.19 

Caucasian 192 55.0 122 35.0 35 10.0 349 56.3   113 57.1 68 34.3 17 8.6 198 55.5   
African American 136 50.2 101 37.3 34 12.6 271 43.7   70 38.4 55 34.6 21 13.2 159 44.5   

Type 2 Diabetes           <0.001ᶧ           <0.001ᶧ 
no 294 58.8 162 32.4 44 8.8 500 80.7   177 58 101 33.1 27 8.9 305 85.4   
yes 34  28.3 61  50.8 25 20.8 121 19.4   19 36.5 22 42.3 11 21.2 52 14.6   

Hypertension           <0.001ᶧ           <0.001 
no 148 64.1 72 31.2 11 4.8 231 37.3   100 64.5 49 31.8 5 3.3 154 43.1   
yes 180 46.3 151 38.8 58 14.9 389 62.7   96 47.3 74 36.5 33 16.3 203 56.9   

Comorbidity index           0.01ᶧ           0.15ᶧ 
0 184 57.5 107 33.4 29 9.1 320 51.6   113 56.2 72 35.8 16 8.0 201 56.3   
1 69 50.7 50 36.8 17 12.5 136 21.9   47 56.6 25 30.1 11 13.3 83 23.3   
2 35 50.0 23 32.9 12 17.1 70 11.3   18 52.9 9 26.5 7 20.6 34 9.5   

3 40 42.6 43 45.7 11 11.7 94 15.2   18 46.2 17 43.6 4 10.3 39 10.9   
Family Hx PC 67 51.5 47 36.2 16 12.3 130 21.0 0.60 49 59 25 30.1 9 10.8 83 23.3 0.79 
Smoking status                         

Current 53 60.2 28 31.8 7 8.0 88 14.2 0.12ᶧ 30 63.8 12 25.5 5 10.6 47 13.2 0.36 
Former 216 53.6 145  36.0 42 10.4 403 65.0  128 56.6 76 33.6 22 9.7 226 63.3  
Never 112 51.6 78 35.9 27 12.4 217 35.0   68 51.9 47 35.9 16 12.2 131 36.7   

Alcohol (g/day)           0.005           0.90 
<1.0 132 47.5 107 38.5 39 14.0 278 44.8   83 52.9 56 35.7 18 11.5 157  44.0   

1.0-10.0 87  53.7 62 38.3 13 8.0 162 26.1   51 54.3 34 36.2 9 9.6 94 26.3   

10.0 109 60.6 54 30.0 17 9.4 180 29.0   62 58.5 33 31.1 11 10.4 106 29.7   
Marital status           0.99           0.79 

Single 73 53.3 49 35.8 15 11.0 137 22.5   41 56.5 23 31.5 9 12.3 73 20.6   
Married 249 52.8 171 36.2 52 11.0 472 77.5   153 54.5 99 35.2 29 10.3 281 79.4   

unknownᶧ 6 54.6 3 27.3 2  18.2 11 1.8   2 66.6 1  33.3 0 (0) 0 3 1.0   
Education           0.09ᶧ           0.23 

Highschool 107 46.9 91 39.9 30 13.6 228 36.8   59 48 50 40.7 14 11.4 123 34.5   
Undergraduate 163 56.4 100 34.6 26 9.0 289 46.6   103 60.6 52  30.6 15 8.8 170 47.6   
Postgraduate 58 56.3 32 31.1 13 12.6 103 16.6   34 53.1 21 32.8 9 14.1 64 17.9   

MHI in 1K$ (SD)* 56.4 26.0 52.3 24.9 52.3 23.3 54.4 25.4 0.13 57.5 26.6 54.0 25.6 51.1 24.4 55.6 26.1 0.27 
MHI Rank         0.04ᶧ         0.07ᶧ 
         Quintile 1 (low) 54 45.0 48 40.0 18 15.0 120 19.4  33 47 25 35.7 12 17.1 70 19.6  
         Quintile 2 59 48.8 49 40.5 13 10.7 121 19.5   31 50 25 40.3 6 9.7 62 17.4   
         Quintile 3 69 55.7 44 35.5 11 8.9 124 20.0   40 56.3 26 36.6 5 7.0 71 19.9   
         Quintile 4 75 59.1 38 29.9 14 11.0 127 20.5   49 62.8 21 26.9 8 10.3 78 21.9   
         Quintile 5 (high) 71 55.5 44 34.4 13 10.2 128 20.7   43 56.6 26  34.2 7 9.2 76 21.3   
HH size (SD)* 2.7 (0.42) 2.7 (0.46) 2.7 (0.43) 2.7 (0.43) 0.89 2.7 (0.4) 2.7 (0.4) 2.7 (0.4) 2.7 (0.42) 0.97 
Abnormal DRE 221 55.3 140 35.0 39 9.8 400 64.5 0.18 132 56.7 77 33.1 24 10.3 233 65.3 0.66 
Log(DxPSA)* 7.2 (6.6) 7.4 (7.5) 7.6 8.1 7.3 (7.1) 0.92 6.7 (5.8) 7.0 (5.9) 8.7 8.7 7.0 6.2 0.20 
Dx PSA ≥10 51 50.5 40 39.6 10 9.9 101 16.3 0.69 24 44.6 24 42.9 7 12.5 56 15.7 0.15ᶧ 
Clinical Grade           0.36ᶧ           0.14ᶧ 

I/II (G6) 171 55.5 104 33.8 33 10.7 308 49.7   90 60 46 30.7 14 9.3 150 42.0   1
2
1
 



 

 

 

III (G7) 111 49.6 88 39.3 25 11.2 224 36.1  75 51.4 55 37.7 16 11.0 146 40.9  

IV (G8) 46  52.3 31 35.2 11 12.5 88 14.2   31 50.8 22 36.1 8 13.1 61 17.1   
Clinical  Stage           0.41           0.38 

<T2 250 54.6 169 36.0 51 10.9 470 75.8   158 56.4 96 34.3 26 9.3 280 78.4   

T2 78 52.0 54 36.0 18 10.7 151 24.2   38 49.4 27  35.1 12 17.0 77 21.6   

*P value based on regression coefficient of log transformed value.  ᵻ= Mantel-Haenszel P value 

MHI = census median household income.  HH size = census average household size.  Family Hx PC = positive family history of PC 

 

 

1
2
2
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Table 2a.  Geometric distributions of AR, IGFIR, and Ki67 expression, by clinical and demographic characteristics  

  Nuclear AR Epithelial IGFIR Ki67 

  gM SD IQR p value gM SD IQR p value gM SD IQR p value  

Overall 3.7 6.3 8.0   3.3 10.5 43.7   0.63 3.72 4.43   
History of obesity 

   
  

   
  

   
  

Chronic 5.6 4.9 4.6 0.12 2.7 9.4 61.6 0.34 0.93 3.34 4.01 0.12 
Episodic 4.1 5.5 7.1   3.5 9.2 40.3   0.56 3.26 4.00   

Never 3.1 7.1 9.5   3.3 11.7 38.2   0.63 4.06 4.70   
Age (continuous) 0.1 

  
0.24 -0.1 

  
0.07 0.04 

  
0.47 

Age (>60 years) 4.1 6.1 8.0 0.21 2.9 11.9 46.4 0.20 0.64 3.74 4.49 0.81 

Age (60 years) 3.2 6.7 8.6   3.9 8.8 21.7   0.62 3.70 4.42   

Year of diagnosis -0.3 
  

<0.01 0.2 
  

0.02 
   

0.14 
1999 8.3 3.0 3.7   5.8 5.9 11.4   0.53 3.31 6.78   
2000 5.5 5.8 6.2   1.5 14.5 75.3   0.54 3.69 4.51   
2001 2.7 5.3 8.9   3.1 9.5 42.2   0.58 3.88 4.50   
2002 6.8 5.0 4.7   2.4 8.8 37.0   0.82 3.18 2.92   
2003 2.2 7.3 8.2   6.9 9.2 30.8   0.74 4.15 5.93   
2004 1.2 8.3 14.3   4.1 10.2 81.1   0.44 3.61 3.96   

Race/ethnicity 
   

0.14 
   

0.47 
   

0.37 
Caucasion 4.2 5.5 6.4   3.0 11.9 57.9   0.60 4.18 5.19   

African american 3.1 7.5 11.0   3.6 8.9 26.0   0.68 3.16 4.01   
Type 2 Diabetes 

   
0.31 

   
0.21 

   
0.53 

no 3.5 6.4 8.1   3.1 10.9 41.2   0.62 3.79 4.47   
yes 4.7 6.1 8.7   4.8 8.2 26.9   0.70 3.29 4.06   

Hypertension 
   

0.83 
   

0.21 
   

0.71 
no 3.6 6.8 10.4   2.7 11.1 39.2   0.61 3.72 4.41   
yes 3.7 6.0 7.5   3.8 10.0 43.4   0.64 3.72 4.62   

Cormorbidity Index 
   

0.86 
   

0.11 
   

0.63 
0 3.6 6.6 8.6   3.3 10.9 47.3   0.66 4.01 4.83   
1 3.5 6.2 7.5   2.3 11.3 56.0   0.56 3.26 3.50   
2 4.6 6.4 8.7   3.0 7.7 13.2   0.54 4.26 5.08   

3 4.1 5.5 7.8   7.0 8.4 26.5   0.72 2.83 5.32   

Family Hx PC (y) 2.8 6.9 8.2 0.15 3.7 10.3 42.0 0.56 0.58 3.52 3.84 0.52 
Family Hx PC (n) 4.0 6.1 8.8   3.2 10.6 43.7   0.64 3.76 4.29   
Smoking status 

   
  

   
  

 
 

    
Current 5.7 4.8 10.4 0.08 3.2 10.6 43.7 0.85 0.66 4.29 3.36 0.82 
Former 4.1 5.7 8.0 0.16 3.2 10.6 43.7 0.38 0.66 3.83 4.50   
Never 3.1 7.4 9.9   3.2 10.6 43.7   0.58 3.53 3.84   

Alcohol use g/day 
   

0.46 
   

0.57 
  

  0.06 
<1 4.1 5.4 8.8   3.4 11.1 28.6   0.74 3.57 4.15   

1-10g 3.8 5.7 7.8   2.7 10.6 40.1   0.49 4.25 4.89   

10g 3.1 8.6 7.5   3.8 9.6 28.0   0.62 3.39 4.42   

Marital status 
   

0.86 
   

0.08 
  

  0.48 
Single 3.7 7.2 10.9   2.2 12.4 55.9   0.69 3.65 5.35   

Married 3.6 6.2 7.6   3.6 9.9 37.0   0.61 3.75 4.35   
Education 

   
0.02 

   
0.62 

   
0.01 

Highschool 5.3 5.7 6.4   3.0 9.2 36.1   0.75 3.16 3.99   
Undergraduate 3.1 6.7 9.3   3.1 11.7 61.8   0.51 3.98 4.35   
Postgraduate 2.9 6.2 7.3   4.2 10.2 30.2   0.60 3.85 5.93   

MHI -0.01 
  

0.75 0.0 
  

0.46 0.02 
 

  0.64 
MHI Rank 

   
0.99 

   
0.71 

   
0.90 

          Quintile 1 (low) 4.1 6.4 7.6   2.7 10.0 44.7   0.62 3.40 4.30   
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          Quintile 2 2.6 7.1 9.6   4.0 10.6 25.2   0.62 1.37 1.39   
          Quintile 3 3.7 5.7 8.4   4.2 9.0 30.9   0.65 3.32 4.01   
          Quintile 4 3.4 6.9 8.1   3.0 12.0 50.7   0.56 4.38 4.59   
          Quintile 5 (high) 3.6 6.2 8.0   3.9 10.5 28.1   0.70 3.88 5.51   

*gM=Geometric mean, SD=standard deviation, and IQR=interquartile range 
ǂANOVA p value comparing chronic to episodic obesity 
MHI = census tract median household income 

 

 

Table 2b. Geometric distributions of AR, IGFIR, and Ki67 expression, by clinical and pathological characteristics 

  Nuclear AR Epithelial IGFIR Ki67 

  gM SD IQR p value gM SD IQR p value gM SD IQR p value  

Abnormal DRE (yes) 3.5 7.6 9.5 0.78 3.1 11.7 31.1 0.72 0.62 3.84 3.85 0.83 
Abnormal DRE (no) 3.7 5.9 7.7   3.4 10.0 47.0   0.64 3.67 4.56   
Dx PSA continuous 0.0 

  
0.83 -0.02 

  
0.64 0.06 

  
0.26 

Dx PSA ≥ 10 4.7 4.7 5.0 0.29 2.4 11.9 63.6 0.27 0.65 3.66 4.49 0.85 
Dx PSA < 10 3.5 6.7 8.6   3.5 10.3 38.8   0.63 3.74 4.28   
Clinical Grade 

   
<0.01 

   
0.09 

   
<0.01 

I/II (G6) 2.5 6.9 11.8   4.5 10.0 22.3   0.48 3.64 4.17   
III (G7) 4.3 6.3 10.0   2.6 10.6 50.0   0.67 3.81 4.50   

IV (G8) 6.6 4.2 5.0   2.5 10.8 69.4   1.02 3.17 4.81   
Clinical Stage  

   
0.64 

   
0.65 

   
0.19 

T1c 3.5 6.4 8.9   3.3 10.3 37.7   0.59 3.89 4.79   

T1c 4.3 6.3 3.8   3.2 6.1 11.5   0.79 3.03 3.87   
Pathological Grade 

   
<0.01 

   
0.08 

   
<0.01 

I/II (G6) 2.5 6.8 9.2   4.4 10.1 22.9   0.49 3.80 4.21   
III (G7) 4.7 6.2 7.4   2.3 10.5 40.1   0.68 3.58 4.52   

IV (G8) 4.7 5.3 7.6   3.3 10.6 60.7   0.88 3.51 5.15   
Pathological Stage 

   
0.16 

   
0.32 

   
0.06 

pT2b 3.4 6.4 9.0   3.1 10.6 40.4   0.59 3.62 4.04   

pT3 4.9 6.2 5.2   4.2 10.2 63.2   0.83 4.04 6.34   
Tumor volume (mm

3
) 0.04 

  
0.41 0.1 

  
0.10 0.11 

  
0.05 

Tumor volume 30 mm
3
 3.3 6.6 10.0 0.1 2.9 11.4 44.9 0.09 0.58 3.78 4.43 0.05 

Tumor volume 30 mm
3
 4.7 5.6 6.2   4.6 8.2 20.9   0.79 3.48 4.44   

Positive margins 4.3 5.9 8.8 0.26 3.2 11.5 55.9 0.83 0.69 3.93 3.60 0.38 
Negative margins 3.4 6.5 8.3   3.3 10.1 36.9   0.60 3.62 4.73   

*gM=Geometric mean, SD=standard deviation, and IQR=interquartile range 
ǂANOVA p value comparing Chronic to episodic obesity.  Dx PSA is diagnostic PSA level 
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Table 3.  History of obesity and adverse clinical and pathological findings (n=357) 

  Never Episodic Chronic 

Clinical grade (III/G7) OR OR  95%CI OR  95%CI 

Multivariate ǂ 1.00 (Ref) 1.33 0.92-1.92 1.29 0.74-2.27 
Multivariate  1.00 (Ref) 1.41 0.86-2.32 1.55 0.71-3.38 

IPW  1.00 (Ref) 1.33 0.91-1.94 1.43 0.80-2.58 

Clinical Stage (T2)           

Multivariate ǂ 1.00 (Ref) 1.08 0.71-1.65 1.26 0.67-2.39 
Multivariate  1.00 (Ref) 1.09 0.59-2.04 2.19 0.91-5.29 

IPW  1.00 (Ref) 1.09 0.69-1.73 1.64 0.83-3.25 

Pathological grade (III/G7)         

Multivariate  1.00 (Ref) 1.49 0.89-2.47 1.84 0.82-4.42 
IPW  1.00 (Ref) 1.49 1.01-2.20 1.61 0.89-2.93 

Pathological stage (pT3)         

Multivariate  1.00 (Ref) 1.40 0.70-2.82 3.38 1.24-9.21 
IPW  1.00 (Ref) 1.44 0.83-2.50 3.75 1.73-8.14 

Tumor volume (>30mm3)            

Multivariate  1.00 (Ref) 0.72 0.40-1.30 2.26 0.99-5.13 
IPW  1.00 (Ref) 0.75 0.47-1.19 2.67 1.41-5.07 

Positive surgical margins           

Multivariate  1.00 (Ref) 0.71 0.42-1.21 2.16 0.99-4.66 
IPW  1.00 (Ref) 0.77 0.50-1.17 2.86 1.57-5.22 

Multivariate adjusted for age and year at diagnosis, race, abnormal DRE, log(PSA), comorbidites, current tobacco, 
alcohol, median household income rank, and educational attainment, diagnostic PSA, clinical grade and stage 
where appropriate 
Multivariate - IPW - Adjusted for all variables above and inverse probability weighted 
ǂ Utilized full biopsy cohort (n=620), all other analyses used final RP set with all biomarker data (n=357) 



 

 

 

 

 
 
 

 

  

Table 4a. Odds ratios for adverse pathological findings, by nuclear AR expression quintile (n=357)   

AR Expression Quintile Q1 (low) Q2 Q3 Q4 Q5 (high) Trend Continuous Exp Quadratic 

Un-weighted multivariate models OR OR 95% CI OR 95% CI OR 95% CI OR 95% CI P value е P value P value 

Clinical grade (III/G7) 1.00 (Ref) 1.12 0.55-2.29 2.50 1.16-5.32 1.90 0.90-4.01 5.71 2.54-12.80 <0.001 1.30 <0.001 0.10 

Clinical stage (T2) 1.00 (Ref) 0.72 0.27-1.92 1.83 0.75-4.45 1.88 0.77-4.59 1.08 0.41-2.83 0.37 1.05 0.53 0.65 

Pathological grade (III/G7) 1.00 (Ref) 0.93 0.46-1.90 1.85 0.87-3.96 1.92 0.90-4.11 4.53 2.01-10.60 <0.001 1.27 <0.001 0.17 

Pathological stage (pT3) 1.00 (Ref) 0.97 0.31-3.06 2.39 0.81-7.00 4.25 1.43-12.70 2.80 0.91-8.64 0.01 1.30 0.01 0.1 

Tumor volume (>30 mm
3
) 1.00 (Ref) 1.97 0.85-4.58 1.16 0.48-2.76 1.91 0.81-4.52 1.94 0.79-4.73 0.19 1.13 0.14 0.7 

Positive surgical margins 1.00 (Ref) 0.79 0.37-1.70 1.16 0.54-2.49 0.04 0.48-2.26 1.45 0.67-3.14 0.28 1.09 0.22 0.48 

IPW multivariate models OR OR 95% CI OR 95% CI OR 95% CI OR 95% CI P value е P value P value 

Clinical grade (III/G7) 1.00 (Ref) 1.10 0.63-1.93 2.68 1.50-4.81 2.14 1.20-3.82 5.49 2.94-10.30 <0.001 1.34 <0.001 0.08 

Clinical stage (T2) 1.00 (Ref) 0.96 0.47-1.95 2.12 1.08-4.15 1.90 0.96-3.76 1.26 0.60-2.64 0.17 1.08 0.19 0.68 

Pathological grade (III/G7) 1.00 (Ref) 0.64 0.58-1.75 1.95 1.09-3.48 2.05 1.15-3.65 4.36 2.34-8.14 <0.001 1.28 <0.001 0.24 

Pathological stage (pT3) 1.00 (Ref) 0.73 0.29-1.85 2.67 1.16-6.16 4.30 1.83-10.10 2.96 1.20-7.31 <0.001 1.30 0.002 0.01 

Tumor volume (>30 mm
3
) 1.00 (Ref) 1.80 0.93-3.49 1.10 0.55-2.21 1.96 1.00-3.85 1.79 0.87-3.67 0.12 1.12 0.08 0.82 

Positive surgical margins 1.00 (Ref) 0.82 0.45-1.50 1.16 0.64-2.12 1.02 0.55-1.89 1.47 0.78-2.76 0.19 1.09 0.11 0.56 

Un-weighted multivariate models: adjusted for year, age, race, abnormal DRE, diagnostic PSA (log transformed), comorbidity index, tobacco, etoh, educational attainment, census tract MHI.   
IPW multivariate models:  utilized all model I variables in addition to inverse probability weights.  
Test for trend over ordinal categories.  Continuous Exp = Continuous biomarker expression variable 

AR Quintile Ranks, Median (min-max):  1st. 0.67 (0-1.74), 2nd 3.34 (1.75-5.25), 3rd. 8.19 (5.26-11.9), 4th 15.2 (12.0-19.5), 5th. 29.5 (19.6-54.4)   
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Table 4b. Odds ratios for adverse pathological findings, by epithelial IGFIR expression quintile (n=357) 

IGF-IR Expression Quintile Q1 (low) Q2 Q3 Q4 Q5 (high) Trend Continuous Exp Quadratic 

Un-weighted multivariate models OR OR 95% CI OR 95% CI OR 95% CI OR 95% CI P value е
b 

P value P value 

Clinical grade (III/G7) 1.00 (Ref) 0.95 0.44-2.04 0.58 0.27-1.24 0.65 0.31-1.39 0.40 0.19-0.87 0.01 0.89 0.02 0.27 

Clinical stage (T2) 1.00 (Ref) 0.40 0.17-0.99 0.42 0.17-1.04 0.66 0.28-1.55 0.55 0.22-1.33 0.53 0.97 0.60 0.89 

Pathological grade (III/G7) 1.00 (Ref) 0.95 0.44-2.07 0.53 0.25-1.14 0.75 0.34-1.64 0.38 0.17-0.84 0.01 0.90 0.03 0.23 

Pathological stage (pT3) 1.00 (Ref) 0.93 0.32-2.73 0.74 0.26-2.13 1.29 0.47-3.59 1.51 0.55-4.18 0.29 1.05 0.47 0.69 

Tumor volume (>30 mm
3
) 1.00 (Ref) 1.47 0.61-3.53 1.55 0.66-3.66 1.17 0.49-2.83 2.16 0.91-5.14 0.18 1.13 0.06 0.33 

Positive surgical margins 1.00 (Ref) 0.89 0.41-1.91 0.91 0.43-1.92 0.69 0.32-1.51 0.87 0.40-1.89 0.53 0.97 0.59 0.28 

IPW multivariate models OR OR 95% CI OR 95% CI OR 95% CI OR 95% CI P value е
b 

P value P value 

Clinical grade (III/G7) 1.00 (Ref) 0.12 0.63-2.00 0.53 0.30-0.95 0.70 0.39-1.25 0.39 0.21-0.70 <0.001 0.88 0.001 0.05 

Clinical stage (T2) 1.00 (Ref) 0.43 0.22-0.82 0.41 0.21-0.80 0.66 0.34-1.27 0.40 0.20-0.78 0.08 0.94 0.17 0.39 

Pathological grade (III/G7) 1.00 (Ref) 1.20 0.66-2.17 0.53 0.30-0.96 0.80 0.44-1.46 0.38 0.21-0.70 <0.001 0.89 0.003 0.02 

Pathological stage (pT3) 1.00 (Ref) 0.87 0.38-1.99 0.63 0.27-1.44 1.06 0.47-2.41 1.27 0.58-2.76 0.39 1.02 0.65 0.36 

Tumor volume (>30 mm
3
) 1.00 (Ref) 1.49 0.74-2.98 1.41 0.72-2.78 1.22 0.61-2.46 2.32 1.18-4.57 0.05 1.13 0.009 0.37 

Positive surgical margins 1.00 (Ref) 0.90 0.49-1.63 0.74 0.41-1.34 0.67 0.36-1.26 0.70 0.38-1.30 0.15 0.95 0.19 0.17 
Un-weighted multivariate models:  adjusted for year, age, race, abnormal DRE, diagnostic PSA (log transformed), comorbidity index, tobacco, etoh, educational attainment, census tract MHI.  
IPW multivariate models:  utilized all model I variables in addition to inverse probability weights. 
Test for trend over ordinal categories.  Continuous Exp = Continuous biomarker expression variable 
IGFIR Quintiles Ranks, Median (min-max):  1st 0.17 (0-0.54), 2nd 2.0 (0.55-4.0), 3rd 8.4 (4.03-16.0), 4th 28.1 (16.1-45.0) 5th 67.2 (45.1-92.9) 
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Table 4c. Odds ratios for adverse pathological findings, by Ki67 expression quintile (n=357)  
 

Ki67 Expression Quintile Q1 (low) Q2 Q3 Q4 Q5 (high) Trend Continuous Exp Quadratic 

Un-weighted multivariate models OR OR 95% CI OR 95% CI OR 95% CI OR 95% CI P value е
b
 P value P value 

Clinical grade (III/G7) 1.00 (Ref) 0.94 0.45-1.98 1.41 0.67-2.98 1.36 0.65-2.85 2.73 1.25-5.94 0.003 1.30 0.006 0.16 

Clinical stage (T2) 1.00 (Ref) 2.77 1.00-7.72 2.46 0.90-6.74 3.48 1.30-9.35 3.24 1.18-8.86 0.03 1.30 0.03 0.21 

Pathological grade (III/G7) 1.00 (Ref) 0.96 0.45-2.04 1.69 0.79-3.65 1.61 0.76-3.41 2.58 1.17-5.69 0.006 1.30 0.005 0.51 

Pathological stage (pT3) 1.00 (Ref) 0.97 0.32-2.98 1.29 0.44-3.78 1.34 0.45-3.99 3.46 1.12-9.72 0.01 1.40 0.01 0.10 

Tumor volume (>30 mm
3
) 1.00 (Ref) 2.64 1.06-6.55 2.11 0.83-5.37 2.17 0.88-5.34 2.70 1.10-6.61 0.10 1.20 0.10 0.96 

Positive surgical margins 1.00 (Ref) 1.42 0.66-3.07 1.40 0.65-3.04 1.43 0.66-3.09 0.87 0.39-1.95 0.18 1.08 0.40 0.37 

IPW multivariate models OR OR 95% CI OR 95% CI OR 95% CI OR 95% CI P value е
b
 P value P value 

Clinical grade (III/G7) 1.00 (Ref) 0.92 0.51-1.63 1.24 0.69-2.23 1.15 0.66-2.02 2.66 1.46-4.87 0.001 1.27 0.001 0.03 

Clinical stage (T2) 1.00 (Ref) 2.42 1.16-5.03 2.02 0.97-4.21 3.10 1.54-6.27 2.42 1.16-5.04 0.02 1.25 0.01 0.15 

Pathological grade (III/G7) 1.00 (Ref) 0.91 0.51-1.64 1.44 0.79-2.62 1.37 0.77-2.42 2.53 1.37-4.69 <0.001 1.28 <0.001 0.20 

Pathological stage (pT3) 1.00 (Ref) 0.92 0.38-2.24 1.24 0.51-3.01 1.98 0.86-4.56 4.12 1.79-9.49 <0.001 1.49 <0.001 0.03 

Tumor volume (>30 mm
3
) 1.00 (Ref) 2.36 1.14-4.90 2.26 1.07-4.77 2.37 1.16-4.84 3.02 1.47-6.19 0.009 1.23 0.01 0.61 

Positive surgical margins 1.00 (Ref) 1.47 0.79-2.74 1.30 0.71-2.40 1.45 0.78-2.71 0.88 0.47-1.68 0.10 1.08 0.27 0.35 
Un-weighted multivariate models: adjusted for year, age, race, abnormal DRE, diagnostic PSA (log transformed), comorbidity index, tobacco, etoh, educational attainment, census tract MHI.   
IPW multivariate models:  utilized all variables from multivariate model in addition to inverse probability weights. 

    
 

  
Test for trend over ordinal categories.  Continuous Exp = Continuous biomarker expression variable 
Ki67 Quintile Ranks, Median (min-max):   1st 0.11 (0.01-0.22), 2nd 0.36 (0.24-0.47), 3rd 0.67 (0.47-0.93), 4th 1.24 (0.96-1.65), 5th 3.94 (1.72-16.3)  
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Table 5.  Odds ratios for adverse tumor findings, by BMI History (n=357) 

  Never Episodic Chronic     

Clinical grade (III/G7) OR OR  95%CI OR  95%CI Diff abs %Δ Chronic 

Direct Effect Model 1.00 (Ref) 1.34 0.91-1.92 1.43 0.80-2.58     
AR - Indirect 1.00 (Ref) 1.38 0.93-2.05 1.27 0.69-2.33 0.16 33.17 

IGFIR - Indirect 1.00 (Ref) 1.27 0.86-1.87 1.27 0.69-2.32 0.16 33.17 

Ki-67 - Indirect 1.00 (Ref) 1.46 0.99-2.15 1.32 0.72-2.40 0.11 22.38 

Combined - Indirect 1.00 (Ref) 1.48 0.98-2.24 1.06 0.56-2.00 0.37 83.71 

Clinical Stage (T2)               

Direct Effect Model 1.00 (Ref) 1.09 0.69-1.73 1.64 0.83-3.25     

AR - Indirect 1.00 (Ref) 1.07 0.67-1.71 1.62 0.81-3.22 0.02 2.48 

IGFIR - Indrect 1.00 (Ref) 1.07 0.67-1.70 1.62 0.81-3.25 0.02 2.48 

Ki-67 - Indirect 1.00 (Ref) 1.11 0.70-1.78 1.67 0.83-3.35 -0.03 -3.66 

Combined - Indirect 1.00 (Ref) 1.10 0.67-1.78 1.65 0.81-3.37 -0.01 -1.23 

Pathological grade (III/G7)               

Direct Effect Model 1.00 (Ref) 1.49 1.01-2.20 1.61 0.89-2.93     

AR - Indirect 1.00 (Ref) 1.52 1.02-2.28 1.43 0.77-2.64 0.18 24.90 

IGFIR - Indrect 1.00 (Ref) 1.42 0.96-2.12 1.42 0.77-2.60 0.19 26.37 

Ki-67 - Indirect 1.00 (Ref) 1.62 1.09-2.40 1.48 0.81-2.72 0.13 17.68 

Combined - Indirect 1.00 (Ref) 1.60 1.06-2.44 1.17 0.62-2.20 0.44 67.03 

Pathological stage (pT3)               

Direct Effect Model 1.00 (Ref) 1.44 0.83-2.50 3.75 1.73-8.14     

AR - Indirect 1.00 (Ref) 1.31 0.74-2.32 3.34 1.51-7.39 0.41 8.76 

IGFIR - Indrect 1.00 (Ref) 1.44 0.83-2.52 3.76 1.72-8.23 -0.01 -0.20 

Ki-67 - Indirect 1.00 (Ref) 1.63 0.92-2.88 3.64 1.65-8.05 0.11 2.25 

Combined - Indirect 1.00 (Ref) 1.53 0.84-2.78 3.62 1.58-8.27 0.13 2.67 

Tumor volume (>30 mm
3
)                

Direct Effect Model 1.00 (Ref) 0.75 0.47-1.19 2.67 1.41-5.07     

AR - Indirect 1.00 (Ref) 0.74 0.46-1.17 2.58 1.36-4.91 0.09 3.49 

IGFIR - Indrect 1.00 (Ref) 0.75 0.47-1.19 2.77 1.45-5.29 -0.10 -3.74 

Ki-67 - Indirect 1.00 (Ref) 0.78 0.49-1.24 2.59 1.36-4.94 0.08 3.10 

Combined - Indirect 1.00 (Ref) 0.76 0.48-1.22 2.63 1.37-5.06 0.04 1.54 
Direct Effect Model - Inverse probability weighted and adjusted for year and age at diagnosis, race, abnormal DRE findings, hypertension, 
diabetes, comorbidity score, tobacco, etoh, median household income rank, and educational attain. 
Indirect effects model - same as above with additional quintile rank variables for AR, IGFIR, and Ki67 

 

  



 

 

 

 

Figure 2.  Structural equations modeling of ‘direct’ effect (below) vs. ‘indirect’ biomarker 
mediated effect 
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Table S1.  Association between history of obesity and receipt of RP 
eliminated after adjustment for comorbid conditions 

  Direct Effect Indirect Effects 

Variable OR 95% CI OR 95% CI 

History of Obesity 
 

      

Never Ref   Ref   

Episodic 0.72 0.48-1.09 0.94 0.62-1.43 

Chronic 0.43 0.23-0.81 0.90 0.48-1.70 

Clinical grade 
 

      

I/II, G6 Ref   Ref   

III/IV, G7 3.39 2.25-5.11 3.34 2.20-5.04 

Clinical Stage 
 

      

T1C Ref   Ref   

T2A-2B 0.79 0.47-1.35 0.92 0.54-1.56 

2C 0.38 0.20-0.74 0.32 0.16-0.62 

Hypertension     0.50 0.33-0.77 

Type II diabetes     0.54 0.32-0.89 

Comorbidity index         

1     Ref   

2     0.92 0.54-1.56 

3     0.32 0.16-0.62 
All models adjusted for age, year of diagnosis, race/ethnicity, PSA at diagnosis, clinical 
grade and stage, abnormal DRE, alcohol (g/day), current tobacco use, median 
household income quintile, and educational attainment 

 

 

 

Table S2.  Adjusted OR and 95% CI for association between history of obesity and 
receipt of RP, stratified by clinical risk group 

History of Obesity Never Episodic Chronic 

OR Receiving RP OR OR 95 % CI OR 95% CI 

Overall 1.00 (ref) 0.72 0.48-1.09 0.43 0.23-0.81 

Mod/high clinical risk  1.00 (ref) 0.95 0.57-1.61 0.94 0.42-2.12 

Low clinical riskᶧ 1.00 (ref) 0.55 0.30-1.01 0.38 0.16-0.91 
*Adjusted for year of diagnosis, race/ethnicity, abnormal DRE, diagnostic PSA, alcohol (g/day), 
current tobacco use, median household income quintile, educational attainment 

ᶧNon-palpable, low clinical grade, with diagnostic PSA below 10.0 ng/ml 

 

 



 

 

 

 

 

Table S3. Logistic models used to generate probability weights of RP/inclusion in final dataset  

Variable levels Estimate Std Err Wald 95% CI Wald 2 P value 

Intercept  -14.908 6.0809 -26.8263 -2.9897 6.01 0.0142 
Episodic obesity 2 -0.0933 0.2007 -0.4867 0.3001 0.22 0.6422 
Chronic obesity 3 -0.2083 0.3083 -0.8124 0.3959 0.46 0.4993 
yrdx - 1999 1 0.5546 0.4292 -0.2865 1.3958 1.67 0.1962 
yrdx - 2000 2 0.0501 0.2907 -0.5196 0.6198 0.03 0.8631 
yrdx - 2002 4 0.0127 0.2851 -0.5461 0.5715 0 0.9644 
yrdx - 2003 5 0.1538 0.2826 -0.4002 0.7077 0.3 0.5864 
yrdx - 2004 6 -0.3361 0.3635 -1.0486 0.3764 0.85 0.3552 

Race (white/other) 2 0.2926 0.2363 -0.1705 0.7557 1.53 0.2155 
Highschool education  0.0174 0.2186 -0.411 0.4458 0.01 0.9365 
Graduate education  0.1024 0.269 -0.4249 0.6297 0.14 0.7034 
MHI rank = 0 0 0.1262 0.3217 -0.5044 0.7568 0.15 0.6948 
MHI rank = 1 1 -0.2359 0.2986 -0.8211 0.3493 0.62 0.4295 
MHI rank = 3 3 0.3017 0.2874 -0.2616 0.8649 1.1 0.2938 
MHI rank = 4 4 0.1343 0.293 -0.4399 0.7085 0.21 0.6466 
Current tobacco use  -0.5072 0.2599 -1.0166 0.0022 3.81 0.051 
Alcohol use 1-10 g/day 1 0.0182 0.2329 -0.4382 0.4746 0.01 0.9377 
Alcohol use >10 g/day 2 -0.0305 0.2269 -0.4753 0.4143 0.02 0.8931 
Hypertension  -0.2889 0.2018 -0.6844 0.1066 2.05 0.1522 

Type II diabetes  -0.5251 0.2553 -1.0255 -0.0247 4.23 0.0397 
Comorbidity index = 2  -0.5233 0.2864 -1.0847 0.0381 3.34 0.0677 
Comorbidity index 3  -0.3611 0.2763 -0.9027 0.1805 1.71 0.1913 
Age  0.5813 0.1999 0.1895 0.9731 8.45 0.0036 
Abnormal DRE  0.2565 0.2052 -0.1458 0.6587 1.56 0.2114 
log(DxPSA)  -0.1848 0.1429 -0.4649 0.0953 1.67 0.1961 

Clinical grade= III/G7 1 0.9046 0.2078 0.4973 1.3119 18.95 <.0001 
Clinical grade= IV/G8 2 1.2914 0.3064 0.6908 1.892 17.76 <.0001 
Clinical stage = T2a,b 2 -0.286 0.2558 -0.7873 0.2154 1.25 0.2636 
Clinical stage = T2c 3 -1.141 0.3436 -1.8145 -0.4675 11.02 0.0009 

        

 

 

 

 



 

 

 

 

Table S4.  Multivariate models of normalized biomarker expression and history of obesity 

  Never   Episodic   Chronic   Trend 

AR LSMean   LSMean P value LSMean P value P value 

Univariate 1.14 Ref 1.40 0.21 1.72 0.07 0.12 

Multivariate 1.15 Ref 1.36 0.32 1.56 0.20 0.35 

IPW 1.13 Ref 1.40 0.27 1.75 0.19 0.09 

IGF-IR LSMean   LSMean P value LSMean P value P value 

Univariate 1.18 Ref 1.28 0.71 0.99 0.66 0.80 

Multivariate 1.23 Ref 1.32 0.72 1.08 0.73 0.80 

IPW 1.18 Ref 1.42 0.23 0.78 0.49 0.44 

Ki67 LSMean   LSMean P value LSMean P value P value 

Univariate 0.34 Ref 0.26 0.39 0.85 0.09 0.12 

Multivariate 0.30 Ref 0.20 0.24 0.59 0.23 0.10 

IPW 0.35 Ref 0.27 0.19 0.83 0.04 0.11 

Multivariate adjusted for year, age, race, income, educational attainment, comorbidities, current 
tobacco use, etoh g/day.  IPW is weighted full model 

 

Table S5.  Multivariate models of biomarker expression level and BMI at diagnosis 

  Obese   Overweight   Normal Trend 

AR  p value  p value  P value 

Crude 0.18 0.51 0.09 0.74 Ref 0.45 

Multivariate 0.22 0.43 0.12 0.65 Ref 0.73 

Multivariate IPW 0.27 0.32 0.17 0.51 Ref 0.61 

IGF-IR  p value  p value  P value 

Crude 0.09 0.80 0.20 0.56 Ref 0.83 

Multivariate 0.08 0.83 0.21 0.54 Ref 0.89 

Multivariate IPW 0.20 0.58 0.06 0.87 Ref 0.82 

Ki-67  p value  p value  P value 

Crude 0.46 0.02 0.51 <0.01 Ref 0.03 

Multivariate 0.46 0.03 0.53 <0.01 Ref 0.02 

Multivariate IPW 0.34 0.09 0.42 0.02 Ref 0.1 
Expression levels are log transformed continuous measures 
Crude adjusted for year of diagnosis only.  Multivariate adjusted for year, age, race, income, 
educational attainment, comorbs, tobacco, etoh.  IPW is weighted full model 

 

 



 

 

 

 

Figure S1a.  Log transformed expression of AR positive nuclei in PC by history of obesity 

 

 

 

Figure S1b.  Log transformed expression of IGF-IR in PC epithelial cells by history of obesity 

 



 

 

 

 

Figure S1c.  Log transformed expression of Ki67 in PC by history of obesity. 



 

 

 

DAPI 

Figure S2.  Spectral segmentation 

 

 

 

 

 

 

 

 

 

 

 

DAPI: Blue, CK18: Green, AR: Red, 
Yellow: Autoflorescence            

Mixed Spectra, Unfiltered 

CK18 (FITC) 

AR (AF594) 

Spectrally Unmixed, Filtered 
composite Image 

Same as above with threshold for 
AR/DAPI coexpression 
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Figure S3.  Multiiplex IF-IHC of 0.6 mm PC core of taken from RP specimen. 
IGF-IR (Green), Ki67 (Yellow), CK18 (Red) and DAPI (Blue), 400x mag 
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Figure S4.  Nuance Screenshot of spectral components of Dapi (Blue), CK18 (Red), IGF-IR(Green), Ki67(Yellow) multiplex stain 
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Appendix 1.  Immunofluorescence Protocol for Triplex Ki67(555), CK18(594), IGF-1R (488) in paraffin embedded TMA 

 
1. Deparafinization 

a. OVEN:  Place slide flat in 60 deg oven for 30 minutes  
b. Run down row of Xylene (3 min) to Ethanol (1 min each)  
c. Rinse in distilled water (5 min) then…  

2. Antigen Retrieval 
a. Place slides in Pressure Cooker with about 1.5-2L of Citrate buffer  

Combine (9ml Solution-A) + (41ml Solution-B) + (450ml distilled H2O) NOTE: this can be premade 
and kept at 4°  

b. Microwave for 9 min at power=10, then 10 minutes at power=4  
c. Cool in pressure cooker 10 min (to release pressure slowly), then open and cool for another 30 

min 
d. Rinse 3x3min in PBSTw, PBSTw, PBS  

Place slides in slide box, cover in 300 micL of 2% BSA-PBS, label.   
 

3. Block w/ 10% Goat serum in Dako protein free diluent or 2% BSA-PBS.   
a. Siphon, and circumscribe tissue area with Pap pen  
b. Apply 200-250micL of sera to each slide incubate 20 min at RT in dark moist container 
c. Do not wash prior to next step 

4. Ki67 monoclonal mouse anti-human (1:50 in Dako ab diluent or 2% BSA PBS) 1.5 hrs RT –  
a. Wash in 3 tanks of 3 min each (PBTw, PBTw, PBS) 

5. Goat anti-mouse AF-555 (1:200 in Sterile PBS or 2% BSA PBS) for 30 min @ RT 
a. Wash in 3 tanks of 3 min each (PBTw, PBTw, PBS) 

Briefly cover slides and check Ki67 signal under microscope - Notes:   
 

6. Mouse Block (MOM kit: 2 drops per 2.5ml of sterile PBS, or 1 one drop in 1250) 45-60 min at RT  
a. Wash in 2 tanks 2 min each (PBS, PBS, PBS) 

7. Diluent Protein Block (MOM kit: 80micL per ml of sterile PBS) 20 min at RT – no wash, tip off excess 
8. CK18 (Novocastra DC10/NCL-CK18) monoclonal mouse anti-human (1:50 in 2% BSA-PBS) 1.5 hrs RT 

a. Wash in 2 tanks of 2 min each (PBS) and then rest in half/half PBSTw to improve spreading 
9. Mouse IgG Reagent (MOM kit) (1:200) 10 min at RT 

a. Wash in 2 tanks of 2 min each (PBS) and then rest in half/half PBSTw to improve spreading 
10. Streptavidin AF-594 (1:1666 in 2% BSA PBS) 30 min at RT  (if beading occurs use coverslip) 

a. Wash 3x3 min in PBS 
Briefly cover a TMA slide and check Ki67 and CK18 signal and background under microscope.  Notes:    
 

11. 10% Donkey Serum - 20 min RT(use 2% BSA PBS) 
a. Siphon excess and apply primary – do not wash  

12. Streptavidin Block - 4 drops directly onto tissue, incubate for 15min @ RT 
a. Wash 2x2 min in (PBS and half/half PBSTw) 

13. Biotin Block - 4 drops directly onto tissue, incubate for 15min @ RT (if beading occurs use coverslip) 
a. Wash in 2x2 min in (PBS and half/half PBSTw) 

14. IGF-1R (1:100 in Sterile PBS) in 4° for 1 hour on a shaker plate.   
a. Wash in 3 tanks 3 min each (PBTw, PBSw, PBS).  Time stamp End 

15. Donkey anti-Rabbit AF-488 1:200 for 30 min @ RT 
a. Wash in 3 tanks 3 min each (PBSTw, PBSTw, PBS) 

16. Swish individual slide in dH2O, Coverslip with DAPI  
17. Store in -20° for a minimum of 30 min prior to imaging 
18. Seal with nail polish  

Notes:   
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Appendix 2.  Immunofluorescence Protocol for duplex CK18 (488), AR (594) in paraffin embedded TMA 

 
1. Deparafinization 

a. OVEN:  Place slide flat in 60 deg oven for 30 minutes  
b. Run down row of Xylene (3 min) to Ethanol (1 min each)  
c. Rinse in distilled water (5 min) then…  

2. Antigen Retrieval 
a. Place slides in Pressure Cooker with about 1.5-2L of Citrate buffer  

Combine (9ml Solution-A) + (41ml Solution-B) + (450ml distilled H2O) NOTE: this can be premade 
and kept at 4°  

b. Microwave for 9 min at power=10, then 10 minutes at power=4  
c. Cool in pressure cooker 10 min (to release pressure slowly), then open and cool for another 30 

min 
d. Rinse 3x3min in PBSTw, PBSTw, PBS  

Place slides in slide box, cover in 300 micL of 2% BSA-PBS, label.   
 

3. Mouse Block (MOM kit: 2 drops per 2.5ml of sterile PBS, or 1 one drop in 1250) 45-60 min at RT  
a. Wash in 2 tanks 2 min each (PBS, PBS, PBS) 

4. Diluent Protein Block (MOM kit: 80micL per ml of sterile PBS) 20 min at RT – no wash, tip off excess 
5. AR (Dako AR441/M3562 monoclonal mouse anti-human (1:50 in 2% BSA-PBS) 1.5 hrs RT 

a. Wash in 2 tanks of 2 min each (PBS) and then rest in half/half PBSTw to improve spreading 
6. Mouse IgG Reagent (MOM kit) (1:200) 10 min at RT 

a. Wash in 2 tanks of 2 min each (PBS) and then rest in half/half PBSTw to improve spreading 
7. Streptavidin AF-594 (1:1666 in 2% BSA PBS) 30 min at RT  (if beading occurs use coverslip) 

a. Wash 3x3 min in PBS 
Briefly cover a TMA slide and check Ki67 and CK18 signal and background under microscope.  Notes:    
 

8. 10% Goat Serum - in Dako protein free diluent or 2% BSA-PBS 
a. Siphon excess and apply primary – do not wash  

9. Streptavidin Block - 4 drops directly onto tissue, incubate for 15min @ RT 
a. Wash 2x2 min in (PBS and half/half PBSTw) 

10. Biotin Block - 4 drops directly onto tissue, incubate for 15min @ RT (if beading occurs use coverslip) 
a. Wash in 2x2 min in (PBS and half/half PBSTw) 

11. CK-18 (Novocastra DC10/NCL-CK18) (1:50 in Sterile PBS) in 4° for 1 hour on a shaker plate.   
a. Wash in 3 tanks 3 min each (PBTw, PBSw, PBS).  Time stamp End 

12. Donkey anti-mouse AF-488 1:200 for 30 min @ RT 
a. Wash in 3 tanks 3 min each (PBSTw, PBSTw, PBS) 

 
13. Swish individual slide in dH2O, Coverslip with DAPI  
14. Store in -20° for a minimum of 30 min prior to imaging 
15. Seal with nail polish  

Notes:   
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Appendix 3.  Reviewer training and validation 

The measurement of biomarker expression level is achieved using a combination of visual 
scoring and computer assisted measurements.  Both visual assessment and computer assisted 
techniques are performed by a pathologist and trained reviewer who are blinded to the any 
identifying characteristics of the individual patients.  The process begins by orienting the slide 
on the microscope stage and identifying the areas of tumor epithelium within each tissue 
microarray spot with the intention of maximizing the amount of tumor contained within the 
field.  Although the individual cores arrayed into the TMA were macro-dissected to be highly 
enriched for tumor content, the prostatic tissue of men diagnosed with cancer is generally a 
heterogeneous mix of atrophic glands, BPH, pre-neoplastic intraepithelial lesions (PIN), and 
stromal elements; as such it is necessary to manually review each spot to isolate areas of tumor 
epithelium.  As there is no combination of antibodies capable of distinguishing PC from merely 
highly abnormal tissue with perfect sensitivity, it is necessary for the reviewers to be trained by 
a pathologist to distinguish tumor glands from non-tumor.  Reviewer training was done under 
the supervision of a single pathologist (MCM) and consisted of three training and validation 
phases. In the first phase the reviewer was taught how to identify prostate tumor from 
surrounding normal and abnormal tissue structures including (PIN, PIA, BPH, atypical and 
normal glands).  A set of 150 tumors were sectioned and stained with hematoxylin and eosin 
and viewed and annotated by the pathologist and trainee.  The pathologist and trainee then 
separately reviewed H&E stained TMA spots from another 150 tumor specimens.  The trainee 
reviewed approximately 50 images in a session, paying particular attention to distinguishing 
prostate cancer from surrounding PIN, PIA and other atypical glandular structures, and then 
compared notes.  This process was repeated with two more sets of 50 TMA spots until the 
inter-rater agreement statistic (Yule’s Q) reached 0.95 (95%CI 0.70-0.99), and a corresponding 
positive predictive value (PPV) of 0.98, and approved by the pathologist.  Once the pathologist 
was satisfied with the reviewer’s accuracy, a set of approximately 70 cores, regions of tumor 
were independently be marked by reviewer and pathologist, and the sensitivity and specificity 
were calculated. An additional test of reliability was conducted on a sample of 20 spots, 
comparing the inter-rater agreement (Yule statistic) between a pathologist reviewer, and a non-
pathologist reviewer with respect to the percentage of the spot identified as tumor epithelium.   
 
Trained reviewer’s ability to accurately distinguish spots containing tumor, using pathologist 
review as gold standard. 
Sensitivity =0.879 Specificity =0.857 
Positive Predictive Value =0.981 Negative Predictive Value=0.462 
Yule's Q (better for this non-square distribution) = 0.96 95% CI (0.701-0.994) 
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Appendix 4. SEER Coding Guidelines and Gleason Conversion Table for Prostate (C619) 
 
Note: These guidelines pertain to the data item Grade. Refer to the Collaborative Stage Data 

Collection Manual for instructions on coding site-specific factors for prostate cases.  

Use the following table to convert Gleason pattern or score into SEER code. 

 

Gleason 
Score 

Gleason 
Pattern 

Histologic 
Grade 

Terminology SEER 
Code 

2, 3, 4 1, 2 I Well differentiated 1 

5, 6 3 II Moderately differentiated 2 
7, 8, 9, 10 4, 5 III Poorly differentiated 3 
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Chapter 4.  Concluding remarks & future directions 

Summary of major findings  

 The overarching goal of this dissertation was to critically examine the relationship 

between obesity and PC (a) considering selection bias related to treatment and (b) using tumor 

biomarkers of metabolic and hormonal signaling as intermediate endpoints to evaluate possible 

pathways through which obesity might lead to an etiologically distinct PC phenotype.  Chapter 1 

reviewed the literature on the association between obesity and PC, and summarized the 

metabolic and sex hormonal changes thought to link obesity and aggressive PC.  Chapter 2 

examined whether factors linked to receipt of a radical prostatectomy (RP) could bias the 

association between measures of obesity and adverse tumor findings, and demonstrated the 

use of marginal structural models (MSM) and inverse probability weighting (IPW) to remove 

treatment selection biases from analyses of RP series datasets.  In chapter 3, hypothesized 

molecular basis for the associations between chronic obesity and PC were tested.  Specifically, 

this chapter examined the association between a history of obesity with differential expression 

of tissue biomarkers involved in androgen signaling, metabolism, and cellular proliferation, and 

associated with adverse tumor characteristics.  In addition, evidence of mediation was 

assessed, by evaluating the extent to which differential expression of these biomarkers among 

cases with differing histories of obesity, mediated the association between chronic obesity and 

adverse tumor findings at RP.  The main findings are summarized below, in relation to each 

specific aim. 

Specific Aim 1:  To determine whether there is an association between obesity at diagnosis, or 

a history of obesity, and adverse tumor characteristics. 
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Principle findings:  Consistent with the study’s main hypothesis, obesity at diagnosis was 

associated with higher clinical grade (OR=1.70, 95% CI 1.01-2.77) in a sample of 620 men with 

biopsy ascertained PC.  However, among the subsample that received RP (n=423), the 

association with clinical grade was no longer statistically different (OR=1.50, 95% CI 0.81-2.79).  

Nor were any associations found between obesity at diagnosis and pathological grade, 

pathological stage, or other adverse prognostic findings in the RP series.  However, the use of 

IPW to remove the effects of differential treatment selection introduced from the time of 

biopsy effectively restored the association between obesity at diagnosis with higher clinical 

grade (III/G7 OR=1.60, 95% CI 1.19-2.16), pathological grade (III/G7 OR=1.51, 95% CI 1.10-

2.07), and pathological stage (pT3 OR=1.54, 95% CI 1.13-2.10), compared to normal BMI at 

diagnosis.  In addition, in our IPW analyses of the association between a history of obesity and 

adverse tumor characteristics, we found a greater odds of high pathologic stage disease (pT3 

OR=3.75, 95% CI 1.73-8.14), tumor volume (>30mm3 OR=2.67, 95% CI 1.41-5.07), and positive 

surgical margins (OR=2.86, 95% CI 1.57-5.22), comparing chronically obese to never obese 

men.  In models not using IPW, only the association between chronic obesity and high 

pathological grade reached statistical significance.  These findings suggest that treatment 

selection factors had biased these associations between history of obesity and adverse tumor 

characteristics toward the null hypothesis, and would have substantively altered the overall 

conclusions of the study.  Taken together, these findings support the hypothesis that obesity (at 

diagnosis or history of obesity) increases the likelihood of pathologically advanced PC, and that 

treatment selection biases may play role in obscuring these associations in studies when factors 

related to selection into treatment cannot be accounted for.      
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Specific Aim 2:  To examine if history of obesity is associated with expression level of the 

androgen receptor (AR), the insulin-like growth factor 1 receptor (IGF-IR), or proliferation 

marker Ki67. 

Principle findings:  Ki67 expression was significantly higher in the tumors of obese or 

overweight man compared to that of normal BMI patients (Chapter 3, table S5).  Contrary to 

our hypothesis, tumor expression of AR and IGF-IR did not differ significantly by BMI at 

diagnosis or by history of obesity.  After applying IPW to the multivariate models, expression of 

Ki67 was significantly higher in chronically obese men compared to never obese men (p=0.04), 

although the p-value for the trend test across the three categories of obesity history only 

approached statistical significance (p=0.09).  Taken together, these results did not support the 

hypothesis that expression of AR or IGF-IR in prostatectomy specimens differ on the basis of 

BMI at diagnosis or chronic obesity.  However, the possibility, that prostate tumors from 

subjects who were obese at the time of diagnosis have a higher proliferation rate (Ki67) 

compared to those of normal BMI, warrants further study. 

Specific Aim 3:  To determine if the expression level of the AR, IGF-IR, or Ki67 in prostate tumor 

are associated with adverse tumor characteristics, and examine the extent to which 

associations between obesity and aggressive tumor characteristics are mediated by differential 

expression of AR, IGF-IR, or Ki67 across obesity categories. 

Principle findings:  Consistent with prior studies, we found that tumors expressing higher levels 

of nuclear AR or Ki67 had greater odds of adverse tumor characteristics.  Specifically, cases in 

the highest vs. lowest quintile of nuclear AR expression had 5.49 (95% CI 2.94-10.30) times the 

odds of high clinical grade, 4.36 (95% CI 2.34-8.14) times the odds of pathological grade 
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(III/G7), and 2.96 (95% CI 1.20-7.31) times the odds of pathological stage (pT3).  Whereas, 

cases in the highest quintile of Ki67 expression had 2.66 (95% CI 1.46-4.87) times the odds of 

high clinical grade, 2.42 (95% CI 1.16-5.04) times the odds of clinical stage (T2), 2.53 (95% CI 

1.37-4.69) times the odds of pathological grade (III/G7), 4.12 (95% CI 1.79-9.49) times the 

odds of pathological stage (pT3), and 3.02 (95% CI 1.47-6.19) times the odds of tumor volume 

>30mm3, compared with expression levels in the lowest quintile.    

The associations between IGF-IR in the tumor epithelium and adverse tumor characteristics 

were less consistent.  We found statistically significant inverse associations between epithelial 

IGF-IR expression and high clinical and pathological grade (III/G7).  Specifically, IGF-IR 

expression in the highest vs. lowest quintile was associated with reduced odds of high clinical 

grade (OR=0.39, 95% CI 0.21-0.70) or pathological grade (OR=0.38, 95% CI 0.21-0.70).  Whereas, 

cases in the highest quintile of IGF-IR expression had 2.32 (95% CI 1.18-4.57) times the odds of 

tumor volume >30mm3.  The opposing associations between IGF-IR with tumor grade and 

volume, respectively, were unexpected and warrant further study. Overall, we found limited 

evidence that the association between obesity and adverse tumor characteristics were 

substantially mediated via differential expression of AR, IGF-IR or Ki67.      

Connections between findings and broader relevance 

In chapter 1, we described how particular aspects of PC diagnosis and treatment may 

render PC risk factor associations unusually susceptible to selection biases which are largely 

unabated by conventional statistical adjustment.  Thus, we proposed the use of marginal 

structural models (MSM) and inverse probability weights (IPW) as effective methods of 

conceptualizing these selection processes, and addressing their potentially biasing effects.  In 
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chapters 2 and 3, we identified evidence in our dataset of potential treatment selection bias 

from the time of biopsy to RP, and generated inverse probability weights to reduce such 

effects.  Our results revealed that: 1) the magnitude of selection bias may be substantial, and 2) 

the marginal structures and selection processes can induce unexpected results.  

For example, in the overall RP series chronic obesity appeared to act as a 

contraindication to surgery (RP), due in part to its association with hypertension, type II 

diabetes, and other comorbidities.  When presented with patients diagnosed with a low-risk PC, 

as well as a commonly clustered set of comorbid conditions, the surgical oncologist must 

determine the point at which the risk of post-surgical complications outweighs the marginal 

benefit of RP over radiation therapy.  As expected, chronically obese men with low clinical risk 

tumors were less likely to be referred to RP.  Such a selection process could produce a pool of 

RP treated cases enriched with chronically obese men with comparatively higher clinical risk, 

thus biasing the association between BMI and adverse tumor characteristics away from the 

null.  In the calculation of treatment weights, chronically obese men with low clinical risk 

tumors were among those with the largest inverse probability of treatment, and likely drove 

the observed strengthening of the associations between chronic obesity with tumor volume 

>30mm3 and positive surgical margins; in the unweighted models these associations were only 

of borderline statistical significance.  Equally unexpected, in our analyses of obesity at 

diagnosis, we found lower odds of RP among normal weight men with low clinical risk disease 

from higher income census tracts.  Although our dataset lacked complete explanations as to 

why cases did not receive RP, there were several instances (n=15) in which cases from the 

original biopsy series were noted to have received RP at a neighboring institution.  These 
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selection processes attenuated the magnitude and precision (95% CI) of the estimated 

association between obesity at diagnosis, pathological grade (IPW OR=1.51, p<0.01 vs. non-IPW 

OR=1.45, p=N.S), and pathological stage (IPW OR=1.54, p<0.01 vs. non-IPW OR=1.02, p=N.S).  

To our knowledge, bias caused by self-censoring, or refusing treatment only to receive it at a 

different institution, has not been described previously.  The possibility of non-random attrition 

of study subjects (on the basis of socio-economic status, comorbid conditions, and disease 

severity) may be an underappreciated potential source of bias in single institution treatment 

datasets conducted near competing centers of excellence.    

We have described a number of aspects about the nature of both PC and obesity that 

render treatment series studies particularly bias prone.  It is noteworthy, however, that these 

types of selection phenomena will occur in any study for which entry into the dataset is 

contingent upon the availability of a sufficient quantity of tumor to permit the use of tissue 

biomarker assays.  Thus, any studies examining tissue biomarkers in relation to risk factors and 

treatment outcomes will be affected by selection processes in potentially detrimental ways.  

The ‘requirement’ for a case-series to produce unbiased, etiologic effect estimates of 

associations between risk factors, biomarkers, and disease subtypes is that the study sample is 

‘representative’ of the source population that gave rise to the cases.  Thus, any selection 

processes, that would cause the covariate distribution of the cases in the study to deviate from 

that of the population of all true cases, will introduce bias.  A common assumption is that such 

selection biases, if present, will be of negligible magnitude to account for the respective study 

findings.  While this assumption may often be true, it is rarely critically examined in the studies 

which are most at risk of selection bias.  The research presented in this dissertation has 
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demonstrated that treatment selection bias in RP case series datasets may be sufficiently large 

to appreciably alter the study’s results and conclusions.  We have also demonstrated that there 

are instances where information from a defined study base can be used to repair some of the 

effects of selection bias.  We suspect that similar treatment selection processes are present in 

other cancer treatment datasets, and may have important repercussion to molecular 

epidemiologic studies, which are increasingly using tumor specimens for biomarker analysis and 

tumor subtyping.       

Strengths and Limitations 

We used a novel application of inverse probability weighting (IPW), pioneered by Robins 

and Hernán (Robins, Hernan et al. 2000; Robins 2001; Hernan, Hernandez-Diaz et al. 2004), 

shown to address “collider bias”, or bias caused by conditioning on a common effect, where 

standard adjustment are stratification are ineffective.  The use of weights to control for 

selection bias has many theoretical advantages over conventional multivariate adjustment 

(Hernan, Brumback et al. 2000; Robins, Hernan et al. 2000; Hernan, Hernandez-Diaz et al. 2004; 

Cole and Hernan 2008), however the validity of the weights hinges on proper model 

specification, as well as the availability of covariate information from the source population 

from which the study cases were drawn.  Our work benefited from the fact that recruitment 

into the GECAP study occurred at the time of the positive biopsy of case, which preserved 

detailed information on the population of cases from which the RP specimens were selected, 

and provided us with the covariate information from which we generated the inverse 

probability weights.  In our analyses, the use of IPW appeared to improve the estimated 

associations between our measures of obesity or biomarker expression levels and adverse 
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tumor characteristics.  However, other case selection process, that occurred prior to study 

enrollment, were not included in our marginal structural model, and therefore were not 

addressed by our weighting.  For example, we have not addressed the possibility that subjects 

who declined entry into the study might have been systematically different that those who 

chose to participate.  Study designs, such as randomized clinical trials and nested case control 

studies, may offer sufficient information about the study sampling frame to allow us to address 

selection processes closer to the true source population.   

The question remains as to whether differential selection secondary to PSA screening 

and prostate needle biopsy may have introduced significant biases into our sampling, prior to 

recruitment into GECAP.  Let us assume that obesity is in no way associated with PC risk or 

aggressiveness, but only increases the likelihood of a missed diagnosis and grade 

underestimation.  Thus, by negating the benefit of screening, obese men will have a higher risk 

of aggressive PC, and may have a reduced risk of PC overall, relative to non-obese men.  Thus, 

obese individuals may benefit from a lower risk of over-diagnosis, but those with aggressive 

disease will not get the same benefit from early diagnosis, and may present with more 

advanced and deadly PC compared to non-obese men.  In this scenario, the association 

between obesity and aggressive PC could be entirely the result of detection and lead-time bias, 

but it is indistinguishable from an etiologic risk factor.  This distinction is crucial if we are 

seeking to identify modifiable risk factors that will prevent or reduce an individual’s PC risk, and 

not simply alter its probability of detection.    

There were also a number of limitations to our biomarker analyses which may have 

contributed to our failure to find differences in expression levels across categories of obesity.  
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As stated previously, expression level of a single protein receptor in paraffin embedded tissues 

may have been too insensitive a measure to capture alterations to AR or IGF-IR signaling in 

response to differences in patient BMI.  In retrospect, we might have benefitted from 

measuring additional validated biomarkers of effect for obesity, such as circulating 

testosterone, growth factors and binding proteins, or any number of inflammatory cytokines, 

chemokines, and adipokines shown to correlate with obesity.  Altered protein expression is only 

one of many cellular mechanisms which could theoretically be affected by obesity.  Obesity is a 

complex and dynamic physiologic state, for which BMI categories may be an inadequate 

measure.  For instance, BMI does a poor job at estimating distribution of adipose tissue on the 

body.  With advancing age there is a gradual shift in the location of adipose tissue from 

peripheral to central (abdominal or visceral) sites, at which point it may be more hormonally 

active than adipose tissue in other locations.(Doyle, Donohoe et al. 2012)  However, waist 

circumference was not recorded within this study.  Finally, obesity has been linked to the 

progression from pre-diabetic hyperinsulinemia, to insulin insufficiency, to full-blown and/or 

treated type-2 diabetes.(Dandona, Aljada et al. 2005)   It is unknown how IGF-IR signaling or 

expression levels are affected this progression of events, or by treatment for type-2 diabetes.  

However, if it is the case that diabetes medications interact with IGF-IR expression level, the 

absence of information in our dataset on types of drugs, dosages and duration of exposure, 

leave open the possibility that the association between obesity and IGF-IR expression were 

confounded.   
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Additional analysis and path forward 

An analysis that would enhance the current set of findings would be to examine the 

potential associations between our measures of obesity and time to biochemical failure, 

androgen independent disease, metastases or death.  This natural extension of the current 

work would also allow us to confirm the prognostic value of our biomarkers to predict time to 

recurrence.  Survival analyses and treatment outcomes research using PC case-series data are 

particularly challenging due to the variety of treatment types, and the variability in the timing 

and duration of these different treatments can lead to violations of the proportional hazards 

assumption.(Naimi, Cole et al. 2011; Suissa, Dell'aniello et al. 2011)  However, if adequate 

follow-up time has accrued and sufficient treatment detail is collected, there are IPW methods 

that have been adapted specifically to deal with time-varying treatments or exposures.(Hernan, 

Brumback et al. 2000; Hernan, Brumback et al. 2002; Perez-Hoyos, Ferreros et al. 2007)  These 

analyses will offer new insights and should provide further validation and support for the use of 

IPW in the setting of an RP series.  To assess the prognostic utility of adding information about 

obesity, and biomarker expression levels, we could use receiver operator characteristic (ROC) 

curves, and the concordance statistic (C-statistic) to compare the predictive accuracy of our 

models with that of models adjusted for the standard Kattan nomogram covariates.{Major, 

2011 #1331}   

Another analysis, to which these data are well suited, is to test the possibility that 

African-American race, or degree of racial admixture, is associated with biomarker expression 

levels.  Determining this association is of particular interest since a number of studies have 

reported African-American men to have significantly higher PC incidence and mortality, as well 
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as a significantly more adverse tumor characteristics compared to Caucasian men.(Spangler, 

Zeigler-Johnson et al. 2007; Kim, Moreira et al. 2011; Mordukhovich, Reiter et al. 2011)  Equally 

relevant to questions about racial disparities in PC, is the possibility that African-American men 

receive RP more or less frequently than other race groups.  Although we did not identify any 

crude differences in receipt of RP by race, the possibility remains that the association was 

obscured by racial differences in clinical risk features or other treatment selection factors.    

The analyses contained within this dissertation employed state of the art multiplex IF-

IHC in conjunction with automated image analysis techniques.  Together these allowed us to 

measure expression levels of different combinations of biomarkers within specific micro-

anatomical compartments of tumor specimen.  Although the biomarkers used in our study were 

not found to mediate the association between obesity and adverse tumor characteristics, we 

hope to continue using the GECAP data and to integrate additional data on new biomarkers 

with mechanistic links to the physiologic aspects of obesity and other potential drivers of PC 

aggressiveness.  Doing so could allow us to clarify the hypothesized pathways connecting these 

physiological risk factors and specific molecular alterations and mutations that accelerate 

tumor growth and invasiveness.   

Cancer studies which integrate epidemiologic exposure and outcome data with tissue 

biomarkers are increasingly common, and will only grow in complexity as sophisticated assays 

and high throughput technology become more accessible.  Molecular epidemiology is a rapidly 

evolving field which allows conventional epidemiologic studies to examine biomarkers of 

exposure and effect, as intermediate mechanistic links between exposure and disease.  They 

allow molecular pathologists, geneticists, and other bench scientist the opportunity to test 
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mechanistic hypotheses of disease causation in a ‘real world’ setting within well annotated 

human populations.  Yet, as I have shown, there are several important logistical and 

methodological issues that need to be addressed to ensure the inferential validity of the case 

series studies.  Moving forward, I will seek out opportunities to validate my findings related to 

treatment selection bias and its resolution, and investigate new biomarkers of exposure and 

effect.   

The compelling promise of such interdisciplinary research is that by clarifying the 

underlying molecular mechanisms between modifiable exposure-disease associations, we will 

reveal opportunities for new preventive strategies and uncover opportunities for individualized 

treatment.  Given the rising prevalence of both obesity and PC, any insights into the etiologic 

links between these two conditions have tremendous potential to impact public health.  

Beyond the obvious wisdom of losing weight and maintain a healthy BMI, gaining a better 

understanding of the hormonal or metabolic processes that drive cancer growth can help 

identify new therapeutic targets and help refine other prevention and treatment interventions.  

While there have been tremendous advances by in the basic sciences in our understanding of 

cell signaling and the complex molecular mechanisms that determine a tumors natural course, 

molecular epidemiology has a critical role in translating these findings from the bench to the 

bedside and out into the community.   
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