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Impact of Modifiable Diet & Lifestyle Factors on Prostate Cancer Progression  

Crystal Silva Langlais 

Abstract 

With over 3.6 million men living with prostate cancer nationally, identifying ways these 

men can minimize their risk of disease progression is an important public health need. 

Intervening on modifiable behavioral factors may prevent disease progression and improve 

quality of life following prostate cancer diagnosis. Several studies have examined the 

associations of various modifiable factors with prostate cancer progression. These studies have 

sometimes yielded apparently conflicting results, in particular for dietary factors, potentially 

confusing clinicians and patients regarding which behaviors to modify. This may be due in part 

to the limitations of studying a single dietary or other behavioral factor in isolation. Specifically, 

this approach does not accurately reflect the complex interplay between multiple factors and 

their ability to act synergistically or antagonistically to impact health. A better understanding of 

the biological processes relating lifestyle patterns to disease progression is also warranted, as it 

may aid our understanding of progression risk.  

 The first chapter of my dissertation is a comprehensive summary of the existing 

evidence relating various diet and other modifiable behaviors with prostate cancer recurrence 

and progression, prostate cancer-specific mortality, and overall mortality. Across these 

outcomes, results from this study identified consistently positive associations with body mass 

index, smoking, and intake of whole milk, saturated fats, and red and processed meats, as well 

as consistently inverse associations with physical activity and moderate wine intake. These 

results provided the evidence for the prostate cancer-specific composite risk score evaluated in 

Chapter 2. In addition to this disease-specific composite risk score, Chapter 2 also explores the 

association of cancer prevention and survivorship guidelines published by the World Cancer 

Research Fund / American Institute for Cancer Research and the American Cancer Society, as 

well as an evidence-based composite risk score created for the risk of developing lethal prostate 
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cancer among disease-free men. Chapter 3 utilizes dietary and lifestyle indices developed to 

predict biomarkers of inflammation and insulin secretion, to examine the biological mechanisms 

driving prostate cancer progression and prostate cancer-specific mortality.  

 As a body of work, my dissertation provides insights into the modifiable risk factors 

driving prostate cancer progression and prostate cancer-specific mortality and improves our 

understanding of the underlying mechanisms, providing a foundation for future research. 

Clinically, these findings can inform patient recommendations and aid behavioral change in the 

survivorship care setting.  
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Chapter 1: Post-Diagnostic Dietary and Lifestyle Factors and Prostate Cancer 

Recurrence, Progression, and Mortality 
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Abstract 

Purpose of review: To summarize evidence published between 1999 and June 2020 

examining diet and lifestyle after prostate cancer diagnosis in relation to risk of biochemical 

recurrence, prostate cancer progression, and prostate cancer -specific mortality.  

Recent Findings: Secondary prevention is an important research area in cancer survivorship. 

A growing number of studies have reported associations between post-diagnostic modifiable 

behaviors and risk of prostate cancer outcomes.  

Summary: Evidence on modifiable lifestyle factors and prostate cancer remains limited. Where 

multiple studies exist, findings are often mixed. However, studies consistently suggest that 

smoking and consumption of whole milk/high-fat dairy are associated with higher risk of prostate 

cancer recurrence and mortality. In addition, physical activity and ½ to 1 glass of red wine/day 

have been associated with lower risk of recurrence and prostate cancer -specific mortality. 

Greater inclusion of racially/ethnically diverse groups in future research is necessary to 

understand these relationships in populations most impacted by adverse prostate cancer 

outcomes. 
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Introduction 

Prostate cancer is the second most common malignancy diagnosed among men 

worldwide, with an estimated 1.3 million diagnoses worldwide in 2018 [1]. Despite its relatively 

high survival rate, it remains the fifth most common cause of cancer-related death among men 

worldwide, with 358,989 deaths reported in 2018. Moreover, it is the leading cancer-related 

cause of death in men in 46 countries [1]. The varying disease courses prostate cancer can take 

underscore its heterogeneity in presentation and prognosis and highlight the importance of 

secondary prevention. Over the past two decades, there has been a growing interest in 

identifying modifiable factors, such as diet and lifestyle factors, associated with overall health, 

disease progression, and mortality among men with prostate cancer.  

Methods 

In this review, we summarize findings from studies evaluating associations of post-

diagnostic dietary and lifestyle (e.g., physical activity, body size, smoking) behaviors with 

prostate cancer recurrence, progression, and mortality; highlight important new research; and 

discuss where additional research is needed. We focused on observational studies to 

complement a recent review of randomized trials on this topic [2]. Although focused on literature 

from the last five years, additional studies from the past two decades provide further context. 

We used the search terms “prostate cancer”, “progression”, and “mortality” in combination with 

each dietary or lifestyle factor (see sub-section headers below) to search PubMed for articles 

published through June 22, 2020. Papers that examined all-cause mortality (ACM) were 

included if a prostate cancer -specific outcome [recurrence/progression, prostate cancer -

specific mortality (PCSM)] was also evaluated. A single author (CSL) reviewed titles and 

abstracts of 1,894 returns and identified 168 unique articles for further review. Eighty-three were 

deemed relevant, 33 of which were published between 2015-2020. Most common reasons for 



 4 

exclusion included exposure assessment prior to diagnosis and lacking assessment of any of 

the outcomes of interest.  

Given known racial/ethnic disparities in prostate cancer, including a greater mortality 

burden among African American/Black (AA/B) men, we assessed the race/ethnicity distributions 

of the populations studied. Table 1.1 summarizes characteristics of the studies reviewed, 

stratified by exposure. Table 1.2 summarizes the findings of all included observational studies. 

Where relevant, we supplement our discussion with findings from randomized trials [2].  

Results  

Fish. Five studies published between 2006-2020 examined post-diagnostic fish intake in 

relation to prostate cancer outcomes, three of which considered recurrence or progression.[3-5] 

One of these, a study of 1,202 men with non-metastatic prostate cancer from the Health 

Professionals Follow-up Study (HPFS), observed evidence of an inverse association in models 

adjusted for pre-diagnostic fish intake [hazard ratio (HR) for 1 serving/day increase: 0.52, 

p=0.006; 95% confidence interval (CI) unavailable] [5]. The other two – a study of 940 men with 

stage ≤T3 prostate cancer from Washington University and a study of 1,294 men with 

localized/regional disease from the Cancer of the Prostate Strategic Urologic Research 

Endeavor (CaPSUREÔ) – observed no association [3, 4]. However, the Washington University 

study reported a statistically significant inverse association for recurrence when modeling the 

substitution of fish/poultry for red meat [3]. The remaining two studies examined PCSM and 

ACM and observed no statistically significant associations for fish intake, though one of these 

reported a borderline statistically significant inverse trend per 1 standard deviation (SD) of 

greater fish intake and ACM (HR: 0.90; CI: 0.80 to 1.01; p=0.08) [6, 7]. No study reported an 

elevated risk of adverse prostate cancer outcomes with fish intake. In summary, evidence that 
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fish intake following prostate cancer diagnosis is associated with prostate cancer outcomes is 

very limited. 

Meat, Poultry, and Eggs. Three studies conducted between 2006-2016 considered 

post-diagnostic consumption of meat, poultry, and eggs in relation to recurrence/progression 

and observed no associations with total poultry or total, processed, or unprocessed red meat 

(Table 1.2) [3-5]. A study of 1,294 men with localized/regional prostate cancer in CaPSURE 

observed a positive association between poultry with skin and risk of prostate cancer 

progression (HRtertile3 vs 1: 2.26; CI: 1.36, 3.76; p-trend=0.003) [4]. This study also observed a 

borderline statistically significant association with egg intake (HRquartile 4 vs 1: 2.02; CI: 1.10, 3.72; 

p-trend=0.05), which was not replicated by a later study of 940 men from Washington University 

[3].  

Three studies examined post-diagnostic intake of meat, poultry, and eggs with respect to 

PCSM, with mostly null results [6-8]. However, a study of 4,882 men with non-metastatic 

prostate cancer from the Cancer Prevention Study-II Nutritional Cohort (CPS-II) reported an 

inverse relationship with unprocessed red meat (HRquartile 4 vs 1: 0.64; CI: 0.46, 0.91; p-

trend=0.01) [7]. While a study of 926 men with non-metastatic prostate cancer from the 

Physicians’ Health Study (PHS) observed a higher risk per 1 SD increase in processed meats 

(HR: 1.32; CI: 1.06, 1.64; p=0.01) [6].  

Two studies examining PCSM also examined ACM, with mixed findings (Table 1.2) [6, 

7]. In the PHS, there was a higher risk per 1 SD increase in intake of processed meats (HR: 

1.17; CI: 1.06, 1.30; p=0.003) and eggs (HR: 1.12; CI: 1.02, 1.24; p=0.02), but no association 

with total red meat [6]. Conversely, the CPS-II study observed an association with total red meat 

(HRquartile 4 vs 1: 1.22; CI: 1.07, 1.39; p-trend=0.03), but not with eggs [7]. Further, despite not 

demonstrating a statistically significant trend, each upper quartile (Q) of processed red meat 

intake in CPS-II had a higher risk of ACM compared to Q1 (HRQ4: 1.17; CI: 1.04, 1.33. HRQ3: 

1.15; CI: 1.02, 1.30. HRQ2: 1.14; CI: 1.01, 1.28; p-trend=0.07) [7]. This study also reported an 
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inverse association with total poultry and ACM (HRQ4: 0.84; CI: 0.75, 0.95; p-trend=0.01), which 

was not examined in the PHS.  

In summary, recommendations on post-diagnostic meat, poultry, or egg intake 

specifically for prostate cancer outcomes cannot be made due to lack of concordance across a 

limited number of studies. However, based on national guidelines for general and 

cardiovascular health, it is prudent to limit consumption of processed meat and select lean 

choices of meat or skinless poultry [9, 10]. 

Dairy. Three studies conducted between 2006-2018 considered post-diagnostic dairy 

intake in relation to prostate cancer recurrence or progression [5, 11, 12]. Where there was 

overlap in exposures examined, studies agreed. Studies in CaPSURE and HPFS both found no 

association with total, high fat, or low-fat dairy, but reported positive associations between >4 

servings/week versus 0-3 servings/month of whole milk and risk of progression (HR: 1.73; CI: 

1.00, 2.98; p-trend=0.04. HR: 1.51; CI: 1.03, 2.20; p-trend=0.03) [11, 12]. Two studies from the 

HPFS found no association between total milk and risk of prostate cancer progression [5, 12]. 

Although, one of these noted a positive association in models adjusting for pre-diagnostic intake 

(HRcontinuous: 1.12, p=0.04, CI unavailable) [5]. Table 1.2 shows various other dairy items that 

were examined by a single study [11].  

Three studies examined post-diagnostic dairy intake and PCSM (Table 1.2) [6, 12, 13]. 

While results for most sub-categories of dairy were null, there were consistent positive 

associations for whole milk. One of these, a study of 3,918 men with localized/locally-advanced 

prostate cancer from the HPFS, observed a relationship with >4 serving/week versus 0-3 

servings/month of whole milk (HR: 2.15; CI: 1.28, 3.60; p-trend<0.01) [12]. A population-based 

study of 525 Swedish men did not observed this association in the full cohort but replicated this 

finding for ≥3 versus <1 serving/day of high-fat milk among 230 men diagnosed with localized 

disease (HR: 4.86; CI: 1.52, 15.57; p-trend=0.003) [13]. 
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Two studies examining PCSM also examined ACM; both observed an association with 

high-fat dairy intake (HR1 SD increase: 1.18; CI: 1.07, 1.30; p=0.001. HR≥4.5 serv/day : 1.04; CI: 0.73, 

1.49; HR3-<4.5 serv/day: 0.82; CI: 0.58, 1.17; HR1-<3 serv/day: 0.75; CI: 0.53 to 1.04 versus < 1 serv/day; 

p-trend=0.05) [6, 13]. Effect modification was observed in the Swedish cohort based on stage at 

diagnosis and milk type. There was a positive association for servings/day of high-fat milk (HR≥3 

vs <1: 3.32; CI: 1.85, 5.97; p-trend=0.001) among men diagnosed with localized prostate cancer, 

while low-fat milk was positively associated with ACM among 295 men diagnosed with 

advanced prostate cancer (HR≥2 vs <1: 1.72; CI: 1.14, 2.57; p-trend=0.02) [13]. 

In summary, men should limit whole milk to <4 servings/week following a prostate cancer 

diagnosis to minimize risk of progression and PCSM. Limiting high-fat dairy is also advised, and 

consistent with heart-healthy diet recommendations, to decrease risk of ACM following prostate 

cancer diagnosis. 

Dietary Fats. Five studies examined post-diagnostic dietary fats in relation to prostate 

cancer outcomes, with only one published in the last 5 years [14-18]. Only one, a study of 390 

men who underwent radical prostatectomy (RP), examined risk of recurrence and reported a 

higher risk associated with saturated fat (HRQ4 vs Q1-3: 1.90; CI: 1.16, 3.11; p-value unavailable) 

[14].   

Four studies examined specific types of dietary fat (Table 1.2) with respect to PCSM 

[15-18]. Studies agreed that there was no association with monounsaturated, polyunsaturated, 

trans, or animal fat intake. Two studies also examined total dietary fat and found no association, 

although one – a Swedish study of 525 men – reported a positive trend between total dietary fat 

and risk of PCSM among the sub-group of men diagnosed with localized prostate cancer (HRQ4 

vs. Q1: 2.07; CI: 0.93, 4.59; p-trend=0.03) [15, 16]. There was mixed evidence regarding saturated 

and vegetable fat intake. Two studies – a Canadian study of 384 men and a study of 926 men 

with non-metastatic prostate cancer in the PHS – observed a relationship with saturated fat 

intake (HRtertile 3 vs 1: 3.1; CI: 1.3, 7.7; p-trend=0.008; HR for 5% caloric exchange of saturated fat 
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for carbohydrates: 2.78; CI: 1.01, 7.64; p=0.05) [16, 17]. Two other studies reported no 

statistically significant relationships between post-diagnostic saturated fat and risk of PCSM [15, 

18]. Regarding vegetable fat, a study of 4,577 men with non-metastatic prostate cancer from the 

HPFS observed an inverse relationship with PCSM (HR for 10% caloric exchange of vegetable 

fat for carbohydrate: 0.71; CI: 0.51, 0.98; p=0.04), whereas the PHS analysis did not observe a 

statistically significant association [17, 18].  

Two studies considered ACM with mixed results [17, 18]. Both observed no association 

with monounsaturated or animal fat, but an inverse association with vegetable fat (PHS HRQ4 v 

Q1: 0.65; CI: 0.45, 0.93; p-trend=0.03; HPFS HRquintile5 vs 1: 0.65; CI: 0.52, 0.83; p-trend<0.001) 

and a positive association with saturated fat (PHS HR for 5% caloric exchange of saturated fat 

for carbohydrate: 1.81; CI: 1.20, 2.74; p=0.005; HPFS HR for 5% caloric exchange of saturated 

fat for carbohydrate: 1.30; CI: 1.05, 1.60; p=0.02) [17, 18]. The HPFS also observed an inverse 

relationship between polyunsaturated fat and ACM (HRquintile 5 vs 1: 0.73; CI: 0.57, 0.94; p-

trend=0.004) and a positive association with trans fat (HRquintile 5 vs 1: 1.51; CI: 1.14, 2.01; p-

trend=0.002) [18]. The PHS observed no associations with polyunsaturated or trans fats [17].  

Overall, diets with higher saturated fat may increase risk of prostate cancer recurrence 

and mortality. Replication of findings for vegetable, polyunsaturated and trans fats with mortality 

outcomes is needed, though findings are consistent with recommendations for overall health [9, 

10].  

Vegetables: Tomato (Lycopene), Cruciferous. We identified three studies that 

considered post-diagnostic tomato intake in relation to prostate cancer outcomes [5, 6, 19]. Two 

of these evaluated tomatoes in relation to risk of prostate cancer progression with inconsistent 

findings. The first, a study of 1,560 men with non-metastatic prostate cancer from CaPSURE 

found no statistically significant association with either fresh tomatoes or tomato sauce [19]. In 

contrast, a study of 1,202 men with non-metastatic prostate cancer from the HPFS reported an 

inverse association with tomato sauce (HR1 serving/day: 0.46, p=0.04, CI unavailable) and a positive 
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association with fresh tomato intake (HR1 serving/day: 1.27, p=0.02, CI unavailable) [5]. However, 

associations were attenuated and neither was statistically significant when pre-diagnostic intake 

was excluded from the models [5]. Clinical trials have reported that supplemental lycopene is 

associated with return to normal PSA and normal bone scans in men with metastatic prostate 

cancer treated with orchiectomy [2]. Lycopene concentrations are higher in cooked than raw 

tomatoes, which may explain why a protective association is only observed for cooked 

tomatoes. A single study of 926 men with non-metastatic disease in the PHS examined PCSM 

and ACM and found no association between tomato intake as part of a Prudent diet and risk of 

PCSM or ACM [6].  

Two observational studies examined cruciferous vegetables [6, 19]. CaPSURE reported 

an inverse association between cruciferous vegetable intake and risk of prostate cancer 

progression (HRQ4 vs Q1: 0.41; CI: 0.22, 0.76; p-trend=0.003) [19]. The PHS found no association 

with either PCSM or ACM [6].  

Recent findings from the Men’s Eating and Living (MEAL) trial warrant discussion. MEAL 

randomized 443 men with low-risk prostate cancer on active surveillance to receive counseling 

promoting consumption of ≥7 vegetable-fruit servings/day, including at least two servings each 

of cruciferous vegetables and tomatoes [20]. During the two-year intervention, 245 events of 

progression were observed. Though the intervention modestly increased daily servings of 

cruciferous vegetables (between group difference at 24 months: 0.49; CI: 0.33 to 0.64; p<0.01) 

and tomatoes (between group differences at 24-months: 0.14; CI: 0.03, 0.26; p=0.02), it did not 

affect risk of disease progression.  

Overall, results for post-diagnostic intake of tomatoes/lycopene and cruciferous 

vegetables and prostate cancer outcomes are inconsistent. Nonetheless, it is prudent to 

encourage prostate cancer survivors to include a wide variety of vegetables in their diet for 

weight management and risk reduction for many chronic diseases, including diabetes and 

cardiovascular disease [9, 10].  
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Alcohol. Two studies examined post-diagnostic alcohol consumption and prostate 

cancer outcomes [21, 22]. Only one, a Canadian study of 829 men with ≥T2 disease, 

considered recurrence, and observed no association with total alcohol [21].  

When examining PCSM, the two studies agreed there was no association for overall 

trend of total alcohol or liquor intake. However, the Canadian study observed a positive 

association with moderate intake of liquor in analyses excluding non-drinkers (HR≥3.7 vs. >0-<0.9 

drinks/week: 2.41; CI: 1.20, 4.84; p-trend=0.01) [21]. Conflicting findings were reported for other 

types of alcohol. A study of 5,182 men with non-metastatic prostate cancer from the HPFS 

observed a borderline statistically significant positive association with beer intake (HR≥7 vs. 0 

serving/week: 2.64; CI: 0.58, 12.06; p-trend=0.05) and an inverse association with moderate total 

wine intake (HR3-<7 vs. 0 serving/week  : 0.53; CI: 0.26, 1.07; p-trend=0.03), which appeared to be 

driven by red wine (HR3-<7 vs. 0: 0.49; CI: 0.25, 0.97; p-trend=0.05) [22]. Notably, the inverse 

association was not observed among men with higher levels of wine intake. The Canadian study 

found no evidence that total wine or beer were associated with PCSM [21].  

Both studies also examined ACM and found no association with post-diagnostic total 

alcohol or liquor intake [21, 22]. However, the Canadian study observed an association with 

total alcohol (HR≥2 vs. >0-<2 drinks/day: 1.45; CI: 1.06, 2.00; p=0.02) and liquor (HR≥3.7 vs. >0-<0.9 drinks/week: 

1.82; CI: 1.20, 2.79; p-trend=0.01) in analyses excluding non-drinkers [21]. The HPFS found an 

inverse association with 3-<7 versus 0 servings/week of red wine (HR: 0.64; CI: 0.45, 0.90; p-

trend=0.007) and total wine (HR:0.57; CI: 0.40, 081; p-trend=0.08), though overall trend for the 

latter did not reach statistical significance [22]. The Canadian study also observed an inverse 

association with moderate total wine intake (HR0.2-<0.9 vs 0 drinks/week: 0.60; CI: 0.46, 0.79; p-

trend=0.01) that was not observed at higher levels of wine consumption [21]. 

The limited data among prostate cancer survivors suggests a potential benefit of red 

wine at modest intake levels (1/2-1 serving/day). Men should limit total alcohol consumption to 

≤2 drinks/day, as excess alcohol damages the heart, liver, and pancreas; increases risk of other 
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cancers (including head and neck, esophageal, liver, and colorectal); and weakens the immune 

system [23]. This aligns with recommendations from many cancer control agencies [1, 24, 25]. 

Selenium Supplements. A single study within the HPFS examined selenium 

supplements (mg/day) and prostate cancer outcomes and found an increased risk of PCSM 

(HR≥140: 2.60; CI: 1.44, 4.70. HR25-139: 1.33; CI: 0.77, 2.30. HR1-24: 1.18; CI: 0.73, 1.91 versus 0; 

p-trend=0.001), but no association with recurrence or ACM [26]. 

Vitamin D Supplements or Nutrient Intake from Diet. Three studies examined vitamin 

D (dietary intake or serum level) and prostate cancer outcomes [13, 27, 28]. Only one, a study 

of 1,476 men from Seattle, examined recurrence/progression and found no association with 

serum 1,25(OH)D [27]. All three studies examined PCSM and reported no association with 

serum level or dietary vitamin D intake [13, 27, 28]. Two of the studies examined ACM 

outcomes [13, 28]. One, a study of 1,119 men from New South Wales, reported an increased 

risk of ACM among men with higher levels of 1,25(OH)2D (HRQ4 vs Q1: 0.45; CI: 0.29, 0.69; p-

trend=0.005) [28]. The other, a study of 525 Swedish men, observed no association between 

dietary intake of vitamin D and ACM [13]. 

Calcium & Phosphorous Nutrient Intake from Diet. A single study from Sweden 

considered both dietary calcium and phosphorous intake and observed no association with 

either PCSM or ACM [13]. 

Overall, evidence on dietary supplement use or single nutrient intake and risk of prostate 

cancer recurrence or mortality is limited. Additional studies are needed to confirm the finding 

that selenium supplementation is associated with an increased risk of PCSM. Men with prostate 

cancer should follow the recommendations of the American Institute for Cancer Research and 

the World Cancer Research Fund and aim to meet nutritional needs through diet alone [24, 25]. 

Obesity. Obesity is among the most extensively studied potential risk factor among men 

with prostate cancer, and the evidence is inconsistent. Regarding recurrence/progression 

outcomes reported between 2015-2020, six studies observed no association with body mass 
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index (BMI), while three reported a positive association [29-37]. A report by our team attempted 

to clarify the discrepancies in past studies by examining adjustment for clinical and, separately, 

pathological characteristics in a population of men undergoing RP from CaPSURE [31]. We 

hypothesized that residual confounding by disease stage may partially explain positive 

associations reported between BMI at the time of diagnosis and risk of recurrence. We 

observed that with adjustment for disease severity using metrics from diagnosis (biopsy) only, 

there was evidence of a positive relationship between very obese men (BMI≥35kg/m2) and risk 

of recurrence [31]. However, when we controlled for surgical pathology characteristics, the 

observed association was no longer statistically significant. Consistent with our finding, two of 

the three studies that found an association between BMI and risk of recurrence did not adjust for 

pathologic features [36, 37]. Four of the six studies that reported no association adjusted for 

pathologic features [29-31, 33]. Such data suggest that obesity influences tumor 

aggressiveness earlier in the natural history of prostate cancer and are consistent with a larger 

body of evidence implicating pre-diagnosis BMI in healthy populations and risk of fatal prostate 

cancer [38]. 

Seven studies published between 2015-2020 examined BMI and PCSM [30, 32, 36, 37, 

39-41]. Only one – a study of 1,442 men treated with intensity modulated radiation therapy for 

localized disease, and therefore lacking pathologic measures of disease severity – observed an 

association (HRcontinuous: 1.15; CI: 1.07, 1.23; p<0.001) [37]. Three additional studies published 

before 2015 also reported a positive association, only one of which controlled for pathologic 

metrics [42-44]. The two studies that considered waist circumference and waist-to-hip ratio 

found no association [39, 41]. 

Five studies published between 2015-2020 examined BMI and ACM with mixed results 

[31, 37, 39-41]. Three of these reported a higher risk associated with higher BMI (HR≥35 vs 18.5-25: 

1.70 (1.12, 2.60), p-trend=0.001. HRcontinuous: 1.05; CI: 1.02, 1.08; p=0.004. HRper 5-unit: 1.07; CI; 

1.02, 1.12; p=0.01) [31, 37, 40]. The two others observed no associations with BMI, waist 
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circumference, or waist-to-hip ratio [39, 41]. There were numerous older studies that reported 

similarly null findings between BMI and ACM among men with prostate cancer (Table 1.2).  

Evidence is mixed regarding if obesity measured following a prostate cancer diagnosis is 

associated with worse prostate cancer outcomes, and further research is warranted regarding 

whether weight loss among prostate cancer survivors who are obese offers prostate cancer -

specific benefits. Nonetheless, given the relationship of obesity with other chronic diseases, 

including other malignancies and heart disease, men should be counseled to reach and 

maintain a healthy weight.  

Physical Activity. Multiple studies have examined various forms of post-diagnostic 

physical activity in relation to prostate cancer outcomes (Table 1.2). Only three of these 

considered recurrence/progression outcomes with mixed results [45-47]. Two examined 

different types of physical activity in the same cohort of 237 Canadian men on active 

surveillance [45, 46]. These studies demonstrated a lower odds of disease reclassification 

(OR>92.27 vs <46.62: 0.43; CI: 0.21, 0.88; p-trend=0.027) but not risk of progression, with higher 

MET-hour/week of total physical activity, as well as lower odds associated with vigorous 

physical activity (OR>0 vs 0: 0.42; CI: 0.20, 0.85; p=0.016) [45, 46]. In contrast, a CaPSURE 

analysis of 1,455 men with localized disease found no association between vigorous physical 

activity and risk of prostate cancer progression. However, few men engaged in vigorous activity 

in this population, and brisk walking pace was associated with a statistically significant 57% 

lower risk of progression [47]. 

Six studies examined physical activity and PCSM with generally consistent findings of 

benefits for physical activity (Table 1.2) [48-53]. A HPFS study of 2,705 men with non-

metastatic prostate cancer and a US-based study of 1,354 men with localized disease reported 

an inverse association with vigorous physical activity (HR≥3 vs <1hours/week: 0.39; CI: 0.18, 0.84; p-

trend=0.03. HR≥1 vs <1 time/week: 0.63; CI: 0.42, 0.95; p=0.029) [48, 49]. A Canadian study of 830 

men with stage ≥T2 prostate cancer reported a 44% decreased risk for recreational physical 
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activity and PCSM (>26 vs. ≤4 MET-hours/week, CI:10%-65%) [50]. An additional study in the 

CPS-II cohort similarly reported a statistically significant 31% decreased risk of PCSM 

associated with recreational physical activity [52]. A 2015 study of 4,623 Swedish men with 

localized prostate cancer reported a 32% reduction in risk of PCSM for ≥1 vs. < 1 hour/week of 

exercise after diagnosis (CI 6%-52%); a similar benefit was reported for walking/biking ≥20 

versus <20 minutes/day, but not for total recreational physical activity or household work [51]. 

While there has been variability in the type, duration, or intensity of physical activity associated 

with PCSM benefits, these reports suggest that physical activity offers benefit for reducing risk 

of PCSM. 

Five studies examining PCSM also examined ACM and overwhelmingly reported an 

inverse relationship with physical activity [48, 50-53]. The risk reduction comparing the highest 

to lowest physical activity categories were as follows: 42-62% for total physical activity, 35-49% 

for vigorous physical activity, 14-37% recreational physical activity, and 7-30% for walking/biking 

[48, 50-52]. 

In summary, there is strong evidence that increased physical activity following prostate 

cancer diagnosis is associated with lower risk of PCSM and ACM. The 2018 National physical 

activity Guidelines in the United States recommend that adults do ≥150 minutes/week of 

moderate-intensity or ≥75 minutes/week of vigorous-intensity aerobic physical activity. These 

guidelines report lower risk of prostate cancer mortality as a health benefit associated with 

regular physical activity for prostate cancer survivors [54]. In addition, clinical trials have shown 

that physical activity improves bone mineral density and quality-of-life among men undergoing 

androgen deprivation therapy for prostate cancer [2]. Considering the totality of evidence, we 

recommend that prostate cancer survivors engage in regular physical activity. Trials are 

underway to develop interventions to help men with prostate cancer meet physical activity 

goals, while considering a man’s current capabilities and health-related concerns (see Table 2 

in ref [2]). 
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Smoking. Multiple studies have examined the relationship between smoking and 

prostate cancer recurrence/progression and PCSM (Table 1.2). There is overall agreement that 

men reporting smoking following diagnosis are at higher risk of recurrence/progression and 

PCSM compared to never-smokers [55-61].  

Some evidence exists that the duration of smoking cessation may affect the risk of 

prostate cancer outcomes among former smokers. Specifically, an Austrian study of 6,538 men 

with localized prostate cancer reported that former smokers who had quit ≥10 years prior had a 

similar risk of recurrence as never smokers, but those who had quit <10 years prior were at 

increased risk of recurrence [56]. Results from a US-based study of 752 men for the outcome of 

PCSM support this conclusion, though results did not reach statistical significance [60]. Limited 

data on former smoking duration and dose may account for the mixed evidence regarding 

whether former smokers are at an increased risk for poor prostate cancer outcomes [55-57, 59-

62]. 

Fewer studies examined ACM outcomes [59, 61, 63, 64]. A Canadian study of 434 men 

with localized disease found no association between former or current smokers and ACM, 

though it was limited by a short follow-up period (median 70 months) [61]. As expected, all other 

studies found a statistically significant increased risk of death associated with smoking [59, 63, 

64].  

In summary, current smokers are at an increased risk of disease recurrence and 

progression, PCSM, and ACM. Men who smoke should be provided with resources to help them 

quit to improve their PC-specific prognosis and overall health.  

Diversity of Study Population – Race/Ethnicity. AA/B men experience higher rates of 

prostate cancer incidence and mortality than men of any other race/ethnicity. In the United 

States, the rate of PCSM is more than two-fold higher in AA/B vs White men (40.8 versus 18.2 

per 100,000 in AA/B and White men, respectively) [65]. Despite this fact, existing evidence on 

post-diagnostic modifiable risk factors has been collected almost exclusively in White 
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populations. Characteristics of 33 recently published (2015-2020) studies are shown in Table 

1.1; 13 did not report the racial/ethnic distribution of their study sample [13, 21, 26, 33, 37, 41, 

45, 51-53, 55, 56, 66]. An additional seven dichotomized race as White/Caucasian versus other 

(all ≥92% White) [3, 6, 17, 22, 32, 40, 50]. Only six included ≥10% AA/B/African-Caribbean men 

[30, 34-36, 39, 59]. 

Few studies have examined whether the associations between lifestyle factors and risk 

of prostate cancer outcomes vary by race/ethnicity. The two that provided results stratified by 

race (AA/B vs. White) both examined BMI as the primary exposure [30, 34]. The first was a 

study of 5,929 (33% AA/B) men treated via RP that observed no association between BMI and 

PCSM or recurrence, overall or in either race/ethnicity stratum [30]. The other was a study of 

647 men that reported a positive association between BMI ≥30 versus BMI <30 with prostate 

cancer recurrence among the 363 White men (HR: 1.80; CI: 1.09, 2.96) but not among the 284 

AA/B men (HR: 1.10; CI: 0.69, 1.76) [34]. 

Although limited, a few studies have identified mortality disparities among other 

underrepresented racial/ethnic minority populations. For example, Puerto Rican and Mexican 

American men may have an increased risk of PCSM compared to White men [67, 68]. Future 

studies should report race/ethnicity for their study population and test for effect modification by 

race/ethnicity when numbers allow. Deliberate and targeted recruitment of AA/B men and other 

high-risk populations into prostate cancer-related studies is crucial. In the interim, it should be a 

priority to identify existing data sources with a sufficient proportion of AA/B men and other 

underrepresented racial/ethnic minorities to begin to address these questions.  

Diversity of Study Population – Education. We intended to examine educational 

attainment as a measure of socioeconomic status, however only 10 of the 33 recent studies 

(2015-2020) reported education levels of their study populations [7, 11, 21, 34, 39, 40, 49-51, 

53]. 
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Diversity of Study Population – Cohorts. Most of what we know regarding diet and 

lifestyle following a prostate cancer diagnosis comes from a limited number of cohorts. Table 

1.1 displays literature by exposure, consisting of 64 (non-unique) studies. The HPFS, 

CaPSURE, and PHS-II account for one-third (n=22) of these. An additional 15% (n=10) are from 

CPS-II, the Shared Equal Access Regional Cancer Hospital (SEARCH) database, and Royal 

Marsden Hospital. Finally, many of the exposures were examined by only a single study (Table 

1.2), highlighting areas where replication and confirmation is needed. 

Discussion 

Future Direction. In summary, research to date on post-diagnostic lifestyle factors and 

risk of prostate cancer recurrence and mortality has been limited to a few cohorts of 

predominately White men. Large cohorts that are racially/ethnically, geographically, and socio-

demographically diverse are necessary to advance this field of research. 

Conclusion. In this review, we focused on observational evidence of post-diagnostic 

modifiable diet and lifestyle factors in relation to prostate cancer outcomes. Though randomized 

trials are the gold standard for determining causation, many diet and lifestyle behaviors are not 

suitable/ethical (e.g. smoking) to randomization. Further, long-term and slow-acting exposures 

may require extended follow-up periods to observe outcomes of interest, which may preclude 

study in a randomized setting. Overall, the evidence reviewed suggests that following a prostate 

cancer diagnosis, men should be counseled to increase physical activity and quit smoking, 

consistent with general health recommendations. Additionally, it may be prudent for men with 

prostate cancer to minimize whole milk/high-fat dairy intake; for those who consume alcohol, 

consider moderate consumption of red wine (e.g., ½ to 1 glass/day) over other types of alcohol; 

and aim to meet nutritional needs through food rather than supplements. Future research that 

includes more diverse populations, particularly AA/B men, is needed. 
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Abstract  

Importance: Individual health behaviors are associated with prostate cancer (PC) progression 

and mortality. Their combined associations with PC outcomes after diagnosis are unknown.   

Objective: To assess associations between six health behavioral scores and risk of PC 

progression and mortality.  

Design: Cohort study including 2,056-2,447 (varied by analysis) men from the Cancer of the 

Prostate Strategic Urologic Research Endeavor Diet and Lifestyle Sub-study, diagnosed 

between 1999-2018 and followed until death or January 2019. 

Setting: Multi-center; United States. 

Participants: Men diagnosed with non-metastatic PC.  

Exposures: 1) 3- and 4-factor scores developed based on the PC survivorship literature (‘2021 

Score [+ Diet]’); 2) 6-factor score developed in 2015 based on pre-diagnostic PC literature 

(‘2015 Score’); 3) a score based on the World Cancer Research Fund/American Institute for 

Cancer Research Cancer Prevention Recommendations (‘WCRF/AICR Score’); 4) a score 

based on the American Cancer Society’s Cancer Survivor Guidelines (‘ACS Score [+ Alcohol]’). 

All scores included body mass index and physical activity; some included smoking and dietary 

components.  

Main Outcomes and Measures: Due to interval censoring, parametric (Weibull) survival 

models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for 

progression. Associations with PC mortality were estimated via Cox proportional hazards 

models. 

Results: Mean (SD) age at diagnosis was 64.4 (7.9) years. Over a median (IQR) of 6.4 (1.3, 

13.7) years, there were 192 progression and 73 PC mortality events observed. Higher (i.e., 

healthier) 2021 Score + Diet and WCRF/AICR Scores were inversely associated with risk of PC 

progression (2021 + Diet: HRcontinuous=0.76, 95% CI: 0.63-0.90. WCRF/AICR: HRcontinuous=0.83, 
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95% CI: 0.67-1.02) and mortality (2021 + Diet: HRcontinuous=0.65, 95% CI: 0.45-0.93. 

WCRF/AICR: HRcontinuous=0.71; 95% CI: 0.57-0.89). The ACS Score + Alcohol was only 

associated with progression (HRcontinuous=0.89, 95% CI: 0.81-0.98) while the 2021 Score was 

only associated with PC mortality (HRcontinuous=0.62, 95% CI: 0.45-0.85). The 2015 was not 

associated with PC progression or mortality. 

Conclusion: Scores that incorporate physical activity, healthy body weight, non-smoking, and 

dietary recommendations were associated with lower risk of prostate cancer progression and 

death, strengthening the evidence that behavioral modifications following a prostate cancer 

diagnosis may improve clinical outcomes.  
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Introduction 

Prostate cancer is the most commonly diagnosed cancer among men in the United States (US), 

with 248,530 new cases expected to have occurred in 2021 [97, 98]. Currently, there are over 

3.6 million prostate cancer survivors in the US [99]. Though the 5-year survival rate for prostate 

cancer approaches 100%, there remains uncertainty regarding which cancers will eventually 

progress, and prostate cancer remains the second leading cause of cancer death among US 

men [98, 100, 101]. To inform interventions and mitigate risk of progression and prostate cancer 

specific mortality (PCSM) for the large population of men living with the disease, there is a need 

to better understand how behavioral factors after diagnosis influence disease progression.  

Several studies have linked modifiable risk factors with prostate cancer progression and 

PCSM [102]. However, prior reports have predominantly focused on individual exposures, which 

do not fully reflect the complex relationships among multiple diet and other behavioral factors 

[103, 104]. For example, physical activity may offset some of the negative effects of unhealthy 

dietary choices [11]. Therefore, scores that reflect multiple behavioral factors may be more 

strongly associated with outcomes among men with prostate cancer than individual health 

habits.  

Our team previously conducted an extensive review summarizing the literature on post-

diagnostic behaviors and prostate cancer progression and PCSM [102]. Using that report, we 

developed prostate cancer-specific behavioral scores (“2021 Score [+ Diet]”). Here, we examine 

the association of these scores in relation to risk of progression and PCSM among men with 

non-metastatic prostate cancer in the Cancer of the Prostate Strategic Urologic Research 

Endeavor (CaPSURE) cohort. Further, for completeness and comparability with other studies, 

we evaluated associations of four other scores developed to inform the risk of cancer onset or 

progression to understand if adherence to general cancer prevention or survivorship guidelines 

may improve outcomes following a prostate cancer diagnosis. One of these scores was 
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developed by members of our team to predict the risk of developing incident lethal prostate 

cancer based on pre-diagnostic behaviors (“2015 Score”) [105]. It is distinct from the 2021 

Scores focused on post-diagnostic behaviors as the known behavioral risk factors for prostate 

cancer risk and progression differ. The other three are operationalized versions of the American 

Cancer Society (ACS) cancer survivorship recommendations [106, 107] and the World Cancer 

Research Fund (WCRF)/American Institute for Cancer Research (AICR) cancer prevention 

recommendations [108, 109]. We hypothesized that men with healthier lifestyles (i.e., higher 

scores) would have lower risk of disease progression and mortality.  

Methods 

Study Sample. CaPSURE is a longitudinal observational cohort of 15,310 men with 

biopsy-proven prostate cancer. Men diagnosed between 1999-2018 at any of 43 participating 

urology practices across the US were eligible. Participating urologists provided data on clinical 

and pathological features, treatments, and clinical follow-up. Additional details on CaPSURE are 

reported elsewhere [110]. The study was conducted in accordance with the Belmont Report and 

U.S. Common Rule under local Institutional Review Board approval, with all participants 

providing written informed consent.  

The CaPSURE Diet and Lifestyle (CDL) sub-study – consisting of a comprehensive 

lifestyle questionnaire and full-length food frequency questionnaire (FFQ) – was administered at 

three time points between 2004-2016; a total of 2,891 men participated in at least one 

administration. For the subset of men who completed more than one questionnaire (n=443), 

only the first administration (closest to diagnosis date) was used. We excluded men with last 

clinical follow-up or documented progression prior to completing their first CDL questionnaire 

(n= 551). Consistent with the recommended approach to address implausible energy intakes 

[111], we excluded men with extreme (<800 kcal/day or >4200 kcal/day) or unknown caloric 

intake (n=153) and/or missing ≥70 FFQ items (n=20). Finally, we excluded men without a 
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discernable clinical T-stage (n=100) or with a clinical T-stage >T3a (n=8) and those with death 

from unknown cause (n=3). This left us with a sample size of 2,056 men for our primary 

analyses of prostate cancer progression. Following the exclusion of men with documented 

progression prior to completing the first questionnaire, the subsequent exclusions resulted in the 

loss of 23 events, 2 of which were PCSM. For PCSM analyses, men who were excluded due to 

documented progression prior to completion of the CDL questionnaire were included – death 

could not occur prior to completing the questionnaire – resulting in a sample size of 2,447 men.  

Diet and Lifestyle Questionnaire. Dietary intake was self-reported on a validated 

semiquantitative FFQ [112-114], wherein men reported how frequently they consumed a 

standard unit or portion size of approximately 140 different items. The nine frequency options 

ranged from never or less than once per month to six or more times per day. FFQ data were 

sent to the Nutrition Department at the Harvard T.H. Chan School of Public Health, which 

calculated total intake of nutrients, including total caloric intake and grams of whole grains, fiber, 

and alcohol. Nutrient intake was calculated by multiplying the nutrient value in the specified 

portion size of each item on the FFQ by its frequency of intake and then summing across all 

items. Nutrient values were obtained from the US Department of Agriculture databases [115] 

supplemented with other sources. 

The survey asked men if they had smoked 20 packs of cigarettes or more in their 

lifetime. If they responded “yes”, they were asked to report additional details regarding their 

smoking history. Men who responded “no” were considered never smokers.  

Men completed a validated physical activity questionnaire which asked them to report 

their average weekly time spent doing nine types of aerobic and resistance training activities 

over the prior year [116]. Ten frequency options could be selected, ranging from 0 minutes to 11 

or more hours per week. Participants were also asked about their regular walking pace and 

ability/frequency of climbing stairs.  



 33 

Other information collected on the survey included height and weight [used to calculate 

body mass index (BMI; kg/m2)]; education level; a brief medical history, including family history 

of prostate cancer; and a detailed history of the use of vitamins and supplements. 

Behavioral Scores. Six scores were evaluated, as described below. All scores were 

oriented such that increasing values reflected healthier behaviors. Please see Tables 2.1-2.2 

for additional details. 

2021 Score 

The 2021 (post-diagnostic) Score was based on an extensive literature review, 

summarizing behaviors following a prostate cancer diagnosis associated with risk of recurrence, 

progression, and/or PCSM [102]. To determine the factors for inclusion in the score, we 

searched PubMed using the terms “prostate cancer” and “progression or mortality” in 

combination with terms describing individual lifestyle factors. Factors considered for the score 

included those that 1) exhibited a statistically significant association with metastases or PCSM 

in at least one study and 2) were corroborated by at least one additional study with an 

association in the same direction, whether or not statistically significant. In total, we identified 

seven such factors – smoking status [55, 57, 60, 61, 63, 64, 69, 70, 117, 118], BMI [31, 37, 42, 

72, 74, 82-87, 89, 92-94, 119, 120], physical activity [47, 48, 50, 52, 121], and intake of 

saturated fat [16, 17, 122], whole milk [12, 123], wine [21, 22], and processed meat [6, 8]. The 

three non-dietary factors demonstrated the strongest evidence in the literature review. We 

examined two versions of the 2021 Score, one without (“2021 Score”) and one with (“2021 

Score + Diet”) the dietary components. The points per behavior component ranged from 0 to 1, 

with the four dietary components averaged to create a single dietary sub-score ranging from 0 

to 1. This was consistent with the operationalization of the ACS recommendations into the ACS 

Score [108]. The point values were based on where the risk associated with prostate cancer 

outcomes appeared to change in the literature. The points for each component were summed to 

create the total 2021 Score (range: 0-3) and 2021 Score + Diet (range: 0-4) for each participant.  
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2015 Score 

Our team previously developed the 2015 (pre-diagnostic) Score to identify the risk of 

developing lethal prostate cancer among healthy men, based on the evidence available circa 

2014 [105]. The six components – smoking status, BMI, physical activity, fatty fish intake, 

tomato intake, and processed red meat intake – were scored as 0 or 1 based on cut-points 

associated with risk as reported in the literature at the time of score creation. The sub-scores 

were then summed to create the total 2015 Score (range: 0-6).  

ACS Score 

To create a primary and an alternative ACS Score, we expanded on the 

operationalization of the ACS Nutrition and Physical Activity Guidelines for Cancer Survivors 

developed by McCullough, et al [108]. Each of the three components – BMI, physical activity, 

and dietary – were scored from 0 to 2 and then summed to create the primary ACS Score 

(range: 0-6). The dietary component included total servings and variety of fruits and vegetables, 

red and processed meat intake, and whole grain intake. We expanded to include strength 

training when assigning physical activity points, consistent with the guidelines. The “ACS Score 

+ Alcohol” additionally included alcohol intake, scored from 0 to 2 (with the highest score for 

moderate alcohol intake: >0 to 2 servings/day), reflecting the inclusion of alcohol in the ACS 

recommendations for cancer prevention but not cancer survival (alternative score range: 0-8). 

WCRF/AICR Score 

The WCRF/AICR Cancer Prevention Recommendations were operationalized based on 

published scoring guidelines [106, 107]. The seven components – BMI, physical activity, alcohol 

intake, sugar-sweetened beverage intake, fruit/vegetable and fiber intake, red and processed 

meat intake, and percentage of total calories obtained from adapted ultra-processed foods – 

were scored from 0 to 1 and summed to create the WCRF/AICR Score (range: 0-7). 

Outcome. The primary outcome was time to prostate cancer progression, defined as 

biochemical recurrence, secondary treatment, bone metastases, or PCSM, as applied 
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previously [11, 47, 124]. Given the small number of PCSM events (n=73) in this cohort, PCSM 

was evaluated as a secondary outcome.  

Biochemical recurrence was defined as two consecutive prostate-specific antigen (PSA) 

readings ≥ 0.2 ng/mL following radical prostatectomy or a rise of 2.0 ng/mL above post-radiation 

nadir on two consecutive PSA readings; the date of recurrence was recorded as the date of the 

second elevated PSA. Secondary treatment was defined as any treatment started at least 

6 months following primary treatment. Bone metastases included prostate cancer progression to 

bone, advancement to TNM stage M1b, a positive bone scan, and radiation to treat bone 

metastases. Cause of death was determined by the registry data coordinating center and 

through confirmation by either the vital statistics official death certificate from the state in which 

the death occurred or by the National Center for Health Statistics National Death Index [125]. 

Deaths were attributed to prostate cancer if the death certificate included ICD-9 code 185 

[(metastatic) malignant neoplasm of prostate] as the primary or secondary cause of death.  

Time to progression was measured from completion date of the CDL questionnaire to 

the date of progression (first event of biochemical recurrence, secondary treatment, bone 

metastases, or PCSM). For men with documented non-PCSM progression (i.e., recurrence, 

secondary treatment, or bone metastasis failure events), the censoring interval (i.e., window in 

which the event occurred) was bound by the last normal clinical visit (left limit) and the clinical 

visit documenting evidence of progression (right limit). For men who died from prostate cancer, 

the left and right limit were both date of death. Men without documented progression or PCSM 

were censored at their last date of follow-up or death (other cause); thus, the left limit of their 

censoring interval was defined by the last clinical follow-up date or date of death (non-PCSM), 

respectively, and the right limit was undefined (i.e., censored). Clinical follow-up was last 

consistently assessed across all CaPSURE sites on January 31, 2019; 26 men had a last 

known clinical follow-up date beyond this date and were administratively censored on that date.  
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Statistical Analysis 

Parametric survival models with a Weibull distribution were used to accommodate 

interval censoring associated with uncertainty in actual date of prostate cancer progression 

[126]. Because the date of death is known for PCSM (i.e., interval censoring was not an issue), 

we utilized Cox proportional hazards models rather than parametric survival methods when 

assessing the PCSM outcome. Proportional hazards assumptions were assessed visually by 

plotting the scaled Schoenfeld residuals against follow-up time. 

We fit survival models using both continuous scores (per 1-unit change) and tertiles of 

scores. All models were clustered by CaPSURE clinical site with robust standard errors used to 

calculate confidence intervals (CI). Simple models were adjusted for time between diagnosis 

and participants’ first CDL questionnaire (continuous) and age at diagnosis. Fully adjusted 

models were additionally adjusted for clinical T-stage (T1, T2, T3a), Gleason score (<7, 7, >7), 

diagnostic PSA level (≤6 ng/mL, >6 to 10 ng/mL, >10 ng/mL), primary treatment (radical 

prostatectomy, radiation, hormonal therapy, watchful waiting/active surveillance, other), family 

history of prostate cancer in a brother or father (yes, no), self-identified and physician-reported 

race (white, non-white), selenium supplement use (non-user; <140ug/day; ≥140ug/day; user 

with unknown daily dosage), total caloric intake (continuous, kcal/d), and the following variables 

if not part of the score of interest: whole milk intake (≤4 servings/week, >4 servings/week), wine 

intake (3-14 servings/week, <3 or ≥14 servings/week), alcohol intake (non-drinker, >0-2 

servings/day, >2 servings/day), red and processed meat intake (quartiles), tomato intake 

(continuous, servings/day), dark fish intake (continuous, servings/day), and smoking (never, quit 

≥10 years prior, quit <10 years prior, current). We further considered adjustment for 

comorbidities (diabetes, stroke, prior myocardial infarction, or other heart disease; yes/no) but 

the magnitudes of the estimates changed very little with adjustment, so these variables were not 

included in the final models.  
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We assessed potential interaction between each of the scores and age at diagnosis 

(<65 years, ≥65 years) and, separately, stage at diagnosis (T1, T2-T3a) by adding interaction 

terms with the scores in the models and using Wald tests. Given statistically non-significant 

Wald tests and small magnitudes of estimated interaction regression coefficients, interaction 

terms were not included in the final models. We examined goodness-of-fit of the survival models 

using Cox-Snell residual plots. Across all scores, goodness-of-fit was best in the fully adjusted 

models, with decreasing fit in the tails. Fully adjusted models for progression were also run 

using exponential distributions, which produced Cox-Snell residual plots that demonstrated 

poorer fit than Weibull models and thus were not reported.  

Sensitivity Analyses. First, we were concerned about confounding due to PSA 

surveillance after diagnosis (i.e., men with healthier behaviors may be more likely to be 

monitored via PSA tests, potentially creating a positive correlation between healthy lifestyle 

habits and risk of progression). To address this, Poisson regression was utilized to compare the 

number of PSA visits to tertile of each of the six scores, with the lowest tertile (i.e., the least 

healthy group) as the reference. Total follow-up time was used as an offset in these models.  

Second, whereas our primary analyses used time of the CDL questionnaire completion 

as time zero – which necessitates excluding men who experienced an event prior to the survey 

– sensitivity analyses re-assigned time zero as time of diagnosis. These analyses assumed that 

the responses on the CDL questionnaire were consistent with what would have been measured 

at the date of diagnosis. Men excluded from our primary analyses due to documented 

progression prior to CDL questionnaire were included in these sensitivity analyses, resulting in 

an analytic sample of 2,447 men. For this approach, we first assessed whether there was an 

interaction between year of diagnosis and each of the behavioral scores by adding an 

interaction term with the scores in the models and using Wald tests; no evidence of interaction 

was found.  
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Third, we were interested in understanding how competing events (i.e., deaths due to 

causes other than prostate cancer) impacted our primary results. Methods to address 

competing events in the presence of interval censoring are not readily available or accessible. 

Thus, we ran Cox proportional hazards models for progression and compared these results to 

Fine-Gray analyses accounting for other deaths as a competing risk. Proportional hazards 

assumptions were assessed visually by plotting the scaled Schoenfeld residuals against follow-

up time.  

Lastly, missingness in the covariates resulted in a loss of events in our fully adjusted 

models. Specifically, men with missing data for any of the score components were excluded 

from the primary analysis for that score: n=60 for 2021 Score, n=60 for the 2021 Score with 

Diet, n=83 for 2015 Score, n=40 for ACS Score, n=70 for the ACS Score with Alcohol, and n=43 

for WCRF/AICR Score. To understand the impact of this missingness on our primary results, we 

performed sensitivity analyses utilizing multiple imputation to handle missing data [127], which 

assumes that data are missing at random. We assessed the plausibility of this assumption by 

summarizing participant characteristics by missingness status for each of the six scores. We 

performed multiple imputation via chained equations using the chained command in Stata to 

first generate 25 imputed datasets. We then fit survival models across all 25 imputed datasets 

and pooled the results using Rubin’s Rules [128]. Our imputed models included fully observed 

variables (CaPSURE clinical site, age at diagnosis, BMI, days of follow-up, total energy intake, 

tomato intake, days from CDL return to the left interval of follow-up time, race, diagnostic T 

stage, and family history of prostate cancer) and variables with incomplete values (diagnostic 

PSA and Gleason score; total alcohol, whole milk, dark fish, total wine, and red and processed 

meat intake; each of the scores; smoking status; and primary treatment). 

All statistical analyses were performed using Stata version 17 (StataCorp, College 

Station, TX) using a two-sided alpha level of 0.05 to assess statistical significance. 
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Results 

In our main analyses, the 2,056 men who met inclusion criteria were followed for a 

median of 6.4 years (IQR:  1.3, 12.7) after completing the CDL questionnaire, for a total of 

13,102 person-years. During the follow-up period, 192 had documented progression, including 

168 (88%) with biochemical recurrence, 7 (4%) with bone metastases, and 17 (9%) deaths 

related to prostate cancer as the first recorded event (there were 73 PCSM events in total). 

Baseline characteristics by tertile of each of the four primary scores are shown in Table 2.3. 

Most participants identified as white race with a diagnostic T-stage ≤1 and Gleason grade <7 

and underwent radical prostatectomy as their primary treatment. Characteristics were balanced 

across tertiles of the scores.  

Progression 

Those with higher 2021 Scores had a non-statistically significant lower risk of 

progression (HRcont: 0.84, 95% CI: 0.65-1.08); however, in models assessing score tertiles, 

there was no clear association with progression (HR2 vs 1: 0.90, 95% CI: 0.62-1.32; HR3 vs 1: 0.79, 

95% CI: 0.50-1.24; ptrend=0.30). Including dietary factors in the 2021 Score (2021 Score + Diet) 

strengthened the associations: HRcont: 0.76, 95% CI: 0.63-0.90; HR2 vs 1: 0.82, 95% CI: 0.62-1.08 

and HR3 vs 1: 0.67; 95% CI: 0.44-1.02 (ptrend=0.06) [Table 2.4]. 

Neither the 2015 Score (HRcont: 0.89, 95% CI: 0.80-1.00; HR2 vs 1: 0.90, 95% CI: 0.60-

1.35; HR3 vs 1: 0.57, 95% CI: 0.30-1.09; ptrend=0.091) nor the ACS Score were associated with 

risk of prostate cancer progression (HRcont: 0.93; 95% CI: 0.82-1.05; HR2 vs 1: 1.19, 95% CI: 

0.82-1.71; HR3 vs 1: 0.83; 95% CI: 0.58-1.18; ptrend=0.30). The ACS Score + Alcohol, however, 

demonstrated evidence of an inverse association with risk of progression (HRcont: 0.89, 95% CI: 

0.81-0.98; HR2 vs 1: 0.97, 95% CI: 0.71-1.32; HR3 vs 1: 0.48, 95% CI: 0.28-0.82; ptrend=0.007). The 

WCRF/AICR Score was also inversely associated with risk of prostate cancer progression 
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(HRcont: 0.83, 95% CI: 0.67-1.02; HR2 vs 1: 0.89, 95% CI; 0.51-1.55; HR3 vs 1: 0.60, 95% CI: 0.36-

1.01; ptrend=0.05) [Table 2.4]. 

Prostate Cancer-Specific Mortality 

The 2021 Score was statistically significantly associated with a lower risk of PCSM 

(HRcont: 0.62, 95% CI: 0.45-0.85). However, in models assessing score tertiles, there was no 

clear association with PCSM (HR2 vs 1: 0.50, 95% CI: 0.23-1.06; HR3 vs 1: 0.71, 95% CI: 0.38-

1.33; ptrend=0.28). When dietary factors were included (2021 Score + Diet), associations with 

PCSM were statistically significant in continuous (HR: 0.65; 95% CI: 0.45, 0.93) and tertile 

models, showing a 59% reduced risk of PCSM among those with the highest versus the lowest 

tertile of score (HR3 vs 1: 0.41, 95% CI: 0.20, 0.85; ptrend=0.02) [Table 2.5].  

There was no association with PCSM for the 2015 (HRcont: 0.81, 95% CI: 0.63-1.04), 

ACS (HRcont: 0.82, 95% CI: 0.65-1.04) or ACS + Alcohol (HRcont: 0.92, 95% CI: 0.74-1.15) 

Scores (Table 2.5). The WCRF/AICR Score was inversely associated with risk of PCSM (HRcont: 

0.71, 95% CI: 0.57-0.89), amounting to a 48% (HR: 0.52, 95% CI: 0.33-0.81; ptrend=0.004) lower 

risk among those with the highest versus lowest tertile of score (Table 2.5). 

Sensitivity Analyses  

Across all scores, there was no evidence that men with higher behavioral scores 

presented more frequently for PSA monitoring following a diagnosis (data not shown). In models 

that imposed date of diagnosis as time zero, the trends were similar across all scores (Table 

2.6). The results from Cox proportional hazards models for progression were similar to those 

from the parametric (Weibull) survival and there was no evidence that competing events 

impacted the results (Table 2.7). Multiple imputation resulted in 2,056 complete records and 

retainment of all 192 events in multivariable models. Across all scores, with the exception of 

age, characteristics were similar between men with and without missingness, providing some 

evidence that data were missing at random (Table 2.8). The results following imputation were 

similar to those obtained from the complete-case analysis. With the larger sample sizes, 
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however, the confidence intervals tightened, resulting in statistically significant estimates across 

all scores (Table 2.9).  

Discussion 

In this prospective study, we examined associations of behavioral risk scores with 

prostate cancer progression and PCSM among men diagnosed with non-metastatic prostate 

cancer. For each 1-unit increase (i.e., healthier) in the 2021 Score + Diet and the ACS Score + 

Alcohol, men had a statistically significant 24% and 11% lower risk of progression, respectively. 

The WCRF/AICR Score was also associated with a (statistically non-significant) reduced risk of 

progression, demonstrating a 17% lower risk of progression per point increase. Men in the 

highest tertile of the 2021 Score + Diet and WCRF/AICR Score had a 59% and 48%, 

respectively, lower risk of dying from prostate cancer compared to those in the lowest tertile.  

The difference in associations observed between the two outcomes may reflect different 

mechanisms driving recurrence versus PCSM. Indeed, 94% of men with biochemical recurrence 

in this cohort did not die from prostate cancer during study follow-up. Another explanation is 

confounding: healthier men may present more often for PSA monitoring and thus be more likely 

to have biochemical recurrence detected. This may spuriously attenuate associations. We 

attempted to evaluate whether this bias impacted our results and did not observe different 

screening behaviors based on score levels. Nevertheless, we cannot rule this out.  

Importantly, components varied across behavioral scores and were used differently 

within scores. For example, the ACS Score + Alcohol assigned the highest (i.e., healthiest) 

points for moderate alcohol intake, whereas WCRF/AICR Score preserved highest points for no 

alcohol intake. The 2021 Score + Diet only included moderate consumption of wine in its 

highest point. Aligned with ACS recommendations, the decision to consume alcohol should be 

made on an individual basis with a patient’s provider [129].  
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The 2015 Score was developed based on the literature describing the risk of developing 

lethal prostate cancer among disease-free men [105]; our team previously reported that this 

score was associated with a 68% lower risk (5-6 points vs. 0-1 points) of developing lethal 

prostate cancer among disease-free men [105]. However, our results, in combination with 

existing evidence, suggest that behavioral factors associated with developing prostate cancer 

may differ from those associated with progression and mortality following a diagnosis [130, 131].  

There are several limitations of our analyses to consider. Men in our study 

predominately identified as white race (95%), were well educated (77% with at least some 

college), and were insured (97%), meaning these results may not be generalizable to all men 

with prostate cancer. Social determinants of health and their impacts on health and disease 

status cannot be addressed in this cohort. While we observed some statistically significant 

inverse associations for PCSM, this was a secondary outcome given the limited number of 

events. Though we made efforts to address potential biases in this study (e.g., multiple 

imputation to address missingness, modeling PSA surveillance behavior as a function of 

behavioral scores to address confounding issues), these approaches are not without their own 

assumptions, and thus we cannot rule out bias entirely. Finally, the post-diagnostic literature 

that drove the creation of the 2021 Score (with and without diet) came from a limited number of 

study populations, which included CaPSURE [102]. This underscores the importance of 

confirming these findings in other populations.  

In conclusion, among men diagnosed with non-metastatic prostate cancer, a behavioral 

score developed based on the current post-diagnostic literature (2021 Score Including Diet) was 

associated with a 24% lower risk of progression and 35% lower risk of PCSM per one-unit 

increase in the score. Men diagnosed with non-metastatic prostate cancer may improve 

survivorship by adhering to post-diagnostic prostate cancer-specific dietary recommendations – 

avoiding/limiting the consumption of whole milk, red and processed meats, and saturated fat, 
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while allowing moderate consumption of wine – in addition to the general recommendations to 

avoid smoking, maintain a healthy body size, and engage in regular physical activity.  
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Abstract  

Background: Inflammatory and insulin pathways have been linked to prostate cancer; post-

diagnostic behaviors activating these pathways may lead to poor outcomes. The empirical 

dietary inflammation pattern (EDIP), indices for hyperinsulinemia (EDIH) and insulin resistance 

(EDIR), and associated lifestyle indices (ELIH, ELIR) predict biomarkers of inflammation (EDIP: 

IL-6, TNFaR2, CRP) and insulin secretion (EDIH/ELIH: c-peptide; EDIR/ELIR: TAG:HDL) from 

whole foods and behaviors. Methods: Associations of these indices with time to prostate cancer 

progression (primary, n=2,056) and prostate cancer -specific mortality (PCSM; secondary, 

n=2,447) were estimated among men diagnosed with non-metastatic prostate cancer in the 

CaPSURE cohort diet and lifestyle sub-study. Because the true (versus clinically-documented) 

date of progression is unobserved, we used parametric (Weibull) survival models to 

accommodate interval-censoring and estimated adjusted hazard ratios (HR) and 95% 

confidence intervals (CI) for prostate cancer progression per 1-standard deviation increase in 

index. Cox proportional hazards models were used to estimate PCSM associations. Results: 

During a median (IQR) 6.4 years (IQR: 1.3, 12.7), 192 progression and 73 PCSM events were 

observed. Inflammatory (EDIP: HR=1.27, CI: 1.17-1.37), hyperinsulinemic (EDIH: HR=1.24, CI: 

1.05-1.46. ELIH: HR=1.34, CI:1.17-1.54), and insulin resistant (EDIR: HR=1.22, CI: 1.00-1.48. 

ELIR: HR=1.36, CI:1.12-1.64) indices were positively associated with risk of prostate cancer 

progression. There was no evidence of associations between the indices and PCSM. 

Conclusions: Both inflammatory and insulinemic dietary and lifestyle patterns are associated 

with risk of prostate cancer progression. For men with prostate cancer, consuming dietary 

patterns that limit chronic systemic inflammation and insulin hypersecretion may improve 

survivorship, especially when coupled with active lifestyle and healthy body weight.  
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Introduction  

Prostate cancer is the most commonly diagnosed cancer among men in the United 

States [97]. Over the past decade, research has identified various dietary and lifestyle factors 

associated with survival following prostate cancer diagnosis [102]. However, much of the 

evidence remains mixed, particularly regarding diet, leading to uncertainty about the role these 

factors play in improving outcomes following a diagnosis. Many past studies have examined 

single dietary factors in isolation, which does not adequately represent the combined impact of 

dietary intake on biological responses or the complex interactions in whole diets [104, 132]. 

Therefore, it is important to examine dietary patterns to try to understand diet-prostate cancer 

relationships.  

Inflammation and insulin pathways have been linked to cancer development and 

progression [133], including in the setting of prostate cancer [134-140]. Post-diagnostic 

behaviors that over-activate these pathways may therefore lead to poorer prostate cancer 

outcomes. The empirically-derived inflammatory, hyperinsulinemic, and insulin resistance 

dietary indices – calculated from food frequency questionnaire (FFQ) data – and the associated 

lifestyle indices provide an opportunity to study the role of diet- and lifestyle-related 

inflammation- and insulin- promoting behaviors in prostate cancer outcomes [141, 142]. These 

novel indices have not been examined in men diagnosed with prostate cancer. Because they 

predict plasma concentrations of circulating markers of inflammation (interleukin-6, C-reactive 

protein, and tumor necrosis factor a receptor 2) [141], hyperinsulinemia (C-peptide) [142], and 

insulin resistance (triacylglycerol to high density lipoprotein cholesterol; TAG:HDL) [142], the 

indices allow for the measurement of the inflammatory and insulinemic potential of whole diets 

and associated lifestyles without the necessity for biomarker data.  

Here, we used these indices to examine associations between the inflammatory and 

insulinemic potentials of dietary patterns and lifestyle habits after a prostate cancer diagnosis 
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and the risk of disease progression (primary outcome) and disease-specific mortality (secondary 

outcome) among men in the Cancer of the Prostate Strategic Urologic Research Endeavor 

(CaPSURE) cohort. Given the role that increased adiposity may play in activating these 

pathways [133, 143], we also examined whether obesity modified associations with the dietary 

indices.  

Methods 

Study Sample. CaPSURE is a longitudinal observational cohort of 15,310 men with 

biopsy-proven prostate cancer. Participants were enrolled at 43 urology practices across the 

United States starting in 1999. Data were collected on diagnostic and other clinical features, 

treatments, and clinical follow-up. Additional details of the CaPSURE cohort have been 

previously reported [110]. All participants provided written informed consent, and the study was 

conducted in accordance with the Belmont Report and the U.S. Common Rule under local 

Institutional Review Board approval.  

The CaPSURE Diet and Lifestyle (CDL) sub-study – consisting of a comprehensive 

lifestyle questionnaire and full-length food frequency questionnaire (FFQ) – was administered at 

three time points between 2004-2016; a total of 2,891 men participated in at least one 

administration. For the subset of men who participated in more than one administration (n=443), 

only the first administration (closest to diagnosis date) was used. Men with a last clinical follow-

up (n=160) or documented progression (n=391) prior to completion of their first CDL 

questionnaire were excluded. Those with unknown or extreme caloric intake (<800 kcal/day or 

>4200 kcal/day; n=153) and/or missing ≥70 FFQ items (n=20) were also excluded, consistent 

with the recommended approach to address implausible energy intakes [113, 144, 145]. Finally, 

men with undocumented or unknown clinical T-stage (n=100) or T-stage >T3a (n=8) and those 

with death from an unknown cause (n=3) were excluded, resulting in a sample size of 2,056 

men with non-metastatic disease.  
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Diet and Lifestyle Questionnaire. We collected data on education, family history of 

prostate cancer, smoking history, medical history, supplement use, and height and weight (used 

to calculate body mass index [BMI]) via questionnaire. Self-reported dietary intake was collected 

via a validated [112-114, 146] semiquantitative FFQ that asked about average consumption of 

approximately 140 foods/beverages over the past year. Participants reported how often over the 

prior year they had consumed a specified portion size of each of the items. They could choose 

from 9 frequency options ranging from never or less than one serving per month to six or more 

servings per day. Metabolic equivalent of task (MET) hours per week of physical activity were 

derived based on self-report of average weekly time spent doing various aerobic and resistance 

exercises. Participants could choose from 11 frequency options ranging from 0 minutes to 11 

hours per week. 

Inflammatory and Insulinemic Potential of Whole Diets. Development and validation 

of the empirical dietary inflammatory pattern (EDIP), empirical dietary index for hyperinsulinemia 

(EDIH), and empirical dietary index for insulin resistance (EDIR) have been detailed previously 

[141, 142]. Briefly, each index was derived from FFQs (similar to the FFQ administered in 

CaPSURE) based on 39 pre-defined food groups. The EDIP was created using reduced-rank 

regression and stepwise linear regression to identify a dietary pattern that was predictive of 

three plasma inflammatory markers (interleukin-6, C-reactive protein, and tumor necrosis factor 

a receptor 2), resulting in the inclusion of 9 pro-inflammatory (red meat, processed meat, organ 

meat, other fish, tomatoes, other vegetables, refined grains, low-energy beverages, and high-

energy beverages) and 9 anti-inflammatory (coffee, tea, fruit juice, wine, beer, leafy green 

vegetables, dark yellow vegetables, snacks, and pizza) food groups.  

Using a similar method, the EDIH and EDIR were created by identifying dietary patterns 

that were most predictive of plasma C-peptide and TAG:HDL, respectively. Although similar 

metrics, hyperinsulinemia is a consequence of prolonged insulin resistance [133] due to 

diminished cellular response to insulin, resulting in additional insulin secretion and subsequently 
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high levels of insulin relative to glucose. The EDIH included 13 pro-insulin secretion (red meat, 

processed meat, other fish, poultry, eggs, margarine, butter, cream soups, low-fat dairy, french 

fries, tomatoes, high-energy beverages, low-energy beverages) and 5 anti-insulin secretion 

(coffee, wine, high fat dairy, leafy green vegetables, whole fruit) food groups. The EDIR included 

10 pro-insulin resistance (red meat, processed meat, other fish, tomatoes, cream soups, other 

vegetables, refined grains, margarine, fruit juice, and low-energy beverages) and 8 anti-insulin 

resistance (coffee, wine, liquor, beer, high fat dairy, nuts, leafy green vegetables, and dark 

yellow vegetables) food groups.  

The resulting EDIP, EDIH, and EDIR are weighted sums of 18 index-specific food 

groups (some overlapping), with higher indices reflecting diets with greater inflammatory (EDIP) 

or insulinemic (EDIH, EDIR) potential. A detailed list of the specific food items included in each 

food group for each of these indices can be found in Table 3.1. Weights are available in the 

original publications describing the creation of the indices [141, 142].  

We also considered how two related indices – the empirical lifestyle index for 

hyperinsulinemia (ELIH) and the empirical lifestyle index for insulin resistance (ELIR), 

developed using the same methodology as the EDIH and the EDIR – related to prostate cancer 

outcomes. A lifestyle index for inflammation has not yet been created. Both lifestyle indices 

included BMI and physical activity in addition to dietary factors (Table 3.1). Details of their 

development and validation, as well as the weights needed to calculate the indices, are 

available in the original publication describing the creation and validation of these indices [142]. 

Primary Outcome. In this cohort of men with non-metastatic prostate cancer at 

diagnosis, the primary outcome was time to prostate cancer progression. Progression was 

defined as biochemical recurrence, secondary treatment, bone metastases, or death attributed 

to prostate cancer (prostate cancer-specific mortality; PCSM). Biochemical recurrence was 

defined as two consecutive prostate-specific antigen (PSA) readings ≥0.2 ng/mL after radical 

prostatectomy or two consecutive PSA levels at least 2.0 ng/mL greater than the post-radiation 
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nadir following radiation therapy [147]. The date of recurrence was recorded as the date of the 

second elevated PSA. Secondary treatment was defined as any treatment started ≥6 months 

following completion of primary treatment. Bone metastases were attributed to prostate cancer if 

a urologist reported prostate cancer progression to bone or advancement to TNM stage M1b, 

the patient had a positive bone scan, or the patient underwent radiation to treat bone 

metastases. Cause of death was determined by the registry data coordinating center and 

through confirmation by either the vital statistics official death certificate from the state in which 

the death occurred or by the National Center for Health Statistics National Death Index. Deaths 

were attributed to prostate cancer if the death certificate included ICD-9 code 185 [(metastatic) 

malignant neoplasm of prostate] as the primary or secondary cause of death. For men with 

multiple progression events, the earliest event date was recorded as the date of progression. 

Time to progression was measured from the date of completion of the first questionnaire 

to the date of progression. However, the exact date of progression is unlikely to have occurred 

on the date of the clinic visit at which it was recorded. To account for this uncertainty, we used 

an interval rather than a precise date of progression. For men with documented biochemical 

recurrence, secondary treatment, or bone metastases, the censoring interval was bound by the 

last normal clinical visit (left limit) and the first clinic visit documenting evidence of progression 

(right limit). For men with only a progression event of PCSM, the left and right limit were both 

date of death. Men without documented progression were censored at their last date of follow-

up or death (other cause); thus, the right limit was undefined (i.e., censored). Clinical follow-up 

was last consistently assessed across all CaPSURE sites on January 31, 2019. The 26 men 

who had a last known clinical follow-up date beyond this date were administratively censored on 

January 31, 2019. 

Statistical Analysis. Pearson’s r was used to report correlations between each of the 5 

indices. Parametric survival models with a Weibull distribution were used to accommodate 

interval censoring. We fit survival models using both continuous indices [per 1-standard 
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deviation (SD) increase in index] and cohort-specific quintiles. All models were clustered by 

CaPSURE clinical site, with robust standard errors used to calculate confidence intervals (CI). 

Simple models were adjusted for age at diagnosis (continuous) and time between diagnosis and 

first questionnaire (continuous). Fully adjusted models additionally adjusted for T-stage (T1, T2, 

T3a), Gleason score (<7, 7, >7), and PSA (≤6ng/mL, >6 to 10ng/mL, >10ng/mL) at diagnosis; 

primary treatment (radical prostatectomy, radiation, hormonal therapy, watchful waiting/active 

surveillance, other); self-reported race (white, other); total energy intake (continuous, kcal/day); 

smoking status (current, former, never); family history of prostate cancer in a brother or father 

(yes/no); total alcohol intake (continuous, servings/day); use of supplements (multivitamins, 

calcium, vitamin E, or selenium; yes, no); BMI (continuous; models for dietary indices only); and 

physical activity (continuous, MET-hours/week; models for dietary indices only). We further 

considered adjustment for height, household income, education, intake of fatty fish and 

cruciferous vegetables, walking pace, and history of diabetes or heart disease, but estimates 

were qualitatively unchanged, so these variables were not included in the final models. We 

examined the goodness of fit of survival models using plots of Cox-Snell residuals. Fully 

adjusted models were also run using exponential distributions, which produced Cox-Snell 

residual plots that demonstrated poorer fit than Weibull models; thus, Weibull models were 

used.  

Interaction. We assessed interactions between each of the dietary indices (EDIP, EDIH, 

EDIR) and obesity in two ways. First, we created a cross product between each of the indices 

(continuous) and BMI (<30 vs ≥30kg/m2). We then used likelihood ratio tests based on models 

with and without the interaction terms to look for statistically significant multiplicative 

interactions. To assess additive interaction, we used the BMI thresholds (<30 vs ≥30kg/m2) and 

a dichotomized version of each index (above and below median) to create a 4-level variable 

(high index-high BMI, high index-low BMI, low index-high BMI, low index-low BMI) and added it 

to the fully adjusted model. Low index/low BMI was used as the referent and HR estimates were 
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used to calculate the relative excess risk due to interaction (RERI) [148, 149]. The delta method 

was used to calculate CI that indicated whether RERI results were different from zero (RERI ≠ 0 

is evidence of additive interaction) [150]. 

We evaluated PCSM as our secondary outcome given the small number of PCSM 

events (n=73) in this cohort of men initially diagnosed with non-metastatic disease. For these 

analyses, we utilized Cox proportional hazards models rather than parametric survival models 

because date of death was known. Men who were originally excluded due to documented 

progression prior to completion of the questionnaire were included in these secondary analyses 

(as death could not occur prior to completing the questionnaire), resulting in a sample size of 

2,447 men. Proportional hazards assumptions were assessed graphically by plotting the scaled 

Schoenfeld residuals against follow-up time. 

Additional Analyses. We were interested in understanding how deaths due to causes 

other than prostate cancer (i.e., competing risks) may have impacted our primary results. 

Methods to address competing risks in the presence of interval censoring are not readily 

available or accessible. Thus, we ran Cox proportional hazards analyses on our fully adjusted 

models of progression and compared these results to Fine-Gray analyses accounting for other 

deaths as a competing risk [151]. 

Although there was no missingness for any of the indices, missingness in covariates 

resulted in a loss of events in our fully adjusted models (n=17). To understand the impact of this 

missingness on our primary results, we performed a sensitivity analysis utilizing multiple 

imputation to handle missing data [127]. We performed multiple imputation via chained 

equations using the chained command in Stata to first generate 25 imputed datasets. We then 

fit survival models across all 25 imputed datasets and pooled the results using Rubin’s Rules 

[128]. Our imputed model included all variables without missingness (EDIP, EDIH, ELIH, EDIR, 

ELIR, BMI, physical activity, CaPSURE clinical site, age at diagnosis, vital status, total energy 

intake, days in follow-up, race, clinical T stage, and family history of prostate cancer) and 
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variables with incomplete values (diagnostic PSA and Gleason score, smoking status, 

supplement use, total alcohol intake, and primary treatment). 

All statistical analyses were performed using Stata version 17 (StataCorp, College 

Station, TX). A two-sided alpha level of 0.05 was used to assess statistical significance. 

Results 

Participant characteristics by quintile of the inflammatory and insulinemic dietary and 

lifestyle indices are shown in Tables 3.2-3.3. The participants had a mean (SD) age of 64.4 

(7.9) years at diagnosis, and most (n=1,953; 95%) identified as white race. Characteristics were 

fairly balanced across quintiles of each index, although men consuming more inflammatory and 

insulinemic diets tended to have higher BMI and lower levels of physical activity. This was also 

true for men with more insulinemic lifestyles, with a more pronounced increase in BMI and 

decrease in physical activity, as expected (both are components of these indices). Correlations 

between the indices are shown in Table 3.4. 

During a median follow-up of 6.4 years (IQR: 1.3, 12.7) after completion of the 

questionnaire, 192 progression events were documented, including 168 (88%) biochemical 

recurrences, 7 (4%) bone metastases, and 17 (9%) deaths related to prostate cancer as the first 

recorded event (a total of 73 men had documented PCSM, most with another progression event 

prior to PCSM). Secondary treatment did not account for any of the progression events. 

Participants with higher inflammatory diet indices (EDIP) had an increased risk of 

prostate cancer progression (HRper 1-SD= 1.27, 95% CI: 1.17-1.37), amounting to a 2.61-fold 

(95% CI: 1.75-3.90; ptrend <0.01) higher risk in those in the highest versus the lowest quintile of 

EDIP (Table 3.5). Those with more insulinemic diets (EDIH) also had a higher risk of 

progression (HRper 1-SD =1.24, 95% CI: 1.05-1.46), amounting to a 1.63-fold (95% CI: 0.93-2.86; 

ptrend=0.05) higher risk among those in the highest versus lowest quintile. The hyperinsulinemic 

lifestyle index (ELIH) was similarly associated with progression (HRper 1-SD =1.34, 95% CI: 1.17-
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1.54), with a 2.81-fold (95% CI: 1.78-4.43; ptrend<0.01) higher risk of progression among those in 

the highest versus lowest quintile of the index. There was suggestive evidence that the insulin 

resistance dietary index (EDIR) was associated with prostate cancer progression (HRper 1-

SD=1.22, 95% CI: 1.00-1.48), though results from the models with EDIR modeled as quintiles 

were not statistically significant (HRQ5 vs Q1=1.38, 95% CI: 0.62-3.11; ptrend=0.45). The insulin 

resistance lifestyle index (ELIR) was statistically significantly associated with a higher risk of 

prostate cancer progression (HRper 1-SD =1.36, 95% CI: 1.12-1.64), reflecting a 2.43-fold (95% CI: 

1.45-4.07; ptrend<0.01) higher risk of progression for those with the highest versus lowest quintile 

of the index (Table 3.5). 

There was no convincing evidence of associations with PCSM (Table 3.5), though 

power for these analyses was limited. There was also no evidence of interaction between any of 

the dietary indices and BMI (data not shown). 

Results from the Cox proportional hazards models for progression were very similar to 

those from the Parametric (Weibull) survival models, and there was no evidence that competing 

events impacted the results (Table 3.6). Multiple imputation resulted in 2,053 complete cases 

across all covariates and retainment of all 192 events in the multivariable models (Table 3.7). 

The results were qualitatively unchanged from the primary analysis. The supplemental material 

also includes results from the simple (i.e., not fully adjusted) models (Table 3.8). 

Discussion 

In these analyses, we evaluated associations of three dietary (EDIP, EDIH, EDIR) and 

two lifestyle (ELIH, ELIR) indices – previously developed to estimate concentrations of 

biomarkers for the underlying inflammatory and insulin pathways – with prostate cancer 

progression and PCSM. Findings from this study suggest that diets with high inflammatory or 

insulinemic potential following a prostate cancer diagnosis are associated with a 2.61-fold and 

1.63-fold higher risk of prostate cancer progression, respectively, for those in the highest versus 
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lowest quintiles. The evidence was weaker, but still consistent with a positive association, for 

diets promoting insulin resistance. 

The hyperinsulinemic and insulin resistance lifestyle indices also demonstrated strong 

associations with prostate cancer progression. Individuals in the highest versus lowest quintile 

of the ELIH and ELIR had a 2.8-fold and 2.4-fold higher risk of progression, respectively. These 

results are consistent with prior work demonstrating that the correlation between the lifestyle 

indices and circulating biomarkers was more than twice the correlation observed with the diet-

only indices [142]. These findings are also consistent with the World Cancer Research 

Fund/American Institute for Cancer Research report, which found adiposity to be the single 

most consistent factor predisposing men to higher risk of fatal prostate cancer [152]. Therefore, 

lifestyle changes that include more physical activity and achieving a healthy weight, in addition 

to low insulinemic and inflammatory diets, may lower risk of progression. 

Although, to our knowledge, no study has examined these dietary and lifestyle indices in 

men with prostate cancer, these findings are consistent with our current understanding of the 

role of the inflammation and insulin pathways in promoting cancer growth and development. 

This report adds to our understanding of how these pathways may promote prostate cancer 

progression. Specifically, insulin is a potent growth factor that promotes cell metabolism and 

mitogenic processes, and cancer cells have been shown to have a disproportionally higher 

expression of insulin receptors than normal cells [153, 154]. The EDIH has also been 

associated with a higher risk of prostate cancer development among previously disease-free 

men [155, 156]. Thus, it is plausible that higher levels of circulating insulin would promote 

prostate cancer progression [133]. Inflammation can also act to promote insulin production 

[133], and has been independently linked to prostate cancer risk [157]. For example, IL-6, a 

prominent inflammatory biomarker, has been shown to promote proliferation of prostate cells 

and inhibit cell death, and may be involved in the transition to metastatic disease [135]. The 

EDIP has also been associated with increased risk of incident lethal prostate cancer among 
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men under 65 years of age [156]. Thus, it is also plausible that diets promoting inflammatory 

processes would promote cancer progression.  

We observed a correlation between all three dietary indices, which is not surprising 

given the inflammatory and insulin pathways are interrelated [133, 158]. Indeed, prior research 

found that the EDIP was associated with biomarkers of hyperinsulinemia and that the EDIH was 

associated with biomarkers of inflammation [155, 159]. Similarly, although the insulin resistance 

and hyperinsulinemic indices were developed to predict different biomarkers [142], 

hyperinsulinemia is a consequence of prolonged insulin resistance [133]. Recent work found 

that the EDIH is predictive of both insulin secretion and insulin resistance [160], which may 

explain why the EDIR was not as strongly associated with prostate cancer progression as the 

EDIH in these analyses.  

We did not find statistically significant evidence of associations between any of the 

indices and PCSM. While other mechanisms for the lack of associations cannot be ruled out, 

our results may reflect the relatively small number of cause-specific deaths in this cohort of men 

diagnosed with non-metastatic prostate cancer. Further research is needed to understand 

whether the relevant biological mechanisms are associated with PCSM among men with 

prostate cancer. 

The inflammatory, hyperinsulinemic, and insulin resistance dietary indices were 

developed to predict inflammatory and insulinemic biomarkers associated with whole diet, and 

were not developed specific to any type of cancer. Recently, these indices have been 

associated with colorectal cancer incidence and mortality [161, 162], highlighting the role of 

inflammatory and insulin pathways across cancers [133]. Readers should focus on the 

importance of tailoring whole diets following a prostate cancer diagnosis to collectively minimize 

consumption of inflammatory foods and those known to over-stimulate insulin secretion, and 

avoid focusing on the role of any given component of these indices. 
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There are several limitations of our study. Measurement error is a known limitation of 

self-reported diet data. Men who self-select to participate in diet and lifestyle studies may also 

be relatively healthy compared to prostate cancer survivors who opt out. Men in our study 

predominately identified as white race, and 77% reported having at least some college-level 

education. While the generalizability of our results may thus be limited, the dietary indices have 

been applied in multiethnic samples and found to predict risk of developing type 2 diabetes with 

heightened risk among African- American and Hispanic women compared to European-

American women [163]. Additionally, although multiple imputation was utilized to address 

missingness in covariates, these methods rely on the assumption that data are missing at 

random, which cannot readily be assessed.  

In conclusion, in this cohort of men diagnosed with non-metastatic prostate cancer, diets 

with higher inflammatory and insulinemic potential were associated with higher risk of prostate 

cancer progression. Insulinemic lifestyle indices that included diet, physical activity, and BMI, 

were also associated with risk of disease progression. These findings add to the evidence that 

inflammation and insulin pathways influence prostate cancer progression and suggest that 

modifiable health habits may improve prostate cancer clinical outcomes. 
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Table 3.4. Correlations between post-diagnostic inflammatory, hyperinsulinemia, and 
insulin resistance diet and lifestyle indices 
 

Correlationsa 
 EDIP EDIH EDIR ELIH ELIR 
EDIP 1.000     
EDIH 0.628 1.000    
EDIR 0.736 0.738 1.000   
ELIH 0.250 0.470 0.326 1.000  
ELIR 0.513 0.660 0.769 0.736 1.000 
Abbreviations: EDIH – empirical dietary index for hyperinsulinemia; 
EDIP – empirical dietary inflammatory pattern; EDIR – empirical 
dietary index for insulin resistance; ELIH – empirical lifestyle index for 
hyperinsulinemia; ELIR – empirical lifestyle index for insulin 
resistance 
a Pearson’s correlation coefficients 
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