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Energy Balance and Prostate Cancer 

Abstract 

Obesity is associated with a higher risk of advanced prostate cancer and poorer 

prognosis after diagnosis. Those with the same body mass index (BMI) may differ in 

their underlying fat distribution and metabolic health, but the impact of these sub-

phenotypes on subsequent prostate cancer risk remains largely unknown. Further, 

physical activity after prostate cancer diagnosis may improve clinical outcomes, but no 

randomized trial to date has reported on physical activity and survival among prostate 

cancer survivors. In the absence of this data, cutting-edge methods for causal inference 

combined with high-quality observational data are needed to evaluate the survival 

impact of adhering to current guidelines for physical activity.  

In Chapter 1, we examined the association between body fat distribution and 

prostate cancer risk among Icelandic men in the AGES-Reykjavik Study. Our findings 

suggest that visceral and thigh subcutaneous adiposity are the most important fat 

depots for risk of advanced and fatal prostate cancer. Among leaner men based on 

BMI, visceral adiposity was the fat depot most strongly associated with both advanced 

and fatal prostate cancer. These findings may help elucidate underlying mechanisms 

and target intervention strategies. 

In Chapter 2, we emulated a target trial of guideline-based physical activity 

interventions and 10-year survival among US men with nonmetastatic prostate cancer in 

the Health Professionals Follow-up Study. We estimated that these men would have 
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experienced clinically meaningful reductions in mortality had they all followed current 

physical activity recommendations until the development of conditions limiting physical 

ability. These findings may help guide clinical recommendations for prostate cancer 

patients and future trial design.  

In Chapter 3, we applied metabolomics to identify plasma metabolites 

associated with various adiposity measures and evaluate the association between 

metabolically-defined obesity and advanced prostate cancer risk. We found that BMI, 

waist circumference, and derived fat mass were associated with a broad range of 

metabolic alterations. While neither adiposity nor metabolic scores were associated with 

risk of advanced prostate cancer, the identified metabolites may inform future research 

on the mechanisms linking obesity with various disease outcomes.  
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CHAPTER 1 
 

 

Body fat distribution and prostate cancer risk and mortality  

in the AGES-Reykjavik Study 

 

Barbra A. Dickerman, Johanna E. Torfadottir, Unnur A. Valdimarsdottir, Edward 
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ABSTRACT 

Background: Obesity is associated with a higher risk of advanced prostate cancer 

prostate cancer, but the role of body fat distribution remains unclear. 

Objective: To prospectively investigate objectively measured adiposity and risk of 

prostate cancer.  

Design, setting, and participants: From 2002-2006, a population-based sample of 

men in the AGES-Reykjavik Study underwent baseline computed tomography (CT) 

imaging of fat deposition, bioelectric impedance analysis, and measurement of body 

mass index (BMI) and waist circumference. We followed 1,832 men through linkage 

with nationwide cancer registries for incidence of total (n=172), high-grade (Gleason 

grade ≥8) (n=43), advanced (≥cT3b/N1/M1 at diagnosis or fatal prostate cancer over 

follow-up) (n=41), and fatal (n=31) prostate cancer through 2015. 

Outcome measurements and statistical analysis: Cox regression was used to 

evaluate the association between adiposity measures and prostate cancer outcomes.  

Results: Among all men, the fat depots most strongly associated with risk of advanced 

and fatal prostate cancer were visceral (hazard ratio [HR] 1.31 per 1 SD increase, 95% 

confidence interval [CI]: 1.00-1.72) and thigh subcutaneous adiposity (HR 1.37 per 1 SD 

increase, 95% CI: 1.00-1.88), respectively. Among leaner men based on BMI, visceral 

adiposity was the fat depot most strongly associated with both advanced and fatal 

prostate cancer. BMI and waist circumference were associated with a higher risk of 

advanced and fatal prostate cancer. No adiposity measures were associated with total 

or high-grade prostate cancer.  
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Conclusions: These findings suggest that visceral and thigh subcutaneous adiposity 

are the most important fat depots for risk of advanced and fatal prostate cancer, and, 

further, that visceral adiposity is the most important fat depot for these outcomes among 

leaner men based on BMI. This may help elucidate underlying mechanisms and target 

intervention strategies. 

	

INTRODUCTION 

Obesity is associated with a higher risk of advanced prostate cancer and poorer 

prognosis after diagnosis.1 Emerging evidence suggests that the specific distribution of 

body fat may be an important prognostic factor for prostate cancer outcomes.2-5 Body 

fat distribution is of interest because it may be a marker for different metabolic, 

hormonal, and inflammatory milieus that play a role in prostate carcinogenesis.3,6-13 The 

identification of adiposity phenotypes at highest risk of aggressive prostate cancer may 

therefore help elucidate the mechanisms linking obesity with aggressive disease and 

target corresponding intervention strategies. 

To date, few studies have investigated directly measured body fat distribution 

and prostate cancer risk. Cross-sectional and retrospective studies have reported 

associations between computed tomography (CT) measures of visceral fat and total4 

and high-grade5 prostate cancer. However, these studies were limited by small samples 

and the potential that the disease or its treatment may have influenced adiposity.4,5 

Further, the association between other fat depots and prostate cancer outcomes 

remains unclear.   

Here we undertook the first prospective study of CT-measured fat distribution 

and risk of prostate cancer and measures of aggressive disease. 
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MATERIALS AND METHODS 

Study population 

 We leveraged data from the AGES-Reykjavik study, a longitudinal population-

based study in Iceland described in detail elsewhere.14 From 2002-2006, participants 

underwent a comprehensive baseline examination involving a medical history, physical 

examination, imaging studies, and questionnaires on health-related behaviors. At 

baseline, we excluded those with a history of cancer (n=453), missing CT data (n=136), 

or a BMI <18.5 kg/m2 (N=17), leaving 1,832 men in our analysis. The study was 

approved by the Icelandic Ethical Review Board and the Icelandic Data Protection 

Authority.     

 

Adiposity measures and covariates 

Adiposity was assessed at baseline. Participants underwent CT imaging for 

assessment of fat area in the abdomen (visceral and subcutaneous) and thigh 

(intermuscular and subcutaneous). CT imaging is the gold standard for measuring fat 

distribution,15 and the internal reliability of this measure was excellent (CV <5% for all 

fat depot measures). Imaging was performed with a 4-row detector system (Sensation; 

Siemens Medical Systems, Erlangen, Germany). Abdominal visceral and subcutaneous 

fat areas (cm2) were measured from a single 10-mm trans-axial section at the L4/L5 

vertebrae. Visceral fat was distinguished from subcutaneous fat by tracing along the 

fascial plane defining the internal abdominal wall. Thigh intermuscular and 

subcutaneous fat areas were measured from a single 10-mm trans-axial section using a 

120-kV peak at the femoral midpoint by manually drawing a line along the deep fascial 
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plane surrounding the thigh muscles.16 Analysis of the CT images was performed using 

specialized software developed at the University of California, San Francisco.  Total 

body fat was measured by bioelectrical impedance. Height, weight, and waist 

circumference were measured by trained technicians. BMI was calculated as weight 

(kg)/ height (m)2. We obtained information on lifestyle and clinical covariates from the 

baseline questionnaire. 

 

Outcome ascertainment  

 Record linkage to the nationwide Icelandic Cancer Registry through unique 

identification numbers was used to identify prostate cancer diagnosed from study entry 

through December 31, 2015. We also obtained information on all-cause and prostate 

cancer -specific deaths over the study period from the Directorate of Health. Cancer 

registration is mandatory and estimated completeness is very high (99.2%).17 Over 98% 

of prostate cancer diagnoses were morphologically verified.17 Incident prostate cancer 

was categorized as total, high-grade (Gleason grade ≥8), advanced (≥cT3b or N1 or M1 

at diagnosis, or fatal prostate cancer over follow-up), and fatal (which was also included 

in the advanced category). We were missing data on stage and grade for 13 (7.6%) 

cases.   

 

Statistical analysis 

 We estimated the correlation between adiposity measures by calculating 

Spearman correlation coefficients. We also conducted partial correlation analysis 

adjusting for age.  
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 We used Cox regression to estimate hazard ratios (HRs) and 95% confidence 

intervals (CIs) for total, high-grade, advanced, and fatal prostate cancer. We followed 

men from the date of the baseline examination until the incident prostate cancer 

outcome of interest, death, or administrative end of follow-up (December 31, 2015), 

whichever happened first. We adjusted for the baseline covariates: age, family history of 

prostate cancer, smoking status, education, frequency of moderate/vigorous physical 

activity during youth and midlife, and presence of a physician visit over the past year. 

Our primary analyses did not adjust for alcohol consumption because of inconsistent 

findings for a link with prostate cancer; however, estimates were qualitatively similar 

with adjustment for alcohol (data not shown). Models for fat depots and waist 

circumference were additionally adjusted for height (continuous). In sensitivity analyses 

for the fat depot models, we additionally adjusted for BMI and mutually adjusted for all 

fat depots. Missing data for categorical covariates were assigned to the referent group 

(smoking status, n=2; education, n=19, physical activity, n=111; physician visit, n=35). 

 We further conducted pre-specified stratified analyses to evaluate whether the 

association between fat distribution and prostate cancer varied by BMI (dichotomized at 

the median; <27 vs. ≥27 kg/m2). This cut-off was selected to optimize case distribution 

and power for analyses in each stratum. Tests for heterogeneity were performed using 

likelihood ratio tests comparing models with and without a product term between the 

exposure of interest and BMI. Finally, we conducted sensitivity analyses (1) excluding 

men older than 80 years at study entry and (2) excluding the first five years of follow-up 

to address potential reverse causation. 

 Analyses were conducted using SAS 9.3 (SAS Institute, Inc., Cary, NC).   
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RESULTS 

Among 1,832 men, there were 172 prostate cancer diagnoses, including 31 

prostate cancer-specific deaths, over the study period. Of the incident prostate cancer 

diagnoses, 41 were advanced and 43 were high-grade tumors. Median follow-up time 

was 10.1 years until prostate cancer diagnosis and 10.4 years until prostate cancer 

death. 

Table 1.1 shows baseline characteristics of the men by fat depot measures 

dichotomized at the median. Those with higher visceral fat had a higher BMI and waist 

circumference, lower physical activity during youth and midlife, and were less likely to 

be current smokers. Similar associations were seen for higher levels of other fat depots.  

Appendix Table 1.1 shows the distribution of adiposity measures. At baseline, 

the median BMI was 27 kg/m2 and median waist circumference was 102 cm. Table 1.2 

shows the Spearman correlation coefficients between adiposity measures. BMI was 

highly correlated with waist circumference (rs=0.87) and total body fat (rs=0.84). Of the 

fat depots, abdominal subcutaneous fat was highly correlated with BMI and waist 

circumference (rs=0.82 and rs=0.83, respectively); visceral fat was correlated with BMI 

and waist circumference to a lesser extent (rs=0.69 and rs=0.73, respectively). 

Estimates were similar after adjusting for age (data not shown).  
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Table 1.1 Age-standardized characteristics of 1,832 men at entry into the AGES-Reykjavik Study by fat depot measures1, 2002 
 Abdominal visceral  Abdominal subcutaneous  Thigh intermuscular  Thigh subcutaneous 

 
<M  

N = 908 
≥M 

N = 924 
 <M 

N = 907 
≥M 

N = 925 
 <M 
N = 887 

≥M 
N = 945 

 <M  
N = 901 

≥M 
N = 931  

Follow-up time2 (years) 8.6(3.8) 8.8(3.5)  8.6(3.8) 8.8(3.5)  8.9(3.7) 8.5(3.6)  8.7(3.7) 8.6(3.6) 
Age at entry (years) 76.7(5.4) 75.9(5.2)  76.9(5.5) 75.6(5.1)  76.0(5.4) 76.5(5.3)  76.6(5.4) 76.0(5.3) 
Height (cm) 175.0(6.0) 176.0(6.2)  175.0(6.0) 176.0(6.2)  175.1(6.0) 175.9(6.3)  175.2(6.0) 175.8(6.3) 
Body mass index (kg/m2) 24.9(2.8) 28.9(3.4)  24.5(2.4) 29.3(3.1)  25.2(3.1) 28.6(3.6)  25.2(2.9) 28.7(3.6) 
Waist circumference (cm) 96.6(7.7) 108.3(9.2)  95.6(6.8) 109.2(8.5)  98.0(8.9) 106.7(9.9)  97.5(8.0) 107.3(9.9) 
Total fat mass (kg) 14.8(4.9) 22.3(6.2)  14.3(4.2) 22.9(5.9)  15.6(5.6) 21.7(6.7)  15.4(5.2) 21.8(6.6) 
Percent body fat  19.1(4.7) 24.7(4.2)  18.8(4.3) 25.1(4.1)  19.7(4.9) 24.2(4.8)  19.5(4.7) 24.3(4.7) 
Education            
- Primary, % 16.9 14.9  16.2 15.6  16.3 15.7  15.4 16.6 
- Secondary, % 53.4 53.3  54.0 52.7  53.0 53.2  53.5 52.7 
- College, % 12.1 12.1  12.5 11.6  12.0 12.2  12.7 11.5 
- University, % 16.8 18.4  16.6 18.6  17.7 17.8  17.6 17.9 
Smoking status            
- Never, % 32.0 27.0  29.9 28.9  30.0 28.3  31.9 26.9 
- Former3, % 54.0 64.2  56.5 61.9  56.2 62.6  55.5 63.2 
- Current, % 13.9 8.7  13.5 9.2  13.7 9.0  12.6 9.7 
Frequency of moderate/vigorous 
physical activity, ≥4 hours/week, % 38.9 34.7 

 
39.0 34.6 

 
39.5 33.7 

 
37.7 35.7 

Family history of prostate cancer, % 9.6 9.3  10.0 8.6  8.7 9.9  10.1 8.9 
Physician visit over past 12 months, % 78.2 83.5  79.5 82.3  77.0 84.3  79.9 82.0 
Type 2 diabetes4, % 12.0 20.0  13.1 19.1  13.5 18.6  16.6 15.8 
 Values are means (SD) or percentages and are standardized to the age distribution of the study population. 
  1 Dichotomized at median: abdominal visceral (195 cm2) and subcutaneous (193 cm2); thigh intermuscular (33 cm2) and subcutaneous (71 cm2).  
  2 Time from enrollment to prostate cancer diagnosis, death, or end of follow-up. 
  3 Regularly smoked at least 100 cigarettes or 20 cigars in lifetime. 
  4 Type 2 diabetes by self-report or fasting glucose ≥7 mmol/L. 
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Table 1.2 Spearman correlation between adiposity measures at baseline for men in the AGES-Reykjavik Study, 2002  

BMI 
Waist 

circumference 
Total 

body fat 
Percent 
body fat 

Abdominal 
visceral 

Abdominal 
subcutaneous 

Thigh 
intermuscular 

Thigh 
subcutaneous 

BMI 1.00        
Waist circumference 0.87 1.00       
Total body fat 0.84 0.87 1.00      
Percent body fat 0.71 0.77 0.95 1.00     
Abdominal visceral 0.69 0.73 0.70 0.65 1.00    
Abdominal subcutaneous 0.82 0.83 0.81 0.75 0.55 1.00   
Thigh intermuscular 0.57 0.55 0.57 0.53 0.38 0.53 1.00  
Thigh subcutaneous 0.60 0.58 0.59 0.56 0.36 0.69 0.34 1.00 
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Visceral adiposity was the fat depot measure most strongly associated with risk 

of advanced prostate cancer (HR 1.31 per 1 standard deviation [SD] increase, 95% CI: 

1.00-1.72) (Table 1.3). Thigh subcutaneous adiposity was the fat depot most strongly 

associated with risk of fatal prostate cancer (HR 1.37 per 1 SD increase, 95% CI: 1.00-

1.88) (Table 1.3). Mutual adjustment for all fat depots did not qualitatively change these 

results (HR for advanced prostate cancer 1.31 per 1 SD increase in visceral adiposity, 

95% CI: 0.96-1.80; HR for fatal prostate cancer 1.42 per 1 SD increase in thigh 

subcutaneous adiposity, 95% CI: 0.90-2.25). Additional adjustment for BMI attenuated 

the estimates, particularly for the other fat depots (Appendix Table 1.2). Results for 

total fat mass and percent fat were similar; a 1 SD increase in either was associated 

with a non-statistically significant higher risk of advanced and fatal prostate cancer 

(Table 1.3). The association between visceral adiposity and advanced and fatal 

prostate cancer was stronger and statistically significant among men with a BMI <27 

kg/m2 and weaker and not significant among men with BMI ≥27 kg/m2; however, 

confidence intervals were wide and tests for heterogeneity by BMI were not significant 

(Table 1.4).  

Each 5 kg/m2 increase in BMI was associated with a 50% higher risk of advanced 

(HR 1.52, 95% CI: 1.02-2.27) and fatal (HR 1.56, 95% CI: 0.97-2.53) prostate cancer 

(Table 1.3). Those who were obese (BMI ≥30 kg/m2) had a higher risk of advanced (HR 

2.54, 95% CI: 1.08-6.00) and fatal (HR 2.59, 95% CI: 0.90-7.45) prostate cancer 

compared with those with a healthy BMI (Table 1.3). Each 1 SD (10.3 cm) increase in 

waist circumference was associated with a 40% higher risk of advanced (HR 1.40, 95% 

CI: 1.04-1.89) and fatal (HR 1.45, 95% CI: 1.01-2.07) prostate cancer (Table 1.3).  
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No adiposity measures were associated with risk of total or high-grade prostate 

cancer (Table 1.3). Results for all adiposity measures were qualitatively similar in 

sensitivity analyses excluding men older than 80 years at study entry and excluding the 

first five years of follow-up (data not shown).
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Table 1.3 Association between adiposity measures and risk of prostate cancer among men in the AGES-Reykjavik Study, 2002-
2015 

 Total prostate cancer  High-grade prostate cancer 

 

Events/ 
Total 

Age-adjusted 
HR (95% CI)1 

Fully-adjusted 
HR (95% CI)2 

 Events/ 
Total 

Age-adjusted 
HR (95% CI)1 

Fully-adjusted 
HR (95% CI)2 

CT imaging of fat depots       
Abdominal visceral 172/1832 1.02 (0.88, 1.19) 1.02 (0.88, 1.19)  43/1832 1.01 (0.75, 1.37) 0.98 (0.72, 1.33) 
Abdominal subcutaneous 172/1832 0.96 (0.82, 1.12) 0.97 (0.83, 1.13)  43/1832 1.02 (0.76, 1.38) 1.02 (0.76, 1.38) 
Thigh intermuscular 172/1832 0.91 (0.78, 1.07) 0.91 (0.78, 1.08)  43/1832 0.92 (0.67, 1.27) 0.92 (0.66, 1.27) 
Thigh subcutaneous 172/1832 1.01 (0.87, 1.18) 1.02 (0.88, 1.19)  43/1832 1.14 (0.87, 1.50) 1.14 (0.86, 1.50) 
Bioelectric impedance analysis      
Total fat mass 132/1425 1.00 (0.84, 1.19) 0.98 (0.83, 1.18)  35/1425 1.01 (0.72, 1.41) 0.98 (0.69, 1.40) 
Percent fat             132/1425 1.00 (0.84, 1.19) 0.99 (0.83, 1.18)  35/1425 1.05 (0.75, 1.49) 1.03 (0.73, 1.46) 
Anthropometric measurements      
BMI,                                
per 5 kg/m2 Increase 172/1832 1.01 (0.82, 1.24) 1.01 (0.82, 1.24) 

 
43/1832 1.05 (0.71, 1.58) 1.02 (0.67, 1.53) 

BMI <25 kg/m2 56/579 1 1  12/579 1 1 
25≤BMI<30 kg/m2 81/899 0.86 (0.61, 1.21) 0.84 (0.59, 1.19)  22/899 1.05 (0.52, 2.12) 0.96 (0.47, 1.96) 
BMI ≥30 kg/m2 35/354 0.94 (0.61, 1.44) 0.95 (0.62, 1.46)  9/354 1.06 (0.44, 2.53) 1.00 (0.42, 2.43) 
Waist circumference 172/1832 1.01 (0.87, 1.17) 1.02 (0.87, 1.19)  43/1832 0.97 (0.72, 1.32) 0.95 (0.69, 1.31) 
HR: Hazard ratio; CI: Confidence interval; BMI: Body mass index.  
Continuous adiposity measures were modeled per 1 standard deviation (SD) increase unless otherwise noted. The adiposity 
measures and corresponding 1 SD increments are: abdominal visceral fat (85.7 cm2), abdominal subcutaneous fat (85.6 cm2), 
thigh intermuscular (16.0 cm2), thigh subcutaneous (39.2 cm2), total fat mass (6.8 kg), percent fat (5.3%), waist circumference 
(10.3 cm). 
1 Adjusted for age at study entry (continuous).   
2 Additionally adjusted for the following variables, measured at study entry: family history of prostate cancer (yes, no), smoking 
status (never, former, current), education (primary/secondary, college/university), physical activity (≤3 hours/week, ≥4 
hours/week), and physician visit over past 12 months (yes, no). Models for fat depots and waist circumference were additionally 
adjusted for height (continuous). 
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Table 1.3 (Continued) Association between adiposity measures and risk of prostate cancer among men in the AGES-Reykjavik 
Study, 2002-2015 

 Advanced prostate cancer  Fatal prostate cancer 

 

Events/ 
Total 

Age-adjusted 
HR (95% CI)1 

Fully-adjusted 
HR (95% CI)2 

 Events/ 
Total 

Age-adjusted 
HR (95% CI)1 

Fully-adjusted 
HR (95% CI)2 

CT imaging of fat depots       
Abdominal visceral 41/1832 1.31 (0.99, 1.74) 1.31 (1.00, 1.72)  31/1832 1.21 (0.86, 1.71) 1.24 (0.89, 1.73) 
Abdominal subcutaneous 41/1832 1.17 (0.87, 1.57) 1.22 (0.91, 1.63)  31/1832 1.18 (0.84, 1.66) 1.26 (0.89, 1.78) 
Thigh intermuscular 41/1832 1.00 (0.73, 1.36) 1.02 (0.75, 1.40)  31/1832 1.22 (0.88, 1.70) 1.27 (0.91, 1.78) 
Thigh subcutaneous 41/1832 1.21 (0.92, 1.59) 1.25 (0.95, 1.64)  31/1832 1.29 (0.94, 1.77) 1.37 (1.00, 1.88) 
Bioelectric impedance analysis      
Total fat mass 32/1425 1.17 (0.83, 1.65) 1.17 (0.83, 1.67)  25/1425 1.15 (0.77, 1.72) 1.17 (0.78, 1.75) 
Percent fat             32/1425 1.20 (0.84, 1.71) 1.19 (0.83, 1.69)  25/1425 1.20 (0.79, 1.81) 1.20 (0.80, 1.81) 
Anthropometric measurements      
BMI,                                
per 5 kg/m2 Increase 41/1832 1.45 (0.98, 2.16) 1.52 (1.02, 2.27) 

 
31/1832 1.46 (0.91, 2.34) 1.56 (0.97, 2.53) 

BMI <25 kg/m2 10/579 1 1  7/579 1 1 
25≤BMI<30 kg/m2 18/899 1.14 (0.53, 2.48) 1.19 (0.54, 2.61)  16/899 1.53 (0.63, 3.73) 1.68 (0.68, 4.14) 
BMI ≥30 kg/m2 13/354 2.18 (0.95, 5.03) 2.54 (1.08, 6.00)  8/354 2.11 (0.76, 5.87) 2.59 (0.90, 7.45) 
Waist circumference                               41/1832 1.32 (0.98, 1.77) 1.40 (1.04, 1.89)  31/1832 1.31 (0.92, 1.86) 1.45 (1.01, 2.07) 
HR: Hazard ratio; CI: Confidence interval; BMI: Body mass index.  
Unless otherwise noted, continuous adiposity measures were modeled per 1 standard deviation (SD) increase. The adiposity 
measures and corresponding 1 SD increments are: abdominal visceral fat (85.7 cm2), abdominal subcutaneous fat (85.6 cm2), 
thigh intermuscular (16.0 cm2), thigh subcutaneous (39.2 cm2), total fat mass (6.8 kg), percent fat (5.3%), waist circumference 
(10.3 cm) 
1 Adjusted for age at study entry (continuous).   
2 Additionally adjusted for the following variables, measured at study entry: family history of prostate cancer (yes, no), smoking 
status (never, former, current), education (primary/secondary, college/university), physical activity (≤3 hours/week, ≥4 
hours/week), and physician visit over past 12 months (yes, no). Models for fat depots and waist circumference were additionally 
adjusted for height (continuous). 
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Table 1.4 Association between abdominal visceral fat and risk of prostate cancer 
among 1832 men in the AGES-Reykjavik Study, 2002-2015: By BMI 

 Total prostate cancer High-grade prostate cancer 

 
Events/
Total 

Fully-adjusted  
HR (95% CI)1 

Events/
Total 

Fully-adjusted  
HR (95% CI)1 

Abdominal visceral     
BMI <27 kg/m2 99/981 1.20 (0.91, 1.57) 26/981 1.31 (0.76, 2.24) 
BMI ≥27 kg/m2 73/851 1.05 (0.83, 1.34) 17/851 0.97 (0.59, 1.61) 
p-heterogeneity  0.82  0.92 

Abdominal subcutaneous     
BMI <27 kg/m2 99/981 0.97 (0.69, 1.37) 26/981 1.60 (0.82, 3.11) 
BMI ≥27 kg/m2 73/851 1.12 (0.88, 1.42) 17/851 1.14 (0.70, 1.85) 
p-heterogeneity  0.51  0.67 

Thigh intermuscular     
BMI <27 kg/m2 99/981 0.90 (0.65, 1.22) 26/981 0.86 (0.46, 1.63) 
BMI ≥27 kg/m2 73/851 0.99 (0.79, 1.24) 17/851 1.11 (0.70, 1.74) 
p-heterogeneity  0.78  0.63 

Thigh subcutaneous     
BMI <27 kg/m2 99/981 1.12 (0.84, 1.51) 26/981 1.66 (0.99, 2.79) 
BMI ≥27 kg/m2 73/851 1.08 (0.88, 1.33) 17/851 1.19 (0.80, 1.78) 
p-heterogeneity  0.59  0.45 

HR: Hazard ratio; CI: Confidence interval; BMI: Body mass index. 
Continuous adiposity measures were modeled per 1 standard deviation (SD) increase: 
abdominal visceral fat (85.7 cm2), abdominal subcutaneous fat (85.6 cm2), thigh 
intermuscular (16.0 cm2), thigh subcutaneous (39.2 cm2). 
1Adjusted for the following variables, measured at study entry: age (continuous), height 
(continuous), family history of prostate cancer (yes, no), smoking status (never, former, 
current), education (primary/secondary, college/university), physical activity (≤3 
hours/week, ≥4 hours/week), and physician visit over past 12 months (yes, no).  
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Table 1.4 (Continued) Association between abdominal visceral fat and risk of prostate 
cancer among 1832 men in the AGES-Reykjavik Study, 2002-2015: By BMI 

 Advanced prostate cancer Fatal prostate cancer 

 
Events/
Total 

Fully-adjusted  
HR (95% CI)1 

Events/
Total 

Fully-adjusted 
HR (95% CI)1 

Abdominal visceral     
BMI <27 kg/m2 20/981 1.95 (1.07, 3.54) 15/981 2.13 (1.12, 4.05) 
BMI ≥27 kg/m2 21/851 1.11 (0.73, 1.68) 16/851 0.83 (0.47, 1.48) 
p-heterogeneity  0.67  0.41 

Abdominal subcutaneous     
BMI <27 kg/m2 20/981 1.02 (0.48, 2.16) 15/981 1.34 (0.56, 3.21) 
BMI ≥27 kg/m2 21/851 1.33 (0.87, 2.04) 16/851 1.27 (0.75, 2.17) 
p-heterogeneity  0.31  0.72 

Thigh intermuscular     
BMI <27 kg/m2 20/981 0.59 (0.28, 1.25) 15/981 0.65 (0.28, 1.52) 
BMI ≥27 kg/m2 21/851 1.11 (0.73, 1.69) 16/851 1.56 (0.96, 2.53) 
p-heterogeneity  0.67  0.08 

Thigh subcutaneous     
BMI <27 kg/m2 20/981 1.07 (0.55, 2.08) 15/981 1.16 (0.55, 2.44) 
BMI ≥27 kg/m2 21/851 1.34 (0.95, 1.90) 16/851 1.50 (0.96, 2.33) 
p-heterogeneity  0.17  0.14 

HR: Hazard ratio; CI: Confidence interval; BMI: Body mass index. 
Continuous adiposity measures were modeled per 1 standard deviation (SD) increase: 
abdominal visceral fat (85.7 cm2), abdominal subcutaneous fat (85.6 cm2), thigh 
intermuscular (16.0 cm2), thigh subcutaneous (39.2 cm2). 
1Adjusted for the following variables, measured at study entry: age (continuous), height 
(continuous), family history of prostate cancer (yes, no), smoking status (never, former, 
current), education (primary/secondary, college/university), physical activity (≤3 
hours/week, ≥4 hours/week), and physician visit over past 12 months (yes, no).  
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DISCUSSION 

In this prospective cohort of Icelandic men with objective measures of adiposity, 

visceral and thigh subcutaneous adiposity were the fat depots most strongly associated 

with risk of advanced and fatal prostate cancer, respectively. Among men with a lower 

BMI, visceral adiposity was the fat depot most strongly associated with both advanced 

and fatal prostate cancer. BMI and waist circumference were also associated with a 

higher risk of advanced and fatal prostate cancer. No adiposity measures were 

associated with total or high-grade prostate cancer.  

To our knowledge, this is the first prospective study of directly measured fat 

distribution and risk of advanced prostate cancer. Previous retrospective and cross-

sectional studies incorporating CT measures of adiposity have reported mixed 

findings.4,5,18 A case-control study reported a positive association between visceral fat 

and total prostate cancer.4 In contrast, we found an association between prospectively 

measured visceral fat and risk of advanced and fatal prostate cancer, but not total 

prostate cancer. In cross-sectional studies of men undergoing radiotherapy for prostate 

cancer, higher visceral and abdominal subcutaneous fat were associated with higher 

National Comprehensive Cancer Network prostate cancer risk group,18 and abdominal 

subcutaneous adiposity was also associated with high-grade prostate cancer.5 One of 

these studies found that visceral fat and high-grade (Gleason grade ≥7) prostate cancer 

were positively associated among black men but not associated among non-black men, 

similar to our results in a population of white men.5 These previous studies differed in 

design, size, participant characteristics (e.g. age, race, adiposity measures), modeling 

of adiposity measures, and analytic approach. 
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BMI has been associated with a higher risk of advanced and fatal, but not total, 

prostate cancer,3 which is in agreement with our findings. A meta-analysis showed an 

8% higher risk of advanced prostate cancer (RR 1.08, 95% CI: 1.04-1.12; 23 studies) 

and 11% higher risk of prostate cancer-specific mortality (RR 1.11, 95% CI: 1.06-1.17; 

12 studies) per 5 kg/m2 increase in BMI.3 In the present study, we found that each 5 

kg/m2 increase in BMI was associated with a 50% higher risk of advanced and fatal 

prostate cancer. Different estimates across studies may be related to the timing of BMI 

measurement, length of follow-up, and patient characteristics. For example, studies 

suggest that the association between BMI and prostate cancer risk may differ according 

to age19,20 and race.21 Because age and race are key determinants of fat distribution,22 

the heterogeneity of findings for BMI may be partly explained by variation in fat 

distribution patterns differentially associated with prostate cancer.  

Findings for waist circumference, a surrogate of central adiposity, and prostate 

cancer have been mixed. Some studies have found higher waist circumference to be 

associated with a higher risk of advanced and high-grade prostate cancer,2,3 while other 

studies have been null.23 This is in line with our findings for a positive association 

between waist circumference and advanced prostate cancer, but null results for high-

grade prostate cancer. Waist circumference is limited by the inability to differentiate 

visceral from subcutaneous adipose, which may partly explain heterogeneous findings.  

Percent body fat, measured using bioelectric impedance, has been associated 

with high-grade prostate cancer in case-control studies.24,25 In contrast, we found no 

association between prospectively measured percent body fat and high-grade prostate 

cancer. A prospective analysis of 10,564 initially cancer-free men in the Malmö Diet and 
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Cancer cohort similarly found no association between percent body fat and risk of 

aggressive prostate cancer (≥cT3 or N1 or M1, or Gleason ≥8, or pre-treatment PSA 

≥50 ng/mL).23  

A prospective study among 129,502 men in the European Prospective 

Investigation into Cancer and Nutrition (EPIC) reported that central adiposity, assessed 

by waist circumference, was associated with a higher risk of advanced and high-grade 

prostate cancer, particularly among men with a healthy BMI.2 We similarly found that the 

association between visceral adiposity and advanced prostate cancer was stronger 

among men with a lower versus higher BMI, though confidence intervals were wide. 

Further exploration of metabolically unhealthy, normal weight phenotypes with respect 

to prostate cancer outcomes is needed.  

Fat distribution may be an important prognostic factor for prostate cancer 

outcomes by serving as a marker for metabolic, hormonal, and inflammatory milieus 

that play a role in prostate carcinogenesis.3,6-13 For example, visceral fat is inversely 

associated with bioavailable testosterone7,8 and adiponectin,4 and more strongly 

associated with insulin resistance and pro-inflammatory cytokines than subcutaneous 

fat13 – factors that may influence prostate cancer progression.12,13,26,27  

Further studies are needed to investigate whether the fat depots themselves 

exert systemic or local effects in ways that promote aggressive disease, or whether they 

are markers for a physical activity pattern or underlying hormonal milieu that influences 

both fat distribution and aggressive disease.28 For example, fat may be preferentially 

deposited in the visceral depot among leaner men in the presence of a particular 
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hormonal milieu. If this hormonal milieu is also a prognostic factor for advanced prostate 

cancer, this could partially explain the results of our analyses stratified by BMI.  

These findings should be considered in light of potential limitations and strengths. 

Exposures were measured once at cohort entry, so we were unable to assess changes 

in fat depots over time. However, given the follow-up time, we were able to assess 

adiposity in a reasonable etiologic time window of exposure.29,30 It has been 

hypothesized that obese men may experience delayed detection (due to lower PSA 

values and biopsy accuracy) and therefore more advanced disease at diagnosis than 

leaner men, which might partially explain our findings of a higher risk of aggressive 

prostate cancer for men with higher overall obesity.31,32 However, we found that higher 

visceral fat was associated with a higher risk of aggressive disease even among leaner 

men based on BMI. We cannot rule out the possibility that our findings might be partially 

explained by differences in PSA testing, although our population was not subject to 

routine PSA testing and we adjusted for a measure of recent healthcare utilization to 

account for varying degrees of diagnosis opportunity. The number of advanced and fatal 

cancers was small and thus power was reduced. Lastly, our study population consisted 

of older white men, so results may not be generalizable to younger, more diverse 

groups of men.  

The major strength of this study is that it is the first prospective analysis of CT 

quantified fat depots and prostate cancer risk. Our prospective design minimizes the 

likelihood of reverse causation, whereby the disease or its treatment influences fat 

distribution. Further, the use of gold-standard measures of fat distribution enabled us to 

examine the obesity-prostate cancer link with higher resolution than studies of BMI and 
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waist circumference. This provides more insight into potential underlying mechanisms. 

The misclassification of fat distribution is a risk in studies relying on surrogate measures 

and may contribute to the variability in epidemiologic findings on obesity and prostate 

cancer. Precise measures of fat distribution are particularly important among older 

individuals, because BMI becomes a less reliable measure of adiposity with age due to 

the loss of lean body mass and redistribution of adipose toward the visceral 

compartment.33 Additional strengths of this study include its population-based sample, 

long duration of follow-up, complete and reliable outcome data obtained through registry 

linkage, and the availability of comprehensive questionnaire data.  

In summary, our findings suggest that visceral and thigh subcutaneous adiposity 

are the most important fat depots for risk of advanced and fatal prostate cancer, and, 

further, that visceral adiposity is the most important depot for these outcomes among 

leaner men based on BMI. Studies of BMI or waist circumference alone may not capture 

these important sub-phenotypes, which may explain the heterogeneity of previous 

findings for obesity and prostate cancer. Further studies are needed to prospectively 

investigate fat distribution and prostate cancer outcomes, with attention to changes in 

fat depots over time, biological pathways, and potential heterogeneity by BMI. The 

identification of the adiposity phenotypes at highest risk of aggressive prostate cancer 

may help elucidate the mechanisms linking obesity with aggressive disease and target 

intervention strategies.  
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ABSTRACT 

Purpose: In the absence of mortality data from randomized trials of prostate cancer 

patients, we emulated a target trial of guideline-based physical activity interventions and 

10-year survival among US men with nonmetastatic prostate cancer.  

Methods: We used observational data on 2,299 men in the Health Professionals 

Follow-up Study diagnosed with nonmetastatic prostate cancer from 1998-2010 and 

free of conditions that might preclude participation at baseline (defined as first post-

diagnostic questionnaire). We estimated their survival under several guideline-based 

physical activity interventions starting at baseline and ending at the development of 

metastasis or conditions limiting physical ability. Information on physical activity and risk 

factors was updated every two years. We adjusted for baseline and time-varying risk 

factors for death using the parametric g-formula.  

Results: We observed 250 deaths within 10 years of diagnosis. Compared with the 

observed 15.4% mortality risk, the estimated 10-year risk (95% confidence interval, CI) 

of mortality was 13.0% (10.9-15.4%) and 11.1% (8.7-14.1%) for ≥1.25 and ≥2.5 

hours/week of vigorous activity, and 13.9% (12.0-16.0%) and 12.6% (10.6-14.7%) for 

≥2.5 and ≥5 hours/week of moderate activity, respectively. Under strategies restricted to 

men free of chronic disease, the corresponding estimates were 14.2% (12.4-16.2%), 

13.1% (11.2-15.3%), 14.3% (12.7-16.4%), and 13.7% (11.9-15.6%).  

Conclusion: We estimated that these US men with nonmetastatic prostate cancer 

would have experienced clinically meaningful reductions in mortality had they all 

followed current physical activity recommendations until the development of conditions 
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limiting physical ability. These findings may help guide clinical recommendations for 

prostate cancer patients and future trial design.   

 

INTRODUCTION 

Observational studies suggest that physical activity after prostate cancer 

diagnosis may decrease the risk of progression and mortality.1-6 Short-term randomized 

trials among prostate cancer survivors have demonstrated that physical activity 

interventions are feasible and improve body composition, biomarkers of cardiovascular 

health, and quality of life.7-9 To date, randomized trials have not reported on survival 

outcomes. To generate evidence supporting the incorporation of physical activity 

programs into routine cancer care, the American Society of Clinical Oncology recently 

called for large-scale trials of cancer survivors to evaluate the effect of physical activity 

interventions on outcomes such as survival.10 

The feasibility of a randomized trial of physical activity and survival among men 

with nonmetastatic prostate cancer is limited by the long follow-up that would be 

required for this slowly-progressing disease. In the absence of data from such a trial, 

this effect needs to be estimated from observational studies.11 Previous observational 

studies of post-diagnosis physical activity and survival that did not adjust for pre-

diagnosis activity have reported associations that may partially reflect the effect of 

lifelong physical activity habits rather than post-diagnosis changes in physical activity. 

Further, these studies did not report adjusted measures of absolute mortality and 

population attributable risks under realistic physical activity strategies. Therefore, the 
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clinical impact of adhering to current guidelines for physical activity after prostate cancer 

diagnosis is unknown.   

Here we evaluate the effects on mortality of several physical activity interventions 

initiated at the time of prostate cancer diagnosis. To do so, we emulate a target trial of 

sustained, guideline-based physical activity interventions in men with nonmetastatic 

prostate cancer.12 We applied the parametric g-formula, a generalization of 

standardization to time-varying exposures and confounding, to estimate the 10-year risk 

of all-cause mortality under several possible interventions.  

 

MATERIALS AND METHODS 

Study data 

We leveraged data from the prospective Health Professionals Follow-up Study 

(HPFS), an ongoing cancer epidemiology cohort of 51,529 US male health 

professionals aged 40-75 years at enrollment in 1986. Participants have reported 

detailed clinical and lifestyle information at enrollment and every two years thereafter.  

Physical activity has been reported every two years since baseline using a 

validated questionnaire on type, frequency, and intensity of each activity.13 Vigorous 

activity was defined as activity requiring ≥6.0 metabolic equivalent of task (MET) scores 

(running, jogging, bicycling, lap swimming, tennis, squash/racquetball, 

calisthenics/rowing, other aerobics). Moderate activity was defined as activity requiring 

3.0-5.9 METs (walking, digging, moderate-to-heavy outdoor activity, weight lifting, low-

intensity exercise). Men reported the average number of weekly hours spent at each 

activity in the prior year. For reports that were a range, the midpoint was used as a 
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measure of weekly time spent in that activity. Time spent in activities was summed to 

obtain total weekly duration of physical activity. In a validation study in HPFS, 

correlations between questionnaire- and diary-based activity scores were +0.58 for 

vigorous activity.13 We truncated physical activity values at the 99th percentile to prevent 

implausible values from affecting our analyses.  

Height and parental history of myocardial infarction before age 60 were 

ascertained in 1986. Biennial questionnaires have been mailed since then to update 

information on weight, cigarette smoking, functional impairment, and chronic diseases. 

A previous validation study in HPFS showed that self-reported and technician-measured 

weights were highly correlated (Pearson r=0.97).14 Body mass index (BMI) was 

calculated as weight (kg)/ height (m)2.  

Men were asked on the biennial questionnaires whether prostate cancer had 

been diagnosed in the prior two years. We verified the diagnosis (ICD-9: 185) using 

medical records and pathology reports from treating physicians and hospitals. In a 

standardized review, we abstracted information on diagnosis date, clinical stage, 

Gleason grade, prostate-specific antigen (PSA) levels, and initial treatment. We 

obtained information on subsequent metastasis development from prostate cancer-

specific biennial questionnaires sent to all prostate cancer survivors and their 

physicians.  
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Target trial emulation 

We outlined the protocol of a target trial of physical activity interventions among 

men with nonmetastatic prostate cancer (Appendix Table 2.1), and emulated this trial 

using data from the HPFS. 

 

Eligibility criteria  

Eligible men for the current study were diagnosed with nonmetastatic prostate 

cancer (T1-4/N0-1/M0) between 1998 and 2010. At baseline (the first post-diagnostic 

questionnaire), we excluded men older than 80 years and who had developed 

metastasis since diagnosis, had a recent cardiovascular event (myocardial infarction or 

stroke), congestive heart failure, amyotrophic lateral sclerosis, or functional impairment 

(difficulty climbing a flight of stairs or walking eight blocks due to a physical impairment), 

under the assumption that a physical activity intervention would not be feasible among 

these men.  

We also excluded men who did not have information on physical activity, BMI, 

smoking history, primary treatment, clinical stage, Gleason grade, or PSA level at 

diagnosis. After these exclusions, 2,299 men were available for the analysis. Figure 1.1 

shows a flowchart of participant selection.  
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Figure 1.1 Flowchart for selection of study participants from the Health Professionals 
Follow-up Study. Baseline refers to the return date of the first questionnaire after 
prostate cancer diagnosis. ALS, amyotrophic lateral sclerosis; CHF, congestive heart 
failure; MI, myocardial infarction. 
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Outcome and follow-up 

Our outcome of interest was all-cause mortality within 10 years of diagnosis. 

Deaths were ascertained through repeated mailings, telephone calls to non-

respondents, and searches of the National Death Index. We followed men from baseline 

(the date of first post-diagnostic questionnaire return) until death, incomplete follow-up 

(questionnaire non-response), 10 years after baseline, or administrative end of follow-up 

in June 2014, whichever happened first.  

 

Physical activity strategies 

We considered dynamic strategies of vigorous activity: at least (1) 1.25 

hours/week, (2) 2.5 hours/week, (3) 3.75 hours/week, and of moderate activity: at least 

(4) 2.5 hours/week, (5) 5 hours/week, (6) 7.5 hours/week, initiated at baseline and 

continued over follow-up until the development of conditions that may limit physical 

ability (functional impairment, metastasis, myocardial infarction, stroke, congestive heart 

failure, or amyotrophic lateral sclerosis). These are examples of threshold interventions 

on the natural value of treatment.15  

The durations and intensities of these interventions were selected to match 

current guidelines7,16 for physical activity among cancer survivors: engaging in strategy 

1 or 4 at a minimum, and in strategy 2 or 5 for additional health benefits. We explored 

higher levels of physical activity through strategies 3 and 6.  

We defined activity in units of hours/week rather than MET-hours/week for 

consistency with the guidelines, practicality for trial implementation, and interpretability 

for patients. Also, we assumed that all types of activity resulting in the recommended 
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intensity and duration will produce similar effects.17,18  

 

Statistical analysis 

We used the parametric g-formula,19 a generalization of standardization to time-

varying exposures and confounders, to estimate the 10-year risk of death under each 

physical activity strategy. The g-formula appropriately handles treatment-confounder 

feedback that occurs when the measured time-varying confounders are affected by prior 

physical activity and, under the assumptions of no unmeasured confounding and no 

model misspecification, validly estimates the risk had all eligible individuals adhered to 

the specified strategies.20 The parametric g-formula has been previously applied to 

estimate the effect of lifestyle interventions on risk of coronary heart disease,21-23 type 2 

diabetes,24 stroke,25 and asthma.26 

We adjusted for the baseline covariates: age, parental history of myocardial 

infarction before age 60, primary treatment, clinical stage, Gleason grade, and PSA 

level at diagnosis, and pre-baseline values of BMI, smoking history, and vigorous and 

moderate physical activity; and the time-varying covariates: vigorous and moderate 

physical activity, BMI, and the development of conditions excluded at baseline 

(functional impairment, metastasis, myocardial infarction, stroke, congestive heart 

failure, and amyotrophic lateral sclerosis). All models included indicator variables for 

period of follow-up, baseline covariates, and time-varying covariates measured at the 

previous questionnaire. See Appendix 2.2 and Supplemental Material for details on 

the g-formula, covariates, and models. 
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We compared the estimated 10-year risks had all eligible men followed each of 

the strategies with the risk under the observed levels of physical activity, i.e., no 

intervention or “natural course”, via a risk ratio and a risk difference. The population 

attributable risk is one minus this risk ratio. We used nonparametric bootstrapping with 

500 samples to obtain percentile-based 95% confidence intervals. We also generated 

adjusted survival curves and estimated the amount of survival time gained and time 

invested in physical activity over 10 years under each strategy. 

 

Sensitivity analyses for unmeasured confounding 

A key threat for the validity of our estimates is potential confounding by cancer 

severity or chronic disease if these conditions are severe enough to affect both physical 

activity and risk of death. The g-formula provides a natural way to partly address this 

problem by estimating the risk under physical activity interventions that are only applied 

at time t to those who are sufficiently healthy at time t. Thus, in our main analysis, we 

considered potential interventions under which men were excused from adhering to the 

recommended physical activity levels after the development of functional impairment, 

metastasis, or a serious condition that might limit participation (myocardial infarction, 

stroke, congestive heart failure, amyotrophic lateral sclerosis). In sensitivity analyses, 

we expanded the definition of serious condition to also include angina pectoris, 

pulmonary embolism, heart rhythm disturbance, diabetes, chronic renal failure, 

rheumatoid arthritis, gout, ulcerative colitis or Crohn’s disease, emphysema, 

Parkinson’s disease, and multiple sclerosis. 
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However, the validity of this approach relies critically on the assumption that the 

available data contains sufficient information to identify individuals who are not healthy 

enough to maintain the recommended physical activity levels.22 We therefore also 

conducted an alternative analysis in which physical activity and covariate data are 

lagged by two years.22 We also used a negative outcome control to detect potential 

unmeasured confounding by clinical disease.27 Specifically, we examined the effect of 

physical activity on questionnaire non-response. We selected questionnaire non-

response as an alternative outcome not directly affected by physical activity but for 

which the effect of physical activity would be similarly confounded (i.e. by disease 

severity). If the estimated effect of physical activity on non-response were null, then it 

would be less likely that our findings for physical activity and death were confounded 

through the same pathways as this negative control.  

 

Other sensitivity analyses 

We assessed the robustness of our estimates to various analytic decisions. 

Specifically, we (1) altered the covariate order when modeling the joint distribution of 

time-varying covariates reported in the same questionnaire, (2) defined different 

functional forms for the covariates, (3) additionally adjusted for a baseline healthy 

behavior score (regular multivitamin use, routine physical examinations, and screening 

via rectal examination, sigmoidoscopy, or colonoscopy), (4) kept the total time devoted 

to vigorous and moderate physical activity constant (something not implied by the 

guidelines) by replacing vigorous by moderate activity, and vice versa, (5) removed the 

cardiovascular baseline exclusions and intervened on men who developed these 
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conditions over time, and (6) repeated analyses assuming that the development of 

functional impairment, metastasis, and chronic diseases occurred two years before the 

questionnaire in which they were reported. 

All analyses were conducted using SAS 9.3 (SAS Institute, Inc., Cary, North 

Carolina). The SAS GFORMULA macro and its documentation are available at 

http://www.hsph.harvard.edu/causal/software. 
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RESULTS 

Table 2.1 shows baseline characteristics of the 2,299 eligible men. Mean age 

was 69 years, mean BMI was 26 kg/m2, mean vigorous activity was 1.8 hours/week, 

and mean moderate activity was 7.1 hours/week. Most men had clinically localized 

(T1/T2) and low grade tumors. Of these men, 250 died within 10 years of prostate 

cancer diagnosis and 147 did not complete the full follow-up.  

Table 2.1 Baseline characteristics of 2299 eligible participants after diagnosis with 
nonmetastatic prostate cancera, Health Professionals Follow-up Study, 1998-2010 
Characteristic, mean (SD) or %  
Age (years) 68.9 (6.3) 
Body mass index (kg/m2) 26.0 (3.2) 
Vigorous physical activity (hours/week), current 1.8 (2.7) 
Moderate physical activity (hours/week), current 7.1 (7.5) 
Caucasian 93 
Parental history of myocardial infarction (at age ≤60) 12 
Current smoker  2 
History of smoking before diagnosis 55 
PSA at diagnosis (ng/mL)  
     <4 15 
     4-10 68 
     ≥10  17 
Clinical stage at diagnosis  
     T1 72 
     T2 27 
     T3, T4, N1/M0  1 
Gleason grade at diagnosis  
     <7 64 
     7 27 
     >7 9 
Primary treatment  
     Radical prostatectomy 50 
     Radiation therapy 40 
     Hormones 2 
     Watchful waiting 7 
     Other 1 
a Baseline refers to the return date of the first questionnaire after prostate cancer 
diagnosis.  
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Table 2.2 shows the estimated 10-year risk of death under strategies that excuse 

men from following the recommended physical activity levels after development of 

functional impairment, metastasis, or a serious cardiovascular or neurological condition. 

Compared with the 15.4% risk under no intervention, the risk (95% CI) was 13.0% 

(10.9-15.4%) and 11.1% (8.7-14.1%) for ≥1.25 and ≥2.5 hours/week of vigorous activity, 

and 13.9% (12.0-16.0%) and 12.6% (10.6-14.7%) for ≥2.5 and ≥5 hours/week of 

moderate activity, respectively.  

Table 2.2 Estimated risk of all-cause mortality under several physical activity strategies among men 
with nonmetastatic prostate cancer, Health Professionals Follow-up Study. All strategies excuse 
men from following the recommended physical activity levels after development of functional 
impairment, metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral 
sclerosis. 

Strategy 
10-year 
risk (%)a 95% CI Risk ratio       95% CI 

Risk 
difference 

(%) 95% CI 

No intervention 15.4 (13.7, 17.4) 1.0 -- 0 -- 
Vigorous activity       
≥1.25 h/week  13.0 (10.9, 15.4) 0.84 (0.75, 0.94) -2.4 (-3.9, -0.9) 
≥2.5 h/week  11.1 (8.7, 14.1) 0.72 (0.58, 0.88) -4.3 (-6.6, -1.8) 
≥3.75 h/week  10.5 (8.0, 13.5) 0.68 (0.53, 0.85) -5.0 (-7.3, -2.3) 
Moderate activity       
≥2.5 h/week  13.9 (12.0, 16.0) 0.90 (0.84, 0.94) -1.6 (-2.4, -0.9) 
≥5 h/week  12.6 (10.6, 14.7) 0.81 (0.73, 0.88) -2.9 (-4.2, -1.8) 
≥7.5 h/week  12.2 (10.3, 14.4) 0.79 (0.71, 0.86) -3.2 (-4.5, -2.1) 
Estimates based on the parametric g-formula adjusted for age, parental history of myocardial 
infarction, primary treatment, clinical stage at diagnosis, Gleason grade at diagnosis, PSA level at 
diagnosis, smoking history, body mass index, vigorous and moderate physical activity, and the 
development of functional impairment, metastasis, myocardial infarction, stroke, congestive heart 
failure, or amyotrophic lateral sclerosis. 
a The observed risk was 15.4%. There were 250 observed deaths among 2,299 men over 8,972 
person-years of follow-up. Risk under no intervention is the referent. 
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Figure 1.2 shows the estimated survival curves under these strategies. We 

estimated an average survival 1.3, 2.4, 0.9, and 1.7 months longer for ≥1.25 and ≥2.5 

hours/week of vigorous, and ≥2.5 and ≥5 hours/week of moderate activity, respectively, 

compared with no intervention (Appendix Table 2.3.1). These averages should be 

interpreted in the context that most men did not die over follow-up. We estimated that 

an additional 0.7, 1.5, 0.5, and 1.2 months of physical activity were invested in the 

respective strategies over 10 years, compared with no intervention (Appendix Table 

2.3.1). 

 

Figure 1.2 Estimated survival curves under physical activity strategies among men with 
nonmetastatic prostate cancer, Health Professionals Follow-up Study. All strategies 
excuse men from following the recommended physical activity levels after development 
of functional impairment, metastasis, myocardial infarction, stroke, congestive heart 
failure, or amyotrophic lateral sclerosis. Panel A: At least 1.25 hours/week vigorous or 
at least 2.5 hours/week moderate activity. Panel B: At least 2.5 hours/week vigorous or 
at least 5 hours/week moderate activity.  
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Expanding the set of chronic conditions that would excuse men from following 

the recommended physical activity levels attenuated the differences across 

interventions, although risk was still lower with increasing duration and intensity of 

physical activity (Table 2.3).  

Table 2.3 Estimated risk of all-cause mortality under several physical activity strategies among men 
with nonmetastatic prostate cancer, Health Professionals Follow-up Study. All strategies excuse men 
from following the recommended physical activity levels after development of functional impairment, 
metastasis, or a serious chronic condition.a 

Strategy 
10-year 
risk (%)b 95% CI Risk ratio 95% CI 

Risk 
difference 

(%) 95% CI 

No intervention 15.5 (13.8, 17.4) 1.0 -- 0 -- 
Vigorous activity      
≥1.25 h/week  14.2 (12.4, 16.2) 0.92 (0.85, 0.97) -1.3 (-2.3, -0.5) 
≥2.5 h/week  13.1 (11.2, 15.3) 0.84 (0.75, 0.93) -2.4 (-3.9, -1.0) 
≥3.75 h/week  12.8 (10.9, 14.9) 0.83 (0.72, 0.92) -2.7 (-4.4, -1.2) 
Moderate activity      
≥2.5 h/week  14.3 (12.7, 16.4) 0.93 (0.89, 0.96) -1.1 (-1.6, -0.6) 
≥5 h/week  13.7 (11.9, 15.6) 0.89 (0.83, 0.92) -1.8 (-2.7, -1.2) 
≥7.5 h/week  13.4 (11.8, 15.5) 0.87 (0.81, 0.91) -2.1 (-2.9, -1.3) 
Estimates based on the parametric g-formula adjusted for age, parental history of myocardial infarction, 
primary treatment, clinical stage at diagnosis, Gleason grade at diagnosis, PSA level at diagnosis, 
smoking history, body mass index, vigorous and moderate physical activity, and the development of 
functional impairment, metastasis, myocardial infarction, stroke, congestive heart failure, or 
amyotrophic lateral sclerosis. 
a Myocardial infarction, stroke, congestive heart failure, amyotrophic lateral sclerosis, or any of the 
following conditions: angina pectoris, pulmonary embolism, heart rhythm disturbance, diabetes, chronic 
renal failure, rheumatoid arthritis, gout, ulcerative colitis or Crohn’s disease, emphysema, Parkinson’s 
disease, and multiple sclerosis.  
b The observed risk was 15.4%. There were 250 observed deaths among 2,299 men over 8,972 
person-years of follow-up. Risk under no intervention is the referent. 
 

The estimated risk ratio of questionnaire non-response, our negative outcome 

control, was close to null (Appendix Table 2.4.1). Estimates were similar when we 

altered the order in which we modeled time-varying covariates reported in the same 

questionnaire, defined different functional forms for covariates, additionally adjusted for 

a baseline healthy behavior score, and included those with a recent cardiovascular 

event or congestive heart failure in our study population (data not shown). Estimates 
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were also similar when we assumed that the development of functional impairment, 

metastasis, and chronic diseases occurred two years before the questionnaire in which 

these conditions were reported (Appendix Table 2.4.2). Risk ratio estimates were 

attenuated in analyses that kept the total time devoted to vigorous and moderate 

physical activity constant and that imposed a two-year lag (Appendix Table 2.4.3, 

2.4.4; RR 0.87 and 0.85, respectively, for 1.25 hours/week of vigorous activity, 

compared with 0.84 in Table 2.2; RR 0.93 and 0.95, respectively, for 2.5 hours/week of 

moderate activity, compared with 0.90 in Table 2.2).  
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DISCUSSION 

In the US, there are an estimated 160,000 men diagnosed with prostate cancer 

each year and 3 million survivors alive today.28 Most of these men will die from causes 

other than their cancer.29 We used observational data to generate the first survival 

estimates of adhering to current physical activity guidelines after diagnosis with 

nonmetastatic prostate cancer until it becomes impractical. Our results suggest that 13-

16% of deaths in our population would have been prevented over a 10-year period had 

all men performed ≥1.25 hours/week of vigorous activity and 5-10% of deaths would 

have been prevented had they performed ≥2.5 hours/week of moderate activity until the 

development of metastasis or conditions limiting physical ability. Survival benefits 

appeared to increase for double these durations but plateaued for durations beyond 

that. All estimates reflect survival benefits during the 10-year study period but not 

potential future benefits beyond it. 

No randomized trial has directly evaluated the effect of physical activity on 10-

year survival among men with nonmetastatic prostate cancer. Short-term trials among 

prostate cancer survivors have demonstrated that physical activity interventions are 

feasible and improve body composition, cardiovascular biomarkers, and quality of life,7-9 

but our survival curves suggest that longer trials are needed to detect survival 

differences as it may take two to four years for differences to emerge across strategies. 

The ongoing INTERVAL trial30 of men with metastatic castrate-resistant prostate cancer 

aims to evaluate 3-year survival but has not yet reported results. 

Observational studies have compared relative rates of death among prostate 

cancer survivors reporting different levels of post-diagnosis physical activity.1,3-5 Three 
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studies of US and Swedish men included those with nonmetastatic or localized prostate 

cancer,1,3,4 and one study of Canadian men also included those with metastatic 

disease.5 Physical activity exposure has been defined as total activity,1,3-5 walking or 

biking,3,4 household work,3 “exercising,”3 vigorous activity,1,5 or nonvigorous activity,1 in 

units of MET-h/week or time/week. Two studies adjusted for pre-diagnosis activity,1,5 

and two did not.3,4 Two presented unadjusted Kaplan-Meier curves.3,5  

Of the studies with an exposure definition most comparable to ours, the Prostate 

Cohort Study reported an all-cause mortality hazard ratio of 0.65 (95% CI: 0.46-0.92) for 

>3.5 vs. 0 hours/week of post-diagnosis vigorous activity in Canadian men, which is 

consistent with our findings for a similar contrast.5 A previous analysis in the HPFS 

reported an all-cause mortality hazard ratio of 0.51 (95% CI: 0.36-0.72) for ≥3 vs. <1 

hour/week of post-diagnosis vigorous activity, after adjustment for mortality risk factors 

and pre-diagnosis physical activity.1 This is similar to our point estimate from 

conventional pooled logistic models, but more protective than our g-formula estimate 

(RR 0.66) comparing realistic strategies in which men follow the guidelines until the 

development of conditions limiting physical ability (Appendix Table 2.3.2). Also, unlike 

previous analyses, our approach allows us to report adjusted estimates of absolute risk 

and population attributable risk for physical activity that is sustained until impractical.   

Our novel approach to comparative effectiveness research for cancer care has 

several additional strengths. We designed our study by explicitly specifying the protocol 

of the target trial and its observational emulation, an approach promoted in 

observational studies to reduce risk of bias and improve data interpretation.12 We 

analyzed our study by applying the parametric g-formula to high-quality observational 
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data, allowing us to estimate clinically-meaningful absolute risks under long-term 

strategies that realistically depend on evolving risk factors. Lastly, we performed several 

analyses to address potential reverse causation that leveraged stopping criteria as a 

natural way to address confounding by clinical disease as well as negative outcome 

controls as a tool for detecting bias in observational studies.27   

As with all analyses of observational data, the validity of our estimates relies on 

assumptions of no unmeasured confounding, measurement error, or model 

misspecification. Though we adjusted for many common causes of physical activity and 

death, the possibility of unmeasured or residual confounding by disease severity cannot 

be excluded. However, evidence for a protective effect of physical activity was robust to 

sensitivity analyses for reverse causation. We relied on self-reported information, which 

is subject to measurement error. However, previous validation studies in HPFS have 

shown that self-reported and technician-measured weight are highly correlated 

(Pearson r=0.97) and that the physical activity questionnaire is reproducible and 

provides a useful measure of average weekly activity.13,14 Finally, our estimates may not 

be generalizable to other populations with different distributions of risk factors or effect 

modifiers.  

In summary, we estimated that these US men with nonmetastatic prostate cancer 

would have experienced clinically meaningful reductions in mortality had they all 

followed current physical activity recommendations until the development of conditions 

limiting physical ability. These findings may help guide clinical recommendations for 

prostate cancer patients and future trial design.  
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ABSTRACT 

Background: Obesity is associated with a higher risk of advanced prostate cancer, but 

those with the same measured body mass index (BMI) may differ in their underlying 

metabolic health. We aimed to identify metabolites associated with various adiposity 

measures and evaluate the association between metabolically-defined obesity and risk 

of advanced prostate cancer. 

Methods: We leveraged existing, pre-diagnostic metabolomics data from nested case-

control studies of multiple outcomes among men in the Health Professionals Follow-up 

Study (HPFS). Among 236 controls, we identified adiposity-associated metabolites by 

calculating partial Pearson correlations between 198 metabolites and several adiposity 

measures: BMI, waist circumference, and derived fat mass from validated prediction 

equations. Lasso regression was applied to further select metabolites for prediction 

models of adiposity measures. Lasso prediction models were used to calculate 

metabolic scores representing metabolic obesity. In an independent set of 212 

advanced prostate cancer cases (T3b/T4/N1/M1 or lethal during follow-up) and 212 

matched controls, we used logistic regression to evaluate the association between 

adiposity measures and metabolic scores with risk of advanced prostate cancer. We 

also estimated risk for men cross-classified by their adiposity measures and metabolic 

scores. Lastly, we conducted stratified analyses by time until prostate cancer diagnosis.    

Results: All adiposity measures were associated with higher concentrations of 

glutamate and carnitine and lower concentrations of glutamine and glycine, in addition 

to alterations in various lipids. Among all men, no adiposity measure or metabolic score 

was associated with risk of advanced prostate cancer. Estimates for self-reported BMI 
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and risk of advanced prostate cancer were higher among men closer to time of 

diagnosis (<5.5 years: OR for Q4 vs. Q1 of BMI 1.99, 95% CI: 0.88-4.58; ≥5.5 years: 

OR 0.60, 95% CI: 0.26-1.37; p-heterogeneity=0.05). Men with a low waist circumference 

or derived fat mass but high metabolic score were at the highest risk of advanced 

disease. 

Conclusions: BMI, waist circumference, and derived fat mass were associated with a 

broad range of metabolic alterations. While neither adiposity nor metabolic scores were 

associated with risk of advanced prostate cancer, the identified metabolites may inform 

future research on the mechanisms linking obesity with various disease outcomes.  
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INTRODUCTION 

Obesity is associated with a higher risk of advanced prostate cancer.1 However, 

those with the same measured body mass index (BMI) may differ in their underlying 

metabolic health and subsequent disease risk.2-5 The integration of metabolomics and 

anthropometric data offers great potential to better identify men at highest risk, elucidate 

underlying mechanisms, and target intervention strategies.  

Previous metabolomics-based studies have identified metabolic alterations 

associated with BMI and waist circumference, but not fat mass.4,6-10 Some of these 

studies further examined how the identified metabolites individually related to later risk 

of diabetes and breast cancer.6,8 No study to date has examined whether obesity-

related metabolic alterations could, collectively as a measure of metabolic obesity, 

facilitate the identification of men at risk of advanced prostate cancer by adding 

information over standard clinical markers. 

Here we analyzed metabolomics data among men in the Health Professionals 

Follow-up Study (HPFS) to identify plasma metabolites associated with various 

adiposity measures (BMI, waist circumference, and derived fat mass) and use selected 

metabolites to evaluate the association between metabolically-defined obesity and risk 

of advanced prostate cancer. 
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METHODS 

Study population  

The HPFS is an ongoing prospective cohort study of 51,529 U.S. male health 

professionals aged 40-75 years at enrollment in 1986. Participants have been followed 

every two years since enrollment to update clinical and lifestyle information and 

ascertain incident diseases. Blood samples were collected from 18,225 (35%) 

participants from 1993-1995. Samples were mailed to our laboratory overnight on cold 

packs, and then centrifuged to collect and store plasma in liquid nitrogen freezers. 

Participants reported the timing of blood collection and fasting on a questionnaire 

returned with the samples.  

 

Metabolites associated with adiposity 

For the identification of adiposity-associated metabolites, we included 236 

controls from nested case-control studies of amyotrophic lateral sclerosis (ALS) and 

Parkinson’s disease (PD) in HPFS. We selected controls only to minimize the chance 

that latent disease influenced metabolite or adiposity measures. 

 

Metabolically-defined obesity and advanced prostate cancer risk  

To evaluate the association between metabolically-defined obesity and advanced 

prostate cancer risk, we included an independent set of 212 advanced prostate cancer 

cases (T3b/T4/N1/M1 or lethal [distant metastasis or death due to prostate cancer] 

during follow-up) and 212 matched controls. Cases were all men diagnosed with 

advanced prostate cancer between blood draw and September 2010. For each case, 
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one control was selected who was alive and cancer-free at the time of the case’s 

diagnosis. Matching criteria were age (±1 year), recent PSA testing prior to blood draw 

(since January 1, 1992; yes/no), and time of day, season, and year of blood collection.   

Prostate cancer diagnoses were self-reported on the biennial questionnaires and 

verified in a standardized review of medical records and pathology reports. We obtained 

information on subsequent metastasis development from prostate cancer-specific 

biennial questionnaires sent to all prostate cancer survivors and their physicians. 

Prostate cancer-specific deaths were verified through review of medical records and 

death certificates. Follow-up is >96% complete for prostate cancer incidence and >98% 

for mortality.  

 

Adiposity measures and covariates  

We examined BMI, waist circumference, and derived fat mass assessed in the 

questionnaire closest to the date of blood collection. Participants reported weight and 

height in 1986 and updated weight every two years thereafter. They reported waist 

circumference in 1987 and 1996. A previous validation study in HPFS showed that self-

reported weights and waist circumferences were highly correlated with technician-

measured values (Pearson r=0.97 and r=0.95, respectively).11 We derived fat mass 

using a prediction equation developed in the NHANES.12 Previous validation in 

NHANES showed that this equation was highly predictive of DXA-measured fat mass 

(R2=0.90).12 We assessed cigarette smoking, physical activity, and history of diabetes in 

the questionnaire before blood collection. 
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We excluded participants missing data on adiposity measures for the respective 

analyses. We excluded one participant with a BMI >55 kg/m2 from the BMI analyses to 

prevent extreme values from affecting our analyses. Appendix Figure 3 shows a 

flowchart of participant selection. 

 

Metabolite profiling 

All included men had existing metabolomics data measured in pre-diagnostic 

blood samples. Polar metabolites and lipids were profiled using a combination of liquid 

chromatography tandem mass spectrometry (LC-MS) methods described 

previously.13,14 Briefly, profiling data were acquired using a Nexera X2 U-HPLC 

(Shimazdu Corp.) coupled to Q Extractive hybrid quadrupole and Exactive Plus orbitrap 

mass spectrometers (Thermo Fisher Scientific). Polar metabolites were separated using 

hydrophilic interaction liquid chromatography with positive ion mode detection (HILIC-

pos), and polar and non-polar lipids were profiled using C8 chromatography with 

positive ion mode detection (C8-pos). Metabolite identities were confirmed using 

authentic reference standards or reference samples. The nomenclature for lipid 

analytes included the number of carbons and number of double bonds in the lipid acyl 

chain. Metabolite levels were reported as measured LC-MS peak areas, which are 

proportional to metabolite concentration.  

A pilot study in the HPFS and Nurses’ Health Study assessed the reliability of 

this platform using our archival plasma samples as well as within-person variability.14 

Most metabolites performed well, particularly lipids and lipid metabolites (coefficient of 
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variation [CV] =8%, range 1-14%). Fasting status had little influence on the CVs. Almost 

90% of metabolites were stable over two years within individuals.  

Among known metabolites, we excluded 89 metabolites with mean CV>25% or 

ICC<0.4 based on quality control samples embedded in each project and 12 

metabolites with undetectable levels for ≥10% of participants. We restricted to 

metabolites measured across all endpoints, matching by HMDB ID. This left 198 

metabolites for analysis. Appendix 3.1 includes details on metabolite selection. For 

metabolites with undetectable levels for <10% of participants, we imputed half the 

lowest value of the metabolite if the participant’s sample was missing ≤25% of 

metabolites (which applied in all cases). Metabolite peak areas were ln-transformed to 

improve normality and then standardized (to mean=0, SD=1) within each project to 

facilitate analyses across projects.  

 

Statistical analysis  

Among the 236 controls in the ALS and PD studies, we identified metabolites 

associated with adiposity by calculating partial Pearson correlations between 198 

metabolites and each adiposity measure, adjusting for age and smoking status at time 

of blood draw. We obtained conservative estimates of false discovery rate (FDR) via the 

Benjamini-Hochberg procedure.15 We carried forward metabolites with an FDR p-value 

<0.05 and |r| ≥0.15. Lasso regression models were used to further select metabolites for 

prediction models of adiposity measures. This approach allowed us to account for the 

relative importance of each identified metabolite in the presence of the others and 

generate a parsimonious model.  
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In an independent set of 212 advanced prostate cancer cases and 212 matched 

controls, we applied the Lasso models to predict metabolic scores given men’s 

underlying levels of adiposity-associated metabolites. The BMI metabolic score, for 

example, ranks men by their expected BMI given their underlying levels of BMI-

associated metabolites. These metabolic scores were not intended to be surrogates of 

obesity, but rather to provide information about metabolic obesity that may be relevant 

in the pathophysiology of disease. Their estimation was informed by the relationships 

between adiposity measures and metabolic profiles observed in the reference 

population, which are shaped by upstream lifestyle and genetic factors. A high 

metabolic score can be interpreted as having a metabolic profile consistent with an 

average man of high adiposity in the reference population. 

We used logistic regression to estimate odds ratios (OR) and 95% confidence 

intervals (CIs) for advanced prostate cancer for each adiposity measure and metabolic 

score, fit in separate models. Under this study design, the odds ratio from logistic 

regression estimates the rate ratio that would be obtained from a cohort design. We 

used unconditional logistic regression for efficiency, adjusting for age, diabetes, physical 

activity, smoking status, family history of prostate cancer, and recent PSA screening (a 

matching factor). We did not adjust for other matching factors unrelated to our 

exposures or outcome of interest. Additionally adjusting all models for fasting status and 

adjusting fat mass models for height did not change our estimates (data not shown). 

Further, we estimated risk for men cross-classified by their adiposity measures and 

metabolic scores, split at the median. Lastly, we conducted stratified analyses to 

evaluate whether estimates varied by median time until prostate cancer diagnosis (<5.5 
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vs. ≥5.5 years). Controls contributed to the stratum containing their matched case. 

Tests for heterogeneity were performed using likelihood ratio tests comparing models 

with and without a product term between the exposure of interest and an indicator for 

median time until diagnosis. 

All analyses were conducted using RStudio 1.1.423. 
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RESULTS 

Population characteristics 

Table 3.1 shows baseline characteristics of the 660 eligible men. Mean age at 

blood draw was 65 years, mean BMI was 26 kg/m2, mean waist circumference was 96 

cm, and mean derived fat mass was 22 kg. Controls in the PD study were more likely to 

be former smokers compared with men in the ALS and prostate cancer studies. 

Advanced prostate cancer cases were more likely to be current smokers than their 

matched controls. 

Table 3.1 Baseline characteristics of participants from nested case-control studies of various outcomes, 
Health Professionals Follow-up Study.a  
 ALS study PD study Prostate cancer study 

Characteristic,  
mean (SD) or % 

Controls 
(N=52) 

Controls 
(N=184) 

Controls 
(N=212) 

Advanced cases 
(N=212) 

Age at blood draw (years) 62.7 (8.3) 65.3 (8.0) 65.3 (8.4) 65.4 (8.5) 
Race/ethnicity, White 94 98 97 99 
Year of blood donation     
     1993-1994 87 94 97 97 
     1995-1996 13 6 3 3 
Fasting ≥8 hours at blood draw 50 55 62 67 
Body mass index (kg/m2) 25.9 (2.5) 25.5 (2.8) 25.8 (3.6) 25.8 (4.1) 
Waist circumference (cm) 94.7 (8.1) 95.5 (8.5) 96.5 (10.3) 95.9 (10.0) 
Derived fat mass (kg)b 21.9 (4.3) 21.6 (5.2) 22.5 (6.4) 21.9 (6.0) 
Total physical activity (METs/week) 39.7 (29.3) 34.4 (27.4) 32.5 (25.6) 31.1 (28.9) 
Smoking status at blood draw      
     Never  50 39 46 43 
     Former 46 58 50 51 
     Current 4 3 4 7 
History of diabetes mellitus 4 4 6 7 
Family history of prostate cancer -- -- 9 9 
Recent PSA screeningc  -- -- 60 62 
ALS: Amyotrophic lateral sclerosis. PD: Parkinson’s disease. MET: Metabolic equivalent. 
Frequencies of polytomous variables may not sum to 100% due to rounding. 
a Baseline characteristics were measured in questionnaire preceding blood draw unless otherwise noted. 
b Derived fat mass from validated anthropometric prediction models developed in the NHANES. 
c PSA screening since January 1, 1992.  
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Mean age at advanced prostate cancer diagnosis was 72 years (range, 50-92). 

Of the 212 advanced cases, 53% of these men had T3b/T4/N1/M1 tumors at diagnosis 

and the remaining 47% were classified as such because of metastasis or fatal prostate 

cancer over follow-up. Among the 88% of cases for whom grade was available, 33% 

had high-grade tumors (Gleason grade ≥8). Among the 85% of cases for whom PSA at 

diagnosis was available, the median PSA was 8.5 ng/mL. The median time between 

blood draw and prostate cancer diagnosis was 5.5 years (range, 0.1-16.2).  

 

Metabolites associated with adiposity 

Metabolite profiling resulted in 198 identified metabolites, including lipids (e.g. 12 

cholesterol ester [CE], 11 diacylglycerol [DAG], 10 lysophosphatidylcholine [LPC], 6 

lysophosphatidylethanolamine [LPE], 35 phosphatidylcholine [PC], 20 

phosphatidylethanolamine [PE], 9 sphingomyeline [SM], 42 triacylglycerol [TAG]), amino 

acids, and other small molecules (Appendix 3.1).  

We identified 50 metabolites associated with BMI, 43 with waist circumference, 

and 35 with derived fat mass (Table 3.2). There was considerable overlap in identified 

metabolites across adiposity measures; 30 metabolites were associated with all three 

measures. All adiposity measures were associated with higher concentrations carnitine, 

glutamate, DAG, and TAG. All were associated with lower concentrations of glycine, 

glutamine, CE, LPC, and LPE. Mixed associations were found for PC. BMI and waist 

circumference were also associated with higher SM. Waist circumference and fat mass 

were both associated with higher 1-methyladenosine. Results from sensitivity analyses 

restricted to men with data on all three adiposity measures are shown in Appendix 
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Table 3. In our models to derive metabolic scores, there were 15 metabolites with a 

non-zero coefficient in models for BMI, 15 for waist circumference, and 27 for derived 

fat mass (Appendix 3.3). Each model retained the amino acids and top hit for 

carnitines, CE, LPC, and LPE, in addition to a selection of lipids.  
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Table 3.2 Metabolites associated with adiposity measures (FDR p-value < 0.05 and |r| ≥ 0.15) among controls from nested case-
control studies, Health Professionals Follow-up Study. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

Amino acids          
HMDB00148 glutamate   0.31 8.3E-05  0.25 9.0E-03  0.28 1.8E-03 
HMDB00123 glycine   -0.29 2.9E-04  -0.20 0.02  -0.25 5.3E-03 
HMDB00641 glutamine   -0.19 0.02  -0.19 0.03  -0.19 0.04 
Carnitines          
HMDB06347 C26 carnitine   0.18 0.03  0.18 0.04  -- -- 
HMDB00688 C5 carnitine   0.18 0.03  -- --  -- -- 
HMDB00705 C6 carnitine   0.18 0.03  0.18 0.03  -- -- 
HMDB02013 C4 carnitine   0.16 0.05  -- --  -- -- 
HMDB13326 C12:1 carnitine   -- --  0.17 0.05  -- -- 
HMDB00222 C16 carnitine   -- --  -- --  0.18 0.05 
Lipids          
CE          
HMDB10375 C22:5 CE   -0.20 0.02  -0.22 0.01  -0.23 0.01 
HMDB00918 C18:1 CE   -0.17 0.04  -0.17 0.04  -0.19 0.04 
HMDB00610 C18:2 CE   -0.17 0.04  -0.18 0.04  -- -- 
HMDB06733 C22:6 CE   -- --  -- --  -0.19 0.04 
CE, cholesterol ester; DAG, diacylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyeline; TAG, triacylglycerol. 
Estimates from partial Pearson correlation, adjusted for age at blood draw (continuous) and smoking status (ever/never). The number 
of men contributing to each analysis was 234 for BMI, 233 for waist circumference, 219 for derived fat mass. 
Boldface indicates a metabolite with a non-zero coefficient when all metabolites associated with that adiposity measure were entered 
into Lasso.  



	

	

55 

Table 3.2 (Continued) Metabolites associated with adiposity measures (FDR p-value < 0.05 and |r| ≥ 0.15) among controls from 
nested case-control studies, Health Professionals Follow-up Study. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

DAG          
Saturated          
HMDB07098 C32:0 DAG   0.23 7.4E-03  0.21 1.6E-02  0.22 0.01 
Unsaturated          
HMDB07102 C34:1 DAG   0.24 4.8E-03  0.24 9.0E-03  0.24 7.9E-03 
HMDB07099 C32:1 DAG   0.23 6.9E-03  0.24 9.0E-03  0.24 7.9E-03 
HMDB07103 C34:2 DAG   0.22 8.1E-03  0.23 9.0E-03  0.23 0.01 
HMDB07132 C34:3 DAG   0.22 9.8E-03  0.23 9.0E-03  0.22 0.01 
HMDB07218 C36:2 DAG   0.21 0.01  0.23 9.0E-03  0.22 0.01 
HMDB07216 C36:1 DAG   0.21 0.01  0.22 0.01  0.23 0.01 
HMDB07219 C36:3 DAG   0.20 0.02  0.21 0.01  0.20 0.03 
HMDB07248 C36:4 DAG   0.17 0.04  0.17 0.04  -- -- 
HMDB07199 C38:5 DAG   0.16 0.05  -- --  -- -- 
LPC          
HMDB10386 C18:2 LPC   -0.34 1.4E-05  -0.23 9.0E-03  -0.29 1.1E-03 
HMDB10397 C20:5 LPC   -0.34 1.4E-05  -0.24 9.0E-03  -0.29 1.1E-03 
HMDB02815 C18:1 LPC   -0.29 2.9E-04  -0.21 0.02  -0.26 5.3E-03 
HMDB10404 C22:6 LPC   -0.25 2.2E-03  -0.18 0.03  -0.26 5.3E-03 
CE, cholesterol ester; DAG, diacylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyeline; TAG, triacylglycerol. 
Estimates from partial Pearson correlation, adjusted for age at blood draw (continuous) and smoking status (ever/never). The number 
of men contributing to each analysis was 234 for BMI, 233 for waist circumference, 219 for derived fat mass. 
Boldface indicates a metabolite with a non-zero coefficient when all metabolites associated with that adiposity measure were entered 
into Lasso.  
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Table 3.2 (Continued) Metabolites associated with adiposity measures (FDR p-value < 0.05 and |r| ≥ 0.15) among controls from nested 
case-control studies, Health Professionals Follow-up Study. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

LPE          
HMDB11503 C16:0 LPE   -0.29 2.9E-04  -0.17 0.04  -0.23 0.01 
HMDB11507 C18:2 LPE   -0.26 1.3E-03  -- --  -- -- 
HMDB11506 C18:1 LPE   -0.22 8.1E-03  -- --  -0.18 0.05 
HMDB11130 C18:0 LPE   -0.20 0.02  -- --  -- -- 
HMDB11526 C22:6 LPE   -0.19 0.02  -- --  -- -- 
PC          
HMDB08047 C38:3 PC   0.20 0.02  0.20 0.02  -- -- 
HMDB07983 C36:4 PC-A -0.20 0.02  -- --  -- -- 
HMDB08057 C40:6 PC   0.19 0.03  0.19 0.03  -- -- 
HMDB08048 C38:4 PC   0.18 0.03  -- --  -- -- 
HMDB08511 C40:10 PC   -0.16 0.05  -- --  -0.18 0.05 
HMDB11210 C34:2 PC plasmalogen   -0.16 0.05  -- --  -- -- 
SM          
HMDB12103 C22:0 SM   0.21 0.01  0.18 0.03  -- -- 
HMDB12102 C20:0 SM   0.17 0.05  -- --  -- -- 
HMDB01348 C18:0 SM   -- --  0.18 0.04  -- -- 
CE, cholesterol ester; DAG, diacylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; SM, sphingomyeline; TAG, triacylglycerol. 
Estimates from partial Pearson correlation, adjusted for age at blood draw (continuous) and smoking status (ever/never). The number of 
men contributing to each analysis was 234 for BMI, 233 for waist circumference, 219 for derived fat mass. 
Boldface indicates a metabolite with a non-zero coefficient when all metabolites associated with that adiposity measure were entered into 
Lasso.  



	

	

57 

Table 3.2 (Continued) Metabolites associated with adiposity measures (FDR p-value < 0.05 and |r| ≥ 0.15) among controls from nested 
case-control studies, Health Professionals Follow-up Study. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

TAG          
Unsaturated          
HMDB05369 C52:2 TAG   0.23 6.5E-03  0.23 9.0E-03  0.23 0.01 
HMDB05360 C50:1 TAG   0.23 7.2E-03  0.21 0.02  0.22 0.01 
HMDB05384 C52:3 TAG   0.22 8.1E-03  0.22 0.01  0.21 0.02 
HMDB05433 C50:3 TAG   0.22 9.5E-03  0.23 9.0E-03  0.22 0.01 
HMDB05377 C50:2 TAG   0.22 9.7E-03  0.21 0.01  0.22 0.01 
HMDB05367 C52:1 TAG   0.20 0.02  0.20 0.02  0.21 0.02 
HMDB05376 C48:2 TAG   0.19 0.02  0.20 0.02  0.21 0.02 
HMDB05432 C48:3 TAG   0.18 0.03  0.20 0.02  0.20 0.02 
HMDB10412 C46:1 TAG   0.18 0.03  0.17 0.04  0.20 0.03 
HMDB05403 C54:2 TAG   0.18 0.03  0.20 0.02  0.20 0.03 
HMDB05363 C52:4 TAG   0.18 0.03  0.18 0.03  -- -- 
HMDB05359 C48:1 TAG   0.17 0.04  0.17 0.05  0.18 0.05 
HMDB10419 C46:2 TAG   0.17 0.05  0.17 0.05  0.19 0.04 
HMDB05405 C54:3 TAG   -- --  0.18 0.04  -- -- 
HMDB05435 C50:4 TAG   -- --  0.17 0.04  -- -- 
Purine nucleosides          
HMDB03331 1-methyladenosine -- --  0.18 0.03  0.18 0.05 
CE, cholesterol ester; DAG, diacylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; SM, sphingomyeline; TAG, triacylglycerol. 
Estimates from partial Pearson correlation, adjusted for age at blood draw (continuous) and smoking status (ever/never). The number of 
men contributing to each analysis was 234 for BMI, 233 for waist circumference, 219 for derived fat mass. 
Boldface indicates a metabolite with a non-zero coefficient when all metabolites associated with that adiposity measure were entered into 
Lasso.  
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Metabolically-defined obesity and advanced prostate cancer risk  

Table 3.3 shows the estimated odds ratios for advanced prostate cancer over the 

study period in an independent set of men by self-reported adiposity and calculated 

metabolic scores. Estimates for all continuously-modeled measures were close to null, 

though confidence intervals were wide. No trends were noted across increasing 

quartiles of self-reported adiposity or metabolic scores. Estimates were similar in 

sensitivity analyses excluding men diagnosed in the first two years after blood draw to 

minimize the chance that latent disease influenced metabolite or adiposity measures 

(data not shown). Estimates for self-reported BMI and risk of advanced prostate cancer 

were higher among men closer to time of diagnosis (<5.5 years: OR for Q4 vs. Q1 of 

BMI 1.99, 95% CI: 0.88-4.58; ≥5.5 years: OR 0.60, 95% CI: 0.26-1.37; p-

heterogeneity=0.05) (Table 3.4). 

Table 3.3 Estimated odds ratios (OR) and 95% confidence intervals (CIs) of advanced prostate cancer 
by adiposity measures and metabolic scores (predicted adiposity using metabolites), Health 
Professionals Follow-up Study. 
 Adiposity measure  Metabolic score  

 
Cases/ 
Total OR 95% CI 

Cases/ 
Total OR 95% CI 

Body mass index 
(kg/m2)  

 
  

   

per 5 kg/m2 increase 201/409 0.96 (0.73, 1.27) 201/409 1.16 (0.63, 2.15) 
Quartile 1 46/104 1.00 -- 52/103 1.00 -- 
Quartile 2 60/102 1.78 (1.02, 3.13) 44/102 0.74 (0.42, 1.28) 
Quartile 3 49/102 1.14 (0.65, 1.98) 49/102 0.89 (0.51, 1.55) 
Quartile 4 46/101 1.04 (0.60, 1.82) 56/102 1.18 (0.68, 2.06) 
Waist circumference 
(cm)  

 
  

 
  

per 1 SD increase  203/411 0.92 (0.75, 1.12) 203/411 0.98 (0.80, 1.19) 
Quartile 1 53/110 1.00 -- 49/103 1.00 -- 
Quartile 2 52/96 1.26 (0.72, 2.19) 52/103 1.13 (0.65, 1.97) 
Quartile 3 54/112 0.97 (0.56, 1.67) 49/102 1.02 (0.58, 1.77) 
Quartile 4 44/93 0.93 (0.52, 1.64) 53/103 1.16 (0.67, 2.03) 
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Table 3.3 (Continued) Estimated odds ratios (OR) and 95% confidence intervals (CIs) of advanced 
prostate cancer by adiposity measures and metabolic scores (predicted adiposity using metabolites), 
Health Professionals Follow-up Study. 
 Adiposity measure  Metabolic score  

 
Cases/ 
Total OR 95% CI 

Cases/ 
Total OR 95% CI 

Derived fat mass (kg)       
per 1 SD increase 195/390 0.89 (0.73, 1.10) 195/390 1.03 (0.84, 1.26) 
Quartile 1 50/98 1.00 -- 45/98 1.00 -- 
Quartile 2 53/97 1.14 (0.65, 2.01) 44/97 0.97 (0.55, 1.71) 
Quartile 3 44/97 0.77 (0.43, 1.36) 55/97 1.53 (0.87, 2.72) 
Quartile 4 48/98 0.88 (0.49, 1.58) 51/98 1.27 (0.72, 2.26) 

Estimates from unconditional logistic regression models adjusted for age (years, continuous), diabetes 
(yes/no), physical activity (METs/week, continuous), smoking status (ever/never), family history of 
prostate cancer (yes/no), and recent PSA screening (yes/no). Adiposity measures and metabolic scores 
were fit in separate models.  
Quartiles of BMI: [18.6, 23.2], (23.2, 25.2], (25.2, 27.5], (27.5, 42.4].  
Quartiles of BMI metabolic score: [20.5, 24.4], (24.4, 25.4], (25.4, 26.6], (26.6, 30.1]. 
Quartiles of waist circumference: [73.7, 88.9], (88.9, 94.6], (94.6, 102.0], (102.0, 135.0]. 
Quartiles of waist circumference metabolic score: [84.6, 92.4], (92.4, 95.1], (95.1, 97.7], (97.7, 108.0]. 
Quartiles of derived fat mass: [7.9, 17.8], (17.8, 21.4], (21.4, 25.3], (25.3, 45.9]. 
Quartiles of fat mass metabolic score: [10.8,19.3], (19.3,21.5], (21.5, 24.0], (24.0, 33.9]. 
Standard deviation of derived fat mass: 6.2 kg. 
Standard deviation of fat mass metabolic score: 3.7 kg. 
Standard deviation of waist circumference: 10.2 cm. 
Standard deviation of waist circumference metabolic score: 4.0 cm. 
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Table 3.4 Stratified analysis by time to diagnosis: Estimated odds ratios (OR) and 95% confidence intervals (CIs) of advanced 
prostate cancer by self-reported adiposity and metabolic scores (predicted adiposity using metabolites), Health Professionals 
Follow-up Study. 
 <5.5 years to diagnosis  ≥5.5 years to diagnosis 
  Adiposity measure  Metabolic score   Adiposity measure Metabolic score 
 OR 95% CI OR 95% CI  OR 95% CI OR 95% CI 
Body mass index (kg/m2)          
per 5 kg/m2 increase 1.21 (0.80, 1.83) 1.48 (0.60, 3.72)  0.85 (0.55, 1.31) 1.27 (0.52, 3.13) 
p-heterogeneity       0.13  0.89 
Quartile 1 1.00 -- 1.00 --  1.00 -- 1.00 -- 
Quartile 2 1.75 (0.75, 4.15) 0.92 (0.40, 2.13)  2.10 (0.97, 4.60) 0.62 (0.28, 1.34) 
Quartile 3 1.99 (0.87, 4.64) 1.19 (0.51, 2.77)  0.83 (0.38, 1.82) 0.71 (0.32, 1.55) 
Quartile 4 1.99 (0.88, 4.58) 1.59 (0.67, 3.84)  0.60 (0.26, 1.37) 1.29 (0.60, 2.83) 
p-heterogeneity       0.05  0.83 
Waist circumference (cm)          
per 1 SD increase  0.92 (0.69, 1.23) 1.04 (0.77, 1.40)  0.88 (0.65, 1.19) 0.94 (0.70, 1.26) 
p-heterogeneity       0.89  0.67 
Quartile 1 1.00 -- 1.00 --  1.00 -- 1.00 -- 
Quartile 2 1.06 (0.45, 2.49) 1.22 (0.52, 2.87)  1.51 (0.68, 3.44) 1.08 (0.51, 2.31) 
Quartile 3 1.29 (0.54, 3.12) 0.85 (0.38, 1.91)  0.71 (0.34, 1.46) 1.27 (0.56, 2.87) 
Quartile 4 0.81 (0.34, 1.96) 1.55 (0.68, 3.61)  0.97 (0.42, 2.23) 0.89 (0.40, 1.96) 
p-heterogeneity       0.42  0.53 
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Table 3.4 (Continued) Stratified analysis by time to diagnosis: Estimated odds ratios (OR) and 95% confidence intervals (CIs) of 
advanced prostate cancer by self-reported adiposity and metabolic scores (predicted adiposity using metabolites), Health 
Professionals Follow-up Study. 
 <5.5 years to diagnosis  ≥5.5 years to diagnosis 
  Adiposity measure  Metabolic score   Adiposity measure Metabolic score 
 OR 95% CI OR 95% CI  OR 95% CI OR 95% CI 
Derived fat mass (kg)          
per 1 SD increase 0.95 (0.71, 1.28) 1.04 (0.78, 1.38)  0.78 (0.56, 1.07) 1.01 (0.74, 1.38) 
p-heterogeneity       0.43  0.95 
Quartile 1 1.00 -- 1.00 --  1.00 -- 1.00 -- 
Quartile 2 1.30 (0.54, 3.16) 1.59 (0.68, 3.77)  0.93 (0.41, 2.13) 0.52 (0.22, 1.21) 
Quartile 3 1.04 (0.42, 2.54) 1.75 (0.73, 4.26)  0.53 (0.24, 1.19) 1.21 (0.54, 2.71) 
Quartile 4 1.04 (0.43, 2.50) 1.65 (0.69, 3.99)  0.65 (0.27, 1.54) 0.94 (0.41, 2.16) 
p-heterogeneity       0.79  0.30 
Estimates from unconditional logistic regression models adjusted for age (years, continuous), diabetes (yes/no), physical activity 
(METs/week, continuous), smoking status (ever/never), family history of prostate cancer (yes/no), and recent PSA screening 
(yes/no). 
<5.5 years to diagnosis: 195 men (99 cases) contributed to BMI models, 199 men (100 cases) to waist circumference models, 189 
men (98 cases) to fat mass models. 
≥5.5 years to diagnosis: 203 men (102 cases) contributed to BMI models, 204 men (103 cases) to waist circumference models, 
187 men (97 cases) to fat mass models. 
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Figures 2.1-2.3 show estimated odds ratios for men cross-classified by self-

reported adiposity and metabolic scores. For waist circumference and derived fat mass, 

the estimated odds of advanced prostate cancer were highest among men with a low 

self-reported adiposity but high metabolic score. However, confidence intervals were 

wide and overlapping. These findings were qualitatively similar under alternate 

classification decisions (Appendix 3.4).   

 

Figure 2.1 BMI-metabolic groups and advanced prostate cancer. Panel A: Scatterplot 
of self-reported BMI vs. metabolic score (predicted BMI based on metabolites) with 
median split lines drawn in red. Men were classified into BMI-metabolic groups based 
on having a self-reported BMI above vs. below the median and a metabolic score above 
vs. below the median. Panel B: Odds ratios for advanced prostate cancer by BMI-
metabolic group. Estimates adjusted for age, diabetes, physical activity, smoking status, 
family history of prostate cancer, and recent PSA screening. 
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Figure 2.2 Waist circumference-metabolic groups and advanced prostate cancer. Panel 
A: Scatterplot of self-reported waist circumference vs. metabolic score (predicted waist 
circumference based on metabolites) with median split lines drawn in red. Men were 
classified into waist circumference-metabolic groups based on having a self-reported 
waist circumference above vs. below the median and a metabolic score above vs. 
below the median. Panel B: Odds ratios for advanced prostate cancer by waist 
circumference-metabolic group. Estimates adjusted for age, diabetes, physical activity, 
smoking status, family history of prostate cancer, and recent PSA screening. 
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Figure 2.3 Fat mass-metabolic groups and advanced prostate cancer. Panel A: 
Scatterplot of derived fat mass vs. metabolic score (predicted fat mass based on 
metabolites) with median split lines drawn in red. Men were classified into fat mass-
metabolic groups based on having a derived fat mass above vs. below the median and 
a metabolic score above vs. below the median. Panel B: Odds ratios for advanced 
prostate cancer by fat mass-metabolic group. Estimates adjusted for age, diabetes, 
physical activity, smoking status, family history of prostate cancer, and recent PSA 
screening. 
 

 

  



	

	 65 

DISCUSSION 

In this metabolomics analysis of 198 identified metabolites, we found that 50 

metabolites were associated with BMI, 43 with waist circumference, and 35 with derived 

fat mass, with considerable overlap across adiposity measures. In an independent set 

of men, neither adiposity nor metabolic scores representing metabolic obesity were 

associated with risk of advanced prostate cancer. However, estimates for self-reported 

BMI and risk of advanced prostate cancer were higher among men within 5.5 years of 

diagnosis. Further, we found suggestive evidence that men with a low waist 

circumference or fat mass but high metabolic score were at the highest risk of advanced 

disease, although power for these analyses was lower.  

Among lipid metabolites, we identified inverse associations for CE, LPC, and 

LPE, positive associations for DAG, TAG, and SM, and mixed associations for PC with 

adiposity measures. These findings are largely consistent with a cross-sectional study 

of 217 metabolites among 2,383 Framingham Offspring participants, with the exception 

of CE and TAG, which showed positive and mixed associations in that study, 

respectively.4 That study also found that LPC 18:2 was the lipid metabolite most 

strongly associated with BMI and waist circumference,4 in line with our findings for BMI 

and derived fat mass. A prospective study identified low LPC 18:2 as a predictor of 

incident pre-diabetes and diabetes over a 7-year period, independent of BMI.16 

We found that carnitines were positively associated with all adiposity measures. 

Carnitine, which can be endogenously synthesized or absorbed from dietary sources 

such as meat, plays an important role in energy production by transporting long-chain 

fatty acids into the mitochondria for β-oxidation.17,18 Acylcarnitine accumulation may 
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result from fatty acid oxidation defects in obese and insulin resistant individuals.19 We 

found that waist circumference and derived fat mass were associated with two 

acylcarnitines not associated with BMI: C16 and C12:1. A recent cross-sectional study 

reported that higher levels of these two metabolites may help distinguish overweight 

individuals with high versus low visceral fat area (≥100 vs. <100 cm2 at L4).20 

Among amino acids, we identified positive associations for glutamate and inverse 

associations for glutamine and glycine with all adiposity measures, which is consistent 

with previous findings.4,6-10 Several studies have also identified positive associations 

between branched chain amino acids (valine, leucine, isoleucine) and aromatic amino 

acids (tyrosine, phenylalaine) with BMI and/or waist circumference.4,6,7,9 All but 

isoleucine were included in our study, but we did not replicate those findings. This may 

be due to a different distribution of BMI or modifiers, such as diet and physical activity, 

in our study population compared with others. 

Prospective studies have reported associations between glutamate, glutamine, 

and glycine with future diabetes risk,6,21 and experimental studies have demonstrated 

that glutamine supplementation in humans and mice leads to improved glucose 

tolerance.6,22 This suggests that some of these metabolites may not only be biomarkers 

of obesity but also effectors of its later sequelae. While we found no evidence for an 

association between metabolically-defined obesity and advanced prostate cancer in the 

present study, the identified metabolites may prove relevant for other disease 

outcomes. 

Prior meta-analyses reported an advanced prostate cancer relative risk of 1.09 

(95% CI: 1.02-1.16; 13 studies) and a prostate cancer-specific mortality relative risk of 
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1.15 (95% CI: 1.06-1.25; 6 studies) per 5 kg/m2 increase in BMI.1,23 These estimates are 

higher than our findings for advanced/fatal disease (OR 0.96, 95% CI: 0.73-1.27), but 

our power was limited by a small sample. Different estimates across studies may also 

be related to the timing of BMI measurement, length of follow-up, and patient 

characteristics. 

We found that estimates for self-reported BMI and odds of advanced prostate 

cancer were higher among men within 5.5 years of diagnosis. This may represent an 

etiologically relevant time window during which obesity promotes the development of 

advanced disease. Alternatively, this may be partially due to detection bias, whereby 

obese men may experience delayed detection (due to lower PSA values and biopsy 

accuracy) and therefore more advanced disease at diagnosis than leaner men.24,25 This 

may be more pronounced among men diagnosed earlier versus later in the study 

period, because obesity measured at baseline is more likely to reflect obesity at 

diagnosis for these men.  

Those with the same measured obesity may differ in their underlying metabolic 

health,2-4 which could be relevant for later disease risk. We took a novel approach to 

address this by calculating metabolic scores to summarize underlying metabolic obesity. 

After cross-classifying men by self-reported and metabolically-defined obesity, we found 

that men at the highest risk of advanced prostate cancer were those who had a low self-

reported adiposity but high metabolic score. The determinants of a normal weight, 

metabolically abnormal profile are unknown, but may be related to genetic factors 

influencing adipocyte function, body fat distribution, and insulin resistance and/or 

lifestyle factors such as physical activity and diet.5,26 Men in this group may have a 
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strong propensity for dysregulated metabolism, given their unfavorable metabolic 

factors despite normal weight, which may contribute to the development and 

progression of advanced prostate cancer.27 Further investigation of this phenotype may 

provide additional insight into the underlying mechanisms and potential intervention 

targets for clinically important prostate cancer.  

The major strength of our study was the integration of metabolomics with detailed 

clinical and lifestyle data within a well-characterized prospective cohort. This allowed us 

to investigate several adiposity measures and many metabolites while adjusting for 

important covariates. It also allowed us to assess adiposity and metabolites before 

advanced prostate cancer diagnosis to establish a temporal relationship and eliminate 

the potential for recall bias.  

We relied on self-reported adiposity measures, which are subject to 

measurement error. However, a previous validation study in HPFS showed that self-

reported weights and waist circumferences were highly correlated with technician-

measured values (Pearson r=0.97 and r=0.95, respectively).11 We also relied on a 

single measurement of adiposity and metabolites in midlife, and it is possible that long-

term average measures are the most biologically relevant for prostate cancer risk. 

Nonetheless, a pilot study showed that approximately 90% of metabolites were 

reproducible over two years within individuals14 and we estimated Pearson correlation 

coefficients >0.90 for BMI reports up to six years apart among men in the prostate 

cancer nested case-control study (data not shown). This suggests that a single measure 

may be reasonably representative of average values over midlife. Any error in 

assessing these average values is expected to be independent from the rate of prostate 



	

	 69 

cancer and therefore attenuate our estimates. Our power for analyses of advanced 

prostate cancer was limited by the sample size. Lastly, our study population consisted 

of middle-aged or older health professionals of predominantly European ancestry, so 

our estimates may not be generalizable to other populations with different distributions 

of adiposity or risk factors.  

In summary, BMI, waist circumference, and derived fat mass were associated 

with a broad range of metabolic alterations, involving lipids, amino acids, and amino 

acid derivatives. While neither adiposity nor metabolic scores were associated with 

advanced prostate cancer, the identified metabolites may inform future research on the 

mechanisms linking obesity with various disease outcomes.  
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Appendix Table 1.1 Distribution of adiposity measures at baseline for men in the AGES-
Reykjavik Study, 2002 

  N Mean 
Standard 
Deviation Median 

Interquartile 
Range 

Abdominal fat area1 (cm2)      
 Visceral  1,832 205.8 85.7 194.6 110.7 
 Subcutaneous  1,832 204.1 85.6 192.7 106.3 

Thigh fat area1 (cm2)      
 Intermuscular  1,832 35.4 16.0 32.5 19.1 

     Subcutaneous  1,832 78.5 39.2 70.7 47.2 
Total fat mass2 (kg) 1,425 18.6 6.8 17.9 8.9 
Percent body fat2  1,425 21.9 5.3 21.9 7.0 
BMI3 (kg/m2) 1,832 27.0 3.7 26.6 4.8 
Waist circumference3 (cm) 1,832 102.5 10.3 102.0 13.0 
1 Measured by CT imaging. 
2 Measured by bioelectric impedance. 
3 Measured by trained technicians.  
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Appendix Table 1.2 Association between fat depots and risk of prostate cancer among men in the AGES-Reykjavik Study, 2002-2015: 
Additional adjustment for BMI 

 
Total prostate cancer 
(172 events/1,832 men) 

High-grade prostate cancer 
(43 events/1,832 men) 

Advanced prostate cancer 
(41 events/1,832 men) 

Fatal prostate cancer 
(31 events/1,832 men) 

 

Fully-adjusted  
HR (95% CI)1 

Fully-adjusted  
HR (95% CI)1 

Fully-adjusted  
HR (95% CI)1 

Fully-adjusted  
HR (95% CI)1 

Abdominal visceral 1.03 (0.83, 1.28) 0.93 (0.60, 1.45) 1.14 (0.77, 1.70) 0.99 (0.61, 1.60) 
Abdominal subcutaneous 0.89 (0.68, 1.17) 1.04 (0.61, 1.77) 0.85 (0.50, 1.44) 0.90 (0.49, 1.65) 
Thigh intermuscular 0.87 (0.71, 1.06) 0.86 (0.57, 1.29) 0.76 (0.51, 1.14) 1.08 (0.71, 1.66) 
Thigh subcutaneous 1.02 (0.85, 1.24) 1.21 (0.85, 1.73) 1.08 (0.76, 1.53) 1.22 (0.81, 1.84) 
HR: Hazard ratio; CI: Confidence interval; BMI: Body mass index. 
Continuous adiposity measures were modeled per 1 standard deviation (SD) increase: abdominal visceral fat (85.7 cm2), abdominal 
subcutaneous fat (85.6 cm2), thigh intermuscular (16.0 cm2), thigh subcutaneous (39.2 cm2). 
1 Adjusted for the following variables, measured at study entry: age (continuous), height (continuous), family history of prostate cancer (yes, 
no), smoking status (never, former, current), education (primary/secondary, college/university), physical activity (≤3 hours/week, ≥4 
hours/week), physician visit over past 12 months (yes, no), and BMI (continuous). 
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Appendix 2.1 
 
Appendix Table 2.1 Specification and emulation of a target trial of physical activity interventions 
among men with nonmetastatic prostate cancer using data from the Health Professionals Follow-up 
Study 

Component Target trial  Emulation using 
observational data 

Aim To estimate the effect of physical activity 
interventions on 10-year risk of mortality among 
U.S. men aged 50-80 years and diagnosed with 
nonmetastatic prostate cancer. 

 Same.  

Eligibility 
criteria 

Men aged 50-80 years diagnosed with 
nonmetastatic prostate cancer between Jan 
1998 and Jan 2010. Exclusion criteria of recent 
cardiovascular event (myocardial infarction or 
stroke), congestive heart failure, amyotrophic 
lateral sclerosis, or functional impairment 
(difficulty climbing a flight of stairs or walking 
eight blocks). 

 Same. 

Treatment 
strategies 

Initiate physical activity intervention at diagnosis 
and continue it over follow-up until the 
development of metastasis or a condition or 
disease limiting physical ability, including 
metastasis, myocardial infarction, stroke, 
congestive heart failure, amyotrophic lateral 
sclerosis, or functional impairment. 

 Same, except baseline is 
taken as the return date of the 
first questionnaire after 
prostate cancer diagnosis.  

Treatment 
assignment 

At diagnosis, men assigned to a strategy and 
will be aware of the strategy to which they have 
been assigned.   

 Same. 

Follow-up  Starts at diagnosis and ends at death, loss to 
follow-up, 10 years after baseline, or on 1 June 
2014, whichever occurs first.  

 Same, except baseline is 
taken as the return date of the 
first questionnaire after 
prostate cancer diagnosis. 

Outcome All-cause mortality within 10 years of diagnosis.  Same. 
Causal 
contrast of 
interest 

Intention-to-treat effect, i.e., effect of being 
assigned to a physical activity strategy vs. no 
strategy at baseline. Per-protocol effect, i.e., 
effect that would have been observed if all men 
adhered to their assigned strategy over the 10-
year follow-up. 

 Observational analog of per-
protocol effect. 

Statistical 
analysis 

Intention-to-treat analysis.  
Per-protocol analysis: comparison of 10-year 
risk of death between groups receiving each 
treatment strategy with adjustment for pre- and 
post-baseline prognostic factors associated with 
adherence to the treatment strategies and loss 
to follow-up. 

 Same as per-protocol analysis.  
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Appendix 2.2 

 
The g-formula risk is a weighted average of risks conditional on a specified intervention 

history and observed confounder history. The weights are the probability density functions of the 

time-varying confounders, which are estimated using parametric regression models, and the 

weighted average is approximated using Monte Carlo simulation (of 10,000 men in our 

analyses). The adjustment covariates are described in Appendix Table 2.1. 

To assess model misspecification, we compared the observed means of time-varying 

covariates with the model-based predicted means under no intervention (Appendix Figure 1). 

The estimated 10-year risk of death under no physical activity intervention was the same as the 

observed risk (15.4%), a necessary condition for no model misspecification, and the estimated 

and observed means of all time-varying covariates were close. 

To assess the possibility of model extrapolation, we calculated the proportion of men 

who had to increase their activity at any point during follow-up and during each two-year period 

on average in order to keep adhering to the strategy (Appendix Table 2.2.2). The cumulative 

proportion of men who would have to change their behavior at any point over follow-up to keep 

adhering to the strategies was below 100% for all interventions. When we expanded the set of 

chronic conditions that would excuse men from following the recommended physical activity 

levels, the proportion of men who had to change their behavior at any time over follow-up to 

remain adherent to these strategies decreased, as expected. 

Additionally, we estimated risk ratios with risk under low activity (<1.25 hours/week of 

vigorous or <2.5 hours/week of moderate) as the reference (Appendix Table 2.3.2). For 

comparison with a conventional approach, we fit pooled logistic models to estimate the 

association between physical activity and risk of death in two-year intervals (Appendix Table 

2.3.3). As expected, estimated risk ratios were further from the null when risk under low physical 

activity was used as the reference rather than risk under no physical activity intervention 
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(Appendix Table 2.3.2 compared with Table 2.2). Estimates from conventional pooled logistic 

models were qualitatively similar to these estimates, but further from the null (Appendix Table 

2.3.3 compared with Appendix Table 2.3.2). 

As one of our sensitivity analyses for unmeasured confounding, we conducted an 

alternative analysis in which physical activity and covariate data are lagged by two years. This 

approach assumes (1) a two year lag between physical activity and its potential effects on 

chronic diseases and mortality, (2) any diagnosed chronic disease existed in a subclinical state 

for two years, and (3) any undiagnosed chronic disease would have been diagnosed by two 

years.  
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Appendix Table 2.2.1 Covariates used to model 10-year risk of all-cause mortality among men with 
nonmetastatic prostate cancer, Health Professionals Follow-up Study. 

A. Time-fixed covariates 
Functional form 

as predictor 
Variable 
name Categories 

Baseline (assessed in first post-diagnostic questionnaire) 
Age 4 categories baseage_1 

baseage_2 
baseage_3 
baseage_4 

<65 years 
65-69.9 years 
70-74.9 years 

≥75 years 

Clinical stage at diagnosis 2 categories stage_1 
stage_2 

T1 
T2, T3, T4, N1/M0 

PSA level at diagnosis 2 categories psa_1 
psa_2 

<4 ng/mL 
≥4 ng/mL 

Gleason grade at diagnosis 3 categories gleason_1 
gleason_2 
gleason_3 

<7 
7 
>7 

Primary treatment  3 categories treat_1 
treat_2 
treat_3 

Radical prostatectomy  
Radiation 

Hormones, watchful 
waiting, other 

Parental history of myocardial 
infarction before age 60 

Indicator fhxmi Yes/No 

Pre-baseline (assessed in first pre-diagnostic questionnaire) 
BMI 4 categories bmi_pre_1 

bmi_pre_2 
bmi_pre_3 
bmi_pre_4 

<18.5 kg/m2 

18.5-24.9 kg/m2 

25.0-29.9 kg/m2 
≥30 kg/m2 

Vigorous physical activity 4 categories vigact_pre_1 
vigact_pre_2 
vigact_pre_3 
vigact_pre_4 

<1.25 hour/week 
1.25-2.49 hours/week 
2.50-3.74 hours/week 

≥3.75 hours/week 

Moderate physical activity 4 categories modact_pre_1 
modact_pre_2 
modact_pre_3 
modact_pre_4 

<2.5 hours/week 
2.5-4.9 hours/week 
5-7.4 hours/week 
≥7.5 hours/week 

Smoking history Indicator smkhx Yes/No 

    



	

	 87 

 
 
 
 
  

 
Appendix Table 2.2.1 (Continued) Covariates used to model 10-year risk of all-cause mortality among 
men with nonmetastatic prostate cancer, Health Professionals Follow-up Study. 

B. Time-varying covariates1 
Modeling as 
dependent  

Variable 
name  

Functional form 
as predictor 

Category or knot 
locations 

Period of follow-up Not predicted period 5 period indicators N/A 

BMI Linear (on 
log scale)2 

bmi 4 categories 18.5, 25, 30  
kg/m2 

Vigorous physical activity Logistic, then 
log-linear3 

vigact Restricted cubic 
splines, 3 knots 

1.25, 2.5, 3.75 
hours/week 

Moderate physical activity Linear2 modcat Restricted cubic 
splines, 3 knots 

2.5, 5, 7.5 
hours/week 

Development of functional 
impairment, metastasis, 
myocardial infarction, stroke, 
congestive heart failure, or 
amyotrophic lateral sclerosis 

Logistic to 
failure4 

xcond Indicator and  
time since switch 

N/A 

1 Time-varying covariates were assessed in all periods.  
2 Variables predicted by a linear model were assigned a value equal to the predicted value plus the 
standard error multiplied by a random number from a Normal (0,1) distribution. Therefore, two subjects 
with the same risk factor history were not necessarily predicted to have exactly the same risk factor value 
at the next time point. Simulated values of continuous risk factors were truncated so that they did not fall 
outside of the observed range.  
3 Variables with many zero values were predicted in two stages. First, we fit a logistic model on an 
indicator that the variable is nonzero. Second, we fit a linear model for the natural log of the nonzero 
values. Simulated values were truncated so that they did not fall outside of the observed range.   
4 Variables predicted by a logistic model were assigned a value of 1 if the predicted probability was 
greater than a random number from a uniform distribution. After the first 1 is generated, the value is set 
to 1 thereafter.  
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Appendix Table 2.2.2.1 Cumulative and average percent of men intervened on under 
strategies in Table 2.2: Estimated risk of all-cause mortality under several physical activity 
strategies among men with nonmetastatic prostate cancer, Health Professionals Follow-up 
Study. All strategies excuse men from following the recommended physical activity levels after 
development of functional impairment, metastasis, myocardial infarction, stroke, congestive 
heart failure, or amyotrophic lateral sclerosis. 

Strategy Cumulative % intervened ona Average % intervened onb 

No intervention 0 0 
Vigorous activity   
≥1.25 h/week  87 57 

≥2.5 h/week  93 63 
≥3.75 h/week  97 72 

Moderate activity   
≥2.5 h/week  57 24 

≥5 h/week  73 34 

≥7.5 h/week  85 45 

Estimates based on the parametric g-formula adjusted for age, parental history of myocardial 
infarction, primary treatment, clinical stage at diagnosis, Gleason grade at diagnosis, PSA 
level at diagnosis, smoking history, body mass index, vigorous and moderate physical activity, 
and the development of functional impairment, metastasis, myocardial infarction, stroke, 
congestive heart failure, or amyotrophic lateral sclerosis. 
a Cumulative proportion of men who would have to change their behavior in any time period 
over follow-up to keep adhering to the strategy. 
b Average proportion of men who would have to change their behavior in each 2-year period to 
keep adhering to the strategy. 
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Appendix Table 2.2.2.2 Cumulative and average percent of men intervened on under 
strategies in Table 2.3: Estimated risk of all-cause mortality under several physical activity 
strategies among men with nonmetastatic prostate cancer, Health Professionals Follow-up 
Study. All strategies excuse men from following the recommended physical activity levels after 
development of functional impairment, metastasis, or a serious chronic condition.a 

Strategy Cumulative % intervened onb Average % intervened onc 

No intervention 0 0 
Vigorous activity   
≥1.25 h/week  57 38 

≥2.5 h/week  62 42 
≥3.75 h/week  66 48 

Moderate activity   
≥2.5 h/week  37 16 

≥5 h/week  48 23 
≥7.5 h/week  56 30 

Estimates based on the parametric g-formula adjusted for age, parental history of myocardial 
infarction, primary treatment, clinical stage at diagnosis, Gleason grade at diagnosis, PSA 
level at diagnosis, smoking history, body mass index, vigorous and moderate physical activity, 
and the development of functional impairment, metastasis, myocardial infarction, stroke, 
congestive heart failure, or amyotrophic lateral sclerosis. 
a Myocardial infarction, stroke, congestive heart failure, amyotrophic lateral sclerosis, or any of 
the following conditions: angina pectoris, pulmonary embolism, heart rhythm disturbance, 
diabetes, chronic renal failure, rheumatoid arthritis, gout, ulcerative colitis or Crohn’s disease, 
emphysema, Parkinson’s disease, and multiple sclerosis. 
b Cumulative proportion of men who would have to change their behavior in any time period 
over follow-up to keep adhering to the strategy. 
c Average proportion of men who would have to change their behavior in each 2-year period to 
keep adhering to the strategy. 
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Appendix Figure 1.1 Mean differences between observed and simulated values for body mass 
index and their 95% confidence intervals by year of follow-up. Differences were never greater 
than 0.04%. 

 
	
Appendix Figure 1.2: Mean differences between observed and simulated values for moderate 
activity and their 95% confidence intervals by year of follow-up. Differences were never greater 
than 16%.  
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Appendix Figure 1.3: Mean differences between observed and simulated values for vigorous 
activity and their 95% confidence intervals by year of follow-up. Differences were never greater 
than 5%.  

	
	
Appendix Figure 1.4: Mean differences between observed and simulated values for an 
indicator of conditions limiting physical ability (functional impairment, metastasis, myocardial 
infarction, stroke, congestive heart failure, amyotrophic lateral sclerosis) and their 95% 
confidence intervals by year of follow-up. Differences were never greater than 15%.  
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Appendix 2.3 Results from additional analyses 
 

Appendix Table 2.3.1 Estimated survival time and time invested in physical activity over 10 years under each 
strategy among men with nonmetastatic prostate cancer, Health Professionals Follow-up Study.  

Strategy 

 
Average number 
of days (months) 

lived 

Average number   
of days (months) 
lived, difference  

Average number of 
days (months) 

invested in 
physical activity  

Average number of 
days (months) 

invested in 
physical activity, 

difference 

No intervention 3,408 (113.6) 0  
35 (1.2) (vigorous) 

180 (6.0) (moderate) 0 
Vigorous activity      
1.25 h/week  3,448 (114.9) 40 (1.3)  56 (1.9) 21 (0.7) 
2.5 h/week  3,479 (116.0) 71 (2.4)  81 (2.7) 46 (1.5) 
3.75 h/week  3,489 (116.3) 81 (2.7)  103 (3.4) 67 (2.2) 
Moderate activity      
2.5 h/week  3,435 (114.5) 27 (0.9)  194 (6.5) 14 (0.5) 
5 h/week  3,458 (115.3) 50 (1.7)  216 (7.2) 36 (1.2) 
7.5 h/week  3,463 (115.4) 55 (1.8)  243 (8.1) 63 (2.1) 
Average number of days lived calculated as restricted mean survival time under each strategy. 
Difference in average number of days lived calculated as the difference in restricted mean survival time comparing 
the specified strategy with no intervention. 
Average number of days invested in strategy-specific (i.e. vigorous or moderate) physical activity over follow-up.  
Difference in average number of days invested in physical activity calculated as the difference in average number 
of days invested in physical activity comparing the specified strategy with no intervention. Differences were 
calculated based on values before rounding.   
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Appendix Table 2.3.2 Same as Table 2.2 but with low levels of physical activity as 
the reference: Estimated risk of all-cause mortality under several physical activity 
strategies among men with nonmetastatic prostate cancer, Health Professionals 
Follow-up Study. All strategies excuse men from following the recommended 
physical activity levels after development of functional impairment, metastasis, 
myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral 
sclerosis. 

Strategy 
10-year 
risk (%)a 95% CI Risk ratio 95% CI 

Vigorous activity    
<1.25 h/week  16.7 (14.6, 18.8) 1.0 -- 
≥1.25 h/week  13.0 (10.9, 15.4) 0.78 (0.68, 0.91) 
≥2.5 h/week  11.1 (8.7, 14.1) 0.66 (0.52, 0.85) 
≥3.75 h/week  10.5 (8.0, 13.5) 0.62 (0.48, 0.83) 
Moderate activity 
<2.5 h/week  19.8 (17.4, 22.4) 1.0 -- 
≥2.5 h/week  13.9 (12.0, 16.0) 0.70 (0.62, 0.79) 
≥5 h/week  12.6 (10.6, 14.7) 0.63 (0.54, 0.74) 
≥7.5 h/week  12.2 (10.3, 14.4) 0.62 (0.51, 0.72) 
Estimates based on the parametric g-formula adjusted for age, parental history of 
myocardial infarction, primary treatment, clinical stage at diagnosis, Gleason grade 
at diagnosis, PSA level at diagnosis, smoking history, body mass index, vigorous 
and moderate physical activity, and the development of functional impairment, 
metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic 
lateral sclerosis. 
a The observed risk was 15.4%. There were 250 observed deaths among 2,299 
men over 8,972 person-years of follow-up.  
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Appendix Table 2.3.3 Estimated odds ratios for all-cause mortality in two-year intervals by duration of weekly physical activity cancer 
among men with nonmetastatic prostate cancer, Health Professionals Follow-up Study. 
 Vigorous activity (hours/week) Moderate activity (hours/week) 

 <1.25  1.25 to <2.5  2.5 to <3.75  ≥3.75 <2.5 2.5 to <5 5 to <7.5 ≥7.5 
Cases 201 15 17 17 125 41 30 54 
Person-years 5,706 841 1,058 1,367 2,442 1,763 1,536 3,231 
Age-adjusted OR (95% CI)  1 0.61 

(0.36, 1.04) 
0.61 

(0.37, 1.01) 
0.51 

(0.30, 0.84) 
1 0.54 

(0.37, 0.77) 
0.46 

(0.30, 0.69) 
0.40 

(0.28, 0.55) 
+pre-baseline physical activity 1 0.60 

(0.35, 1.04) 
0.60 

(0.35, 1.01) 
0.53 

(0.30, 0.92) 
1 0.52 

(0.36, 0.75) 
0.44 

(0.29, 0.68) 
0.38 

(0.26, 0.54) 
+baseline covariates 1 0.58 

(0.34, 1.01) 
0.62 

(0.37, 1.04) 
0.52 

(0.30, 0.91) 
1 0.51 

(0.35, 0.74) 
0.44 

(0.29, 0.67) 
0.39 

(0.27, 0.56) 
+simple update covariates 1 0.57 

(0.33, 0.99) 
0.62 

(0.37, 1.05) 
0.52 

(0.30, 0.92) 
1 0.52 

(0.36, 0.75) 
0.44 

(0.29, 0.67) 
0.38 

(0.26, 0.54) 
+intermediate diagnoses 1 0.59 

(0.34, 1.03) 
0.62 

(0.36, 1.05) 
0.56 

(0.32, 0.99) 
1 0.60 

(0.41, 0.88) 
0.47 

(0.31, 0.73) 
0.44 

(0.30, 0.63) 
Estimates based on pooled logistic regression models updating physical activity each time period. Vigorous and moderate physical activity 
were mutually adjusted. To age-adjusted models (containing linear and quadratic terms for age), we sequentially added the following 
adjustment variables: pre-baseline physical activity, baseline covariates, simple update covariates, and intermediate diagnoses. Pre-
baseline physical activity included vigorous and moderate activity. Baseline covariates included parental history of myocardial infarction, 
primary treatment, clinical stage at diagnosis, Gleason grade at diagnosis, PSA level at diagnosis, smoking history, pre-baseline body mass 
index. Simple update covariates included body mass index. Intermediate diagnoses included the development of functional impairment, 
metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral sclerosis.  
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Appendix 2.4 Results from sensitivity analyses 
	
Appendix Table 2.4.1	Sensitivity analysis using a negative outcome control: Estimated risk of questionnaire non-response under several physical 
activity strategies among men with nonmetastatic prostate cancer, Health Professionals Follow-up Study. All strategies excuse men from following 
the recommended physical activity levels after development of functional impairment, metastasis, myocardial infarction, stroke, congestive heart 
failure, or amyotrophic lateral sclerosis. 

Strategy 
10-year 
risk (%)a 95% CI 

Risk  
ratio 95% CI 

Risk 
difference 95% CI 

Cumulative % 
intervened onb 

Average % 
intervened onc 

No intervention 12.8 (11.2, 14.7) 1.0 -- 0 -- 0 0 
Vigorous activity        
≥1.25 h/week  13.5 (11.2, 15.8) 1.05 (0.93, 1.17) 0.7 (-0.8, 2.1) 87 57 
≥2.5 h/week  13.5 (10.5, 16.9) 1.05 (0.86, 1.30) 0.7 (-1.7, 3.7) 93 63 
≥3.75 h/week  12.6 (9.7, 15.9) 0.98 (0.79, 1.22) -0.2 (-2.7, 2.9) 97 72 
Moderate activity        
≥2.5 h/week  12.3 (10.5, 14.1) 0.96 (0.91, 0.99) -0.5 (-1.2, -0.1) 57 24 
≥5 h/week  11.7 (9.9, 13.8) 0.92 (0.83, 0.99) -1.1 (-2.1, -0.2) 73 34 
≥7.5 h/week  11.8 (9.9, 13.9) 0.92 (0.83, 0.99) -1.0 (-2.1, -0.1) 85 45 
Estimates based on the parametric g-formula adjusted for age, parental history of myocardial infarction, primary treatment, clinical stage at 
diagnosis, Gleason grade at diagnosis, PSA level at diagnosis, smoking history, body mass index, vigorous and moderate physical activity, and 
the development of metastasis, myocardial infarction, stroke, congestive heart failure, amyotrophic lateral sclerosis, or functional impairment. 
a The observed risk was 12.7%. There were 205 events among 2,299 men over 8,927 person-years of follow-up.  
b Cumulative proportion of men who would have to change their behavior in any time period over follow-up to keep adhering to the strategy. 
c Average proportion of men who would have to change their behavior in each 2-year period to keep adhering to the strategy. 
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Appendix Table 2.4.2 Same as Table 2.2 except assuming that the development of functional impairment, metastasis, and chronic diseases 
occurred 2 years before the questionnaire in which these conditions were reported. This involved excluding those developing these conditions 
through the end of the first period and stopping the interventions in the period before (rather than after) any of these conditions were reported to 
have developed over follow-up: Estimated risk of all-cause mortality under several physical activity strategies among men with nonmetastatic 
prostate cancer, Health Professionals Follow-up Study. 

Strategy 
10-year 
risk (%)a 95% CI 

Risk  
ratio 95% CI 

Risk 
difference 95% CI 

Cumulative % 
intervened onb 

Average % 
intervened onc 

No intervention 13.7 (12.0, 15.8) 1.0 -- 0 -- 0 0 
Vigorous activity 
≥1.25 h/week  11.5 (9.6, 13.9) 0.83 (0.73, 0.95) -2.3 (-3.8, -0.7) 86 56 
≥2.5 h/week  9.7 (7.4, 12.8) 0.71 (0.55, 0.88) -4.0 (-6.2, -1.6) 93 61 
≥3.75 h/week  9.2 (7.0, 12.4) 0.67 (0.52, 0.86) -4.5 (-6.9, -1.9) 97 71 
Moderate activity        
≥2.5 h/week  12.1 (10.4, 14.2) 0.88 (0.83, 0.94) -1.6 (-2.5, -0.8) 58 24 
≥5 h/week  11.1 (9.2, 13.3) 0.81 (0.71, 0.90) -2.7 (-4.0, -1.5) 74 34 
≥7.5 h/week  11.0 (9.0, 13.1) 0.80 (0.70, 0.89) -2.7 (-4.2, -1.6) 85 44 
Estimates based on the parametric g-formula adjusted for age, parental history of myocardial infarction, primary treatment, clinical stage at 
diagnosis, Gleason grade at diagnosis, PSA level at diagnosis, smoking history, body mass index, vigorous and moderate physical activity, and the 
development of functional impairment, metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral sclerosis. 
a The observed risk was 14.0%. There were 209 observed deaths among 2,149 men over 8,431 person-years of follow-up.  
b Cumulative proportion of men who would have to change their behavior in any time period over follow-up to keep adhering to the strategy. 
c Average proportion of men who would have to change their behavior in each 2-year period to keep adhering to the strategy. 
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Appendix Table 2.4.3	Same as Table 2.2 except that total time devoted to vigorous and moderate physical activity was kept constant: Estimated 
risk of all-cause mortality under several physical activity strategies among men with nonmetastatic prostate cancer, Health Professionals Follow-up 
Study. All strategies excuse men from following the recommended physical activity levels after development of functional impairment, metastasis, 
myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral sclerosis. 

Strategy 
10-year 
risk (%)a 95% CI 

Risk  
ratio 95% CI 

Risk 
difference 95% CI 

Cumulative % 
intervened onb 

Average % 
intervened onc 

No intervention 15.4 (13.7, 17.4) 1.0 -- 0 -- 0 0 
Vigorous activity        
≥1.25 h/week  13.4 (11.4, 15.9) 0.87 (0.77, 0.98) -2.1 (-3.5, -0.3) 87 56 
≥2.5 h/week  11.9 (9.3, 15.0) 0.77 (0.62, 0.95) -3.5 (-6.0, -0.7) 93 63 
≥3.75 h/week  11.9 (9.1, 15.0) 0.77 (0.59, 0.96) -3.6 (-6.2, -0.6) 97 72 
Moderate activity        
≥2.5 h/week  14.4 (12.4, 16.5) 0.93 (0.87, 0.97) -1.1 (-2.1, -0.4) 56 23 
≥5 h/week  13.2 (11.0, 15.5) 0.86 (0.76, 0.92) -2.2 (-3.7, -1.2) 74 34 
≥7.5 h/week  13.1 (10.8, 15.6) 0.85 (0.75, 0.92) -2.4 (-3.9, -1.2) 85 45 
Estimates based on the parametric g-formula adjusted for age, parental history of myocardial infarction, primary treatment, clinical stage at 
diagnosis, Gleason grade at diagnosis, PSA level at diagnosis, smoking history, body mass index, vigorous and moderate physical activity, and the 
development of functional impairment, metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral sclerosis. 
a The observed risk was 15.4%. There were 250 observed deaths among 2,299 men over 8,972 person-years of follow-up.  
b Cumulative proportion of men who would have to change their behavior in any time period over follow-up to keep adhering to the strategy. 
c Average proportion of men who would have to change their behavior in each 2-year period to keep adhering to the strategy. 
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Appendix Table 2.4.4	Same as Table 2.2 except that a two-year lag time was imposed: Estimated risk of all-cause mortality under several physical 
activity strategies among men with nonmetastatic prostate cancer, Health Professionals Follow-up Study. All strategies excuse men from following 
the recommended physical activity levels after development of functional impairment, metastasis, myocardial infarction, stroke, congestive heart 
failure, or amyotrophic lateral sclerosis. 

Strategy 
10-year 
risk (%)a 95% CI 

Risk  
ratio 95% CI 

Risk 
difference 95% CI 

Cumulative % 
intervened onb 

Average % 
intervened onc 

No intervention 15.6 (13.7, 17.5) 1.0 -- 0 -- 0 0 
Vigorous activity        
≥1.25 h/week  13.3 (11.5, 15.5) 0.85 (0.77, 0.94) -2.4 (-3.7, -0.9) 78 53 
≥2.5 h/week  11.7 (9.7, 14.3) 0.75 (0.63, 0.89) -3.9 (-6.0, -1.7) 85 59 
≥3.75 h/week  11.5 (9.3, 14.1) 0.74 (0.61, 0.88) -4.1 (-6.3, -1.8) 90 68 
Moderate activity        
≥2.5 h/week  14.8 (12.7, 16.7) 0.95 (0.90, 0.99) -0.8 (-1.6, -0.2) 48 22 
≥5 h/week  14.0 (11.6, 16.0) 0.89 (0.82, 0.96) -1.7 (-2.9, -0.5) 64 31 
≥7.5 h/week  13.8 (11.3, 15.9) 0.89 (0.80, 0.96) -1.8 (-3.1, -0.7) 76 42 
Estimates based on the parametric g-formula adjusted for age, parental history of myocardial infarction, primary treatment, clinical stage at 
diagnosis, Gleason grade at diagnosis, PSA level at diagnosis, smoking history, body mass index, vigorous and moderate physical activity, and the 
development of functional impairment, metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic lateral sclerosis. 
a The observed risk was 15.4%. There were 250 observed deaths among 2,299 men over 8,972 person-years of follow-up. 
b Cumulative proportion of men who would have to change their behavior in any time period over follow-up to keep adhering to the strategy. 
c Average proportion of men who would have to change their behavior in each 2-year period to keep adhering to the strategy. 
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Supplemental material 
 
Models used for the parametric g-formula 
	
Model 1 Outcome model 
 
 

The LOGISTIC Procedure 
 
                                   Model Information 
 
                     Data Set                      WORK.PARAM       
                     Response Variable             event            
                     Number of Response Levels     2                
                     Weight Variable               _weight_         
                     Model                         binary logit     
                     Optimization Technique        Fisher's scoring 
 
 
                        Number of Observations Read        9119 
                        Number of Observations Used        8972 
                        Sum of Weights Read                9119 
                        Sum of Weights Used                8972 
 
  
                                    Response Profile 
  
                   Ordered                      Total            Total 
                     Value        event     Frequency           Weight 
 
                         1            1           250         250.0000 
                         2            0          8722        8722.0000 
 
                            Probability modeled is event=1. 
 
 
                                Model Convergence Status 
 
                     Convergence criterion (GCONV=1E-8) satisfied.           
 
 
                       Analysis of Maximum Likelihood Estimates 
  
                                           Standard          Wald 
        Parameter        DF    Estimate       Error    Chi-Square    Pr > ChiSq 
 
        Intercept         1     -1.5533      0.5177        9.0033        0.0027 
        baseage_1         1     -0.6195      0.2340        7.0103        0.0081 
        baseage_2         1     -0.5315      0.2091        6.4595        0.0110 
        baseage_3         1     -0.2737      0.1713        2.5513        0.1102 
        smkhx             1      0.0519      0.1377        0.1419        0.7064 
        treat_1           1     -0.6531      0.2308        8.0095        0.0047 
        treat_2           1     -0.1870      0.2036        0.8438        0.3583 
        stage_1           1     -0.0711      0.1473        0.2328        0.6295 
        psa_1             1      0.1947      0.2119        0.8439        0.3583 
        gleason_1         1     -0.8889      0.2079       18.2833        <.0001 
        gleason_2         1     -0.3619      0.2156        2.8191        0.0931 
        bmi_pre_1         1     -0.4894      1.1816        0.1715        0.6788 
        bmi_pre_2         1      0.1708      0.3975        0.1845        0.6675 
        bmi_pre_3         1      0.5384      0.3666        2.1571        0.1419 
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        vigact_pre_1      1      0.1136      0.2333        0.2372        0.6263 
        vigact_pre_2      1     -0.0524      0.3215        0.0266        0.8706 
        vigact_pre_3      1      0.3216      0.2661        1.4613        0.2267 
        modact_pre_1      1     -0.2790      0.1871        2.2227        0.1360 
        modact_pre_2      1      0.0895      0.1929        0.2153        0.6427 
        modact_pre_3      1     -0.3047      0.2209        1.9030        0.1677 
        fhxmi             1     -0.4512      0.2314        3.8022        0.0512 
        period_1          1     -1.9668      0.2933       44.9689        <.0001 
        period_2          1     -1.0941      0.2092       27.3642        <.0001 
        period_3          1     -0.7179      0.1933       13.7946        0.0002 
        period_4          1     -0.6624      0.1952       11.5154        0.0007 
        xcond             1      1.3141      0.2703       23.6344        <.0001 
        tsxcond_inter     1     -0.1149      0.1256        0.8378        0.3600 
        modact            1     -0.2250      0.0428       27.5893        <.0001 
        modact_spl1       1      0.1548      0.0327       22.3509        <.0001 
        bmi_1             1      1.8081      0.6642        7.4107        0.0065 
        bmi_2             1      0.7712      0.3792        4.1365        0.0420 
        bmi_3             1      0.2690      0.3557        0.5718        0.4496 
        vigact            1     -0.2727      0.0983        7.7001        0.0055 
        vigact_spl1       1      0.1708      0.0924        3.4156        0.0646  
  

	
Model 2 Development of conditions limiting physical activity model (composite of functional 
impairment, metastasis, myocardial infarction, stroke, congestive heart failure, or amyotrophic 
lateral sclerosis) 
 
 

The LOGISTIC Procedure 
 
                                   Model Information 
 
                     Data Set                      WORK.PARAM       
                     Response Variable             xcond            
                     Number of Response Levels     2                
                     Weight Variable               _weight_         
                     Model                         binary logit     
                     Optimization Technique        Fisher's scoring 
 
 
                        Number of Observations Read        6396 
                        Number of Observations Used        6396 
                        Sum of Weights Read                6396 
                        Sum of Weights Used                6396 
 
 
                                    Response Profile 
  
                   Ordered                      Total            Total 
                     Value        xcond     Frequency           Weight 
 
                         1            1           400         400.0000 
                         2            0          5996        5996.0000 
 
                            Probability modeled is xcond=1. 
 
 
                                Model Convergence Status 
 
                     Convergence criterion (GCONV=1E-8) satisfied.           
 
 
                        Analysis of Maximum Likelihood Estimates 
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                                            Standard          Wald 
        Parameter         DF    Estimate       Error    Chi-Square    Pr > ChiSq 
 
        Intercept          1     -0.0539      0.3834        0.0198        0.8881 
        baseage_1          1     -1.2596      0.1870       45.3840        <.0001 
        baseage_2          1     -0.5674      0.1555       13.3161        0.0003 
        baseage_3          1     -0.3398      0.1379        6.0743        0.0137 
        smkhx              1      0.0342      0.1082        0.1001        0.7517 
        treat_1            1     -0.5107      0.1838        7.7207        0.0055 
        treat_2            1     -0.1951      0.1670        1.3642        0.2428 
        stage_1            1     -0.2366      0.1162        4.1433        0.0418 
        psa_1              1     -0.3521      0.1759        4.0052        0.0454 
        gleason_1          1     -0.6022      0.1659       13.1855        0.0003 
        gleason_2          1     -0.3454      0.1784        3.7464        0.0529 

 bmi_pre_1          1     -1.5383      1.1149        1.9038        0.1677 
        bmi_pre_2          1     -0.0499      0.2744        0.0331        0.8556 
        bmi_pre_3          1     -0.1727      0.2348        0.5411        0.4620 
        vigact_pre_1       1     -0.0748      0.1852        0.1633        0.6861 
        vigact_pre_2       1    -0.00800      0.2359        0.0011        0.9729 
        vigact_pre_3       1      0.1594      0.2034        0.6137        0.4334 
        modact_pre_1       1      0.1080      0.1544        0.4888        0.4845 
        modact_pre_2       1      0.2414      0.1619        2.2237        0.1359 
        modact_pre_3       1      0.0816      0.1659        0.2421        0.6227 
        fhxmi              1      0.2013      0.1538        1.7128        0.1906 
        period_1           0           0           .         .             .     
        period_2           1     -0.3085      0.1547        3.9758        0.0462 
        period_3           1     -0.3899      0.1631        5.7158        0.0168 
        period_4           1     -0.3082      0.1736        3.1541        0.0757 
        modact_l1          1     -0.0839      0.0360        5.4254        0.0198 
        modact_l1_spl1     1      0.0492      0.0272        3.2752        0.0703 
        bmi_l1_1           1      0.6708      0.6371        1.1086        0.2924 
        bmi_l1_2           1     -0.6886      0.2674        6.6323        0.0100 
        bmi_l1_3           1     -0.3326      0.2242        2.2013        0.1379 
        vigact_l1          1     -0.1384      0.0718        3.7121        0.0540 
        vigact_l1_spl1     1      0.0617      0.0661        0.8690        0.3512  
  

	
 Model 3 Moderate activity model 
  
 

The REG Procedure 
                                     Model: MODEL1 
                              Dependent Variable: modact  
 
                        Number of Observations Read        6820 
                        Number of Observations Used        6820 
 
 
                  Root MSE              6.58707    R-Square     0.3772 
                  Dependent Mean        7.65784    Adj R-Sq     0.3743 
                  Coeff Var            86.01741                        
 
 
                                  Parameter Estimates 
  
                                 Parameter       Standard 
       Variable          DF       Estimate          Error    t Value    Pr > |t| 
 
       Intercept          1        2.69012        0.66876       4.02      <.0001 
       baseage_1          1        0.85723        0.26537       3.23      0.0012 
       baseage_2          1        1.05468        0.25775       4.09      <.0001 
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       baseage_3          1        0.64540        0.24380       2.65      0.0081 
       smkhx              1       -0.06564        0.16264      -0.40      0.6865 
       treat_1            1        0.10728        0.30874       0.35      0.7283 
       treat_2            1       -0.26481        0.30093      -0.88      0.3789 
       stage_1            1        0.04409        0.18358       0.24      0.8102 
       psa_1              1        0.08472        0.23860       0.36      0.7225 
       gleason_1          1        0.33983        0.31133       1.09      0.2751 
       gleason_2          1        0.40371        0.33265       1.21      0.2249 
       bmi_pre_1          1       -2.37861        1.35111      -1.76      0.0784 
       bmi_pre_2          1       -0.38232        0.44223      -0.86      0.3873 
       bmi_pre_3          1       -0.14650        0.38320      -0.38      0.7022 
       vigact_pre_1       1       -0.24552        0.26788      -0.92      0.3594 
       vigact_pre_2       1       -0.49579        0.33759      -1.47      0.1420 
       vigact_pre_3       1        0.01401        0.29942       0.05      0.9627 
       modact_pre_1       1       -2.72369        0.23121     -11.78      <.0001 
       modact_pre_2       1       -2.37572        0.24071      -9.87      <.0001 
       modact_pre_3       1       -1.40199        0.24593      -5.70      <.0001 
       fhxmi              1        0.43595        0.24342       1.79      0.0733 
       period_1           0              0              .        .         .     
       period_2           1        0.72158        0.24967       2.89      0.0039 
       period_3           1        0.71701        0.25250       2.84      0.0045 
       period_4           1        0.29881        0.26149       1.14      0.2532 
       xcond              1       -0.78575        0.51009      -1.54      0.1235 
       tsxcond_inter      1        0.08094        0.24691       0.33      0.7431 
       modact_l1          1        0.80444        0.05676      14.17      <.0001 
       modact_l1_spl1     1       -0.19971        0.04197      -4.76      <.0001 
       bmi_l1_1           1        4.32035        1.37096       3.15      0.0016 
       bmi_l1_2           1        0.84932        0.42325       2.01      0.0448 
       bmi_l1_3           1        0.63631        0.36352       1.75      0.0801     

vigact_l1          1       -0.10662        0.10294      -1.04      0.3004 
       vigact_l1_spl1     1        0.07749        0.08853       0.88      0.3814  
 

	
 Model 4 BMI model 
  
 

The REG Procedure 
                                     Model: MODEL1 
                                Dependent Variable: bmi  
 
                        Number of Observations Read        6820 
                        Number of Observations Used        6820 
 
 
                  Root MSE              0.06711    R-Square     0.7217 
                  Dependent Mean        3.24274    Adj R-Sq     0.7203 
                  Coeff Var             2.06948                        
 
 
                                  Parameter Estimates 
  
                                 Parameter       Standard 
       Variable          DF       Estimate          Error    t Value    Pr > |t| 
 
       Intercept          1        3.46142        0.00687     503.79      <.0001 
       baseage_1          1        0.01699        0.00271       6.27      <.0001 
       baseage_2          1        0.01693        0.00263       6.43      <.0001 
       baseage_3          1        0.00810        0.00249       3.26      0.0011 
       smkhx              1        0.00309        0.00166       1.86      0.0625 
       treat_1            1        0.00411        0.00315       1.31      0.1913 
       treat_2            1        0.00132        0.00307       0.43      0.6675 
       stage_1            1       -0.00279        0.00187      -1.49      0.1354 
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       psa_1              1       -0.00291        0.00243      -1.20      0.2307 
       gleason_1          1       -0.00258        0.00317      -0.81      0.4153 
       gleason_2          1       -0.00532        0.00339      -1.57      0.1166 
       bmi_pre_1          1       -0.13960        0.01377     -10.14      <.0001 
       bmi_pre_2          1       -0.11586        0.00451     -25.71      <.0001 
       bmi_pre_3          1       -0.05476        0.00390     -14.03      <.0001 
       vigact_pre_1       1        0.00198        0.00273       0.73      0.4674 
       vigact_pre_2       1        0.00270        0.00344       0.79      0.4320 
       vigact_pre_3       1        0.00167        0.00305       0.55      0.5844 
       modact_pre_1       1        0.00249        0.00239       1.04      0.2967 
       modact_pre_2       1        0.00261        0.00247       1.06      0.2904 
       modact_pre_3       1     0.00085917        0.00251       0.34      0.7323 
       fhxmi              1       -0.00353        0.00248      -1.42      0.1547 
       period_1           0              0              .        .         .     
       period_2           1        0.00642        0.00255       2.52      0.0117 
       period_3           1        0.00291        0.00258       1.13      0.2584 
       period_4           1        0.00144        0.00266       0.54      0.5893 
       xcond              1       -0.00474        0.00521      -0.91      0.3626 
       tsxcond_inter      1        0.00171        0.00252       0.68      0.4977 
       modact_l1          1     0.00020698     0.00064776       0.32      0.7493 
       modact_l1_spl1     1    -0.00006509     0.00047249      -0.14      0.8904 
       bmi_l1_1           1       -0.38170        0.01398     -27.31      <.0001 
       bmi_l1_2           1       -0.22560        0.00431     -52.30      <.0001 
       bmi_l1_3           1       -0.12555        0.00370     -33.89      <.0001 
       vigact_l1          1       -0.00171        0.00105      -1.63      0.1027 
       vigact_l1_spl1     1     0.00096989     0.00090280       1.07      0.2827 
       modact             1    -0.00045448     0.00062425      -0.73      0.4666 
       modact_spl1        1     0.00000458     0.00045730       0.01      0.9920  
  
 
 Model 5 Vigorous activity models 
 
  

The LOGISTIC Procedure 
 
                                   Model Information 
 
                     Data Set                      WORK.PARAM       
                     Response Variable             zvigact          
                     Number of Response Levels     2                
                     Weight Variable               _weight_         
                     Model                         binary logit     
                     Optimization Technique        Fisher's scoring 
 
 
                        Number of Observations Read        6820 
                        Number of Observations Used        6820 
                        Sum of Weights Read                6820 
                        Sum of Weights Used                6820 
 
 
                                    Response Profile 
  
                   Ordered                      Total            Total 
                     Value      zvigact     Frequency           Weight 
 
                         1            1          3594        3594.0000 
                         2            0          3226        3226.0000 
 
                           Probability modeled is zvigact=1. 
 
 
                                Model Convergence Status 
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                     Convergence criterion (GCONV=1E-8) satisfied.           
 
 
                        Analysis of Maximum Likelihood Estimates 
  
                                            Standard          Wald 
        Parameter         DF    Estimate       Error    Chi-Square    Pr > ChiSq 
 
        Intercept          1     -0.8979      0.2548       12.4194        0.0004 
        baseage_1          1      0.1565      0.1006        2.4190        0.1199 
        baseage_2          1      0.0774      0.0974        0.6321        0.4266 
        baseage_3          1     -0.0756      0.0918        0.6779        0.4103 
        smkhx              1     -0.0188      0.0617        0.0927        0.7608 
        treat_1            1    -0.00515      0.1156        0.0020        0.9645 
        treat_2            1     -0.0266      0.1123        0.0561        0.8128 
        stage_1            1     -0.0332      0.0698        0.2260        0.6345 
        psa_1              1      0.2505      0.0903        7.7006        0.0055 
        gleason_1          1     -0.0630      0.1171        0.2898        0.5904 
        gleason_2          1     -0.1946      0.1255        2.4032        0.1211 
   bmi_pre_1          1     -0.2860      0.5337        0.2871        0.5921 
        bmi_pre_2          1      0.1477      0.1717        0.7401        0.3896 
        bmi_pre_3          1      0.0553      0.1474        0.1408        0.7075 
        vigact_pre_1       1     -0.7733      0.1074       51.8625        <.0001 
        vigact_pre_2       1     -0.1523      0.1354        1.2659        0.2605 
        vigact_pre_3       1     -0.1665      0.1286        1.6761        0.1954 
        modact_pre_1       1     0.00604      0.0886        0.0047        0.9456 
        modact_pre_2       1      0.1338      0.0924        2.0959        0.1477 
        modact_pre_3       1      0.0476      0.0934        0.2594        0.6105 
        fhxmi              1     0.00232      0.0921        0.0006        0.9799 
        period_1           0           0           .         .             .     
        period_2           1      0.2977      0.0950        9.8205        0.0017 
        period_3           1      0.2448      0.0956        6.5549        0.0105 
        period_4           1      0.1821      0.0988        3.3964        0.0653 
        xcond              1     -0.3196      0.1911        2.7962        0.0945 
        tsxcond_inter      1      0.1810      0.0917        3.8987        0.0483 
        modact_l1          1     -0.0380      0.0239        2.5280        0.1118 
        modact_l1_spl1     1      0.0157      0.0175        0.8104        0.3680 
        bmi_l1_1           1      1.4904      0.6114        5.9429        0.0148 
        bmi_l1_2           1      0.1136      0.2023        0.3154        0.5744 
        bmi_l1_3           1     -0.0419      0.1718        0.0594        0.8075 
        vigact_l1          1      1.2295      0.0415      876.5002        <.0001 
        vigact_l1_spl1     1     -0.8123      0.0396      420.3715        <.0001 
        modact             1      0.0509      0.0231        4.8470        0.0277 
        modact_spl1        1     -0.0337      0.0169        3.9518        0.0468 
        bmi_1              1     -0.0613      0.5185        0.0140        0.9058 
        bmi_2              1      0.2039      0.1955        1.0883        0.2969 
        bmi_3              1      0.2138      0.1683        1.6138        0.2040 
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                                   The REG Procedure 
                                     Model: MODEL1 
                              Dependent Variable: lvigact  
 
                        Number of Observations Read        3594 
                        Number of Observations Used        3594 
 
 

     Root MSE              0.93504    R-Square     0.3856 
                  Dependent Mean        0.57080    Adj R-Sq     0.3792 
                  Coeff Var           163.81224                        
 
 
                                  Parameter Estimates 
  
                                 Parameter       Standard 
       Variable          DF       Estimate          Error    t Value    Pr > |t| 
 
       Intercept          1        0.01801        0.13927       0.13      0.8971 
       baseage_1          1        0.05323        0.05262       1.01      0.3118 
       baseage_2          1       -0.06046        0.05137      -1.18      0.2393 
       baseage_3          1       -0.08028        0.04942      -1.62      0.1044 
       smkhx              1       -0.04550        0.03186      -1.43      0.1534 
       treat_1            1        0.01993        0.06121       0.33      0.7447 
       treat_2            1        0.03587        0.06006       0.60      0.5504 
       stage_1            1       -0.03920        0.03606      -1.09      0.2772 
       psa_1              1       -0.02066        0.04506      -0.46      0.6466 
       gleason_1          1       -0.03649        0.06097      -0.60      0.5495 
       gleason_2          1       -0.03803        0.06581      -0.58      0.5634 
       bmi_pre_1          1        0.65415        0.26096       2.51      0.0122 
       bmi_pre_2          1        0.07576        0.09952       0.76      0.4466 
       bmi_pre_3          1       -0.09356        0.08887      -1.05      0.2925 
       vigact_pre_1       1       -0.54831        0.04670     -11.74      <.0001 
       vigact_pre_2       1       -0.43617        0.05714      -7.63      <.0001 
       vigact_pre_3       1       -0.25045        0.04858      -5.16      <.0001 
       modact_pre_1       1        0.05254        0.04731       1.11      0.2668 
       modact_pre_2       1        0.07600        0.04718       1.61      0.1073 
       modact_pre_3       1        0.06920        0.04885       1.42      0.1567 
       fhxmi              1       -0.04421        0.04746      -0.93      0.3517 
       period_1           0              0              .        .         .     
       period_2           1        0.00246        0.04991       0.05      0.9607 
       period_3           1        0.00178        0.05066       0.04      0.9719 
       period_4           1       -0.01600        0.05274      -0.30      0.7617 
       xcond              1        0.10218        0.10863       0.94      0.3470 
       tsxcond_inter      1       -0.07787        0.05163      -1.51      0.1316 
       modact_l1          1       -0.04593        0.01291      -3.56      0.0004 
       modact_l1_spl1     1        0.02445        0.00940       2.60      0.0093 
       bmi_l1_1           1       -1.14109        0.28188      -4.05      <.0001 
       bmi_l1_2           1       -0.25861        0.12082      -2.14      0.0324 
       bmi_l1_3           1       -0.16659        0.10718      -1.55      0.1202 
       vigact_l1          1        0.39058        0.02040      19.15      <.0001 
       vigact_l1_spl1     1       -0.19963        0.01638     -12.19      <.0001 
       modact             1        0.08140        0.01253       6.50      <.0001 
       modact_spl1        1       -0.04302        0.00915      -4.70      <.0001 
       bmi_1              1       -0.22004        0.26131      -0.84      0.3998 
       bmi_2              1        0.23400        0.11383       2.06      0.0399 
       bmi_3              1        0.29331        0.10126       2.90      0.0038 
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Appendix 3.1  
 
Appendix Figure 2 Flowchart of metabolite selection 
 
ALS nested case-control study 
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Appendix Figure 2 (Continued) 
 
PD nested case-control study 
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Appendix Figure 2 (Continued) 
 
Prostate cancer nested case-control study 
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Excluded metabolites before restricting to common metabolites across endpoints 
Basis for exclusion Metabolites 
CV>25% or ICC<0.4 
(n=89) 
 

C36:4 hydroxy-PC-A 
C32:0 PE 
1-methylhistamine 
21-deoxycortisol 
3-(N-acetyl-L-cystein-S-yl) acetaminophen 
3-hydroxyanthranilic acid 
3-methylhistidine 
4-guanidinobutanoic acid 
5-acetylamino-6-formylamino-3-methyluracil 
5-hydroxytryptophan_isomer 
acetaminophen glucuronide 
acetyl-galactosamine 
acetylglycine 
adenosine 
allantoin 
aminoisobutyric acid 
anserine 
atenolol 
beta-alanine 
C16:1 LPC 
C16:1 MAG 
C18:0 MAG 
C18:1-OH carnitine 
C18:2 SM 
C20 carnitine 
C22:1 MAG 
C22:4 CE 
C3-DC-CH3 carnitine 
C32:2 DAG 
C34:0 PI 
C34:1 DAG 
C34:2 PC 
C34:2 PE plasmalogen 
C34:5 PC plasmalogen 
C36:0 DAG 
C36:3 PS plasmalogen 
C38:3 PE plasmalogen 
C40:6 PE 
C44:13 PE plasmalogen 
C47:0 TAG 
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C49:0 TAG 
C5-DC carnitine 
C54:10 TAG 
C54:9 TAG 
C60:12 TAG 
C7 carnitine 
cinnamoylglycine 
citrulline 
dehydrophytosphingosine 
deoxycortisone 
GABA 
guanidoacetic acid 
guanine_isomer 
histamine 
homocitrulline 
homocysteine 
hydroxyectoine 
hydroxyproline 
hypotaurine 
indoleacetic acid 
isoleucine 
kynurenic acid 
L-threo-sphingosine 
metformin 
methionine 
methionine sulfoxide 
metoprolol 
N-acetylaspartic acid 
N-carbamoyl-beta-alanine 
NH4_C34:3 DAG 
NH4_C38:5 DAG 
NH4_C44:2 TAG 
NH4_C46:3 TAG 
pantothenol 
phosphocholine 
putrescine 
pyridoxal 
S-methyl-L-cysteine-S-oxide 
SDMA 
serotonin 
sphingosine 
sphingosine_isomer1 
sphingosine_isomer2 
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sulfamethoxazole 
thiamine 
urobilinogen 
urobilinogen_isomer 
urocanic acid 
xanthosine 

 

Missing for ≥10% of participants 
(n=12) 
 
 

C32:2 DAG 
3-(N-acetyl-L-cystein-S-yl) 
acetaminophen 
5-hydroxytryptophan_isomer 
acetaminophen glucuronide 
atenolol 
C30:0 DAG 
C40:6 PE 
cotinine 
hydroxycotinine 
metoprolol 
myristoleic acid 
quinine 
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The 198 included metabolites and their categories after restricting to common 
metabolites across endpoints  
 
Category Metabolites 
Amino acid glutamate, glycine, tyrosine, alanine, threonine, asparagine, 

histidine, lysine, serine, ornithine, arginine, glutamine, leucine, 
valine, tryptophan, phenylalanine 
 

Carnitine C26 carnitine, C5 carnitine, C6 carnitine, C4 carnitine, C16 
carnitine, C18:1 carnitine , C2 carnitine, C4-OH carnitine, 
C18:2 carnitine, C12:1 carnitine, carnitine, C8 carnitine, C3 
carnitine, C14 carnitine, C14:2 carnitine, C14:1 carnitine, C10 
carnitine, C10:2 carnitine, C9 carnitine, C5:1 carnitine, C12 
carnitine, C18 carnitine   
  

Cholesteryl ester (CE) C18:2 CE, C16:0 CE, C18:1 CE, C14:0 CE, C20:4 CE, C20:5 
CE, C22:6 CE, C20:3 CE, C18:0 CE, C18:3 CE, C22:5 CE, 
C16:1 CE 
  

Diacylglycerol (DAG) C32:0 DAG, C32:1 DAG, C34:1 DAG, C34:2 DAG, C34:3 
DAG, C38:5 DAG, C36:1 DAG, C36:2 DAG, C36:3 DAG, 
C36:4 DAG, C38:4 DAG 
  

Lysophosphatidylcholine 
(LPC) 

C18:2 LPC, C20:5 LPC, C18:1 LPC, C22:6 LPC, C20:4 LPC, 
C20:3 LPC, C18:0 LPC, C16:0 LPC, C16:1 LPC, C14:0 LPC 
  

Lysophosphatidylethanolamine 
(LPE) 

C16:0 LPE, C18:2 LPE, C18:1 LPE, C18:0 LPE, C22:6 LPE, 
C20:4 LPE 
 

Phosphatidylcholine (PC) C38:3 PC, C36:4 PC-A, C40:6 PC, C38:4 PC, C40:10 PC, 
C34:2 PC plasmalogen, C34:3 PC plasmalogen, C36:4 PC-B, 
C36:5 PC plasmalogen-A, C34:1 PC plasmalogen-A, C36:2 
PC plasmalogen, C36:0 PC, C36:4 PC plasmalogen, C34:4 
PC, C32:2 PC, C36:1 PC plasmalogen, C40:9 PC, C34:0 PC, 
C36:3 PC plasmalogen, C38:6 PC, C38:4 PC plasmalogen, 
C36:1 PC, C36:3 PC, C34:2 PC, C32:1 PC, C32:0 PC, C30:1 
PC, C36:2 PC, C38:2 PC, C40:7 PC plasmalogen, C36:5 PC 
plasmalogen-B, C34:3 PC, C34:1 PC, C38:7 PC plasmalogen, 
C30:0 PC 
 

Phosphatidylethanolamine 
(PE) 

C38:2 PE, C38:5 PE, C36:3 PE, C38:6 PE, C36:3 PE 
plasmalogen, C40:7 PE plasmalogen, C36:0 PE, C36:4 PE, 
C36:4 PE plasmalogen, C36:5 PE plasmalogen, C34:0 PE, 
C34:2 PE, C36:2 PE plasmalogen, C34:3 PE plasmalogen, 
C36:1 PE, C38:7 PE plasmalogen, C38:4 PE, C38:6 PE 
plasmalogen, C38:5 PE plasmalogen, C36:2 PE   
  

Sphingomyelin (SM) C22:0 SM, C20:0 SM, C24:0 SM, C18:2 SM, C22:1 SM, C14:0 
SM, C16:0 SM, C24:1 SM, C18:0 SM   
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Category Metabolites 
Triacylglycerol (TAG) C52:2 TAG, C50:1 TAG, C52:3 TAG, C50:3 TAG, C50:2 TAG, 

C52:1 TAG, C48:2 TAG, C48:3 TAG, C46:1 TAG, C54:2 TAG, 
C52:4 TAG, C48:1 TAG, C46:2 TAG, C50:4 TAG, C44:0 TAG, 
C54:1 TAG, C48:0 TAG, C50:0 TAG,C46:0 TAG,C54:3 TAG, 
C52:0 TAG, C54:5 TAG, C56:5 TAG, C50:5 TAG, C56:3 TAG, 
C58:9 TAG, C56:2 TAG, C58:8 TAG, C52:6 TAG, C54:4 TAG, 
C54:6 TAG, C50:6 TAG, C58:11 TAG, C58:7 TAG, C56:6 
TAG, C56:10 TAG, C54:7 TAG, C56:9 TAG, C52:7 TAG, 
C54:8 TAG, C56:8 TAG, C56:7 TAG   
  

Others Nitrogenous organic 
acid  

creatine 

Amino acid glycine 
derivative  

dimethylglycine 

Organic compound, 
constituent of bile  

taurine 

Metabolite of 
nicotinamide 

1-methylnicotinamide 

Carboxylic acid of 
piperidine  

pipecolic acid 

TMAO trimethylamine-N-oxide 

Purine nucleoside 1-methyladenosine 

Ceramide C16:0 Ceramide (d18:1), C22:0 Ceramide (d18:1), C24:0 
Ceramide (d18:1), C24:1 Ceramide (d18:1) 
  

Phosphatidylserine C40:6 PS, C34:0 PS 

N-monomethyl-L-
arginine  

NMMA 

 NG,NG-Dimethyl-L-
arginine 

ADMA 
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Appendix Figure 3 Flowchart of participant selection 
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Appendix 3.2  
	
Appendix Figure 4 Overlap in identified metabolites across adiposity measures (from Table 
3.2) 
 

 
 
Associated with Metabolite ID 
All three measures (n=30) HMDB10386 HMDB10397 HMDB00148 

HMDB00123 HMDB11503 HMDB02815 
HMDB10404 HMDB07102 HMDB05369 
HMDB07099 HMDB05360 HMDB07098 
HMDB07103 HMDB05384 HMDB05433 
HMDB05377 HMDB07132 HMDB07218 
HMDB07216 HMDB10375 HMDB05367 
HMDB07219 HMDB05376 HMDB00641 
HMDB05432 HMDB10412 HMDB05403   
HMDB05359         HMDB00918        HMDB10419 
       

BMI only (n=10) HMDB11507 HMDB07983 HMDB11130 
HMDB11526 HMDB08048 HMDB00688 
HMDB12102 HMDB07199 HMDB02013 
HMDB11210 
 

Waist circumference only (n=4) HMDB01348 HMDB05405 HMDB05435 
HMDB13326 
 

Fat mass only (n=2) HMDB06733         HMDB00222 
 

BMI and waist circumference only (n=8) HMDB12103 HMDB08047 HMDB08057 
HMDB06347 HMDB00705 HMDB05363 
HMDB07248         HMDB00610 
 

BMI and fat mass only (n=2) HMDB11506         HMDB08511 
 

Waist circumference and fat mass only (n=1) HMDB03331 
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Appendix Figure 5 Correlation among metabolites associated with BMI 
 
All metabolites (n=50) 

 
 
 
Metabolites with non-zero coefficient in Lasso (n=15) 
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Appendix Figure 6 Correlation among metabolites associated with waist circumference 
 
All metabolites (n=43) 

 
 
 
Metabolites with non-zero coefficient in Lasso (n=15) 
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Appendix Figure 7 Correlation among metabolites associated with fat mass 
 
All metabolites (n=35) 

 
 
 

Metabolites with non-zero coefficient in Lasso (n=27) 
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Appendix Table 3 Metabolites associated with adiposity (FDR p-value < 0.05 and |r| ≥ 0.15) among 217 controls from nested 
case-control studies with data on all three adiposity measures, Health Professionals Follow-up Study. Italics signify a metabolite 
identified in Table 3.2 (using all available data on each measure) but not identified in this restricted group. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

Amino acids          
HMDB00148 glutamate   0.32 8.9E-05  0.28 6.9E-03  0.29 1.3E-03 
HMDB00123 glycine   -0.30 2.3E-04  -0.21 0.04  -0.25 6.1E-03 
HMDB00641 glutamine   -0.20 8.9E-05  -- --  -0.18 0.05 
Carnitines          
HMDB00688 C5 carnitine   0.18 0.04  -- --  -- -- 
HMDB06347 C26 carnitine   0.18 0.04  -- --  -- -- 
HMDB00222 C16 carnitine   -- --  -- --  0.18 0.04 
HMDB00705 C6 carnitine           
HMDB02013 C4 carnitine           
HMDB13326 C12:1 carnitine           
Lipids          
CE          
HMDB10375 C22:5 CE   -0.20 0.02  -0.22 0.03  -0.24 0.01 
HMDB00918 C18:1 CE   -- --  -- --  -0.19 0.04 
HMDB06733 C22:6 CE   -- --  -- --  -0.19 0.04 
HMDB00610 C18:2 CE           
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Appendix Table 3 (Continued) Metabolites associated with adiposity (FDR p-value < 0.05 and |r| ≥ 0.15) among 217 controls 
from nested case-control studies with data on all three adiposity measures, Health Professionals Follow-up Study. Italics signify 
a metabolite identified in Table 3.2 (using all available data on each measure) but not identified in this restricted group. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

DAG          
Saturated          
HMDB07098 C32:0 DAG   0.23 0.01  0.20 0.04  0.22 0.02 
Unsaturated          
HMDB07102 C34:1 DAG   0.24 7.0E-03  0.22 0.03  0.24 0.01 
HMDB07099 C32:1 DAG   0.23 0.01  0.22 0.03  0.24 0.01 
HMDB07103 C34:2 DAG   0.22 0.02  0.22 0.03  0.23 0.01 
HMDB07216 C36:1 DAG   0.21 0.02  0.21 0.04  0.22 0.02 
HMDB07218 C36:2 DAG   0.21 0.02  0.20 0.04  0.21 0.02 
HMDB07132 C34:3 DAG   0.21 0.02  0.22 0.03  0.23 0.01 
HMDB07219 C36:3 DAG   0.19 0.03  0.19 0.04  0.20 0.03 
HMDB07248 C36:4 DAG           
HMDB07199 C38:5 DAG           
LPC          
HMDB10386 C18:2 LPC   -0.36 8.4E-06  -0.24 0.02  -0.30 1.1E-03 
HMDB10397 C20:5 LPC   -0.35 1.3E-05  -0.24 0.02  -0.29 1.1E-03 
HMDB02815 C18:1 LPC   -0.31 2.3E-04  -0.23 0.03  -0.27 3.8E-03 
HMDB10404 C22:6 LPC   -0.27 1.4E-03  -0.21 0.03  -0.26 5.5E-03 
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Appendix Table 3 (Continued) Metabolites associated with adiposity (FDR p-value < 0.05 and |r| ≥ 0.15) among 217 controls 
from nested case-control studies with data on all three adiposity measures, Health Professionals Follow-up Study. Italics signify 
a metabolite identified in Table 3.2 (using all available data on each measure) but not identified in this restricted group. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

LPE          
HMDB11503 C16:0 LPE   -0.29 4.2E-04  -0.20 0.04  -0.23 0.01 
HMDB11507 C18:2 LPE   -0.29 4.4E-04  -- --  -0.18 0.04 
HMDB11506 C18:1 LPE   -0.24 8.9E-03  -- --  -0.19 0.04 
HMDB11130 C18:0 LPE   -0.21 0.02  -- --  -- -- 
HMDB11526 C22:6 LPE   -0.20 0.02  -- --  -- -- 
PC          
HMDB08047 C38:3 PC   -0.29 4.2E-04  -- --  -- -- 
HMDB07983 C36:4 PC-A -0.29 4.4E-04  -- --  -- -- 
HMDB08048 C38:4 PC   -0.24 8.9E-03  -- --  -- -- 
HMDB08057 C40:6 PC   -0.21 0.02  -- --  -- -- 
HMDB08511 C40:10 PC   -- --  -- --  -0.18 0.04 
HMDB11210 C34:2 PC plasmalogen           
SM          
HMDB12103 C22:0 SM   0.22 0.02  -- --  -- -- 
HMDB01348 C18:0 SM   -- --  0.19 0.04  -- -- 
HMDB12102 C20:0 SM           
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Appendix Table 3 (Continued) Metabolites associated with adiposity (FDR p-value < 0.05 and |r| ≥ 0.15) among 217 controls 
from nested case-control studies with data on all three adiposity measures, Health Professionals Follow-up Study. Italics signify 
a metabolite identified in Table 3.2 (using all available data on each measure) but not identified in this restricted group. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

TAG          
Unsaturated          
HMDB05369 C52:2 TAG   0.24 7.0E-03  0.21 0.04  0.22 0.01 
HMDB05360 C50:1 TAG   0.23 9.6E-03  0.19 0.04  0.22 0.02 
HMDB05384 C52:3 TAG   0.22 0.02  0.20 0.04  0.21 0.02 
HMDB05377 C50:2 TAG   0.22 0.02  0.19 0.04  0.21 0.02 
HMDB05433 C50:3 TAG   0.21 0.02  0.20 0.04  0.22 0.02 
HMDB05367 C52:1 TAG   0.21 0.02  0.19 0.05  0.21 0.02 
HMDB05376 C48:2 TAG   0.19 0.03  -- --  0.20 0.03 
HMDB05403 C54:2 TAG   0.18 0.04  -- --  0.19 0.03 
HMDB10412 C46:1 TAG   0.18 0.05  -- --  0.19 0.04 
HMDB05432 C48:3 TAG   -- --  -- --  0.19 0.03 
HMDB05363 C52:4 TAG   -- --  -- --  0.18 0.05 
HMDB10419 C46:2 TAG   -- --  -- --  0.18 0.05 
HMDB05359 C48:1 TAG           
HMDB05405 C54:3 TAG           
HMDB05435 C50:4 TAG           
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Appendix Table 3 (Continued) Metabolites associated with adiposity (FDR p-value < 0.05 and |r| ≥ 0.15) among 217 controls 
from nested case-control studies with data on all three adiposity measures, Health Professionals Follow-up Study. Italics signify 
a metabolite identified in Table 3.2 (using all available data on each measure) but not identified in this restricted group. 
  Body mass index  Waist circumference  Derived fat mass 

HMDB ID Metabolite 

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value  

Pearson 
correlation 
coefficient 

FDR P-
value 

Purines, 
pyrimidines, 
and derivatives          
HMDB03331 1-methyladenosine -- --  -- --  0.19 0.04 
CE, cholesterol ester; DAG, diacylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyeline; TAG, triacylglycerol. 
Estimates from partial Pearson correlation, adjusted for age at blood draw (continuous) and smoking status (ever/never). 37 
metabolites associated with BMI, 23 with waist circumference, 36 with derived fat mass. 
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Appendix 3.3 Lasso models used for predicting adiposity using associated metabolites 
 
Model 1 BMI model  
 
Dependent variable: BMI (kg/m2) 
	
(Intercept)    25.481967043  
Z_LN_HMDB00610  .            
Z_LN_HMDB00918  .            
Z_LN_HMDB02815 -0.227082736  
Z_LN_HMDB05359  .            
Z_LN_HMDB05360  0.247409944  
Z_LN_HMDB05363  .            
Z_LN_HMDB05367  .            
Z_LN_HMDB05369  .            
Z_LN_HMDB05376  .            
Z_LN_HMDB05377  .            
Z_LN_HMDB05384  .            
Z_LN_HMDB05403  .            
Z_LN_HMDB05432  .            
Z_LN_HMDB05433  .            
Z_LN_HMDB07098  .            
Z_LN_HMDB07099  .            
Z_LN_HMDB07102  .            
Z_LN_HMDB07103  .            
Z_LN_HMDB07132  .            
Z_LN_HMDB07199  .            
Z_LN_HMDB07216  .            
Z_LN_HMDB07218  .            
Z_LN_HMDB07219  .            
Z_LN_HMDB07248  .            
Z_LN_HMDB07983 -0.469240982  
Z_LN_HMDB08047  .            
Z_LN_HMDB08048  0.323098308  
Z_LN_HMDB08057  .            
Z_LN_HMDB08511 -0.133746720  
Z_LN_HMDB10375 -0.156273616  
Z_LN_HMDB10386 -0.002009422  
Z_LN_HMDB10397  .            
Z_LN_HMDB10404  .            
Z_LN_HMDB10412  0.101500366  
Z_LN_HMDB10419  .            
Z_LN_HMDB11130  .            
Z_LN_HMDB11210  .            
Z_LN_HMDB11503 -0.634275737  
Z_LN_HMDB11506  .            
Z_LN_HMDB11507  .            
Z_LN_HMDB11526  .            
Z_LN_HMDB12102  .            
Z_LN_HMDB12103  0.656748333  
Z_LN_HMDB00123 -0.235639131  
Z_LN_HMDB00148  0.433652273  
Z_LN_HMDB00641 -0.211363071  
Z_LN_HMDB00688  .            
Z_LN_HMDB00705 -0.031189221  
Z_LN_HMDB02013  .            
Z_LN_HMDB06347  0.207153864 
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Model 2 Waist circumference model 
 
Dependent variable: Waist circumference (cm) 
	
(Intercept)    95.16245283 
Z_LN_HMDB00610  .          
Z_LN_HMDB00918  .          
Z_LN_HMDB01348  1.17826711 
Z_LN_HMDB02815 -0.46634006 
Z_LN_HMDB05359  .          
Z_LN_HMDB05360  .          
Z_LN_HMDB05363  .          
Z_LN_HMDB05367  .          
Z_LN_HMDB05369  .          
Z_LN_HMDB05376  .          
Z_LN_HMDB05377  .          
Z_LN_HMDB05384  .          
Z_LN_HMDB05403  0.47202730 
Z_LN_HMDB05405  .          
Z_LN_HMDB05432  .          
Z_LN_HMDB05433  .          
Z_LN_HMDB05435  .          
Z_LN_HMDB07098  .          
Z_LN_HMDB07099  0.34009000 
Z_LN_HMDB07102  .          
Z_LN_HMDB07103  .          
Z_LN_HMDB07132  .          
Z_LN_HMDB07216  .          
Z_LN_HMDB07218  .          
Z_LN_HMDB07219  .          
Z_LN_HMDB07248  .          
Z_LN_HMDB08047  .          
Z_LN_HMDB08057  .          
Z_LN_HMDB10375 -0.52688780 
Z_LN_HMDB10386 -0.53632774 
Z_LN_HMDB10397  .          
Z_LN_HMDB10404 -0.65210727 
Z_LN_HMDB10412  .          
Z_LN_HMDB10419  .          
Z_LN_HMDB11503 -0.59170501 
Z_LN_HMDB12103  0.52483890 
Z_LN_HMDB00123 -0.08047205 
Z_LN_HMDB00148  1.24732308 
Z_LN_HMDB00641 -0.75792644 
Z_LN_HMDB00705  .          
Z_LN_HMDB03331  0.68950492 
Z_LN_HMDB06347  0.71195379 
Z_LN_HMDB13326  0.68972881 
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Model 3 Fat mass model 
 
Dependent variable: Fat mass (kg) 
	
(Intercept)    21.7543242619 
Z_LN_HMDB00918  1.3191195236 
Z_LN_HMDB02815 -0.7637223346 
Z_LN_HMDB05359 -2.2962391665 
Z_LN_HMDB05360  .            
Z_LN_HMDB05367  1.5349426089 
Z_LN_HMDB05369  .            
Z_LN_HMDB05376  .            
Z_LN_HMDB05377  .            
Z_LN_HMDB05384 -1.4524478925 
Z_LN_HMDB05403  .            
Z_LN_HMDB05432  1.4548015023 
Z_LN_HMDB05433  .            
Z_LN_HMDB06733  0.5235328093 
Z_LN_HMDB07098  .            
Z_LN_HMDB07099  0.3795070343 
Z_LN_HMDB07102  1.7596482670 
Z_LN_HMDB07103 -2.2874496147 
Z_LN_HMDB07132  0.4765560277 
Z_LN_HMDB07216  0.0086633264 
Z_LN_HMDB07218  0.1171935501 
Z_LN_HMDB07219  1.6581611560 
Z_LN_HMDB08511 -0.7844008215 
Z_LN_HMDB10375 -0.8321392146 
Z_LN_HMDB10386 -0.4601701951 
Z_LN_HMDB10397  0.1791226877 
Z_LN_HMDB10404 -0.3754155929 
Z_LN_HMDB10412  0.7364368518 
Z_LN_HMDB10419  .            
Z_LN_HMDB11503 -0.6677177773 
Z_LN_HMDB11506 -0.0003869818 
Z_LN_HMDB00123 -0.4536297224 
Z_LN_HMDB00148  0.5299459534 
Z_LN_HMDB00222  0.8788935590 
Z_LN_HMDB00641 -0.4963226144 
Z_LN_HMDB03331  0.1766192939 
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Appendix 3.4 Results from additional analyses  
 

 
	
Appendix Figure 8	BMI-metabolic groups and advanced prostate cancer. Panel A: Scatterplot 
of self-reported BMI vs. metabolic score (predicted BMI based on metabolites) with line of best 
fit drawn in black. Men were classified into BMI-metabolic groups based on being in the top 
quartile of residuals (red), bottom quartile of residuals (green), or in the middle 50% of residuals 
with a self-reported BMI <25 kg/m2 (blue) or ≥25 kg/m2 (purple). Panel B: Odds ratios for 
advanced prostate cancer by BMI-metabolic group. Estimates adjusted for age, diabetes, 
physical activity, smoking status, family history of prostate cancer, and recent PSA screening. 
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Appendix Figure 9 BMI-metabolic groups and advanced prostate cancer. Panel A: Scatterplot 
of self-reported BMI vs. metabolic score (predicted BMI based on metabolites) with line of best 
fit drawn in black. Men were classified into BMI-metabolic groups based on having a self-
reported BMI <27.5 kg/m2 and being in the bottom (green), middle 50% (blue), or top (purple) 
quartile of the residuals, or having a self-reported BMI ≥27.5 kg/m2 and being in the bottom 
(yellow), middle 50% (orange), or top (red) quartile of the residuals. Panel B: Odds ratios for 
advanced prostate cancer by BMI-metabolic group. Estimates adjusted for age, diabetes, 
physical activity, smoking status, family history of prostate cancer, and recent PSA screening. 
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Appendix Figure 10 BMI-metabolic groups and advanced prostate cancer. Panel A: 
Scatterplot of self-reported BMI vs. metabolic score (predicted BMI based on metabolites) with 
line of best fit drawn in black. Men were classified into BMI-metabolic groups based on having a 
self-reported BMI <27.5 kg/m2 and being in the bottom half (green) or top half (blue) of 
residuals, or having a self-reported BMI ≥27.5 kg/m2 and being in the bottom half (purple) or top 
half (red) of residuals. Panel B: Odds ratios for advanced prostate cancer by BMI-metabolic 
group. Estimates adjusted for age, diabetes, physical activity, smoking status, family history of 
prostate cancer, and recent PSA screening. 
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Appendix Figure 11 Waist circumference-metabolic groups and advanced prostate cancer. 
Panel A: Scatterplot of self-reported waist circumference vs. metabolic score (predicted waist 
circumference based on metabolites) with line of best fit drawn in black. Men were classified into 
waist circumference-metabolic groups based on being in the top quartile of residuals (red), 
bottom quartile of residuals (green), or in the middle 50% of residuals with a self-reported waist 
circumference <95 cm (blue) or ≥95 cm (purple). Panel B: Odds ratios for advanced prostate 
cancer by waist circumference-metabolic group. Estimates adjusted for age, diabetes, physical 
activity, smoking status, family history of prostate cancer, and recent PSA screening. 
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Appendix Figure 12 Waist circumference-metabolic groups and advanced prostate cancer. 
Panel A: Scatterplot of self-reported waist circumference vs. metabolic score (predicted waist 
circumference based on metabolites) with line of best fit drawn in black. Men were classified into 
waist circumference-metabolic groups based on having a self-reported waist circumference <95 
cm and being in the bottom (green), middle 50% (blue), or top (purple) quartile of the residuals, 
or having a self-reported waist circumference ≥95 cm and being in the bottom (yellow), middle 
50% (orange), or top (red) quartile of the residuals. Panel B: Odds ratios for advanced prostate 
cancer by waist circumference-metabolic group. Estimates adjusted for age, diabetes, physical 
activity, smoking status, family history of prostate cancer, and recent PSA screening. 
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Appendix Figure 13 Waist circumference-metabolic groups and advanced prostate cancer. 
Panel A: Scatterplot of self-reported waist circumference vs. metabolic score (predicted waist 
circumference based on metabolites) with line of best fit drawn in black. Men were classified into 
waist circumference-metabolic groups based on having a self-reported waist circumference <95 
cm and being in the bottom half (green) or top half (blue) of residuals, or having a self-reported 
waist circumference ≥95 cm and being in the bottom half (purple) or top half (red) of residuals. 
Panel B: Odds ratios for advanced prostate cancer by waist circumference-metabolic group. 
Estimates adjusted for age, diabetes, physical activity, smoking status, family history of prostate 
cancer, and recent PSA screening. 
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Appendix Figure 14 Fat mass-metabolic groups and advanced prostate cancer. Panel A: 
Scatterplot of derived fat mass based on a validated NHANES prediction model vs. metabolic 
score (predicted fat mass based on metabolites) with line of best fit drawn in black. Men were 
classified into fat mass-metabolic groups based on being in the top quartile of residuals (red), 
bottom quartile of residuals (green), or in the middle 50% of residuals with a derived fat mass 
<21 kg (blue) or ≥21 kg (purple). Panel B: Odds ratios for advanced prostate cancer by fat 
mass-metabolic group. Estimates adjusted for age, diabetes, physical activity, smoking status, 
family history of prostate cancer, and recent PSA screening. 
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Appendix Figure 15 Fat mass-metabolic groups and advanced prostate cancer. Panel A: 
Scatterplot of fat mass based on a validated NHANES prediction model vs. metabolic score 
(predicted fat mass based on metabolites) with line of best fit drawn in black. Men were 
classified into fat mass-metabolic groups based on having a derived fat mass <21 kg and being 
in the bottom (green), middle 50% (blue), or top (purple) quartile of the residuals, or having a 
derived fat mass ≥21 kg and being in the bottom (yellow), middle 50% (orange), or top (red) 
quartile of the residuals. Panel B: Odds ratios for advanced prostate cancer by fat mass-
metabolic group. Estimates adjusted for age, diabetes, physical activity, smoking status, family 
history of prostate cancer, and recent PSA screening. 
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Appendix Figure 16 Fat mass-metabolic groups and advanced prostate cancer. Panel A: 
Scatterplot of fat mass based on a validated NHANES prediction model vs. metabolic score 
(predicted fat mass based on metabolites) with line of best fit drawn in black. Men were 
classified into fat mass-metabolic groups based on having a derived fat mass <21 kg and being 
in the bottom half (green) or top half (blue) of residuals, or having a derived fat mass ≥21 kg and 
being in the bottom half (purple) or top half (red) of residuals. Panel B: Odds ratios for 
advanced prostate cancer by fat mass-metabolic group. Estimates adjusted for age, diabetes, 
physical activity, smoking status, family history of prostate cancer, and recent PSA screening. 
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