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Abstract

Prostate cancer is the most commonly diagnosed cancer among men worldwide and is
characterized by substantial clinical and molecular heterogeneity. As a modifiable risk factor
with far-reaching health benefits, physical activity is an important target for public health
intervention. Epidemiologic studies suggest that high levels of physical activity may lower risk
of prostate cancer; however, the potential biological mechanisms underlying this association are
not well understood. We leveraged data from the Health Professionals Follow-up Study and the
Men’s Lifestyle Validation Study to investigate methods for measurement of physical activity,
quantify the association between physical activity and prostate cancer risk, and investigate the

link between physical activity and gene expression alterations in prostate tissue.

In Chapter 1, we used prospective follow-up data from the Health Professionals Follow-
up Study to examine the association between physical activity and risk of prostate cancer defined
by clinical features and TMPRSS2:ERG. We found that men engaged in high levels of vigorous
activity had a 25% lower risk of developing lethal prostate cancer and 29% lower risk of
developing ERG-positive prostate cancer, independent of screening history. In Chapter 2, we
used whole genome mRNA expression profiling to identify pathways with differential
expression by vigorous activity. We identified significant gene sets enriched in the adjacent
normal tissue among men with high compared to low vigorous activity, including several cancer-

related, immune system, and signal transduction pathways. In Chapter 3, we examined the
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validity of the current physical activity questionnaire (PAQ) by comparing it to self-reported and
objective assessments. We showed moderate validity of PAQ-measured physical activity

compared with doubly-labeled water, accelerometer, and self-report web-based ACT24 recalls.

This dissertation shows that long-term vigorous physical activity is associated with lower
risk of lethal prostate cancer and provides novel evidence for a lower risk of TMPRSS2:ERG-
positive disease. Additionally, these findings suggest that physical activity may influence
prostate cancer development through epigenetic alterations in the prostate tissue. Furthermore,
we conclude from our validation study that, given its low cost and acceptability, the PAQ
adequately captures physical activity, especially when moderate or vigorous, for use in large

long term prospective studies of chronic disease risk.
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Introduction

Prostate cancer is the second most commonly diagnosed cancer worldwide with an
estimated 1.1 million men diagnosed in 2012.! In the US in 2017, 161,360 new diagnoses and
26,730 deaths due to prostate cancer are projected.? Physical activity has emerged as an
important modifiable factor in the development of prostate cancer as well as in prostate cancer

progression and survival.>*

Epidemiologic studies suggest a moderate inverse association
between physical activity and risk of advanced and fatal prostate cancer.>® Furthermore, there is
growing evidence that the TMPRSS2:ERG fusion may define an etiologically distinct subtype of
prostate cancer.”® Previous epidemiologic have observed risk factors to be differentially
associated with fusion-positive versus fusion-negative prostate cancer.”!° The mechanisms

through which physical activity may alter prostate cancer risk are unclear. Exercise may alter

hormone levels, inflammatory pathways, and the insulin-like growth factor axis.

As a modifiable risk factor with far-reaching health benefits, physical activity is an
important target for public health intervention. Physical activity assessments with potential for
implementation in large population-based studies are needed to study associations of exercise
with cancer and other chronic diseases. Questionnaires are commonly used for their ease of use
and capacity to represent usual or long-term behavior. Given their reliance on participant
reporting, validation studies are needed to evaluate how well they measure physical activity.
Several alternative methods for measuring physical activity, such as energy expenditure and

personal activity monitors, may be used to validate questionnaire-based assessments.



In the following three chapters, we aimed to examine the role of physical activity in
development of prostate cancer defined by clinical and molecular features, explore potential
mechanisms underlying these associations, and evaluate the validity of a physical activity
questionnaire used to assess physical activity in large prospective studies. Specifically, we had
the following aims: In Chapter 1, we aimed to examine the associations between long-term, pre-
diagnostic physical activity and risk of developing prostate cancer defined by clinical (stage,
grade, and lethality) and molecular (TMPRSS2:ERG) subtypes in order to enhance our
understanding of the etiology of this disease and the potential implications for prevention of
prostate cancer incidence or mortality. In Chapter 2, we aimed to investigate the potential link
between long-term, pre-diagnostic vigorous activity and gene expression alterations in prostate
tumors and adjacent normal tissue. In Chapter 3, we aimed to examine the validity of a physical
activity questionnaire by comparing it to self-reported and objective assessments, specifically,
multiple web-based ACT24 recalls, accelerometer measures, doubly-labeled water-determined

energy expenditure, and dual energy X-ray absorptiometry-determined body composition.

To address these questions, we used a unique tissue repository for which there is existing
immunohistochemistry and gene expression data. Whereas numerous intervention studies have
examined the effect of physical activity on short-term outcomes, the long-term prospective
follow-up of this cohort enables us to ascertain development lethal disease. We also leveraged
data from a validation study that collected data using five different methods to assess physical

activity and body composition in a large and diverse population of men.
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ABSTRACT

Background: Our objective was to prospectively examine the association between physical

activity and risk of prostate cancer defined by clinical and molecular features.

Methods: We studied 49,160 men age 40 to 75 years in the Health Professionals Follow-up
Study from 1986 to 2012. Long-term data was collected at baseline and updated every two years
thereafter with >90% follow-up. Presence of the common molecular subtype TMPRSS2:ERG
was estimated by immunohistochemistry of ERG protein expression. We used Cox proportional
hazards models to obtain multivariable hazard ratios (HR) and 95% confidence intervals (CI) for

incidence of subtype-specific prostate cancer.

Results: During 26 years of follow-up, 6,411 developed prostate cancer overall and 888
developed lethal disease. In multivariable-adjusted models, men in the highest quintile of long-
term vigorous activity had a significant 25% lower risk of lethal prostate cancer (HR 0.75,
95%CI 0.59-0.94) compared to the lowest quintile. The association was independent of screening
history. Vigorous activity was not associated with total prostate cancer in the overall cohort but
was inversely associated among highly screened men (top vs. bottom quintile HR 0.83, 95%CI
0.70-0.97). Of all cases, 945 were assayed for ERG (48% ERG-positive). Men with higher
vigorous activity had a lower risk of ERG-positive prostate cancer (top vs. bottom quintile HR
0.71, 95%CI 0.52-0.97). There was no significant association with risk of ERG-negative disease

(P-heterogeneity=0.09).

Conclusions: Our study confirms that long-term vigorous physical activity is associated with
lower risk of lethal prostate cancer and provides novel evidence for a lower risk of

TMPRSS2:ERG-positive disease.



INTRODUCTION

Epidemiologic studies of the relationship between physical activity and risk of prostate
cancer overall have been mixed but suggest a moderate inverse association.! In some
epidemiologic studies, men who engaged in higher levels of physical activity had lower risks of
developing advanced and fatal prostate cancer.?” For example, men engaging in >30 MET-hours
per week of vigorous physical activity had a 41% lower risk of fatal prostate cancer compared to
those who did not engage in vigorous activity.” However, other studies have shown no

significant association between physical activity and advanced or fatal disease.®

Physical activity influences a wide range of biological processes, including hormonal,
anti-inflammatory, and insulin pathways.>!° These pathways are implicated in the development
of aggressive prostate cancer, suggesting a link between physical activity and clinically relevant
disease.!! The key to understanding this link may be that prostate cancer is heterogeneous not
only in its clinical course? but also molecular features.'?'* The TMPRSS2:ERG gene fusion is the
most common prostate cancer molecular subtype.'? Found in 40 to 50% of primary prostate
cancers, TMPRSS2:ERG results in androgen-regulated expression of the oncogene ERG."
Prostate cancer risk factors, such as low tomato sauce intake and taller height, are more strongly
associated with fusion-positive versus fusion-negative prostate cancer.'®!® We hypothesized the
influence of physical activity on hormonal and anti-inflammatory pathways may differentially
affect the development of both clinical subtypes and TMPRSS2:ERG-positive compared to

TMPRSS?2:ERG-negative tumors.

The goal of this study was to examine the associations between long-term, pre-diagnostic

physical activity and risk of developing prostate cancer defined by clinical (stage, grade, and



lethality) and molecular (TMPRSS2:ERG) subtypes.

METHODS

Study population

The Health Professionals Follow-up Study (HPFS) is an ongoing prospective cohort
initiated in 1986 among 51,529 US male health professionals age 40 to 75 years at baseline.
Participants completed questionnaires at baseline and every two years thereafter to ascertain
lifestyle, health-related factors, and disease outcomes. Usual diet was assessed every four years
using a validated food frequency questionnaire. Follow-up exceeded 90% in each cycle. The
study population for this analysis consisted of 49,160 men. We excluded men who reported
cancers except non-melanoma skin cancer prior to baseline (n=2,087), and those who were
missing date of birth (n=32) or baseline physical activity (n=250). The study was approved by

the human subjects research committee at the Harvard T. H. Chan School of Public Health.
Assessment of physical activity

Physical activity was assessed and updated through biennial, validated questionnaires'®
beginning at baseline. Participants were asked to select a category for the average total time per
week engaged in specific activities during the past year, including walking or hiking outdoors,
jogging, running, bicycling, lap swimming, tennis, squash or racquetball, and calisthenics or
rowing. Participants also reported their usual walking pace and the number of flights of stairs
climbed daily. Additional specific activities were included on the questionnaire in subsequent
cycles: heavy outdoor work from 1988, weightlifting from 1990, moderate outdoor work from

2004, and lower intensity exercise and other aerobic exercise from 2010. Participants were asked



to indicate the intensity of activity (low, medium, high) for swimming, biking, and tennis from

2010.

To quantify activity intensity, each activity was assigned a metabolic equivalent of task
(MET) value based on a compendium of physical activities.?’ A unit of MET is equal to the
amount of oxygen uptake required to sit at rest, approximately 3.5 ml/kg/min. A MET-hour is the
metabolic equivalent of sitting at rest for one hour. A measure of MET-hours/week was derived
for each activity by multiplying the activity-specific MET value by the participant-reported
average number of hours/week. Total activity was defined as the sum of specific MET-
hours/week for each reported activity. Vigorous activity included activities with a MET value
>6: jogging, running, bicycling, lap swimming, tennis, squash/racquetball, calisthenics/rowing,

and stair climbing.
Ascertainment of prostate cancer outcomes

Incident prostate cancer was captured by self-report and confirmed through medical
records and pathology reports. Information on clinical and treatment history and disease
progression was collected through medical records as well as biennial disease-specific
questionnaires for development of metastasess. Deaths were ascertained through repeated
mailings, telephone calls to non-respondents, and searches of the National Death Index. An

endpoint committee of physicians confirmed prostate cancer-specific death.

We classified clinical subtypes of prostate cancer as follows: Localized prostate cancer:
stage T1 or T2 and NO, MO at diagnosis without development of metastasis or prostate cancer
death over follow-up; Advanced prostate cancer: stage T3b, T4, N1, or M1 at diagnosis,

development of metastasis over follow-up, or prostate cancer death; Lethal prostate cancer:
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distant metastasis or death due to the disease. Prostate cancer cases were also defined as high-

grade (Gleason 8-10 and 4+3) or low-grade (Gleason 2-6 and 3+4).
Tumor tissue and assessment of ERG status

Tumor tissue microarrays were constructed using archival formalin-fixed paraffin-
embedded prostate tumor tissue from radical prostatectomy (RP) or transurethral resection of the
prostate (TURP) as previously described.?!"?? Briefly, presence or absence of the TMPRSS2:ERG
fusion was assessed using a validated immunohistochemistry assay for ERG protein expression.
This assay has high concordance with TMPRSS2:ERG assessed by FISH**** and qPCR.?*> ERG
antisera (Clone ID: EPR3864, Epitomics, Inc.) were applied at 1:100 to five-micrometer TMA
sections. Visualization of ERG was achieved using the DAB substrate kit (Vector Laboratories,
Inc.). Assessment of ERG was restricted to cases in which a positive internal control, defined as
presence of ERG staining in the vasculature endothelium, was observed. This study included 910

RP and 35 TURP specimens assayed for ERG, diagnosed from 1986-2009.
Statistical analysis

Each participant contributed person-time from the date of return of the baseline
questionnaire to the date of prostate cancer diagnosis, death or end of follow-up (January 31,
2012). For ERG-defined prostate cancer outcomes, follow-up ended December 31, 2009 because
this was the last year a case assayed for ERG was diagnosed. Cox proportional hazards
regression was used to estimate age-adjusted and multivariable-adjusted hazard ratios (HR) and
95% confidence intervals (CI) between physical activity (by quintile) and incidence of total
(excluding stage T1a), lethal, advanced, localized, high-grade, and low-grade prostate cancer. To

model the associations between physical activity and prostate cancer incidence according to ERG
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subtype, an extension of Cox proportional hazards regression was used that allowed the physical
activity association to vary for ERG-positive and ERG-negative cancers.?®?’” For ERG-specific
prostate cancer outcomes, additional analyses of the 910 RP cases assayed for ERG was
performed. We applied inverse probability weights to account for clinical factors at diagnosis
among cases, as previously described.!” Tests for heterogeneity of these hazard ratios across
quintiles were performed using a likelihood ratio test.?” Tests for linear trend across quintiles of

physical activity were performed by modeling their median values as continuous variables.

To examine long-term activity, we used cumulative average physical activity updated
every two years from baseline in 1986 to the time of prostate cancer diagnosis, death or end of
follow-up. The cumulative average physical activity was categorized into quintiles based on the
distribution in each questionnaire cycle to account for addition of activities to the questionnaire
over time. If physical activity was missing in a given cycle, we carried forward the quintile

assignment from the previously completed questionnaire.

Age- and multivariable-adjusted models included age in months and calendar time. To
adjust for potential confounders, multivariable models were additionally adjusted for race
(Caucasian or other), family history of prostate cancer in father or brother (yes or no), diabetes
(yes or no), BMI at age 21 (kg/m?; <20, 21 to <23, 23 to <25, >25), current BMI (kg/m?; <22, 23
to <25, 25 to <27.5,>27.5), height (in; <68, >68 to 70, >70 to 72, >72), smoking status (never,
former/quit >10 years ago, former/quit <10 years ago, or current), multivitamin use (yes or no),
and intakes of total calories (quintiles), tomato sauce (servings/week; <0.25, 0.25 to <1.0, 1.0 to
<2.0, >2), supplemental vitamin E (quintiles), a-linolenic acid (quintiles), alcohol (quintiles),
coffee (cups/day; 0, >0 to 1, >1 to 2, >2 to 3, >3). All variables except for race, family history,

and BMI at age 21 were updated over follow-up. All models for the association of vigorous
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activity were additionally adjusted for non-vigorous activity (quintiles). Furthermore, in models

for ERG-defined prostate cancer, non-vigorous activity was allowed to vary by ERG subtype

To account for potential detection bias due to differential PSA screening behavior, we
adjusted for having had a PSA test, lagged by one cycle to better capture screening rather than
diagnostic PSA tests, and PSA testing intensity over time (defined as reporting a PSA test in half
or more questionnaire cycles since 1994). To address potential residual confounding by PSA
testing, we conducted the analysis among a highly screened subcohort of 13,859 men who
reported having a PSA test on the 1994 and 1996 questionnaires, with follow-up starting in 1996,

as done previously in this cohort.?®

To examine timing of physical activity exposure, a subgroup analysis was conducted

stratifying by age, using a cutoff of 65 years based on previous findings in this cohort.?’

These analyses were conducted using SAS version 9.4 (SAS Institute Inc.; Cary, NC). All

statistical tests were two sided with an a-level of 0.05 to determine statistical significance.

RESULTS

Table 1.1 shows the age-adjusted characteristics of the 49,160 men at baseline in 1986,
according to quintiles of total and vigorous physical activity. The median amount of total activity
was 10.2 MET-hours per week, and vigorous was 2.2 MET-hours per week. Men in higher
quintiles of physical activity tended to be younger, have lower BMI, were more likely to be non-
smokers and use multivitamins, and reported more PSA testing between 1994 and 2010
compared to men in lower quintiles. These relationships tended to be more pronounced for

vigorous than for total activity.
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Table 1.1 Age-adjusted characteristics by quintile of total and vigorous physical activity (MET-
h/wk) among men in the Health Professionals Follow-up Study, at baseline in 1986 unless

otherwise specified.

Total Activity Quintile

Vigorous Activity Quintile

Characteristics Q1 Q3 Q5 Q1 Q3 Q5
Participants, No. 9,801 9,646 9,935 8,888 9,734 9,989
Age, mean (SD), years® 54909.7) 545(09.7) 53.309.7) 57.2(9.7) 546 (9.8) 51.1(8.8)
Total activity, mean (SD), MET-h/wk 0.8 (0.7) 102 (2.2) 53.7(36.4) 7.6(12.3)  9.0(10.9) 46.8 (40.1)
Vigorous activity, mean (SD), MET-h/wk 0.2 (0.4) 52(4.3) 33.1(384) 0.0 (0.0) 2.4 (1.3) 38.7 (36.0)
PSA screening history

Had PSA test in 1994, % 342 38.6 39.6 34.7 37.1 41.6

No. of biennial questionnaires with

PSA test, 1994-2010 5.2 5.6 5.6 5.2 5.6 5.8
PSA test on at least half of all
questionnaires, 1994-2010, % 62.0 68.5 67.8 62.1 67.6 69.6

Family history of prostate cancer, % 11.1 12.0 12.0 11.1 12.0 11.8
Diabetes, % 43 2.8 2.3 4.2 33 2.1
Caucasian, % 94.5 95.7 95.6 95.1 95.5 95.3
Current Smokers, % 14.8 9.4 6.9 14.5 9.5 49
Multivitamin use, % 37.8 435 457 37.2 43.6 48.7
Height, mean (SD), inches 70.0 (2.9) 70.1 (2.8) 70.2 (2.9) 70.1 3.0) 70.1(2.9) 70.1(2.8)
BMI at age 21, mean (SD), kg/m? 229(3.2) 23.0(3.00 23229 23.0(3.3) 23.0(3.00 23127
BMI, mean (SD), kg/m? 26.2(3.8) 255(3.3) 24.8(3.0) 262 (3.7) 257(34) 247(2.98)
Dietary & nutrient intakes, mean (SD)

Total calories, kcal/day 1936 (621) 1969 (609) 2053 (635) 1954 (626) 2002 (627) 2011 (613)

Calcium, mg/day 861 (427) 900 (419) 926 (434) 862 (429) 899 (417) 946 (449)

a-linolenic acid, grams/day 1.1 (0.4) 1.1 (0.4) 1.0 (0.3) 1.1 (0.4) 1.1 (0.4) 1.0 (0.3)

Supplemental vitamin E, mg/day 31.5(79.1) 38.4(84.2) 448(91.7) 32.2(80.5) 37.7(83.1) 48.8(94.6)

Tomato sauce, servings/week 0.9 (1.3) 0.9 (1.1) 1.0 (1.3) 0.9 (1.2) 1.0 (1.2) 1.0 (1.2)

Alcohol, grams/day 10.8 (16.3) 11.1(14.9) 12.3(15.5) 11.2(16.8) 10.7(14.6) 11.4(144)

Coffee, cups/day 2.0(1.9) 1.9 (1.8) 1.8(1.7) 2.0(1.9) 1.9(1.8) 1.8(1.7)

PSA: prostate-specific antigen; BMI: body mass index
*Variable not adjusted for age

Between 1986 and 2012, 6,411 men were diagnosed with incident prostate cancer

(Appendix Table 1.5) including 888 with lethal and 1,144 with advanced disease. 449 of 945

(48%) cases assayed for ERG had ERG-positive disease. Men with unknown ERG status tended

to be diagnosed later, and had higher PSA, Gleason grade, and stage at diagnosis.

Tables 1.2 and 1.3 show results from age- and multivariable-adjusted models for the

associations of total activity and vigorous activity with risk of prostate cancer subtypes in the

total cohort and in the highly screened subcohort. There was no association between total activity

and risk of prostate cancer overall or of any clinical subtype in either cohort. In contrast, men in
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Table 1.2 Hazard ratios (HR) and 95% confidence intervals (CI) for the association of total physical activity (MET-h/wk) and
risk of prostate cancer overall and by clinical subtype in the total HPFS cohort with follow-up from 1986 to 2012, and in the
highly screened subcohort with follow-up from 1996 to 2012.

Total Cohort, 1986-2012
Total Activity Quintile, HR (95% CI)

Highly Screened Subcohort, 1996-2012*
Total Activity Quintile, HR (95% CI)

Q1 Q3 Q5 Ptrend Q1 Q3 Q5 Ptrend

Total prostate cancer

No. incident cases 1,270 1,275 1,252 316 361 354

Age-adjusted 1 (Ref) 1.06 (0.98, 1.15) 1.05 (0.97, 1.14) 0.17 1 (Ref) 0.99 (0.85, 1.16) 0.97 (0.83, 1.13) 0.47

Multivariable® 1 (Ref) 1.00 (0.92, 1.08) 0.98 (0.91, 1.07) 0.79 1 (Ref) 0.96 (0.82, 1.12) 0.92 (0.79, 1.09) 0.21
Lethal prostate cancer

No. incident cases 190 174 166 25 31 28

Age-adjusted 1 (Ref) 0.98 (0.79, 1.20) 1.00 (0.81, 1.23) 0.88 1 (Ref) 0.98 (0.57, 1.69) 1.02 (0.59, 1.78) 0.70

Multivariable® 1 (Ref) 0.95 (0.77, 1.18) 0.95 (0.76, 1.18) 0.53 1 (Ref) 1.04 (0.60, 1.82) 1.12 (0.63, 1.98) 0.92
Advanced prostate cancer

No. incident cases 235 220 217 35 40 38

Age-adjusted 1 (Ref) 1.00 (0.83, 1.20) 1.04 (0.86, 1.25) 0.71 1 (Ref) 0.94 (0.59, 1.50) 0.98 (0.61, 1.57) 0.72

Multivariable® 1 (Ref) 0.96 (0.80, 1.16) 0.99 (0.81, 1.20) 0.85 1 (Ref) 0.99 (0.61, 1.59) 1.02 (0.63, 1.66) 0.81
Localized prostate cancer

No. incident cases 819 892 855 242 280 273

Age-adjusted 1 (Ref) 1.14 (1.04, 1.26) 1.09 (0.99, 1.20) 0.09 1 (Ref) 1.01 (0.84, 1.20) 0.98 (0.82,1.17) 0.74

Multivariable® 1 (Ref) 1.05 (0.95, 1.15) 1.00 (0.90, 1.10) 0.86 1 (Ref) 0.95 (0.80, 1.14) 0.91 (0.76, 1.09) 0.27
High grade prostate cancer

No. incident cases 251 269 280 62 72 77

Age-adjusted 1 (Ref) 1.14 (0.96, 1.36) 1.21 (1.02, 1.43) 0.04 1 (Ref) 1.05 (0.74, 1.48) 1.09 (0.77, 1.53) 0.94

Multivariable® 1 (Ref) 1.09 (0.92, 1.30) 1.14 (0.96, 1.37) 0.17 1 (Ref) 1.08 (0.76, 1.53) 1.15 (0.80, 1.63) 0.76
Low grade prostate cancer

No. incident cases 728 809 778 207 252 237

Age-adjusted 1 (Ref) 1.16 (1.05, 1.28) 1.11 (1.00, 1.23) 0.04 1 (Ref) 1.06 (0.88, 1.28) 1.00 (0.83,1.21) 0.78

Multivariable® 1 (Ref) 1.05 (0.95, 1.16) 1.00 (0.90, 1.11) 0.95 1 (Ref) 0.99 (0.82, 1.20) 0.92 (0.75,1.11) 0.25

2Highly screened subcohort of 13,859 men who reported having a PSA test on the 1994 and 1996 questionnaires, with follow-up starting in 1996

"Multivariable models in the total cohort are adjusted for age (months), calendar time (months), height (categorical), race (categorical), family history of prostate cancer (yes
or no), BMI at age 21 (categorical), intensity of prostate-specific antigen (PSA) testing (yes or no), having a PSA test in previous cycle (yes or no), smoking (categorical),
diabetes (yes or no), current BMI (categorical), multivitamin use (yes or no), intake total calories (quintiles), calcium (quintiles), tomato sauce (categorical), a-linolenic acid
(quintiles), alcohol (quintiles), coffee (categorical), and vitamin E supplements (quintiles); multivariable models in highly screened cohort are adjusted for those listed except
for height (categorical), BMI at age 21 (categorical), tomato sauce (categorical), a-linolenic acid (quintiles), and having a PSA test in previous cycle (yes or no)
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Table 1.3 Hazard ratios (HR) and 95% confidence intervals (CI) for the association of vigorous physical activity (MET-h/wk)
and risk of prostate cancer overall and by clinical subtype in the total HPFS cohort with follow-up from 1986 to 2012, and in the
highly screened subcohort with follow-up from 1996 to 2012.

Total Cohort, 1986-2012

Highly Screened Subcohort, 1996-2012*

Vigorous Activity Quintile, HR (95% CI)

Vigorous Activity Quintile, HR (95% CI)

Q1 Q3 Q5 Ptrend Q1 Q3 Q5 Ptrend

Total prostate cancer

No. incident cases 1,405 1,319 1,129 337 375 327

Age-adjusted® 1 (Ref) 1.05 (0.98, 1.14) 1.03 (0.95, 1.11) 0.61 1 (Ref) 0.98 (0.84, 1.14) 0.87 (0.74, 1.02) 0.08

Multivariable® 1 (Ref) 1.00 (0.92, 1.08) 0.95 (0.88, 1.04) 0.28 1 (Ref) 0.97 (0.83, 1.13) 0.83 (0.70, 0.97) 0.02
Lethal prostate cancer

No. incident cases 248 182 109 37 39 23

Age-adjusted® 1 (Ref) 0.91 (0.75, 1.10) 0.76 (0.60, 0.96) 0.05 1 (Ref) 1.03 (0.65, 1.65) 0.79 (0.46, 1.37) 0.58

Multivariable® 1 (Ref) 0.90 (0.74, 1.09) 0.75 (0.59, 0.94) 0.04 1 (Ref) 1.01 (0.62, 1.63) 0.82(0.47, 1.44) 0.75
Advanced prostate cancer

No. incident cases 304 232 156 43 44 32

Age-adjusted® 1 (Ref) 0.92 (0.77, 1.10) 0.82 (0.68, 1.00) 0.12 1 (Ref) 0.96 (0.63, 1.49) 0.87 (0.53, 1.40) 0.75

Multivariable® 1 (Ref) 0.90 (0.76, 1.08) 0.80 (0.65, 0.98) 0.08 1 (Ref) 0.94 (0.60, 1.46) 0.86 (0.53, 1.41) 0.81
Localized prostate cancer

No. incident cases 897 906 813 252 286 249

Age-adjusted® 1 (Ref) 1.11 (1.01, 1.22) 1.09 (0.99, 1.20) 0.16 1 (Ref) 0.98 (0.83,1.17) 0.87 (0.72, 1.04) 0.13

Multivariable® 1 (Ref) 1.03 (0.93, 1.13) 0.98 (0.88, 1.08) 0.55 1 (Ref) 0.96 (0.81, 1.15) 0.81 (0.67,0.97) 0.02
High grade prostate cancer

No. incident cases 341 292 232 82 89 61

Age-adjusted® 1 (Ref) 0.97 (0.82, 1.13) 0.88 (0.74, 1.04) 0.48 1 (Ref) 0.97 (0.71, 1.33) 0.70 (0.49, 0.98) 0.13

Multivariable® 1 (Ref) 0.94 (0.80, 1.10) 0.84 (0.70, 1.01) 0.28 1 (Ref) 0.99 (0.72, 1.35) 0.70 (0.49, 1.00) 0.13
Low grade prostate cancer

No. incident cases 764 787 743 212 242 224

Age-adjusted® 1 (Ref) 1.12 (1.01, 1.24) 1.15(1.03, 1.27) 0.07 1 (Ref) 0.99 (0.82, 1.20) 0.91 (0.75, 1.11) 0.18

Multivariable® 1 (Ref) 1.03 (0.93, 1.14) 1.01 (0.91, 1.13) 0.75 1 (Ref) 0.97 (0.80, 1.18) 0.84 (0.69, 1.03) 0.03

2Highly screened subcohort of 13,859 men who reported having a PSA test on the 1994 and 1996 questionnaires, with follow-up starting in 1996.

Age-adjusted model includes vigorous and non-vigorous activity (quintiles)
“Multivariable models in the total cohort are adjusted for age (months), calendar time (months), non-vigorous activity (quintiles), height (categorical), race (categorical),
family history of prostate cancer (yes or no), BMI at age 21 (categorical), intensity of prostate-specific antigen (PSA) testing (yes or no), having a PSA test in previous cycle
(yes or no), smoking (categorical), diabetes (yes or no), current BMI (categorical), multivitamin use (yes or no), intake total calories (quintiles), calcium (quintiles), tomato
sauce (categorical), a-linolenic acid (quintiles), alcohol (quintiles), coffee (categorical), and vitamin E supplements (quintiles); multivariable models in highly screened

cohort are adjusted for those listed except for height (categorical), BMI at age 21 (categorical), tomato sauce (categorical), a-linolenic acid (quintiles), and having a PSA test
in previous cycle (yes or no)
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the highest quintile of vigorous activity had a significant 25% lower risk of lethal prostate cancer
(top vs. bottom quintile HR 0.75, 95%CI 0.59-0.94, P-trend=0.04) and a 20% lower risk of
advanced prostate cancer (top vs. bottom quintile HR 0.80, 95% CI 0.65-0.98, P-trend=0.08)
compared to men in the lowest quintile in the total cohort. Additionally, there was a borderline
significant 16% lower risk of high-grade prostate cancer in the highest compared to lowest
quintile of vigorous activity (HR 0.84, 95%CI 0.70-1.01). Vigorous activity was not significantly
associated with risk of overall, localized, or low-grade prostate cancer in multivariable-adjusted
models in the total cohort. After restricting to highly screened men, however, vigorous activity
was associated with a 13-19% lower risk of total, localized, and low-grade prostate cancer.
Stratification by age group revealed statistically significant inverse associations between
vigorous activity and risk of lethal and advanced prostate cancer only among men aged 65 or
older (Appendix Table 1.6). Among men younger than 65 years, vigorous activity was not
significantly associated with risk of prostate cancer overall or by clinical subtype, though fewer

cases occurred in this age group.

Table 1.4 presents associations of total and vigorous activity with risk of prostate
cancer defined by ERG. As with the clinical subtypes, we did not observe significant
associations between total activity and risk of prostate cancer of either ERG subtype. However,
for vigorous activity, men in the highest quintile had a significant 29% lower risk of ERG-
positive prostate cancer compared to men in the lowest quintile (top vs. bottom quintile HR 0.71,
95%CI 0.52-0.97, P-trend=0.04). There was no significant association between vigorous activity
and risk of ERG-negative prostate cancer (P-heterogeneity=0.09). After restricting to the highly
screened subcohort, the association between vigorous activity and ERG-positive disease

persisted and there was a suggestive inverse association between total activity and ERG-positive
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Table 1.4 Hazard ratios (HR) and 95% confidence intervals (CI) for the association of total and vigorous physical activity (MET-h/wk)
quintiles and risk of ERG-positive and ERG-negative prostate cancer in the Health Professionals Follow-up Study with follow-up from
1986 to 2009.

No. of cases Age-adjusted HR (95% CI) Multivariable* HR (95% CI)
ERG ERG
Negative Positive ERG Negative ERG Positive ERG Negative ERG Positive Pheterogeneity
Total activity quintile 0.16¢
Q1 97 69 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Q2 83 84 0.89 (0.66, 1.19) 1.25(0.91, 1.72) 0.84 (0.62, 1.12) 1.19 (0.86, 1.64)
Q3 113 102 1.22 (0.92, 1.60) 1.57 (1.16, 2.14) 1.12 (0.85, 1.48) 1.45 (1.06, 1.97)
Q4 97 111 1.05 (0.79, 1.39) 1.65 (1.22, 2.24) 0.95 (0.71, 1.26) 1.52 (1.12, 2.06)
Q5 106 83 1.14 (0.86, 1.50) 1.24 (0.90, 1.71) 1.04 (0.78, 1.38) 1.13 (0.82, 1.57)
Prrend 0.22 0.24 0.55 0.55 0.994
Vigorous activity quintile® 0.49¢
Q1 98 103 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Q2 95 89 1.01 (0.76, 1.34) 0.87 (0.65, 1.16) 0.99 (0.74, 1.32) 0.84 (0.63, 1.13)
Q3 106 94 1.15(0.87, 1.52) 0.94 (0.71, 1.25) 1.08 (0.82, 1.44) 0.89 (0.67, 1.19)
Q4 97 86 1.05 (0.79, 1.40) 0.84 (0.63, 1.12) 0.98 (0.73, 1.30) 0.78 (0.58, 1.05)
Q5 100 77 1.13 (0.85, 1.50) 0.78 (0.57, 1.05) 1.05 (0.78, 1.40) 0.71 (0.52,0.97)
Prrend 0.46 0.11 0.83 0.04 0.09¢

aMultivariable models adjusted for age (months), calendar time (months), height (categorical), race (categorical), family history of prostate cancer (yes or no), BMI at age 21
(categorical), intensity of prostate-specific antigen (PSA) testing (yes or no), having a PSA test in previous cycle (yes or no), smoking (categorical), diabetes (yes or no), current
BMI (categorical), multivitamin use (yes or no), intake total calories (quintiles), calcium (quintiles), tomato sauce (categorical), a-linolenic acid (quintiles), alcohol (quintiles),

coffee (categorical), and vitamin E supplements (quintiles)

YAge- and multivariable models with vigorous activity (quintiles) are additionally adjusted for non-vigorous activity (quintiles)
“Based on a likelihood ratio test with 4 degrees of freedom using quintiles as the exposure
9Based on a likelihood ratio test with 1 degree of freedom using continuous trend variable as the exposure
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disease (Appendix Table 1.7). The association between vigorous activity and ERG-positive
prostate cancer was similar in magnitude when restricting to RP cases and when using inverse
probability weighting to account for potential differences among cases with and without tissue
biomarker data (data not shown). Results stratified by age group suggest a stronger reduced risk
of ERG-positive prostate cancer with vigorous activity among men 65 years of age or older (top
vs. bottom quintile HR 0.61, 95%CI 0.39-0.96], P-trend=0.08), but no significant association

among younger men (Appendix Table 1.8).

DISCUSSION

Our prospective cohort analysis supports a moderate inverse association between long-
term physical activity of vigorous intensity and risk of developing lethal and advanced prostate
cancer. Furthermore, our findings suggest that vigorous activity is associated with a lower risk of
TMPRSS2:ERG-positive prostate cancer. To our knowledge, this is the first study to examine

physical activity and TMPRSS2: ERG-defined prostate cancer.

As a modifiable risk factor, physical activity is an important target for public health
intervention. In our study, men in the lowest quintile engaged in 1 MET-hour per week or less of
vigorous activity while men in the highest quintile performed a median of 30 MET-hours per
week of vigorous activity, equivalent to approximately 25 minutes/day of running — two times
the nationally recommended amount of weekly vigorous-intensity activity.*® The finding that
physical activity is potentially beneficial with respect to clinically relevant prostate cancer
augments existing evidence that men should increase their physical activity, even before

receiving a cancer diagnosis.
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Our results are consistent with previously reported inverse associations between physical
activity and aggressive prostate cancer phenotypes.?>? In the Cancer Prevention Study-II (CPS-
II) Nutrition Cohort, Patel ef al. observed a 31% reduced risk of aggressive prostate cancer
among men who performed >35 MET-hours per week of recreational physical activity compared
to none.> However, other studies have not shown associations with aggressive disease.’® One
factor potentially contributing to inconsistencies among studies is inadequate power to detect
moderate associations with advanced and fatal prostate cancer, outcomes that are less common.
Another factor may be detection bias due to differential PSA testing by those who engage in high
compared to low levels of physical activity. Our study, and others”?’, show that men who are
more physically active are also more likely to get regular PSA testing, increasing subclinical
disease detection. In our study, age-adjusted models showed a moderate positive association
between vigorous activity and risk of localized prostate cancer. Furthermore, we saw a reduction
in risk of total, localized, and low-grade prostate cancer among the highly screened sub-cohort.
This exemplifies how this detection bias results in an apparent increased risk of prostate cancer,

potentially also masking a moderate inverse association.

The pathways through which physical activity may influence prostate cancer
development are not well understood. Previous studies show that low tomato sauce intake, taller
height, and lower obesity are differentially associated with increased risk of developing
TMPRSS?2:ERG-positive compared to TMPRSS2: ERG-negative prostate cancer.'®!® Our results
suggest that vigorous activity was associated with a reduced risk of TMPRSS2: ERG-positive, but
not TMPRSS2:ERG-negative prostate cancer. This supports the hypothesis that presence of this
fusion may define an etiologically distinct subtype of prostate cancer. Our findings also support

our hypothesis that physical activity may influence prostate cancer risk through mechanisms
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related to the TMPRSS2: ERG fusion. One possibility is that physical activity influences whether
or not a fusion event occurs. Cellular stress can contribute to genomic instability and is a trigger
for genomic rearrangements.>!' It has been shown that physical activity may reduce oxidative
stress and improve immune functions.*? Thus, physical activity may protect against cellular
stress, preventing the TMPRSS2:ERG fusion. Another possibility is that physical activity
influences progression to clinical detection of tumors with the TMPRSS2:ERG fusion. We
previously observed that expression of the insulin receptor and IGF-1 receptor were higher in
TMPRSS2:ERG-positive cancers.*® Regular physical activity may alter endogenous hormone
levels, reducing availability of growth factors such as insulin, and IGF-1.° In this way, physical
activity could influence tumor progression through these signaling pathways. Another
explanation is that physical activity may lead to changes in prostate tumor vessel morphology
that could influence the tumor’s propensity to form metastases.>* While most studies focus on
recent adulthood and lifetime physical activity exposure, a few have observed associations
between physical activity at different stages of life and later prostate cancer risk.®* Together,
this evidence suggests that physical activity may have a role throughout the life course,

potentially influencing both prostate cancer initiation and progression.

A limitation of this study is that ERG status was only known for a subset of prostate
cancer cases. To mitigate this potential issue, we applied inverse probability weighting to
account for clinical factors, which yielded similar results as the unweighted analysis.!®!” One
concern in epidemiologic studies of physical activity is reverse causation, since men with pre-
clinical disease may decrease their activity level before diagnosis. We examined cumulative
average physical activity in our study, which is less likely to be influenced by pre-clinical

disease. Strengths of our study include the integration of molecular tumor data with 26 years of
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prospective cohort follow-up. This allowed us to examine the association between long-term
physical activity and advanced, lethal, and TMPRSS2: ERG-postive and negative prostate cancer.
Since physical activity was prospectively collected, using a validated questionnaire'’,

measurement error is expected to be non-differential with respect to incident prostate cancer.

Conclusion

Our study found that vigorous physical activity over the long-term is associated with a
lower risk of clinically meaningful endpoints, including lethal, advanced, and TMPRSS2:ERG-
positive prostate cancer. These findings suggest that regularly engaging in higher levels of
vigorous activity may reduce risk of clinically important prostate cancer. Furthermore, these
results suggest that physical activity may act through pathways related to development of the
TMPRSS2:ERG fusion and support the hypothesis that this subtype has unique etiological

factors.
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APPENDIX

Table 1.5 Characteristics of participants with prostate cancer in the Health Professionals
Follow-up Study at diagnosis by ERG status.

1986-2012 1986-2009

Characteristic All cases ERG Negative ERG Positive ERG Unavailable
Number 6,411 496 449 5,123
Age at diagnosis, years (SD) 70.2 (7.4) 66.1 (5.8) 65.3 (6.1) 70.9 (7.4)
Year of Diagnosis, %

1986-1990 7.4 7.3 10.0 7.7

1991-1995 23.1 32.7 35.0 22.7

1996-2000 24.0 31.1 29.8 244

2001-2005 22.8 20.0 16.5 252

2006-2012 22.7 9.1 8.7 20.0
PSA Level, ng/mL (SD) 17.5 (145) 10.3 (12.3) 9.7 (11.5) 18.5 (157)

Missing,% 18.2 10.7 9.1 20.7
Gleason Score, %

2-6 473 54.2 56.8 46.3

7 22.9 24.0 252 21.9

8-10 10.3 9.3 5.6 10.0

Missing 19.6 12.5 12.5 21.8
Clinical Stage, %

T1/T2 80.7 91.7 90.0 78.2

T3 2.9 2.8 4.7 2.9

T4 /N1/Ml 4.7 2.8 2.5 5.1

Missing 11.7 2.6 2.9 13.9
Total activity, MET-h/wk (SD)? 27.8 (22.6) 28.0 (23.2) 27.3(20.2) 27.4(22.9)
Vigorous activity, MET-h/wk (SD)* 10.2 (15.2) 10.8 (15.5) 9.7 (13.7) 10.0 (15.4)
Caucasian, % 96.1 95.8 97.7 95.9
Family history of prostate cancer, % 20.1 24.0 21.6 19.8
Diabetes, % 7.5 4.8 4.7 7.9
Current Smoking, % 4.8 6.9 5.8 4.7
Multivitamin Use, % 58.3 54.3 51.2 58.5
Had PSA Test, % 57.8 52.0 49.0 58.0
Height, inches (SD) 70.1 (2.7) 70.2 (2.7) 70.4 (2.8) 70.0 (2.7)
Current BMI, kg/m? (SD) 25.9 (3.5) 26.1 (3.2) 25.8 (3.5) 25.9 (3.6)
Dietary & nutrient intakes (SD)?

Total calories, kcal/day 1,965 (541) 1,979 (528) 1,966 (531) 1,958 (544)

Calcium, mg/day 962 (376) 924 (363) 940 (371) 965 (381)

a-linolenic acid, grams/day 1.1 (0.3) 1.1 (0.3) 1.1 (0.3) 1.1 (0.3)

Supplemental vitamin E, mg/day 62.5 (85.3) 55.7 (80.9) 50.2 (79.4) 64.3 (87.2)

Tomato sauce, servings/week 1.0 (1.1) 0.9 (0.8) 0.9 (0.8) 1.0 (1.1)

Alcohol, grams/day 11.7 (13.9) 12.3 (14.9) 12.2 (13.5) 11.6 (13.9)

Coffee, cups/day 1.8 (1.5) 1.9 (1.6) 1.9 (1.6) 1.8 (1.5)

PSA: prostate-specific antigen; BMI: body mass index

*Values are cumulative averages updated from baseline to prostate cancer diagnosis.
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Table 1.6 Hazard ratios (HR) and 95% confidence intervals (CI) for the association of vigorous
physical activity (MET-h/wk) and risk of prostate cancer overall and by clinical subtype
stratified by age group in HPFS cohort with follow-up from 1986 to 2012.

Vigorous Activity (MET-h/wk) Quintile, HR (95% CI)

Q1 Q2 Q3 Q4 Q5 Ptrend

Total prostate cancer (n=6,411)
Age <65 years

No. incident cases 317 353 370 386 437

Multivariable® 1 (Ref) 1.00 (0.85,1.16) 1.01 (0.87,1.18) 0.96 (0.83,1.13) 0.99 (0.85,1.16)  0.85
Age >65 years

No. incident cases 1,088 971 949 848 692

Multivariable® 1 (Ref) 0.98 (0.89,1.07) 1.00(0.91,1.09) 0.98 (0.89,1.08) 0.93 (0.85,1.03) 0.21
Lethal prostate cancer (n=888)
Age <65 years

No. incident cases 43 37 36 42 34

Multivariable® 1 (Ref) 0.88 (0.56, 1.38) 0.89 (0.56,1.41) 1.04(0.67,1.62) 0.84(0.52,1.37) 0.64
Age >65 years

No. incident cases 205 150 146 120 75

Multivariable® 1 (Ref) 0.88 (0.71, 1.09) 0.90 (0.72,1.12) 0.88 (0.70,1.11)  0.72 (0.54,0.95)  0.04

Advanced prostate cancer (n=1,144)
Age <65 years

No. incident cases 59 55 53 56 63

Multivariable? 1 (Ref) 0.89 (0.61, 1.30) 0.91 (0.62, 1.33) 0.88 (0.60,1.29) 0.98 (0.67, 1.44)  0.85
Age >65 years

No. incident cases 245 185 179 156 93

Multivariable? 1 (Ref) 0.88 (0.73,1.07) 0.90 (0.74, 1.10) 0.93 (0.75,1.14)  0.72 (0.56,0.92)  0.02

Localized prostate cancer (n=4,364)
Age <65 years

No. incident cases 216 235 266 280 307
Multivariable® 1 (Ref) 0.94 (0.78, 1.14) 1.01 (0.84,1.21) 0.96 (0.80,1.16) 0.93 (0.77,1.12)  0.53
Age >65 years
No. incident cases 681 648 640 585 506
Multivariable?® 1 (Ref) 1.01 (0.91, 1.13) 1.03(0.92,1.15) 1.01(0.90,1.13) 0.99(0.88,1.12) 0.74
High grade prostate cancer (n=1,372)
Age <65 years
No. incident cases 74 60 80 73 79
Multivariable® 1 (Ref) 0.76 (0.54,1.07) 1.04 (0.75,1.44) 0.85(0.60,1.19) 0.87(0.62,1.22)  0.63
Age >65 years
No. incident cases 267 192 212 182 153
Multivariable® 1 (Ref) 0.79 (0.65,0.95) 0.91(0.75,1.09) 0.85(0.70,1.03) 0.83 (0.67,1.02) 0.29
Low grade prostate cancer (n=3,892)
Age <65 years
No. incident cases 197 236 242 274 310
Multivariable® 1 (Ref) 1.04 (0.86, 1.26) 0.99 (0.82,1.21) 1.02(0.85,1.24) 1.02(0.84,1.24) 0.88
Age >65 years
No. incident cases 567 576 545 512 433
Multivariable® 1 (Ref) 1.08 (0.96, 1.21) 1.04(0.92,1.17) 1.05(0.93,1.19) 1.00(0.88,1.14)  0.60

aMultivariable models adjusted for age (months), calendar time (months), non-vigorous activity (quintiles), height (categorical),
race (categorical), family history of prostate cancer (yes or no), BMI at age 21 (categorical), intensity of prostate-specific
antigen (PSA) testing (yes or no), having a PSA test in previous cycle (yes or no), smoking (categorical), diabetes (yes or no),
current BMI (categorical), multivitamin use (yes or no), intake total calories (quintiles), calcium (quintiles), tomato sauce
(categorical), a-linolenic acid (quintiles), alcohol (quintiles), coffee (categorical), and vitamin E supplements (quintiles)
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Table 1.7 Hazard ratios and 95% confidence intervals for total and vigorous physical activity (MET-h/wk) quintiles and risk of ERG-positive
and ERG-negative prostate cancer in a highly screened subcohort of the Health Professionals Follow-up Study, with follow-up from 1996 to

2009.
Cases Assayed for ERG in a Highly Screened Subcohort®
Age-adjusted HR (95% CI)® Multivariable HR (95% CI)¢

Characteristic ERG Negative  ERG Positive ERG Negative ERG Positive ERG Negative ERG Positive Pheterogeneity
Total activity 0.424
quintile

Ql 25 17 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Q2 24 18 0.88 (0.50, 1.55) 1.11 (0.56, 2.19) 0.85(0.48, 1.51) 1.04 (0.52,2.08)

Q3 25 25 0.88 (0.50, 1.55) 1.44 (0.77,2.71) 0.80 (0.45, 1.42) 1.29 (0.68, 2.45)

Q4 24 17 0.83 (0.47, 1.47) 0.91 (0.45, 1.82) 0.75(0.42, 1.34) 0.80 (0.40, 1.63)

Q5 22 9 0.77 (0.43, 1.37) 0.49 (0.22, 1.11) 0.70 (0.39, 1.27) 0.44 (0.19, 1.02)

Prrend 0.40 0.04 0.25 0.02 0.27¢
Vigorous activity 0.184
quintile®

Q1 27 20 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)
Q2 23 16 0.74 (0.42, 1.31) 0.71 (0.36, 1.38) 0.70 (0.40, 1.25) 0.68 (0.34, 1.34)
Q3 20 22 0.57 (0.32, 1.03) 0.95(0.51, 1.79) 0.54 (0.29, 0.98) 0.89 (0.47, 1.71)
Q4 26 20 0.71 (0.41, 1.23) 0.70 (0.37, 1.33) 0.66 (0.37, 1.16) 0.63 (0.33, 1.22)
Q5 24 8 0.63 (0.36, 1.12) 0.29 (0.13, 0.67) 0.57 (0.32, 1.02) 0.26 (0.11, 0.62)
Prrend 0.32 <0.01 0.21 <0.01 0.06°

®Highly screened subcohort of 13,859 men who reported having a PSA test on the 1994 and 1996 questionnaires, with follow-up starting in 1996

®Age-adjusted models with vigorous activity are additionally adjusted for non-vigorous activity (quintiles)

“Multivariable models adjusted for age (months), calendar time (months), race (categorical), family history of prostate cancer (yes or no), intensity of prostate-specific antigen
testing (yes or no), smoking (categorical), diabetes (yes or no), current BMI (categorical), multivitamin use (yes or no), intake total calories (quintiles), coffee (categorical),
calcium (quintiles), alcohol (quintiles), and vitamin E supplements (quintiles); models with vigorous activity are additionally adjusted for non-vigorous activity (quintiles)
4Based on a likelihood ratio test with 4 degrees of freedom using quintiles as the exposure

“Based on a likelihood ratio test with 1 degree of freedom using continuous trend variable as the exposure
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Table 1.8 Hazard ratios and 95% confidence intervals for the association of total and vigorous physical activity (MET-h/wk) quintiles
and risk of ERG-positive and ERG-negative prostate cancer in the Health Professionals Follow-up Study according to age group (<65 or
>65 years) with follow-up from 1986 to 2009.

Age < 65 years Age > 65 years

No. cases Multivariable® HR (95% CI) No. cases Multivariable* HR (95% CI)
ERG ERG ERG ERG
Negative  Positive ERG Negative ERG Positive Pheterogeneity Negative  Positive ERG Negative ERG Positive  Pheterogeneity

Total
activity
quintile 0.03¢ 0.93¢

Ql 57 39 1 (Reference) 1 (Reference) 40 30 1 (Reference) 1 (Reference)

Q2 43 47 0.74 (0.49, 1.10)  1.17(0.76, 1.79) 40 37 0.96 (0.62, 1.50) 1.22(0.75, 1.98)

Q3 49 45 0.85(0.57,1.25) 1.15(0.74, 1.77) 64 57 1.51(1.01,2.25) 1.85(1.18,2.89)

Q4 40 66 0.67 (0.44,1.02) 1.56 (1.05,2.34) 57 45 1.34 (0.88,2.02) 1.45(0.91,2.31)

Q5 46 35 0.76 (0.51, 1.13)  0.85(0.53, 1.35) 60 48 1.43 (0.95,2.16) 1.50(0.94,2.39)

Prrend 0.25 0.62 0.644 0.06 0.19 0.764

Vigorous
activity
quintile® 0.87¢ 0.43¢

Q1 41 40 1 (Reference) 1 (Reference) 57 63 1 (Reference) 1 (Reference)

Q2 40 43 0.90 (0.58,1.41) 0.98 (0.64, 1.52) 55 46 1.05(0.72,1.53)  0.75(0.51,1.11)

Q3 51 54 1.16 (0.76, 1.77)  1.17 (0.77, 1.78) 55 40 1.03 (0.70, 1.50)  0.69 (0.46, 1.04)

Q4 47 48 0.97 (0.63, 1.49)  0.92 (0.60, 1.41) 50 38 0.98 (0.66, 1.45)  0.68 (0.45, 1.03)

Q5 56 47 1.07 (0.70, 1.63)  0.85 (0.55, 1.32) 44 30 1.04 (0.69, 1.56)  0.61 (0.39, 0.96)

Prrend 0.75 0.23 0.27¢ 0.95 0.08 0.154

aMultivariable models adjusted for age (months), calendar time (months), height (categorical), race (categorical), family history of prostate cancer (yes or no), BMI at age 21
(categorical), intensity of prostate-specific antigen (PSA) testing (yes or no), having a PSA test in previous cycle (yes or no), smoking (categorical), diabetes (yes or no), current BMI
(categorical), multivitamin use (yes or no), intake total calories (quintiles), calcium (quintiles), tomato sauce (categorical), a-linolenic acid (quintiles), alcohol (quintiles), coffee
(categorical), and vitamin E supplements (quintiles)

YAge-adjusted and multivariable models with vigorous activity are additionally adjusted for non-vigorous activity (quintiles)

“Based on a likelihood ratio test with 4 degrees of freedom using quintiles as the exposure
dBased on a likelihood ratio test with 1 degree of freedom using continuous trend variable as the exposure
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ABSTRACT

Background: Epidemiological studies suggest that men engaged in high levels of physical
activity have lower risks of advanced and fatal prostate cancer. The mechanisms underlying this
association are not well understood but may include either systemic or tumor specific effects.
Our objective was to investigate the link between pre-diagnostic physical activity and gene

expression alterations in prostate tumor and adjacent normal tissue.

Method: We performed whole gene expression profiling on tumor (N=248) and adjacent normal
tissue (N=117) among a subset of men diagnosed with indolent and lethal prostate cancer
between 1986 and 2005 in the prospective Health Professionals Follow-up Study. Men were
followed prospectively for prostate cancer outcomes through 2011. Physical activity was
ascertained by self-report of the average number of hours per week spent engaged in various
forms of recreational physical activity at baseline and every two years thereafter. We examined
cumulative average physical activity of vigorous intensity in units of metabolic equivalent of
task (MET)-hours/week from baseline to the time prostate cancer diagnosis. Gene set enrichment
analysis was performed among KEGG and hallmark gene sets to identify pathways with
differential expression by vigorous activity. A validation sub-study was performed in an

independent sample of 148 men from the Physicians’ Health Study

Results: We identified 67 KEGG gene sets enriched in the adjacent normal tissue comparing
men in the highest compared to the lowest quintile of vigorous activity (false-discovery rate
<0.25). Among the significant gene sets identified were cancer-related, immune system, and
signal transduction pathways. Three pathways were validated in the PHS sub-sample (P <0.10).

Intriguingly, no gene sets were significantly enriched in the tumor tissue.
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Conclusions: These findings suggest that physical activity may influence prostate cancer
development through epigenetic alterations in the prostate tissue. Future studies are needed to
confirm these findings and further investigate potential mechanisms linking physical activity to

risk of lethal prostate cancer.

35



INTRODUCTION

Physical activity is associated with lower risk of several cancers', but much remains
unknown regarding the biological mechanisms involved. Epidemiologic studies suggest a link
between physical activity and prostate cancer incidence and progression.>* Physical activity
influences several biological processes that may be involved in prostate cancer. Specifically, it
alters endogenous hormone levels, including testosterone, insulin, and insulin-like growth factor
(IGF)-1.*° Importantly, physical activity of different types and duration may have different

effects on the tumor microenvironment.” Its effects on the prostate, at this time, are unclear.

Epigenetic modifications such as DNA methylation and histone modifications are known
to disrupt key biological processes in cancers, including tumor growth, tissue invasion, and
metastasis, and can also contribute to the occurrence of genetic mutations.®® There is growing
evidence that lifestyle factors, such as diet and physical activity, have an important role in
influencing epigenetic processes.'? Previously, our group showed that pre-diagnostic obesity was
associated with chromatin remodeling in prostate tumor tissue.!! Additional findings by our
group and others have shown that activity at higher intensity and over the long-term may be most
relevant to decreasing prostate cancer development and improving outcomes.'>!* We observed a
41% lower risk of developing fatal prostate cancer comparing men with high versus low
vigorous activity.!* Furthermore, we found evidence that physical activity may act through
pathways related to development of the TMPRSS2:ERG fusion.'® There is limited evidence
regarding the relationship between physical activity and gene expression in prostate cancer. One
study examining prostate gene expression and post-diagnostic vigorous activity in low-risk
prostate cancer identified cell signaling, metabolism and DNA repair pathways.'® Identification

of gene expression alterations in the prostate that are associated with physical activity would
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potentially strengthen the biologic plausibility of these association and may facilitate

identification of biomarkers related to prostate cancer development.

Our study aimed to investigate the potential link between long-term, pre-diagnostic
vigorous activity and gene expression alterations in prostate tumors and adjacent normal tissue.
We broadly hypothesized that physical activity may alter gene expression in prostate tumors or
adjacent normal tissue that may drive the beneficial association between physical activity and

prostate cancer.

METHODS

Study Population

The Health Professionals Follow-up Study (HPFS) is an ongoing prospective cohort of
51,529 US male health professionals age 40 to 75 years at baseline in 1986. Participants
completed questionnaires at baseline and were mailed questionnaires every two years thereafter
to ascertain lifestyle, health-related factors, and disease outcomes. The Physicians’ Health Study
I (PHS I) was a randomized trial of aspirin and beta-carotene among 22,071 male physicians age
40 to 84 at randomization in 1982.7 A subset of 7,641 PHS 1 participants were enrolled from
1995-1997 in the subsequent Physicians’ Health Study II (PHS II), a randomized trial of vitamin
use.!® Follow-up of lifestyle and health factors with annual questionnaires continued for
participants in both PHS I and PHS II. At baseline in HPFS and PHS, participants had not been
diagnosed with any cancer, except non-melanoma skin cancer. These studies were approved by
institutional review boards at Brigham and Women’s Hospital and Harvard T. H. Chan School of

Public Health.
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For HPFS and PHS participants diagnosed with prostate cancer during follow-up, we
contacted hospital pathology departments to retrieve archival formalin-fixed paraffin-embedded
prostate tumor tissue obtained through either radical prostatectomy (RP) or transurethral
resection of the prostate (TURP). Gene expression profiling was performed on a subset of cases
diagnosed between 1982-2005 using an extreme case design with the aim of identifying
expression signatures to differentiate indolent and lethal disease.!® These cases included men
with prostate cancer who had a metastatic event or died of cancer during follow-up through 2011
(lethal cases), and men who survived at least 8 years without any evidence of metastases during
follow-up (indolent cases). Gene expression profiling of tumor tissue was obtained for a total of
402 men in HPFS and PHS. Additionally, a subset of 200 of these men had profiling of adjacent
normal tissue. After exclusion of 6 men who did not provide baseline physical activity data, our
primary analysis included the 248 cases (80 lethal and 168 indolent) in the HPFS cohort. The

148 cases (29 lethal and 119 indolent) in the PHS cohort were included in a validation sub-study.
Gene expression profiling

Using archival FFPE tissues from this subset of cases, cores were taken from foci highly
enriched for cancer and mRNA was extracted, as previously described.?*?! We performed whole-
transcriptome amplification (WT-Ovation FFPE System V2; NuGEN) followed by hybridization
to the GeneChip Human Gene 1.0 ST Array (Affymetrix).?>?} For the expression profiles, we
regressed out technical variables including mRNA concentration, age of the block, batch (96-
well plate), percentage of probes detectable above the background, log-transformed average
background signal, and the median of the perfect match probes for each probe intensity of the
raw data. The residuals were shifted to the original mean expression values and normalized using

the robust multichip average (RMA) method.>** We used NetAffx annotations to map gene
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names to Affymetrix transcript cluster IDs as implemented in Bioconductor annotation package
pd.hugene.1.0.st.v1; this resulted in 20,254 unique gene names. Gene expression data are

available through Gene Expression Omnibus (GSE79021).

Clinical data ascertainment

Incident prostate cancer was ascertained initially by self-report on questionnaires.
Medical records and pathology reports were used to confirm prostate cancer diagnosis and to
extract clinical and treatment information. Since 2000, participants diagnosed with prostate
cancer were followed through biennial disease-specific questionnaires for development of
metastases, treatment, and PSA levels. Deaths were ascertained through repeated mailings,
telephone calls to non-respondents, and searches of the National Death Index. Prostate cancer-
specific death was determined by review of death certificates and medical records by an endpoint
committee of physicians. The study pathologists reviewed hematoxylin-and-eosin slides to
provide uniform Gleason grade and histopathologic review. Lethal prostate cancer was defined
as distant metastasis or death due to the disease with follow-up through March 2011 (PHS) or

December 2011 (HPFS).

Physical activity assessment

In HPFS, physical activity was assessed through validated questionnaires beginning at
baseline in 1986 and every two years thereafter.?® Participants were asked to report in categories
the average total time per week engaged in specific activities during the past year with 13
response options ranging from “none” to “40+ hrs/week”. Specific activities included walking or
hiking outdoors, jogging (>10 minutes/mile), running (<10 minutes/mile), bicycling, lap

swimming, tennis, squash or racquetball, and calisthenics or rowing. Participants also reported
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their usual walking pace and the number of flights of stairs climbed daily. Additional specific
activities were included on the questionnaire in subsequent cycles: heavy outdoor work (e.g.,
digging or chopping) from 1988, weightlifting from 1990, moderate outdoor work (e.g.,
yardwork or gardening) from 2004, and lower intensity exercise (e.g., yoga, stretching, or

toning) and other aerobic exercise (e.g., exercise classes, etc.) from 2010.

In PHS, physical activity was assessed at enrollment and at 36- and 108-months follow-
up. On the enrollment questionnaire, men were asked how often they exercise vigorously enough
to work up a sweat with response options: daily, 5-6 times/wk, 2-4 times/wk, once/wk, 1-3
times/month, rarely/never. At 36 and 108 months of follow-up, men were asked to report
whether they engaged in regular exercise vigorous enough to work up a sweat (yes/no) and, if so,
how many days per week with four categories (<1, 1-2, 3-4, 5-7 days/week). Additionally, they
were asked the duration of an average exercise session with four response options (<10 min, 11-

24 min, 25-40 min, 41+ min).

To quantify intensity of activity, each specific activity was assigned a metabolic
equivalent of task (MET) value based on a compendium of physical activities.”” A measure of
MET-hours per week was derived for each specific activity by multiplying the MET value
assigned for that activity by the average number of hours per week reported by the participant.
Vigorous activity was restricted to activities with a MET value of 6 or greater: jogging, running,
bicycling, lap swimming, tennis, squash or racquetball, calisthenics or rowing, and stair
climbing. Since vigorous exercise but not specific types of activity was asked in PHS, we applied

an MET value of 7 to vigorous activity.
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To examine the long-term association with physical activity, we used cumulative average
physical activity based on all available questionnaire data prior to prostate cancer diagnosis. In
HPFS, for example, cumulative average vigorous activity for a man diagnosed with prostate
cancer in 1991 would equal the mean of vigorous activities reported on the 1986, 1988 and 1990
questionnaires. In our primary analysis, we considered physical activity categorized into
quintiles and compared the highest to the lowest category of activity. This was based on previous
findings by our group that the strongest association with prostate cancer risk was observed

comparing extreme quintiles of vigorous activity.!?
Statistical analysis

To identify predefined sets of functionally related genes associated with long-term, pre-
diagnosis vigorous activity, gene set enrichment analysis (GSEA) was performed on mRNA
expression profiles of tumor and adjacent normal tissue.?® Prior to performing GSEA, we
filtered genes to exclude those with low expression across 50% or more samples, separately for
tumor and normal tissue. A total of 6,200 genes were included in the tumor tissue analysis, and
6,193 genes in the adjacent normal tissue analysis. Age is a potential confounder in this study
because it may affect gene expression as well as vigorous activity. To remove variation in gene
expression due to age, we obtained gene expression residuals from linear regression on age at

diagnosis.

As determined a priori, we included 186 Kyoto Encyclopedia of Genes and Genomes
(KEGG) and 50 Hallmark gene sets from the Molecular Signature Database version 6.1 with
software from the Broad Institute (http://software.broadinstitute.org/gsea/ index.jsp). Gene sets

with fewer than 15 or more than 500 genes were excluded. The signal-to-noise metric was used
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to rank the genes, comparing the highest to lowest quintile of vigorous activity. An enrichment
score (ES) was calculated for each gene set using a weighted Kolmogorov-Smirnoff statistic. The
ES represents how much the gene set is overrepresented at the top or bottom of the ranked list of
genes. A positive ES indicated gene set enrichment at the top of the ranked list (upregulated in
high vs. low activity) while a negative ES indicated gene set enrichment at the bottom of the
ranked list (downregulated in high vs. low activity). The top-ranked subset of genes contributing
to the ES were considered the leading edge genes. The significance level was estimated using
10,000 phenotype-based permutations. The ES was normalized to account for variable size of
gene sets and multiple testing was accounted for by calculating the false discovery rate (FDR).
GSEA was performed separately in the HPFS (primary) and PHS (validation) cohorts. Cytoscape
version 3.6.0 (www.cytoscape.org) was used to visualize results from GSEA. To evaluate
differential expression of individual genes by activity level, we used linear regression as
implemented in the /imma Bioconductor package. All other analyses were performed in R

version 3.1.0.

In our primary analysis, gene sets with FDR <0.25 were considered statistically
significant. In our validation sub-study, we used a P-value <0.10 to determine statistical

significance.

RESULTS

Table 2.1 shows the characteristics of prostate cancer cases at diagnosis in the HPFS (n=248)
and the PHS (n=148), among whom gene expression profiled was performed. Men in the PHS
were slightly more likely to be diagnosed in earlier years and to have clinically localized disease.

In HPFS, men in the lowest quintile of vigorous activity were somewhat more likely to be
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diagnosed with advanced stage disease compared to men in the highest quintile. Other clinical
characteristics were similar among men in the highest compared to the lowest quintile of

vigorous activity.

Table 2.1 Characteristics prostate cancer cases (1982-2005) in all men and according to quintile
of cumulative average vigorous physical activity in the HPFS and PHS.

HPFS PHS
Vigorous Activity Quintile Vigorous Activity Quintile
Characteristics All men Q1 Q5 All men Q1 Q5
Number 248 50 50 148 30 35
Age at diagnosis, years (SD) 65.4 (6.4) 67.2 (5.6) 63.4 (6.4) 66.0 (6.5) 64.7 (6.9) 66.4 (5.7)
Year of Diagnosis, N (%)
Before 1990 20 (8) 6 (12) 4 (8) 24 (16) 5(17) 6 (17)
1990-1993 65 (26) 18 (36) 7 (14) 44 (30) 9 (30) 12 (34)
After 1993 163 (66) 26 (52) 39 (78) 80 (54) 16 (53) 17 (49)
PSA Level, ng/mL, median 7.3 8.0 6.7 7.1 6.0 8.0
(Q1,Q3) (5.4,12.1) (5.5, 18.0) (4.7, 10.5) (5.2, 10.1) (4.8, 8.8) (5.0, 12.3)
Pathologic Gleason, N (%)
2-6 26 (11) 2(4) 4(8) 33 (22) 5(17) 6 (17)
7 160 (65) 38 (76) 37 (74) 76 (51) 17 (56) 18 (52)
8-10 62 (25) 10 (20) 9 (18) 39 (26) 8 (27) 11 (31)
Clinical Stage, N (%)®
T1/T2 199 (83) 34 (76) 44 (88) 135 (92) 28 (93) 32 (94)
T3 23 (10) 6 (13) 5(10) 6 (4) 1(3) 1(3)
T4 /N1/Ml 17 (7) 5(11) 1(2) 503) 1(3) 1(3)
Lethal, N (%) 80 (32) 22 (44) 9 (18) 29 (20) 6 (20) 7 (20)
Total activity, MET-h/wk, 223 11.9 373
median (Q1, Q3)? (11.1, 34.6) (4.6,22.0) (26.2,52.1) - - -
Vigorous activity, MET-h/wk, 32 0.1 21.1 11.6 0.0 22.8
median (Q1, Q3)? (0.5,9.2) (0.0, 0.12) (13.8,29.4) (5.3, 18.1) (0.1, 2.6) (21.0,27.7)

HPFS: Health Professionals Follow-up Study; PHS: Physicians’ Health Study; PSA: prostate-specific antigen
2Values are cumulative averages updated from baseline to prostate cancer diagnosis.
bClinical stage was missing for 9 men in HPFS and 2 men in PHS.

When comparing expression of individual genes in the highest and the lowest quintile of
vigorous activity, no genes were significantly differentially expressed in tumor or adjacent
normal tissue based on adjusted p-value (Appendix Table 2.4). However, when we compared
expression functionally related genes in HPFS, GSEA identified 67 KEGG gene sets down-
regulated in adjacent normal tissue of men in the highest compared to lowest quintile of vigorous

activity with an FDR <0.25. Of these, the top 30 KEGG gene sets with FDR <0.10 are presented
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in Table 2.2 Among the gene sets identified were several cancer-related pathways, such as
glioma and pancreatic, lung, and prostate cancers. Gene sets related to cellular immune response,
such as B and T cell receptor signaling and natural killer cell mediated cytotoxicity, were also
identified. Figure 2.1 depicts the relative size and overlap across identified gene sets, suggesting
three potential clusters of related gene sets. Analysis of the leading edge genes showed MAPK1,
PIK3R3, RAF1, AKT2, AKT3, and HRAS was present in half or more of the 30 gene sets

identified in adjacent normal tissue (Figure 2.2).

Table 2.2 Top enriched KEGG gene sets in adjacent normal tissue (N=47) with FDR <0.10 in the
HPFS, comparing highest to lowest quintile of vigorous activity.

Adjacent normal

Nominal FDR
Gene set Size NES p-value q-value
Downregulated
KEGG VASOPRESSIN REGULATED WATER REABSORPTION 26 -1.65 0.02 0.08
KEGG_PANCREATIC_CANCER 43 -1.65 0.01 0.08
KEGG_GLIOMA 35 -1.67 0.01 0.08
KEGG TIGHT JUNCTION 65 -1.66 0.01 0.08
KEGG_WNT_SIGNALING_PATHWAY 74 -1.67 0.01 0.08
KEGG FOCAL ADHESION 100 -1.59 0.06 0.08
KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY 34 -1.67 0.01 0.08
KEGG LEUKOCYTE TRANSENDOTHELIAL MIGRATION 41 -1.56 0.05 0.08
KEGG_FC_GAMMA_R_MEDIATED PHAGOCYTOSIS 40 -1.57 0.02 0.09
KEGG OOCYTE MEIOSIS 48 -1.60 0.02 0.09
KEGG_CHEMOKINE SIGNALING_PATHWAY 69 -1.59 0.02 0.09
KEGG SMALL CELL LUNG CANCER 41 -1.58 0.03 0.09
KEGG_GNRH_SIGNALING PATHWAY 44 -1.56 0.03 0.09
KEGG PROSTATE CANCER 59 -1.59 0.02 0.09
KEGG_NEUROTROPHIN_SIGNALING PATHWAY 70 -1.67 0.01 0.09
KEGG LYSINE DEGRADATION 22 -1.57 0.03 0.09
KEGG VASCULAR SMOOTH MUSCLE CONTRACTION 53 -1.55 0.07 0.09
KEGG T _CELL _RECEPTOR_SIGNALING PATHWAY 42 -1.61 0.02 0.09
KEGG PATHWAYS IN CANCER 157 -1.68 0.01 0.09
KEGG _JAK STAT SIGNALING PATHWAY 47 -1.55 0.04 0.09
KEGG TOLL LIKE RECEPTOR SIGNALING PATHWAY 26 -1.54 0.04 0.09
KEGG NATURAL KILLER CELL MEDIATED CYTOTOXICITY 44 -1.60 0.03 0.09
KEGG BLADDER CANCER 26 -1.57 0.03 0.09
KEGG _THYROID CANCER 21 -1.61 0.02 0.09
KEGG COLORECTAL CANCER 39 -1.54 0.03 0.09
KEGG_ENDOMETRIAL CANCER 33 -1.61 0.02 0.09
KEGG ERBB_SIGNALING PATHWAY 44 -1.62 0.02 0.09
KEGG _NON_SMALL CELL LUNG_CANCER 30 -1.53 0.04 0.09
KEGG CALCIUM_SIGNALING PATHWAY 36 -1.68 0.02 0.09
KEGG_LONG_TERM_POTENTIATION 34 -1.69 0.01 0.10

HPFS: Health Professionals Follow-up Study; NES: normalized enrichment score; Analyses adjusted for age at diagnosis
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Figure 2.1 Enrichment plot of KEGG gene sets significantly enriched in adjacent normal tissue

at FDR <0.10 in the HPFS.
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Figure 2.2 Number of gene sets containing each leading edge gene among 30 KEGG gene sets
identified in adjacent normal tissue with FDR < 0.10 in the HPFS.
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No KEGG gene sets were significantly enriched in the tumor tissue (Appendix Table
2.5), and no Hallmark gene sets were identified in either tumor or adjacent normal tissue at FDR

<0.25 (Appendix Tables 2.6 and 2.7).

PHS validation

Of the 67 KEGG gene sets identified in adjacent normal tissue in HPFS, three were
enriched in adjacent normal tissue in PHS with a nominal p-value <0.10 (Table 2.3). These
included the amino sugar and nucleotide sugar metabolism, gap junction, and calcium signaling
pathway gene sets.

Table 2.3 Enriched KEGG gene sets in adjacent normal tissue with P-value < 0.10 identified in
HPFS then replicated in the PHS, comparing highest to lowest quintile of vigorous activity.

Adjacent normal

Nominal
Gene set Size NES p-value
Downregulated
KEGG_AMINO SUGAR_AND NUCLEOTIDE SUGAR METABOLISM 19 -1.44 0.07
KEGG GAP_JUNCTION 39 -1.40 0.08
KEGG_CALCIUM_SIGNALING_PATHWAY 36 -1.41 0.09

NES: normalized enrichment score
Analyses adjusted for age at diagnosis

DISCUSSION

Our study evaluated the associations between of long-term vigorous activity prior to
prostate cancer diagnosis and gene expression alterations in tumor and adjacent normal tissue.
We identified 67 KEGG gene sets that were down-regulated in men who reported high compared
to low vigorous activity in the tumor-adjacent normal tissue. These gene sets included several
cancer-related, immune system, and signal transduction pathways. To our knowledge, our study

is the first to examine the associations between long-term, pre-diagnostic vigorous activity and
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gene expression alterations in prostate tissue. Our findings suggest that vigorous activity may

influence prostate cancer development through epigenetic alterations.

Physical activity, particularly activity performed over the long-term, has been linked to
epigenetic changes in breast, gastric, and colorectal cancers.'® Our present study identified
several cancer-related pathways that are down-regulated in men who performed long-term high
compared to low vigorous activity. These findings suggest that physical activity may affect
biological pathways that are common across different cancers. For example, the MAPK, PI3K-
Akt, and p53 signaling pathways are common to many of the cancer gene sets identified in our
study. Furthermore, mutations in tumor suppressors PTEN, RB1, and p53 are present across to

the prostate cancer, lung cancer and glioma gene sets.

Epidemiologic studies have shown that men engaged in more physical activity,
particularly vigorous activity, have lower risk of advanced and lethal prostate cancer compared
to men who are less active.>!4?32 A previous study by our group found evidence suggesting that
physical activity may differentially influence TMPRSS2: ERG-positive compared to
TMPRSS?2:ERG-negative prostate cancer, indicating a possible mechanism involving this gene
fusion. One possibility is that physical activity may contribute to whether a fusion event occurs.
Our study also identified several immune system pathways down-regulated in men engaged in
high compared to low vigorous activity. This is consistent with prior studies showing that
physical activity may reduce oxidative stress and improve immune functions.* This may be
relevant to development of gene fusions since cellular stress can contribute to genomic instability
and is a trigger for genomic rearrangements.>> Similar ETS transcription factors are involved in
translocations that occur in pediatric cancers, such as B-cell precursor acute lymphoblastic

leukemia and Ewing sarcomas.’*%
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Our validation in the PHS identified three KEGG gene sets that overlapped with our
results in the HPFS. This evidence provides further support to the primary findings that physical
activity may alter metabolism and signal transduction pathways in prostate tissue. There is
limited epidemiologic evidence regarding the influence of long-term physical activity on gene
expression in prostate tissue. One previous study found that ErbB signaling pathway was
associated with post-diagnosis physical activity in normal tissue of men with low-risk prostate
cancer in a prior study.!® However, this pathway was found to be up-regulated rather than down-
regulated as seen in our study. Several pathways identified in our study were also identified by
our group previously as associated with prostate cancer risk SNPs in tumor tissue.?’ One such
pathway is the vascular endothelial growth factor (VEGF) signaling pathway. This pathway is

involved in angiogenesis and is a potential therapeutic target.>®3

Our leading edge analysis showed that many of the gene sets identified by GSEA had
leading edge genes in common. Consideration of these individual genes provides additional
understanding of the potential biological effects of physical activity. MAPK1, PIK3R3, RAFI,
and BRAF were among the most common across the top 30 gene sets upregulated in men with
low compared to high vigorous activity. The phosphatidylinositol 3-kinase (PI3K) pathway
regulates cell growth, survival, proliferation, metabolism, and angiogenesis, and is known to
altered in metastatic prostate cancer.’® The PIK3R3 gene, part of the PI3K pathway, is
downregulated in metastatic prostate cancer and may be androgen-regulated.*® The role of the
Raf family of serine/threonine kinases and the MAP kinase (MAPK) pathway in prostate cancer
has been well-studied. Raf-1 is thought to activate MAPK and drive tumor proliferation.
Furthermore, upregulation of MAPK pathway is associated with reduced survival in castration

resistant prostate cancer.*’ The RAFI and BRAF genes are also known to be involved in gene
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fusion events, albeit rarely in prostate cancer.*! Gene fusions are common in prostate cancer, and
most frequently occur with ETS genes, including TMPRSS2:ERG fusion occurring in 40-50% of
prostate cancers.*> The ETS transcription factors are downstream targets of the Raf and MAPK
signaling pathways.*! TP53, another leading edge gene, is responsible for the tumor protein p53,
a well-known tumor suppressor gene. Regular exercise has been shown to alter the IGF axis and
reduce cell proliferation and increased apoptosis through expression of p53 in prostate cancer

cells.®

We identified gene sets exclusively in adjacent normal tissue, and not in tumor tissue. It
is possible that, by the time that cancer is detectable, cellular activity is dysregulated to such an
extent that relatively small differences in gene expression due to lifestyle factors become more
difficult to detect. Given its proximity to the tumor, adjacent normal tissue may exhibit similar
characteristics or undergo similar processes to the tumor. Our data suggest that physical activity
may alter the disease process prior to the development of prostate cancer. Further investigation is
required to better understand the timing and specific effects underlying the associations observed

in this study.

Strengths of this study include its long-term, prospective physical activity assessment and
ability to examine both tumor and normal tissue. We also showed replication of gene sets in an
independent validation cohort. Unlike an individual gene analysis, GSEA allows for
identification of groups of functionally-related genes. This analysis boosts power when effects of
individual genes are small and facilitates interpretation and understanding of biological
mechanisms.?® As shown here, analysis of individual genes did not produce significant results,

but GSEA identified many significant gene sets. However, our sample size was moderate and
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may have limited our power to detect significant associations between vigorous activity and gene

expression among prostate cancer cases.

A limitation of this study is that physical activity was assessed differently in the HPFS
and PHS cohorts. In HPFS, the physical activity questionnaire included specific activities and
was updated every two years. In contrast, in PHS, vigorous activity was defined with a single
question and was asked on only three questionnaires during follow-up. Consequently, the
exposures in our primary analysis may not be equivalent to that in our validation sub-study. This
may have limited our ability to validate our findings, particularly if different forms of physical
activity have different biological effects. Our analytic approach assumed that vigorous activity is
associated with expression of genes in the same direction for all genes in a given gene set. Given
the complexities of interactions among genes in the same or related pathways, this assumption
may not reliably hold. This could result in missing pathways that contain genes that are both up-
and down-regulated by physical activity. Finally, participants in the HPFS and PHS are primarily

Caucasian men. Therefore, our findings may not be generalizable to other racial/ethnic groups.

In summary, our study identified sets of functionally related genes differentially
expressed in adjacent normal prostate tissue among men who engage in high compared to low
vigorous activity. Our findings from this exploratory study suggest that vigorous activity may
influence prostate cancer through cancer-related, immune system, and cell signaling pathways.
These findings support the biological plausibility that long-term vigorous activity may lower risk
of clinically relevant prostate cancer. Furthermore, a better understanding of specific pathways

involved in prostate cancer may allow for identification of therapeutic targets for this disease.
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APPENDIX

Table 2.4 Top 10 genes associated with cumulative average vigorous activity quintiles
(highest vs. lowest quintile) in the tumor (N=100) and adjacent normal tissue (N=47)
in the HPFS.

P-value

Gene symbol Gene name P -value adjusted®
Tumor
BDP1 B double prime 1, subunit of RNA polymerase IIT 1.91E-04 0.67

transcription initiation factor I1IB
ROCK1 Rho-associated, coiled-coil containing protein kinase 1 3.40E-04 0.67
CARKD carbohydrate kinase domain containing 4.69E-04 0.67
DPF2 D4, zinc and double PHD fingers family 2 5.35E-04 0.67
FTH1P3 ferritin, heavy polypeptide 1 pseudogene 3 6.61E-04 0.67
NNMT nicotinamide N-methyltransferase 6.69E-04 0.67
FKBP11 FK506 binding protein 11, 19 kDa 7.56E-04 0.67
MBD2 methyl-CpG binding domain protein 2 9.98E-04 0.77
C19o0rf73 chromosome 19 open reading frame 73 1.43E-03 0.93
ZNF234 zinc finger protein 234 1.73E-03 0.93
Adjacent normal
BRAP BRCA1 associated protein 4.72E-05 0.29
PITRM1 pitrilysin metallopeptidase 1 1.76E-04 0.54
RNF168 ring finger protein 168 3.90E-04 0.76
PSMDI11 proteasome (prosome, macropain) 26S subunit, non- 7.42E-04 0.76

ATPase, 11
TFG TRK-fused gene 8.63E-04 0.76
PANK?2 pantothenate kinase 2 1.05E-03 0.76
SARS seryl-tRNA synthetase 1.09E-03 0.76
SWAP70 SWAP switching B-cell complex 70kDa subunit 1.18E-03 0.76
IMID1C jumonji domain containing 1C 1.52E-03 0.76
PRKRIP1 PRKR interacting protein 1 (IL11 inducible) 1.67E-03 0.76

HPFS: Health Professionals Follow-up Study
All p-values adjusted for age at diagnosis
2P-values adjusted for multiple testing
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Table 2.5 Top 10 enriched KEGG gene sets in tumor tissue in the HPFS, comparing highest to

lowest quintile of vigorous activity.

Tumor
Nominal FDR

Gene set Size NES p-value q-value
Upregulated
KEGG_AMINO SUGAR AND NUCLEOTIDE SUGAR METABOLISM 20 1.24 0.21 0.86
KEGG_ECM_RECEPTOR_INTERACTION 26 1.19 0.32 0.86
KEGG _LYSOSOME 56 1.16 0.31 0.87
KEGG_CELL _ADHESION MOLECULES CAMS 43 1.21 0.26 0.88
KEGG_VALINE LEUCINE AND ISOLEUCINE DEGRADATION 18 1.13 0.34 0.90
KEGG PPAR SIGNALING PATHWAY 19 1.10 0.34 0.91
KEGG RIG I LIKE RECEPTOR SIGNALING PATHWAY 17 1.25 0.21 0.94
KEGG TYPE Il DIABETES MELLITUS 16 1.40 0.09 0.94
KEGG_PROGESTERONE MEDIATED OOCYTE MATURATION 33 0.67 0.88 0.94
KEGG BLADDER CANCER 25 0.68 0.87 0.95
Downregulated
KEGG INOSITOL PHOSPHATE METABOLISM 16 -1.61 0.03 0.36
KEGG _TGF BETA SIGNALING PATHWAY 39 -1.56 0.03 0.41
KEGG PHOSPHATIDYLINOSITOL SIGNALING SYSTEM 25 -1.61 0.03 0.47
KEGG _FC _EPSILON RI SIGNALING PATHWAY 29 -1.64 0.02 0.54
KEGG PYRUVATE METABOLISM 18 -1.25 0.19 0.62
KEGG_COLORECTAL CANCER 38 -1.26 0.18 0.63
KEGG SMALL CELL LUNG CANCER 37 -1.01 0.45 0.63
KEGG _FOCAL_ADHESION 97 -1.01 0.44 0.64
KEGG PANCREATIC CANCER 42 -1.33 0.13 0.64
KEGG PROTEIN_EXPORT 19 -1.02 0.46 0.64

NES: normalized enrichment score
Analyses adjusted for age at diagnosis

59



Table 2.6 Top enriched Hallmark gene sets in adjacent normal tissue (N=47) in the HPFS,
comparing highest to lowest quintile of vigorous activity.

Adjacent normal

Nominal FDR
Gene set Size NES p-value g-value
Upregulated
HALLMARK ANDROGEN RESPONSE 73 0.57 0.84 0.9256
HALLMARK BILE ACID METABOLISM 29 1.07 0.36 1.0000
HALLMARK KRAS SIGNALING DN 41 0.89 0.60 1.0000
HALLMARK_INTERFERON_ALPHA RESPONSE 41 0.78 0.72 1.0000
HALLMARK_PEROXISOME 38 0.68 0.88 1.0000
Downregulated
HALLMARK _HEME_METABOLISM 86 -1.35 0.10 0.45
HALLMARK UV_RESPONSE DN 80 -1.28 0.20 0.47
HALLMARK_MITOTIC_SPINDLE 96 -1.70 0.01 0.47
HALLMARK ANGIOGENESIS 16 -1.36 0.15 0.47
HALLMARK_G2M_CHECKPOINT 76 -1.32 0.15 0.48
HALLMARK DNA REPAIR 60 -1.30 0.15 0.48
HALLMARK_E2F TARGETS 61 -1.37 0.12 0.51
HALLMARK NOTCH_SIGNALING 17 -1.39 0.11 0.53
HALLMARK PI3K_AKT MTOR_SIGNALING 59 -1.41 0.09 0.55
HALLMARK KRAS SIGNALING UP 60 -1.04 0.41 0.56

NES: normalized enrichment score
Analyses adjusted for age at diagnosis
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Table 2.7 Top 10 enriched Hallmark gene sets in tumor tissue (N=100) in the HPFS, comparing
highest to lowest quintile of vigorous activity.

Tumor

Nominal FDR
Gene set Size NES p-value g-value
Upregulated
HALLMARK P53 PATHWAY 97 1.02 0.41 0.83
HALLMARK COMPLEMENT 68 0.99 0.47 0.85
HALLMARK_CHOLESTEROL HOMEOSTASIS 40 1.33 0.15 0.86
HALLMARK ALLOGRAFT REJECTION 63 0.79 0.70 0.88
HALLMARK_ TNFA SIGNALING VIA NFKB 106 0.91 0.56 0.88
HALLMARK ANDROGEN RESPONSE 76 0.77 0.70 0.88
HALLMARK BILE ACID METABOLISM 28 1.37 0.11 0.89
HALLMARK INFLAMMATORY RESPONSE 56 1.02 0.42 0.89
HALLMARK_MTORC1_SIGNALING 97 0.74 0.75 0.90
HALLMARK ESTROGEN RESPONSE LATE 88 0.92 0.57 0.90
Downregulated
HALLMARK MITOTIC SPINDLE 93 -1.60 0.02 0.38
HALLMARK_E2F TARGETS 66 -1.40 0.12 0.64
HALLMARK ANGIOGENESIS 17 -0.99 0.47 0.71
HALLMARK G2M CHECKPOINT 79 -1.02 0.44 0.76
HALLMARK_NOTCH_SIGNALING 17 -1.27 0.19 0.76
HALLMARK UV _RESPONSE DN 71 -1.04 0.40 0.83
HALLMARK PI3K _AKT MTOR_SIGNALING 61 -1.05 0.40 0.98
HALLMARK KRAS SIGNALING DN 38 -0.45 1.00 0.99
HALLMARK_PROTEIN_SECRETION 65 -0.81 0.66 0.99
HALLMARK MYC TARGETS V1 147 -0.76 0.70 0.99

NES: normalized enrichment score
Analyses adjusted for age at diagnosis
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ABSTRACT

Background: Our study examined the validity of a physical activity questionnaire (PAQ) by
comparison with energy expenditure, accelerometer measures, web-based 24-hour recalls, and
body composition.

Methods: Over one year, 618 men completed two PAQs, up to four 24-hour activity recalls
(ACT24), doubly-labeled water (DLW) assessments of physical activity energy expenditure
(PAEE), and accelerometer-measured activity. A subset of men completed dual energy X-ray
absorptiometry measures of body composition. Age-adjusted Spearman correlations were
calculated.

Results: Compared to DLW-determined age-adjusted PAEE, correlations with the second PAQ
were 0.40 for total activity, 0.43 for moderate to vigorous physical activity, and -0.14 for
sedentary time. Compared to DLW and accelerometer, PAQ had similar validity to ACT24 for
active behavior and lower validity for sedentary behavior. Of the four comparison methods
assessed, the PAQ had highest validity when compared to the ACT24.

Conclusions: Our study shows moderate validity of PAQ-measured physical activity compared
with DLW, accelerometer, and ACT24. Given its low cost and acceptability, the PAQ adequately
captures physical activity, especially when moderate or vigorous, for use in large long term

prospective studies of chronic disease risk.
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INTRODUCTION

Physical activity is associated with lower risk of cardiovascular disease, type 2 diabetes, and
some cancers, in addition to important disease risk factors such as obesity and high blood
pressure.! Conversely, physical inactivity is the fourth leading risk factor for mortality
worldwide.! As physical activity is also modifiable, it is widely studied in large prospective
observational studies of disease risk. This requires physical activity assessments that are scalable
to large populations. Such studies have primarily used questionnaires for their ease of use and
capacity to represent usual or long-term behavior.>® However, because these questionnaires rely
on self-reporting, validation studies are needed to evaluate how well they measure physical

activity.

An important consideration in validation studies of physical activity is that various
assessment methods measures different constructs of activity. Physical activity has multiple
dimensions, including frequency, intensity, duration, and type, and multiple domains, such as
occupational or leisure-time activity, which each may cause different distinct biological
changes.** Epidemiologic studies of physical activity have seen associations with health
outcomes for total volume of activity®, but also for specific forms of activity, such as vigorous
activity or walking pace.” As such, no single measure is agreed to be a “gold standard” for

physical activity.

Validation studies of physical activity have used energy expenditure, activity monitoring
devices, and other self-reporting methods such as diaries and 24-hour recalls as comparison
methods.!'? By its definition, physical activity necessarily results in energy expenditure. Doubly-

11,12

labeled water (DLW), a gold standard for energy expenditure , 1s costly but widely
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considered the optimal method to validate self-reported physical activity. Physical activity also
induces changes in body composition, such as decreased fat mass and increased muscle mass.'>!4
Therefore, dual energy X-ray absorptiometry (DEXA), a gold standard for body composition,
offers an indirect measure of physical activity. Accelerometers, such as those worn on the waist,
measure body movement during periods of wear and represent an objective measure of physical
activity. Due in part to their declining costs, the use of accelerometers in large-scale studies is
growing. Because they rely on episodic rather than long-term memory, self-report recalls of
recent physical activity may also be used for validation, particularly if repeated measures are
available to capture seasonal variation.'> The self-administered 24-hour activity recall (ACT24)
was developed by the National Cancer Institute and is a low-cost, web-based tool. The ability of

the ACT24 to serve as a method for validation of physical activity methods has not yet been

evaluated.

In the all-male epidemiology cohort, the Health Professionals Follow-up Study (HPFS),
physical activity was assessed every two years beginning in 1986 using a modified Paffenbarger
physical activity questionnaire (PAQ) that represents activity over the past year. A validation
study of the 1990 and 1992 PAQ was previously conducted using 7-day physical activity
diaries.!> The PAQ has been adapted since then, with additions of specific activities (e.g. yoga
starting in 2010) and options to report intensity of certain activities. No validation has been
performed since 1996. The purpose of this study was to examine the validity of the current PAQ
by comparing it to self-reported and objective assessments, specifically, multiple web-based
ACT24 recalls, accelerometer measures, DLW-determined energy expenditure, and DEXA-
determined body composition. We additionally aimed to assess the validity of the ACT24

compared to DLW, accelerometer, and DEXA.
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METHODS

Study population

The HPFS is an ongoing cohort study initiated in 1986 among 51,529 US male health
professionals age 40 to 75 years. Participants completed questionnaires at baseline and were
mailed questionnaires every two years to ascertain lifestyle, health-related factors, and disease
outcomes. Dietary factors were assessed by food frequency questionnaire (FFQ) every four
years. The Men’s Lifestyle Validation Study (MLVYS) is one of three validation studies that
comprise the Multi-Cohort Eating and Activity Study for Understanding Reporting Error
(MEASURE) with the purpose of validating dietary and physical activity assessments. The
MLYVS includes a subset of men from the HPFS who had previously completed the 2006/2007
FFQ and provided blood, and a random sample of men enrolled for at least 3 years in the
Harvard Pilgrim Health Care program not affiliated with HPFS. Men with a history of coronary
heart disease, cancer, major neurological disease or stroke were excluded. In total, 671 men
consented to participate and enrolled in the MLVS. The study was approved by the human
subjects research committees at Partners Healthcare and Harvard T. H. Chan School of Public
Health.

The MLVS was conducted between 2011-2013 with data collection for each participant
occurring over a one-year period to align with the period referenced in the questionnaires.
Participants completed PAQ, 24-hour activity recalls (ACT24), DLW assessments of energy
expenditure, accelerometer measures of activity, and DEXA measures of body composition.
Participants were randomly assigned to one of four groups to vary the order of the measurements
(Figure 3.1). The PAQ represents activity over the past year and was administered twice: at

baseline and at the end of the study. To capture variation in activity over year, the ACT24 was
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Phase 1 Phase 11 Phase 111 Phase IV

Months 1 2 3 4 5 6 7 8 9 10 11 12
PAQ DLW PAM ACT24 PAM ACT24 ACT24 PAQ
ACT24 DLW

PAQ: physical activity questionnaire; PAM: personal activity monitor (accelerometer); DLW: doubly-labeled water;
DEXA: dual energy X-ray absorptiometry. A sub-group of participants in group 1 completed a second DLW
measurement at 9, 12, or 15 months. DEXA was conducted in participants residing in Boston area and scheduled to
occur between DLW days | and 2, or as close as possible to this range. DEXA repeated once in subset at 12 months

Figure 3.1 Men’s Lifestyle Validation Study Timeline, 2011-2013.

administered once in each season for a total of four recalls. Accelerometer measures were
obtained at two study time points approximately 6 months apart. Administration was timed to
maintain a 1-week spacing between the PAQ and ACT24, 3-week spacing between
accelerometer and ACT24, and 4-week spacing between PAQ and accelerometer. DLW was
measured randomly over one year with a subset (n=105) providing a repeat measure 6 to 12
months later. DEXA was performed among a subset of men residing within the Boston metro
area where the scans were performed. Of the 200 men in the subset, 100 completed a second
DEXA 12 months later. Participants reported age, race, weight, height, and tobacco use at
enrollment. We used self-reported weight (kg) and height (m) to calculate body mass index
(BMI; kg/m?). The study population in this analysis consisted of 618 men, after excluding those
without complete PAQ at both start and end of the study (n=9) and those without at least one

complete measure of TDEE, PAEE, ACT24, accelerometer, and resting pulse rate (n=45).

PAQ

Participants were asked to report an average of hours per week spent doing specific
activities during the past year using 13 categories ranging from “None” to “40+ hours”.
Activities included walking to work or for exercise (including golf), jogging (>10 minutes/mile),
running (<10 minutes/mile), bicycling (including stationary machine), lap swimming, tennis,

squash or racquetball, other aerobic exercise (e.g. exercise classes, etc.), lower intensity exercise
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(e.g. yoga, stretching, or toning), moderate outdoor work (e.g. yardwork or gardening), heavy
outdoor work (e.g., digging or chopping), weightlifting (including machines), and standing or
walking around work and around home. Participants could indicate the intensity of activity (low,
medium, or high) for swimming, biking, and tennis. Participants also reported their usual
walking pace outdoors (easy, normal, brisk, very brisk) and the number of flights of stairs
climbed daily (no flights, 1-2, 3-4, 5-9, 10-14, >15 flights). Sedentary behaviors included sitting
at work or commuting, sitting at home while watching TV/VCR/DVD, and other sitting at home
(e.g. desk, eating, computer).

We assigned a metabolic equivalent task (MET) value to each specific activity based on
estimates adapted from a compendium of physical activities (Appendix Table 3.8).! A MET
unit is equal to the amount of oxygen uptake required to sit at rest, approximately 3.5 ml/kg/min.
Thus, a MET-hour is the metabolic equivalent of sitting at rest for one hour. We derived a
measure of MET-hours per week for each specific activity by multiplying the MET value
assigned for that activity by the average time (hours/week) reported by the participant using the
mid-point of each category. Total physical activity was defined as the sum of specific MET-
hours per week for each reported activity. Vigorous activity was restricted to activities with a
MET value of 6 or greater, including jogging, running, high-intensity bicycling, lap swimming,
and tennis, squash or racquetball, and stairs. Moderate activity included activities with a MET
value of 3 to 5, including walking (>2 mph), low- to moderate-intensity bicycling, lap
swimming, and tennis, other aerobic exercise, lower intensity exercise, moderate and heavy
outdoor work, and weightlifting. Moderate- to vigorous- physical activity (MVPA) included

activities with a MET value of 3 or greater.
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ACT24

The Activities Completed Over Time in 24 Hours (ACT24) system is a web-based tool to
assess physical activity over a previous 24-hour period.!” Participants reported time spent in
sleeping, active, and sedentary behavior. Participants entered activities by selecting among 117
possible categories of activity in four 6-hour time blocks and reported the start and stop time of
each activity in >5-minute increments. For activities overlapping in a single period, an algorithm
was used to select the primary activity for that period.!” Active and sedentary behaviors were
differentiated based on posture and level of energy expenditure. Active behaviors included those
performed standing upright or that required a higher level of energy expenditure (>2 MET).
Sedentary behaviors included those performed sitting, reclining, or lying down that required a
low level of energy expenditure (<2 MET). Active behaviors were assigned an MET value based
on a compendium of physical activities'® and categorized according to intensity in units of MET-
hours per day using thresholds consistent with the PAQ: vigorous (=6 MET), moderate (3-5
MET), MVPA (=3 MET). We included submitted recalls that reported at least 23 hours of
activity in four time periods and were completed within 15 days of the prescribed schedule.
Accelerometer

Participants were provided an accelerometer (ActiGraph GT3X; Actigraph Corporation,
Pensacola, FL), detailed instructions, and a wear time diary. They were asked to wear the
monitor on the hip for 7 days during waking hours, except for bathing or swimming. In addition,
participants were asked to maintain a diary of days on which the monitor was worn. The methods
for deriving accelerometer data have been previously described.!® In this analysis, we used
accelerometer data based on the triaxial vector magnitude, which combines the vertical,

anteroposterior, and mediolateral planes. Using standard methods, nonwear time was defined as
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>60 consecutive minutes of zero accelerometer counts and allowing for up to 2 minutes of <200
counts per minute.2*?! We derived daily wear time as the remainder of 24 hours after subtracting
non-wear time and included in the analysis participants with at least 4 days of >10 hours of wear
per day.

We examined total activity counts (TAC) per day as measured by accelerometer to
represent total volume of physical activity. TAC per day was obtained by averaging across valid
wear days. We also considered minutes per day spent in activity according to intensity, including
vigorous, moderate, and sedentary. We used a threshold of <200 counts/minute for sedentary
behavior??, 200-2690 counts/minute for light intensity, 2690-6166 counts/minute for moderate
intensity (3-5.99 METs), and >6167 counts/minute for vigorous intensity (>6 METs).?*> We
derived time spent in each intensity of activity by summing every minute per day in each level of
intensity. We previously showed accelerometer measures based on the triaxial vector magnitude
had stronger correlations with DLW-determined energy expenditure than those based on the
vertical axis only, and that MVPA including every minute performed better than modified bouts
of >10 minutes when compared with energy expenditure.'® For sedentary behavior, we also
examined time spent in >15 minute bouts.

DLW and DEXA

Total daily energy expenditure (TDEE) was measured from urine samples using the
DLW method, previously described.!® Briefly, participants provided two urine samples before
and after administration of a DLW dose, and two urine samples 10-14 days later. Samples were
processed at the Mass Spectrometry Core at Pennington Biomedical Research Cancer. Energy
expenditure is determined using mass spectroscopic analysis of deuterium and oxygen-18 from

the urine samples.?*?* Physical activity energy expenditure (PAEE) was estimated by subtracting
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resting metabolic rate and the thermic effect of food from TDEE.?® We obtained resting
metabolic rate using a prediction equation based on sex, weight, height, and age.?” The thermic
effect of food was assumed to be a constant of 10% of total energy.?® Fat free mass was
estimated from DLW and used with self-reported body weight to account for differences in body
size.

Whole body DEXA was used to assess regional body composition in a subset of men
using a Hologic Discovery QDR X-ray Bone Densitometer. The scans were performed and
analyzed at the Body Composition Analysis Center of Tufts University. The scans were reviewed
for quality control and analyzed using Hologic Discovery software to obtain total and regional
body composition measures including lean mass, fat mass, and bone mineral content. In this
analysis, we used data on total and trunk fat mass, percent fat, and lean body mass excluding
bone density mineral.

Statistical analysis

We assessed total, vigorous, and moderate physical activity, MVPA, and sedentary
behavior. For PAQ and ACT24, we considered total activity to include active and not sedentary
behavior. For our primary analysis, we used activity measured in MET-hours per day to account
for intensity and sedentary behavior in hours per day. We calculated an average over valid days
worn for each week of wear such that each participant had up to two accelerometer measures.
We calculated means and standard deviations of physical activity and body composition
variables determined by each administration of PAQ, ACT24, accelerometer, DLW, DEXA. All
measures except DEXA-determined percent fat were log-transformed to increase normality.
Correlations were performed by ranking individuals according to physical activity as measured

by each method to reduce the influence of extreme values.
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To assess reproducibility, we calculated intra-class correlation coefficients (ICCs) of each
assessment among participants with repeated measures. We calculated Spearman correlation
coefficients and 95% confidence intervals to assess validity using the PAQ in comparison with
other methods. Because the PAQ represents activity over the past year, the primary comparison
was the final (second) PAQ, to represent the same period during which the comparison methods
were administered. As a secondary comparison, we assessed the first PAQ and an average of the
first and second PAQ. We used the average of up to four (mean = 3.5) ACT24 recalls and up to
two (mean = 1.8) accelerometer measures. We also calculated correlations to compare ACT24
with accelerometer, DLW and DEXA methods. We calculated correlations of accelerometer
compared with DEXA to evaluate the relative performance of these methods. For these
comparisons, we calculated unadjusted and adjusted Spearman correlation coefficients and 95%
confidence intervals. Because age is an important confounder in most epidemiologic studies, we
adjusted correlations for age across all comparisons. To remove variation in energy expenditure
due to body size, we also obtained TDEE and PAEE residuals from linear regression on age,
current weight (kg), and fat free mass (g) estimated from DLW. For DEXA, residuals for total
lean mass, fat mass, and percent fat were obtained using models adjusted for age, height (m), and
weight (kg). For the PAQ and ACT24, residuals were obtained using models adjusted for age
only. Additional adjustment of PAQ and ACT24 residuals for study group (1-4) did not
substantially change the results. For accelerometer, residuals were adjusted for age and
accelerometer wear time (h/day). To adjust for random within-person variation in the comparison
methods, we obtained deattenuated correlations using a method to account for the variable

number of repeats for each comparison method.?® For the comparison method of DLW, we
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repeated analyses in subgroups of age (46-69, 70-82 years) and BMI (<25, >25 kg/m?). The

cutoffs for age and BMI subgroups were based on the median values in the overall cohort.

This analysis was conducted using SAS version 9.4 (SAS Institute Inc.; Cary, NC). All
statistical tests performed were two sided with an a-level of 0.05 to determine statistical

significance.

RESULTS

In MLVS overall, participants had a mean age of 68 years and a mean BMI of 26 kg/m? at
baseline (Table 1). The subset of participants that completed DEXA and repeated DLW were
younger on average, had higher DLW-determined energy expenditure, and were more likely to
be Harvard Pilgrim enrollees compared to participants in MLVS overall. Participants enrolled in
Harvard Pilgrim were more likely to reside in the greater Boston area, required for DEXA, and
tended to be younger than HPFS participants. Smoking status, BMI, and physical activity
reported on the PAQ were similar across the overall cohort and subsets.

The distributions of energy expenditure, body composition, and physical activity
variables overall and by age- and BMI-subgroups are presented in Table 2. On average, men
reported lower total activity but higher vigorous activity on the PAQ compared to the ACT24.
Time spent in vigorous activity was higher on the PAQ than on the ACT24. Compared to
accelerometer, activity was higher on both ACT24 and PAQ for total activity and for time spent
in activity categories. Sedentary time was highest as reported by ACT24 and lowest as reported
on the PAQ. Accelerometer-determined sedentary time was more similar to PAQ when
considering >15 minute bouts. Whereas sedentary time was similar across age groups based on

the ACT24 and accelerometer, younger men reported slightly more sedentary time compared to
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Table 3.1 Mean values and standard deviations of participant characteristics overall and
by DEXA- and DLW-subset in the Men’s Lifestyle Validation Study, United States,

2011-2013.
Men’s Lifestyle Validation Study
Overall Completed 1 Completed 2
(N=618) DEXA DLW
Variable (N=203) (N=101)
Age, years 68.0 (7.7) 60.9 (8.1) 62.3 (9.0)
Height, m 1.77 (0.07) 1.77 (0.07) 1.77 (0.06)
Weight, kg 81.7 (11.8) 829 (12.4) 82.8 (12.8)
Weight change, kg 0.04 (3.2) 0.1(2.9) 034
BMI, kg/m? 26.1 (3.7) 26.5(3.7) 26.4
Current smoker, % 1.0 1.0 1.0
Harvard Pilgrim, % 28.8 85.7 72.3
PAQ
Total active time, hr/day 4.02.9) 3.9(2.3) 3.8(2.4)
MVPA time, hr/day 2.2(1.6) 22(1.2) 22(1.2)
Sedentary time, hr/day 4.8 (3.0) 5534 5.2(3.0)
DLW
Total energy expenditure, kcal/day 2,767 (429) 2,909 (481) 2,878 (474)
Physical activity energy expenditure, kcal/day 902 (336) 981 (376) 965 (378)

DEXA: dual energy X-ray absorptiometry; DLW: doubly-labeled water; BMI:

activity questionnaire; MVPA: moderate to vigorous physical activity.

body mass index; PAQ: physical
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Table 3.2 Means and standard deviations for physical activity and body composition variables in the MLVS cohort, 2011-2013.

Overall Age <70 years Age >70 years BMI <25 BMI >25
N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD)

TDEE, kcal/day

DLW no. 1 618 2,767 (429) 359 2,870 (434) 259 2,626 (378) 261 2,677 (409) 357 2,834 (431)

DLW no. 2 101 2,952 (482) 82 3,002 (501) 19 2,734 (319) 44 2,838 (534) 57 3,039 (422)
PAEE, kcal/day

DLW no. 1 618 902 (336) 359 965 (344) 259 815 (304) 261 905 (334) 357 900 (338)

DLW no. 2 101 1,032 (388) 82 1,064 (411) 19 895 (221) 44 1,013 (437) 57 1,048 (348)
Total fat mass, kg

DEXA no. 1 203 19.7 (7.0) 177 19.4 (7.1) 26 22.0(54) 79 144 (3.4) 124 23.1(6.6)

DEXA no. 2 100 19.5(6.4) 83 19.0 (6.4) 17 21.9(5.9) 43 14.8 (3.3) 57 23.1(5.8)
Total lean mass, kg

DEXA no. 1 203 60.9 (7.5) 177 61.4(7.5) 26 57.9 (7.3) 79 56.7 (5.1) 124 63.7 (7.6)

DEXA no. 2 100 61.1(7.1) 83 61.6 (6.8) 17 58.6 (8.2) 43 57.4 (4.9) 57 63.8(7.3)
Total percent fat, %

DEXA no. 1 203 23.2(5.3) 177 22.7(5.2) 26 26.5 (4.6) 79 19.5(3.8) 124 25.5(4.7)

DEXA no. 2 100 23.0 (4.9) 83 22.4(4.7) 17 26.1 (4.9) 43 19.7 (3.5) 57 25.5(4.3)
Trunk fat mass, kg

DEXA no. 1 203 10.7 (4.5) 177 10.4 (4.5) 26 12.8 (3.7) 79 7.2 (2.3) 124 12.9 (4.2)

DEXA no. 2 100 10.5 (4.2) 83 10.0 (4.1) 17 12.9 (4.0) 43 7.5(2.4) 57 12.8 (3.8)
Trunk lean mass, kg

DEXA no. 1 203 31.3(3.9) 177 31.3(3.9) 26 30.3 (4.0) 79 289 (2.7) 124 32.7(3.8)

DEXA no. 2 100 31.5(3.7) 83 31.6 (3.6) 17 30.7 (4.3) 43 29.4 (2.6) 57 33.0(3.7)
Trunk percent fat, %

DEXA no. 1 203 24.3 (6.5) 177 23.6 (6.3) 26 28.7(5.7) 79 19.4 (4.8) 124 27.4(54)

DEXA no. 2 100 23.9(6.3) 83 22.9(5.9) 17 28.6 (6.2) 43 19.7 (4.8) 57 27.1(5.3)
Total physical activity*

PAQ no. 1, MET-hr/day 618 10.4 (8.1) 359 10.6 (8.5) 259 10.1 (7.50 261 11.1(9.2) 357 9.9 (7.1)

PAQ no. 2, MET-hr/day 618 10.9 (7.6) 359 10.8 (7.6) 259 11.1(7.7) 261 11.9(8.3) 357 10.2 (7.1)

ACT24 no. 1, MET-hr/day 548 19.5(10.5) 319 19.7 (11.2) 229 19.2(9.4) 227 20.1 (10.6) 321 19.0 (10.4)

ACT24 no. 2, MET-hr/day 533 17.5(9.4) 307 18.1(10.2) 226 16.7 (8.2) 222 17.8 (9.6) 311 17.3(9.3)

ACT24 no. 3, MET-hr/day 537 16.5 (8.9) 307 16.5 (8.9) 230 16.4 (8.9) 222 16.6 (8.6) 315 16.4 (9.1)

ACT24 no. 4, MET-hr/day 549 17.4 (9.6) 315 17.5 (10.1) 234 17.2 (9.0) 235 18.5(9.5) 314 16.5(9.7)

Accelerometer no. 1, TAC/day 618 596,702 (195,005) 359 626,852 (191,367) 259 554,911 (192,630) 261 639,031 (193,392) 357 565,756 (190,571)

Accelerometer no. 2, TAC/day 524 573,577 (187,110) 303 598,518 (187,051) 221 539,384 (182,121) 227 613,236 (185,407) 297 543,266 (182,287)
MVPA

PAQ no. 1, MET-hr/day 618 6.8 (6.6) 359 6.9 (6.9) 259 6.8 (6.1) 261 7.8 (7.8) 357 6.2 (5.5)

PAQ no. 2, MET-hr/day 618 7.3 (6.5) 359 7.0 (6.3) 259 7.8 (6.7) 261 8.6 (7.5) 357 6.4 (5.6)

PAQ no. 1, hr/day 618 2.2 (1.6) 359 2.2 (1.8) 259 2.0 (1.5) 261 2.3 (2.0) 357 2.0(1.3)

PAQ no. 2, hr/day 618 23 (1.5 359 23(14) 259 2.3 (1.6) 261 2.5(1.6) 357 2.1(14)

ACT24 no. 1, MET-hr/day 548 11.9 (10.6) 319 12.0 (11.3) 229 11.8 (9.5) 227 12.0 (10.4) 321 11.8 (10.8)

ACT24 no. 2, MET-hr/day 533 10.0 (9.7) 307 10.3 (10.5) 226 9.5(8.5) 222 10.0 (9.2) 311 9.9 (10.0)

ACT24 no. 3, MET-hr/day 537 8.9 (8.6) 307 8.8 (8.4) 230 9.2 (8.7) 222 9.1(8.2) 315 8.8 (8.8)

ACT24 no. 4, MET-hr/day 549 9.6 (9.5) 315 9.5(9.8) 234 9.6 (9.1) 235 10.5(9.2) 314 8.8(9.7)

ACT24 no. 1, hr/day 548 2.7(2.4) 319 2.7 (2.5) 229 2.7(2.2) 227 2.7(2.2) 321 2.7(2.5)

ACT24 no. 2, hr/day 533 2322 307 23(23) 226 2.2(2.0) 222 23 (2.1 311 23(22)

ACT24 no. 3, hr/day 537 2.1(1.9) 307 2.1(2.0) 230 2.1(1.9) 222 2.1(1.9) 315 2.0 (2.0)

ACT24 no. 4, hr/day 549 222.1) 315 22(22) 234 2.2(2.0) 235 2.3 (2.0) 314 2.1(2.2)

Accelerometer no. 1, hr/day® 618 0.85 (0.51) 359 0.94 (0.50) 259 0.72 (0.50) 261 0.93 (0.54) 357 0.79 (0.48)
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Table 3.2 (Continued).

Overall Age <70 years Age >70 years BMI <25 BMI >25
N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD)
Accelerometer no. 2, hr/day® 524 0.79 (0.48) 303 0.87 (0.48) 221 0.68 (0.45) 227 0.86 (0.49) 297 0.74 (0.46)
Vigorous activity
PAQ no. 1, MET-hr/day 618 2.7 (4.8) 359 3.0(5.4) 259 2.2(3.8) 261 3.5(6.2) 357 2.1(3.2)
PAQ no. 2, MET-hr/day 618 2.7 (4.0) 359 294.2) 259 24 (3.8) 261 3.4 (4.8) 357 2.1(3.3)
PAQ no. 1, hr/day 618 1.2 (0.9) 359 1.3 (1.0) 259 1.0 (0.9) 261 1.3 (1.0) 357 1.1 (0.9)
PAQ no. 2, hr/day 618 1.2 (0.9) 359 1.3(0.9) 259 1.1 (0.9) 261 1.4 (0.9) 357 1.1 (0.9)
ACT24 no. 1, MET-hr/day 548 3.9(7.3) 319 42(7.9) 229 3.5(6.4) 227 43(7.2) 321 3.6(7.3)
ACT24 no. 2, MET-hr/day 533 3.0(6.7) 307 3.5(7.3) 226 2.4 (5.6) 222 3.2(6.0) 311 29(7.1)
ACT24 no. 3, MET-hr/day 537 3.0(6.1) 307 2.8(54) 230 3.2(6.9) 222 3.0(5.5) 315 2.9(6.5)
ACT24 no. 4, MET-hr/day 549 3.2(6.8) 315 3.4 (7.0) 234 3.0 (6.6) 235 4.1(6.7) 314 2.6 (6.9)
ACT24 no. 1, hr/day 548 0.6 (1.1) 319 0.6 (1.2) 229 0.5 (1.0) 227 0.64 (1.1) 321 0.55(1.2)
ACT24 no. 2, hr/day 533 0.5 (1.0) 307 0.5(1.2) 226 0.4 (0.9) 222 0.49 (0.93) 311 0.44 (1.1)
ACT24 no. 3, hr/day 537 0.5 (1.0) 307 0.4 (0.9) 230 0.5 (1.1) 222 0.46 (0.88) 315 0.45 (1.0)
ACT24 no. 4, hr/day 549 0.5(1.1) 315 0.5(1.2) 234 0.5 (1.0) 235 0.63 (1.1) 314 0.39 (1.1)
Accelerometer no. 1, hr/day® 618 0.07 (0.14) 359 0.09 (0.16) 259 0.05 (0.12) 261 0.09 (0.14) 357 0.06 (0.15)
Accelerometer no. 2, hr/day® 524 0.07 (0.13) 303 0.09 (0.15) 221 0.04 (0.09) 227 0.09 (0.14) 297 0.05 (0.12)
Moderate activity
PAQ no. 1, MET-hr/day 618 4.3 (5.5) 359 4.1 (5.8) 259 4.6 (4.9) 261 4.6 (6.6) 357 4.1 (4.5)
PAQ no. 2, MET-hr/day 618 4.7 (4.9) 359 4.14.2) 259 5.4 (5.7) 261 5.1(5.4) 357 43 4.5
PAQ no. 1, hr/day 618 0.9 (1.1) 359 0.9(1.2) 259 1.0 (1.1) 261 1.0 (1.3) 357 0.90 (0.98)
PAQ no. 2, hr/day 618 1.0 (1.1) 359 0.9 (0.9) 259 1.2 (1.2) 261 1.4 (1.2) 357 0.96 (0.98)
ACT24 no. 1, MET-hr/day 548 8.0 (8.3) 319 7.8 (8.6) 229 8.3 (8.0) 227 7.7 (1.5) 321 8.3 (8.9)
ACT24 no. 2, MET-hr/day 533 6.9 (7.6) 307 6.9 (7.7) 226 7.0 (7.4) 222 6.8 (7.3) 311 7.1(7.8)
ACT24 no. 3, MET-hr/day 537 6.0 (6.8) 307 6.0 (7.0) 230 6.0 (6.7) 222 6.1 (6.8) 315 5.9(6.9)
ACT24 no. 4, MET-hr/day 549 6.3 (7.5) 315 6.1 (7.7) 234 6.6 (7.1) 235 6.4 (7.1) 314 6.3 (7.7)
ACT24 no. 1, hr/day 548 2.1(22) 319 2.0(2.2) 229 22(2.1) 227 2.0 (2.0) 321 22((23)
ACT24 no. 2, hr/day 533 1.8 (2.0) 307 1.8 (2.0) 226 1.9 (1.9) 222 1.8 (1.9) 311 1.9 (2.0)
ACT24 no. 3, hr/day 537 1.6 (1.8) 307 1.6 (1.9) 230 1.6 (1.8) 222 1.6 (1.8) 315 1.6 (1.8)
ACT24 no. 4, hr/day 549 1.7 (1.9) 315 1.7 (2.1) 234 1.7 (1.8) 235 1.7 (1.8) 314 1.7 (2.0)
Accelerometer no. 1, hr/day® 618 0.78 (0.46) 359 0.85 (0.44) 259 0.67 (0.47) 261 0.85 (0.49) 357 0.72 (0.44)
Accelerometer no. 2, hr/day® 524 0.72 (0.43) 303 0.78 (0.44) 221 0.64 (0.42) 227 0.78 (0.44) 297 0.68 (0.43)
Sedentary time
PAQ no. 1, hr/day 618 4.8 (3.0) 359 53(3.3) 259 4.1(2.5) 261 49@3.1) 357 4.7 (3.0)
PAQ no. 2, hr/day 618 4.6(2.9) 359 5.0 (2.9) 259 4.12.7) 261 4.72.7) 357 4.6 (3.0)
ACT24 no. 1, hr/day 548 9.8 (3.0) 319 9.9(3.2) 229 9.7 (2.9) 227 9.5@3.1) 321 10.0 (3.0)
ACT24 no. 2, hr/day 533 10.1 (2.8) 307 10.1 3.1) 226 10.1 (2.4) 222 9.9 (2.9 311 10.2 (2.7)
ACT24 no. 3, hr/day 537 10.2 (2.7) 307 10.3 (2.9) 230 10.1 (2.5) 222 10.2 (2.8) 315 10.3 (2.7)
ACT24 no. 4, hr/day 549 10.0 (2.9) 315 10.0 (3.2) 234 10.0 (2.6) 235 9.8(2.9) 314 10.1 (2.9)
Including every minute
Accelerometer no. 1, hr/day 618 8.5(1.5) 359 8.5(1.5) 359 8.4 (1.4) 359 8.2 (1.5) 359 8.6 (1.5)
Accelerometer no. 2, hr/day 524 8.6 (1.5) 303 8.7 (1.5) 303 8.5(1.5) 303 8.4 (1.5) 303 8.8 (1.5)
Including bouts >15 min
Accelerometer no. 1, hr/day 618 4.5 (1.6) 359 44(1.6) 359 4.7 (1.6) 359 42(1.5) 359 4.8 (1.6)
Accelerometer no. 2, hr/day 524 4.7 (1.6) 303 4.5 (1.6) 303 4.9 (1.6) 303 4.4 (1.6) 303 4.9 (1.6)

MLVS: Men’s Lifestyle Validation Study; TDEE: total daily energy expenditure; PAEE: physical activity energy expenditure; Accelerometer measures based on triaxial vector magnitude
*Total activity determined by PAQ and ACT24 is based on active MET-hrs/day (i.e., not including sedentary behavior); "MVPA, vigorous, and moderate activity were calculated including every minute
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older men on the PAQ. DLW-determined TDEE and PAEE were higher on average among men
younger than 70 years compared to older men. Compared to men with BMI <25 kg/m?, men with
BMI >25 kg/m? had higher TDEE and similar PAEE.
Reproducibility

Physical activity assessed 12 months apart by PAQ had high reproducibility of rank
across activity categories, with a highest ICC of 0.78 for vigorous activity and lowest of 0.52 for
sedentary time (Table 3.3). Accelerometer and DLW measures had similarly high
reproducibility with ICCs ranging 0.69-0.75. Body composition measures of lean mass, fat mass,
and percent fat assessed 12 months apart by DEXA demonstrated the highest reproducibility
with ICCs ranging 0.93-0.98. The ACT24 recalls completed by each participant up to four times
over 12 months had the lowest reproducibility with ICCs ranging 0.24-0.39.
Validity

Compared to DLW-determined age-adjusted PAEE, correlations with the second PAQ
were 0.40 (95%CI: 0.32, 0.43) for total activity, 0.43 (95% CI: 0.35, 0.50) for MVPA, 0.34 (95%
CI: 0.26, 0.42) for vigorous activity, 0.28 (95% CI: 0.19, 0.36) for moderate activity, and -0.14
(95% CI: -0.22, -0.05) for sedentary time (Table 3.4). After additionally adjusting PAEE for
weight and fat free mass, these correlations were attenuated to between 0.19-0.33 for active
categories. Correlations of PAQ measures with body size-adjusted PAEE were similar to those
corresponding with body size-adjusted TDEE. For the comparison of PAQ vs. DLW, we
observed stronger correlations for the second PAQ compared to the baseline PAQ, and these
tended to be strongest for an average of the two measures. For ACT24, the correlation of total

activity with age-adjusted PAEE was 0.42 (95% CI: 0.34, 0.50). Correlations of ACT24
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Table 3.3 Rank intraclass correlation coefficients (ICC) for
each physical activity measure among participants with more
than one measurement, Men’s Lifestyle Validation Study,
2011-2013.

ICC
DLW (N=102)
Total daily energy expenditure 0.75
Physical activity energy expenditure 0.69
PAQ (N=618)
Total activity 0.63
MVPA 0.70
Vigorous 0.78
Moderate 0.69
Sedentary time 0.52
ACT24 (N=586)
Total activity 0.37
MVPA 0.31
Vigorous 0.30
Moderate 0.24
Sedentary time 0.39
Accelerometer (N=524)
Total activity counts 0.71
MVPA 0.72
Vigorous 0.70
Moderate 0.69
Sedentary (=1 min bouts) 0.71
Sedentary (>15 min bouts) 0.72
DEXA (N=102)
Total lean mass 0.98
Total fat mass 0.97
Total fat (%) 0.95
Trunk lean mass 0.97
Trunk fat mass 0.96
Trunk fat (%) 0.93

DLW: doubly-labeled water; DEXA: dual energy X-ray
absorptiometry; all variables except percent fat are log-transformed.
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Table 3.4 Deattenuated Spearman correlation coefficients comparing a physical activity questionnaire (PAQ), multiple ACT24
recalls, and resting pulse rate to DLW-measured total daily energy expenditure and physical activity energy expenditure in Men’s
Lifestyle Validation Study, 2011-2013.

TDEE PAEE
Body size- Body size-
Age-adjusted 95% CI adjusted® 95% CI Age-adjusted 95% CI adjusted® 95% CI

Total activity

PAQ (2) 0.27 0.19,0.35 0.35 0.26,0.43 0.40 0.32,0.48 0.33 0.24,0.41

PAQ (1) 0.30 0.22,0.37 0.33 0.24,0.41 0.41 0.33,0.48 0.31 0.21,0.39

PAQ(1,2) 0.31 0.22,0.38 0.36 0.28, 0.44 0.44 0.36, 0.51 0.34 0.25,0.42

ACT24° 0.33 0.25,0.40 0.38 0.29,0.46 0.42 0.34,0.50 0.37 0.28,0.45
MVPA

PAQ (2) 0.28 0.20,0.37 0.33 0.24,0.41 0.43 0.35,0.50 0.30 0.21,0.41

PAQ (1) 0.31 0.23,0.39 0.32 0.23,0.40 0.44 0.36, 0.51 0.30 0.20, 0.38

PAQ(1,2) 0.32 0.23,0.39 0.35 0.26,0.43 0.46 0.37,0.53 0.32 0.23,0.40

ACT24® 0.34 0.26, 0.41 0.38 0.29,0.46 0.41 0.33,0.49 0.36 0.27,0.45
Vigorous

PAQ (2) 0.19 0.11,0.28 0.21 0.11,0.30 0.34 0.26, 0.42 0.19 0.10, 0.28

PAQ (1) 0.21 0.12,0.29 0.19 0.10, 0.28 0.35 0.27,0.43 0.18 0.09, 0.27

PAQ (1, 2) 0.20 0.12,0.29 0.20 0.11,0.29 0.35 0.27,0.43 0.18 0.09, 0.27

ACT24° 0.24 0.16, 0.33 0.24 0.14,0.33 0.32 0.23,0.40 0.22 0.12,0.31
Moderate

PAQ (2) 0.19 0.11,0.27 0.21 0.12,0.30 0.28 0.19,0.36 0.20 0.11,0.30

PAQ (1) 0.19 0.11,0.27 0.20 0.11,0.29 0.25 0.15,0.34 0.19 0.10, 0.28

PAQ(1,2) 0.20 0.11,0.28 0.22 0.13,0.31 0.28 0.19,0.37 0.21 0.12,0.31

ACT24° 0.20 0.11,0.28 0.27 0.18,0.36 0.24 0.15,0.33 0.27 0.17,0.36
Sedentary time

PAQ (2) -0.09 -0.17, 0.00 -0.11 -0.20, -0.02 -0.14 -0.22, -0.05 -0.12 -0.21,-0.03

PAQ (1) -0.09 -0.17, 0.00 -0.12 -0.21,-0.03 -0.12 -0.20, -0.03 -0.13 -0.22,-0.04

PAQ (1, 2) -0.10 -0.18, -0.02 -0.14 -0.22, -0.05 -0.15 -0.23,-0.06 -0.15 -0.24, -0.06

ACT24® -0.19 -0.27,-0.11 -0.25 -0.34,-0.15 -0.24 -0.33,-0.15 -0.25 -0.35,-0.16

DLW: doubly-labeled water; TDEE: total daily energy expenditure (kcal/day); PAEE: physical activity energy expenditure (kcal/day).
DLW measures adjusted for age (years), DLW-determined current body weight (kg) and fat free mass (kg); PAQ, ACT24 measures adjusted for age (years).

"Values assessed by ACT24 represent an average of up to four measures.
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measures of moderate and vigorous activity were similar to those observed for PAQ. For
sedentary time, we observed a correlation of ACT24 with age-adjusted PAEE of -0.24 (95% CI:
-0.33, -0.15), stronger than that observed for PAQ. When stratified by age and BMI groups,
correlations of PAQ with PAEE and TDEE were stronger among men younger than 70 years
compared to older men, and among men with BMI <25 compared to >25 kg/m? (Appendix
Table 3.9). These differences were particularly evident for vigorous activity and sedentary time.
Compared to the average of two accelerometer measures, correlations with the second
PAQ were 0.44 (95%CI: 0.37, 0.50) for total activity, 0.39 (95% CI: 0.32, 0.46) for MVPA, 0.29
(95% CI: 0.21, 0.37) for vigorous activity, and 0.37 (95% CI: 0.30, 0.44) for moderate activity
(Table 3.5). We observed similar correlations comparing ACT24 active categories with
accelerometer. For sedentary time, the correlations of PAQ and ACT24 vs. accelerometer were
0.23 (95%CI: 0.15, 0.31) and 0.38 (95%CI: 0.31, 0.45), respectively. Compared to DEXA, total
activity and MVPA measured by PAQ, ACT24, and accelerometer were significantly correlated
with higher lean mass and lower fat mass and percent fat (Table 3.6). Correlations of PAQ-
measures with fat mass were strongest in magnitude for MVPA at -0.32 and vigorous activity at -
0.31, and weakest for sedentary time at 0.10. We observed similar correlations for trunk body
composition (Appendix Table 3.10). Compared to ACT24, correlations of the final PAQ were
highest in magnitude for vigorous activity at 0.56 and lowest for sedentary time at 0.30 (Table
3.7). The correlations of PAQ vs. ACT24 were markedly higher after deattenuation to remove

within-person variation across recalls.
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Table 3.5 Spearman correlation coefficients comparing a physical activity
questionnaire (PAQ) and multiple ACT24 recalls to accelerometer-determined
activity in the Men’s Lifestyle Validation Study, 2011-2013.

Accelerometer®
Unadjusted Adjusted® Deattenuated 95% CI

Total activity, MET-h/day

PAQ (2) 0.38 0.40 0.44 0.37,0.50

PAQ (1) 0.36 0.36 0.39 0.32,0.46

PAQ(1,2) 0.40 0.41 0.45 0.37,0.51

ACT24¢ 0.36 0.38 0.42 0.35,0.49
MVPA, MET-h/day

PAQ (2) 0.32 0.35 0.39 0.32,0.46

PAQ (1) 0.32 0.33 0.36 0.29,0.43

PAQ(1,2) 0.34 0.36 0.39 0.32,0.46

ACT24° 0.28 0.31 0.34 0.26,0.41
Vigorous, MET-h/day

PAQ (2) 0.29 0.26 0.29 0.21,0.37

PAQ (1) 0.33 0.28 0.32 0.24, 0.40

PAQ(1,2) 0.32 0.28 0.32 0.24,0.39

ACT24¢ 0.18 0.20 0.23 0.14,0.31
Moderate, MET-h/day

PAQ (2) 0.28 0.34 0.37 0.30, 0.44

PAQ (1) 0.25 0.29 0.31 0.24,0.38

PAQ (1, 2) 0.28 0.33 0.36 0.29,0.43

ACT24¢ 0.22 0.26 0.28 0.20, 0.36
Sedentary time, hr/day

PAQ (2) 0.20 0.21 0.23 0.15,0.31

PAQ (1) 0.21 0.23 0.25 0.17,0.33

PAQ (1, 2) 0.26 0.25 0.28 0.20, 0.36

ACT24¢ 0.35 0.35 0.38 0.31,0.45

All variables are log-transformed

aMeasure of total activity is based on total activity counts (TAC) per day; accelerometer measures of MVPA,
vigorous, moderate, and light activity are based on the triaxial vector magnitude, including every minute;
sedentary time is based on >15 minute bouts

"PAQ and ACT24 measures adjusted for age (years) and accelerometer measures adjusted for age (years) and
accelerometer wear time (hr/day)

“Values determined by ACT24 represent an average of up to four measures
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Table 3.6 Spearman correlation coefficients comparing a physical activity questionnaire (PAQ),
multiple ACT24 recalls, and accelerometer to DEXA-measured total body composition in the

Men’s Lifestyle Validation Study, 2011-2013.

Total body DEXA (N=203)

Lean mass Percent fat
Deattenuated® 95% CI Deattenuated® 95% CI Deattenuated® 95% CI
Total activity
PAQ (2) 0.19 0.06, 0.32 -0.25 -0.37,-0.12 -0.26 -0.38,-0.13
PAQ (1) 0.24 0.11,0.37 -0.21 -0.34,-0.09 -0.24 -0.36,-0.11
PAQ (1,2) 0.24 0.11,0.36 -0.25 -0.37,-0.12 -0.27 -0.39,-0.14
ACT24° 0.22 0.09, 0.35 -0.29 -0.41,-0.16 -0.28 -0.39, -0.15
Accelerometer 0.19 0.07,0.32 -0.21 -0.33,-0.08 -0.23 -0.36,-0.11
MVPA
PAQ (2) 0.25 0.12,0.37 -0.32 -0.43,-0.20 -0.32 -0.43,-0.20
PAQ (1) 0.25 0.11,0.37 -0.26 -0.38,-0.13 -0.27 -0.39, -0.15
PAQ (1,2) 0.27 0.14,0.38 -0.31 -0.42,-0.18 -0.32 -0.43,-0.19
ACT24° 0.21 0.08, 0.34 -0.29 -0.41,-0.16 -0.27 -0.39,-0.14
Accelerometer 0.17 0.04, 0.29 -0.17 -0.30, -0.04 -0.20 -0.33,-0.07
Vigorous
PAQ (2) 0.20 0.08, 0.32 -0.33 -0.43,-0.20 -0.31 -0.42,-0.18
PAQ (1) 0.24 0.11,0.37 -0.31 -0.42,-0.18 -0.32 -0.43,-0.20
PAQ (1,2) 0.21 0.09, 0.34 -0.32 -0.43,-0.20 -0.31 -0.42,-0.19
ACT24° 0.28 0.15,0.40 -0.30 -0.41,-0.17 -0.28 -0.40, -0.15
Accelerometer 0.09 -0.05,0.21 -0.18 -0.31, -0.05 -0.18 -0.31, -0.05
Moderate
PAQ (2) 0.17 0.05,0.29 -0.15 -0.28,-0.02 -0.17 -0.30, -0.05
PAQ (1) 0.12 -0.01, 0.25 -0.04 -0.17,0.10 -0.06 -0.19, 0.07
PAQ (1,2) 0.16 0.03,0.29 -0.10 -0.23, 0.03 -0.13 -0.25,0.01
ACT24* 0.00 -0.13,0.13 -0.06 -0.19, -0.08 -0.04 -0.17,0.09
Accelerometer 0.18 0.05, 0.31 -0.17 -0.29, -0.04 -0.20 -0.33, -0.07
Sedentary time
PAQ (2) -0.20 -0.33,-0.07 0.06 -0.07,0.19 0.10 -0.03, 0.23
PAQ (1) -0.10 -0.22, 0.04 0.10 -0.03, 0.23 0.12 -0.01, 0.25
PAQ (1,2) -0.18 -0.31, -0.06 0.09 -0.04, 0.22 0.12 -0.01, 0.25
ACT24° -0.05 -0.18, 0.09 0.09 -0.05, 0.22 0.07 -0.07, 0.20
Accelerometer -0.21 -0.33, -0.08 0.25 0.11,0.37 0.26 0.13,0.38

*DEXA adjusted for age (years), height (m), and weight (kg); accelerometer adjusted for age (years) and wear time (h/day); PAQ

and ACT24 adjusted for age (years).
"Values determined by ACT24 represent an average of up to four measures.
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Table 3.7 Spearman correlations coefficients comparing a physical activity
questionnaire (PAQ) with multiple ACT24 recalls in the Men’s Lifestyle

Validation Study, 2011-2013.

Unadjusted Adjusted® Deattenuated 95% CI

Total activity

PAQ (2) 0.46 0.46 0.52 0.43,0.59

PAQ (1) 0.42 0.42 0.50 0.42,0.57

PAQ(1,2) 0.49 0.49 0.57 0.48, 0.64
MVPA

PAQ (2) 0.44 0.44 0.55 0.46, 0.63

PAQ (1) 0.44 0.44 0.56 0.46, 0.63

PAQ(1,2) 0.48 0.48 0.60 0.51, 0.67
Vigorous

PAQ (2) 0.38 0.37 0.56 0.44, 0.66

PAQ (1) 0.39 0.37 0.57 0.45, 0.66

PAQ(1,2) 0.40 0.39 0.59 0.47,0.69
Moderate

PAQ (2) 0.39 0.37 0.52 0.41, 0.61

PAQ (1) 0.38 0.37 0.49 0.38, 0.58

PAQ (1, 2) 0.41 0.40 0.56 0.46, 0.65
Sedentary time

PAQ (2) 0.24 0.27 0.30 0.21,0.39

PAQ (1) 0.33 0.33 0.39 0.31,0.46

PAQ(1,2) 0.33 0.32 0.39 0.30, 0.46

2Average of up to four measures.
YAdjusted for age at baseline (years).
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DISCUSSION

Our study examined the reproducibility and validity of self-reported physical activity assessed by
questionnaire (PAQ) using DLW, accelerometer, DEXA, and the self-report ACT24 as
comparison methods in a cohort of men between the ages of 46 and 82 years. We compared the
performance of each assessment method according to its ranking of individuals by their physical
activity level. We observed moderate correlations of PAQ measures of total activity and MVPA
with DLW-determined PAEE and accelerometer measures. For sedentary time, the ACT24
performed slightly better than the PAQ when compared with DLW and accelerometer measures.
The PAQ demonstrated strongest validity when ACT24 served as the comparison method. We
observed weak but significant correlations between PAQ, ACT24, and accelerometer-measured
activity with DEXA-measured body composition. When comparing subgroups of age and BMI,
we observed stronger associations between PAQ and DLW among men below 70 years of age
compared to older men, and among men with normal-weight compared to overweight/obese
men. Given these correlations and its simple 1-2 minute single point-in-time assessment, we

conclude that the PAQ is acceptable for use in large observational studies.

Many validation studies of PAQs have been performed using DLW-determined energy
expenditure, accelerometer measures, or another questionnaire as comparison methods. The high
reproducibility observed in our study is consistent with other studies assessing multiple PAQs
administered at different intervals.?>3! A recent systematic review of validation studies of
existing PAQs showed that only a limited number of PAQs had acceptable validity.?” Of 65
included studies, there was a median correlation of 0.27 among adults and 0.40 among the
elderly. Consistent with our study, previous validation studies have shown lower validity of

sedentary as opposed to active behavior assessed by PAQ.?° Previously, our group conducted a
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validation study of the PAQ in a subset of 238 HPFS participants '°. In that study, we observed
good reproducibility of PAQs completed 1-2 years apart, with ICCs ranging from 0.39-0.52. In
our current study, we observed slightly higher reproducibility for PAQs completed one year
apart. Previously, we validated the PAQ against four weekly physical activity diaries, completed
across different seasons, and observed correlations for inactivity, non-vigorous activity, and
vigorous activity of 0.41, 0.28 and 0.58, respectively. The correlation for the total of ten specific
activities was 0.65."° These correlations are comparable to those observed in the current study
comparing the PAQ to ACT24 recalls. This suggests that the current PAQ continues to perform
acceptably well when compared to another more time-intensive self-reporting comparison

method.

When comparing PAQ to DLW-determined PAEE, we observed the strongest
correlations for total activity and MVPA. We expected the strongest correlation with total
activity since PAEE represents all energy expenditure due to physical activity rather than any
particular activity type. The correlation was similar with MVPA, which excludes light activity.
Lower-intensity activity, which was not specifically examined in our study, is less accurately
measured by questionnaire'> and has fewer established health benefits.>* While light activity can
influence PAEE, it may contribute less than moderate or high intensity activities.'>* Although
moderate in magnitude, correlations observed for PAQ were similar to those observed previously
for accelerometer in MLVS. For both accelerometer and PAQ measures of MVPA, deattenuated
correlations with body size-adjusted PAEE were 0.30.> However, with a correlation of 0.49,
accelerometer-measured total activity performed better than PAQ when compared to body size-

adjusted PAEE.
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Multiple factors have been proposed to explain discrepancies between PAQ and
comparison methods.!>** First, each method may not capture activity over the same period. Our
study design included careful timing of assessments to represent the same period of physical
activity as much as possible. Nonetheless, as reflected in our reproducibility estimates, there is
within-person variation in DLW and accelerometer measures over time and neither directly
measures activity over the past year as the PAQ does. Second, correlations are influenced by the
MET values assigned to each activity, which may not be accurate at the individual level, and by
thresholds used to categorize accelerometer data. Thirdly, neither the PAQ nor the accelerometer
captures the full range of physical activities. Our current PAQ includes 18 specific active (n=15)
and sedentary (n=3) behaviors, primarily in the leisure domain. The ActiGraph GT3X
accelerometer worn on the waist may not fully capture activities such as cycling, carrying objects
or arm movements such as weightlifting, and cannot be worn during water activities such as
swimming. Finally, we observed lower correlations for body-size adjusted PAEE than for age-
adjusted PAEE. While body size is known to influence energy expenditure'?, it is also an
outcome of physical activity. Therefore, body size-adjusted PAEE may lead us to underestimate
the performance of the PAQ relative to this measure. In subgroup analyses, we found that PAQ
performed better compared to DLW among men of younger age and normal weight. One
explanation for these differences could be that men of different age and BMI, or both, engage in
different patterns of behavior that are measured differently by PAQ or DLW. Age and body
weight, as mentioned above, are known to influence energy expenditure.* Differences in
accuracy of self-reporting could also contribute to these findings.

When comparing PAQ and ACT24 with accelerometer, correlations were similar to those

observed with DLW. Strongest correlations were observed for total activity and MVPA. An
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advantage of accelerometer measures is that it can capture short increments of activity including
1 minute bouts. PAQ- and accelerometer-determined sedentary time was more similar when
using bouts of 15 minutes or more as measured by accelerometer. This suggests that the PAQ
may better capture longer bouts of sedentary time compared to every minute. Comparing self-
report PAQ and ACT24 recalls, we observed higher activity based on the ACT24. One
explanation for this is that ACT24 provides a much larger number of activity options compared
to the PAQ. We observed the relatively weak correlations when comparing PAQ, ACT24, and
accelerometer measures to body composition. Our results are consistent with previous studies
showing that MVPA but not sedentary time is associated with percent body fat !>, and that
higher intensity activities may increase lean mass.'* As expected, the second PAQ, which
captures recalled activity over the same period as the comparison methods, performed better than
the baseline PAQ capturing the previous year. We observed that correlations tended to be highest
for an average of the two PAQs. This is likely because the average measure is less influenced by

random within-person variation in self-reported activity.

Our current validation study expands substantially on our previous study in that it
includes a larger population and combines multiple types of self-report and objective physical
activity assessments methods including gold standard measures of energy expenditure and body
composition. Furthermore, collection of repeated measures in this study allowed us to adjust for
random within-person variation of each comparison method. Given the PAQ and ACT24 both
rely on self-report, there may be correlated errors in these methods that could lead us to
overestimate the performance of the PAQ when using ACT24 as the comparison method.
However, these methods also have different sources of error given they rely on different types of

memory and involve different procedures. In addition, differences in MET values assigned to
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specific activities included in the PAQ and ACT24, and thresholds used to categorize
accelerometer-based measures, could influence the correlations observed in this study. These
assessment methods may perform differently in other contexts or study populations. Therefore,
our findings regarding the performance of these methods may not be generalizable to women or

populations with a different distribution of age, occupation, or race/ethnicity.

In summary, our study shows moderate validity of PAQ to measure physical activity
compared with DLW-determined PAEE, accelerometer, and ACT24 recalls. Importantly,
questionnaires provide information beyond that gleaned from accelerometer or biomarker
assessments, including specific activities and domains. This information is relevant to
understanding behavior and to informing public health messaging around physical activity. Our
study shows that the PAQ performs particularly well measuring MVPA, an important factor in
many chronic diseases. Given its low cost, acceptability, ease of administration, and ability to
capture physical activity over the long-term, the PAQ is sufficient for use in large observational

studies of chronic disease risk.
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APPENDIX

Table 3.8 Specific activities and sedentary behaviors included on the
physical activity questionnaire with assigned metabolic equivalent task
values.

Item?* MET value
Walking to work or for exercise (including golf)

Easy (<2 mph) 2.5

Normal (2-2.9 mph) 3

Brisk (3-3.9 mph) 4

Very brisk (>4 mph) 4.5
Jogging (slower than 10 minutes/mile) 7
Running (10 minutes/mile or faster) 11
Bicycling (including stationary machine)

Low 4

Medium 7.5

High 10
Lap swimming

Low 5

Medium 7

High 10
Tennis

Low 5

Medium 7

High 8
Squash or racquetball 9
Weightlifting (include machines such as LifeFitness)

Arms

Legs 5.5
Moderate outdoor work (e.g., yardwork, gardening) 4.5
Heaving outdoor work (e.g., digging, chopping) 5.5
Lower intensity exercise (yoga, stretching, toning) 3
Other aerobic exercise (exercise classes, etc.) 6
Stair climbing® 0.027
Standing or walking around work 1.8
Standing or walking around home 1.8
Sitting at work or commuting 1.3
Sitting at home while watching TV/VCR/DVD 1.3
Other sitting at home (e.g. desk, eating, computer) 1.3

PAQ: physical activity questionnaire; MET: metabolic equivalent task.

2Response options for all activities except stair climbing include 13 categories ranging from
“None” to “40+ Hrs.” in units of hours per week during the past year. Stair climbing
response options include 6 categories ranging from “No flights” to “15 or more flights.”
"MET value for stair climbing represents value per flight of stairs.
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Table 3.9 Deattenuated Spearman correlation coefficients comparing a physical activity questionnaire (PAQ) and multiple ACT24 recalls to DLW -measured

total daily energy expenditure and physical activity energy expenditure by age and BMI subgroups in Men’s Lifestyle Validation Study, 2011-2013.

TDEE PAEE
Body size- Body size-
Age-adjusted 95% CI adjusted 95% CI Age-adjusted 95% CI adjusted 95% CI

Age <70 years
Total activity

PAQ (2) 0.37 0.26, 0.46 0.45 0.34,0.55 0.50 0.38,0.60 0.43 0.31,0.54

ACT24® 0.37 0.26, 0.46 0.41 0.30,0.52 0.43 0.32,0.53 0.42 0.30,0.53
MVPA

PAQ (2) 0.39 0.29, 0.49 0.44 0.33,0.54 0.53 0.41,0.62 0.42 0.30,0.53

ACT24° 0.36 0.26, 0.46 0.40 0.28,0.50 0.42 0.31,0.52 0.39 0.27,0.51
Vigorous

PAQ (2) 0.28 0.17,0.38 0.30 0.18,0.41 0.44 0.33,0.54 0.27 0.15,0.38

ACT24° 0.28 0.17,0.38 0.28 0.16,0.39 0.38 0.27,0.48 0.28 0.16,0.39
Moderate

PAQ (2) 0.25 0.13,0.36 0.27 0.15,0.38 0.31 0.19,0.42 0.27 0.14,0.38

ACT24° 0.21 0.11,0.32 0.26 0.13,0.37 0.21 0.10,0.33 0.25 0.12,0.37
Sedentary time

PAQ (2) -0.18 -0.29, -0.07 -0.15 -0.27,-0.03 -0.18 -0.30, -0.07 -0.16 -0.28, -0.04

ACT24° -0.24 -0.34, -0.12 -0.26 -0.37,-0.14 -0.24 -0.36, -0.12 -0.27 -0.38, -0.14
Age > 70 years
Total activity

PAQ (2) 0.15 0.02,0.27 0.22 0.08,0.36 0.28 0.15,0.39 0.20 0.07,0.33

ACT24° 0.25 0.13,0.37 0.30 0.16,0.43 0.39 0.27,0.50 0.29 0.15,0.41
MVPA

PAQ (2) 0.16 0.03,0.28 0.19 0.05,0.33 0.31 0.18,0.42 0.17 0.04,0.31

ACT24° 0.29 0.17,0.40 0.34 0.20,0.47 0.39 0.27,0.50 0.31 0.17,0.43
Vigorous

PAQ (2) 0.08 -0.05, 0.20 0.09 -0.05, 0.23 0.21 0.09, 0.34 0.09 -0.05,0.22

ACT24° 0.19 0.06, 0.31 0.15 0.01,0.29 0.23 0.11,0.36 0.11 -0.03, 0.25
Moderate

PAQ (2) 0.13 0.00, 0.25 0.14 0.00, 0.28 0.23 0.11,0.36 0.13 -0.01, 0.27

ACT24° 0.17 0.05,0.30 0.28 0.14,0.41 0.27 0.13,0.38 0.28 0.14,0.41
Sedentary time

PAQ (2) 0.04 -0.10, 0.16 -0.06 -0.20, 0.09 -0.08 -0.21, 0.05 -0.08 -0.22, 0.06

ACT24° -0.10 -0.23, 0.02 -0.23 -0.36, -0.09 -0.25 -0.37,-0.11 -0.23 -0.36, -0.10
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Table 3.9 (Continued).

TDEE PAEE
Body size- Body size-
Age-adjusted 95% CI adjusted 95% CI Age-adjusted 95% CI adjusted 95% CI

BMI < 25
Total activity

PAQ (2) 0.34 0.22,0.46 0.40 0.26,0.53 0.40 0.27,0.51 0.39 0.24,0.53

ACT24® 0.33 0.21,0.45 0.39 0.25,0.52 0.39 0.26, 0.51 0.40 0.24, 0.54
MVPA

PAQ (2) 0.34 0.21, 0.46 0.39 0.24,0.51 0.41 0.28, 0.52 0.38 0.23,0.52

ACT24° 0.42 0.29, 0.53 0.42 0.27,0.54 0.45 0.32,0.56 0.41 0.25, 0.55
Vigorous

PAQ (2) 0.35 0.22,0.47 0.39 0.25,0.51 0.45 0.32,0.56 0.43 0.27,0.56

ACT24° 0.35 0.22, 0.47 0.32 0.18, 0.45 0.40 0.27,0.52 0.34 0.18, 0.48
Moderate

PAQ (2) 0.15 0.02,0.28 0.18 0.04,0.32 0.17 0.03,0.30 0.17 0.01,0.32

ACT24° 0.21 0.08,0.34 0.23 0.09, 0.37 0.21 0.07,0.34 0.22 0.07,0.37
Sedentary

PAQ (2) -0.15 -0.28, -0.02 -0.22 -0.36, -0.07 -0.20 -0.33, -0.06 -0.24 -0.39, -0.09

ACT24° -0.17 -0.30, -0.04 -0.25 -0.38, -0.11 -0.21 -0.35, -0.08 -0.27 -0.41, -0.11
BMI > 25
Total activity

PAQ (2) 0.29 0.18, 0.39 0.32 0.20, 0.43 0.41 0.30, 0.51 0.31 0.19, 0.42

ACT24 0.36 0.25,0.45 0.36 0.24,0.46 0.43 0.32,0.53 0.36 0.25,0.47
MVPA

PAQ (2) 0.34 0.23,0.44 0.31 0.19, 0.41 0.45 0.35,0.55 0.30 0.18, 0.40

ACT24° 0.33 0.22,0.43 0.36 0.24,0.46 0.39 0.28,0.49 0.35 0.24,0.46
Vigorous

PAQ (2) 0.17 0.07,0.28 0.10 -0.02, 0.22 0.28 0.16,0.38 0.09 -0.03, 0.20

ACT24° 0.23 0.11,0.34 0.18 0.07,0.30 0.27 0.15,0.37 0.17 0.06, 0.28
Moderate

PAQ (2) 0.27 0.15,0.37 0.24 0.12,0.36 0.35 0.24,0.46 0.25 0.13,0.36

ACT24® 0.20 0.09, 0.31 0.29 0.16,0.39 0.26 0.14,0.37 0.30 0.18,0.40
Sedentary

PAQ (2) -0.03 -0.14, 0.09 -0.04 -0.15, 0.09 -0.10 -0.21, 0.02 -0.05 -0.17, .07

ACT24° -0.22 -0.33, -0.11 -0.23 -0.35,-0.11 -0.26 -0.37,-0.14 -0.25 -0.36, -0.13

DLW: doubly-labeled water; TDEE: total daily energy expenditure (kcal/day); PAEE: physical activity energy expenditure (kcal/day).
DLW measures adjusted for age (years), DLW-determined current body weight (kg) and fat free mass (kg); PAQ, ACT24 measures adjusted for age (years).
®Values determined by ACT24 represent an average of up to four measures.
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Table 3.10 Spearman correlation coefficients comparing a physical activity questionnaire (PAQ), multiple ACT24 recalls and accelerometer to DEXA-
measured trunk body composition in the Men’s Lifestyle Validation Study, 2011-2013.

Trunk, DEXA (N=203)

Fat mass

Lean mass

Percent fat

Adjusted®  Deattenuated (95% CI) Adjusted®  Deattenuated (95% CI) Adjusted”  Deattenuated (95% CI)

PA vs. Trunk DEXA
Total activity

PAQ (2) -0.26 -0.26 (-0.37,-0.14) 0.20 0.21 (0.08, 0.34) -0.27 -0.27 (-0.38,-0.14)

ACT24° -0.30 -0.30 (-0.40, -0.17) 0.10 0.10 (-0.04, 0.23) -0.28 -0.28 (-0.39, -0.15)

Accelerometer -0.16 -0.15 (-0.28, -0.02) 0.14 0.14 (0.01, 0.27) -0.20 -0.19 (-0.32, -0.06)
MVPA

PAQ (2) -0.32 -0.32 (-0.44, -0.20) 0.27 0.27 (0.14, 0.39) -0.32 -0.32 (-0.43,-0.19)

ACT24° -0.28 -0.29 (-0.40, -0.15) 0.12 0.12 (-0.02, 0.25) -0.26 -0.26 (-0.38,-0.13)

Accelerometer -0.13 -0.12 (-0.25, 0.02) 0.15 0.15 (0.01, 0.28) -0.17 -0.16 (-0.29, -0.03)
Vigorous

PAQ (2) -0.33 -0.33 (-0.45,-0.21) 0.21 0.21 (0.08, 0.34) -0.31 -0.31 (-0.42, -0.18)

ACT24° -0.30 -0.29 (-0.41,-0.17) 0.16 0.16 (0.03, 0.29) -0.28 -0.28 (-0.39, -0.14)

Accelerometer -0.16 -0.16 (-0.29, -0.02) 0.01 0.01 (-0.12, 0.14) -0.16 -0.16 (-0.29, -0.03)
Moderate

PAQ (2) -0.14 -0.14 (-0.27,-0.01) 0.19 0.20 (0.07, 0.33) -0.17 -0.17 (-0.30, -0.04)

ACT24° -0.05 -0.05 (-0.18, 0.09) 0.00 0 (-0.13, 0.13) -0.03 -0.03 (-0.16, 0.10)

Accelerometer -0.12 -0.11 (-0.24, 0.02) 0.18 0.18 (0.04,0.31) -0.17 -0.16 (-0.29, -0.03)
Sedentary time

PAQ (2) 0.06 0.06 (-0.07, 0.20) -0.18 -0.18 (-0.31, -0.05) 0.10 0.10 (-0.03, 0.23)

ACT24° 0.11 0.11 (-0.02, 0.24) -0.03 -0.03 (-0.16, 0.11) 0.10 0.10 (-0.04, 0.23)

Accelerometer 0.18 0.18 (0.05, 0.31) -0.13 -0.13 (-0.26, 0.01) 0.20 0.20 (0.07,0.33)

2Adjusted for age (years), height (m), and weight (kg); accelerometer measures are additionally adjusted for wear time.
"Values determined by ACT24 represent an average of up to four measures.
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