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In this prospective study of physical activity and prostate cancer among 49 160 men, vigorous activity was associated with lower risk 
of lethal and TMPRSS2:ERG-positive disease. Long-term vigorous activity may be beneficial in prevention of lethal prostate cancer 
and may involve pathways specific to TMPRSS2:ERG-positive disease.

HHS Public Access
Author manuscript
Eur Urol. Author manuscript; available in PMC 2020 July 01.

Published in final edited form as:
Eur Urol. 2019 July ; 76(1): 33–40. doi:10.1016/j.eururo.2018.09.041.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mDepartment of Population and Quantitative Health Sciences, Case Western Reserve University 
School of Medicine, Cleveland, OH, USA

Abstract

Background: Growing evidence shows that clinical and molecular subtypes of prostate cancer 

(PCa) have specific risk factors. Observational studies suggest that physical activity may lower the 

risk of aggressive PCa. To our knowledge, the association between physical activity and PCa 

defined by TMPRSS2:ERG has not been evaluated.

Objective: To prospectively examine the association between physical activity and risk of PCa 

defined by clinical features and TMPRSS2:ERG.

Design, setting, and participants: We studied 49 160 men aged 40–75 yr in the Health 

Professionals Follow-up Study from 1986 to 2012. Data was collected at baseline and every 2 yr 

with >90% follow-up. Total and vigorous physical activity were measured in metabolic equivalent 

of task (MET)-h/wk.

Outcome measures and statistical analysis: Advanced PCa was defined as stage T3b, T4, 

N1, or M1 at diagnosis and lethal PCa as distant metastases or death due to disease over follow-up. 

Presence of TMPRSS2:ERG was estimated by immunohistochemistry of ERG protein expression. 

Cox proportional hazards models were used to obtain multivariable hazard ratios (HRs) and 95% 

confidence intervals (CIs) for incidence of subtype-specific PCa.

Results and limitations: During 26 yr of follow-up, 6411 developed PCa overall and 888 

developed lethal disease. There were no significant associations between total physical activity and 

risk of PCa in the overall cohort. In multivariable-adjusted models, men in the highest quintile of 

vigorous activity had a significant 30% lower risk of advanced PCa (HR: 0.70, 95% CI: 0.53–0.92) 

and 25% lower risk of lethal PCa (HR: 0.75, 95% CI: 0.59–0.94) than men in the lowest quintile 

of vigorous activity. The association was independent of screening history. Vigorous activity was 

not associated with total PCa 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 PCa (top vs bottom quintile, HR: 0.71, 95% CI: 0.52–0.97). There was no 

significant association with the risk of ERG-negative disease (p heterogeneity = 0.09).

Conclusions: Our study confirms that vigorous physical activity is associated with lower risk of 

advanced and lethal PCa and provides novel evidence for a lower risk of TMPRSS2:ERG-positive 

disease.

Patient summary: The identification of modifiable lifestyle factors for prevention of clinically 

important prostate cancer (PCa) is needed. In this report, we compared risk of PCa in men with 

different levels of physical activity. Men with higher vigorous activity had a lower risk of 

developing advanced and lethal PCa and PCa with the common TMPRSS2:ERG gene fusion.
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1. Introduction

Given the large burden of prostate cancer (PCa) globally, modifiable lifestyle factors that 

could lower a man’s risk of PCa must be identified. Epidemiologic studies of the 

relationship between physical activity and risk of PCa overall have been mixed but suggest a 

moderate inverse association [1]. In some epidemiologic studies, men who engaged in 

higher levels of physical activity had lower risks of developing advanced and fatal PCa [2–

5]. However, other studies have shown no significant association between physical activity 

and advanced or fatal disease [6–8]. Physical activity influences a wide range of biological 

processes, including hormonal, anti-inflammatory, and insulin pathways [9,10]. These 

pathways are implicated in the development of aggressive PCa, suggesting a link between 

physical activity and clinically relevant disease [11].

The integration of PCa characteristics related to not only clinical course [2] but also 

molecular features [12–14] in epidemiologic studies may be the key to understanding the 

relationship between physical activity and PCa risk. The TMPRSS2:ERG gene fusion is the 

most common PCa molecular subtype [12]. Found in 40–50% of primary PCas, 

TMPRSS2:ERG results in androgen-regulated expression of the oncogene ERG [15]. 

Androgens, cellular stress, and insulin-like growth factor (IGF) signaling may have a role in 

the development and progression of fusion-positive cancers [16–18]. Although 

TMPRSS2:ERG does not independently predict biochemical recurrence or lethal disease 

[19], the fusion may interact with risk factors to influence PCa prognosis [14,18]. 

Furthermore, some PCa risk factors, such as low tomato sauce intake and taller height, are 

more strongly associated with the development of fusion-positive versus fusion-negative 

PCa [20–22]. In this study, we hypothesized that the influence of physical activity on 

hormonal and anti-inflammatory pathways protects against the development of fusion-

positive PCa.

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

diagnostic physical activity among men and risk of developing PCa defined by clinical 

features (stage, grade, and lethality) and molecular (TMPRSS2:ERG) subtype.

2. Materials and methods

2.1. Study population

The Health Professionals Follow-up Study (HPFS) is an ongoing prospective cohort initiated 

in 1986 among 51 529 US male health professionals aged 40–75 yr at baseline. Participants 

completed biennial questionnaires beginning at baseline to ascertain lifestyle, health-related 

factors, and disease outcomes. Usual diet was assessed every 4 yr 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 = 2087) and those with 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.
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2.2. Assessment of physical activity

Physical activity was assessed through biennial, validated questionnaires [23] beginning at 

baseline. Participants selected a category for the average total time/wk engaged in specific 

activities during the past year: 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 indicated 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 [24]. 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 1 h. A measure of MET-h/wk was 

derived for each activity by multiplying the activity-specific MET value by the participant-

reported average number of h/wk. Total activity was defined as the sum of MET-h/wk for 

each activity. Vigorous activity included activities with a MET value ≥6: jogging, running, 

bicycling, lap swimming, tennis, squash/racquetball, calisthenics/rowing, and stair climbing.

2.3. Ascertainment of PCa outcomes

Incident PCa 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 metastases. Deaths were ascertained through repeated mailings, telephone 

calls to non-respondents, and searches of the National Death Index. An endpoint committee 

of physicians confirmed PCa-specific death.

We classified clinical subgroups of PCa as follows: (1) localized PCa: stage T1 or T2 and 

N0, M0 at diagnosis; (2) advanced PCa: stage T3b, T4, N1, or M1 at diagnosis; and (3) 

lethal PCa: distant metastases or PCa death over follow-up. PCa cases were also defined as 

high-grade (Gleason 8–10 and 4+3) or low-grade (Gleason 2–6 and 3+4). Stage T1a cases (n 
= 286) were excluded since these cases are incidentally diagnosed and prone to detection 

bias.

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 [19]. Presence or absence of the TMPRSS2:ERG 
fusion was assessed using a validated immunohistochemistry assay for ERG protein 

expression. This study included 910 RP and 35 TURP specimens assayed for ERG, 

diagnosed from 1986 to 2009.

2.4. Statistical analysis

Each participant contributed person-time from date of return of the baseline questionnaire to 

date of PCa diagnosis, death, or end of follow-up (January 31, 2012). For ERG-defined PCa 
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outcomes, follow-up ended on 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 (HRs) and 95% confidence intervals 

(CIs) between physical activity (by quintile) and incidence of total, lethal, advanced, 

localized, high-grade, and low-grade PCa. An extension of Cox proportional hazards 

regression was used to model the associations between physical activity and PCa incidence 

according to ERG subtype [25,26]. For ERG-specific PCa outcomes, additional analyses of 

the 910 RP cases assayed for ERG were performed, applying inverse probability weights to 

account for clinical factors at diagnosis among cases [21]. Tests for heterogeneity of these 

HRs across quintiles were performed using a likelihood ratio test [26].

To examine long-term activity, we used cumulative average physical activity updated every 2 

yr from baseline in 1986 to the time of PCa diagnosis, death, or end of follow-up. The 

cumulative average physical activity was categorized into quintiles based on the distribution 

in each questionnaire cycle.

Age- and multivariable-adjusted models included age in months and calendar time. Only 

multivariable models are presented because the results were similar to age-adjusted models. 

Multivariable models were additionally adjusted for race, family history of PCa, diabetes, 

body mass index (BMI), height, smoking status, multivitamin use, and dietary factors. All 

variables except for race, family history, and BMI at age 21 yr were updated over follow-up. 

All models of vigorous activity were additionally adjusted for nonvigorous activity. 

Nonvigorous activity was allowed to vary by ERG subtype in models for ERG-defined PCa.

To account for potential detection bias, we adjusted for having had a prostate-specific 

antigen (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 [27].

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

All statistical tests were two-sided with an α level of 0.05 to determine statistical 

significance.

3. Results

Table 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-h/wk and vigorous was 2.2 MET-h/wk. Men in higher quintiles of 

physical activity tended to be younger, have lower BMI, were more likely to be nonsmokers 

and use multivitamins, and reported more PSA testing between 1994 and 2010 than men in 

lower quintiles.
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Between 1986 and 2012, 6411 men were diagnosed with incident PCa (Supplementary Table 

1) including 603 with advanced and 888 with lethal disease. Of 945 cases assayed for ERG, 

449 (48%) had ERG-positive disease.

Tables 2 and 3 show results from multivariable-adjusted models for the associations of total 

activity and vigorous activity with the risk of PCa defined by clinical features in the total 

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

and risk of PCa overall or of any clinical subgroup in either cohort. In contrast, men in the 

highest quintile of vigorous activity had a significant 30% lower risk of advanced PCa (top 

vs bottom quintile, HR: 0.70; 95% CI: 0.53–0.92; p trend = 0.04) and a 25% lower risk of 

lethal PCa (top vs bottom quintile, HR: 0.75; 95% CI: 0.59–0.94; p trend = 0.04) than men 

in the lowest quintile in the total cohort. Additionally, there was a borderline significant 16% 

lower risk of high-grade PCa in the highest than in the lowest quintile of vigorous activity 

(HR: 0.84; 95% CI: 0.70–1.01). Vigorous activity was not significantly associated with the 

risk of overall, localized, or low-grade PCa in multivariable-adjusted models in the total 

cohort. After restricting to highly screened men, however, vigorous activity was associated 

with a 16–18% lower risk of total, localized, and low-grade PCa.

Table 4 presents associations of total and vigorous activity with risk of ERG-defined PCa. 

As with clinical features, we did not observe significant associations between total activity 

and PCa risk of either ERG subtype. However, for vigorous activity, men in the highest 

quintile had a significant 29% lower risk of ERG-positive PCa than 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 PCa (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 disease (Supplementary Table 

2). The association between vigorous activity and ERG-positive PCa 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).

4. Discussion

Our prospective cohort analysis supports a moderate inverse association between long-term 

physical activity of vigorous intensity and risk of developing advanced and lethal PCa. 

Furthermore, our findings suggest that vigorous activity is associated with a lower risk of 

TMPRSS2:ERG-positive PCa. To our knowledge, this is the first study to examine physical 

activity and TMPRSS2:ERG-defined PCa.

As a modifiable risk factor, physical activity is an important target for public health 

intervention. Our findings suggest that the relationship between physical activity and PCa 

risk may not be linear, with potential benefits observed primarily in the upper quintile of 

vigorous activity. In our study, men in the lowest quintile engaged in 1 MET-h/wk or less of 

vigorous activity, whereas men in the highest quintile performed a median of 30 MET-h/wk 

of vigorous activity, equivalent to approximately 25 min/d of running, which is two times the 
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nationally recommended amount of weekly vigorous-intensity activity [28]. The finding that 

physical activity is potentially beneficial with respect to clinically relevant PCa augments 

existing evidence that men should increase their physical activity, even before receiving a 

cancer diagnosis.

Our results are consistent with previously reported inverse associations between physical 

activity and aggressive PCa phenotypes [2–5,29]. In the Cancer Prevention Study-II 

Nutrition Cohort, Patel et al [3] observed a 31% reduced risk of aggressive PCa among men 

who performed >35 MET-h/wk of recreational physical activity compared with none. 

However, other studies have not shown associations with aggressive disease [6–8]. One 

factor potentially contributing to inconsistencies among studies is inadequate power to detect 

moderate associations with advanced and fatal PCa, which are less common. Another factor 

may be detection bias due to differential PSA testing by those engaged in high compared 

with low levels of physical activity. Our study and other studies [7,29] show that men who 

are more physically active are also more likely to get regular PSA testing, increasing 

subclinical disease detection. Although age- and multivariable-adjusted results were similar 

in our study, age-adjusted models showed a small positive association between vigorous 

activity and risk of localized PCa. Furthermore, we saw a reduction in risks of total, 

localized, and low-grade PCa among the highly screened subcohort. This exemplifies how 

this detection bias results in an apparent increased risk of PCa, potentially also masking a 

moderate inverse association.

PCa is characterized by substantial molecular heterogeneity [12]. Epidemiologic studies to 

evaluate specific molecular subtypes are, therefore, important to clarify PCa risk factors. Our 

results suggest that vigorous activity was associated with a reduced risk of TMPRSS2:ERG-

positive but not TMPRSS2:ERG-negative PCa. This supports the hypothesis that presence of 

this fusion may define an etiologically distinct subtype of PCa. Our findings also support our 

hypothesis that physical activity may influence PCa risk through mechanisms related to 

TMPRSS2:ERG. One potential explanation 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 [30]. It has been shown that physical activity may 

reduce oxidative stress and improve immune functions [31]. 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 was higher in TMPRSS2:ERG-positive cancers [18]. Regular physical 

activity may alter endogenous hormone levels, reducing availability of growth factors, such 

as insulin, and IGF-1 [9]. 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 [32].

A limitation of this study is that ERG status was only known for a subset of PCa cases. To 

mitigate this potential issue, we applied inverse probability weighting to account for clinical 

factors, which yielded similar results as the unweighted analysis [20,21]. Given that our 

study is observational in design, there is potential for bias due to confounding by factors 
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associated with both physical activity and risk of PCa. However, our analysis accounted for a 

wide range of health and lifestyle factors. One concern in epidemiologic studies of physical 

activity is reverse causation since men with preclinical disease may decrease their activity 

level prior to diagnosis. We examined cumulative average physical activity in our study, 

which is less likely to be influenced by preclinical disease. Strengths of our study include 

the integration of molecular tumor data with 26 yr of 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 PCa. Since physical activity was 

prospectively collected using a validated questionnaire [23], measurement error is expected 

to be nondifferential with respect to incident PCa.

5. Conclusions

Our study found that vigorous physical activity over the long term is associated with a lower 

risk of clinically meaningful endpoints, including advanced, lethal, and TMPRSS2:ERG-

positive PCa. These findings suggest that regularly engaging in higher levels of vigorous 

activity may be beneficial to men for prevention of clinically important PCa. Furthermore, 

these results suggest that physical activity may act through pathways related to development 

of TMPRSS2:ERG and support the hypothesis that this subtype has unique etiological 

factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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