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Abstract
Risk factors for prostate cancer could differ for various subgroups, such as for “aggressive” and “non-
aggressive” cancers or by grade or stage. Determinants of mortality could differ from those for
incidence. Using data from the Health Professionals Follow-Up Study, we re-examined 10 factors
(cigarette smoking history, physical activity, BMI, family history of prostate cancer, race, height,
total energy consumption, and intakes of calcium, tomato sauce and α-linolenic acid) using
multivariable Cox regression in relation to multiple subcategories for prostate cancer risk. These
were factors that we previously found to be predictors of prostate cancer incidence or advanced
prostate cancer in this cohort, and that have some support in the literature. In this analysis, only 4
factors had a clear statistically significant association with overall incident prostate cancer: African–
American race, positive family history, higher tomato sauce intake (inversely) and α-linolenic acid
intake. In contrast, for fatal prostate cancer, recent smoking history, taller height, higher BMI, family
history, and high intakes of total energy, calcium and α-linolenic acid were associated with a
statistically significant increased risk. Higher vigorous physical activity level was associated with
lower risk. In relation to these risk factors, advanced stage at diagnosis was a good surrogate for fatal
prostate cancer, but high-grade (Gleason ≥ 7 or Gleason ≥ 8) was not. Only for high calcium intake
was there a close correspondence for associations among high-grade cancer, advanced and fatal
prostate cancer. Tomato sauce (inversely) and α-linolenic acid (positively) intakes were strong
predictors of advanced cancer among those with low-grade cancers at diagnosis. Although the
proportion of advanced stage cancers was much lower after PSA screening began, risk factors for
advanced stage prostate cancers were similar in the pre-PSA and PSA era. The complexity of the
clinical and pathologic manifestations of prostate cancer must be considered in the design and
interpretation of studies.
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The wide international variation in incidence rates1,2 and increases in prostate cancer incidence
and mortality rates in migrants from countries with low rates to those countries with high
rates3–5 demonstrate the importance of modifiable etiologic factors for this cancer. However,
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the evidence for any specific factor has generally not been very consistent. The heterogeneous
nature of prostate cancers, which range from relatively innocuous to highly aggressive in
behavior, may contribute to inconsistent results. Because they may act on different biologic
pathways, risk factors may be different for various sub-groups of prostate cancer, such as for
“aggressive” and “non-aggressive” cancers, defined by grade, stage, or survival. The premise,
usually implicit, that risk factors for initiation of relatively innocuous, well-differentiated
prostate cancers should be the same as those that cause death from prostate cancer has little
theoretical or empirical basis. Further, although many epidemiologic studies now combine
cancers of advanced stage at the time of diagnosis and those with high Gleason grade to
characterize “aggressive” prostate cancer, this practice implicitly supposes that grade—which
reflects degree of differentiation—carries the same meaning as advanced stage, but a risk factor
could influence the progression of a cancer independently of an effect on tumor grade. Thus,
results across studies could vary depending on the specific prostate cancer sub-type examined.

In the Health Professionals Follow-Up Study, we have reported on various lifestyle and
nutritional factors in relation to risk of prostate cancer. Most of the reports have addressed
single factors, and focused on incident cancer, or advanced disease at diagnosis as an indicator
of aggressive disease. In this report, we consider systematically 10 risk factors with cases from
1986 to 2002 in relation to various prostate cancer sub-types, specifically, total incident prostate
cancer, fatal prostate cancer, advanced or non-advanced stage at presentation, high-grade or
low-grade prostate cancer, and some combinations of stage and grade. We examined in
multivariable analysis 10 factors that we previously found to be predictors of prostate cancer
incidence or advanced prostate cancer, and that have some support in the literature. These
include cigarette smoking history,6 race,7 family history of prostate cancer, physical activity,
8 body mass index (BMI),9 height,9 total energy consumption,10 and intakes of calcium,11
tomato sauce12 and α-linolenic acid.13,14 Further, we considered how alternative definitions
of clinically advanced prostate cancer influenced the results. In addition, we considered the
potential influence that PSA screening may have on identifying risk factors for total prostate
cancer and advanced prostate cancer, because PSA screening advances the time of diagnosis
and alters the spectrum of cancers that are diagnosed. Finally, we considered if risk factors
differed for earlier-age onset and late-onset prostate cancer.

Methods
The study population

The Health Professionals Follow-up Study cohort was initiated in 1986, when 51,529 U.S.
male health professionals, ages 40–75, completed a mailed questionnaire on age, marital status,
height and weight, ancestry, medications, smoking history, disease history, leisure-time
physical activity, diet (in the past year) and use of vitamin and mineral supplements. This cohort
is predominantly Caucasian (>91%). Through biennial follow-up mailed questionnaires, we
updated information on disease history, smoking history, body weight and physical activities,
and every 4 years, we updated dietary information. We identified deaths in this cohort through
information from family members, the postal system and the National Death Index. Through
these methods, we ascertained at least 98% of the total deaths.15 The conduct of this cohort
study and these analyses was approved by the Human Subjects Committee of the Harvard
School of Public Health.

Identification of cases of prostate cancer
On the follow-up questionnaires, participants were asked to report new diagnoses of cancer.
For each new report of prostate cancer, we re-contacted the study participant to acquire
permission to obtain relevant hospital records and pathology reports. For men who had died,
we contacted next of kin. The medical records were reviewed by study investigators, who were
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blinded to any exposure information. For staging, we used information from the questionnaires
derived from any procedures or tests conducted during the initial diagnosis and treatment,
including prostatectomies and bone scans. The tumor-node-metastasis (TNM) system was
used.16 We excluded T1a cancers because these are relatively innocuous and may be especially
prone to detection bias related to treatment for benign prostatic hyperplasia. In terms of total
potential person-time accumulated up to the end of the study period (January 31, 2002), the
response rate to follow-up questionnaires was 96%. We categorized a death as due to prostate
cancer when there was evidence of extensive metastatic prostate cancer, and no other plausible
cause of death, based on a review of the medical records by a study physician. Cause of death
was rarely based on death certificate alone, when the primary medical records were not
obtainable.

The food-frequency questionnaire
Diet was assessed through a semiquantitative food-frequency questionnaire; the methodology
and validation of the questionnaire was previously described in detail.17 The questionnaire,
initially administered in 1986, contained a list of 131 food and beverage items, and included
an open-ended section. We specified a commonly used unit or portion size for each item on
the list, and asked the participant how often, on average, over the past year, he consumed the
specified amount of each item. For each item, the participant chose from among 9 possible
responses for frequencies. In addition, we assessed current use, brand, dose and duration of
use of supplements, including calcium supplements. Information based on specific brand and
type of multivitamin was taken into account when calculating nutrient intakes. In 1990, 1994
and 1998, we re-administered the dietary questionnaire, which had slight modifications to take
into account changes in the food supply that occurred over time. We computed nutrient intakes
by multiplying the consumption frequency of each unit of food by the nutrient content of the
specified portions, using composition values from U.S. Department of Agriculture sources
supplemented with other data. We evaluated the validity of nutrient and food consumption
measured by the questionnaire among a sample of 127 cohort members from the Boston area.
17,18 After adjusting for week-to-week variation in dietary records, the median correlation for
the major nutrients between the dietary record and the questionnaire assessment was 0.65.

Assessment of PSA utilization and other non-dietary exposure information
On the 1986 baseline questionnaire, the men reported their current height and weight, and
weight at age 21. Current weight was also assessed on each biennial questionnaire. We used
BMI (kg/m2) to estimate total adiposity.19 To assess physical activity, we used MET-hours/
week calculated from a list of activities reported in 1986 and updated biennially thereafter.
20 One MET-hour is the metabolic equivalent of sitting at rest for 1 hr. Detailed lifetime tobacco
use was assessed at baseline and current smoking status biennially. We initially asked about
screening history for prostate cancer by PSA test in 1994, and thereafter, inquired about PSA
testing biennially for the prior 2-year period. In 1990 and 1996, we asked each man whether
his biologic father or any brothers had ever had a diagnosis of prostate cancer.

Choice of risk factors for multivariable analysis
We examined in multivariable analysis 10 factors that we previously found to be risk factors
for prostate cancer incidence or advanced prostate cancer in the Health Professionals Follow-
Up Study. These include recent smoking history,6 race,7 family history of prostate cancer,
vigorous physical activity,8 BMI,9 height,9 total energy consumption,10 and intakes of
calcium,11 tomato sauce,12 and α-linolenic acid.13,14 For all these factors, there is additional
support for their potential importance besides the Health Professionals Follow-Up Study,
although data may be inconsistent.21 We also included in the models BMI at age 21 years and
updated history of diabetes mellitus, as well as processed meat, which is a risk factor in this
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cohort,22 but has less support in general. Age was adjusted in 1-month time intervals and time
period in 2-year intervals. Vitamin E supplements were also included in the model, but as in
our previous analysis,23 no overall association was observed except for an inverse association
for advanced cancer limited to men who had smoked within the previous 10 years.

Statistical analysis
At baseline, we excluded men with diagnosed cancer (except for non-melanoma skin cancer),
and men who did not adequately complete a food frequency questionnaire (3% of the total).
We excluded these men because the presence of another cancer could result in behavioral,
dietary or pathophysiologic changes (for example, weight loss), and it could complicate the
assignment of metastatic death to prostate cancer. These exclusions left 47,750 men, each of
whom accrued follow-up time beginning on the month of return of the baseline questionnaire
and ending on the month of diagnosis of prostate cancer, month of death from other causes, or
January 31, 2002, whichever came first. For prostate cancer sub-types, we considered total,
advanced stage (at diagnosis), non-advanced stage, high-grade (Gleason ≥ 7), low-grade
(Gleason <7), and fatal prostate cancer. We calculated rates for men in a specific category of
an exposure by dividing the number of incident cases by the number of person-years.

Advanced stage cases were considered those that had invaded other organs, including the
seminal vesicle or lymph nodes, as well as distant organs at the time of diagnosis, or that were
fatal by January 31, 2002. In our analyses, we typically include N0 M0 cancers with seminal
vesicle invasion (stage T3b or T4 or C2) as advanced, but those with invasion only through
the capsule (stage C1, or T3a) as non-advanced because seminal vesicle involvement is a strong
predictor of clinical failure but capsular invasion alone may not be.24 Because the stage C1
(or T3a) can arguably be considered as either advanced or non-advanced, we analyzed these
separately to examine whether, in relation to risk factors, these were more similar to advanced
or to non-advanced cancers. Non-advanced cancers were considered to be those characterized
as T1 or T2 and N0 M0, but excluding stage T1a (incidental histologic cancer found in 5% or
less of tissue resected for benign prostatic hyperplasia).

For nutrients and foods in the models (see above), to best assess long-term cumulative exposure
intake, we used cumulative updating, which uses 1986 diet assessment to assess risk from 1986
to 1990, the average of 1986 and 1990 assessments to assess risk from 1990 to 1994, and the
average of 1986, 1990 and 1994 intakes to assess risk from 1994 to 1998, and the average of
1986, 1990, 1994 and 1998 intakes to assess risk from 1998 to 2002.25 We used a similar
cumulative average approach for BMI and physical activity level. For both nonfatal and fatal
prostate cancer, we updated exposure data up until the time of the diagnosis.

We computed relative risks (RR) defined as the incidence rate of disease in one category (e.g.
high category of calcium intake) divided by the incidence rate in the specified reference
category (e.g. low category of calcium intake). We used Cox proportional hazards modeling
to control for multiple time-varying variables simultaneously and to compute 95% confidence
intervals (CI). Age was controlled using 1-month categories and calendar time in 2-year
intervals as stratified variables in the Cox models. We tested for trend across categories
controlling for multiple covariates by modeling the median values of the variable as a
continuous variable in the multivariable model. In addition, we examined the risk factors in
relation to total and advanced prostate cancer in 2 time periods, the pre-PSA screening era,
defined here as beginning in February 1986 (start of the study) until January 31, 1992, and the
PSA screening era, beginning in February 1, 1992 until the end of follow-up, January 31, 2002.
All reported p-values are two-sided. p-values ≤ 0.05 were considered to be statistically
significant.
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Results
From 1986 to the end of the study period, January 31, 2002, in 673,706 person years, we
documented 3,544 incident prostate adenocarcinoma cases after excluding 71 cases (about 2%
of total) of stage T1a cancers. We documented 90% of the 3,544 cases through medical records
and pathology reports, and the remaining 10% by supporting data for the diagnosis that
participants provided (typically, evidence of treatment). Based on the pathology report, we had
information on Gleason sum for 2,701 cases (76.2% of the total). We documented 1,110 high-
grade cancers defined as Gleason ≥ 7 (and 322 as Gleason ≥ 8), and 1,601 low-grade cases
(Gleason ≤ 6). Also, 523 cases were considered to be advanced stage or fatal, of which 312
cases were defined as fatal prostate cancer, having been the underlying cause of death, by
January 31, 2002.

Incident and fatal prostate cancer
We first examined each factor in relation to incident prostate cancer and fatal prostate cancer.
The results are displayed in Figure 1. Only 4 factors had a statistically significant association
with incident prostate cancer: higher tomato sauce intake was associated with a decreased risk,
and African–American race, a positive family history of prostate cancer, and higher α-linolenic
acid intake were associated with an increased risk. In contrast, most items were significantly
associated with risk of fatal prostate cancer. Specifically, recent smoking history, positive
family history of prostate cancer, taller height, higher BMI, and high intake of total energy,
calcium and α-linolenic acid were associated with a statistically significant increased risk,
whereas higher vigorous physical activity level was associated with lower risk of fatal prostate
cancer. For tomato sauce, the magnitude of the inverse association was similar for fatal as for
total prostate cancer, and the smaller numbers may have prevented us from detecting a
statistically significant association with fatal prostate cancer.

Advanced and non-advanced stage prostate cancer
The results for advanced and non-advanced prostate cancer were largely similar as those for
fatal and incident prostate cancer respectively (see Table I). However, some differences were
notable. While smoking within the past 10 years was associated with a higher risk of fatal
prostate cancer, it was not significantly associated with risk of advanced prostate cancer. In
addition, high tomato sauce intake was associated with a decreased risk of advanced prostate
cancer, although the test for linear trend was not statistically significant (RR = 0.66; 95% CI
= 0.44–1.00, for intake ≥2 vs. <0.25 servings/week; p(trend) = 0.12). Although more frequent
vigorous physical activity was strongly associated with a decreased risk of advanced and fatal
prostate cancer, it was associated with a modest but statistically significant increased risk of
non-advanced prostate cancer (RR = 1.19; 95% CI = 1.03–1.37, for high versus low quintile;
p(trend) < 0.01). For N0 M0 prostate cancers with capsular invasion alone (stage C1 or T3a),
none of the risk factors was associated significantly with these cancers except for family history
of prostate cancer, and suggestively for calcium (positively) and tomato sauce (inversely).
Thus, this endpoint in general (except possibly for calcium intake) appears to respond to risk
factors similarly to the non-advanced as opposed to advanced cancers.

High-grade and low-grade prostate cancer
We next examined high-grade and low-grade prostate cancer separately. Risk factors for high-
grade prostate cancer (Fig. 2) were not consistently reflected in relation to fatal prostate cancer
(Fig. 1). Analyses defining high-grade as Gleason ≥ 8 gave similar results as those with high-
grade defined as Gleason ≥ 7 but with wider confidence intervals because of the much smaller
number of cases (data not shown). Only high calcium intake exhibited a close correspondence
for high-grade cancer, advanced and fatal prostate cancer. Taller height was also associated
with an increased risk of high-grade prostate cancer, but the magnitude of the association was
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much weaker than that for fatal prostate cancer and it was non-monotonic. African–American
race was associated with a significantly higher risk of high-grade prostate cancer, but not with
low-grade prostate cancer. Similar to its association with non-advanced prostate cancer,
vigorous activity was associated with a modest but statistically significant greater risk of low-
grade prostate cancer. α-linolenic acid intake was positively and tomato sauce intake was
inversely associated with risk of low-grade prostate cancer. In a separate analysis, we examined
cancers that were high-grade but non-advanced at the time of diagnosis (n = 860 cases). None
of the variables indicated a significant trend; high intake of calcium was suggestively associated
with an increased risk (multivariable RR = 1.51, 95% CI = 0.95–2.41). In a case-only analysis,
trends for a higher likelihood of a diagnosed cancer being high-grade versus low-grade were
evident only for higher calcium intake (p = 0.002), taller height (p = 0.01), and marginally for
less vigorous physical activity (p = 0.06).

Low-grade, advanced prostate cancer
Poor differentiation (i.e., high Gleason grade) is a well-established strong determinant of
progression and fatality from prostate cancer. However, a small proportion of lower grade
prostate cancers do progress to advanced stage and lead to mortality. In our data, only 83 cases
were defined as low-grade and advanced stage. Higher intakes of α-linolenic acid
(multivariable RR = 2.23, 95% CI = 1.11–4.48; p(trend) = 0.04) and tomato sauce
(multivariable RR = 0.27, 95% CI = 0.10–0.96; p(trend) = 0.02), which were associated with
overall low-grade prostate cancer, had especially strong relationships with low-grade advanced
prostate cancers, suggesting that these factors may influence progression of well-and
moderately-well differentiated lesions into advanced stages. No other factor was associated
with this endpoint.

Effect modification by time period as a surrogate of PSA era
The widespread use of PSA screening in the United States beginning around the early 1990’s
had a profound influence on the apparent incidence of prostate cancer, as well as the spectrum
of case types being diagnosed. We examined the risk factors in relation to total and advanced
prostate cancer in the pre-PSA screening era and the PSA screening era. As shown in Table II,
the proportion of advanced cases decreased dramatically in the PSA era (from 27.5% to 10.4%).
The association patterns for total and for advanced cancers were largely similar for the 2 time
periods, with several exceptions: calcium intake was associated with increased risk of total
prostate cancer in the earlier era but not in the PSA era, and the associations with family history
of prostate cancer and African–American race tended to be stronger for both total and advanced
prostate cancer in the pre-PSA era.

Effect modification by age
We also examined if risk differed by age group, using the median age of cases as the cutpoint
(<68 years; ≥68 years). For total prostate cancer, only for BMI was there strong statistical
evidence of an age interaction (p = 0.001); for younger men, an inverse association was
observed (RR = 0.81, 95% CI = 0.58–1.13 for BMI ≥ 30 versus <21 kg/m2, p(trend) = 0.01),
whereas for older men, a positive association was observed (RR = 1.47; 95% CI = 1.10–1.96,
p(trend) = 0.02). For fatal prostate cancer, these respective RR’s for younger and older men
were RR = 0.88; 95% C = 0.41–1.91, p(trend) = 0.12 and RR = 2.73; 95% C = 1.44–5.14, p
(trend) = 0.03. For physical activity, the result for interaction for fatal cancer was not
statistically significant based on a test for trend, but the inverse association was stronger for
older men for the high versus low quintile (RR = 0.78, 95% CI = 0.36–1.66 for men <68 years
and RR = 0.46, 95% CI = 0.21–1.00 for men ≥68 years).
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Discussion
In the Health Professionals Follow-Up Study (summarized in Table III) we found only low
tomato sauce and high α-linolenic acid intakes, a positive family history of prostate cancer,
African–American race and possibly calcium intake were associated with increased incidence,
but additional factors were associated with fatal prostate cancer. These results suggest that
reducing mortality from prostate cancer through lifestyle and diet may generally be more
feasible than preventing its occurrence. Because prostate cancers probably have a multiple
decades-long induction or latent phase, initiating and early-acting factors may have occurred
many years prior to our follow-up, whereas progression factors are operative late and thus are
more easily identifiable in a cohort of middle-aged and elderly men. On the other hand, tallness,
presumably a surrogate of a factor acting during the growth period (e.g., adolescent IGF-1
levels) strongly predicted prostate cancer mortality but did not predict incidence; this finding
suggests early-operative carcinogenic processes could affect aggressive behavior in cancers,
or increase the incidence of a sub-set of prostate cancer with a greater propensity to progress.

We speculate that pathways through which specific factors may influence death from prostate
cancer may be quite diverse, and may involve: (i) increasing incidence (e.g. high α-linolenic
acid, low tomato sauce intake, family history of prostate cancer, African–American race), (ii)
increasing the likelihood of poor differentiation (as assessed by Gleason score) in a prostate
cancer (e.g. calcium, and possibly tallness and African–American race), (iii) increasing
promotion or progression preferentially of better differentiated prostate cancers (e.g. high α-
linolenic acid, low tomato sauce intake) into advanced stages, and (iv) by increasing mortality
independently of incidence and grade (e.g. high BMI, physical inactivity, cigarette smoking).
If all or even a sub-set of these patterns whereby risk factors increase risk are causal, one would
predict substantial heterogeneity in the prostate cancer literature. Different susceptibility to
risk factors based on age may additionally contribute to heterogeneity.

Potential mechanisms underlying these associations have been discussed in our previous
publications, and we consider here in general terms the plausibility of mechanisms acting
through these endpoints. That any factor that increases the incidence of a cancer could
ultimately increase the mortality is intuitive, unless the factor only increased risk of a sub-set
of lesions that are defined as cancers histologically, but that could not progress further. The
existence of such a sub-set of tumors is entirely plausible, in view of the natural history of
prostate cancer and the enormously high prevalence of apparently innocuous disease at older
ages. Influencing cancer risk by affecting differentiation status is also a plausible mechanism.
For example, such a role has been suggested for vitamin D, a differentiation agent.26,27 In
contrast, some risk factors may preferentially influence the promotion or progression of well-
differentiated lesions. Interestingly, as for tomato sauce and α-linolenic acid, in the Physicians’
Health Study we had previously shown that high circulating IGF-1 levels were preferentially
associated with increased risk of low-grade but advanced prostate cancers,28 a finding
confirmed in preliminary analyses in the Health Professionals Follow-Up Study and by others.
29 A possible explanation is that growth in poorly differentiated cancers may be more
autonomous because these cancers may have extensive mutations in the IGF-1 growth factor
signaling pathway.30,31 In contrast, better-differentiated cancers may have a relatively intact
signaling pathway responsive to circulating IGF-1 levels. Finally, that some factors would
influence survival (and thus mortality) independently of incidence or tumor grade would not
be surprising; examples may be through effects on angiogenesis, or on progression of metastatic
clones.

The findings for BMI illustrate the complexity of studying prostate cancer. Our current findings
are consistent with our previous reports of no overall association with total prostate cancer, but
with an indication of an inverse association in younger men and a suggestive positive
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association in older men.9,32 In previous analyses, we did not have adequate power to study
fatal prostate cancer; in the current analysis, we found BMI positively associated with risk of
fatal prostate cancer, especially in older men. Most studies have not shown an association
between BMI and incident prostate cancer,33,34 but an association with fatal prostate cancer
has been observed more frequently.35–38 The mechanisms underlying the heterogeneity by
age are unknown, but may relate to specific hormones, such as testosterone, estrogen, insulin,
and IGF-1, that change in concentration over the lifespan and that are influenced by BMI or
influence BMI.32

Chance seems unlikely as the primary explanation because each factor considered has been
consistently associated with risk in multiple time periods throughout our follow-up period. For
bias, differential detection through PSA screening is of most concern, as groups with more
frequent screening may be more likely to have a cancer detected, especially at an earlier stage.
In general, PSA screening intensity is very high in this population and fairly equal across
categories of various exposures; the percentage of men reporting having had a PSA test in the
prior 2 years asked biennially from 1994 to 2000 for the low and high categories, respectively,
for the following exposures are: height: 74 and 75%; BMI: 70 and 73%; vigorous activity: 74
and 77%; calories: 77 and 72%; calcium: 71 and 76%; α-linolenic acid: 74 and 75%; tomato
sauce: 74 and 75%; 75% for never smokers and 70% for current smokers; family history, no:
74% and family history yes: 81%; Caucasian: 75% and African–American: 77%. These modest
differences in PSA screening were unlikely to produce substantial bias. Perhaps the most
compelling argument against detection bias is that the associations with advanced and fatal
prostate cancer were observed prior to widespread PSA screening, or before PSA screening
could plausibly affect mortality. Finally, confounding cannot be ruled out in observational
studies. An advantage of our cohort is that detailed data on many factors allowed us to consider
confounding carefully. However, residual or uncontrolled confounding could still occur,
especially with error in measuring exposures and covariates. Yet, even if confounding did
account for some of our findings (for example, if α-linolenic acid were acting as a marker of
another type of fat), our general conclusions regarding the differential effects of risk factors
on various endpoints would remain valid. The possibility that bias or confounding may have
contributed to our findings has been further considered in detail for each factor in our previous
publications.

A limitation of our study is that to assess Gleason score, we relied on pathology reports, which
may result in measurement error. Further, Gleason grading may have undergone secular
changes.39 However, our results were similar when we excluded cases with Gleason score of
7, and when we considered cancers with scores of 8 or greater as high-grade. More importantly,
one of our major goals for this analysis was to assess the utility of various endpoints in
epidemiologic studies, so our findings are directly relevant to epidemiologic studies that use
pathology reports to assign Gleason score. Both inherent limitations in the Gleason score to
predict death, as well as measurement error in assigning the Gleason score, ultimately are
relevant factors regarding its utility.

The findings have important implications for the design and interpretations of studies of
prostate cancer. First, in cancer epidemiology, incidence has typically been considered as a
more relevant endpoint than mortality, but this may not be true for prostate cancer. Studies
focusing primarily on incidence may miss important associations with fatal prostate cancer.
This limitation of total prostate cancer incidence as an endpoint is exacerbated by PSA
screening, leading mainly to diagnosis of non-advanced prostate cancer cases, with few deaths.
These include a small proportion of cases that are not advanced at time of diagnosis, but have
lethal potential if untreated. Such cases cannot be readily distinguished from innocuous
cancers. Second, results from analyses of cancers with strong indicators of disease progression
at the time of diagnosis (e.g. seminal vesicle or lymph node involvement) parallel results for
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fatal prostate cancer, but these clinical manifestations are also becoming rare in the PSA era.
Extension beyond the prostate but not into adjacent organs does not appear to be an adequate
marker of aggressive prostate cancer; in many studies conducted in the PSA era, these may
comprise a substantial proportion of lesions that are defined as advanced.

Third, some factors may act on the progression of well-differentiated prostate cancers, but may
not influence poorly-differentiated lesions. This finding, if confirmed, could have some
important practical implications. Well-differentiated prostate cancers (for example, Gleason
score of 6 or lower) have a relatively good prognosis, but a proportion of these do progress
leading to difficult decisions regarding treatment. Some interventions, such as tomato sauce
or lycopene, could potentially act to reduce progression of low-grade cancers. Finasteride may
be an example of an agent that inhibits (or even regresses) growth in better differentiated
lesions, but not for poorly differentiated lesions.40 If the propensity for progression could be
further reduced in these cancers, perhaps treatment could be deferred or even averted. However,
treatments that influence incidence or progression of primarily well-differentiated cancers may
do little to prevent mortality from poorly differentiated cancers, which account for the majority
of fatal cancers.

A fourth implication is that although high-grade, non-advanced prostate cancers are relatively
common in the PSA era, and are often used as an endpoint to characterize aggressive prostate
cancer, the pattern of most risk factors for high-grade, non-advanced cancers is not the same
as that for fatal prostate cancer. Even though high-grade cancers are more likely to progress
than low-grade cancers, the majority of high-grade cancers are not fatal, especially those
diagnosed in the PSA era. Moreover, lesions that do progress may take many years to do so,
and the endpoint of organ-confined, high-grade cancers does not necessarily help identify most
risk factors for progression. Calcium intake, the factor most strongly associated with high-
grade vs. low-grade cancer, was associated with advanced prostate cancer in both the pre-PSA
and the PSA eras, but with total prostate cancer only in the pre-PSA era (Table II). A possible
reason is that in the pre-PSA era, a much higher proportion of cancers were diagnosed due to
clinical progression, for which high-grade is an important determinant. In the PSA era, these
cancers may have been largely diluted by the high prevalence of PSA-detected cancers.
Interestingly, we had previously shown that high calcium intake was associated with a non-
significant inverse association with organ-confined, low-grade prostate cancer in the PSA era.
41 A fifth implication is that heterogeneity by age at risk may occur for some risk factors, most
notably BMI and possibly physical activity. Other sources of heterogeneity that we did not
assess are possible.

The etiology of prostate cancer remains enigmatic. Results of many studies have been
conflicting, especially in the PSA era. Currently, studies relying solely on incidence may have
limited applicability to identifying means to prevent dying from prostate cancer. Using Gleason
sum to characterize aggressiveness may be informative in some contexts, but generally does
not seem useful in pointing to risk factors that influence disease progression. Fatal and
advanced stage prostate cancer may be informative endpoints, although advanced stage should
be based on clear indicators, such as invasion into the seminal vesicle or other regional
structures or metastasis to the lymph nodes, bone, or other organs. The complexity of the
clinical and pathologic manifestations of prostate cancer must be considered in the design and
interpretation of studies.
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Figure 1.
Multivariable relative risks and 95% confidence intervals (in ()’s) for the high category versus
low or reference category for selected variables from Cox models separately for total prostate
cancer incidence and fatal prostate cancer in the Health Professionals Follow-Up Study. The
models included age, time period, BMI at age 21 years, height, cigarette pack-years in the
previous 10 years, vigorous physical activity level, family history of prostate cancer, history
of diabetes mellitus, race, and intakes of total calories, processed meat, fish, α-linolenic acid,
tomato sauce, and vitamin E supplements. For BMI, reference group is <23 kg/m2 for fatal
prostate cancer. P denotes p-value for trend.
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Figure 2.
Multivariable relative risk, and 95% confidence intervals (in ()’s) for the high category versus
low or reference category for selected variables from Cox models separately for high-grade
prostate cancer (Gleason ≥ 7) and low-grade prostate cancer (Gleason ≤ 6) in the Health
Professionals Follow-Up Study. The models included age, time period, BMI at age 21 years,
height, cigarette pack-years in the previous 10 years, vigorous physical activity level, family
history of prostate cancer, history of diabetes mellitus, race, and intakes of total calories,
processed meat, fish, α-linolenic acid, tomato sauce, and vitamin E supplements. P denotes p-
value for trend.
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TABLE I
MULTIVARIABLE RELATIVE RISK (RR) AND 95% CONFIDENCE INTERVAL (CI) FOR HIGH VERSUS LOW
CATEGORY OF THE SPECIFIED VARIABLE BY STAGE OF PROSTATE CANCER

Factor1 Organ confined Minimally extraprostatic Advanced

T1 or T2 and N0M0(n = 2161) T3a and N0M0 (n = 345) T3b or T4 or N1 or M1 (n = 523)

Cigarette smoking (prior 10 y) 0.88 (0.77–1.01)2 1.11 (0.82–1.52) 1.14 (0.90–1.45)
Height 1.00 (0.79–1.28) 0.80 (0.46–1.40) 2.12 (1.23–3.65)3
Vigorous physical activity 1.19 (1.03–1.37)3 1.25 (0.89–1.75) 0.64 (0.44–0.94)2
Body mass index 1.02 (0.76–1.36) 0.91 (0.48–1.72) 1.34 (0.79–2.26)3
Total energy intake 1.04 (0.89–1.21) 0.77 (0.52–1.14) 1.68 (1.20–2.36)2
Calcium intake 0.96 (0.68–1.34) 1.98 (1.04–3.78) 1.91 (1.20–3.03)3
α–linolenic acid 1.12 (0.98–1.29)2 1.18 (0.83–1.69) 1.57 (1.19–2.07)3
Tomato sauce intake 0.75 (0.61–0.92)3 0.64 (0.37–1.10) 0.66 (0.44–1.00)
Family history of CaP 1.77 (1.54–2.04)3 2.43 (1.78–3.32)3 2.27 (1.73–2.97)3
African–American 1.51 (1.06–2.15)3 0.26 (0.04–1.87) 1.75 (0.90–3.41)

1
Multivariable RR based on the high versus low category for each specified item (see Fig. 1 for variables in the model and cutpoints for the categories).

2
p value 0.06 < p ≤0.10, for test for trend.

3
p value ≤ 0.05, for test for trend.
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TABLE II
MULTIVARIABLE RELATIVE RISK (RR) AND 95% CONFIDENCE INTERVAL (CI) FOR HIGH VERSUS LOW
CATEGORY OF THE SPECIFIED VARIABLE IN THE PRE-PSA (1986–1/1992) AND PSA (2/1992–1/2002) ERAS

Factor2 Total Prostate Cancer Advanced Prostate Cancer1

Pre-PSA Era (n = 894) PSA Era (n = 2650) Pre-PSA Era (n = 246) PSA Era (n = 277)

Cigarette smoking (prior 10 y) 1.07 (0.89–1.28) 0.93 (0.82–1.06) 1.17 (0.84–1.64) 1.10 (0.77–1.55)
Height 1.11 (0.78–1.57) 1.03 (0.83–1.29) 1.66 (0.81–3.41)4 2.79 (1.20–6.50)4
Vigorous physical activity 0.95 (0.74–1.22) 1.15 (1.01–1.30)4 0.57 (0.30–1.06) 0.69 (0.43–1.11)
Body mass index 0.94 (0.61–1.47) 1.21 (0.94–1.56) 1.21 (0.55–2.67)4 1.43 (0.70–2.91)
Total energy intake 1.14 (0.88–1.47) 0.95 (0.82–1.09) 1.90 (1.17–3.10)4 1.50 (0.93–2.42)
Calcium intake 1.77 (1.26–2.48)3 1.01 (0.74–1.39) 1.82 (0.97–3.45) 2.08 (1.05–4.10)
α-linolenic acid 1.12 (0.91–1.38) 1.13 (0.99–1.28)3 1.62 (1.09–2.42)4 1.51 (1.03–2.23)4
Tomato sauce intake 0.70 (0.52–0.93)3 0.86 (0.70–1.04)3 0.69 (0.40–1.20) 0.63 (0.34–1.17)
Family history of CaP 2.70 (2.22–3.27)4 1.66 (1.45–1.89)4 3.17 (2.22–4.54)4 1.56 (1.02–2.37)4
African–American 2.00 (1.25–3.22)4 1.31 (0.93–1.85) 2.49 (1.09–5.67)4 1.13 (0.36–3.54)

1
Stringent definition of advanced prostate cancer (e.g., T3b, T4 or N1 or M1).

2
Multivariable RR based on the high versus low category for each specified item (see Fig. 1 for cutpoints for the categories).

3
p value 0.06 < p ≤ 0.10, for test for trend.

4
p value ≤ 0.05, for test for trend.
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