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Abstract

Background: In the era of widespread prostate-specific antigen testing, it is important to focus etiologic research on the out-

come of aggressive prostate cancer, but studies have defined this outcome differently. We aimed to develop an evidence-

based consensus definition of aggressive prostate cancer using clinical features at diagnosis for etiologic epidemiologic re-

search.Methods: Among prostate cancer cases diagnosed in 2007 in the National Cancer Institute’s Surveillance,

Epidemiology, and End Results-18 database with follow-up through 2017, we compared the performance of categorizations of

aggressive prostate cancer in discriminating fatal prostate cancer within 10years of diagnosis, placing the most emphasis on

sensitivity and positive predictive value (PPV). Results: In our case population (n¼55900), 3073 men died of prostate cancer

within 10years. Among 12 definitions that included TNM staging and Gleason score, sensitivities ranged from 0.64 to 0.89 and

PPVs ranged from 0.09 to 0.23. We propose defining aggressive prostate cancer as diagnosis of category T4 or N1 or M1 or

Gleason score of 8 or greater prostate cancer, because this definition had one of the higher PPVs (0.23, 95% confidence interval

¼ 0.22 to 0.24) and reasonable sensitivity (0.66, 95% confidence interval ¼ 0.64 to 0.67) for prostate cancer death within

10years. Results were similar across sensitivity analyses. Conclusions:We recommend that etiologic epidemiologic studies
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of prostate cancer report results for this definition of aggressive prostate cancer. We also recommend that studies separately

report results for advanced category (T4 or N1 or M1), high-grade (Gleason score �8), and fatal prostate cancer. Use of this

comprehensive set of endpoints will facilitate comparison of results from different studies and help elucidate prostate cancer

etiology.

Since the advent of prostate cancer screening with the prostate-

specific antigen (PSA) test, the epidemiology of this malignancy

has changed dramatically. Prostate cancer mortality has de-

clined in several countries (1); in the United States, for example,

mortality declined by 51% between 1993 and 2016 (2).

Concurrently, many countries have also experienced sharp

increases in prostate cancer incidence because of the diagnosis

of asymptomatic disease that had previously gone undetected

(3,4). A large proportion of screen-detected prostate cancers are

now thought to be clinically indolent and overdiagnosed (5,6),

because they are unlikely to progress or cause harm to a man

during his lifetime. However, some prostate cancers have

greater potential to be lethal. This clinical heterogeneity has

posed a persistent challenge to researchers seeking to under-

stand etiologic differences between indolent and aggressive

prostate cancers (7) and to clinicians seeking to optimize treat-

ment benefits and minimize treatment harms (8). Though clini-

cians may use risk stratification tools, nomograms, and

genomic classifiers to identify cases that are likely to be aggres-

sive, these tools are not uniformly available in population-

based studies, and a variety of outcome definitions based on

clinical parameters are typically used instead.

From an etiology and prevention perspective, there is a

strong need to accurately identify aggressive prostate cancers

and study them as a distinct outcome. Risk factors for aggres-

sive prostate cancer, defined based on disease stage, grade, or

long-term outcomes, often differ from risk factors for early-

stage or total prostate cancer (9,10). For example, common can-

cer risk factors such as obesity and cigarette smoking have been

positively associated with fatal prostate cancer but not total

prostate cancer risk (11,12). Risk factors for total prostate cancer

have also differed for cases diagnosed in the pre-PSA era, during

which most prostate cancers were clinically detectable (eg, pal-

pable or symptomatic), and for cases diagnosed in the era since

PSA testing became widespread, during which asymptomatic

prostate cancers have predominated (9). These findings imply

that indolent and aggressive prostate cancers have distinct risk

factor profiles and that separate analyses of indolent and ag-

gressive prostate cancer may be necessary to elucidate prostate

cancer etiology.

Despite this need, there is currently no standardized ap-

proach for defining the outcome of aggressive prostate cancer

for use in etiologic epidemiologic research. Epidemiologic studies

often use various combinations of clinical parameters to define

aggressive prostate cancer, including stage, Gleason score, and

diagnostic PSA value, because these data fields are most com-

monly available in population-based studies. However, the exact

outcome definition varies from study to study, limiting the abil-

ity to compare study results and combine results in meta-

analyses. There have been efforts to pool cohort study data and

harmonize outcomes across studies, but these post hoc efforts

rely on individual studies to have collected the data needed to

consistently define the outcome, and various pooling efforts

have not always used the same outcome definitions (13–16).

The goal of this article is to propose a widely applicable con-

sensus outcome definition for aggressive prostate cancer for

use in etiologic epidemiologic research, developed based on the

hard endpoint of prostate cancer death. By promoting use of a

common, evidence-based definition, we hope to increase com-

parability across studies to improve understanding of prostate

cancer etiology and inform strategies for prevention.

Methods

Study Population

We used data from the National Cancer Institute’s Surveillance,

Epidemiology, and End Results (SEER) program. SEER collects in-

cidence and survival data from population-based cancer regis-

tries from several states and metropolitan regions across the

United States. Information on all deaths occurring in the United

States is obtained annually from the National Center for Health

Statistics; the most recent SEER submission includes deaths

through 2017. Our analytic population comprised men in the

SEER-18 database (17) who were diagnosed with prostate cancer

(primary site C619) in 2007, the most recent year with 10 years

of follow-up in the PSA era to assess long-term outcomes.

Autopsy-only or death certificate–only cases and cases missing

age were excluded. We further excluded cases missing

American Joint Committee on Cancer (AJCC) clinical T category

or primary or secondary Gleason pattern (n¼ 6493 cases ex-

cluded, 10.4% of cases otherwise eligible). Cases missing AJCC N

or M category (ie, Nx or Mx) were assumed to be N0 or M0,

respectively.

Definitions of Aggressive Prostate Cancer

Within our analytic dataset of prostate cancer cases, we exam-

ined the performance of various categorizations of clinical cate-

gory (�T3, T4, N1, and M1) and Gleason score (�3þ 4, �4þ 3,

and �8, corresponding to grade groups �2, �3, and �4, respec-

tively). To develop a definition that is widely applicable for epi-

demiologic research, we focused on clinical factors that are

commonly collected in prospective cohort studies, as deter-

mined via a brief, email-based survey that we sent to cohorts

participating in the NCI Cohort Consortium (Supplementary

Table 1, Supplementary Figure 1, available online) (18). This con-

sortium includes cohorts from 4 continents and is representa-

tive of studies that we encourage to report etiologic results

using our definition. Only approximately one-half of all cohorts

surveyed collected information on diagnostic PSA value, and of

the cohorts with PSA data, many had high proportions of miss-

ingness. As a result, we elected to leave PSA out of the defini-

tions tested in our primary analysis.

The AJCC 6th edition was used for clinical staging.

Pathologic TNM staging was used, when available, in a sensitiv-

ity analysis. In all analyses, Gleason score was recorded as ei-

ther clinical grade or pathologic grade, because separate

variables for clinical and pathologic Gleason patterns were not

available in SEER before 2010.
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Comparison Outcome

In the absence of an established “gold standard” definition for

aggressive prostate cancer, we chose to validate definitions

against the outcome of fatal prostate cancer within 10 years of

diagnosis, an outcome that is clearly clinically relevant. Fatal

prostate cancer was defined as death with prostate cancer listed

as the underlying cause according to the death certificate. The

10-year window for assessing fatal prostate cancer was based in

part on the observation that more than 70% of all prostate can-

cer deaths are captured within 10 years of diagnosis (17,19).

Although the choice of any time window is somewhat arbitrary,

10-year disease risk estimates are familiar to many clinicians,

and we believe 10 years is a reasonable time frame to consider

given that prostate cancer is typically diagnosed late in life.

Statistical Analysis

For each clinical factor and for combinations of clinical factors,

we calculated the sensitivity, specificity, positive predictive

value (PPV), and negative predictive value for fatal prostate can-

cer within 10 years of diagnosis. We also calculated the area un-

der the receiver operating characteristic curve (AUC). We made

an a priori decision to prioritize sensitivity and PPV when select-

ing the final definition, because we wanted a definition that

could both capture a high proportion of all cases with life-

threatening potential (sensitivity) and maximize the likelihood

that cases meeting the definition were truly life-threatening

(PPV). Ultimately, we restricted our selection to definitions with

reasonable sensitivity, which we defined as sensitivity greater

than or equal to 0.60, but prioritized PPV over sensitivity be-

cause we wanted to identify a case group relatively highly

enriched for cases with life-threatening disease. We also carried

out analyses stratified by age at diagnosis (<60, 60-69,

�70years) and by race and ethnicity (non-Hispanic White, non-

Hispanic Black, Hispanic, non-Hispanic Asian or Pacific

Islander) to ensure that definitions performed similarly across

these subpopulations.

We conducted sensitivity analyses to examine the impact of

using pathologic stage, when available, instead of clinical stage,

adding diagnostic PSA values to the definitions (using cutoff

points of >10ng/mL and >20ng/mL), varying the time interval

for assessing fatal prostate cancer, and using multiple imputa-

tion with chained equations to retain cases missing clinical T

category or Gleason score. Analyses were conducted in SAS 9.4,

Stata 15, and R 3.5.1.

Results

Our study population included 55900 men diagnosed with pros-

tate cancer in SEER-18 in 2007. The study population was 72.3%

non-Hispanic White, 13.7% non-Hispanic Black, 7.8% Hispanic,

4.6% non-Hispanic Asian or Pacific Islander, and 1.6% other or

unknown. At diagnosis, 24.6% of cases were younger than

60years, 38.7% were 60-69 years, and 36.7% were older than

70years. Among these cases, 3073 men (5.5%) died from pros-

tate cancer within 10 years of diagnosis (Supplementary Table

2, available online).

Definitions of aggressive prostate cancer based solely on

clinical stage had relatively high PPV (range ¼ 0.37-0.62) but low

sensitivity, ranging from 0.27 (95% confidence interval [CI] ¼

0.25 to 0.28) for M1 disease alone to 0.38 (95% CI ¼ 0.36 to 0.39)

for T3 or greater or N1 or M1 disease (Table 1). In contrast, defi-

nitions based solely on Gleason scores of 3þ4 or greater or 4þ3

Table 1. Performance of the definitions for discriminating fatal prostate cancer within 10years of diagnosis among prostate cancer cases diag-
nosed in 2007 in SEER-18

Definition of aggressive prostate cancer

Cases that meet the definition
Sensitivity

(95% CI)

PPV

(95% CI)No. (%)a No. Fatal within 10 years

Based on clinical stage only

�T3 or N1 or M1 3123 (5.9) 1158 0.38 (0.36 to 0.39) 0.37 (0.35 to 0.39)

T4 or N1 or M1 2127 (3.8) 1013 0.33 (0.31 to 0.35) 0.48 (0.45 to 0.50)

N1 or M1 1937 (3.5) 956 0.31 (0.29 to 0.33) 0.49 (0.47 to 0.52)

M1 1316 (2.4) 821 0.27 (0.25 to 0.28) 0.62 (0.60 to 0.65)

Based on Gleason scoreb only

�3þ 4 29 906 (53.5) 2703 0.88 (0.87 to 0.89) 0.09 (0.09 to 0.09)

�4þ 3 13 984 (25.0) 2228 0.73 (0.71 to 0.74) 0.16 (0.15 to 0.17)

�8 8095 (14.5) 1800 0.59 (0.57 to 0.60) 0.22 (0.21 to 0.23)

Based on combinations of clinical stage and Gleason scoreb

�T3 or N1 or M1 or GS >3þ 4 30 159 (54.0) 2727 0.89 (0.88 to 0.90) 0.09 (0.09 to 0.09)

T4 or N1 or M1 or GS >3þ 4 30 051 (53.8) 2724 0.89 (0.87 to 0.90) 0.09 (0.09 to 0.09)

N1 or M1 or GS >3þ 4 30 027 (53.7) 2722 0.89 (0.87 to 0.90) 0.09 (0.09 to 0.09)

M1 or GS >3þ 4 29 981 (53.6) 2718 0.88 (0.87 to 0.90) 0.09 (0.09 to 0.09)

�T3 or N1 or M1 or GS >4þ 3 14 789 (26.5) 2358 0.77 (0.75 to 0.78) 0.16 (0.15 to 0.17)

T4 or N1 or M1 or GS >4þ 3 14 422 (25.8) 2337 0.76 (0.74 to 0.78) 0.16 (0.16 to 0.17)

N1 or M1 or GS >4þ 3 14 371 (25.7) 2329 0.76 (0.74 to 0.77) 0.16 (0.16 to 0.17)

M1 or GS >4þ 3 14 210 (25.4) 2321 0.76 (0.74 to 0.77) 0.16 (0.16 to 0.17)

�T3 or N1 or M1 or GS >8 9351 (16.7) 2060 0.67 (0.65 to 0.69) 0.22 (0.21 to 0.23)

T4 or N1 or M1 or GS >8 8805 (15.8) 2013 0.66 (0.64 to 0.67) 0.23 (0.22 to 0.24)

N1 or M1 or GS >8 8738 (15.6) 2001 0.65 (0.63 to 0.67) 0.23 (0.22 to 0.24)

M1 or GS >8 8469 (15.2) 1975 0.64 (0.63 to 0.66) 0.23 (0.22 to 0.24)

a

Percent of cases that meet the definition, out of the 55900 cases from SEER-18 included in the analysis. CI ¼ confidence interval; GS ¼ Gleason score; PPV ¼ positive

predictive value.
b

If using the new grade groups (GG) instead of Gleason score, GS 3þ4¼GG 2, GS 4þ3¼GG 3, GS 8¼GG 4.
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or greater had higher sensitivity (0.88, 95% CI ¼ 0.87 to 0.89; and

0.73, 95% CI ¼ 0.71 to 0.74, respectively) but lower PPV (0.09, 95%

CI ¼ 0.09 to 0.09; and 0.16, 95% CI ¼ 0.15 to 0.17, respectively).

The definition based solely on a Gleason score of 8 or higher did

achieve a higher PPV (0.22, 95% CI ¼ 0.21 to 0.23) but at the cost

of reduced sensitivity (0.59, 95% CI ¼ 0.57 to 0.60). Other perfor-

mance measures, including specificity, negative predictive

value, and AUC, are shown in Supplementary Table 3 (available

online).

When we examined definitions of aggressive prostate cancer

based on combinations of clinical stage and Gleason score, sen-

sitivities ranged from 0.64 to 0.89, whereas PPVs ranged from

0.09 to 0.23 (Table 1). Gleason score was the primary determi-

nant of the sensitivity and PPV of each definition. Definitions

including Gleason score of 3 or greaterþ 4 had the highest sensi-

tivity, and definitions including Gleason score greater than or

equal to 8 had lower sensitivities but achieved PPVs of 0.22 or

greater. Of note, including pathologic stage instead of clinical

stage, when available, did not generally alter the sensitivity or

PPV of these definitions (Supplementary Table 4, available on-

line). Adding high diagnostic total PSA as a criterion to the defi-

nitions increased the sensitivity but decreased the PPV

(Supplementary Table 5, available online). As the time interval

for identifying prostate cancer deaths increased from 2 to 10

years, the sensitivity of the definitions decreased while the PPV

of the definitions increased, but the relative rankings of the def-

initions for all performance measures remained the same

(Supplementary Figure 2, available online). In the analysis with

multiple imputation, the sensitivity and PPV of all definitions

improved (Supplementary Table 6, available online).

When choosing a consensus definition, among the defini-

tions with sensitivity greater than or equal to 0.60, we first nar-

rowed our choices to definitions 9-12 (ie, those incorporating

Gleason score �8), because these definitions had the highest

PPVs. These definitions had the added advantage of not needing

to distinguish Gleason 3þ 4 from Gleason 4þ 3 disease, which is

important given that many existing prospective cohort studies

have not collected, and are not collecting, information on pri-

mary and secondary Gleason pattern (Supplementary Table 1,

Supplementary Figure 1, available online). Of these 4 defini-

tions, definition 10 (category T4 or N1 or M1 or Gleason �8) had

one of the highest PPVs (0.23, 95% CI ¼ 0.22 to 0.24) and main-

tained a reasonably high sensitivity (0.66, 95% CI ¼ 0.64 to 0.67)

for discriminating fatal prostate cancer within 10 years of diag-

nosis. Definitions 11 and 12 had similar PPVs (0.23, 95% CI ¼ 0.22

to 0.24 for both) but slightly lower sensitivities (0.65, 95% CI ¼

0.63 to 0.67; and 0.64, 95% CI ¼ 0.63 to 0.66, respectively).

Definition 9 had a higher sensitivity (0.67, 95% CI ¼ 0.65 to 0.69)

at the cost of a lower PPV (0.22, 95% CI ¼ 0.21 to 0.23) but did not

perform as well when pathologic stage was used, when avail-

able, instead of clinical stage (PPV¼ 0.18, 95% CI ¼ 0.17 to 0.19;

Supplementary Table 4, available online). Definition 10 per-

formed similarly across subgroups based on race and ethnicity

(Table 2) and age at diagnosis (Table 3). As a result, we selected

definition 10 (category T4 or N1 or M1 or Gleason �8) as the final

recommended definition for aggressive prostate cancer for etio-

logic epidemiologic research.

Discussion

Based on our analysis within SEER-18, in the setting of etiologic

epidemiologic research, we recommend defining the outcome

of aggressive prostate cancer as cancers that are clinical or

pathologic category T4 or N1 or M1 or Gleason score greater

than or equal to 8 (or if using the new grade group system in-

stead of Gleason score, grade group �4). This definition had a

good balance of sensitivity and PPV for capturing prostate can-

cers that were fatal within 10 years of diagnosis. This definition

also performed similarly across subgroups defined by diagnostic

age and race and ethnicity and uses data fields that are com-

monly collected in cohort studies. We recommend that epide-

miologic studies report results for this definition of prostate

cancer to enrich for aggressive disease and improve comparabil-

ity of study results.

For this analysis, we tested potential definitions against the

outcome of fatal prostate cancer. Fatal prostate cancer can, it-

self, be assessed as an outcome in prospective cohort studies

and may be considered the current gold-standard outcome for

studying prostate cancer that is undoubtedly aggressive. We

recommend that studies continue to publish results for fatal

prostate cancer, when possible. However, there are limitations

to studying fatal prostate cancer in etiologic research that our

definition seeks to overcome. Ascertaining enough fatal pros-

tate cancers to provide sufficient power for a study requires

long-term follow-up, which in some studies may be prohibitive

in terms of time and cost. The outcome of fatal prostate cancer

also does not capture aggressive cancers that are not fatal, po-

tentially because of successful early diagnosis and treatment or

competing causes of death. A strength of our definition is that it

relies solely on disease characteristics measurable at diagnosis,

allowing it to capture prostate cancers with life-threatening po-

tential regardless of whether they ultimately prove fatal. The

study of aggressive prostate cancer can thus complement re-

search of fatal prostate cancer and elucidate the etiology of this

distinct case group.

We also considered incorporating fatal prostate cancer into

our definition (ie, defining aggressive prostate cancer as cate-

gory T4 or N1 or M1 or Gleason score �8 or fatal). Adding in the

fatal prostate cancers would help to reduce false negatives and

capture the 34.5% of prostate cancer deaths that were otherwise

missed by our final recommended definition. However, we ulti-

mately chose against this decision because we wanted our defi-

nition to be standardized, both across population-based studies

and across individuals within a study with differing lengths of

follow-up for mortality. We were also concerned about potential

bias that may arise if both diagnostic criteria and follow-up in-

formation are used to define aggressive prostate cancer at diag-

nosis. If an exposure is associated with overall mortality, for

example, exposed case patients might be more likely to die of

competing causes of death and less likely to die of prostate can-

cer and thus less likely to be retroactively classified as having

aggressive disease at diagnosis, regardless of whether the expo-

sure influences risk of aggressive prostate cancer. We hope that

future work will empirically compare the advantages and disad-

vantages of incorporating postdiagnostic data into definitions

of aggressive prostate cancer. For these reasons, though, we rec-

ommend defining aggressive prostate cancer based on diagnos-

tic criteria only and analyzing fatal prostate cancer as a

separate outcome.

Several approaches exist for identifying potentially aggres-

sive prostate cancers in the clinical setting. Clinicians use risk

stratification tools such as D’Amico risk groups, risk scores, or

nomograms to assess prognosis and guide treatment decisions

for their patients. These tools often incorporate stage, grade,

and PSA values, as well as additional clinical parameters such

as the percentage of biopsy cores that are positive and the per-

centage of cancer within each core, and have been shown to
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perform well in discriminating fatal prostate cancer (AUCs rang-

ing from 0.73 to 0.81) (20). Genomic classifiers and other bio-

markers may also be used in clinical practice to aid risk

stratification (21). For comparing therapies, clinicians have

validated the outcome of metastasis-free survival as a surrogate

endpoint for overall survival for patients with prostate cancer

(22). However, although these tools and endpoints are clinically

useful, they are generally not practical in population-based

Table 2. Performance of the definitions for discriminating fatal prostate cancer within 10years of diagnosis by race and
ethnicity amongprostate cancer casesdiagnosed in 2007 inSEER-18a

Definition

Cases thatmeet thedefinition

Sensitivity (95%CI) PPV (95%CI)No. (%) No. Fatal

Non-HispanicWhite (40 424 cases, 2150deaths)

�T3orN1orM1orGS>3þ 4 21 497 (53.2) 1913 0.89 (0.88 to 0.90) 0.09 (0.09 to 0.09)

T4 orN1orM1orGS>3þ 4 21 426 (53.0) 1910 0.89 (0.87 to 0.90) 0.09 (0.09 to 0.09)

N1orM1orGS>3þ 4 21 414 (53.0) 1909 0.89 (0.87 to 0.90) 0.09 (0.09 to 0.09)

M1orGS>3þ 4 21 383 (52.9) 1907 0.89 (0.87 to 0.90) 0.09 (0.09 to 0.09)

�T3orN1orM1orGS>4þ 3 10 406 (25.7) 1646 0.77 (0.75 to 0.78) 0.16 (0.15 to 0.17)

T4 orN1orM1orGS>4þ 3 10 152 (25.1) 1630 0.76 (0.74 to 0.78) 0.16 (0.15 to 0.17)

N1orM1orGS>4þ 3 10 123 (25.0) 1624 0.76 (0.74 to 0.77) 0.16 (0.15 to 0.17)

M1orGS>4þ 3 10 019 (24.8) 1618 0.75 (0.73 to 0.77) 0.16 (0.15 to 0.17)

�T3orN1orM1orGS>8 6507 (16.1) 1426 0.66 (0.64 to 0.68) 0.22 (0.21 to 0.23)

T4 orN1orM1orGS>8 6121 (15.1) 1393 0.65 (0.63 to 0.67) 0.23 (0.22 to 0.24)

N1orM1orGS>8 6081 (15.0) 1385 0.64 (0.62 to 0.66) 0.23 (0.22 to 0.24)

M1orGS>8 5893 (14.6) 1364 0.63 (0.61 to 0.65) 0.23 (0.22 to 0.24)

Non-Hispanic Black (7672 cases, 492deaths)

�T3orN1orM1orGS>3þ 4 4423 (57.7) 439 0.89 (0.86 to 0.92) 0.10 (0.09 to 0.11)

T4 orN1orM1orGS>3þ 4 4407 (57.4) 439 0.89 (0.86 to 0.92) 0.10 (0.09 to 0.11)

N1orM1orGS>3þ 4 4400 (57.4) 438 0.89 (0.86 to 0.92) 0.10 (0.09 to 0.11)

M1orGS>3þ 4 4394 (57.3) 436 0.89 (0.85 to 0.91) 0.10 (0.09 to 0.11)

�T3orN1orM1orGS>4þ 3 2153 (28.1) 382 0.78 (0.74 to 0.81) 0.18 (0.16 to 0.19)

T4 orN1orM1orGS>4þ 3 2094 (27.3) 380 0.77 (0.73 to 0.81) 0.18 (0.17 to 0.20)

N1orM1orGS>4þ 3 2081 (27.1) 378 0.77 (0.73 to 0.80) 0.18 (0.17 to 0.20)

M1orGS>4þ 3 2058 (26.8) 376 0.76 (0.72 to 0.80) 0.18 (0.17 to 0.20)

�T3orN1orM1orGS>8 1368 (17.8) 339 0.69 (0.65 to 0.73) 0.25 (0.23 to 0.27)

T4 orN1orM1orGS>8 1288 (16.8) 331 0.67 (0.63 to 0.71) 0.26 (0.23 to 0.28)

N1orM1orGS>8 1274 (16.6) 328 0.67 (0.62 to 0.71) 0.26 (0.23 to 0.28)

M1orGS>8 1242 (16.2) 325 0.66 (0.62 to 0.70) 0.26 (0.24 to 0.29)

Hispanic (4350 cases, 282deaths)

1,�T3orN1orM1orGS>3þ 4 2289 (52.6) 243 0.86 (0.82 to 0.90) 0.11 (0.09 to 0.12)

T4 orN1orM1orGS>3þ 4 2277 (52.3) 243 0.86 (0.82 to 0.90) 0.11 (0.09 to 0.12)

N1orM1orGS>3þ 4 2274 (52.3) 243 0.86 (0.82 to 0.90) 0.11 (0.09 to 0.12)

M1orGS>3þ 4 2268 (52.1) 243 0.86 (0.82 to 0.90) 0.11 (0.09 to 0.12)

�T3orN1orM1orGS>4þ 3 1216 (28.0) 212 0.75 (0.70 to 0.80) 0.17 (0.15 to 0.20)

T4 orN1orM1orGS>4þ 3 1183 (27.2) 211 0.75 (0.69 to 0.80) 0.18 (0.16 to 0.20)

N1orM1orGS>4þ 3 1177 (27.1) 211 0.75 (0.69 to 0.80) 0.18 (0.16 to 0.20)

M1orGS>4þ 3 1152 (26.5) 211 0.75 (0.69 to 0.80) 0.18 (0.16 to 0.21)

�T3orN1orM1orGS>8 815 (18.7) 188 0.67 (0.61 to 0.72) 0.23 (0.20 to 0.26)

T4 orN1orM1orGS>8 767 (17.6) 185 0.66 (0.60 to 0.71) 0.24 (0.21 to 0.27)

N1orM1orGS>8 758 (17.4) 184 0.65 (0.59 to 0.71) 0.24 (0.21 to 0.27)

M1orGS>8 722 (16.6) 182 0.65 (0.59 to 0.70) 0.25 (0.22 to 0.29)

Non-HispanicAsian or Pacific Islander (2575 cases, 134 deaths)

�T3orN1orM1orGS>3þ 4 1537 (59.7) 118 0.88 (0.81 to 0.93) 0.08 (0.06 to 0.09)

T4 orN1orM1orGS>3þ 4 1529 (59.4) 118 0.88 (0.81 to 0.93) 0.08 (0.06 to 0.09)

N1orM1orGS>3þ 4 1527 (59.3) 118 0.88 (0.81 to 0.93) 0.08 (0.06 to 0.09)

M1orGS>3þ 4 1524 (59.2) 118 0.88 (0.81 to 0.93) 0.08 (0.06 to 0.09)

�T3orN1orM1orGS>4þ 3 849 (33.0) 109 0.81 (0.74 to 0.88) 0.13 (0.11 to 0.15)

T4 orN1orM1orGS>4þ 3 829 (32.2) 107 0.80 (0.72 to 0.86) 0.13 (0.11 to 0.15)

N1orM1orGS>4þ 3 827 (32.1) 107 0.80 (0.72 to 0.86) 0.13 (0.11 to 0.15)

M1orGS>4þ 3 819 (31.8) 107 0.80 (0.72 to 0.86) 0.13 (0.11 to 0.16)

�T3orN1orM1orGS>8 574 (22.3) 101 0.75 (0.67 to 0.82) 0.18 (0.15 to 0.21)

T4 orN1orM1orGS>8 545 (21.2) 98 0.73 (0.65 to 0.80) 0.18 (0.15 to 0.21)

N1orM1orGS>8 542 (21.0) 98 0.73 (0.65 to 0.80) 0.18 (0.15 to 0.22)

M1orGS>8 531 (20.6) 98 0.73 (0.65 to 0.80) 0.18 (0.15 to 0.22)

aCI¼ confidence interval; GS¼Gleason score; PPV¼positivepredictive value.
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research because the necessary data inputs are not collected

consistently within or across population-based studies. Our pro-

posed outcome definition, intended for use in population-based

etiologic research and not clinical practice, uses clinical data

fields that are commonly ascertained and, as a result, should be

widely applicable to both long-standing and new epidemiologi-

cal studies.

The definition we are proposing is based on a methodical

analysis of US SEER data from a year in which PSA testing to

screen for prostate cancer was common. Factors that vary geo-

graphically and temporally, such as the background rate of PSA

testing and the availability and guidelines for cancer treatment,

may influence the performance of each definition for discrimi-

nating fatal prostate cancer within a 10-year window. Whether

our definition performs similarly in regions of the world with-

out widespread PSA testing and with different treatment

regimens will need to be examined. Our definition may also per-

form differently for cases diagnosed before changes to the

Gleason grading system in 2005, though the relative rankings of

the definitions should remain the same.

We acknowledge that the preferred outcome for a study may

depend on the specific question of interest as well as the study

population. For example, some studies may want to focus on

more moderately aggressive prostate cancers, in which case

category T3 or Gleason score 7 cancers may also be grouped as

aggressive. Other studies may be interested in risk factors spe-

cifically for advanced-stage or high-grade prostate cancer,

which may represent etiologically distinct facets of aggressive

disease (9). To facilitate meta-analyses of these outcomes as

well and to test for etiologic heterogeneity in prostate cancer

case groups defined by these clinical features, we recommend

that studies additionally report separate results for advanced-

Table 3. Performance of the definitions for discriminating fatal prostate cancer within 10 years of diagnosis, by age at diagnosis, among pros-
tate cancer cases diagnosed in 2007 in SEER-18a

Definition

Cases that meet definition

Sensitivity (95% CI) PPV (95% CI)No. (%) No. Fatal

<60 y (13 749 cases, 491 deaths)

�T3 or N1 or M1 or GS >3 þ 4 6770 (49.2) 457 0.93 (0.9 to 0.95) 0.07 (0.07 to 0.07)

T4 or N1 or M1 or GS >3 þ 4 6743 (49.0) 457 0.93 (0.9 to 0.95) 0.07 (0.06 to 0.07)

N1 or M1 or GS >3 þ 4 6737 (49.0) 456 0.93 (0.9 to 0.95) 0.07 (0.06 to 0.07)

M1 or GS >3 þ 4 6716 (48.8) 453 0.92 (0.9 to 0.94) 0.07 (0.06 to 0.07)

�T3 or N1 or M1 or GS >4 þ 3 2565 (18.7) 416 0.85 (0.81 to 0.88) 0.16 (0.15 to 0.18)

T4 or N1 or M1 or GS >4 þ 3 2470 (18.0) 412 0.84 (0.8 to 0.87) 0.17 (0.15 to 0.18)

N1 or M1 or GS >4 þ 3 2458 (17.9) 411 0.84 (0.8 to 0.87) 0.17 (0.15 to 0.18)

M1 or GS >4 þ 3 2392 (17.4) 408 0.83 (0.79 to 0.86) 0.17 (0.16 to 0.19)

�T3 or N1 or M1 or GS >8 1543 (11.2) 380 0.77 (0.73 to 0.81) 0.25 (0.22 to 0.27)

T4 or N1 or M1 or GS >8 1405 (10.2) 370 0.75 (0.71 to 0.79) 0.26 (0.24 to 0.29)

N1 or M1 or GS >8 1388 (10.1) 367 0.75 (0.71 to 0.79) 0.26 (0.24 to 0.29)

M1 or GS >8 1289 (9.4) 361 0.74 (0.69 to 0.77) 0.28 (0.26 to 0.31)

60–69 y (21 646 cases, 866 deaths)

�T3 or N1 or M1 or GS >3 þ 4 11 313 (52.3) 757 0.87 (0.85 to 0.9) 0.07 (0.06 to 0.07)

T4 or N1 or M1 or GS >3 þ 4 11 263 (52.0) 756 0.87 (0.85 to 0.89) 0.07 (0.06 to 0.07)

N1 or M1 or GS >3 þ 4 11 255 (52.0) 755 0.87 (0.85 to 0.89) 0.07 (0.06 to 0.07)

M1 or GS >3 þ 4 11 237 (51.9) 754 0.87 (0.85 to 0.89) 0.07 (0.06 to 0.07)

�T3 or N1 or M1 or GS >4 þ 3 5097 (23.5) 653 0.75 (0.72 to 0.78) 0.13 (0.12 to 0.14)

T4 or N1 or M1 or GS >4 þ 3 4924 (22.7) 642 0.74 (0.71 to 0.77) 0.13 (0.12 to 0.14)

N1 or M1 or GS >4 þ 3 4907 (22.7) 640 0.74 (0.71 to 0.77) 0.13 (0.12 to 0.14)

M1 or GS >4 þ 3 4841 (22.4) 636 0.73 (0.7 to 0.76) 0.13 (0.12 to 0.14)

�T3 or N1 or M1 or GS >8 3060 (14.1) 572 0.66 (0.63 to 0.69) 0.19 (0.17 to 0.2)

T4 or N1 or M1 or GS >8 2806 (13.0) 549 0.63 (0.6 to 0.67) 0.20 (0.18 to 0.21)

N1 or M1 or GS >8 2783 (12.9) 546 0.63 (0.6 to 0.66) 0.20 (0.18 to 0.21)

M1 or GS >8 2661 (12.3) 532 0.61 (0.58 to 0.65) 0.20 (0.18 to 0.22)

�70 y (20 505 cases, 1716 deaths)

�T3 or N1 or M1 or GS >3 þ 4 12 076 (58.9) 1513 0.88 (0.87 to 0.9) 0.13 (0.12 to 0.13)

T4 or N1 or M1 or GS >3 þ 4 12 045 (58.7) 1511 0.88 (0.86 to 0.9) 0.13 (0.12 to 0.13)

N1 or M1 or GS >3 þ 4 12 035 (58.7) 1511 0.88 (0.86 to 0.9) 0.13 (0.12 to 0.13)

M1 or GS >3 þ 4 12 028 (58.7) 1511 0.88 (0.86 to 0.9) 0.13 (0.12 to 0.13)

�T3 or N1 or M1 or GS >4 þ 3 7127 (34.8) 1289 0.75 (0.73 to 0.77) 0.18 (0.17 to 0.19)

T4 or N1 or M1 or GS >4 þ 3 7028 (34.3) 1283 0.75 (0.73 to 0.77) 0.18 (0.17 to 0.19)

N1 or M1 or GS >4 þ 3 7006 (34.2) 1278 0.74 (0.72 to 0.77) 0.18 (0.17 to 0.19)

M1 or GS >4 þ 3 6977 (34.0) 1277 0.74 (0.72 to 0.76) 0.18 (0.17 to 0.19)

�T3 or N1 or M1 or GS >8 4748 (23.2) 1108 0.65 (0.62 to 0.67) 0.23 (0.22 to 0.25)

T4 or N1 or M1 or GS >8 4594 (22.4) 1094 0.64 (0.61 to 0.66) 0.24 (0.23 to 0.25)

N1 or M1 or GS >8 4567 (22.3) 1088 0.63 (0.61 to 0.66) 0.24 (0.23 to 0.25)

M1 or GS >8 4519 (22.0) 1082 0.63 (0.61 to 0.65) 0.24 (0.23 to 0.25)

aCI ¼ confidence interval; GS ¼ Gleason score; PPV ¼ positive predictive value.
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stage prostate cancer (category T4 or N1 or M1) and high-grade

prostate cancer (Gleason score �8 or grade group �4). Existing

and future cohorts should strive to collect complete data on

prostate cancer stage and grade, as well as on primary and sec-

ondary Gleason pattern and diagnostic PSA value, to enable eti-

ologic studies to tease apart risk factor associations by these

clinical features and allow future proposed definitions that

build on this work to have greater flexibility. In studies where

complete data are unavailable, multiple imputation can be used

to impute missing stage and grade and retain all cases in analy-

ses; as in our SEER analysis (Supplementary Table 6, available

online), when cases with missing data are more likely to have

aggressive disease features, retaining these cases improves the

performance of definitions of aggressive disease and can in-

crease study power and precision in estimation.

We also recognize the limitations of our analytic approach.

Though we benchmarked our definitions against the outcome

of fatal prostate cancer within 10 years of diagnosis, this out-

come may be considered an imperfect gold standard for aggres-

sive prostate cancer. Some prostate cancer cases undoubtedly

died from prostate cancer beyond the 10-year window, whereas

others with disease aggressive enough to have caused death

from prostate cancer within 10 years died instead from compet-

ing causes of death. In our analysis, 30.9% of cases meeting the

recommended definition for aggressive prostate cancer died of

other causes within 10years of diagnosis; though these cases

were considered false positives for fatal prostate cancer, they

still may have had aggressive disease. Our selection criteria for

choosing the final definition was, by nature, subjective, but we

used a data-driven approach to inform our selection and sought

to reach a consensus among a globally representative group of

prostate cancer epidemiologists. In this study, we used perfor-

mance metrics—specifically sensitivity and PPV—to assess,

compare, and prioritize definitions within a population of men

with prostate cancer to enrich for aggressive disease. We did

not examine performance of the definitions, bias in estimation

of effect, or optimal sample size with respect to etiologic studies

conducted in populations of men at risk for prostate cancer,

which are related but perhaps unattainable goals given the

many assumptions and scenarios that would need to be

considered.

We nonetheless recommend that all etiologic epidemiologic

studies of prostate cancer report results for the outcome of ag-

gressive prostate cancer defined as T4 or N1 or M1 or Gleason

score greater than or equal to 8 (or grade group �4). To enable

meta-analyses of other prostate cancer endpoints, we also rec-

ommend that etiologic epidemiologic studies report results for

advanced stage prostate cancer (T4 or N1 or M1), high-grade

prostate cancer (Gleason score �8 or grade group �4), and fatal

prostate cancer. Even if not the primary study outcomes, results

for these endpoints can be published as supplementary mate-

rial to improve comparability and facilitate future meta-

analyses. Ultimately, we hope that reporting associations for a

common set of endpoints will provide standardization across

the field, thereby accelerating advances in prostate cancer etiol-

ogy and prevention.
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