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Abstract
Background—Making an informed decision about treating a prostate cancer detected following
a routine prostate-specific antigen (PSA) test requires knowledge about disease natural history,
such as the chances that it would have been clinically diagnosed in the absence of screening and
that it would metastasize or lead to death in the absence of treatment.

Methods—We use three independently developed models of prostate cancer natural history to
project risks of clinical progression events and disease-specific deaths for PSA-detected cases
assuming they receive no primary treatment.

Results—The three models project that 20–33% of men have preclinical onset; of these 38–50%
would be clinically diagnosed and 12–25% would die of the disease in the absence of screening
and primary treatment. The risk that men under age 60 at PSA detection with Gleason score 2–7
would have been clinically diagnosed in the absence of screening is 67–93% and would die of the
disease in the absence of primary treatment is 23–34%. For Gleason score 8–10 these risks are 90–
96% and 63–83%.

Conclusions—Risks of disease progression among untreated PSA-detected cases can be
nontrivial, particularly for younger men and men with high Gleason scores. Model projections can
be useful for informing decisions about treatment.

Impact—This is the first study to project population-based natural history summaries in the
absence of screening or primary treatment and risks of clinical progression events following PSA
detection in the absence of primary treatment.
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1. Introduction
Choosing the optimal management strategy for a newly diagnosed localized prostate cancer
is based, at least in part, upon our understanding of the natural history of the disease in the
absence of any aggressive treatment intervention. Useful information about disease natural
history for men clinically diagnosed and initially untreated before the widespread adoption
of the prostate-specific antigen (PSA) test is available from population-based cohort studies
(1,2), yet relatively little information is available for men diagnosed following a routine PSA
test (3). While the prognosis for screen-detected tumors appears to be better than that for
clinically diagnosed tumors (4), predicting the natural history of a specific PSA-detected
tumor is complicated by overdiagnosis and by the lead time associated with the test.

A large proportion of PSA-detected cancers are overdiagnosed, i.e., they would never have
progressed to a symptomatic state or been clinically diagnosed in the absence of the test. By
definition, an overdiagnosed tumor has an entirely different prognosis than a non-
overdiagnosed one. The clinical challenge is to determine whether a given case is
overdiagnosed at the time of diagnosis. Further complicating the situation, even if we are
able to identify a non-overdiagnosed cancer, prognosis depends critically on the lead time,
which is the time by which diagnosis is advanced by screening. Lead times can be highly
variable across patients primarily due to heterogeneity of the disease.

Unfortunately, there is no sure way to assess whether a tumor is overdiagnosed or to predict
its lead time in clinical practice. Consequently, once a cancer has been detected by
screening, it is typically treated, altering its natural history. We can then no longer observe
whether or when it would have progressed in the absence of treatment. This data limitation
has spawned the development of model-based approaches for inferring lead time,
overdiagnosis, and future survival from observed data on disease-specific incidence and
deaths. For example, Nicholson and Harland (5) and Parker et al. (6) projected prostate
cancer survival for PSA-detected cases using epidemiologic models based on published
incidence and survival data. While these studies provided important insights about
prognosis, they relied on simplifying assumptions about the populations under study,
screening practices, and/or lead time distributions.

An alternative modeling approach is provided by Etzioni et al. (7), Draisma et al. (8), and
Tsodikov et al. (9), who developed more biological models of prostate cancer natural
history. These models consist of a series of transitions between a healthy state and the
clinico-pathologic stages of disease. While these transitions are generally unobservable, the
models quantitatively link the respective transition probabilities with resulting observable
rates of stage- and grade-specific disease incidence. Calibration of the models to observed
disease incidence data allows for estimation of these transition probabilities. Superimposing
screening on the calibrated models allows for projection of overdiagnosis frequencies,
probabilities of disease progression, and lead time distributions.

With the goals of making transparent all assumptions underlying these more complicated
models, strengthening the robustness of modeling methods, and coordinating common input
datasets, these three groups joined together to form the prostate working group of the Cancer
Intervention and Surveillance Modeling Network (CISNET). In addition to facilitating
deeper insights about disease natural history, the comparative modeling approach provides a
degree of robustness to model specification since each modeling group makes different
assumptions about the mechanisms of disease progression.

The CISNET prostate working group previously collaborated to quantify the contribution of
screening to the population declines in prostate cancer mortality (10) and to reconcile
differing estimates of overdiagnosis rates and mean lead times (11). In this paper, we briefly
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review these models and use them to examine lifetime risks of, mean ages at, and mean
years between key disease progression events in the absence of screening and primary
treatment. We then project risks of clinical progression events for PSA-detected localized
prostate cases who do not receive curative treatment. In addition, we project 20-year prostate
cancer and non-prostate cancer survival by age and Gleason score for these cases. Few
studies have published detailed information about prostate cancer natural history in the PSA
era absent screening and primary treatment. And, to our knowledge, no study has
systematically projected population-based risks of clinical progression outcomes following
PSA detection or uncertainty in associated survival were the disease to be left untreated.

2. Materials and Methods
To facilitate comparison, each natural history model was calibrated to the same incidence
data: men aged 50–84 in years 1975–2000 in the core 9 registries of the National Cancer
Institute’s Surveillance, Epidemiology, and End Results (SEER) program (12). Missing
stage and grade information was imputed assuming that it was missing completely at
random. To address the upward drift in Gleason scoring of well to moderately differentiated
disease during these years (13), final projections were reported using Gleason score
categories 2–7 and 8–10. To disentangle incidence of clinical and screen diagnoses, each
model relied on a common retrospective reconstruction of PSA screening patterns in the US
population (14). Also, each model used US life tables to generate non-prostate cancer
survival and a common Poisson regression model for prostate cancer survival (adapted from
2) fit to data from men clinically diagnosed in 1983–1986, just prior to the widespread
dissemination of PSA screening. Each model guarantees individual survival during his lead
time, and actual dates and causes of death are assigned based on the earlier of disease-
specific and other-cause survival times. By explicitly standardizing these common elements,
differences across models are due entirely to differences in the conceptual mechanisms used
to represent the development and progression of the disease.

Table 1 presents an at-a-glance comparison of the high-level natural history model features
and implementation details of PSA screening and biopsy practices. In all models, the
development of a new prostate cancer represents preclinical onset, i.e., the first point at
which a properly directed needle biopsy would detect the cancer. And in all models the risk
of onset depends on age. Given onset, the three models represent disease progression using
different numbers of states and different assumptions about how disease can progress. In all
models disease can progress from an organ-confined early stage to a distant metastatic stage.
In all models disease can be clinically diagnosed, i.e., diagnosed in the absence of PSA
screening. Clinical diagnosis could result from a digital rectal exam or from clinical
manifestations of advanced disease, such as obstructive voiding symptoms. In the presence
of PSA screening, disease can also be detected following a routine PSA test. At any screen
event, the MISCAN and UMICH models estimate the probability of a positive biopsy given
disease, while the FHCRC model decomposes this probability into three factors:

and combines external data for the first two factors with results from modeled PSA levels
for the third factor.
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The three natural history models are briefly reviewed below. Detailed descriptions of
individual models and a joint report comparing the models are available on the CISNET
website (15).

2.1. FHCRC
The FHCRC model assumes that a man’s PSA level (on a logarithmic scale) rises linearly
with age and that it rises faster (i.e., it has a higher slope) beginning at onset of a biopsy-
detectable preclinical tumor. In addition, disease grade is fixed at onset and post-onset PSA
rises faster for Gleason score 8–10 than for Gleason score 2–7. The risk of disease onset is
formalized as a hazard function that is proportional to age, while risks of transitioning from
localized to metastatic states and from latent to symptomatic states are given by hazard
functions that are proportional to the current PSA level (16–19). This dependence of disease
progression on PSA levels implies that individuals with faster PSA growth will tend to have
shorter intervals until the disease spreads beyond the prostate or becomes clinically
diagnosed.

Grade-specific PSA slopes and variances in the FHCRC model were estimated using data
from the control arm of the Prostate Cancer Prevention Trial, which conducted annual
screening of 18,882 men for up to 7 years (20). PSA growth parameters were estimated by
fitting random effects models to screened cases who had at least four tests. Given the
estimated PSA growth parameters, we then estimated the disease transition hazards. To do
this, we simulated natural histories and population disease trends under screening and
identified the transition hazards that produced modeled disease incidence trends that best
matched observed incidence trends by age, year, stage, and grade. Men with PSA levels of
4.0 ng/mL or greater at screening were assumed to receive a prostate biopsy based on age-
and PSA-specific biopsy compliance rates observed in the Prostate, Lung, Colon, and
Ovarian (PLCO) cancer screening trial, a randomized clinical trial involving PSA screening
for 38,350 men (21). Biopsy sensitivity to detect occult tumors was allowed to improve over
calendar years to reflect the dissemination of more extensive biopsy schemes in the late
1990s (18,19). Given individual PSA trajectories, screening schedules, and biopsy
compliance and sensitivity rates in the population, the hazard rate parameters were estimated
using a simulated maximum likelihood algorithm to match model-projected incidence with
SEER incidence.

Given the estimated PSA growth and hazards for disease transitions, the FHCRC model
simulates complete disease histories for a population of individuals in the absence of
screening and primary treatment. Natural history summaries of interest are then estimated
empirically from this population. To project risks of clinical progression events for screen-
detected cases, the model simulates another population of disease histories in the presence of
screening but in the absence of curative treatment.

2.2. MISCAN
The MISCAN prostate cancer model also simulates individual life histories. The
development of cancer in individuals is modeled as a sequence of tumor states, where
prostate cancer develops from no prostate cancer through one or more screen-detectable
preclinical states to a clinically diagnosed cancer. In each localized preclinical state, a tumor
may grow to the next clinical T-stage (T1, impalpable; T2, palpable, confined to the
prostate; and T3+, palpable, with extensions beyond the prostatic capsule), de-differentiate
to a higher SEER histologic grade (well differentiated, Gleason score 2–6; moderately
differentiated, Gleason score 7; and poorly differentiated, Gleason score 8–10), or give rise
to symptoms and become clinically diagnosed. For these transitions, the time spent in the
current state is generated from a Weibull distribution, where the parameters depend on the
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current state, and the choice of the next state is determined by transition probabilities.
Additionally, there is a risk that a tumor in a SEER local-regional stage will develop into
SEER distant stage disease. The transition to distant stage is modeled with a T-stage- and
grade-specific hazard function. Consequently, the model includes 18 detectable preclinical
states in the natural history that are derived from combinations of clinical T-stages, SEER
histologic grades, and metastatic stages. The parameters for the natural history model were
estimated using data from the Rotterdam section of the European Randomized study of
Screening for Prostate Cancer (8,22).

The MISCAN model represents the PSA test and subsequent biopsy as a single test with
stage-specific sensitivities estimated from observed incidence data. For calibration to the US
situation, we re-estimated these sensitivity parameters and estimated an additional stage-
specific risk of clinical diagnosis to capture different pre-PSA disease diagnosis patterns in
the US as compared with Europe. US-specific estimates for the parameters were obtained by
calibrating the model to the observed age-specific incidence and age-specific SEER stage
distribution (i.e., local-regional versus distant stage) using maximum likelihood (23).

As in the FHCRC model, natural history summary measures in the absence of screening and/
or primary treatment are calculated empirically from simulated life histories in the absence
of these interventions. And as in the FHCRC model, a new population of life histories is
generated in the presence of screening to project risks of clinical progression events for
PSA-detected cancers in the absence of primary treatment.

2.3. UMICH
The UMICH model of disease natural history consists of a sequence of analytical models
rather than computer simulation algorithms. These models quantify the likelihood of
observed disease incidence trends while averaging over distributions of unobserved factors
influencing these trends.

The first component models disease incidence by age and calendar year. Disease incidence
depends on time of disease onset, the time from onset to clinical diagnosis in the absence of
screening (sojourn time), screening schedules, and test sensitivity. The model assumes
distributions for the age at onset and the sojourn time with unknown parameters to be fit
using population incidence data. As in the MISCAN model, test sensitivity reflects both the
diagnostic properties of the test itself and the frequency and sensitivity of any subsequent
biopsy. Sensitivity is modeled as increasing with time from disease onset. Screening
schedules are random but are based on the reconstructed distribution of PSA screening
patterns in the population (14). The unknown parameters are estimated by averaging over
these distributions and calibrating the resulting marginal incidence against observed
incidence (9).

The second component explicitly models disease grade (Gleason score 2–7 and Gleason
score 8–10) and stage (SEER local-regional and distant) at diagnosis. These clinical
characteristics depend on disease natural history through the time from disease onset to
detection (delay time) and the mode of detection (screen or clinical). Given the distribution
of age at diagnosis and calendar year of diagnosis output from the marginal incidence
model, a Bayesian argument is used to derive a distribution for the delay time and the mode
of diagnosis. The model for stage and grade at diagnosis is a multinomial logistic model,
where delay time and mode of diagnosis are covariates (24). Putting this model together
with the marginal incidence model produces a model for age-, stage-, and grade-specific
incidence; calibrating this model to observed incidence allows for estimation of the
parameters of the model for stage and grade at diagnosis.
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An extension of the second component allows stage progression from screen detection to
future (counterfactual) clinical detection. First, the fitted age-, stage-, and grade-specific
model is run assuming zero test sensitivity to produce counterfactual “data” on the likely
age-, stage-, and grade-specific incidence of disease in the absence of screening. Next, these
“data” are used to estimate five unknown parameters representing allowable transition
probabilities between stages and grades. Thus, under nonzero test sensitivity, the model is a
joint model of age, stage, and grade at two points of diagnosis (real screen and
counterfactual clinical). Model components are fit by maximum likelihood.

Given the estimated model components, we rely on analytic derivations to directly project
probabilities of natural history summaries in the absence of screening and treatment. To
project risks of clinical progression events for PSA-detected cases, we generate lead times
from the fitted lead time distribution, assign stage and grade at clinical diagnosis conditional
on lead time and age, stage, and grade at PSA detection, then generate prostate cancer
survival from the common Poisson regression based on cases diagnosed in the pre-PSA era.

2.4. Model projections
We first use the three models to estimate lifetime risks of, mean ages at, and mean years
between important prostate cancer natural history events in the absence of screening and
primary treatment as follows.

Lifetime risks are calculated as proportions of individuals in the model populations
with preclinical onset, clinical diagnosis, metastasis before clinical diagnosis, or
prostate cancer death prior to non-prostate cancer death. To calculate risks
conditional on onset, we restrict to individuals with onset in their lifetimes and
calculate the proportion of these individuals that had the event in their lifetimes.

Mean ages at onset, clinical diagnosis, metastasis before clinical diagnosis, and
prostate cancer death are projected in the presence of non-prostate cancer death.
We average ages at each event among individuals that survive to the event in our
model populations.

Mean years from onset to clinical diagnosis, to clinical diagnosis of metastatic
disease, and to prostate cancer death are obtained by averaging time from onset to
each endpoint among individuals in the model populations that reached that
endpoint in their lifetimes. For example, we calculate mean years from onset to
clinical diagnosis by summing these durations among men clinically diagnosed in
their lifetimes and divide this total by the number of such men.

For reference, we also provide summary measures for PSA or clinical diagnosis in the
presence of observed PSA screening patterns (14).

Next we project risks of clinical progression events for men who are PSA-detected in SEER
local-regional stage in the model populations in the year 2000 (the most recent year to which
the models are calibrated). Among these men, we estimate the proportion who would have
gone on to be clinically diagnosed in the absence of screening. Note that by definition this
proportion is one minus the fraction overdiagnosed. We also estimate the proportion who
would have progressed to a metastatic stage prior to clinical diagnosis in the absence of
screening and to prostate cancer death in the absence of any immediate or delayed primary
treatment. Projections are tabulated by age and grade at PSA detection for all models and by
age, grade, and PSA for the FHCRC model. At present, projections by PSA are only
available from this model since it explicitly connects PSA growth and disease progression.

Finally, to provide a more complete picture of the risk of prostate cancer mortality if a PSA-
detected tumor is left untreated, we project 20-year prostate cancer and non-prostate cancer
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survival by age and grade at PSA detection. The results reflect prostate cancer survival in
the presence of other causes as in Nicholson and Harland (5), Albertsen et al. (2), and Parker
et al. (6).

3. Results
Figure 1 presents SEER observed and model-projected age-adjusted incidence per 100,000
men aged 50–84. Only the UMICH model captures the increasing trend in the pre-PSA
years, and all models project a more sudden rise coincident with early PSA screening than
was observed in SEER. Nonetheless, all models reproduce the scale of incidence in the pre-
PSA period, the peak following the introduction of PSA screening in the late 1980s, and the
re-stabilization at a higher level in the late 1990s.

Table 2 presents natural history measures in the absence of screening or primary treatments
projected by the three models. In general, the models are broadly consistent in the picture
they present of prostate cancer natural history. The disease is widespread, progressing to a
biopsy-detectable tumor in 20–33% of men. In the absence of early detection or primary
treatments, 38–50% of these tumors go on to be clinically diagnosed, 5–9% metastasize by
the time of clinical diagnosis, and 12–25% die of the disease. The preclinical period
averages 7–14 years, permitting PSA testing to detect the disease often well in advance of
clinical diagnosis (on average 4–9 years for men PSA detected in the year 2000 as shown in
the last row of Table 2).

Table 3 presents risks of clinical progression events for PSA-detected cases who receive no
primary treatment projected by the three models by age and grade. All results are based on
modeled cases screen-detected in SEER local-regional stage in the year 2000. Note that
projected risks of all clinical progression events decrease with age; this is to be expected
since older men are more likely to die of other causes before the clinical progression event
can occur. Also, projected risks tend to be higher when disease is more aggressive, indicated
by higher disease grade. In general, even for Gleason score 2–7, all models estimate that at
least two thirds of men under age 60 at PSA diagnosis would have gone on to be clinically
diagnosed in the absence of screening. The risk that an untreated PSA-detected tumor would
have metastasized before clinical diagnosis is 5–23% for men under 60 with Gleason score
2–7 and 22–35% for counterparts with Gleason score 8–10. The risk that an untreated PSA-
detected tumor would lead to death in the absence of any primary treatment is 23–34% for
men under 60 with Gleason score 2–7 and 63–83% for counterparts with Gleason score 8–
10.

Table 4 presents corresponding risks by age, grade, and PSA projected by the FHCRC
model. We observe that the additional information provided by PSA at a screen detection is
important, particularly for older men. For example, the risk that a cancer with Gleason score
2–7 would have gone on to be clinically diagnosed for men aged 65–69 increases from 58%
for PSA 4–7 ng/mL at diagnosis to 80% for PSA 10 ng/mL at diagnosis. For the oldest age
group, the risk that a cancer with Gleason score 2–7 would have gone on to be clinically
diagnosed in the absence of screening, would have metastasized before clinical diagnosis in
the absence of screening, or would have become terminal in the absence of primary
treatment when PSA is 4–7 ng/mL at diagnosis is 37%, 43%, or 64% the risk faced when
PSA is over 10 ng/mL at diagnosis. Corresponding results for a cancer with Gleason score
8–10 are 36%, 38%, and 35%.

Complementing the projected risks that a PSA-detected cancer will lead to death if left
untreated, Figure 2 presents projected 20-year survival for the same cohort of patients (men
aged 50–84 screen detected in SEER local-regional stage in 2000 assuming no primary

Gulati et al. Page 7

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment) by age and grade at PSA detection. Ranges between the minimum and maximum
values projected by the three models are represented in darker shaded areas for either cause
of death; these regions can be interpreted as uncertainty due to model specification.
Agreement across the three models is shown in lighter shaded areas for either cause of
death. Among men under age 60 at PSA detection with Gleason score 2–7 disease, the three
models project that 4–9% and 15–26% would die of their disease by 10 and 20 years after
PSA detection in the absence of treatment. Corresponding projections for men with Gleason
score 8–10 disease are 29–43% and 56–68%. Note that similar risks of prostate cancer and
non-prostate cancer death and relatively greater inter-model uncertainty create overlapping
projections for younger men with Gleason score 8–10.

4. Discussion
In this article we use three independently developed models to project key events in the
natural history of prostate cancer in the absence of screening and primary treatment, namely
onset of preclinical biopsy-detectable disease, clinical diagnosis, transition to metastatic
disease by the time of clinical diagnosis, and disease-specific mortality. The models also
project frequencies of clinical progression events following PSA detection of local-regional
stage disease in the year 2000. All models are estimated using common inputs for observed
PSA screening patterns and are calibrated to reproduce US incidence trends among men
aged 50–84 in the years 1975–2000. By using population incidence data to inform about
underlying disease natural history, we provide unique insights regarding the distributions of
unobservable events in disease progression.

Despite each model achieving projections that are reasonably consistent with observed
incidence data, there are important differences in the projected courses of disease
development and progression. For example, in all models, disease onset represents onset of
biopsy-detectable tumors, so it is not surprising that projected risks of this event are lower
than the estimated 36% of men with autopsy-detectable disease (25). However, the PSA test
sensitivity in the FHCRC model is lower than that in the MISCAN and UMICH models; in
other words, onset in the FHCRC model represents onset of disease that is harder to detect
than that in the other models. Consequently, this model projects higher probabilities of onset
and, given onset, lower probabilities of clinical diagnosis and prostate cancer death.

Another example of conceptual differences in disease natural history carrying implications
for projected summary measures is manifested in projected mean years from onset to clinical
diagnosis. The sequential stage progression formulation in the MISCAN model implies
longer durations for cancers that are metastatic by the time of clinical diagnosis (mean 13
years) than for all cancers (mean 9 years). In contrast, the UMICH model implicitly assumes
that tumors that become metastatic by the time of clinical diagnosis tend to grow faster
(mean duration to diagnosis 4 years) than all cancers (mean duration to diagnosis 7 years).

All models project an unconditional lifetime risk of clinical diagnosis that is slightly higher
than the 9% estimated in Ries et al. (26) based on incidence trends prior to the advent of
PSA screening. Lifetime risks of dying from prostate cancer are close to the 3% obtained
from Devcan (version 7) software for the pre-PSA era (26). Mean lead times associated with
PSA screening range from 4 to 9 years and broadly agree with previously published
estimates in the US setting (27,5,28).

The models also project risks of clinical diagnosis, metastasis by clinical diagnosis, and
prostate cancer death in men aged 50–84 screen detected in SEER local-regional stage in
2000. Risks of these events are projected by age and grade for all three models and by age,
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grade, and PSA for the FHCRC model. As expected, risks fall with age (as non-prostate
cancer death intervenes) and rise with more aggressive clinical characteristics.

It is worthwhile to observe three points related to these results. First, the risk that a PSA-
detected patient would have gone on to be clinically diagnosed in the absence of screening is
one minus the risk that he has been overdiagnosed. Thus, one minus the risk of clinical
diagnosis reported in Tables 3 and 4 corresponds to the risk of overdiagnosis conditional on
age and grade (and PSA) projected by the models. This complementary interpretation may
help patients to make treatment decisions tailored to personalized clinical information
known at diagnosis rather than based on broad estimates of overdiagnosis in the population
as have been published previously (11).

Second, we find that even for men with Gleason score 2–7, the risks that the disease would
lead to death in the absence of primary treatment (23–34% for men under age 60 at PSA
detection) are nontrivial. Our estimates of disease-specific survival in this setting are based
on men diagnosed in 1983–1986 without primary treatment, which we assume to be valid
for contemporary cohorts. This assumption is imperfect because there have almost certainly
been improvements in post-diagnosis monitoring of conservatively managed disease and a
widened availability of more effective salvage therapies (29). However, because there is
great uncertainty about how to correct for these improvements over time, we present the
results without adjustment. Because these therapeutic advances have likely improved
prostate cancer survival, the projections reported here may underestimate present-day
prostate cancer survival in the absence of primary treatment.

Even if men are not treated at the time of screen detection, it is likely that intervention will
occur at some later date should clinical events warrant it. To determine how our projections
of disease-specific deaths would change in this setting, we assumed that all screen-detected
cases received radical prostatectomy at their date of clinical diagnosis, and, accordingly, we
inflated their post-lead-time survival by a factor of 0.65 (30). Under this assumption, the
models projected that treatment reduced the risk of prostate cancer death by approximately
13–28% for men with Gleason score 2–7 and by approximately 13–20% for men with
Gleason score 8–10. In absolute terms, for men under 60, the risk of prostate death
decreased from 23–34% to 18–27% for Gleason score 2–7 disease and from 62–80% to 51–
66% for Gleason score 8–10 disease.

These results have implications for management of PSA-detected prostate cancers. They
suggest that, for younger men, the risks of progressing to lethal disease remain nontrivial
even if curative treatment is pursued at clinical diagnosis. Since younger men are subject to
low risks of overdiagnosis, these men would be well justified in considering primary
treatment at PSA detection. However, we caution that the results presented here do not
speak to the question of the optimal timing of primary therapy nor to the relative benefits of
earlier versus later treatment. Instead, these results only provide alternative benchmark
information for these treatment decisions. And as in other contexts, the optimal treatment
decision should weigh any likely gains against known harms associated with treatments (for
a review see 31).

Third, the FHCRC model implies that the PSA level carries important information about the
risks of clinical progression events, particularly for older men. For example, for men aged
65–69 detected with Gleason score 2–7, these risks are 58%, 8%, and 13% when PSA is 4–7
ng/mL at diagnosis and 80%, 11%, and 20% when PSA is over 10 ng/mL at diagnosis.
Consistent with findings in other studies (e.g., 32), these results indicate that PSA
information stratifies risk. However, these results do not address whether early detection
confers a survival benefit because any such benefit is contingent on treatment, which is
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disallowed by all models in this article. Despite this, the reader may be tempted to infer that
PSA screening induces an implicit survival benefit because men with lower PSA at detection
have a lower probability of dying of prostate cancer compared to men with higher PSA at
detection. But these groups are not comparable due to selection artifacts. Specifically, the
group of men with lower PSA at detection contains more overdiagnosed cases, and since
overdiagnosed cases are not at risk of prostate cancer death, they artificially lower the risk of
disease-specific mortality for this group as a whole. In addition, men with lower PSA at
detection tend to have slower PSA growth in this model, which implies longer lead times
and therefore also longer times to disease-specific mortality. This selection that occurs when
a population is screened, and the artifacts that it generates, are key motivators for conducting
randomized screening trials.

Randomized screening trials provide the opportunity to evaluate the benefits of screening in
comparable groups and in the presence of treatment. Thus, these trials have best chance of
identifying a survival benefit if one exists. The fact that the US and European prostate
cancer screening trials did not show an unequivocal benefit (33,34) has led many to doubt
whether such a benefit exists, but it has yet to be verified whether the conflicting results are
due to lack of benefit or to differences in settings, protocols, and implementations.

Survival projections are relatively consistent across the models despite variability in the
modeled rates of disease progression events. As for risks of prostate cancer death, it is
important to note that the survival model is based on pre-PSA data and hence projections in
the absence of primary treatment are also in the absence of present-day disease management
practices. We compared our survival results with those of Nicholson and Harland (5) and
Parker et al. (6). Projected 15-year prostate cancer survival rates appear to be consistent with
Nicholson and Harland (Table 4 in 5); averages across the three CISNET models are 87%
for men aged 50–54 to 92% for men aged 80–84 at PSA detection for Gleason scores 2–7,
while they project 88% for men aged 50 to 96% for men aged 80 at PSA detection for
Gleason score 6 (a complete list of age- and grade-specific projections could not be obtained
with their model). In contrast, because Parker et al. (6) use grade categories 2–6, 7, and 8–
10, we compare survival projections for Gleason score 8–10 only. We project survival
probabilities of 50% for men aged 55–59 to 64% for men aged 70–74 at PSA detection,
while they project 28% for men aged 55–59 to 72% for men aged 70–74 at PSA detection.
Our projections, particularly those for younger men, may be more consistent with their
alternative scenario which assumes shorter lead times and lower overdetection rates than
were reported in Draisma et al. (8). These assumptions may be more realistic in the US
setting (11).

Finally, it is important to recognize that projected risks of clinical progression and disease-
specific mortality for PSA-detected cases are based on the coarse categorization of Gleason
scores 2–7 into a single category. This categorization was adopted to overcome the tendency
of Gleason scores to migrate from well to moderately differentiated grades over calendar
time, which is difficult to model adequately. As a consequence, the model projections
cannot distinguish cancers with Gleason scores 2–6 from the more aggressive cancers with
Gleason scores 3+4 or 4+3. Therefore, the models may overstate the risks of clinical
progression for men with lower Gleason scores in this category.

While there is broad qualitative agreement in the projections across models, there is also
quantitative variability. This variability reflects real uncertainty about the natural history of
the disease despite the successful calibration of each model to observed incidence data. Yet
despite this uncertainty, the models provide important answers to questions that patients
with PSA-detected prostate cancers consistently ask when faced with determining their
optimal treatment course. The models provide estimates of the risks that their cancer has

Gulati et al. Page 10

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been overdiagnosed and that it would progress to a metastatic state or lead to death if left
untreated. These risks are estimated based on factors that have been shown to be most
predictive of prognosis, namely, age, grade, and PSA. If the projected risks of clinical
progression outcomes are low, then patients can be reassured of the advisability of a
conservative treatment approach. More generally, these tailored risks of disease progression
events should be useful when selecting treatment, but it should be recognized that the extent
to which treatment will alter these risks is not clear and is not addressed by the present
manuscript.

Further work will examine how survival projections change if treatment is instituted some
time after PSA detection but before clinical diagnosis, when there is evidence of disease
progression. This future work will be contingent on obtaining reliable estimates for
treatment efficacy conditional on its timing following PSA detection. Ongoing studies of
active surveillance will hopefully provide us with this information, which will then be
incorporated into the models to provide patients with even more tailored information about
their likely outcomes under different treatment options.
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Figure 1.
Age-adjusted prostate cancer incidence per 100,000 men aged 50–84 observed in the core 9
registries of the Surveillance, Epidemiology, and End Results program of the National
Cancer Institute and corresponding projections by the three natural history models.
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Figure 2.
Prostate cancer and non-prostate cancer mortality following PSA detection for cases
receiving no primary treatment projected by the three models by age and grade at PSA
detection. For either cause of death, lighter areas reflect agreement by all three models and
darker areas reflect inter-model uncertainty. Similar risks for either cause of death and
relatively greater uncertainty about survival create substantial overlap for younger men with
Gleason 8–10.
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Table 1

Comparison of high-level features across models.

Model feature FHCRC MISCAN UMICH

Implementation simulation simulation analytic

Disease states (2 stages) × (2 grades) (3 × 2 stages) × (3 grades) (2 stages) × (2 grades)

local-regional, distant stage T0 T3 local, distant stage local-regional, distant stage

low-moderate, high grade low, moderate, high grade low-moderate, high grade

Progression depends on current PSA level current disease state delay time and mode of detection

Stage progression yes yes yes

Grade progression no yes yes

PSA test sensitivity* output of model endogenous parameter endogenous parameter

Biopsy compliance† estimated from PLCO combined with PSA sensitivity combined with PSA sensitivity

Biopsy sensitivity‡ based on literature review combined with PSA sensitivity combined with PSA sensitivity

*
Pr(PSA positive|Disease)

†
Pr(Biopsy received|PSA positive, Disease)

‡
Pr(Biopsy positive | Biopsy received, Disease)
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Table 2

Natural history summary measures projected by the three models.

Measure FHCRC MISCAN UMICH

Lifetime risk of onset* 33 27 20

Lifetime risk of clinical diagnosis 13 12 10

Lifetime risk of metastasis by clinical diagnosis 2 2 1

Lifetime risk of prostate cancer death 4 4 5

Lifetime risk of clinical diagnosis given onset 38 43 50

Lifetime risk of metastasis by clinical diagnosis given onset 7 9 5

Lifetime risk of prostate cancer death given onset 12 14 25

Mean age at onset 65 71 71

Mean age at clinical diagnosis 75 76 81

Mean age at metastasis by clinical diagnosis 74 78 81

Mean age at prostate cancer death 78 80 80

Mean years from onset to clinical diagnosis 14 9 7

Mean years from onset to metastasis by clinical diagnosis 13 13 4

Mean years from onset to prostate cancer death 18 15 8

Lifetime risk of PSA or clinical diagnosis† 14 20 15

Lifetime risk of PSA or clinical diagnosis given onset† 41 73 80

Mean age at PSA or clinical diagnosis† 74 74 75

Mean years from PSA to clinical diagnosis† 6 9 4

*
Onset represents the initial development of a biopsy-detectable preclinical tumor.

†
These measures are in the presence of observed PSA screening and are included for reference.
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