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General introduction

1.1 Prostate cancer epidemiology

Prostate cancer is the second most frequently diagnosed cancer of men worldwide. The 

number of new cases worldwide was estimated at 899,000 and accounted for 13.6% of all 

cancers in men in 2008. With an estimated 258,000 deaths in 2008, prostate cancer is the sixth 

leading cause of death from cancer in men (6.1% of the total).1 

Prostate cancer is most common in Australia/New Zealand, Northern and Western Europe, 

and Northern America (Figure 1.1). The incidence of prostate cancer has been rising in these 

regions since the early nineties largely because of the widespread practice of PSA testing. 

Especially in the US the incidence increased rapidly after the introduction of prostate specific 

antigen (PSA) testing. While incidence also increased in the Netherlands, the increase was 

less dramatic than in the US (Figure 1.2).

Prostate cancer mortality rates have been decreasing since 1996 in both the Netherlands 

and the US (Figure 1.2). Possible explanations for this trend are improvements in prostate 

cancer treatment and screening for prostate cancer.

�������� ����������������




Figure 1.1: World age-standardized prostate cancer incidence by country (rate per 100,000 men). [Source: 
GLOBOCAN 2008]2
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1.2 Prostate cancer

Prostate cancer is cancer that develops in the prostate, a gland that is part of the male re-

productive system. The prostate is a walnut-sized gland, located beneath the urine bladder, 

surrounding the proximal part of the urethra.

1.3 Diagnostic modalities

Early prostate cancer causes no symptoms. It is only in its later stages that symptoms become 

evident. These may include blood in urine, difficulty urinating and bone pain.5 There are 

several tests that can be used to determine if there is an increased risk for the presence of 

prostate cancer: a prostate specific antigen (PSA) test, a digital rectal examination (DRE) and 

transrectal ultrasonography (TRUS). 

The PSA test is a blood test that measures the serum level of PSA in the blood. PSA is a 

protein produced by prostate cells. An increased PSA level indicates an increased prostate 

cancer risk.6 However, an increased PSA level may also be due to other causes, such as benign 

prostatic hyperplasia (enlargement of the prostate) or prostatic inflammation.7 

A DRE involves the palpation of the prostate through the rectal wall to determine the 

presence of irregularities, hardened areas or lumps. An abnormal DRE indicates an increased 

prostate cancer risk.8 The sensitivity of the DRE is limited because of its inability to detect 

tumors deep within the prostate gland.
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Figure 1.2: World age-standardized incidence and mortality rates of prostate cancer in the Netherlands3 
(1989-2010) and in the US4 (1985-2008).
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The prostate can also be examined for cancer using TRUS, a test that produces an image of 

the prostate, which may detect signs of prostate cancer.9 TRUS has become indispensable for 

guiding biopsies of the prostate.

The results from a PSA-test, DRE or TRUS provide an indication about the risk of prostate can-

cer. The only way of diagnosing prostate cancer is by a histological examination of prostate 

tissue. The common method for obtaining prostate tissue for the examination is by a biopsy, 

where tissue cores are taken from the prostate using a needle. 

1.4 Staging

The extent of the disease is usually classified according the Tumor-Node-metastasis (TNM) 

classification (Table 1.1), which describes the anatomic extension of prostate cancer at 

different points in the disease process. Prostate cancer usually grows slowly and is initially 

confined to the prostate gland (clinical stage T1-T2), where it may not cause serious harm. 

Table 1.1: Tumor, node, metastasis (TNM) classification of prostate cancer (2002 version10).

Primary tumor (T)

TX: Primary tumor cannot be assessed 

T0: No evidence of primary tumor 

T1: Clinically unapparent tumor neither palpable nor visible by imaging 

T1a: Tumor incidental histological finding in 5% or less of tissue resected 

T1b: Tumor incidental histological finding in more than 5% of tissue resected 

T1c: Tumor identified by needle biopsy (for example, because of elevated PSA) 

T2: Tumor confined within prostate

T2a: Tumor involves one-half of one lobe or less 

T2b: Tumor involves more than one-half of one lobe but not both lobes 

T2c: Tumor involves both lobes 

T3: Tumor extends through the prostate capsule

T3a: Extracapsular extension (unilateral or bilateral) 

T3b: Tumor invades seminal vesicle(s) 

T4: Tumor is fixed or invades adjacent structures other than seminal vesicles, such as external 

       sphincter, rectum, bladder, levator muscles, and/or pelvic wall 

Regional Lymph Nodes (N)

NX: Regional lymph nodes were not assessed 

N0: No regional lymph node metastasis 

N1: Metastasis in regional lymph node(s)

Distant Metastasis (M)

MX: Distant metastasis were not assessed 

M0: No distant metastasis 

M1: Distant metastasis 

M1a: Non-regional lymph node(s) 

M1b: Bone(s) 

M1c: Other site(s) with or without bone disease



Chapter 1

12

Chapter 1

12

However, after this stage the cancer may grow outside the prostatic capsule (clinical stage 

T3), which may be followed by spread of the cancer into surrounding organs (clinical stage 

T4). Eventually, prostate cancer cells might spread into the lymph nodes (N1) or other parts 

of the body (M1), for example into the bones.

1.5 Grading

The grade of the tumor expresses the degree of abnormality of the tissue and thus the ag-

gressiveness of the tumor. The Gleason grading system11 is the most commonly used method 

for grading prostate cancer. In the Gleason grading system growth patterns are divided into 

five categories with scores 1 (well differentiated) to 5 (poorly differentiated) (Figure 1.3). The 

Gleason score is obtained by summing the scores of the most common and the second most 

common growth pattern observed. Gleason scores range therefore from 2 to 10. The Gleason 

score is an important prognostic factor for a patients’ disease specific outcome.12-14

1.6 Treatments 

Men with localized prostate cancer have the option to go into an expectant management 

program or to receive one of the curative treatments. The two expectant management ap-

proaches are active surveillance and watchful waiting. Active surveillance is an approach, 

 
Figure 1.3: Appearance of cancer cells, ranked according to the Gleason grade, adapted from15
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where the patients will be regularly monitored with a variety of tests and if over time the 

disease appears to be advancing curative treatment might be performed. The aim of active 

surveillance is to delay or avoid treatment of prostate cancer and the potential adverse 

side-effects. Watchful waiting is an approach where treatment will not be given or given 

unless symptoms appear or change, and is usually an alternative for men in whom curative 

treatment is not an option due to age or co-morbidity. Watchful waiting is different from the 

active surveillance approach, in which deferred treatment has a curative intent.

The most common curative treatments can be categorized in two groups: radical pros-

tatectomy and radiation therapy. Radical prostatectomy involves removing the complete 

prostate gland and the seminal vesicles. Radiation therapy involves radiation of the prostate 

gland and minimizing exposure to surroundings.5 

Curative treatment can have a favorable effect on the prostate cancer specific mortality. 

The randomized Scandinavian Prostate Cancer Group Study Number 4 (SPCG-4)16 showed a 

decrease in the cumulative incidence of death (6% in absolute terms) from prostate cancer, 

when comparing radical prostatectomy with watchful waiting in clinically-detected localized 

prostate cancer. There are no randomized control trial results showing the effectiveness of 

radiation therapy. However, some comparative effectiveness studies showed a lower benefit 

for radiation therapy over radical prostatectomy.17-18

However, all curative treatments can result in side-effects. Radical prostatectomy often 

leads to urinary and sexual problems. It has been observed that at 52 months after surgery 

31% of men had urinary leakage problems and 88% erectile dysfunction, while only 12% had 

urinary leakage problems and 31% erectile dysfunction before the surgery. Radiation therapy 

mainly leads to sexual and bowel problems. For men receiving radiation therapy it has been 

observed that at 52 months, 64% of men had erectile dysfunction and 11% bowel bother, 

while only 40% had erectile dysfunction and 3% bowel bother before radiation therapy.19

Metastasized prostate cancer can no longer be cured. However, temporary suppression 

of the disease is possible using different forms of hormonal therapy, chemotherapy or castra-

tion.

1.7 Screening 

Screening involves testing for cancer (or for conditions that may lead to cancer) in people 

who have no cancer-specific symptoms. Screening can help finding cancers at an early stage, 

when there may be a better chance of curing the cancer. The currently most promising pro-

cedure to screen for prostate cancer is a PSA test, followed by a biopsy test if the PSA level is 

higher than a specific threshold. A threshold level of 3 or 4 ng/ml is being used in ongoing 

randomized control trials to evaluate the efficacy of prostate cancer screening.
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Benefits

The benefit that can be achieved by screening and subsequent early treatment is a reduced 

risk of advanced disease, a reduced risk of dying from prostate cancer and an increased life-

expectancy. To evaluate the efficacy of prostate cancer screening, two large randomized trials 

were initiated in the early 1990s: the European Randomized Study of Screening for Prostate 

Cancer (ERSPC) in Europe and the Prostate, Lung, Colorectal, and Ovary (PLCO) trial in the 

United States. The results of the ERSPC trial, at a median follow-up of eleven years, showed 

a significant prostate cancer mortality reduction in the screening group of 21%, and of 29% 

in men actually screened.20-21 After a median follow-up of 14 years, the Göteborg trial, one 

center of the ERSPC trial, showed a 44% prostate cancer mortality reduction in the screen-

ing group and a 56% reduction for men screened at least once.22 The PLCO trial found no 

mortality reduction in the screening group, however the rate of screening in the control arm 

(contamination) was high and the attendance rate (compliance) at biopsy low.23-24

Harms

PSA screening is however also associated with considerable unfavorable effects. An adverse 

effect of screening is overdiagnosis, i.e. the detection of cancers that would not have been 

diagnosed during the patients’ lifetime if they had not been screened. Furthermore, all men 

with screen-detected prostate cancer have to live more years with the knowledge that they 

have prostate cancer. Men with screen-detected prostate cancer who opt for curative treat-

ment risk living many years with the side-effects of treatment, which would otherwise be 

symptom-free years.19 

The over-diagnosis rate and mean lead time (the period by which the diagnosis is ad-

vanced due to screening) are large because prostate cancer is a slow growing cancer, and 

because it is especially common in older men. So, although many men may harbor prostate 

cancer, they often will not experience the negative effects of the cancer because they may die 

of other causes before the cancer has a chance to progress. 

Over-diagnosis rates and lead times are measures that can not directly be observed and 

can only be estimated by using models simulating the natural history of cancer. For men 

screened in the ERSPC Rotterdam an over-diagnosis rate of 66% and a mean lead time of 

7.9 years have been estimated.25 However, several estimates have been published for the 

over-diagnosis rate (23-66%)25-29 and mean lead time (5-12 years).26, 30-32 The explanation for 

these wide ranges of estimates is often that over-diagnosis rates and mean lead times are 

dependent on definition, calculation methods and study population, including the amount 

of diagnosis already in the population.25 

PSA screening dissemination in US and the Netherlands

In the US, PSA testing was approved in 1986 by the Food and Drug Administration for moni-

toring prostate cancer progression. Despite the lack of evidence of screening efficacy from 
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randomized trials at that time, the test was rapidly adopted for screening. By the year 2005, 

54% of men within ages 50–84 years have had at least one PSA test. The frequency of a first 

PSA test and of repeat tests are illustrated in Figure 1.4.33 The incidence of prostate cancer in 

the US increased simultaneously with the increase of first PSA tests (Figure 1.2 and Figure 1.4).

In Europe, PSA testing has not been as widespread as in the US.34-36 Evidence from surveys 

in ERSPC centers suggests however an increasing rate over time. For example, in Rotterdam in 

the Netherlands, yearly PSA testing increased from 3.5% (1996-1998) to 5.7% (1997-2000).34 

Also, according to a self-report study of the Statistics Netherlands (CBS) in 2001 14.4% of men 

reported that they have had at least one PSA test in the previous five years, while in 2009 this 

percentage was 24.8%.37

Currently, most major U.S. medical organizations38-41 and the European Association of 

Urology42 recommend that clinicians discuss the potential benefits and adverse effects of 

PSA screening with their clients, consider their clients’ preferences, and individualize screen-

ing decisions. However, the U.S. Preventive Services Task Force (USPSTF) recommends against 

screening for prostate cancer for all ages.43

1.8 Modeling cancer progression, screening and treatment

Randomized control trials are essential for determining the benefits and harms of a screening 

procedure or a treatment. However, because of the long follow-up that is needed, it is often 

difficult to determine the lifetime risk of the benefits and harms with only the empirical data. 

Models that are validated on trial data can be used to predict these lifetime risks. Also, models 
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Figure 1.4: Frequency of first PSA tests and repeat tests in the US population as based results of an 
updated version of the model of Mariotto et al.33 The frequencies are for men aged 50-84.
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can be used to extrapolate trial results to different screening settings, for example different 

screening ages and intervals. Therefore, models have been important tools for estimating 

benefits and harms of interventions for early detection, for instance the screening of breast 

cancer,44-46 cervical cancer47-48 and colorectal cancer.49-50

Models can also be used for understanding the impact of behavioral changes, screen-

ing or treatment on observed cancer incidence and mortality. For example, Moolgavkar et 

al.51 quantified with six models (including the Miscan-lung model) the impact of changes in 

smoking behaviours which started in the mid-1950s on lung cancer mortality in the United 

States. They showed that approximately 795,851 US lung cancer deaths were averted during 

the period 1975–2000 and that these numbers represent approximately 32% of lung cancer 

deaths that could have potentially been averted during the period. Also, Berry et al.52 showed 

with seven models (including the Miscan-breast model) that mammography screening and 

treatment have helped equally to reduce the rate of death from breast cancer in the United 

States. 

1.9 CISNET

The Cancer Intervention and Surveillance Modeling Network (CISNET) is a consortium of 

research groups sponsored by the US National Cancer Institute (NCI). In the CISNET-project, 

investigators use statistical modeling to estimate the impact of cancer control interventions 

in prevention, screening, and treatment.53 Investigators with different models work coop-

eratively to explore differences between models in a systematic way. While each research 

group has areas of individual focus, in joint collaborations we try to understand differences 

and similarities across models. The idea behind this cooperation is that by working together, 

models are improved and modeling work becomes more transparent.

There are currently five cancer sites considered in the CISNET: breast, colorectal, esopha-

gus, lung and prostate. MISCAN is the only non-American model involved in the CISNET-

project and is involved in all cancer sites. Part of the work in this thesis was conducted in the 

prostate cancer CISNET-project. 

1.10 ERSPC trial

The European Randomized Study of Screening for Prostate Cancer (ERSPC) was initiated in 

the early 1990s to evaluate the effect of PSA screening on prostate cancer mortality.54 In 

seven countries, 162,243 men were randomly assigned either to the intervention or the 

control arm. The screening interval was 4 years, with the exception of Sweden (2 years). Most 

centers used a PSA cutoff value of 3.0 ng/ml as an indication for biopsy, whereas others used 
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4.0 ng/ml, with additional tests for values between 2.5 and 4.0. Biopsies were administered 

by the screening centre at no charge to the subject, and reminders for biopsy appointments 

were sent if necessary. Treatment was performed according to local policies and guidelines.55 

The results of the ERSPC trial, at a median follow-up of 11 years, showed a significant prostate 

cancer mortality reduction of 29% in men screened.21

Part of the work in this thesis was conducted as part of the ERSPC trial. For all analyses 

we used ERSPC trial data for estimating the parameters of the progression of prostate cancer. 

1.11 PLCO trial 

The prostate component of the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screen-

ing Trial in the US was initiated in the early 1990s to determine whether screening for prostate 

cancer with PSA testing and DRE results in a reduction in prostate cancer mortality. A total of 

76,685 men, aged 55–74 years, were enrolled at 10 screening centers and randomly assigned 

to the intervention (organized screening of annual PSA testing for 6 years and annual DRE 

for 4 years) or control (usual care, which included opportunistic screening) arms. Men with 

a positive PSA test were referred to their personal physician for follow-up. After 13 years of 

follow-up, there was no evidence of a mortality benefit for organized annual screening in the 

PLCO trial compared with opportunistic screening.23 

The results of the two trials seem to be in conflict. However, there were many differences 

in the design and implementation of the two trials. Modeling can be used to quantify the 

impact of these differences.

1.12 MISCAN prostate cancer model

In this thesis, the MISCAN prostate cancer microsimulation model has been used to evaluate 

the effects of screening and treatment on prostate cancer incidence and mortality. The MIS-

CAN microsimulation model was developed at the Department of Public Health, at Erasmus 

Medical Center, the Netherlands, and has been used for modeling breast, prostate, cervix, 

colon and lung cancer screening.26, 48, 56-58 A detailed description of the model and the data 

sources that informed its quantification can be found in the model appendix of this thesis, in 

previous studies25-26, 59 and also in a standardized model profile.60 In brief, MISCAN prostate 

cancer model is a micro-simulation program, which simulates the development of prostate 

cancer in individuals as a sequence of tumor states. In Figure 1.5 the transition through the 

different possible states is illustrated. The individual life-histories are first simulated in the 

absence of screening and subsequently with the changes that would occur when screen-

ing took place. First, the year of birth and age at death from other causes is simulated per 
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individual. Second, the progression of prostate cancer in the absence of screening is simu-

lated. Prostate cancer may develop from no prostate cancer to a clinically diagnosed cancer 

through one or more screen-detectable preclinical stages. In each 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), differentiated to a higher 

Gleason score (well differentiated, Gleason score 2–6; moderately differentiated, Gleason 

score 7; and poorly differentiated, Gleason score 8–10), progress from local-regional disease 

(M0) to distant disease (M1), or give rise to symptoms and become clinically diagnosed. 

The survival after diagnosis depends on the age, the stage of the cancer and the treatment 

received. Third, depending on the frequency and sensitivity of the screening test, preclinical 

cancers may be detected by screening. If detected by screening the cancer has a reduced risk 

of being fatal. By simulating life-histories with and without screening and/or treatment, the 

effects of screening and treatment can be assessed. 
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Figure 1.5: The MISCAN prostate cancer model. Prostate cancer develops from no prostate cancer via one 
or more screen-detectable preclinical stages to a clinically diagnosed cancer. In each preclinical state, a 
tumor may grow to the next clinical T-stage (T1, T2, or T3), dedifferentiate to a higher Gleason score (G < 
7, G = 7, or G > 7), or become clinically diagnosed. There is also a risk that a local-regional tumor (M0) will 
develop into distant disease (M1). For simplicity, this possibility is not illustrated. Screening may detect 
cancers earlier in one of the preclinical screen-detectable states. 
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1.13 Research questions and outline of this thesis

In this thesis we analyzed the effect of prostate cancer screening and treatment. Part 1 cov-

ers studies that provide important quantitative information for ongoing debates about the 

effects of prostate cancer screening and treatment on observed incidence and mortality in 

the US population and PLCO trial. Additionally there is a study on the validation of the model 

by modeling observed prostate cancer mortality. Part 2 covers studies that present clinical 

outcomes which are necessary for making decisions about screening and treatment.

The following research questions will be addressed:

Part 1: Modeling observed prostate cancer incidence and mortality 

•	 Can changes in primary treatment plausibly explain the observed decline in prostate 

cancer mortality by the year 2005 in the US? (Chapter 2) 

•	 Is the PSA screening performance for detecting prostate cancers in the US population 

the same as in the ERSPC Rotterdam? (Chapter 3) 

•	 Can we apply the commonly used assumption on the effect of screening on survival, the 

stage-shift assumption, to predict the observed prostate cancer mortality reduction in 

the ERSPC? (Chapter 4) 

•	 What is the impact of PLCO control arm contamination on perceived PSA screening ef-

ficacy? (Chapter 5) 

Part 2: Predicting clinical outcomes of prostate cancer progression, screening and treatment.

•	 What are the risks of clinical progression events for PSA-detected localized prostate 

cases who do not receive curative treatment? (Chapter 6)

•	 How do the lives of men who decide to be screened differ from the lives of men who 

decide not to be screened? And therefore, what is the anticipated loss in quality of life 

after a prostate cancer diagnosis and treatment that would be acceptable to decide in 

favor of screening? (Chapter 7) 

•	 What are the quality of life effects of prostate cancer screening, and what is the number 

needed to screen? (Chapter 8)

•	 What are the benefits and harms of immediate treatment of PSA-detected local-regional 

prostate cancer, given the prognostic factors Gleason score, clinical T-stage and age? 

And for which combination of prognostic factors is immediate treatment most or least 

favorable? (Chapter 9)

Chapter 10 concludes this thesis with summary answers to and further discussion of the 

above research questions and directions for future research.
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Abstract

Background

Prostate cancer mortality rates in the US declined by over 40% between 1991 and 2005. The 

impact of changes in primary treatment and adjuvant and neoadjuvant hormonal therapy on 

this decline is unknown.

Methods 

Application of three independently developed models of prostate cancer natural history and 

disease detection under common assumptions about treatment patterns, treatment efficacy, 

and survival in the population. Primary treatment patterns are from the Surveillance, Epide-

miology and End Results registry and hormonal therapy frequencies are from the CaPSURE 

database; treatment efficacies are based on estimates from randomized trials and compara-

tive effectiveness studies of treatment alternatives. The models project prostate cancer mor-

tality without PSA screening and in the presence and absence of treatment benefit. Impact 

of primary treatment is expressed as a fraction of the difference between observed mortality 

and projected mortality in the absence of treatment benefit.

Results

The three models project that changes in treatment explain 22–33% of the mortality decline 

by 2005. These contributions are accounted for mostly by surgery and radiation therapy, 

which increased in frequency until the 1990s; hormonal therapies contributed little to the 

mortality decline by 2005. Assuming that treatment benefit is less for older men, changes in 

treatment explain only 16–23% of the mortality decline by 2005.

Conclusions

Changes in primary treatment explain a minority of the observed decline in prostate cancer 

mortality. The remainder of the decline is likely due to other interventions, such as PSA 

screening and advances in the treatment of recurrent and progressive disease.



Ch
ap

te
r 2

27

The prostate cancer conundrum revisited

Introduction

Since the early 1990s we have witnessed a spectacular decline in prostate cancer mortality in 

the US. Between 1991 and 2005 alone, prostate cancer mortality declined by 42% from 103 

to 60 deaths per 100,000 men aged 50–84 y. This remarkable success story coincided with 

dramatic changes in the control of the disease: the widespread adoption of prostate-specific 

antigen (PSA) screening beginning around 1987, advances in treatment of early stage tumors, 

and changes in the detection and treatment of recurrent and progressive disease.

Because of the simultaneous dissemination of PSA screening and changes in treatment, a 

clear explanation for the drop in prostate cancer deaths has been elusive. In a 2003 editorial 

titled “The Prostate Cancer Conundrum,” Albertsen questioned the relative roles of primary 

surgery and adjuvant hormonal therapy for localized disease in explaining the mortality 

trends.1 Rates of surgery surged in the 1980s following the development of nerve-sparing 

techniques for radical prostatectomy. Randomized trial results indicate that radical prosta-

tectomy improves disease-specific survival relative to watchful waiting, with a 38% reduction 

in the risk of prostate cancer death.2 Hormonal therapy, previously reserved for men with 

advanced cancers, is particularly efficacious when used in combination with external-beam 

radiation therapy, and its use dramatically increased in the mid- to late 1990s.3

The role of PSA screening in explaining the drop in disease-specific deaths has also been 

questioned4 but has not been conclusively determined. Long-awaited results from two large 

prostate cancer screening trials failed to convincingly establish screening benefit, with the 

European trial showing a 20% lower disease-specific mortality rate in the screening arm over 

a median of nine years5 and the US trial showing no difference between the control and 

screening arms after seven years of complete follow-up.6 However, it is generally recognized 

that since men on the control arm of the US trial received “usual care,” which included routine 

screening,7 the results should be interpreted as a comparison between moderate and high 

screening intensities.8

The Cancer Intervention and Surveillance Modeling Network (CISNET) prostate group 

was formed to quantify the relative contributions of screening and treatment changes to the 

mortality declines. Previously, CISNET prostate models were used to show that early detection 

due to screening could account for approximately 45–70% of the decline in prostate cancer 

mortality under a “stage-shift” mechanism for screening benefit. The stage-shift mechanism 

specifies that disease shifted to an earlier stage by screening enjoys a corresponding im-

provement in disease-specific survival. This mechanism is a central motivator underlying all 

cancer screening studies; however, the extent to which it holds is not known conclusively in 

the case of prostate cancer. 

In this article, we take a different approach and quantify the fraction of the mortality de-

cline plausibly due to treatment changes among men with non-metastatic disease. To do this, 

we model the dissemination and benefits of first-line treatment (radical prostatectomy and 
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radiation therapy alone or in combination with hormonal therapy) and project their impact 

on mortality in the absence of screening. The results are informative about the likely role 

of treatment changes in explaining prostate cancer mortality declines. In addition, they are 

suggestive of a potential role for screening and/or other practice changes, such as treatment 

for recurrent or progressive cancer.

Methods

The CISNET paradigm

The CISNET approach is, at its core, a model of disease natural history, representing the 

individual experience of disease onset and progression, diagnosis, and death in the absence 

of any interventions of interest. Interventions, such as screening and/or treatment, are then 

superimposed based on analyses of patterns of care in the population and on known efficacy 

from randomized trials or assumed mechanisms of benefit. 

In the present setting the models first produce projections of prostate cancer mortality in 

the absence of screening and treatment among cases diagnosed from 1975 because limited 

population-representative data are available before 1975 to inform the natural history mod-

els. By “absence of treatment” we mean in the absence of treatment benefit, as all projections 

under this setting assume that primary treatment interventions are not beneficial (i.e., the 

hazard ratio for disease-specific survival equals 1.0 relative to conservative management). 

The models also project mortality in the presence of treatment but in the absence of screen-

ing, i.e., assuming that stage and grade distributions at diagnosis would have remained as 

observed in the pre-PSA era. We project mortality in the absence of screening because pro-

jections in the presence of screening would rely on an assumed survival benefit of screening, 

a benefit with greater uncertainty than the benefits of primary treatments.

The impact of treatment occurs through changes in treatment distributions (Figure 2.1) 

as well as through treatment benefit (treatment-specific hazard ratios for disease-specific 

survival that are less than 1.0 relative to conservative management). We use the terms “in 

the presence of treatment” and “in the presence of changes in treatment” interchangeably. 

By comparing the mortality projections in the presence and absence of treatment with ob-

served disease-specific mortality trends, we can quantify the fraction of the mortality decline 

associated with treatment. For example, if a projection in the presence of treatment lies half 

way between our projection in the absence of treatment and observed mortality, we would 

conclude that treatment alone (due to treatment benefit and changes in treatment patterns) 

accounts for approximately 50% of the observed mortality decline.

The CISNET prostate working group consists of three groups developing independent 

models of prostate cancer natural history informed by common information on patterns of 

screening, disease incidence, and other-cause mortality. Each natural history model is differ-
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ent, but the models are each calibrated using age-, year-, stage-, and grade-specific prostate 

cancer incidence from the Surveillance, Epidemiology, and End Results (SEER) program before 

and after the introduction of PSA screening. The calibrated natural history models are then 

combined with common information on treatment patterns and disease-specific survival to 

project prostate cancer mortality under plausible assumptions about treatment efficacy.

In the next section we briefly describe each natural history model and the calibration 

methods used. We then detail survival modeling procedures, our data sources, and assump-

tions regarding treatment efficacy.

Model structures

Detailed descriptions of individual models and a joint report comparing the models are avail-

able at http://cisnet.cancer.gov/prostate/profiles.html.

The FHCRC model

In the Fred Hutchinson Cancer Research Center (FHCRC) model, the risk of disease onset, and 

associated Gleason grade category which is fixed at onset, depends on age. Disease progress-

es from localized to metastatic stages and from latent to symptomatic states based on risks 

that depend on grade-specific PSA levels. Distributions of PSA growth rates were estimated 

using longitudinal PSA measurements from men in the control arm of the Prostate Cancer 

Figure 2.1: Primary treatment dissemination patterns in the United States are illustrated. Radical 
prostatectomy (RP) is defined by Surveillance, Epidemiology, and End Results (SEER) codes 50, 58, 60, 
and 68 before 1997 and by SEER codes 50 and 70 beginning in 1998. Radiation therapy (RT) is defined 
according to SEER categories as beam radiation, radioactive implants, radioisotopes, a combination of 
beam with implants or isotopes, or radiation with method or source unspecified. Androgen-deprivation 
therapy (ADT) data are from CaPSURE (Cancer of the Prostate Strategic Urologic Research Endeavor). CM 
indicates conservative management.
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Prevention Trial.9 Given individual PSA trajectories and natural histories, PSA screening pat-

terns,10 biopsy compliance frequencies observed in the US-based Prostate, Lung, Colorectal, 

and Ovarian cancer screening trial,11-12 and trends in biopsy sensitivity in the population,13 

risks of transitioning from one state to the next were estimated using maximum likelihood to 

obtain parameter estimates that best reproduce SEER incidence.14

The MISCAN model

In the Erasmus University Medical Center MIcrosimulation SCreening ANalysis (MISCAN) pros-

tate model, cancer development is modeled as a semi-Markov process governing transitions 

from one state to the next. In addition to the healthy state, there are 18 states in the natural 

history of prostate cancer that are derived from combinations of clinical T (T1, T2, and T3) 

and M (M0 and M1) stages in the TNM staging system and Gleason grade (well, moderately, 

and poorly differentiated). Cancers in each state may be clinically diagnosed or detected by 

a PSA test and subsequent biopsy, the probability of which is combined in a single sensitivity 

parameter that is state-specific. Model parameters (progression rates between states and 

test sensitivities) were estimated using data from the Rotterdam section of the ERSPC.15-16 

For calibration to the US situation, we re-estimated the test 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 metastatic stage distribution using maximum likelihood.17

The UMICH model

The University of Michigan (UMICH) natural history model consists of disease-free, pre-

clinical, and clinical states. An analytic formulation first estimates age- and year-specific 

disease incidence based on PSA screening patterns,10 assuming parametric distributions for 

age at onset and for time from onset to diagnosis, and increasing test sensitivity with time 

since onset. 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. Parameters 

are estimated by averaging over these distributions and calibrating the resulting marginal 

incidence against observed incidence.18 

Next, disease stage (SEER local-regional or distant) and grade category (Gleason score 

2–7 or 8–10) at diagnosis are estimated based on time from onset to diagnosis and mode of 

detection (screen or clinical) via a multinomial logistic model.19 Maximum likelihood estima-

tion of the joint model of age-specific incidence trends and stage/grade distributions informs 

the distributions of these clinical characteristics.
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Modeling survival

In the absence of treatment, all three models generate disease-specific survival based on 

SEER data among men diagnosed just prior to the PSA era, during the calendar interval 

1983–1986. A Poisson regression model is fit to the disease-specific survival frequencies, 

censoring deaths due to other causes and adjusting for age, stage, and grade at diagnosis 

and initial treatment (radical prostatectomy, radiation therapy, both, or neither). Then the 

fitted survival curve for men receiving neither treatment is used to predict disease-specific 

survival times under no screening and no initial therapy. Relative to local-regional survival, 

trends in survival for distant stage disease have remained fairly constant over time.20

Treatment dissemination and efficacy

Dissemination of treatment is modeled based on two data sources. Trends in primary treat-

ments—radical prostatectomy (RP) and radiation therapy (RT)—are based on data from 

SEER, which records first cancer-directed therapy received. Trends in receipt of adjuvant or 

neoadjuvant androgen deprivation therapy (ADT), also called hormonal therapy, are based 

on the Cancer of the Prostate Strategic Urologic Research Endeavor (CaPSURE) database.3, 21 

CaPSURE was initiated in 1995 to document community trends in prostate cancer practice 

patterns, epidemiology, and outcomes. It is a longitudinal, observational database accruing 

data from 40 urologic practice sites over its history. There are currently over 14,000 men 

enrolled in CaPSURE. CaPSURE collects approximately 1,000 clinical and patient-reported 

variables. Clinical information is collected by the treating urologist at baseline and with each 

follow-up visit. Figure 2.1 documents trends in primary treatment by Gleason category.

We model five initial treatment courses for local-regional disease: conservative man-

agement (CM), RP, RP+ADT, RT, and RT+ADT. These treatments are modeled because they 

represent the predominant treatment interventions used to treat prostate cancer, because 

their utilization has changed over time, and because there is quantitative evidence regarding 

efficacy available from randomized trials. We grouped three-dimensional conformal beam 

external beam radiotherapy, intensity modulated radiation therapy, and low- and high-dose 

interstitial brachytherapy into a single RT. This was based on a recent comparative effective-

ness review from the Agency for Healthcare Research and Quality’s Evidence-Based Practice 

Center at Tufts University which found no studies reporting a significant difference in overall 

survival or biochemical failure among the various forms of radiation.22 Unfortunately, there 

are no randomized comparisons of all treatments; consequently, we integrate evidence from 

several sources.

A brief summary of comparative effectiveness results for these treatments is as follows. 

There is evidence that RP is more efficacious than CM with a relative risk of 0.62.2 There are 

no clinical trials directly comparing RP with RT; however, comparative effectiveness studies 

adjusting for case mix and progression risk consistently show a benefit for RP over RT with 

two recent studies producing adjusted relative risks of 0.45 and 0.47 for the endpoint of 
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disease-specific mortality.23-24 There is evidence from clinical trials that RT+ADT is more ef-

ficacious than RT alone25-27 and evidence from a recent comparative effectiveness study that 

RT+ADT is similar to RP (relative risk = 1.14 for RT+ADT relative to RP, p = 0.6124). For a recent 

review see Wilt et al.28

Based on these studies, we assume a hazard ratio of 0.62 for RP relative to CM and for 

RP+ADT relative to CM and apply this to prostate cancer-specific survival for untreated cases. 

However, to make the relative benefit of RT alone consistent with published studies would 

either require RT alone to be almost without benefit or RT+ADT to be far superior than RP. 

Therefore our assumed benefit range for RT compromises, reflecting lower benefit than 

either RP or RT+ADT, but not so low as to make RT completely ineffective. We also assume a 

time-varying relative risk associated with RT relative to CM to reflect the improvement in the 

efficacy of RT as more intense dose-delivery regimens evolved. Specifically, we assume the 

hazard ratio for RT relative to CM improved linearly from 0.9 in 1990 to 0.7 or 0.8 in 1995 and 

remained constant thereafter. This assumption implies a relative risk for RP versus RT that is 

either 0.62/0.8 ≈ 0.77 or 0.62/0.7 ≈ 0.89 after 1995. To reflect an even greater relative benefit 

of RP relative to RT alone, consistent with recent comparative effectiveness studies,23-24 we 

also conduct a high-efficacy sensitivity experiment in which we use the more efficacious 

assumption for RT (hazard ratio 0.7 relative to CM after 1995) and lower the hazard ratio for 

RP relative to CM to 0.4, implying a relative risk for RP versus RT of 0.4/0.7 ≈ 0.57 after 1995.

We also consider age-specific hazard ratios for all curative treatments, based on the find-

ing from the Scandinavian trial that RP was more beneficial in younger than in older men. 

Specifically, we consider hazard ratios for RP, RP+ADT, and RT+ADT relative to CM of 0.49 for 

men aged 50–64 y at diagnosis and 0.83 for men aged 65–84 y at diagnosis.2 Correspond-

ing hazard ratios for RT among men aged 50–64 y at diagnosis improve from 0.9 in 1990 to 

0.49×0.70/0.62 ≈ 0.55 and to 0.49×0.80/0.62 ≈ 0.63 in 1995 remaining constant thereafter, 

while the hazard ratio for RT is constant at 0.9 for men aged 65–84 y at diagnosis for all 

years. In other words, we preserve the benefits of RT relative to RP within each age group. 

These four basic assumption sets (not including the high-efficacy sensitivity experiment) are 

summarized in Table 2.1.

Finally, we consider two additional sensitivity experiments, both using the more effica-

cious assumptions for RP (hazard ratio 0.62 relative to CM for all ages) and RT (hazard ratio 

0.7 relative to CM after 1995). The first uses the UMICH model and allows prostate cancer 

incidence to continue its pre-PSA increase in the absence of screening, lowering the both 

distant stage incidence and prostate cancer mortality. The second uses the FHCRC model 

and assumes that all cases reported as receiving conservative management in SEER actually 

received radiation therapy as an extreme correction for possible underreporting of radiation 

therapy in SEER registries.29
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Results

Age-adjusted prostate cancer incidence trends observed in the SEER registries are shown 

by stage in Figure 2.2. Also shown are corresponding incidence trends projected by the 

three models. The model projections replicate key features of the trends in local-regional 

incidence, including the rapid escalation in the late 1980s, the peak and initial decline in the 

early 1990s, and the stabilization at a higher level in the late 1990s. There is greater variability 

across models in the distant stage trends, though all models reproduce the scale of pre-PSA 

incidence and the rapid decline in the mid- to late 1990s.

Figure 2.2: Age-adjusted SEER (black) and CISNET model-projected prostate cancer incidence in the 
presence (solid grays) and absence (dashed grays) of PSA screening.

Table 2.1: Assumed hazard ratios for prostate cancer survival for primary and hormonal treatments 
relative to conservative management.

Efficacy assumptions
RP, RP+ADT, and RT+ADT RT by 1995

50–64 y 65–84 y 50–64 y 65–84 y

Assumption set 1 0.62 0.62 0.70 0.70

Assumption set 2 0.62 0.62 0.80 0.80

Assumption set 3 0.49 0.83 0.55 0.90

Assumption set 4 0.49 0.83 0.63 0.90

Notes: RP is radical prostatectomy, RT is radiation therapy, ADT is androgen deprivation therapy. All-age and 
age-specific hazard ratios for RP, RP+ADT, and RT+ADT are from Bill-Axelson et al.2 with similarity between 
RP and RT+ADT based on Cooperberg et al.; 24 we assume RP+RT is similar to RP. The all-age hazard ratio for 
RT is 0.90 until 1990, improves linearly to 0.70 (Assumption set 1) or 0.80 (Assumption set 2) in 1995, and 
remains constant thereafter. The age-specific hazard ratio for RT for men aged 50–64 y at diagnosis is 0.90 
until 1990, improves linearly to 0.55 (Assumption set 3) or 0.63 (Assumption set 4) in 1995, and remains 
constant thereafter; the hazard ratio for RT for men aged 65–84 y at diagnosis is a constant 0.90 across 
calendar years.
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We present incidence projections in the presence of PSA screening to show how well the 

calibrated natural history models perform relative to observed incidence. Based on these 

calibrated natural history models, under common assumptions about treatment and survival, 

we project prostate cancer mortality in the absence of PSA screening.

Age-adjusted mortality projections allowing benefit for each treatment based on as-

sumption set 1 are presented in Figure 2.3. All models reproduce the accumulation of pros-

tate cancer deaths by 1985 and slightly underestimate the peak in 1991. All models project 

a more-or less constant continuation of mortality in the absence of treatment benefit and a 

modest decrease in the presence of treatment benefit. By 2005, mortality projections allow-

ing benefit for all treatments represent up to one-third of the difference between mortality 

projected in the absence of treatment benefit and observed mortality.

Table 2.2 provides a quantitative summary of the estimated contribution of each treat-

ment to the observed mortality decline. The three models generally agree that changes in 

RP and RT each played a role in the mortality decline. Under assumption set 1, RP explains 

11–14%, RT explains 9–16%, and ADT explains 1–3% of the mortality decline relative to 

projected mortality in the absence of treatment benefit. Impacts are smaller when treatment 

is less beneficial for older men; under assumption set 4, corresponding impacts are 10–12%, 

5–7%, and 1–3%. Changes in treatment explain from 22–33% to 16–23% across the four sets 

of assumed efficacy levels.

Despite conceptual differences across models about how prostate cancer develops and 

progresses, the models provide consistent results concerning the contributions of treatment 

to the difference between observed mortality in the year 2005 and the mortality that would 

have been expected in the absence of advances in treatment. Specifically, the models project 

Figure 2.3: Age-adjusted SEER (black line) and CISNET model-projected (gray lines) prostate cancer 
mortality among cases diagnosed from January 1, 1975, under no primary treatment benefit or a 
combination of primary treatments. Model projections are based on assumption set 1. For comparison, 
the figure also shows SEER prostate cancer mortality among all cases.
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that prostate cancer mortality would have stabilized at just under 100 deaths per 100,000 

men aged 50–84 y in the absence of treatment benefit. Our computation of the percent of 

the mortality decline explained by treatment trends in the year 2005 indicates a significant 

role for primary treatment, with treatment alone explaining up to one-third of the difference 

between the observed mortality rate in the year 2005 and the rate projected in the absence 

of treatment benefit.

Under our high-efficacy sensitivity experiment, changes in treatment still explained only 

about half (range across the three models 42–53%) of the decline in mortality by 2005. Allow-

ing prostate cancer incidence to continue its pre-PSA increase in the absence of screening, 

the UMICH model projects that changes in treatment explained 30% rather than 22% of the 

decline in mortality by 2005. And assuming all cases reported as receiving conservative man-

agement in SEER actually received radiation therapy, the FHCRC model projects that changes 

in treatment explained 46% rather than 33% of the decline in mortality by 2005.

Thus, we conclude that advances in primary treatment likely played an important role 

in the dramatic drop in prostate cancer mortality observed since the early 1990s. However, 

changes in primary treatment alone do not explain the majority of the mortality decline. 

Table 2.2: Projected prostate cancer mortality rates per 100,000 men aged 50–84 y in 2005 by model, 
assumption about primary and hormonal treatment benefit, and treatment allowing benefit. The 
corresponding mortality rate from SEER was 59.9 in 2005.

Model None RP RT RT+ADT RP+RT RP+RT+ADT

FHCRC

Set 1 95.8 90.6 (14.4) 90.0 (16.2) 88.9 (19.0) 84.8 (30.5) 83.8 (33.4)

Set 2 95.8 90.6 (14.4) 91.9 (10.7) 89.5 (17.4) 86.8 (25.1) 84.4 (31.8)

Set 3 95.8 91.3 (12.4) 92.8 (8.2) 91.8 (10.9) 88.4 (20.7) 87.4 (23.4)

Set 4 95.8 91.3 (12.4) 93.1 (7.4) 92.0 (10.5) 88.7 (19.8) 87.5 (23.0)

MISCAN

Set 1 97.1 92.0 (13.7) 90.9 (16.6) 90.5 (17.7) 85.8 (30.3) 85.4 (31.3)

Set 2 97.1 92.0 (13.7) 93.0 (10.9) 91.5 (15.0) 88.0 (24.6) 86.4 (28.7)

Set 3 97.1 94.4 (7.3) 94.2 (7.8) 93.8 (8.8) 91.5 (15.1) 91.1 (16.2)

Set 4 97.1 94.4 (7.3) 94.4 (7.3) 93.9 (8.7) 91.6 (14.7) 91.1 (16.0)

UMICH

Set 1 98.0 93.8 (10.8) 94.5 (9.1) 93.8 (10.9) 90.4 (20.0) 89.7 (21.6)

Set 2 98.0 93.8 (10.8) 95.6 (6.3) 94.3 (9.6) 91.5 (17.0) 90.1 (20.6)

Set 3 98.0 94.1 (10.1) 95.9 (5.3) 95.4 (6.8) 92.0 (15.6) 91.5 (16.9)

Set 4 98.0 94.1 (10.1) 96.1 (4.9) 95.4 (6.7) 92.2 (15.1) 91.6 (16.7)

Notes: Percent declines relative to the difference between mortality projected under no treatment benefit 
and SEER observed mortality are shown in parentheses. RP is radical prostatectomy, RT is radiation therapy, 
ADT is androgen deprivation therapy.
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Discussion

The decline in prostate cancer mortality that began in the early 1990s has been striking and 

sustained. Between 1994 and 2005, prostate cancer deaths dropped by an average rate of 

4.1% per year and they are still declining.

The present study uses comparative modeling to investigate one of the most plausible 

explanations for the mortality decline, i.e., changes in primary treatment, with the goal of 

shedding light also on the potential roles of screening and other interventions. Our results in-

dicate that treatment explains a non-trivial fraction of the drop in disease-specific deaths, but 

the majority of the decline is likely explained by other factors such as screening or improve-

ments in disease management after primary therapy. For example, with almost all patients 

being monitored with PSA after diagnosis, metastatic or potentially metastatic tumors are 

being re-treated considerably earlier.30 Salvage treatments given at biochemical failure have 

been associated with significant improvements in disease-specific survival.31 These changes 

in secondary disease management may have been primarily responsible for the early decline 

in mortality; based on recent screening trial results, we would not expect to see a substantial 

decline in mortality as early as was observed due to screening alone.

Our results rest on several key assumptions. First, each natural history model makes dif-

ferent assumptions about disease onset, progression, and diagnosis in the absence of screen-

ing. As a result, the three models project three estimates for the fraction of the mortality 

decline explained by treatment. We find that our conclusions are robust even given this inter-

model uncertainty. Second, all models assume that disease incidence would have remained 

constant at pre-PSA levels after 1987. A sensitivity experiment found that our conclusions are 

robust even if disease incidence would have continued its increasing trend. Third, all models 

assume that baseline (in the absence of screening or treatment) prostate cancer survival 

remained constant in the PSA era. Even if this survival improved over time, perhaps due to 

advances in treating recurrent disease, this would have little impact on our results because 

it would imply similar relative differences between projected mortality rates in the presence 

and absence of changes in treatment.

Our study uses data from a variety of sources which are subject to limitations. Although 

SEER is the most authoritative resource for information on disease incidence and survival in 

the US, we note again that estimates of prostate cancer survival in the absence of screening 

are not available in the PSA era. We also use SEER data on the first course of cancer-directed 

therapy to estimate the frequencies of radical prostatectomy and radiation therapy. A sensi-

tivity experiment found that our conclusions are robust even if all cases recorded as receiving 

conservative management in SEER actually received radiation therapy. Finally, our treatment 

efficacy estimates, which are based on the most rigorous and up-to-date results from ran-

domized trials and comparative effectiveness studies, are still subject to moderate uncer-

tainty. Our sensitivity experiments found that our conclusions are robust even assuming that 
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radical prostatectomy primarily benefits younger men and/or assuming that improvements 

in radiation technology achieved efficacy similar to radical prostatectomy.

The models use estimates of the efficacy of radical prostatectomy relative to conservative 

management from the benchmark Scandinavian randomized controlled trial.2 A recent ob-

servational study32 compared Medicare patients in the US who did and did not receive radical 

prostatectomy. After adjusting for selection, the study found an advantage for surgery, even 

among older men, who were not found to benefit significantly in the Scandinavian trial. If 

surgery is more efficacious in the US, then our results may be somewhat conservative since 

changes in the frequency of radical prostatectomy are associated with an important portion 

of the decline in mortality associated with primary treatment.

In conclusion, the results of this modeling study clearly identify a role for primary treat-

ment changes in US prostate cancer mortality declines, but a large fraction of the decline is 

left unexplained. This clearly suggests a role for PSA screening, but it also indicates that we 

should not assume that screening is as effective as suggested by the overall drop in prostate 

cancer mortality observed in the PSA era. Indeed, there is a clear role for primary treatment 

change and possibly advances in treatment for recurrent or progressive disease, and there 

may be a synergy with earlier detection due to screening. Further modeling studies will 

investigate the extent to which screening and treatment jointly explain the mortality decline 

and will also highlight the role of other interventions such as advances in disease manage-

ment for recurrent and metastatic disease.
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Abstract 

Dissemination of prostate-specific antigen (PSA) testing in the United States coincided 

with an increasing incidence of prostate cancer, a shift to earlier stage disease at diagnosis, 

and decreasing prostate cancer mortality. We compared PSA screening performance with 

respect to prostate cancer detection in the US population versus in the Rotterdam section 

of the European Randomized Study of Screening for Prostate Cancer (ERSPC–Rotterdam). We 

developed a simulation model for prostate cancer and PSA screening for ERSPC–Rotterdam. 

This model was then adapted to the US population by replacing demography parameters 

with US-specific ones and the screening protocol with the frequency of PSA tests in the US 

population. We assumed that the natural progression of prostate cancer and the sensitivity 

of a PSA test followed by a biopsy were the same in the United States as in ERSPC–Rotterdam. 

The predicted prostate cancer incidence peak in the United States was then substantially 

higher than the observed prostate cancer incidence peak (13.3 vs 8.1 cases per 1000 man-

years). However, the actual observed incidence was reasonably reproduced by assuming a 

substantially lower PSA test sensitivity in the United States than in ERSPC–Rotterdam. For 

example, for nonpalpable local- or regional-stage cancers (i.e., stage T1M0), the estimates 

of PSA test sensitivity were 0.26 in the United States versus 0.94 in ERSPC–Rotterdam. We 

conclude that the efficacy of PSA screening in detecting prostate cancer was lower in the 

United States than in ERSPC–Rotterdam.
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Prostate-specific antigen (PSA) testing was introduced in the United States in 1986 to monitor 

prostate cancer progression. The test was rapidly adopted for the early detection of prostate 

cancer, and as a consequence, the incidence of prostate cancer has increased rapidly since 

1988, peaking in 1992.1 The benefits and harms of PSA testing depend on its performance 

in detecting prostate cancers and on the benefits of consequent early treatment. The per-

formance of PSA testing as a screening test depends on the cutoff level for recommending 

a biopsy, the compliance to a biopsy recommendation, and the diagnostic accuracy of the 

biopsies that are performed. 

Differences between PSA screening performance with respect to the detection of pros-

tate cancer in a trial and in a population is crucial information for translating the results of 

a prostate cancer screening trial to a population setting. In this study, we compared PSA 

screening performance for detecting prostate cancers in the US population with that in the 

Rotterdam section of the European Randomized Study of Screening for Prostate Cancer 

(ERSPC–Rotterdam). Because PSA screening performance in the US Prostate, Lung, Colorectal 

and Ovarian (PLCO) trial may be comparable to PSA screening performance in the US popula-

tion,2 the results of this analysis could also provide quantitative explanations for the different 

mortality results of the ERSPC and PLCO trials.3-4 

For this analysis, we used the MIcrosimulation SCreening ANalysis (MISCAN) model for pros-

tate cancer,5-6 which simulates individual life histories and models the development of cancer 

in individuals as a sequence of tumor states. The model includes 18 detectable preclinical 

states in the natural history of prostate cancer that are derived from combinations of clinical 

T-stage (T1, impalpable; T2, palpable, confined to the prostate; and T3+, palpable, with exten-

sions beyond the prostatic capsule),7 differentiation grade (well differentiated, Gleason score 

2–6; moderately differentiated, Gleason score 7; and poorly differentiated, Gleason score 

8–10),8 and metastatic stage (local or regional [M0] and distant [M1]).7 Cancer can progress 

from each preclinical state to the clinical disease state (i.e., become diagnosed because of 

symptoms). Preclinical cancers may be detected by PSA screening. Screen-detection depends 

on the timing of PSA tests and on the test sensitivity. In the MISCAN model, the PSA test and 

a subsequent biopsy are modeled as a single test; therefore, PSA test sensitivity also depends 

on whether a positive test is followed by a biopsy. In the model, sensitivity is defined as the 

probability that a preclinical tumor is detected by a screening test at the time the test is 

taken. The parameters for PSA test sensitivity are stage-specific because the sensitivity of a 

test primarily depends on the size of the tumor.

Model parameters, including transition probabilities, mean dwelling times (the time from 

one preclinical state to another preclinical or clinical state), and stage-specific test sensitivi-

ties, are typically estimated as follows. A model is constructed for a specific situation, such 

as prostate cancer incidence in the United States or in both arms of the ERSPC–Rotterdam. 

Parameters are then estimated by numerical minimization of the deviance between observed 
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numbers of cases and the number of cases predicted by the model. Deviances are calculated 

by assuming Poisson likelihood for incidence data or by assuming a multinomial likelihood 

for stage distribution data. 

In this study, we first developed an ERSPC model that simulated the prostate cancer 

progression and screening in ERSPC–Rotterdam. Estimates of natural history parameters and 

test sensitivities were obtained by using the observed detection rates, interval cancer rates, 

and stage distributions from ERSPC–Rotterdam.5-6 

Next, to make the model results comparable to observed US data, the population in the 

model was adjusted to the US population by replacing the birth tables and life tables with 

US-specific tables, and the screening protocol of ERSPC–Rotterdam was replaced with the 

frequency of PSA testing in the US population. The frequency of PSA testing in the United 

States was modeled according to the approach described by Mariotto et al.9 The frequency of 

a first PSA test and of repeat tests in the United States, as reproduced in the MISCAN model, 

is illustrated in Figure 1.4. On average, 80% of the screened men in the United States have a 

repeat PSA test within 2 years of the previous test. 

We considered two US models. In model 1, we investigated the hypothesis that PSA 

screening in the United States is the same as in ERSPC–Rotterdam. In this model, all prostate 

cancer–related parameters were the same as in the ERSPC model. In model 2 we investigated 

the hypothesis that the sensitivity of PSA screening in the United States is lower than that in 

ERSPC–Rotterdam. In this model, all prostate cancer–related parameters except for the test 

sensitivity parameters were the same as those in the ERSPC model. US-specific estimates of 

Table 3.1: Estimates of sensitivity, detection rate, and deviance for the two US models*

Parameter Model 1 Model 2

Sensitivity by stage† 

T1M0 0.94 0.26

T2M0 0.94 0.26

T3M0 1  0.27‡

T1M1 0.96 0.84

T2M1 0.97 0.84

T3M1 1 0.84

Detection rate per 1000 screened men

At first PSA test 62 18

At repeat PSA test 13 12

Deviance 44,727 23,438

*PSA = prostate-specific antigen.
†T1, T2, and T3 are the three clinical T-stages (T1, nonpalpable; T2, palpable, confined to the prostate; and 
T3, palpable, with extensions beyond the prostatic capsule), M0 is the local or regional stage, and M1 is the 
distant stage.
‡The range of plausible values is (0.24–0.29). The range of plausible values indicates a range in which the 
95% confidence interval will be with near certainty, see Appendix Figure 3.1. Because of restrictions on the 
sensitivities (sensitivity increases with clinical T-stage and metastatic state), this range can not be calculated 
for the other parameters
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test sensitivities were obtained by using observed age-specific incidence and age-specific 

stage distribution (local or regional vs distant) in the US population. For estimation of the 

US-specific parameters, we used data from the Surveillance, Epidemiology, and End Results 

(SEER) registry for US men aged 50–84 years who were diagnosed with prostate cancer 

between January 1, 1975, and December 31, 2000. The data were based on the nine core 

catchment areas (SEER 9) of the SEER registry (http://seer.cancer.gov/). We used the test 

sensitivity parameter estimates of the ERSPC model as starting values for optimization of 

the estimates of the US model. The estimated test-sensitivities parameters of the calibrated 

model are presented in Table 3.1.

In model 1, both the predicted and observed incidence peaks occurred in 1992. However, 

the predicted prostate cancer incidence peak in the United States was substantially higher 

than the observed prostate cancer incidence peak (13.3 vs 8.1 cases per 1000 man-years), 

which suggests a lower detection of prostate cancer in the United States than in ERSPC–

Rotterdam (Figure 3.1). In model 2, the predicted incidence peak was the same size as the 

observed incidence peak (Figure 3.1). However, estimates of test sensitivity were lower in 

the United States than in ERSPC–Rotterdam. For example, for nonpalpable local- or regional-

stage cancers (i.e., stage T1M0), the estimates of PSA test sensitivity were 0.26 in the United 

States versus 0.94 in ERSPC–Rotterdam (Table 3.1).
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Figure 3.1: Observed (solid) and predicted (dashed) age-adjusted incidence per 1000 man-years for 
men aged 50–84 years in the US models. In model 1, prostate-specific antigen (PSA) screening in the 
US population is the same as in the Rotterdam section of the European Randomized Study of Screening 
for Prostate Cancer (ERSPC–Rotterdam). In model 2, the sensitivity of PSA screening is lower in the US 
population than in ERSPC–Rotterdam.
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The lower sensitivity of PSA screening in the United States compared with ERSPC–Rotter-

dam in model 2 could be due to a higher PSA cutoff level for recommending biopsy in the 

United States, a lower biopsy compliance rate in the United States, or a lower sensitivity of 

the biopsies in the United States. The latter possibility is unlikely because more biopsy cores 

are generally taken in the United States than were taken in ERSPC–Rotterdam. The other 

two possibilities might explain the lower sensitivity of PSA screening in the United States. A 

higher PSA cutoff level for recommending biopsy in the United States could follow from the 

fact that the recommended PSA cutoff level in the United States is 4 ng/mL, whereas the PSA 

cutoff level in ERSPC–Rotterdam was 3 ng/mL. A lower biopsy compliance rate in the United 

States could, for instance, indicate that some physicians in the United States might have 

used a higher PSA cutoff level than recommended (ie, higher than 4 ng/mL) or might have 

advised a confirmatory PSA test if the first PSA level was elevated. Confirmatory PSA tests 

would lower the biopsy compliance rate because men with a PSA level higher than the cutoff 

level at the first test but with a PSA level lower than the cutoff level at the confirmatory test 

would probably be advised to not have a biopsy; therefore, some men with a PSA level higher 

than the cutoff level at the first PSA test would not have a biopsy. Pinsky et al.2 reported a 

biopsy compliance rate in the PLCO trial of 41% within 1 year of a positive PSA test. They 

suggested that this biopsy compliance rate is representative of US screening practice given 

that men with a positive PSA test in the PLCO trial were referred to their personal physician 

for follow-up. In the screening arm of ERSPC–Rotterdam, biopsies were administered by the 

screening center at no charge to the subject and reminders for biopsy appointments were 

sent if necessary, resulting in a biopsy compliance rate of approximately 90%. In model 2, 

the detection rates at first PSA screening and at repeat PSA screening were 18 and 12 per 

1000 screened men, respectively (Table 3.1), which are comparable to the detection rates at 

the first round of screening (16 per 1000 screened men) and repeat screening (11 per 1000 

screened men) in the PLCO trial.10

This study has four limitations. First, we did not take into account other factors, such as race, 

that differed between the US and ERSPC–Rotterdam populations and might influence the 

detection rates. Approximately 10% of the US population is black, whereas nearly 100% 

of the ERSPC–Rotterdam population was white. Because the incidence of prostate cancer 

was higher among black men than among white men during the study period, these racial 

differences might explain the different detection rates estimated for the two populations. 

However, the incidence of prostate cancer among whites in the US population was similar to 

the overall incidence11 which indicates that the effect of black men on the overall observed 

incidence was small, as was their effect on the outcomes of this study.

Second, we assumed that the model that we used for the frequency of PSA testing9 would 

apply to screening tests. During the construction of that model, all follow-up PSA tests taken 

after diagnosis as well as PSA tests occurring within three months of a previous PSA test 
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were eliminated. However, a fraction of the remaining tests might be diagnostic tests that 

were used to confirm a suspicion for prostate cancer. The size of this fraction is unknown, 

but including this fraction of diagnostic tests as screening tests would imply that the actual 

screening rate is lower than in the model. 

Third, a weakness of our model is that it fails to explain why prostate cancer incidence 

in the US dropped so steeply after 1992 (Figure 3.1). In our model, the cancers detected in 

repeat tests led to a slower decline of incidence after 1992 than what was observed. However, 

the frequency of repeat PSA testing remained at a level of 30% (Figure 1.4), and it is unclear 

why these tests detected so little cancer in the US population. 

Fourth, we could not compute 95% confidence intervals for the sensitivity parameters: 

because of random noise in the simulated predictions and restrictions on the sensitivities 

(sensitivity increases with clinical T-stage and metastatic state), formal 95% confidence 

intervals are difficult to obtain when using the microsimulation model. However, for fixed 

values of other model parameters, the range of plausible values for test sensitivity for a local 

or regional stage tumor in clinical stage T3 (i.e., in state T3M0) was narrow (0.24–0.29). The 

range of plausible values contains with near certainty a standard computed 95% confidence 

interval. The calculation of the range of plausible values is presented in Appendix Figure 3.1 

in the Appendix.

In conclusion, PSA screening in the United States did not detect as many prostate cancers 

as PSA screening in ERSPC–Rotterdam because of the lower sensitivity of PSA testing and 

consecutive biopsy. The consequence of this lower test sensitivity is that the effects of PSA 

screening in the United States are likely to be different from those observed in the ERSPC–

Rotterdam. For example, Draisma et al.12 noted that the lead time (time by which screening 

advances diagnosis) and the frequency of overdiagnosis were smaller in the United States 

than in ERSPC–Rotterdam (mean non-overdiagnosed lead time: 6.9 vs 7.9 years; overdiagnosis 

frequency: 42% vs 66%), indicating that the harms of PSA testing in the United States, while 

still substantial, are likely to be less than those in the ERSPC–Rotterdam. The benefits of PSA 

screening in the United States are also likely to be different from those in ERSPC–Rotterdam. 

The ERSPC trial has shown that screening for prostate cancer by using PSA tests can reduce 

prostate cancer mortality;4 however, we can not directly translate these mortality reductions 

to the US population because of differences between the two populations, such as the lower 

sensitivity of PSA screening in the United States. Finally, this analysis also shows quantita-

tively that it is likely that there is a difference in the sensitivity of the PSA screening (PSA test 

and consecutive biopsy) in the ERSPC and PLCO trials, which is likely to have contributed to 

the different outcomes of the trials.
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Appendix Figure 3.1: Calculating plausible values for the estimate of the parameter for sensitivity for 
a tumor in clinical stage T3 and in the local or regional stage (M0). Because of the random noise in the 
simulated predictions and restrictions on the sensitivities (sensitivity increases with clinical T-stage and 
metastatic state), formal 95% confidence intervals are difficult to obtain. However, for fixed values of other 
model parameters, the range of plausible values for test sensitivities is narrow (0.24–0.29). The range of 
plausible values contains with near certainty a standard computed 95% confidence interval. The range of 
plausible values was calculated as follows. First, we computed deviances for the model for different test 
sensitivities around the maximum likelihood estimate. In this figure we present the different deviances for 
the model if we vary the sensitivity for three different random sequences. The deviance was computed as 
usual as 2 × (the log likelihood of a saturated model minus the log likelihood of the model). In standard 
maximum likelihood estimation, 95% confidence intervals would be calculated, based on the likelihood 
ratio test, as the interval between the points where the deviance is 3.84 higher (the 95% quantile of 1 df 
for a chi-square distribution) than the minimum at the maximum likelihood estimate. As this figure shows, 
the deviances are approximate quadratic functions that have a minimum between 0.25 and 0.28, but 
random noise prevents the application of the standard 3.84 rule. However, the graphs also show that the 
likelihood of values outside the range of 0.24–0.29 must be small, which is the range of plausible values.
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Abstract

Background 

Simulation models are essential tools for estimating benefits of cancer screening programs. 

Such models include a screening-effect model which represents how early detection by 

screening followed by treatment affects disease-specific survival. Two commonly used 

screening-effect models are the stage-shift model, where mortality benefits are explained 

by the shift to more favorable stages due to earlier detection, and the cure model, where 

early detection enhances the chances of cure from disease. The objective of this paper is to 

describe the commonly used screening-effect models and analyze their predicted mortality 

benefit in a model for prostate cancer screening. 

Methods 

The MISCAN simulation model was used to predict the reduction of prostate cancer mortal-

ity in the European Randomized Study of Screening for Prostate Cancer (ERSPC) Rotterdam. 

The screening-effect models were included in the model. For each model the predictions of 

prostate cancer mortality reduction in ERSPC-Rotterdam were calculated. We compared four 

screening-effect models, which are versions of the stage-shift model or the cure model.

Results

The stage-shift models predicted, after a follow-up of nine years reductions in prostate cancer 

mortality varying from 38% to 63% for ERSPC-Rotterdam compared with a 27% observed in 

the overall ERSPC. The cure models predicted reductions in prostate cancer mortality varying 

from 21% to 27%. 

Conclusions

The differences in predicted mortality reductions show the importance of validating models 

to observed trial mortality data. Using the stage-shift models to include the effect of screen-

ing considerably over-estimated the mortality reduction. Therefore, the stage-shift models 

should be used with care, especially when modeling the effect of screening for cancers with 

long lead times, such as prostate cancer. 
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Introduction

Screening can be used for the early detection of several types of cancer.1 For example, mam-

mography is commonly used to detect breast cancer in an earlier stage and Pap smear is 

used to detect potentially precancerous lesions and prevent cervical cancer.2 Screening for 

colorectal cancer with Fecal Occult Blood Test (FOBT), flexible sigmoidoscopy and colonos-

copy has been tested in randomized trials.3 Prostate Specific Antigen (PSA) screening for 

the early detection of prostate cancer is widespread in the US.4 Death from cancer might be 

postponed or prevented if a cancer is found earlier as treatment is received at a less advanced 

stage. However, this benefit can only be obtained if the treatment that is received is more 

effective at a less advanced stage. 

Models are often used to simulate the progression of cancer and how this progression is 

affected by screening. Such models are described as natural history models. They have been 

important tools for estimating benefits and harms of interventions for early detection, for 

instance the screening of breast cancer,5-6 cervical cancer7-8 and colorectal cancer.9-10 Models 

have also been used for explaining observed trends in cancer incidence and mortality. For 

example Etzioni et al.11 used two models to project that 45% to 70% of the observed decline 

in prostate cancer mortality by year 2000 could plausibly be attributed to the stage-shift due 

to screening. Also, Berry et al.12 showed with seven models that mammography screening 

and treatment have helped to reduce the rate of death from breast cancer in the United 

States.

Natural history models include a screening-effect model. A screening-effect model de-

termines how early detection by screening followed by treatment affects the progression 

of cancer, specifically on how diagnosing and treating patients at a less advanced stage 

affects prostate cancer mortality. Screening-effect models may be summarized generally 

into two types: stage-shift models attribute the better prognosis because of early detection 

by screening to the shift to a less advanced stage with the corresponding more favorable 

stage-specific survival. Cure models assume that early detection is followed by curative treat-

ment that is either successful in preventing cancer-specific mortality or unsuccessful, i.e. not 

changing the time and cause of death of patients. Mortality predictions from the models 

may vary significantly with the type of screening-effect model used. In this paper we study 

the effect of various stage-shift and cure models on the predicted prostate cancer mortality 

in the European Randomized Study of Screening for Prostate Cancer (ERSPC) Rotterdam and 

compare this effect with the results observed in the overall ERSPC.13
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Methods

In most simulation models the progression of cancer in individuals is simulated first in the 

absence of screening (Figure 4.1, Panel B). In the absence of screening, the time of prostate 

Death OC

Other causes

Clin Dx Death PC

S=X

No screening

Scr Dx Death PC

L X'

S'=L+X'

Screening: Stage shift I

Scr Dx Death PC

L X

X'

S'=max(L+X,X')
Screening: Stage shift II

Scr Dx Death PC Death OC

L X

S'

Screening: Cure

Figure 4.1: Modeling the impact of early detection on disease progression. Each panel shows relevant 
events in an individual life history on a time line. Panel A indicates the time of death from other causes 
than prostate cancer (Death OC). Panel B presents the prostate cancer history in the absence screening. 
Survival S after clinical diagnosis (Clin Dx) equals a random variable X, drawn from a survival curve specific 
for stage at diagnosis. Panels C to E illustrate the impact of early detection by screening in the various 
models. Panel C: With the Stage-shift 1 model, survival S’ after detection by screening (Scr Dx) equals 
the sum of lead time L and a random variable X’ drawn from a survival curve specific for the stage at the 
time of early detection. Panel D: With the Stage-shift 2 model X’ is generated similarly, but survival after 
detection by screening S’ is taken to be the maximum of the original survival (L+X) and the new X’. Panel 
E: In the cure models, survival S’ is up to death from other cause (Death OC) with probability c (cure) and 
equals the original survival corrected for lead time (L+X) with probability 1-c (no cure).
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cancer death is defined by survival, S, after clinical diagnosis which equals a random variable, 

X, drawn from a survival curve specific for stage at diagnosis. 

These natural history models assume a preclinical phase that precedes the time of clinical 

diagnosis during which tumors can be detected by screening. How early detection by screen-

ing affects the modeled disease progression depends on the screening-effect model. The 

screening-effect model is a sub-model that takes into account that persons diagnosed with 

cancer early by screening may have a better cancer-specific survival compared to persons 

clinically diagnosed when symptoms appear. In general, persons with cancers found by 

screening have better survival in part because there is a lead time component in the survival 

and also because finding and treating cancers earlier might postpone the time of death of 

cancer. This study considers four different screening-effect models: two stage-shift models 

and two cure models. Figure 4.1 illustrates the different models in Panel C to E, and Table 4.1 

presents the model parameters for the specific models.

Stage-shift models

Stage-shift models attribute the improved prognosis associated with early detection by 

screening to the shift to a less advanced cancer stage with the corresponding more favorable 

stage-specific survival. A simple application of this principle is that a survival time from the 

Table 4.1: Parameters and data source for each screening-effect model.

Model Parameters Parameter value by stage at diagnosis Source

Local/Regional
Gleason score <=7

Local/Regional
Gleason score >7

Distant
Any Gleason score

Stage-shift 
1, 2A, 2B

Stage specific 
survival at*

SEER prostate-cancer-specific 
survival in pre PSA era (1983-
1986) with hazard ratio 0.65 
from Bill-Axelson et al.14

 5 year 0.98 0.73 No effect (0.45)*

 10 year 0.90 0.49 No effect (0.29)*

Cure 1A Stage specific 
probability of cure

0.33 0.17 No effect Ratio of long term prostate-
cancer-specific survival of non-
treated and treated prostate 
cancer in pre-PSA era (SEER 
1983-1986) with hazard ratio 
0.65 from Bill-Axelson et al.14 
(S(20)0.65-S(20))/(1-S(20)0.65)

Cure 1B Stage specific 
probability of cure

0.42 0.23 No effect Calibration to the observed 
27% mortality reduction in 
ERSPC at nine years of follow-
up.13

Cure 2A Stage specific 
probability of cure

0-0.69: increasing 
with lead time up 
to 5 years

0-0.37: increasing 
with lead time up 
to 5 years

No effect Calibration to the 27% 
observed mortality reduction 
in ERSPC at nine years of 
follow-up.13

*Value in parentheses is the prostate-cancer-specific survival probability for patients detected with prostate 
cancer by clinical diagnosis. If prostate cancer is detected by screening in the distant stage it is assumed 
that screening has no effect on the survival. 
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moment of screen-detection is generated from a stage (at detection) specific survival func-

tion, which is the same survival function as for men clinically diagnosed with cancer. This 

simple application may lead to implausible consequences. Namely, that patients’ live may 

be shorter in the case of early detection by screening than in the case of no screening. This 

may be plausible, for example, if treatment is associated with mortality. However, because 

the mortality due to treatment is usually relatively small, this situation does not arise in most 

models. Most stage-shift models employ an additional assumption to avoid implausible 

results of reduced life-expectancy with screening. In this study we consider the following 

two stage-shift models. 

In Stage-shift model 1 no death from cancer is allowed during lead time, i.e. before the 

time of clinical diagnosis in the absence of screening. Technically, we assume that persons 

whose cancers are detected by screening have a cancer-specific survival, X’, which depends 

on the stage, age and treatment at screen-detection and that the survival time starts after the 

lead time, L, i.e. the survival starts at the expected time of clinical diagnosis in the absence 

of screening. This implies that the survival, S’, after detection by screening equals the sum of 

lead time, L, and the random variable, X’, drawn from a survival curve specific for the stage 

at the time of early detection (Figure 4.1, Panel C). In this screening-effect model the pos-

sibility of patients dying during lead time is ruled out and the possibility of dying before the 

expected time of dying had patients not been screened, is substantially decreased.

In Stage-shift model 2, no death from cancer is allowed before the time of death from can-

cer in the absence of screening. Specifically, persons whose cancers are detected by screen-

ing have a cancer-specific survival, X’, which depends on the stage, age and treatment at 

screen-detection but survival time starts at the time of screen-detection. However, if this new 

survival would imply dying from cancer before the expected time of death in the absence 

of screening such persons are assumed to die of cancer at the same time of death as in the 

absence of screening. This implies that the survival, S’, after detection by screening is taken 

to be the maximum of the new survival, X’, and the original survival, L+X, (Figure 4.1, Panel D). 

We consider two versions of Stage-shift model 2. In Stage-shift model 2A we assume that 

the survival at screen-detection and the survival at clinical-detection are independent. In 

Stage-shift model 2B we assume that the two survivals are dependent. Technically, the depen-

dency is included by generating the survival at screen-detection and the survival at clinical-

detection with the same random number, i.e. using the same quantile from both survival 

functions. In Stage-shift model 2 survival is truncated at the survival time as in the case that 

the individuals had not been screened, implying that men who would die of prostate cancer 

in the absence of screening can additionally benefit from the independency.

Cure models 

In the cure models a fraction of the tumors detected by screening are cured because the 

tumors are treated earlier. Patients will not die of cancer if they are cured, but if they are not 
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cured, their date and cause of death are not changed by early detection. This implies that 

survival S’ is up to death from other causes with probability c (cure) and equals the original 

survival corrected for lead time, L+X, with probability 1-c (no cure), (Figure 4.1, Panel E). 

In this study we consider two cure models. In Cure model 1 we assume that the cure rate 

(the probability of cure) is constant and we consider two estimates for the cure rate. The cure 

rate is either estimated from the ratio of long term disease specific survival of treated versus 

untreated cancer (Cure model 1A), or from the mortality reductions observed in randomized 

trials (Cure model 1B). 

In Cure model 2 the cure rate depends on the predicted lead time (time by which screen-

ing advances diagnosis). For this study we assume that the cure rate increases linearly with 

the lead time, L, for the first 5 years and that the cure rate is constant after a lead time of 5 

years. Namely, for lead times < 5 years the cure rate = L x c/5 and for lead time ≥ 5 years cure 

rate = c, where the parameter c is estimated by calibrating the model to mortality predictions 

observed in a trial. Note however that a non-linear relationship can also be assumed between 

the cure rate and the lead time.

Comparing the screening-effect models

The MISCAN prostate cancer model was used to simulate the progression of prostate can-

cer and screening in the ERSPC-Rotterdam.15 Models were constructed using the different 

screening-effect models. The prostate cancer mortality reduction in the ERSPC-Rotterdam 

by follow-up year was estimated using each of these models. The prostate cancer mortality 

reduction was calculated as the ratio of the number of prostate cancer deaths prevented by 

screening and the number of prostate cancer deaths in the absence of screening. Predictions 

of mortality reduction at nine years of follow-up of the ERSPC-Rotterdam were compared to 

the published mortality reduction of 27% at nine years of follow-up in the overall ERSPC.13 All 

results were calculated for the screened men in the core age group, men between age 55 and 

69 at randomization, of the ERSPC.

The MISCAN prostate cancer model

The MISCAN prostate cancer model is briefly described here. A more detailed description 

is available at http://cisnet.cancer.gov/prostate/profiles.html. The MISCAN prostate cancer 

model is a micro-simulation program which simulates the progression of cancer in individuals 

as a sequence of tumor states. The individual life histories are first simulated in the absence 

of screening. Prostate cancer may develop from no prostate cancer to a clinically diagnosed 

cancer through one or more screen-detectable preclinical stages. In each preclinical stage, 

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), dedifferentiate to 

a higher Gleason score (well differentiated: 2–6; moderately differentiated: 7; and poorly dif-

ferentiated: 8–10;), or give rise to symptoms and become clinically diagnosed. The time spent 
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in the current stage is generated from a Weibull distribution, where the parameters depend 

on the current stage. The choice of the next stage is determined by transition probabilities. In 

addition, there is a risk that a tumor in the local-regional stage (M0) will develop into distant 

disease (M1). The transition from the local-regional stage to the distant disease is modeled by 

a stage- and grade-specific hazard function. The model thus includes 18 detectable preclini-

cal states that are derived from combinations of clinical T-stages, differentiation grades, and 

metastatic stages. 

The parameters of the progression of prostate cancer were estimated by constructing 

models for the ERSPC-Rotterdam and calibrating the model to observed data: baseline inci-

dence (1991) and stage distribution (IKR92/93) in the Netherlands; incidence, Gleason and 

stage distributions in the control arm; and detection rates, interval cancer rates, Gleason and 

stage distributions in the screen arm. Note that the parameters of the progression of prostate 

cancer before diagnosis were estimated independent of survival data. A detailed description 

of the model’s progression component is given by Draisma et al.15-16

After men are clinically diagnosed with prostate cancer, treatment is assigned. The men 

can receive three treatment types: active surveillance, radical prostatectomy and radiation 

therapy. The same treatment fractions have been assumed in the model as in the ERSPC-

Rotterdam, depending on age, Gleason score and clinical T-stage. For the corresponding 

treatment the time of death from prostate cancer is obtained using prostate-cancer-specific 

survival curves. Bill-Axelson et al.14 estimated a relative risk of 0.65 for death from prostate 

cancer for men treated with radical prostatectomy compared to patients with no initial treat-

ment (active surveillance). According to this result, we assumed that men receiving radical 

prostatectomy or radiation therapy have a relative risk of 0.65 compared to active surveil-

lance for local-regional cancers and that those men receiving active surveillance experience 

the baseline prostate cancer survival. For distant prostate cancer it is assumed that treatment 

has no effect on survival, implying that irrespective of the treatment type, all men diagnosed 

with prostate cancer in the distant stage have a survival generated from the corresponding 

baseline prostate-cancer-specific survival curve.

The baseline prostate-cancer-specific survival curves have been estimated on the basis of 

SEER (Surveillance, Epidemiology and End Results) data in the pre-PSA (prostate-specific an-

tigen) era, specifically of cases diagnosed between 1983 and 1986. The survival curves were 

modeled using Poisson regression with grade, stage, age and treatment type as explanatory 

variables. To assign the prostate-cancer-specific survival curves in our model we assumed 

that Gleason score of 7 or less corresponds to grade well/moderately differentiated and that 

Gleason score more than 7 corresponds to grade poor/undifferentiated.

Screening-effects are then modeled by superimposing screening on the life histories 

in the absence of screening. Preclinical cancers may be detected by screening, depending 

on the frequency and the sensitivity of the screening test for the specific preclinical state. 

The PSA test and subsequent biopsy are modeled as a single test. In accordance with the 
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screening in the ERSPC-Rotterdam, it is assumed that the men in the screening arm had their 

first PSA test between November 1993 and December 1999 and that there were 3 screening 

rounds with a time-interval of 4 years between the screening rounds. The time of prostate 

cancer death for the men screen-detected with prostate cancer is determined using each of 

the screening-effect models described before in turn.

For each screening-effect model, the parameters and the data from which the parameter 

estimates are obtained are presented in Table 4.1. In the stage-shift models, the effect of 

early detection by screening is entirely determined by the stage-shift and the corresponding 

prostate-cancer-specific survival curves. 

In the cure models, the effect of early detection by screening depends on the cure rate 

which has to be estimated. In Cure model 1A we estimated the cure rate based on the ratio of 

20 years prostate-cancer-specific survival of treated versus untreated cancer (Table 4.1). The 

cure rate estimates were 0.33 for Gleason scores less or equal to 7 and 0.17 for Gleason scores 

greater than 7.

In Cure model 1B and 2, the cure rate was estimated assuming in the model a mortality re-

duction of 27% in the ERSPC-trial Rotterdam after a follow-up of nine years for men who were 

actually screened. The mortality reduction of 27% was observed in the overall ERSPC-trial. 

We additionally assumed that the ratio between the cure rates given the Gleason scores is 

the same as in Cure model 1A. For Cure model 1B the cure rate estimates were 0.42 for Gleason 

scores less or equal to 7 and 0.23 for Gleason scores greater than 7. For Cure model 2 the 

estimate for the cure parameter, c, was 0.69 for Gleason scores less or equal to 7 and 0.37 for 

Gleason scores greater than 7.

Results

The predicted prostate cancer mortality reductions by follow-up time in the ERSPC-Rotter-

dam are presented in Figure 4.2. Stage-shift model 1 predicted a prostate cancer mortality 

reduction of 45% after a follow-up of 9 years. Stage-shift model 2 predicted a prostate cancer 

mortality reduction after a follow-up of 9 years of 63% for the model assuming that the 

survival at screen-detection and the survival at clinical-detection are independent (A) and 

38% for the model assuming that the survival at screen-detection and the survival at clinical-

detection are dependent (B). Cure model 1A, which assumes a constant cure rate based on 

the ratio of long term survival of treated versus untreated cancer, gave the lowest mortality 

reduction of 21% after a follow-up of 9 years. Cure model 1B, which assumes a constant cure 

rate based on the ERSPC outcome, had a predicted prostate cancer mortality reduction of 

27% after a follow-up of 9 years. Cure model 2 also had a predicted prostate cancer mortality 

reduction of 27% after 9 years, as this model was also calibrated to the 27% prostate cancer 

mortality reduction observed in the overall ERSPC. However, Cure model 2, which assumes a 
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cure rate that depends on lead time gave lower prostate cancer mortality reductions in the 

years before the 9th follow-up year but higher prostate cancer mortality reduction in the 

following year. 

Table 4.2 presents the lifetime probabilities of death from prostate cancer by stage at 

diagnosis for men with screen-detected prostate cancer. The effect of screening is shown by 

the reduction in the risk of death from prostate cancer when the cancer is detected earlier by 

screening. The effect of early detection by screening for local-regional cancers with Gleason 

score less or equal to 7 was larger in the stage-shift models (0.10-0.13) than in the cure models 

(0.05-0.09). Conversely, the effect of screening for local-regional cancers with Gleason score 

greater than 7 was larger in general in the cure models (0.08-0.11) than in Stage-shift model 1 

and 2B (0.03-0.04). Only Stage-shift model 2A, in which the survival starts at screen-detection 

but is taken as the maximum of the new and the original survival and where independence 

was assumed between the survival at screen-detection and the survival at clinical detection, 

gave a larger effect (0.17) than the cure models and the other stage-shift models. 

No benefit was associated with early detection by screening for cancers found in the dis-

tant stage. The relative benefit, the risk of death from prostate cancer prevented by screening 

compared to the risk from prostate cancer in case of no screening, was limited for cancers 

found in the local-regional stage with Gleason score greater than 7. However, there was a 
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Figure 4.2: Predicted prostate cancer mortality reduction by follow-up time for men aged 55-69 at the 
first screening, using the different sub-models for the effect of screening. The dot shows the observed 
27% mortality reduction at nine years of follow-up in the ERSPC. Stage-shift model 1: the cancer-specific 
survival starts after the lead time. Stage-shift model 2: the survival starts at screen-detection but is taken 
as the maximum of the new and the original survival. Cure model 1: assuming a constant cure rate. Cure 
model 2: assuming a cure rate that depends on the lead time.
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considerable relative benefit for cancers found in the local-regional stage with Gleason score 

less or equal to 7. 

Discussion 

The mortality predictions for ERSPC-Rotterdam vary considerably between the stage-shift 

models and the cure models, which employ different assumptions regarding the effect of 

early detection by screening. The stage-shift models predicted substantially larger prostate 

cancer mortality reductions than the 27% observed in the ERSPC-trial.13

It is likely that the best way of modeling the effect of early detection is to assign survivals 

that are based on observed survivals specific to screen-detected cancers and clinically diag-

nosed cancers. In this case, the survival for screen-detected cancers would already include 

Table 4.2: Predicted lifetime risks of prostate cancer mortality in men screen-detected with prostate 
cancer by stage and model.

Model

Stage at detection Risk SS 1* SS 2A† SS 2B‡ Cure 1A§ Cure 1B|| Cure 2¶

Local/regional and 
Gleason score <= 7

Death from prostate cancer without 
screening

0.14 0.14 0.14 0.14 0.14 0.14

Death from prostate cancer with 
screening

0.03 0.01 0.04 0.09 0.08 0.05

Death from prostate cancer prevented 
by screening

0.11 0.13 0.10 0.05 0.06 0.09

Local/regional and 
Gleason score > 7

Death from prostate cancer without 
screening

0.48 0.48 0.48 0.48 0.48 0.48

Death from prostate cancer with 
screening

0.44 0.31 0.45 0.40 0.37 0.38

Death from prostate cancer prevented 
by screening

0.04 0.17 0.03 0.08 0.11 0.10

Distant and any 
Gleason score

Death from prostate cancer without 
screening

0.72 0.72 0.72 0.72 0.72 0.72

Death from prostate cancer with 
screening

0.72 0.72 0.72 0.72 0.72 0.72

Death from prostate cancer prevented 
by screening

0.00 0.00 0.00 0.00 0.00 0.00

*SS 1: Stage-shift model 1, the cancer-specific survival starts after the lead time. 
†SS 2A: Stage-shift model 2A, the survival starts at screen-detection but is taken as the maximum of the 
new and the original survival, assuming no dependency between the new and original survivals. 
‡SS 2B: Stage-shift model 2B, the survival starts at screen-detection but is taken as the maximum of the 
new and the original survival, assuming dependency between the new and original survivals. 
§Cure 1A: Cure model, assuming a constant cure rate based on survivals.
||Cure 1B: Cure model, assuming a constant cure rate based on the ERSPC outcome.
¶Cure 2: Cure model, assuming a cure rate that depends on the lead time and where the parameter estimate 
is based on ERSPC outcome.
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both the lead time and the survival benefit because of early detection. However, these data 

are often not available and therefore additional assumptions that define how early detection 

by screening affects disease-specific survival are often needed.

The simplest version of the stage-shift model is sometimes used, for example, in mod-

els of natural history and screening of colorectal cancer.17-18 In this simple screening-effect 

model, if cancers are detected earlier by screening, the survival time from the moment of 

screen-detection is generated from a stage (at detection) specific survival function, which 

is the same survival function as for men clinically detected with cancer. These survivals may 

lead to under-estimates when the lead time is incompletely compensated by the shift to 

early stages and the corresponding better survival. Colorectal cancer has a relatively short 

mean lead time of around 2.1 years.19 Therefore, neglecting part of the lead time component 

in the survival for screen-detected colorectal cancers might not be a significant concern. 

However, using this simple stage-shift model in our prostate cancer study would suggest 

that 90% of men with screen-detected cancers would die earlier of prostate cancer than if 

these cancers were clinically detected. This implausible result is obtained because part of 

the lead time component is neglected in the survival for screen-detected cancers, while the 

mean lead time for prostate cancer is relatively long (5.4-6.9 years in the US population and 

7.9 years in the ERSPC Rotterdam trial20). 

By employing additional assumptions, the stage-shift models used in this study avoid 

the occurrence of deaths from cancer after early detection which occurs earlier than deaths 

from cancer if the patients were not screened and were clinically-detected at a later time. 

Stage-shift models 1 and 2 used here have previously been used for modeling the effect of 

early detection by screening for breast cancer.21-22

In general, the use of Stage-shift model 1 leads to mortality reductions that are over-esti-

mated. This is because the lead time component is over-compensated. After the lead time, men 

with screen-detected cancers are assigned survival specific to their stage at screen-detection, 

even though their screen detection was some years previously. Consequently, for cancers 

with a large lead time and considering very few disease stages, this screening-effect model 

can give mortality reductions that are considerably over-estimated. Since prostate cancer has 

a large lead time20 and the survival considers only 4 different stages, Stage-shift model 1 in 

this study gave prostate cancer mortality reductions that are greatly over-estimated. Breast 

cancer on the other hand has a relatively short lead time of 0.83-1.4 years,19, 23 implying that 

using Stage-shift model 1 for modeling the effect of early detection of breast cancer might not 

be a significant concern. 

Etzioni et al.11 used in two models Stage-shift model 1 to quantify the contribution of PSA 

screening to the prostate cancer mortality reduction observed in the US population. They 

concluded that PSA screening explains 45% to 70% of the mortality decline observed in the 

US population by the year 2000. The results of our study show that using this screening-effect 
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model leads to over-estimated mortality reductions and that therefore probably less of the 

mortality decline can be attributed to PSA screening. 

Whether using Stage-shift model 2, where the survival starts at screen-detection but is 

taken as the maximum of the new and the original survival, gives over-estimates or under-

estimates for mortality reductions is not trivial. The magnitude of the effect of screening de-

pends on the lead time and the survivals. In the extreme cases, cancers with short lead times 

and long survivals are more likely to have large predicted benefits of screening, whereas 

cancers with long lead times and short survivals are more likely to have small predicted ben-

efits of screening. Therefore, whether the screening-effect of the model is correct depends 

jointly on the lead time and the survivals. In this particular study of prostate cancer screening, 

the Stage-shift model 2 gave mortality predictions that are over-estimated.

Replicating this study for other cancers might not lead to the conclusion that the stage-

shift models over-estimate the effect of screening for those cancers. However, this study 

demonstrates that the screening-effect models should not be used without comparing the 

mortality predictions with observed mortality data. 

In the absence of screening-trial results, the cure rate could be estimated from the ratio 

of long term prostate-cancer-specific survival of treated versus untreated cancer (Cure model 

1A). Using this cure rate estimate gave a predicted prostate cancer mortality reduction that 

is somewhat lower than the observed reduction in the ERSPC-trial. Estimating the cure rate 

(Cure model 1B and 2) by calibrating the model to the observed prostate cancer mortality 

reduction in the overall ERSPC, leads to survival benefits that result in a 27% prostate cancer 

mortality reduction in the ERSPC-Rotterdam. In Cure model 1 we assumed a constant cure rate 

and in Cure model 2 we assumed a cure rate that increases with length of the lead time. It is 

unclear whether by using one of these two screening-effect models the mortality reduction 

before and after the ninth year of follow-up is modeled well. It is also unclear whether the 

effect of screening is modeled correctly by stage at diagnosis (Table 4.2). In this study we 

assumed an increasing cure rate for the lead time years 1 to 5, however we could have also 

assumed a different relationship between the cure rate and the lead time. For example, we 

could have assumed that the cure rate increases slowly for long lead times and faster for 

shorter lead times. However, since mortality reductions before and after the ninth year of 

follow-up are not yet available, it is not possible to validate the cure models completely. 

In our models, the parameters of the progression of prostate cancer up to clinical di-

agnosis and screen-detection were estimated first and the cure parameter was estimated 

subsequently. With sufficient follow-up data of screen-detected and clinically diagnosed 

patients it would be useful to estimate these parameters jointly by calibrating the model to 

observed incidence data, detection rates and mortality data.

A limitation of this study is that we predicted prostate cancer mortality reduction in the 

ERSPC-Rotterdam and compared it with the observed 27% prostate cancer mortality reduc-

tion in the overall ERSPC and not with the one observed in the ERSPC-Rotterdam. However, 
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we do not expect the reduction in prostate cancer mortality in the ERSPC-Rotterdam to be 

very different, as according to the results of the ERSPC-trial the rate ratio for death from 

prostate cancer changes very little when the Rotterdam section is excluded from the ERSPC.13 

In conclusion, different screening-effect models can be used to model the effect of 

screening and these different models gave different outcomes in this study. The first mes-

sage of this study is that it is important to make explicit what assumptions are made about 

the effect of early detection by screening on survival. The second message is that trial data 

are essential for the validation of the screening-effect models. The advantage of the cure 

model is that the cure parameter could be calibrated to the observed 27% prostate cancer 

mortality reduction in the ERSPC-trial. Using the stage-shift models to include the effect of 

screening considerably over-estimated the mortality reduction. Therefore, the third message 

is that stage-shift models should be used with care when modeling the effect of screening of 

cancers with long lead times, such as prostate cancer.
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Abstract

Purpose 

To quantify the extent to which a clinically significant prostate cancer mortality reduction 

due screening could have been masked by control arm screening (contamination) in the 

Prostate, Lung, Colorectal, and Ovarian (PLCO) trial.

Methods

We used three independently developed models of prostate cancer natural history to 

conduct a virtual PLCO trial. Simulated participants underwent pre-trial screening based on 

population patterns. The intervention arm followed observed compliance during the trial 

then resumed population screening. A contaminated control arm followed observed con-

tamination during the trial then resumed population screening, while an uncontaminated 

control arm discontinued screening upon entry. We assumed a clinically significant screening 

benefit, applied population treatments and survival patterns, and calculated mortality rate 

ratios relative to the contaminated and uncontaminated control arms.

Results

The virtual trial reproduced observed incidence, including stage and grade distributions, and 

control arm mortality after 10 years of complete follow-up. Under the assumed screening 

benefit, the three models found that contamination increased the mortality rate ratio from 

0.68–0.77 to 0.86–0.91, increased the chance of excess mortality in the intervention arm from 

0–4% to 15–28%, and decreased the power of the trial to detect a mortality difference from 

40–70% to 9–25%.

Conclusions

Our computer simulation models indicate that contamination substantially limited the ability 

of the PLCO to identify a clinically significant screening benefit. While the trial shows annual 

screening doesn’t reduce mortality relative to population screening, contamination prevents 

concluding whether screening reduces mortality relative to no screening. 
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Introduction

The survival benefit due to prostate-specific antigen (PSA) screening for prostate cancer 

remains uncertain and controversial. Long-awaited results from the European Randomized 

study of Screening for Prostate Cancer (ERSPC) and the US-based Prostate, Lung, Colorectal, 

and Ovarian (PLCO) cancer screening trial have not resolved this critical issue. A significant 

reduction in prostate cancer mortality was observed in the ERSPC, which reported a prostate 

cancer mortality rate ratio for the intervention arm versus the control arm of 0.80 after a me-

dian of 9 years of follow-up.1 This result was not replicated in the PLCO study, which reported 

corresponding mortality rate ratios 1.15 after 10 years (complete for 92% of participants) and 

1.09 after 13 years (complete for 57% of participants).2

Reconciling these apparently conflicting results is challenging because they reflect the 

performance of different screening protocols in different populations under different circum-

stances. A key difference is that the ERSPC was conducted in a population that was relatively 

screening-naïve whereas the PLCO trial was conducted in a population in which screening 

was already becoming established. Not only did at least 45% of PLCO trial participants enter 

the trial with a history of screening,2 but those randomized to the control arm continued 

to be screened during the course of the trial at least as often as in the general population, 

averaging 2.7 routine PSA tests over the trial’s 6-year intervention period.3 Thus the control 

arm was heavily contaminated by screening, and rather than comparing screening versus no 

screening, the PLCO trial effectively evaluated organized annual screening versus popula-

tion screening.2, 4 A recent evidence review for the US Preventive Services Task Force noted 

the potential role of contamination in explaining the PLCO’s non-significant prostate cancer 

mortality rate ratio and the trend towards excess mortality in the intervention arm.5 However, 

existing statistical methods to quantify the magnitude of its effect,6 as have been applied 

to the ERSPC,7 require stratifying outcomes within contaminated and uncontaminated sub-

groups, stratifications that may be sensitive to the definition of contamination and may not 

be possible using the PLCO surveys upon which published contamination estimates were 

based.3

In this article we use three independently developed mathematical and computer simu-

lation models to represent a virtual PLCO trial with both contaminated and uncontaminated 

control arms. The models were developed to study prostate cancer progression, screening, 

detection, and survival in the US population8-10 as part of the Cancer Intervention and Sur-

veillance Modeling Network (CISNET);11 here we adapt them to study PLCO trial results. We 

assume a clinically significant benefit of screening and quantify the extent to which contami-

nation masks the benefit in terms of its effect on the mortality rate ratio, on the chance of 

observing excess mortality in the intervention arm, and on the power of the trial to detect 

the assumed benefit.
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Methods

Overview of CISNET prostate models

In this article, we combine previously developed CISNET models of prostate cancer natural 

history with an updated model of population screening patterns and published data on the 

PLCO trial design. Each model is based on a specification of natural history that captures 

disease onset, progression, detection in the absence of screening, and survival. The natural 

history concepts differ across models, but all models were calibrated using common datasets 

on (a) population demographics: men aged 50–84 in the core 9 registries of the Surveillance, 

Epidemiology, and End Results (SEER) program12 and (b) PSA screening patterns: a recon-

struction13 using Medicare claims and responses from the National Health Interview Survey 

(NHIS) in 2000 to estimate the probability of a first PSA test by birth cohort and calendar year, 

which we extended using responses from the NHIS in 2005. The calibrated models reproduce 

age-adjusted SEER incidence trends before and during the PSA era by SEER stages (local-

regional or distant) and Gleason grade categories (2–7 or 8–10). Detailed model descriptions 

are available on the CISNET website;11 here we briefly review the key model features and 

primary data sources for calibration.

The FHCRC model is PSA-based; we estimate PSA growth for cases and non-cases using 

serial screening data from the control arm of the Prostate Cancer Prevention Trial,14 and we 

represent the risk of disease onset as proportional to age and the risk of progression to me-

tastasis and to disease detection in the absence of screening as proportional to PSA. Because 

the FHCRC model explicitly generates PSA trajectories, the PSA value at any testing event is 

known, and the consequences of a positive test, namely referral to biopsy, receipt of biopsy, 

and biopsy result given disease status, are generated as events in the individual’s disease his-

tory. The likelihood of compliance with biopsy referral is based on studies conducted within 

the PLCO trial population,15-16 and the sensitivity of biopsy to detect occult disease is assumed 

to increase over time in accordance with the diffusion of extended biopsy protocols during 

the PSA era.17 Progression risks given PSA are then estimated via maximum likelihood so that 

the model matches incidence trends in the SEER population.9

The MISCAN model is state-based; disease progresses through a sequence of states de-

fined by stage and grade. The stage and grade transition rates are estimated using data from 

the Rotterdam section of the ERSPC;8 the progression to disease detection in the absence of 

screening and the sensitivity of the PSA test to detect disease within each state are based on 

recalibration of these model parameters to reproduce disease incidence trends in the SEER 

population.18

The UMICH model of natural history consists of three states: healthy, preclinical, and 

clinical (diagnosis in the absence of screening). This simple model is overlaid with a model 

of the time from onset to detection (delay time), which depends on the distribution of age 

and calendar year of diagnosis, and a model of stage and grade at diagnosis, which depends 
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on the delay time.10 Putting together these models of age/year incidence trends and stage/

grade distributions with inputs on SEER incidence and US screening patterns produces a 

composite model for incidence in the SEER population.19

Adapting the CISNET models to conduct a virtual PLCO trial

From 1993 to 2001, the PLCO trial enrolled 76,693 men aged 55–74 at 10 US study centers 

and randomized them to either an intervention or control arm.20 Men in the intervention 

arm were offered annual PSA testing for 6 years and digital rectal exam testing for 4 years. 

This design provided 90% power to detect a 20% reduction in prostate cancer mortality.21 

Under the design assumptions about noncompliance and contamination, this corresponds 

to a 27% mortality reduction,21 which was deemed to be clinically significant. In order to 

achieve this level of power, trial investigators expected over 300 deaths in each arm after 

10 years of complete follow-up. In practice, after 10 years of follow-up (complete for 92% of 

participants), the incidence of prostate cancer death was very low, with 98 and 85 deaths in 

the intervention and control arms and a mortality rate ratio of 1.15 (95% confidence interval 

0.86 to 1.55).

We adapt the CISNET models to conduct a virtual PLCO trial by simulating a cohort of 

men with observed age distributions20 in each arm at randomization. The models generate 

disease natural histories in the absence of screening, assign birth-cohort-specific ages at PSA 

screenings based on our extended model of the general US population,13 and determine all-

cause mortality from US life tables; the generation algorithm ensures all men are alive and 

undiagnosed at entry into the trial. Lacking information on observed recruitment and for 

simplicity, we assume all enrollment into the virtual trial occurs on January 1, 1993.

Men randomized to the intervention arm switch to annual PSA screening with random 

85% compliance at each scheduled screen20 for the trial intervention period then resume 

population screening. Men randomized to the control arm switch to a 20% higher intensity of 

screening than the general population during the trial to match previous estimates of PLCO 

control arm contamination (including reproducing the average 2.7 routine PSA tests during 

the trial3) then resume population screening. Men in a third uncontaminated control arm 

discontinue PSA screening upon entry into the trial. Screening patterns in the three arms are 

illustrated in Figure 5.1. Digital rectal exam testing is not explicitly modeled since it is already 

reflected in the way the models project diagnosis in the absence of PSA screening.

All models assume 35% of control arm men who were tested and had PSA > 4 ng/mL, like 

their intervention arm counterparts,15 received a biopsy. All models assume that the trial’s 

sextant biopsy had 80% sensitivity to detect preclinical tumors;22-23 for simplicity, all models 

assume this constant 80% sensitivity during and after the trial for both the intervention and 

control arms. All models randomly assign 84% of men diagnosed with local-regional stage 

disease to curative treatment based on proportions of SEER local-regional stage cases receiv-

ing radical prostatectomy (SEER codes 50, 58, 60, and 68 prior to 1997 and 50 and 60 begin-
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ning in 1998) or radiation therapy (SEER categories beam radiation, radioactive implants, 

radioisotopes, combination of beam with implants or isotopes, or radiation with method 

or source unspecified) for trial cohort ages and years. All models generate prostate cancer 

survival from clinical diagnosis in the absence of screening or treatment benefits using a 

common Poisson regression model fit to SEER data for cases diagnosed in 1983–1986, just 

prior to the advent of PSA screening. This baseline prostate survival is improved for non-

metastatic cases who receive curative treatment using a hazard ratio of 0.62 based on the 

Scandinavian trial of radical prostatectomy versus watchful waiting.24

To reflect the benefit of screening, all models project results under two different 

mechanisms that approximate a clinically significant 27% mortality reduction. The stage-shift 

mechanism implies that cases shifted to an earlier stage and/or grade by screening earn the 

prostate cancer survival associated with the earlier tumor characteristics, with a correspond-

ing increase in life-expectancy. When a tumor is detected early, but with the same tumor 

characteristics as in the absence of screening, there can still be a modest survival advantage 

due to detection at an earlier age. The cure rate mechanism assumes a common constant 

cure rate among screen-detected non-metastatic cases who would have died of their disease 

in the absence of screening. Once screen detected, these cases are cured and go on to die 

of other causes in the presence of screening.25 A preliminary study using the MISCAN model 

absence of screening). This simple model is overlaid with a

model of the time from onset to detection (delay time),

which depends on the distribution of age and calendar year

of diagnosis, and a model of stage and grade at diagnosis,

]. Putting together these

models of age/year incidence trends and stage/grade dis-

tributions with inputs on SEER incidence and US screening

patterns produces a composite model for incidence in the

From 1993 to 2001, the PLCO trial enrolled 76,693 men
Figure 5.1: Percent of men in each arm of the virtual PLCO trial receiving PSA tests per year. All simulated 
participants undergo pre-trial screening (solid black line before virtual trial period) based on our model 
of PSA testing patterns in the general US population applied to the virtual PLCO cohort. The intervention 
arm follows annual screening subject to observed compliance for the virtual trial period (dark gray line) 
then resumes population screening (solid black line after virtual trial period). The contaminated control 
arm follows a higher intensity of screening (solid medium gray line) than in the general population 
(dashed black line) for the virtual trial period then resumes population screening. The uncontaminated 
control arm discontinues screening upon entry into the trial (solid slight gray line).
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found that a constant cure rate of 35% allowed that model to reproduce the ERSPC’s non-

attendance-adjusted 27% mortality reduction1 based on data from the Rotterdam center, 

and all models use this value for the cure rate. Under either mechanism, overdiagnosed cases 

(i.e., cases detected by screening who would not otherwise have been diagnosed during 

their lifetimes) do not receive any benefit since they die of other causes both in the presence 

and absence of screening.

Each model simulates the virtual trial 100 times. To confirm that the model reasonably 

replicates the trial, we compare model-generated incidence, stage and grade distributions, 

and control arm mortality with published results. Following validation, we use the models to 

project mortality and calculate (a) mortality rate ratios of the intervention arm relative to the 

contaminated and uncontaminated control arms after 10 and 13 years of complete follow-up 

and corresponding 95% confidence intervals assuming a Poisson distribution for the number 

of deaths in each arm, (b) the percent of trials with excess mortality in the intervention arm, 

and (c) the percent of trials in which the 95% confidence interval for the mortality rate ratio 

excludes 1, i.e., the power of the trial. 

Results

Figure 5.2 presents observed and model-projected cumulative incidence in the intervention 

and control arms for the three models. The models closely reproduced observed disease 

incidence, with projected incidence in the uncontaminated control arm considerably lower 

than in the contaminated control arm.

After 10 years of follow-up (complete for 92% of participants), PLCO investigators reported 

4% of intervention arm and 5% of control arm cases were clinical stage III–IV; the models 

estimated 3–5% and 5–7% in these groups and 10–17% in the uncontaminated control arm 

were projected to be diagnosed in distant stage. Similarly, trial investigators reported 9% 

of intervention arm and 12% of control arm cases had Gleason score 8–10; corresponding 

model estimates were 10–20% and 14–20% in these groups and 19–32% in the uncontami-

nated control arm.

Despite closely reproducing incidence patterns and stage and grade distributions, the 

models substantially overprojected prostate cancer mortality. Figure 5.3 shows observed 

and model-projected cumulative mortality in the intervention and control arms for the three 

models. Prior studies of the PLCO population have indicated that not only was this popu-

lation healthier than the general population,26 but it also had a higher level of education, 

higher socio-economic standing, and a higher proportion of whites. These differences could 

have predisposed the PLCO population towards lower prostate cancer mortality than that 

in the general prostate cancer case population. In addition, the common Poisson model of 

baseline prostate cancer survival was fit using SEER cases diagnosed in 1983–1986 before the 
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PSA test was introduced. By the start of the trial, PSA had become an established approach 

for disease surveillance after diagnosis leading to considerably earlier secondary treatment. 

For this reason, and possibly also due to other improvements in disease management, it is 

possible that by the start of the trial prostate cancer survival had improved even before ap-

plying screening and primary treatment benefits.

To account for lower-than-expected prostate cancer mortality, all models introduced a 

hazard ratio to improve baseline prostate cancer survival. Each model estimated a hazard 

ratio so that the model-generated mortality after applying screening and treatment ben-

efits matched observed mortality in the control arm. The estimated hazard ratios were 0.39 

(FHCRC), 0.50 (MISCAN), and 0.37 (UMICH). All prostate cancer mortality results presented be-

low reflect model-generated outcomes using the modified prostate cancer survival models.

Figure 5.4 plots a sorted random sample of mortality rate ratios of the intervention arm 

relative to contaminated and uncontaminated control arms versus the observed mortality 

rate ratio after 10 years of complete follow-up. We note that both observed and model-pro-

jected 95% confidence intervals are relatively wide, indicating high variability in both actual 

and virtual trials. This is likely due to the rarity of the event of prostate cancer death despite 

the large sample size in each arm.

cancer incidence in each arm of

) observed in the trial

Figure 5.2: Observed and model-projected cumulative prostate cancer incidence in each arm of 
the virtual PLCO trial. The figure illustrates cumulative number of prostate cancer diagnoses in the 
intervention arm (black), contaminated control arm (dark gray), and uncontaminated control arm (light 
gray) observed in the trial (solid lines) and projected by the models (dashed lines).
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Table 5.1 summarizes the average projected mortality rate ratio over 100 virtual trials, 

the percent of trials with excess mortality in the intervention arm, and the power of the trial. 

After 10 years of complete follow-up, the average mortality rate ratios relative to the uncon-

taminated control arm across the three models were 0.68–0.77 under the stage-shift and 

Figure 5.3: Observed and model-projected cumulative prostate cancer mortality in each arm of the 
virtual PLCO trial. The figure illustrates cumulative number of prostate cancer deaths in the intervention 
arm (black), contaminated control arm (dark gray), and uncontaminated control arm (light gray) observed 
in the trial (solid lines) and projected by the models (dashed lines). Model projections assume a stage-
shift benefit for screening and a protective benefit of curative treatment. Results are presented separately 
for unadjusted (top panels) and adjusted (bottom panels) baseline prostate cancer survival to account for 
lower-than-expected observed mortality.
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Figure 5.4: Observed and model-projected mortality rate ratios relative to contaminated and 
uncontaminated control arms. The figure illustrates ratios of mortality rates of the intervention arm 
relative to the contaminated and uncontaminated control arms and corresponding 95% confidence 
intervals observed in the trial (dashed gray horizontal lines) and projected by the models (solid black 
vertical lines) after 10 years of complete follow-up. The model projections represent a sorted random 
sample of 20 mortality rate ratios and 95% confidence intervals are based on assumed Poisson 
distributions for the number of deaths.

Table 5.1: Model-projected average mortality rate ratio of the intervention arm relative to the 
contaminated and uncontaminated control arms over 100 virtual trials, percent of trials with excess 
mortality in the intervention arm, and percent power of the trial. Results are reported separately under 
assumed stage-shift and cure rate mechanisms of screening benefit after 10 and 13 years of complete 
follow-up.

Screening 
benefit

Years of 
follow-up

Control arm
Mortality rate ratio

Excess mortality in 
intervention arm

Power of the trial

FHCRC MISCAN UMICH FHCRC MISCAN UMICH FHCRC MISCAN UMICH

Stage-shift 10 Uncontaminated 0.75 0.68 0.77 0 0 4 40 70 41

Contaminated 0.87 0.86 0.91 15 15 28 15 25 9

13 Uncontaminated 0.75 0.66 0.79 0 0 2 60 90 51

Contaminated 0.87 0.85 0.93 15 15 29 15 25 9

Cure rate 10 Uncontaminated 0.71 0.80 0.71 0 10 2 60 45 58

Contaminated 0.81 0.95 0.88 10 30 21 25 5 13

13 Uncontaminated 0.73 0.81 0.71 0 5 0 80 58 79

Contaminated 0.85 0.97 0.89 5 42 18 20 11 15
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0.71–0.80 under the cure rate. These values are consistent with a clinically significant 27% 

mortality reduction. Contamination increased the average mortality rate ratios to 0.86–0.91 

under the stage-shift and to 0.81–0.95 under the cure rate. Contamination also increased 

the chance of excess mortality in the intervention arm from 0–4% to 15–28% under the 

stage-shift and from 0–10% to 10–30% under the cure rate. And contamination decreased 

the power of the trial to detect the assumed screening benefit from 40–70% to 9–25% under 

the stage shift and from 45–60% to 5–25% under the cure rate. Results are broadly consistent 

across models, across the two assumed mechanisms of screening benefit, and across 10 

or 13 years of complete follow-up. In an additional sensitivity exercise (results not shown), 

we found that applying population screening to the contaminated control arm without an 

adjustment to reflect higher intensity of screening than the general population during the 

trial yielded very similar impacts of contamination.

Discussion

The perceived negative finding from the PLCO trial that PSA screening does not save lives has 

generated a storm of questions, particularly in light of the positive finding from the ERSPC. 

Some studies comparing the two trials have argued that screening in the control arm of the 

PLCO trial could have been sufficient to mask a clinically significant benefit or to produce a 

false negative result.27-30 The impact of contamination on the trial results has not previously 

been quantified but is critical to proper interpretation of the trial and synthesis of its results 

with those of the ERSPC and other studies.

In this article we use previously developed models of prostate cancer natural history 

and, assuming early detection confers a clinically significant survival benefit, quantified the 

impact of control arm contamination on relative mortality rates in a virtual PLCO trial. We 

find that control arm contamination substantially equalized mortality rates in the two arms, 

creating a nontrivial probability of excess mortality in the intervention arm and lowering 

the power of the trial to detect a mortality difference between the two arms. These impacts 

remain substantial after accounting for the lower-than-expected mortality in each arm.

Our results depend somewhat on the design assumptions when implementing the vir-

tual trial. We assumed trial enrollment occurs on January 1, 1993, rather than being spread 

out between 1993 and 2001. A consequence is that we may underproject pre-trial screening; 

however, the three models estimated that 39–41% of virtual trial participants had at least 1 

PSA test in the 3 years before entry, which is similar to the 45% estimated by trial investiga-

tors.2 We ignored changes in trial protocol that increased the number of tests from 4 to 5 in 

1994 and from 5 to 6 in 1995 and that excluded men with more than 1 PSA in the preceding 

3 years starting in 1995. Conversely, our updated model of PSA testing in the US population, 

intensified to capture increased screening during the trial, implied that 68% of control arm 
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participants received at least 1 routine PSA during the trial, which is only slightly lower than 

the 74% estimated by PLCO investigators.3 Thus the virtual PLCO involved more screening in 

the intervention arm and less screening in the control arm than occurred in the actual trial, 

suggesting that our projected impact of contamination may be conservative. We assumed 

that intervention and control arm participants resumed population screening after the trial 

intervention period. We assumed SEER primary treatment patterns for detected cases. And 

we improved baseline prostate cancer survival to account for lower-than-expected prostate 

cancer mortality in the control arm. Because these assumptions apply equally to intervention 

and control arms, they likely have little effect on our projections of relative mortality rates.

Our results also depend on the assumed screening benefit. We chose a level of benefit 

deemed to be clinically significant by trial investigators21 and consistent with that observed 

in the ERSPC. A smaller benefit would diminish while a greater benefit would increase the 

impact of contamination. Under this assumed benchmark level of benefit, the projected im-

pact of contamination is robust to the assumed mechanism by which early detection confers 

benefit, to whether evaluation occurs after 10 or 13 years of complete follow-up, and to the 

three models of underlying disease natural history.

A more complete reconciliation of ERSPC and PLCO results is underway. In collaboration 

with investigators from both trials, we are using the CISNET models to quantify impacts of 

different background incidence, pre-trial screening, screening frequencies, PSA thresholds 

for test positivity, biopsy frequencies, and treatment distributions. While quantifying the 

contributions of these factors will provide deeper insights into reconciling the trial results, 

the role of PLCO contamination promises to remain a critical factor.

In summary, the PLCO trial results support the conclusion that organized annual screen-

ing does not reduce mortality relative to the level of screening in the control arm. However, 

because the level of screening in the control arm was substantial, the trial results do not 

support concluding that screening does not reduce mortality relative to no screening. In-

stead, a clinically significant benefit could have been masked by contamination, preventing 

simple synthesis with ERSPC results and limiting the value of the trial for informing recom-

mendations about whether men should undergo PSA screening. Nonetheless, the PLCO trial 

remains an invaluable resource for learning about prostate cancer biology and epidemiology, 

PSA distributions and growth patterns, characteristics of the PSA test, and comparative ef-

fectiveness of screening strategies with varying testing frequencies.
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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 assum-

ing 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, particu-

larly 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 detec-

tion in the absence of primary treatment.
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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 stud-

ies,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 overdi-

agnosed 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, overdi-

agnosis, and future survival from observed data on disease-specific incidence and deaths. 

For example, Nicholson and Harland5 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 simpli-

fying 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 Tso-

dikov 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 quantita-

tively 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.
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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 contribu-

tion of screening to the population declines in prostate cancer mortality10 and to reconcile 

differing estimates of overdiagnosis rates and mean lead times.11 In this paper, we briefly 

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 pro-

jected population-based risks of clinical progression outcomes following PSA detection or 

uncertainty in associated survival were the disease to be left untreated.

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 ad-

dress 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 from1) 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 pro-

gression of the disease.
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Table 6.1 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 manifesta-

tions 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:

Pr(Biopsy positive | Disease) = Pr(Biopsy positive | Biopsy received, Disease) 

                                                       × Pr(Biopsy received | PSA  positive, Disease)

                   × Pr(PSA positive | Disease)

and combines external data for the first two factors with results from modeled PSA levels for 

the third factor.

The three natural history models are briefly reviewed below. Detailed descriptions of indi-

vidual models and a joint report comparing the models are available on the CISNET website.15

The FHCRC model

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 

Table 6.1: Comparison of high-level features across models.

Model feature FHCRC MISCAN UMICH

Implementation simulation simulation analytic

Disease states (2 stages) × (2 grades)
local-regional, distant stage
low-moderate, high grade

(3 × 2 stages) × (3 grades)
T0–T3 local, distant stage
low, moderate, high grade

(2 stages) × (2 grades)
local-regional, distant stage
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 recieved | PSA positive, Disease) 
‡Pr (Biopsy positive | Biopsy recieved, Disease) 
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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 level16-19. 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.16-17 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 screen-

ing and primary treatment. Natural history summaries of interest are then estimated empiri-

cally 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 screen-

ing but in the absence of curative treatment.

The MISCAN model

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 
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clinically diagnosed. For these transitions, the time spent in the current state is generated 

from a Weibull distribution, where the parameters depend on the 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 ab-

sence 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.

The UMICH model

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 ob-

served 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 inci-

dence 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 sub-

sequent 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 pat-

terns 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 character-
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istics 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 Bayes-

ian 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.

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 prob-

abilities 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 proj-

ect 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.

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 
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example, we calculate mean years from onset to clinical diagnosis by summing these dura-

tions 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 pres-

ence 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 survival by age and grade at PSA detection. The results reflect prostate cancer survival 

in the presence of other causes as in Nicholson and Harland5, Albertsen et al.,1 and Parker et 

al.6

Results

Figure 6.1 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 6.2 presents natural history measures in the absence of screening or primary treat-

ments 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 6.2).
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Table 6.3 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 6.4 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 treat-

ment when PSA is 4–7 ng/mL at diagnosis is 37%, 43%, or 64% the risk faced when PSA is over 

Figure 6.1: 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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Table 6.2: 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. 

Table 6.3: Projected frequencies (%) of clinical progression events for PSA-detected local-regional stage 
cases who receive no primary treatment by age and grade. Results from three models.

Age 
group

Gleason 
grade

Clinical diagnosis Metastasis by clinical diagnosis Prostate cancer death

FHCRC MISCAN UMICH FHCRC MISCAN UMICH FHCRC MISCAN UMICH

50–54 2–7 92 71 93 12 23 5 25 29 34

55–59 2–7 85 67 90 11 19 5 23 26 33

60–64 2–7 77 58 86 11 17 5 20 22 31

65–69 2–7 68 49 80 9 14 5 16 17 28

70–74 2–7 56 40 74 8 10 4 12 12 23

75–79 2–7 44 32 66 6 8 4 8 10 18

80–84 2–7 36 24 59 5 6 3 6 6 13

50–54 8–10 96 96 93 35 23 26 77 83 68

55–59 8–10 90 95 90 33 22 25 69 71 63

60–64 8–10 84 92 86 30 19 24 60 66 56

65–69 8–10 76 89 80 27 21 23 49 55 49

70–74 8–10 66 81 74 23 20 21 39 45 41

75–79 8–10 53 72 66 20 19 19 29 33 32

80–84 8–10 46 64 59 16 17 16 21 23 24



Chapter 6

94

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 6.2 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 

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. Agree-

ment 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 detec-

tion 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.

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 

Table 6.4: Projected frequencies (%) of clinical progression events for PSA-detected local-regional stage 
cases who receive no primary treatment by age, grade, and PSA at detection. Results from the FHCRC 
model.

Age 
group

Gleason 
grade

Clinical diagnosis Metastasis by clinical diagnosis Prostate cancer death

4–7
 ng/mL

7–10 
ng/mL

> 10 
ng/mL

4–7 
ng/mL

7–10 
ng/mL

> 10 
ng/mL

4–7 
ng/mL

7–10 
ng/mL

> 10 n
g/mL

50–54 2–7 91 92 96 12 13 14 25 25 26

55–59 2–7 82 87 92 11 12 13 21 25 25

60–64 2–7 71 80 88 10 11 12 18 21 24

65–69 2–7 58 69 80 8 9 11 13 16 20

70–74 2–7 44 56 73 6 8 10 9 11 16

75–79 2–7 31 43 64 4 6 10 6 8 12

80–84 2–7 20 31 54 3 4 7 3 4 9

50–54 8–10 92 96 98 33 34 35 72 74 80

55–59 8–10 84 89 95 29 33 35 62 67 73

60–64 8–10 74 81 91 25 28 34 50 55 67

65–69 8–10 62 70 85 21 24 31 35 43 58

70–74 8–10 46 57 77 15 21 27 27 32 47

75–79 8–10 33 43 66 13 14 25 16 24 37

80–84 8–10 21 30 59 8 10 21 9 15 26
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disease by the time of clinical diagnosis, and disease-specific mortality. The models also proj-

ect 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 develop-

ment 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 implica-

tions 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.5, 27-28

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, 

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 6.3 and 6.4 corresponds to the risk of overdiagnosis conditional 

on age and grade (and PSA) projected by the models. This complementary interpretation 
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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 can-

cer 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 treat-

ment 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 informa-

tion 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 

see31).

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. Con-

sistent with findings in other studies,32 these results indicate that PSA information stratifies 
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risk. However, these results do not address whether early detection confers a survival benefit 

because any such benefit is contingent on treatment, which is 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 benefit33-34 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 impor-

tant 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 Harland5 and Parker 

et al.6 Projected 15-year prostate cancer survival rates appear to be consistent with Nicholson 

and Harland (Table 6.4 in their manuscript5); 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 
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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 his-

tory 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 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 progres-

sion 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 treat-

ment 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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Abstract

Background

Screening with prostate-specific antigen (PSA) can reduce prostate cancer mortality, but may 

advance diagnosis and treatment in time and lead to overdetection and overtreatment. We 

estimated benefits and adverse effects of PSA screening for individuals who are deciding 

whether or not to be screened.

Methods

Using a microsimulation model we estimated lifetime probabilities of prostate cancer di-

agnosis and death, overall life-expectancy and expected time to diagnosis, both with and 

without screening. We calculated anticipated loss in quality of life due to prostate cancer 

diagnosis and treatment that would be acceptable to decide in favor of screening. 

Results

Men who were screened had a gain in life-expectancy of 0.08 years but their expected time 

to diagnosis decreased by 1.53 life-years. Of the screened men, 0.99% gained on average 

8.08 life-years and for 17.43% expected time to diagnosis decreased by 8.78 life-years. These 

figures imply that the anticipated loss in quality of life due to diagnosis and treatment should 

not exceed 4.8%, for screening to have a positive effect on quality-adjusted life-expectancy. 

Conclusions

The decision to be screened should depend on personal preferences. The negative impact 

of screening might be reduced by screening men who are more willing to accept the side-

effects from treatment.
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Introduction 

The purpose of screening with prostate-specific antigen (PSA) is to reduce the risk of dying 

from prostate cancer by finding and treating prostate cancers at an early stage. The European 

Randomized study of Screening for Prostate Cancer (ERSPC) and the Göteborg trial (part 

of the ERSPC) showed that a reduction in prostate mortality can be obtained by screening 

with PSA.1-2 However, an adverse effect of screening is overdiagnosis, i.e. the detection of 

cancers that would not have been diagnosed during the patients’ lifetime if they had not 

been screened.3 Also, all men with screen-detected prostate cancer have to live more years 

with the knowledge that they have prostate cancer (lead time). Men with screen-detected 

prostate cancer who opt for curative treatment risk living many years with the side-effects of 

treatment which would otherwise be symptom-free years.4-5

Most major U.S. medical organizations6-8 and the European Association of Urology9 rec-

ommend that clinicians discuss the potential benefits and adverse effects of PSA screening 

with their clients, consider their clients’ preferences, and individualize screening decisions. 

Information on the consequences of PSA screening on a persons’ life can help in making an 

informed decision. 

This paper presents results of a simulation model showing the major differences between 

the potential course of lives of men who decide to be screened and those of men who decide 

not to be screened. We present the lifetime probability of prostate cancer diagnosis and 

death, overall life-expectancy and expected pre-diagnosis life-years (the average life-years 

till the time of prostate cancer diagnosis) for the two groups. Though several studies have 

presented benefits and adverse effects of PSA screening for a population,1-3 we present the 

consequences of screening from the time of the decision to be screened or not. Also, while in 

empirical studies harms and benefits are calculated after a follow-up time of some years, this 

study presents results for the whole lifetime. 

Health economists use the concept of utility to express quantitatively adverse effects of 

diagnosis and treatment on quality of life. In this view life without prostate cancer has utility 

1; after diagnosis and treatment utility decreases to a lower level, depending on individual 

preferences and the specific consequences of diagnosis and treatment. Several authors have 

obtained estimates of utility or quality of life of living with these consequences.10-13 While 

we do not estimate the utility and quality of life of living with prostate cancer, our results 

do allow calculation of the utility level below which the expected harms of early diagnosis 

exceed the expected gains from prevented prostate cancer mortality (the break-even point), 

which can be compared with individual expectations.
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Methods 

We used the MISCAN (MIcrosimulation SCreening ANalysis) prostate cancer model. MISCAN is 

a micro-simulation program that simulates the progression and screening of prostate cancer. 

The model was validated on prostate cancer detection data from the ERSPC Rotterdam14-16 

and the ERSPC Göteborg,17 and on the mortality reduction data from the overall ERSPC trial.2, 

18 The assumptions of the model and the estimation of the parameters are explained in the 

appendix. For this analysis a cohort model was used, with the age of first screening distrib-

uted uniformly from age 50 to 70 and with subsequent screening until age 75. The lifetime 

risks of prostate cancer diagnosis and death were calculated for the situation in which there 

was no screening and that with annual screening.

MISCAN model

A detailed description of the model and the data sources that informed the quantification 

of the model can be found in previous studies14-16, 18 and also in a standardized model pro-

file: http://cisnet.cancer.gov/prostate/profiles.html. MISCAN is a micro-simulation program 

that simulates the progression of prostate cancer in individuals as a sequence of preclini-

cal, clinical and screen-detected tumor states. First, the age at death from other causes is 

simulated per individual using Dutch life tables (Statistics Netherlands, 2000-2007). Next, 

the progression of prostate cancer in the absence of screening is simulated. Prostate cancer 

may develop from no prostate cancer to a clinically diagnosed cancer through one or more 

screen-detectable preclinical stages. From each preclinical stage, a tumor may grow to the 

next clinical T-stage (T1, impalpable; T2, palpable, confined to the prostate; T3+, palpable, 

with extensions beyond the prostatic capsule); it may dedifferentiate to a higher Gleason 

score (well differentiated, Gleason score 2-6; moderately differentiated, Gleason score 7; 

poorly differentiated, Gleason score 8-10); or it may be clinically diagnosed. For these transi-

tions, the time spent in the current stage is generated from a Weibull distribution, where 

the parameters depend on the current stage and the choice of next stage is determined by 

transition probabilities. In addition, there is a risk that a tumor in the local-regional stage (M0) 

will develop into disseminated disease (M1), which is modeled by using a stage and Gleason 

score-specific hazard function. Depending on the frequency and sensitivity of the screening 

test, preclinical cancers may be detected by screening. PSA test and subsequent biopsy were 

modeled as a single test, where the sensitivity parameter was assumed to be clinical T-stage 

dependent. In the model, sensitivity is defined as the probability that a preclinical tumor is 

detected by a screening test at the time the test is taken.

Model parameters, including transition probabilities, mean dwelling times (the time from 

one preclinical state to another preclinical or clinical state), and stage-specific test sensitivi-

ties were estimated by constructing models for the ERSPC-Rotterdam and Göteborg, and by 

calibrating the model to the following data observed at these centers: baseline incidence (Na-
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tional Cancer Registry data for 1991)19 and stage distribution in the Netherlands (Rotterdam 

cancer registry data 1992-1993);20 baseline incidence in Sweden (1988-199221); incidence, 

Gleason and stage distributions in the control arms of ERSPC-Rotterdam and Göteborg; and 

detection rates, interval cancer rates, Gleason and stage distributions in the screen arms of 

ERSPC-Rotterdam14-16 and Göteborg.17 Number of cases diagnosed, and Gleason and stage 

distributions in the control arms versus those in the screen arms provide insight into disease 

progression through the various preclinical phases. Parameters were estimated by numeri-

cally minimizing the deviance between the number of cases observed and the number of 

cases predicted by the models. Deviances were calculated by assuming Poisson likelihood for 

incidence data and by assuming multinomial likelihood for stage-distribution data. The pa-

rameters for incidence, clinical diagnosis and sensitivity were assumed to be country-specific. 

For the main results in this analysis we used the country-specific parameters corresponding 

to the Netherlands. The cohort models used for the analysis were constructed by changing 

the screening protocol of the ERSPC-Rotterdam model to the screening protocols considered 

in this study.

We assumed that if men are clinically diagnosed with prostate cancer, the time to death 

from prostate cancer is determined by prostate cancer-specific survival curves. Survival curves 

for men with no initial treatment were estimated on the basis of SEER (Surveillance, Epidemi-

ology and End Results) data, specifically on cases diagnosed in the pre-PSA era (1983-1986). 

We assumed that all men diagnosed with prostate cancer receive radical prostatectomy. 

According to the published results,22 we assumed that men receiving radical prostatectomy 

have a relative risk of 0.62 of dying from prostate cancer compared to men receiving no initial 

treatment. This analysis did not consider other treatments, such as radiation therapy and ac-

tive surveillance, because of the limited published results about the effectiveness of these 

treatments. If the effectiveness of radiation therapy and active surveillance are different than 

that of radical prostatectomy, the results for these treatments will be different than those 

presented. For distant prostate cancer, we assumed that treatment has no effect. Some treat-

ments might increase survival of distant disease slightly. However, in our view this is a minor 

limitation of the model. 

The effect of early detection through screening on survival was included by assuming 

that a fraction of local-regional tumors detected by screening are cured because the tumors 

are treated earlier. The Gleason score-dependent cure rates were estimated by calibrating 

the ERSPC-Rotterdam model to the observed 27% prostate cancer mortality reduction in the 

overall ERSPC at follow-up after nine years.18

Calculating utility break-even point 

We assigned being alive without diagnosed prostate cancer a utility of one, being dead a 

utility of zero, and being alive with diagnosed and treated prostate cancer a utility of u. The 

utility break-even point is the value of the utility of living with diagnosed and treated prostate 
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cancer, u, for which the expected quality of life lost due to earlier detection and treatment of 

cancer is equal to the expected quality adjusted life-expectancy gained (Figure 7.1). There-

fore, men who can judge that their reduction in quality of life in the event that they are 

diagnosed and treated for prostate cancer exceeds the reduction that is represented by this 

threshold utility should possibly refrain from screening participation.

Sensitivity analyses

To evaluate the statistical variation and uncertainty of the observed data we conducted a 

number of sensitivity analyses. The sensitivity analyses compared models with various lead 

times, incidence, survival curves and cure rates. Penalized optimization was used to obtain 

a range of models with various lead times. Parameters for these models were estimated by 

minimizing the sum of total deviance and lead time penalty (mean lead time x penalty). The 

penalties used were -100 (favoring long lead times), 0 and 100 (favoring short lead times). We 

varied incidence in the models by using estimated incidence parameters that reproduced 

incidence in the Netherlands or Sweden. Different survivals were considered by assuming 

a relative risk of 0.5, 1 or 2 on the hazard of prostate cancer death. The various cure rates 

were obtained by calibrating the ERSPC-Rotterdam model to a mortality reduction of 27% 

Time

U
til

ity

0 Dx' Dx Dth Dth'
0

u

1
II

I

Figure 7.1: Harms and benefits in prostate cancer screening. Time 0 is the time of deciding to participate 
or not in screening. Utility or quality of life has value 1 until the moment of a prostate cancer diagnosis 
(Dx); the remaining lifetime until death (Dth) has utility u < 1. The figure shows hypothetical utility curves 
for a person without (solid) and with screening (dashes). Screening may detect prostate cancer earlier (at 
time (Dx’) and possibly postpone the moment of death (to time Dth’). Area I represents the gain in quality 
adjusted life-years, and area II the loss in quality of life due to earlier detection. The level u depends on the 
consequences of diagnosis and treatment. If the expected gain in quality adjusted life-years (area I) equals 
the expected loss of quality of life due to earlier diagnosis (area II), the decision to participate in screening 
or not does not affect expected quality adjusted life-years. The utility break-even point is the utility level 
corresponding to that situation.
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(observed for attendees in ERSPC), 44% (observed for screen-group in ERSPC-Göteborg) or 

56% (observed for attendees in ERSPC-Göteborg).

Results

Table 7.1 shows predicted risks of prostate cancer diagnosis and death and life-expectancies 

for men aged 50-54, 55-59, 60-64 and 65-69, both when deciding to participate in screen-

ing or not. As an illustration, consider men in the 55-59 age-group. Men who had not been 

screened had a 14.44% lifetime risk of being diagnosed with prostate cancer and a 2.94% 

lifetime risk of dying from it. Life-expectancy was 22.31 years, 21.08 of which pre-diagnosis. 

By comparison, those who participated in a yearly screening program had a 21.54% lifetime 

risk of being diagnosed with prostate cancer, a 1.89% risk of dying from prostate cancer and 

Table 7.1: Predicted results of prostate cancer (pc) diagnosis and death.

Scenario

Lifetime 
probability of 

pc diagnosis (%)

Lifetime 
probability of pc 

screen-detection (%)

Lifetime 
probability of 
pc death (%)

Pre-
diagnosis 
life-years* 

Post-
diagnosis 
life-years

Life-
expectancy 

(years)

Utility 
break-even 

point‡
Age at first screen 50-54

No screening 14.44 0.00 2.98 25.44 1.28 26.72 -

Sscreening† 21.38 17.62 1.91 23.81 2.99 26.81 0.947

Age at first screen 55-59  

No screening 14.44 0.00 2.94 21.08 1.24 22.31 -

Screening 21.54 17.73 1.89 19.47 2.93 22.40 0.949

Age at first screen 60-64  

No screening 14.07 0.00 2.86 17.07 1.11 18.18 -

Screening 21.38 17.51 1.88 15.55 2.71 18.26 0.954

Age at first screen 65-69  

No screening 13.35 0.00 2.64 13.50 0.93 14.43 -

Screening 20.90 16.79 1.81 12.15 2.34 14.49 0.960

Age at first screen 50-69 (All)  

No screening 14.10 0.00 2.86 19.55 1.15 20.70

Screening 21.31 17.43 1.87 18.02 2.76 20.78 0.952

*Expected life-years till the time of prostate cancer diagnosis.
†Annual screening.
‡The utility break-even point is the value of the utility of living with diagnosed prostate cancer for which 
the utility-adjusted life-expectancy does not change upon deciding to participate in screening or not. Its 
value decreases with larger gains in overall life-expectancy relative to the expected loss in pre-diagnosis 
life-years. A high value of the utility break-even point means that men should only decide in favor of 
screening when they anticipate a small loss in quality of life due to detection and possibly treatment of 
prostate cancer.
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a life-expectancy of 22.40 years, 19.47 of which pre-diagnosis. Therefore, men screened an-

nually increased their life-expectancy by 0.09 years, i.e. 33 days. However, because of the lead 

time inherent in screen detection their expected pre-diagnosis life-years decreased by 1.61 

years, i.e. 588 days. 

Though the 0.09 expected gain in life-years appears small, this is a weighted average 

of all men who were screened. Among men who were screened, a fraction of 1.05% (=2.94-

1.89%) did not die of prostate cancer because the cancer was detected and treated earlier 

(Table 7.2). Life-expectancy among these men increased by 8.57 years (=0.09*100/1.05). The 

expected loss of 1.61 pre-diagnosis life-years is also a weighted average. Among men who 

were screened, 17.73% were screen-detected with prostate cancer. Their expected pre-

diagnosis life-years decreased by 9.08 years (=1.61*100/17.73).

Figure 7.2 presents the probability of being alive without diagnosed prostate cancer, alive 

with diagnosed prostate cancer, dead from prostate cancer, and dead from other causes at 

various points in time, from the time of the decision to be screened or not, and how these 

probabilities were affected by the decision. Patients in the health state alive with diagnosed 

prostate could be cured of their disease or not. This health state is a transient state that even-

tually will be absorbed by the state dead from prostate cancer or dead from other causes. 

The figures show that although screening reduced the probability of dying from prostate 

cancer in the long term, it substantially increased the probability of being alive with diag-

nosed prostate cancer in the short term. This pattern is especially clear in older ages, who 

have a higher probability of having a preclinical prostate cancer, which is screen-detectable. 

For younger ages, too, screening substantially increased the probability of being alive with 

diagnosed prostate cancer, though in their case this increase was more widely distributed 

over the follow-up years.

Table 7.1 and Figure 7.2 can be used by clinicians and individuals to discuss the short and 

long term benefits and harms that apply to the average individual. To summarize the harms 

Table 7.2: Percentage of population experiencing benefits and harms of prostate cancer (pc) screening. 
Results are for men aged 55-59 at first screen. 

 

% Of 
population

Decrease in 
pre-diagnosis 

life-years

Increase in 
life-expectancy

 (years)

Never diagnosed with pc whether being screened or not 78.46 0.00 0.00

Diagnosed with pc if being screened, but never diagnosed 
with pc if not being screened 7.10 10.69 0.00

Diagnosed with pc and dead from other causes whether 
being screened or not 11.50 5.43 0.00

Diagnosed with pc and dead from pc whether being 
screened or not 1.89 6.97 0.00

Diagnosed with pc whether being screened or not, but not 
dead from pc because of early detection by screening 1.05 9.15 8.57

Weighted total 100.00 1.61 0.09
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and benefits in one measure we calculated the utility break-even point. The utility break-even 

points were high (0.947-0.960) for all ages. These utility break-even points imply that men 

who might judge, based on information given, that their quality of life will decrease by more 

than 4.0-5.3% in the event that they are diagnosed and treated for prostate cancer should 

probably avoid being screened. It is important to note that the utility break-even points are 

estimated clinical outcomes from a population that applies to average individuals. 

Varying lead time, incidence, survival and cure rates caused the decrease in expected 

pre-diagnosis life-years to vary from 1.40 to 2.31 years, the increase in life-expectancy to vary 

from 0.02 to 0.40 years and the utility break-even point to vary from 0.833 to 0.991 (Table 7.3). 

Shorter lead times, more negative survival and higher cure rates yielded results more in favor 

of screening. While the loss in quality of life acceptable for a man to consider screening was 

only 0.9% in the most unfavorable model for screening, the most favorable model showed a 

16.7% loss as still being acceptable.

Discussion

The analysis showed that if an individual decides to be screened, his lifetime risk of prostate 

cancer death decreased from 2.86% to 1.87%, while his overall life-expectancy increased 

by 0.08 years. At the same time, his lifetime risk of being diagnosed with prostate cancer 
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Figure 7.2: Survival curves with follow-up time from the time of decision. These stacked figures show the 
proportion of men who are alive without diagnosed prostate cancer (white area), alive with diagnosed 
prostate cancer (light grey area), dead from prostate cancer (dark grey area) and dead from other causes 
(black area) at various points in time.
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increased from 14.10% to 21.31% and his expected pre-diagnosis life-years decreased by 

1.53 years. A fractional percentage of 0.99% of screened men enjoyed a benefit of living an 

average of 8.08 years longer, while 17.43% of the screened men were screen-detected and 

lived an average of 8.78 pre-diagnosis life-years less. In many cases this means an increase in 

life-years suffering from morbidity associated with treatment.5, 23

Albertsen et al. estimated risks of death from prostate cancer as a function of grade 

and age for prostate cancer left untreated (not treated curatively).24-25 His curves show that 

the risk of dying from prostate cancer is high for high grade cancer only. His estimates are 

relevant for men diagnosed with prostate cancer who have to decide on treatment. Similarly, 

our Figure 7.2 provides information that could be relevant for men deciding to be screened 

or not. It shows that screening reduces a small risk of dying from prostate cancer in the future, 

at the cost of substantial increased risk of being diagnosed with prostate cancer in the short 

term.

The high utility break-even points (0.947-0.960) in this analysis imply that only a small 

anticipated loss in quality of life after diagnosing and treating prostate cancer would be 

acceptable for deciding in favor of screening. Because individuals assess the side-effects of 

treatment very differently12, 26 the anticipated loss in quality of life might vary considerably 

between individuals. Some patients might find it very important to be potent or continent, 

for example, because they have an active life which they really want to maintain. Assume a 

scale from 0 to 100, where 100 implies that the individual would not mind at all to have sexual 

problems and 0 implies that the individual would mind very much. An individual whose value 

is 70 has an expected utility of 0.75 (= 1*12/(100-31)+0.70*57/(100-31)) in the event that he 

is diagnosed and treated for prostate cancer and therefore an anticipated loss in quality of 

life of 25%. This calculation is based on the results of Korfage et al.,5 who presented that 31% 

of men had erectile dysfunction before radical prostatectomy and 88% after radical prosta-

tectomy. In this case the anticipated loss in quality of life after a prostate cancer diagnosis 

and treatment will be higher than the utility break-even point and therefore the individual 

should refrain from screening participation. Other patients might find it less important to be 

potent or continent, which could mean that the anticipated loss in quality of life is lower than 

the utility break-even point and that therefore the individual should decide to be screened. 

Considering the utility break-even point one should however acknowledge that expected 

utility theory is not always a good predictor of patient’s actual decisions. Just as with insur-

ance against fire, where the costs are much higher than the expected benefits, people may 

deem the adverse effects to be acceptable in exchange for the benefits received, while this 

might not be the case according to expected utility theory. Also, while it is already difficult 

to assess the loss in quality of life for individuals who are diagnosed and treated for prostate 

cancer,27 it is probably even more difficult to assess the anticipated loss in quality of life for 

individuals who are not even screened yet. Therefore, it might be difficult to use the utility 

break-even points. To be able to use the utility break-even point a formal decision aid should 
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be constructed, which explains the possible side-effects of diagnosis and treatment, and 

which can provide a value for the anticipated loss in quality of life for each individual. For 

this decision aid published data5, 10, 13 for the risks of the potential side-effects of treatment of 

prostate cancer can be used.

Another limitation of our study is that the results were calculated using data from a 

specific population, namely the ERSPC Rotterdam and Göteborg. Results may be different 

for other populations, since different incidences of and mortalities for prostate cancer have 

been observed in different countries.28 The sensitivity analyses give an indication of the 

expected impact on the results for populations with different incidence, survival and cure 

rates. In Sweden, prostate cancer accounts for 5.5% of all causes of deaths among men29 

and the mortality reduction observed in the Göteborg-trial was 56%, among attendees; the 

expected impact for the Swedish population is therefore comparable to the results of the 

most favorable model for screening. In the U.S., the estimated lifetime risk of prostate cancer 

diagnosis is 16.22% and of prostate cancer death is 2.79%,30 which are close to the main 

results presented. Therefore, the main results might also be applied in the U.S. population. 

The results of this analysis apply to the average population. In this study we did not do 

sub-group analyses. However, there might be factors, for example, family history with pros-

tate cancer, obesity and African-American race that imply an increased risk of prostate cancer. 

Men with these risk factors might have different results for the benefits and harms. 

The third limitation is that we used survival curves based on data observed in the U.S. 

for the ERSPC-Rotterdam population modeled. We used these survival data since it is one 

of the few datasets presenting survival of untreated prostate cancer as a function of age at 

diagnosis and Gleason score progression. However, for our main results we estimated a 2.86% 

lifetime risk of prostate cancer death, which corresponds well with US30 and Dutch data.31 

The fourth limitation is that we did not consider the different treatments available, 

since there are limited published results about the effectiveness of all treatments. For the 

purposes of this analysis, we assumed that all individuals diagnosed with prostate cancer 

received radical prostatectomy. If the effectiveness of active surveillance, radiation therapy 

or other treatments (e.g. proton beam and brachytherapy) are different than that of radical 

prostatectomy, the benefits for these treatments will be different than those presented. Also, 

these might have different potential side-effects, which should be taken into account when 

determining the anticipated loss in quality of life.

If active surveillance is considered an option, treatment might be delayed. This implies 

that the benefit of screening might be reduced since immediate curative treatment should 

be at least as effective as delayed curative treatment. In the sensitivity analysis we considered 

a scenario where the benefit of screening is reduced (assuming a prostate cancer mortality 

reduction of 10% instead of 27% for screened men). The results for this scenario show the 

impact on the benefit of screening (0.03 versus 0.09 life-years gained, Table 7.2) if screen-

ing followed by active surveillance would achieve a mortality reduction of 10%. However, 
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since the effectiveness of active surveillance is not known it is not possible to calculate the 

exact benefits. Since with active surveillance the side-effects of treatment are postponed the 

anticipated loss in quality of life will also be lower for the individual. 

To evaluate the statistical variation and the uncertainty of the observed data we per-

formed sensitivity analyses. The models with different lead times show the statistical variation 

in the model as we used penalized optimization to obtain the parameters for these models. 

The models with different survival curves show the results for populations with worse or 

better prostate cancer survival. Since in the different centers of the ERSPC different prostate 

cancer mortality reductions has been observed we considered different cure rate estimates. 

The analysis shows that in populations with worse prostate cancer prognosis and higher cure 

rates 16.7% loss in quality of life is still acceptable for an individual to decide in favor of 

screening, which is quite higher than the 5.1% in the basecase.

After a median follow-up of nine years, the ERSPC-trial stated that the prevention of one 

prostate cancer death entailed the screening of 1,410 men (NNS: number needed to screen), 

and the additional diagnosis of 48 men (NNT: number needed to treat).2 At 14 years of follow-

up, the Göteborg-trial showed that the NNS was 293, and the NNT 12.1 Welch et al. showed 

that, in the U.S. population in the 1986-2005 period, the NNT was maximally 23.3 Using the 

lifetime risk of prostate cancer diagnosis and death in this study, the average NNS was 101.01 

(=100/(2.86-1.87)) and the average NNT was 7.28 (=(21.31-14.10)/(2.86-1.87)). This illustrates 

the importance of complete follow-up for correctly estimating these quantities.

In conclusion, the results of the present analysis show that individuals who decide to be 

screened may lower their risk of dying from prostate cancer and live longer, but also that 

the associated adverse effects can be significant. However, the magnitude of the adverse 

effects depends on how undesirable it is for the individual to live with diagnosed and treated 

prostate cancer and the potential side-effects. The negative impact of screening might be 

reduced by screening men who are more willing to accept the side-effects from treatment. 
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Abstract

Background

The European Randomized Study of Screening for Prostate Cancer (ERSPC) reported a 29% 

prostate cancer mortality reduction among screened men after 11 years. However, it is uncer-

tain to what extent harms from overdiagnosis and treatment on quality of life counterbalance 

this benefit. 

Methods 

Based on ERSPC follow-up data, we used micro-simulation modeling (MISCAN) to predict 

the number of prostate cancers, treatments, deaths and quality-adjusted life-years (QALYs) 

gained following the introduction of screening. Various screening strategies, efficacies, and 

quality of life assumptions were modeled. 

Results 

Per 1,000 men of all ages followed for their entire lifespan we predicted for annual screening 

from age 55-69 years: 9 fewer deaths due to prostate cancer (28% reduction, 37% among 

screened men), 14 fewer men receiving palliative therapy (35% reduction), and 73 life-years 

gained (average 8.4 years per prostate cancer death avoided). QALYs gained were 56 (range: 

-21, 97), a reduction of 23% from unadjusted life-years gained (21% using 4-years intervals). 

The number needed to screen (NNS) was 98 and number needed to detect (NND) 5. Also 

inviting men aged 70-74 resulted in more life-years (82) but similar QALYs (56). 

Conclusions

Although NNS and NND are more favorable than previously calculated, the benefit of PSA 

screening is diminished by loss of QALYs, that is dependent primarily on post-diagnosis long-

term utility assumptions. Longer follow-up data from both the ERSPC and quality of life are 

essential before making universal recommendations regarding screening. 
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Introduction

The initial results of the European Randomized Study of Screening for Prostate Cancer 

(ERSPC) showed a significant prostate cancer mortality reduction in the screening group of 

20% after a median follow-up of nine years, and of 27% in screened men when adjusted for 

selection bias.1 The results have recently been updated, resulting after 11 years in a prostate 

cancer mortality reduction of 29% in men screened when adjusted for selection bias.2 The 

Gothenburg trial, one center of the ERSPC, reported a prostate cancer mortality reduction 

of 44% after a median follow-up of 14 years and a 56% reduction for men screened at least 

once.3 The PLCO trial found no mortality reduction in the screening group, however the rate 

of contamination was high and biopsy compliance low.4

Prostate cancer mortality reduction, life-years gained and a reduction of advanced dis-

ease are obvious benefits of screening. However, PSA screening is associated with consider-

able unfavorable effects. In the ERSPC screening group, the cumulative incidence of prostate 

cancer was 7.4%, versus 5.1% in the control group.2 A proportion of the screen-detected 

tumors (10-56%) would never have led to clinical symptoms5-8 but these overdiagnosed can-

cers are frequently treated nonetheless with associated risks of adverse effects.9 Furthermore, 

because of a long lead time, estimated at 5-12 years,6, 10 men have to live longer with those 

effects.

Reports on the harms and benefits of PSA screening are highly inconsistent due to the 

lack of results from randomized screening trials.11-12 However, as more mature data from the 

ERSPC are available, for the first time realistic predictions of the effects of screening can be 

made. Therefore, this study quantifies the effects of screening strategies on prostate cancer 

mortality and quality of life, using a model based on data from the ERSPC. In addition, we 

have determined the harms and benefits for a range of treatment impact and mortality 

reduction scenarios. 

Methods

ERSPC data

The ERSPC was initiated in the early 1990s to evaluate the effect of PSA screening on prostate 

cancer mortality.13 In seven countries, 162,243 men were randomized. Most centers used a 

PSA cutoff value of 3.0 ng/mL as an indication for biopsy, others used 4.0 ng/mL, with ad-

ditional tests for values between 2.5 and 4.0. The screening interval was 4 years, with the 

exception of Sweden (2 years). Treatment was performed according to local policies and 

guidelines, independent of trial arm.14 In line with the protocol, the effect of screening in the 

core age group (55-69 years) was evaluated. Follow-up data on mortality until 31 December 

2008 are currently available.2 
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We used Microsimulation Screening Analysis (MISCAN) to extrapolate the results to alter-

native screening strategies and an extended follow-up. 

Screening strategies

A population of men aged 0-100 years was simulated with an age distribution according 

to the European Standard Population.15 The following screening strategies were simulated: 

annual screening in the age groups 55-69 years and 55-74 years, screening at 4-year intervals 

between 55-69, and single screens performed either at age 55, 60 or 65 years. An 80% partici-

pation proportion was assumed. 

Quality of life

Quality-adjusted life-years (QALYs) were predicted using utility estimates for various health 

states. The utility estimates were obtained from the CEA Registry16 and literature (Table 8.1) 

and ranged from 0 (death or worst imaginable health) to 1 (full health). In addition, data 

from ERSPC on treatment-related complications as urinary incontinence, bowel dysfunction 

and erectile dysfunction were analyzed. Favorable and unfavorable values were assigned 

according to the minimum and maximum values in the cited references. A utility estimate 

of 0.99 was used for the screening phase, because prostate cancer screening has little effect 

on short-term health status and anxiety.17 The health states of men receiving treatment were 

divided into 2 months of treatment, an intermediate period (10 months of recovery from 

treatment), and a post-recovery period (1-10 years after treatment). Utility estimates for this 

post-recovery period were obtained by combining the percentage of men with side-effects 

from the treatment18 with the utility estimates for those side-effects.19 This led to a utility 

estimate of 0.95 for all men during the period 1-10 years after diagnosis and after receiv-

ing radical prostatectomy or radiation therapy. The loss in quality of life was calculated by 

Table 8.1: Utility estimates and durations for each health state. 

Health state

Utility estimates Source of
utility estimate Duration

Source of 
duration†base favorable unfavorable

Screening attendance 0.99 1.00 0.99 17, 20 1 week Assumption

Biopsy 0.90 0.94 0.87 20 3 weeks Assumption

Diagnosis 0.80 0.85 0.75 based on 21 1 month Assumption

Radiation therapy (RT) 0.73 0.91 0.71 19 2 months 19

Radical prostatectomy (RP) 0.67 0.9 0.56 19 2 months 19

Active surveillance 0.97 1.00 0.85 22-24 7 years 25

2 months – 1 year RT 0.78 0.88 0.61 26 10 months 18

2 months – 1 year RP 0.77 0.91 0.70 27 10 months 18

Post-recovery period 0.95 1.00 0.93 18-19 9 years* Assumption

Palliative therapy 0.60 0.24 0.86 28-31 30 months 32

Terminal illness 0.40 0.24 0.40 28, 30-31 6 months 30-31

*The duration of the post-recovery period used for the sensitivity analysis was the residual life-time.33 
†Assumption refers to the authors’ conclusions after discussion with experts.
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multiplying the loss in utility by the duration of the health state and the number of men in 

that state as predicted by MISCAN. 

The MISCAN model

MISCAN was used to model prostate cancer screening.5-6 This model simulates individual 

life histories stochastically. The natural history of prostate cancer starts with a transition 

from ‘no prostate cancer’ to preclinical screen-detectable prostate cancer in a subset of the 

population. From each preclinical stage, the tumor may become screen detected, clinically 

diagnosed, or progress into a more advanced preclinical stage. 

In the model, prostate cancers were characterized according to their clinical T-stage (T1 

impalpable, T2 palpable, confined to the prostate and T3+ palpable, with extension beyond 

the prostatic capsule), differentiation grade (Gleason score <7, 7, or >7) and metastatic stage 

(locoregional or distant). The parameters for the natural history of the disease and for stage-

specific test sensitivities (0.82-0.98 depending on clinical T-stage and Gleason score) were 

first estimated using incidence in the Dutch population during 1992-2002 (a period with 

limited opportunistic screening)34 and using age and stage distributions from the Rotterdam 

and Gothenburg sections of the ERSPC, being the largest centers, that varied in randomiza-

tion, recruitment and screening interval. In a second phase, this model was validated using 

screen data from all centers. The model and calibration methods and results are described in 

the Appendix. 

Treatment assignment for locoregional cases in MISCAN was based on the age-, stage- 

and Gleason score-specific primary treatments (radiation therapy, radical prostatectomy and 

active surveillance) assigned in both arms of the ERSPC. All men with metastases and all men 

dying of prostate cancer were assumed to receive palliative treatment. The proportion of 

men receiving treatment within 7 years after having started using active surveillance was 

based on recent data.35

Survival of unscreened men diagnosed with locoregional prostate cancer was modeled 

using Gleason score-specific survival curves.36 These data are from a large unscreened co-

hort, followed for a median period of 24 years, and the data are available by age, stage and 

grade. For distant disease, survival curves were based on SEER data. The effects of treatment 

were modeled by assuming a relative risk of dying from prostate cancer of 0.65 for radical 

prostatectomy37 compared with watchful waiting. This effect was also assumed for radiation 

therapy. 

A proportion of the screen-detected men with a locoregional cancer will be cured. In the 

base model, this stage-dependent cure proportion was estimated by calibrating to a prostate 

cancer mortality reduction of 29% after 11 years follow-up of screening at 4- year intervals 

for men who attended at least one screen, corresponding to the ERSPC.2 This estimated cure 

proportion was used as an input to the model. Cure proportions were also estimated for 

hypothetical prostate cancer mortality reductions of 31% (estimated reduction adjusted for 
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noncompliance and contamination),38 35% and 39% (the intended reduction to reach of the 

trial in the Gothenburg center) after nine years follow-up, and of 56% after 14 years follow-up 

(the Gothenburg trial).3 In the model, all screened men with prostate cancer who are cured 

will die from other causes at the time they would have died had they not had prostate cancer. 

The screened men who are not cured from prostate cancer will die at the same moment as 

they would have if they had not been screened. The effects of screening were calculated from 

2010 until 2110, when all men will have died. 

This study was designed by Heijnsdijk and de Koning. ERSPC data were gathered by each 

individual center and analyzed by the epidemiology committee led by Moss. Modeling was 

performed by Heijnsdijk, Wever, Draisma and de Koning. Quality of life data were provided 

by Carlsson and Korfage. The first draft was written by Heijnsdijk, with all co-authors par-

ticipating in several revisions and the decision to publish the manuscript. There were no 

agreements concerning confidentiality of the data between the sponsors and the authors or 

the institutions.

Results 

Quality of life following treatment

Two specific studies on quality of life after prostate cancer treatment have been performed 

for men participating in Rotterdam and Sweden.9, 39 Pre-operatively 1-2% of the men were 

incontinent and 31-40% were impotent. After 18-52 months 6-16% of the radical prostatec-

tomy patients and 3% of the radiation therapy patients were incontinent (Table 8.2). Six to 

52 months after a radical prostatectomy, 83-88% of pre-operatively potent men became 

impotent, compared with 42-66% of the men receiving radiation therapy. In general, screen 

detected men had fewer complaints both pre-operatively and postoperatively than clinically 

detected men (Appendix Table 8.4). This difference could be a result of aging, due to later 

diagnosis in the unscreened group. These ERSPC data are consistent with data from a large 

international cohort (Appendix Figure 8.6).

Predicted effects of annual screening at 55-69 years (base model)

The number of men experiencing each of the various health states in both the absence and 

presence of annual screening was modeled over the lifetime of 1,000 men (Table 8.3)..The 

number of life-years and QALYs gained or lost as a result of the differences between the num-

bers of men experiencing each health state were also calculated. The model predicted that 

a total of 73 life-years would be gained through the introduction of annual screening. The 

number of prostate cancer diagnoses was predicted to increase by screening from 112 cases 

to 157 cases (40% increase). The number of prostate cancer deaths was predicted to decrease 

from 31 to 22 (28% decrease), and the number of men receiving palliative care was predicted 
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Table 8.2: Frequencies of incontinence and erectile dysfunction in prostate cancer patients at two ERSPC 
centers at different time points.

Treatment Pre-operatively 6 months 12 months 18 months 52 months

Incontinence

Regular use of pads 
(Gothenburg)39

Radical Prostatectomy 
n = 294

1% NA NA 16% NA

Every day urinary leakage 
and use of 3 or more pads 
per day (Rotterdam)9

Radical Prostatectomy 
n = 127

2% 16% 7% NA 6%

Radiation Therapy
n = 187

1% 1% 1% NA 3%

Erectile dysfunction*

No sexual activity or 
impotent (Gothenburg)39

Radical Prostatectomy 
n = 294

32% NA NA 83% NA

Sexually active and 
erectile dysfunction or 
sexually inactive because 
of erectile dysfunction 
(Rotterdam)9

Radical Prostatectomy 
n = 127

31% 88% 88% NA 88%

Radiation Therapy
n = 187

40% 42% 43% NA 66%

*The post-operative scores for erectile dysfunction represent men having normal pre-operative erectile 
function.
†NA denotes not available.

Table 8.3: Predicted number of men and life-years per health state comparing annual screening in men 
aged 55-69 years with no screening. Numbers presented are per 1,000 men aged 0-100 years, over their 
entire lifetime. The attendance at screening is assumed to be 80%.

Health state Utility loss

No Screening Screening  Difference Quality adjustment

(No.) (No.)  (No.) (Life-years)† Life-years (range)‡
Screening attendance  - 0.01  0  8,242  8,242  158  -1.6 (-1.9, -0.3)

Biopsy  - 0.10  313  605  292  17  -1.7 (-2.2, -1.0) 

Diagnosis  - 0.20  112  157  45  4  -0.7 (-0.9, -0.6)

Radiation therapy (RT)  - 0.27  43  48  5  1  -0.2 (-0.2, -0.1)

Radical prostatectomy (RP)  - 0.33  32  68  35  6  -2.0 (-2.7, -0.6)

Active surveillance  - 0.03  28  48  20  106  -3.2 (-15.8, 0)

2 months – 1 year post RT  - 0.22  43  48  5  4  -0.9 (-1.6, -0.5)

2 months – 1 year post RP  - 0.23  32  68  35  30  -6.9 (-9.1, -2.7)

Post-recovery period:
-	 non-overdiagnosed
-	 overdiagnosed

 - 0.05
 

 75
 
 

 116 
 
 

 41
 
 

 
 109
 215

 -5.5 (-36.4, 0)
 -10.8 (-30.3, 0)

Palliative therapy  - 0.40  40  26  -14  -35  14.1 (5.1, 26.9)

Terminal illness  - 0.60  31  22  -9  -4          2.6 (2.6, 3.3)     +

Total life-years adjustment due to quality of life effects (sum of all health states)  -16.7 (-93.8, 24.4)

QALYs gained due to screening*      56.0 (-20.7, 97.1)

*Absolute number of life-years gained due to screening 72.7 years.
†The difference in the number of men in the screened and unscreened scenario is multiplied by the 
duration of the health states (Table 8.1).
‡The difference in life-years for each health state is multiplied by the utility loss to calculate the adjustment 
for quality of life.
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to decrease from 40 to 26 (35% reduction). The total number of life-years gained per prostate 

cancer death avoided was 8.4 years (73/9). Among screened men, there was a 37% prostate 

cancer mortality reduction over the entire lifetime (Table 8.4). 

The predicted adverse effects of screening were 247 additional negative biopsies and 41 

additional men receiving radical prostatectomy or radiation therapy. The model predicted 

a gain of 56 QALYs (range: -21, 97), which means that (73-56)/73 = 23% of the unadjusted 

life-years gained would be counterbalanced by loss in quality of life. This loss was primar-

ily attributable to the short and long-term effects of primary treatment and a longer post-

recovery period with side-effects. 

The number of QALYs predicted to be gained in the base model was also calculated in sensi-

tivity analyses considering various assumptions for overdiagnosis, screening attendance, and 

utility estimates (Figure 8.1). A hypothetical situation without overdiagnosis was predicted 

to yield a gain of 79 QALYs. Screening attendance ranging from 50-100% was predicted to 

produce a gain of 30-60 QALYs (23% adjusted of 39 and 78 life-years gained, respectively). 

Table 8.4: Predicted effects of various screening strategies compared with no screening.* A prostate 
cancer mortality reduction of 29% after 11 years using a 4 year screening interval was assumed.40 
Numbers presented are per 1,000 men aged 0-100 years, over their entire lifetime. The attendance at 
screening was assumed to be 80%.

base model

Screening age (years) 55-69 55-74 55-69 55 60 65

Screening data

Interval (years) 1 1 4 - - -

Screening tests  8,242 10,577 2,250 548  584 588

Population invited†  853  891 833 685  730 735

Population screened†  845  883 777 548  584 588

Effects

Cancers diagnosed + 45 + 73 + 29 + 3 + 9  + 19

Screen detected cancers  104 150 70  8  23 42

Overdiagnosed cancers  45  72 29  2  8 19

% overdiagnosed of screen-detected 43% 48% 41% 30% 35% 45%

Negative biopsies + 247 + 372 + 166 + 18 + 52 + 102

Prostate cancer deaths  - 9  - 11 - 6  - 1 - 2 - 3

Prostate cancer mortality reduction‡ 37% 41% 32% 27% 29% 31%

Lead time years 1,134 1,508 750 106 262  419

Life-years (LY) gained 73  82 52  12 22 25

QALYs gained 56  56 41 12 19 17

% LY gained adjusted for quality 23% 32% 21%  6% 15% 33%

Number needed to screen 98 84 129 490 249 186

Number needed to detect 5 7 5 2 4 6

*In the unscreened scenario, there would be 112 cancers diagnosed, 201 negative biopsies and 31 prostate 
cancer deaths. 
† The number of men invited or screened at least once.
‡The steady-state prostate cancer mortality reduction (20 years after screening) for men who have attended 
at least one screen.
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The most favorable utility estimates resulted in 97 QALYs gained, and the least favorable in 

21 QALYs lost. The utility estimate for the post-recovery period had a considerable impact. If 

no loss in utility in this period was assumed, screening resulted in 72 QALYs gained, whereas a 

utility estimate of 0.93 instead of 0.95 for the remaining life-time resulted in 6 QALYs. A utility 

estimate of 0.95 during the first 5, 7, or 15 years after diagnosis in combination with no loss 

in utility after that period resulted in a gain of 66, 62 and 47 QALYs, respectively (results not 

shown in graph). Other utility estimates besides those for the post-recovery period and for 

palliative therapy had minor impact on the results. 

In the base model, 104 cancers were screen detected, and 45 (43%) of these were over-

diagnosed (Table 8.4). Overdiagnosed cancers are screen-detected cancers that would not 

have become clinically diagnosed during a person’s lifetime in the absence of screening. The 

prostate cancer mortality reduction in a steady state (20 years after the start of screening) for 

men who attended at least one screening was estimated at 37%. The predicted number of 

men needed to screen (NNS) to prevent one prostate cancer death was 98 (845/9), and the 

number of men needed to detect (NND) to prevent one prostate cancer death was 5 (45/9). 

The predicted effects of various cure rates on the basis of various mortality reductions are 

described in the Appendix Table 8.5.

−40 −20 0 20 40 60 80 100 120

QALYs Gained

Overdiagnosis

Screening
Attendance

All Utility Estimates

Post-Recovery Period

Palliative Therapy

All Other Utilities

Base model

Base model No overdiagnosis

100%50%

Unfavorable

0.93

0.24

Favorable

1.00

0.86

FavorableUnfavorable

Figure 8.1: Effect of various modeling assumptions on QALYs gained in comparison with the base model 
(24 QALYs gained). The assumptions are: 1) no overdiagnosis, 2) screen attendance of 50% and 100%, 3) 
all unfavorable and favorable utility estimates, 4) utility estimate of 0.93 and 1 for the life-time post-
recovery period, 5) utility estimate of 0.86 and 0.24 for palliative therapy, and 6) the utility estimates for 
the post-recovery period (0.95) and palliative therapy (0.6) as used in the base model combined with the 
unfavorable and favorable utility estimates of all other health states. 
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Predicted effects of screen strategies 

Extending the screening age to 74 years resulted in an overall gain of 82 life-years and an in-

crease in the number of prostate cancer deaths prevented from 9 to 11 (Table 8.4). However, 

the model predicts that only 56 QALYs (range: -47, 111) would be gained, representing a 32% 

reduction in unadjusted life-years. This reduction in quality of life is mainly due to the large 

number of overdiagnosed cases (48% of the screen detected cancers) and the 372 additional 

negative biopsies that would occur. On the other hand, the NNS was more favorable (84) 

compared with screening up to age 69.

Screening at 4-year intervals at age 55-69 years led to a gain of 52 life-years and 41 QALYs 

(range: -10, 69). There was a steady-state prostate cancer mortality reduction of 32% and the 

NNS was 129.

A single screen at age 55, 60, or 65 resulted in the detection of fewer cancers but also in 

less overdiagnosis. The steady-state prostate cancer mortality reduction was 27-31% and the 

life-years gained ranged from 12-25. The NNS for a single screen at 55, 60, or 65 years of age 

were 490, 249, and 186, respectively.

Discussion

Weighing the balance between the benefits and harms of prostate cancer screening is essen-

tial for decision-making regarding screening at both individual and policy level. Our model 

predicts that there would be 9 fewer prostate cancer deaths and 73 life-years gained over the 

lifetime of 1,000 men using annual screening between the ages of 55–69 years. The harms 

caused by the introduction of such screening would be the overdiagnosis and overtreatment 

of 45 cases, and the loss of 1,134 prostate cancer–free life-years (lead time years). Adjusting 

the number of life-years gained from screening by consideration of quality of life effects 

showed that 56 QALYs would be gained, which is a 23% reduction from the predicted number 

of life-years gained.

We used a one-year screening interval in the base runs to comply with existing practice in 

the USA, however, the results are comparable with a 4-year interval.

The NNS (98) and NND (5) predicted in the base model are more favorable than reported 

in the earlier results of the ERSPC (1068 and 48, respectively).1 The Gothenburg trial reported 

a NNS of 293 and a NND of 12 at 14 years follow-up.3 Our model predicts long-term effects 

after a much longer period. After eleven years, the cumulative incidence of prostate cancer 

in the ERSPC screening group far exceeded that in the control group (9.7 versus 6.0 per 1000 

person-years); however, the control group will partly catch-up because of the lead time, and 

therefore the absolute difference between the groups will decrease. In addition, the absolute 

difference in prostate cancer deaths is likely to increase over time, reducing the NNS and the 

NND. 
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A substantial part of the predicted difference between life-years and QALYs gained 

is caused by overdiagnosed cancers. The proportion of overdiagnosed cases (42% of the 

screen-detected cancers) predicted in the base model is comparable to previous studies.6 

Strategies to reduce overdiagnosis would seem to be necessary before screening can be gen-

erally advocated. Distinguishing indolent cancers from aggressive cancers, will be crucial.42-43 

More active surveillance, and deferring treatment until early signs of disease progression 

may also increase the QALYs gained.44-45 

The optimal screening strategy can also depend on co-morbidity status. In our model we 

used general life tables for other cause mortality and therefore the distribution of co-mor-

bidity was that of a general population. We can roughly estimate the effect of co-morbidity 

by adjusting the life tables. For example for men of 65 having the life-expectancy of men of 

62 (low co-morbidity), annual screening from age 55-69 resulted in 93 life-years gained and 

80 QALYs gained (an adjustment of 14%) and annual screening until age 75 resulted in 108 

life-years gained and 86 QALYs gained (an adjustment of 20%). Therefore, screening until age 

75 in men with low co-morbidity has approximately the same adjustment for quality of life as 

screening until age 69 in the general population.

The 23% predicted reduction in life-years gained due to quality of life effects is higher 

than the 8% estimated for breast cancer screening.20 In addition to cancer deaths avoided, 

screening for breast cancer allows the use of less radical treatment (e.g. lumpectomy vs. 

mastectomy) in early detected cancers, whereas screening for prostate cancer leads to a 

substantial increase in treatments, especially when active surveillance strategy for indolent 

disease is not embraced. Also, an average of 15 life-years are gained per breast cancer death 

prevented while (due to older age at diagnosis and shorter life-expectancy among men) only 

8.4 life-years are gained per prostate cancer death prevented.

The predicted adjustment for quality of life is due to the long-term side-effects from 

treatment. Both over-diagnosed and non-overdiagnosed men will live many years with 

adverse effects of treatment. For example, in the post-recovery period, 5 life-years were 

adjusted for the non-overdiagnosed men and 11 life-years for the overdiagnosed men. How 

these side-effects influence the long-term quality of life is not well studied. Most side-effects 

affecting the urinary tract and bowel will improve after some years, but significant symptoms 

persist in many patients up to 5 years after treatment.18, 46-47 Although patients can adapt 

to these effects,48-49 partly because they consider themselves cured from a life-threatening 

disease (though they could be overdiagnosed), they still report lower physical functioning 

5-10 years after treatment than a control group of similar age.46, 50-51 The results from a study 

of the urinary, bowel and sexual function over time after radical prostatectomy and radiation 

therapy, measured within the ERSPC have been compared with one of the largest studies 

outside the ERSPC52 (Appendix). General patterns are similar: there is an improvement in 

function over time until a level slightly lower than baseline is reached (Appendix Figure 8.6). 

A published analysis used a decremented post-treatment utility for life-time.33 In our base 
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model we used a utility estimate of 1 for the time period more than ten years after diagnosis, 

assuming improvement of symptoms. 

One limitations of our model is that some of the utility estimates used in the present 

analysis are based on studies performed in the USA and these may not be representative for 

Europe. Also, no corrections in utility estimates were made for the detection mode (screen 

or clinically detected),49 for the individual baseline quality of life level,53 or for improvements 

in treatments, due to lack of detailed data. It is obvious that decreasing long-term morbidity 

from treatment is another important goal. However, the perceived effect of treatment on 

quality of life is subjective. Therefore general recommendations regarding screening do not 

necessarily apply to the individual.

Another limitation is that we used different datasets to develop the model. We used data 

from the ERSPC to estimate the parameters that are directly related with screening, or that 

can only be estimated from such data. For other parameters other sources were more ap-

propriate, because of more extensive populations, more recent data or longer follow-up. We 

mostly used data from Rotterdam and Gothenburg, because these two large centers have 

different screening intervals and recruitment and therefore this variation is reflected in the 

model. Also, the stage distributions match well those of the entire ERSPC and they cover the 

entire age range. No important differences were found when PSA test sensitivities in Finland, 

Sweden, and the Netherlands were compared.54 

We assumed similar effects of radiation treatment as of radical prostatectomy. No clinical 

trials have directly compared radical prostatectomy with radiation therapy, although some 

studies have shown a mortality benefit for radical prostatectomy over radiation therapy.55-56 

Assuming a relative risk of dying of 0.7 for radiation treatment would lead to an increase in 

the number of QALYs of a few percent.

In the NL, men have a lifetime risk of prostate cancer death of 3.5%. When screening 

reduces this probability with 30%, this means that 1 per 100 men would die less. This dif-

ference is too small to become statistically significant in all-cause mortality in the trial, but 

indeed would have an impact when screening nationwide.

In conclusion, this study quantifies how much of the benefit with the currently reported 

overall prostate cancer mortality reduction within ERSPC must be adjusted when the harms 

are taken into consideration. It is essential to await longer follow-up data from the ERSPC, as 

well as longer-term data on how treatment and active surveillance effects long-term quality 

of life before more general recommendations could be made regarding mass screening with 

PSA.
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Appendix

The Miscan model

The Miscan model was designed at our institution and has been used extensively for the 

analysis and surveillance of screening programs.1-3 In Miscan, individual life histories are 

first simulated in the absence of screening. A life history is defined by a sequence of states 

and the time spent in those states (dwelling time). The dwelling times are determined by 

Weibull distributions, defined by parameters for mean and shape. The states and dwelling 

times are generated by a semi-Markov process. From each state, a next state is generated 

with probabilities and dwelling times determined by the present state. Most of the transition 

probabilities and dwelling times are also age-dependent. 

Prostate cancers were characterized according to their clinical T-stage (T1 impalpable, 

T2 palpable, confined to the prostate and T3+ palpable, with extension beyond the prostatic 

capsule), differentiation grade (Gleason score less than 7, 7, more than 7) and metastatic 

stage (M0 locoregional stage, M1 distant stage). In each of the states the cancer can be clini-

cally detected or progress to the next state (Figure 1.5). 

Death from other causes is generated independently using standard life tables. Screening 

is superimposed on the life histories in the absence of screening. Preclinical cancers can be 

detected by screening. Detection depends on attendance and state specific test sensitivity.

Calibration of the model

The parameters in the model for the natural history of the disease and for stage specific test 

sensitivities were first estimated using age and stage distribution of the cancers diagnosed 

in the Rotterdam and Göteborg centers of the ERSPC trial. Parameters were estimated by 

minimizing the difference between observed and predicted counts, measured as the sum of 

the chi-square quantities using the simplex method of Nelder and Mead.4

The following data were used: baseline incidence and stage distribution in 1991-1993 in 

the Netherlands, ERSPC Rotterdam trial data up to July 2004 (screen results until 2006) for 

both arms of the trial, baseline incidence in Sweden in 1990, and ERSPC results of Göteborg 

up to end of 2004. The parameters are calibrated to the baseline incidence and incidence in 

control arm (Appendix Table 8.1), detection rate in first and subsequent screens (Appendix 

Table 8.2), interval cancers (Appendix Table 8.3), clinical T-stage distribution (Appendix Figure 

8.1), metastatic state (Appendix Figure 8.2) and biopsy Gleason score distribution (Appendix 

Figure 8.3). 

In addition, the model was calibrated to the incidence of the Dutch population in 1992 

– 2002 (Appendix Figure 8.4). As a validation, the predicted mortality of the Dutch popula-

tion in 1992 – 2002 has been compared with the observed values (Appendix Figure 8.4). The 

calibrated model adequately predicted the prostate cancer incidence in the Netherlands in 
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the period 1992-2002, with the exception that the prostate cancer mortality prediction was 

somewhat low for some age groups.

By calibrating the model to these three different datasets, we have developed a model 

that is applicable to multiple situations and not dependent on one of the datasets.

The model was validated with all screen data of all centers of the ERSPC (Appendix Figure 

8.5).

Predicted effects of prostate cancer mortality reduction

In the base model, a 29% prostate cancer mortality reduction in screened men 11 years after 

the start of screening was assumed based on the most recent ERSPC results. For assumed 

mortality reductions of 31%, 35% and 39% at nine years follow-up, and 56% after 14 years of 

follow-up, both the number of prostate cancer deaths avoided and the life-years and QALYs 

gained would increase (Appendix Table 8.5). Assuming a 56% mortality reduction, the NNS 

and NND would decrease to 53 and 3, respectively
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Appendix Figure 8.1: Clinical T-stage distribution for the Rotterdam and Göteborg centers. For the 
Rotterdam center the results are presented for the baseline incidence, the control arm, the interval 
cancers and screening round 1-3. For the Göteborg center the results are presented for the control arm, 
the first and repeat screening round, the interval cancers for the attenders and the cancers detected 
among the non-attenders.
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                                                                             Metastatic state distribution in Göteborg

 Metastatic state distribution in Rotterdam
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Appendix Figure 8.2: Metastatic state distribution for the Rotterdam and Göteborg centers. For the 
Rotterdam center the results are presented for the baseline incidence, the control arm, the interval 
cancers and screening round 1-3. For the Göteborg center the results are presented for the control arm, 
the first and repeat screening round, the interval cancers for the attenders and the cancers detected 
among the non-attenders.
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                                                                           Biopsy Gleason score distribution in Göteborg

                                                                                 Biopsy Gleason sore distribution in Rotterdam
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Appendix Figure 8.3: Biopsy Gleason score distribution for the Rotterdam and Göteborg centers. For 
the Rotterdam center the results are presented for the baseline incidence, the control arm, the interval 
cancers and screening round 1-3. For the Göteborg center the results are presented for the control arm, 
the first and repeat screening round, the interval cancers for the attenders and the cancers detected 
among the non-attenders.
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Model predictions and observations of incidence rates in the Netherlands 

Model predictions and observations of mortality rates in the Netherlands 

Appendix Figure 8.4: Prostate cancer incidence and mortality rates per 100,000 men in the Netherlands 
(bold lines) compared with the model predictions (thin lines) for the ages 55-59, 60-64, 65-69 and 70-74 in 
the period 1992-2002, to replicate the situation without screening.
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Appendix Figure 8.5: The observed and model-predicted number of screen detected cancers in the 
screen arm of all centers of the ERSPC by follow-up year. 
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Urinary, bowel and sexual function scores after treatment

Appendix Figure 8.6: Urinary function, bowel function and sexual function scores after radical 
prostatectomy and radiation therapy in years 0-5 from ERSPC Rotterdam and those published by Potosky 
et al (estimated values based on5) and Korfage et al.6 Higher scores indicate better functioning. The scores 
of Potosky are obtained using the survey developed for PCOS and the scores of Korfage are obtained 
using the University of California, Los Angeles (UCLA), Prostate Cancer Index (PCI).
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Appendix Table 8.1: The observed and model-predicted baseline incidence in Sweden and the 
Netherlands and the incidence in the control arm of both centers of the ERSPC. Rates per 1,000 man years.

Baseline incidence

the Netherlands Sweden

age group observed predicted age group observed predicted

45-50 0.02 0.06 45-50 0.03 0.09

50-55 0.14 0.14 50-55 0.21 0.20

55-60 0.36 0.51 55-60 0.72 0.74

60-65 1.19 1.34 60-65 1.91 1.92

65-70 2.59 2.54 65-70 3.70 3.62

70-75 4.50 3.96 70-75 6.56 5.69

75-80 6.57 5.60 75-80 8.98 8.04

80-85 7.98 7.39 80-85 10.54 10.66

Incidence in control arm

Rotterdam Göteborg

age group observed predicted age group observed predicted

50-55 0.59 0.72

55-60 1.61 1.58 55-60 1.80 2.25

60-65 3.35 3.08 60-65 4.99 4.72

65-70 5.13 5.19 65-70 8.54 7.67

70-75 7.95 7.56 70-75 13.09 10.42

75-80 9.85 9.99

Appendix Table 8.2: The observed and model-predicted detection rate by 1000 visits in the first and 
second screening rounds in both centers of the ERSPC.

Detection rate first round

Rotterdam Göteborg

age group observed predicted age group observed predicted

50-55 9.71 6.74

55-60 27.64 19.14 55-60 24.76 25.23

60-65 44.81 44.49 60-65 38.19 53.64

65-70 76.81 75.08 65-70 73.38 80.40

70-75 86.73 106.77

75-80 166.67 124.89

Detection rate second round

Rotterdam Göteborg

age group observed predicted age group observed predicted

50-55 1.31 6.10

55-60 20.77 22.05 55-60 14.43 14.76

60-65 35.14 30.17 60-65 24.39 25.18

65-70 49.74 43.74 65-70 39.38 34.30

70-75 59.30 56.69 70-75 23.62 39.24

75-80 0 68.20
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Appendix Table 8.3: The observed and model-predicted interval cancer rate by interval in years since 
last screen (for the Rotterdam center) and by age (for Göteborg center). The Göteborg data are divided 
in interval cancers rates among the attenders of at least one screen and incidence rates among the non-
attenders.

Rotterdam Göteborg

attenders non-attenders

interval observed predicted age group observed predicted observed predicted

1 0.57 0.67 50-55 0.00 0.28 0.87 0.87

2 0.68 1.18 55-60 0.52 0.89 1.79 2.46

3 1.03 1.73 60-65 1.14 1.44 3.28 4.81

4 1.72 2.32 65-70 1.88 1.93 6.37 5.19

5 3.95 4.31 70-75 3.76 3.05 7.58 5.54

Appendix Table 8.4: Frequencies of incontinence and erectile dysfunction by detection mode in two 
ERSPC centers.

Scenario treatment

pre-operative 12/18 months

screen-arm control-arm screen-arm control-arm

Incontinence

Regular daytime use of pads (Göteborg) RP 0.5% 2.3% 14% 20%

Every day urinary leakage and use of 3 or more pads 
per day (Rotterdam)

RP 1% 3% 3% 18%

RT 1% 0% 0% 2%

Erectile dysfunction†
No sexual activity or impotent (Göteborg) RP 35% 29% 79% 91%

Sexually active and erectile dysfunction or sexually 
inactive because of erectile dysfunction (Rotterdam)

RP 27% 38% 88% 89%

RT 44% 37% 45% 41%

*Study arm is defined in Göteborg7 as detected in the screen arm or control arm of the trial and in 
Rotterdam6 as screen detected or clinically detected. 
†For erectile dysfunction the postoperative scores are presented for the men having normal erectile 
function pre-operatively.

Appendix Table 8.5: Predicted effects of various assumed prostate cancer mortality reductions due to 
annual screening, age 55-69 years, compared with no screening. The model was based on an assumed 
prostate cancer mortality reduction of 29% 11 years after the start of screening,2 31%, 35% and 39% after 
9 years and 56% after 14 years.3 Numbers presented are per 1,000 men aged 0-100 years, over their entire 
lifetime. The attendance at screening was assumed to be 80%.

Model based on mortality reduction 29% 31% 35% 39% 56%

Prostate cancer deaths -9 -10 -11 -12 -17

Prostate cancer mortality reduction* 37% 40% 46% 53% 73%

Life-years (LY) gained 73 78 90 103 136

QALYs gained 56 62 76  91 129

% LY gained adjusted for quality 23% 20% 16% 12% 5%

Number needed to screen 98 91 78 69 53

Number needed to detect 5 5 4 4 3

*The steady-state prostate cancer mortality reduction (20 years after screening) for men who have attended 
at least one screen.
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Abstract

Background 

Men with screen-detected prostate cancer have the option to treat the cancer immediately 

or go into an expectant management program. We present benefits and harms of immediate 

treatment of screen-detected local-regional prostate cancer, given the prognostic factors 

clinical T-stage, Gleason score and age.

Methods

A micro-simulation model, validated on available data of the ERSPC-trial, was used to predict 

benefits and harms of immediate curative treatment for men aged 55-74. Benefits include 

expected life-years gained and probability of prostate cancer death prevented. Harms in-

clude mean lead time (which is equivalent to expected loss of life-years without potential 

side-effects of curative treatment), and probability of over-diagnosis. Harm-benefit ratios 

are given for each combination of prognostic factors, comparing immediate treatment at 

screen-detection with treatment at the time of otherwise expected diagnosis with usual care.

Results

The ratio between mean lead time and mean life-years gained ranged from 1.8 to 31.2, and 

additional treatments per death prevented ranged from 0.3 to 11.6. Both ratios were lowest, 

so most favorable, for men aged 55-59 diagnosed with moderate-risk prostate cancer (clinical 

stage T3 and Gleason score <7, clinical stage T2 and Gleason score =7, clinical stage T1 and 

Gleason score >7, and clinical stage T2 and Gleason score >7). The ratios were high for men 

aged 70-74 regardless of clinical T-stage and Gleason score. 

Conclusions

Men aged 55-59 years with moderate-risk prostate cancer are the best candidates for im-

mediate curative treatment at the time of screen-detection. Immediate curative treatment is 

unfavorable for men aged 70-74 years regardless of clinical T-stage and Gleason score. 
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Introduction 

The European Randomized study of Screening for Prostate Cancer (ERSPC) and the Göte-

borg trial (part of the ERSPC) show that a reduction in prostate mortality can be obtained 

with prostate-specific antigen (PSA) screening.1-3 This mortality reduction is a result of the 

detection of cancers in an earlier stage, enabling treatment with curative intent. Men with a 

screen-detected prostate cancer have the choice between immediate active treatment and 

going into an expectant management program. The potential benefit of actively treating the 

cancer immediately after diagnosis is an increase in life-expectancy. The harm is that there 

is a risk of living many years with the side-effects of treatment which otherwise might have 

been symptom-free.4 Alternatively, the benefits can also be expressed as the reduction of 

prostate cancer specific mortality and the harms as the percentage of over-diagnosis. Over-

diagnosis is the number of screen-detected men with prostate cancer who in the absence of 

screening die from other causes before the time of clinical diagnosis as a percentage of men 

screen-detected with prostate cancer.

The present study quantifies the benefits and harms of immediate versus delayed active 

treatment per prognostic factors, clinical T-stage, Gleason scores and age, with the aim to 

help clinicians and patients decide whether or not to treat immediately after early detection. 

Estimates for the benefits, the average life-years gained and the percentage of prostate 

cancer death avoided by early treatment, and the harms, the average potential life-years 

with no side-effects of treatment and the percentage of over-diagnosis, are obtained from a 

simulation model extrapolating observed rates used for parameter estimation to unobserved 

quantities that are of interest to patients and clinicians. These unobserved quantities can 

only be obtained by using models.

Material and Methods

ERSPC trial, Rotterdam and Göteborg section

The ERSPC trial was initiated in the early 1990s to evaluate the effect of PSA screening on 

prostate cancer mortality. In the Rotterdam section 42,376 men aged 55-74 years were 

randomized and in the Göteborg section 19,946 men aged 50-64 years. The time-interval 

between the screening rounds was four years in Rotterdam and two years in Göteborg. A 

reduction in prostate cancer mortality of 29% was observed in the overall ERSPC at a median 

follow-up of 11 years.3

Analysis

We used the MISCAN (MIcrosimulation SCreening ANalysis) prostate cancer model.5-8 MISCAN 

is a micro-simulation program that simulates the progression and screening of prostate can-
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cer. The model was validated on prostate cancer detection data from the ERSPC Rotterdam5, 

7-8 and the ERSPC Göteborg,9 and on the mortality reduction data from the overall ERSPC trial.3 

A summary of the assumptions in the model and the data used for calibration are presented 

in Table 9.1 and are outlined in the Model appendix. For the present study we constructed 

a model in which individuals were screened for the first time between age 50-74 years and 

then subsequently every four years until age 75 years. Two situations were analyzed: one 

in which all men with screen-detected prostate cancer received treatment immediately at 

diagnosis, and the other in which they received a delayed treatment; specifically, at the time 

they would have been clinically diagnosed. 

For the simulated populations, percentage of over-diagnosis, mean lead time, life-

expectancy and percentage of prostate cancer death was calculated by the prognostic fac-

tors clinical T-stage, Gleason score and age. Using these results we calculated harm-benefit 

ratios: the ratio between mean lead times and mean life-years gained (= average loss of 

life-years without potential side-effects of curative treatment per life-year gained = M), and 

the ratio between the percentages of over-diagnosis and percentages of prostate cancer 

death avoided by treating early (= number needed to additionally treat to avoid one prostate 

cancer death = NNT). Note that lead time is the period by which diagnosis is advanced due 

to screening; therefore, mean lead time shows the average potential life-years with no side-

effects of treatment in case treatment was delayed to the time of clinical diagnosis. The per-

centage of over-diagnosis shows the number of screen-detected men with prostate cancer 

who in the absence of screening die from other causes before the time of clinical diagnosis as 

a percentage of men screen-detected with prostate cancer.

Considering that the decision to treat immediately depends on M, we determined for 

which combinations of prognostic factors it is less favorable (M >9), more favorable (3 ≤ M < 

Table 9.1: Model assumptions and data used in the present study.

 Assumptions Calibration data

Other cause death Life tables Statistics Netherlands, 2000-2007

Disease progression before diagnosis Semi-Markov model National Cancer Registry data of 199110
Rotterdam Cancer Registry data of 1992-199311
Incidence in Sweden 1988-199212
ERSPC Rotterdam trial5, 8
ERSPC Göteborg trial9

Baseline prostate-cancer-specific 
survival dependent on Gleason score

Poisson regression model Connecticut Tumor Registry data13

Baseline prostate-cancer-specific 
survival dependent on clinical T-stage

Relative risk compared to 
baseline survival dependent on 
Gleason score

Population-based National Prostate Cancer Registry 
of Sweden14

Treatment effect Relative risk compared to 
baseline survival

SPCG-4 study15

Screening effect A proportion of men screen-
detected with prostate cancer 
and treated early are cured

ERSPC trial3
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9) and most favorable (M ≤ 3) to treat immediately. Note that the ranges for the three groups 

are chosen arbitrarily.

Results

The predicted mean lead time, percentage of over-diagnosis, life-expectancy and percentage 

of prostate cancer deaths by the prognostic factors clinical T-stage, Gleason score and age are 

presented in Table 9.2 for men screen-detected with prostate cancer in the local-regional 

stage. To illustrate this table consider, for example, men with the following prognostic factors: 

diagnosed with T1G7 at age 62 years. These men have a 28.4% risk of being an over-diagnosed 

case. The mean lead time for such over-diagnosed men is 11.3 years, i.e. if these men decide 

to be treated at the time of screen-detection they live on average 11.3 years with potential 

side-effects of curative treatment. While, if these men had not been screened they would not 

have even known that they have cancer in their lifetime. Non over-diagnosed men have a 

mean lead time of 8.5 years, i.e. the tumor of these men is found on average 8.5 years earlier 

than in the absence of screening, so the tumor could be treated earlier. However, these non 

over-diagnosed men also have to live 8.5 years longer with the potential side-effects if they 

decide to be treated immediately.

The men in our example have a life-expectancy of 16.5 years and a 18.7% risk of dying 

from prostate cancer if the cancer is treated immediately. If the cancer is treated at the ex-

pected time of clinical diagnosis the life-expectancy is 15.3 years (1.2 years less) and the risk 

of dying from prostate cancer is 32.3% (13.6% more in absolute terms). 

The negative effect of treating cancer at screen-detection instead of at the time of clinical 

diagnosis is that the patient has to live on average 9.3 years [= ((11.3*28.4) + (8.5*71.6))/100 

= mean lead time for all screen-detected] longer with the potential side-effects of treatment. 

The positive effect is that the patient’s life-expectancy is 1.2 years longer. The ratio between 

this negative effect and positive effect is 8.0 (due to rounding of the decimals, the ratio is 

not exactly 9.3/1.2). The negative effect can also be expressed as the percentage of over-

diagnosed cases (28.4%) and the positive effect as the percentage of prostate cancer death 

avoided by treating early (13.6%). The ratio between these is the NNT (=2.1). Lower values for 

these ratios imply lower expected negative effects in relation to the expected positive effects 

and therefore plead more for immediate treatment. 

Both ratios were lowest for men screen-detected with moderate risk cancer (T3G6, T2G7, 

T1G8 and T2G8) at age 55-59. The ratio between mean lead time and mean life-years gained 

was highest (31.2) for men with T3G8 at age 70-74, and NNT was highest (11.6) for men with 

T1G6 at age 70-74.

Figure 9.1 presents the mean life-years gained versus mean lead time for all combinations 

of prognostic factors. Considering that the decision to treat immediately depends on the 
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lead time relative to the life-years gained, this study shows for which combinations of prog-

nostic factors it is less favorable, more favorable and most favorable to treat immediately at 

screen-detection. Figure 9.1 shows that, for all age groups, for patients with T3G6 immediate 

treatment is most favorable. While for patients with lower clinical T-stages and Gleason scores 

immediate treatment is less favorable because of the larger negative effects, for patients with 

higher clinical T-stages and Gleason scores it is less favorable because of the smaller positive 

effects. Therefore, for all age groups, men diagnosed with T1G6 or T3G8 are those for which 

immediate treatment is least favorable. 

For most combinations of clinical T-stage and Gleason score patients aged 70-74 belong 

to the group for which the harm-benefit ratio is highest, so for which immediate treatment is 

not so favorable. For men aged 60-64 and 65-69 the majority belong to the group for which 

the harm-benefit ratio is intermediate. For men aged 55-59 for several combinations the pa-

tients belong to the group for which the harm-benefit ratio is lowest, so for which immediate 

treatment is most favorable.

Discussion

The present study shows that, besides the potential life-years gained and the percentage of 

prostate cancer death avoided by early treatment, the decision to treat immediately should 

also depend on the lead time and the percentage of over-diagnosis. These measures depend 

on the prognostic factors clinical T-stage, Gleason score and age. The range of these measures 

given by prognostic factor is wide: Mean lead time ranges from 2.9 to 12.2 years, 2.7 to 60.1% 

of the screen-detected cases are over-diagnosed, mean life-years gained ranges from 0.1 to 

4.0 years, and 1.5 to 32.1% of men receiving treatment at the time of screen-detection avoid 

prostate cancer death. These wide ranges imply that it is important to have these measures at 

least by these prognostic factors when deciding on whether or not to treat a patient. 

The ratio between mean lead time and mean life-years gained, and the NNT, show how 

the harms and the benefits of immediate treatment relate to each other. These ratios are given 

for each combination of prognostic factors, where the ratio between mean lead time and 

mean life-years gained ranged from 1.8 to 31.2 and NNT ranged from 0.3 to 11.6. Both ratios 

were lowest for men screen-detected with moderate risk cancer, specifically for patients with 

T3G6 (3% of screen-detected cases at age 55-59), T2G7 (7% of screen-detected cases at age 

55-59), T1G8 (1% of screen-detected cases at age 55-59) and T2G8 (2% of screen-detected 

cases at age 55-59). Therefore, patients with these prognostic factors are the best candidates 

for immediate treatment. 

Men aged 70-74 with low risk cancer (T1G6) and those with high risk cancer (T3G8) had the 

highest values and immediate treatment is therefore least favorable for these patients. For all 

combinations of clinical T-stage and Gleason score, for patients aged 70-74 the harm-benefit 
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ratio is relatively high, which is because for these patients the probability of living long enough 

to enjoy the benefit of curative treatment is low. These high harm-benefit ratios for treatment 

also imply that the harm-benefit ratio for screening men aged 70-74 will be relatively higher 

than for younger men. Therefore, by only screening men who are younger the negative impact 

of screening might be reduced. These results imply that it is crucial to determine for which 

exact ages it is most favorable to screen and primarily when to stop screening.

Men with localized prostate cancer who do not treat the cancer immediately have the 

option to go into an expectant management program. The two expectant management ap-

proaches are active surveillance and watchful waiting. Active surveillance is an approach, 

where the patients will be regularly monitored with a variety of tests and if over time the 

disease appears to be advancing curative treatment might be performed. The aim of active 

surveillance is to delay or avoid treatment of prostate cancer and the potential adverse side-

effects. Watchful waiting is an approach where treatment will not be given or given when 

symptoms appear or change. Watchful waiting is different from the active surveillance ap-

proach, in which deferred treatment has a curative intent.

Active surveillance is generally applied to men with low clinical T-stage and Gleason 

score.16-19 The results presented in this study are consistent with the criteria that are in general 

applied. Our results indicate that patients with low clinical T-stage and Gleason score, specifi-

cally patients with T1G6, T2G6 and T1G7, might be good candidates for active surveillance; 

this because of the considerable harms and relatively small benefits for this group (7.2-12.2 

years of lead time per 0.3-2.7 life-years gained). For patients with these prognostic factors 

who feel that the benefits do not outweigh the harms and therefore do not want immediate 

treatment, active surveillance is a good option. If these patients follow active surveillance 

and the disease progresses, the risk of treating an over-diagnosed cancer or a cancer which 

would not have been lethal during the patient’s lifetime decreases and, therefore, treatment 

might be more favorable. 

Patients with high clinical T-stage and Gleason score, who do not feel that the benefits 

outweigh the harms and therefore do not want immediate treatment watchful waiting might 

be the right approach. Also, for patients with a short life-expectancy, so for whom the prob-

ability of living long enough to enjoy the benefit of curative treatment at any time is low, 

watchful waiting might be the right approach. 

The quantitative estimates presented are relevant for clinicians and individuals thinking 

about the decision whether to treat immediately at screen-detection or not. This decision 

should depend on how undesirable it is for the patient to live with the knowledge of having 

prostate cancer without treating it, and how undesirable it is for the patient to actively treat 

the cancer and live with the potential side-effects (e.g. sexual, urinary and bowel problems). If 

given the presented benefits and harms the anticipated quality of life of having been treated 

immediately is more than the anticipated quality of life of living under active surveillance or 

watchful waiting the patient should decide in favor of immediate treatment. 
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However, important to point out is that in this study we only compared the situation in 

which men screen-detected with prostate cancer receive treatment immediately at screen-

detection with the one in which they receive a delayed treatment, specifically at the time they 

would be clinically diagnosed in the absence of screening, so with usual care. With the active 

surveillance and watchful waiting protocols it is probable that the cancer is treated earlier 

or later, which might give different values for the benefits and harms than those presented. 

A limitation of the study is that the predictions are based on data from a specific popula-

tion, the randomized trial in Rotterdam and Göteborg, and on assumptions underlying the 

model. However, using the best available data and most reasonable assumptions, we obtain 

the best possible estimates for the measures of interest.

Another limitation of the study is that it was not possible to consider all available predic-

tive factors which would be available in the clinical practice. For example, our results were 

not presented by PSA value, MRI results or number of positive cores. Also, we did not make 

a distinction between Gleason score (3+4) and (4+3). These might be important prognostic 

factors. However, this is the first study presenting the harms of immediate treatment versus 

delayed treatment by the prognostic factors clinical T-stage, Gleason score and age, and it 

is important to have the harms and benefits by at least these prognostic factors. Also, co-

morbidity is an important prognostic factor that we did not consider. However, for individu-

als with high co-morbidity the results of this study can be considered as regards older men.

The third limitation is that survival curves based on non-contemporary data observed in 

the USA was used for the ERSPC population modeled.13 These survival data were used since it 

is one of the few datasets presenting survival of untreated prostate cancer as a function of age 

at diagnosis and Gleason score progression. The percentage of prostate cancer death might 

seem higher than previous reports.13-14, 20 However, in general, the percentage of prostate 

cancer deaths are presented after a follow-up time of 10 or 20 years and the data presented 

here are lifetime data. For example, for a contemporary population, Albertsen et al. reported 

that after 10 years of follow-up the percentage of prostate cancer death for men with T1cG8 

and age 66-75 is 13.7 to 25.7% depending on the co-morbidity.20 In the present study, the 

predicted lifetime percentage of prostate cancer death for men with T1 and aged 65-74 is 

27.6%; however, for 10-year follow-up this is 14.0%, which is on the low side compared with 

the numbers reported by Albertsen et al.20 

In conclusion, benefits and harms of treatment immediately at PSA detection depend on 

the prognostic factors clinical T-stage, Gleason score and age. The range of these measures by 

the prognostic factors is wide. Therefore, it is important to have these measures at least by these 

prognostic factors when discussing about whether or not to treat. Men aged 55-59 years with 

moderate risk cancer (T3G6, T2G7, T1G8 and T2G8) have the lowest harm-benefit ratios and are 

therefore the best candidates for immediate curative treatment. Immediate curative treatment 

is unfavorable for men aged 70-74, regardless of the Gleason score and clinical T-stage. 
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This chapter begins by addressing each of the research questions. This is followed by a general 

discussion focusing on the interpretation of the findings, future directions, main conclusions 

and recommendations for future research and practice.

10.1 Answers to research questions

Part 1: Modeling observed prostate cancer incidence and mortality

1. Can changes in primary treatment plausibly explain the observed decline in prostate cancer 

mortality by the year 2005 in the US? 

Three independently developed models (MISCAN, FHCRC and UMICH) were used for this 

analysis. The three models project that changes in primary treatment explain 22–33% of 

the prostate cancer mortality decline by 2005. These contributions to mortality decline are 

mainly accounted for by surgery (11-14%) and radiation therapy (9-16%), both of which 

increased in frequency until the 1990s. The contribution made by hormonal therapies was 

far lower (1-3%). The results of this modeling study clearly show that changes in primary 

treatment are likely to have played an important role in the dramatic drop in prostate cancer 

mortality observed since the early 1990s. However, changes in primary treatment alone do 

not explain the majority of the mortality decline. The remainder of the decline is likely due to 

other interventions, such as PSA screening and advances in the treatment of recurrent and 

progressive disease.

2. Is the PSA screening performance for detecting prostate cancers in the US population the same 

as in the ERSPC Rotterdam? 

Assuming the same natural progression of prostate cancer and sensitivity of PSA tests and 

consecutive biopsy in the US as in the ERSPC Rotterdam, the predicted prostate cancer 

incidence peak in the US was substantially higher than the prostate cancer incidence peak 

observed in the US population (13.3 vs. 8.1 cases per 1000 man-years). However, we could 

reasonably reproduce the actual observed incidence by assuming substantially lower PSA 

test sensitivities in the US than in ERSPC Rotterdam. For example, for nonpalpable local- or 

regional-stage cancers (i.e., stage T1M0), the estimates of PSA test sensitivity were 26% in the 

US versus 94% in ERSPC Rotterdam. These results show that PSA screening in the US did not 

detect as many prostate cancers as PSA screening in ERSPC Rotterdam because of the lower 

sensitivity of the combination of PSA testing followed by a biopsy.
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3. Can we apply the commonly used assumption on the effect of screening on survival, the stage-

shift assumption, to predict the observed prostate cancer mortality reduction in the ERSPC? 

In stage-shift models, mortality benefits due to early detection are explained by the shift 

to less advanced stages, specifically to stages with more favorable stage-specific survivals. 

Using the stage-shift model with no additional assumption about the lead time would sug-

gest that 90% of men with screen-detected cancers would die earlier from prostate cancer 

than if these cancers were clinically detected. This implausible result is obtained because part 

of the lead time component is neglected in the survival for screen-detected cancers. Most 

stage-shift models employ an additional assumption to avoid implausible results of reduced 

life-expectancy with screening. In this study we consider the following two stage-shift mod-

els. In the first model no death from cancer is allowed during lead time, while in the second 

model no death from cancer is allowed before the time of death from cancer in the absence 

of screening. These stage-shift models, after a follow-up of nine years, predicted reductions in 

prostate cancer mortality ranging from 38% to 63% for ERSPC Rotterdam, compared to a 27% 

reduction observed in the overall ERSPC. Therefore, using these stage-shift models to include 

the effect of screening considerably over-estimated the prostate cancer mortality reduction 

due to early detection. An alternative model, a cure model estimating stage-specific cure 

rates at early detection, was calibrated to correctly predict the mortality reduction (27%). 

4. What is the impact of PLCO control arm contamination on perceived PSA screening efficacy? 

After 10 years of complete follow-up in the PLCO trial, the average mortality rate ratios rela-

tive to an uncontaminated control arm across the three models (MISCAN, FHCRC and UMICH) 

were 0.68–0.80. Contamination increased the average mortality rate ratios to 0.81–0.95. We 

predicted that the probability that more prostate cancer deaths would have been observed 

in the intervention arm than in an uncontaminated control arm was 0–10%. With contamina-

tion, this probability increased to 10–30%. Contamination also decreased the power of the 

trial to detect a mortality difference from 40–70% (uncontaminated) to 5–25% (contami-

nated). Therefore, contamination substantially limited the ability of the PLCO to identify a 

potentially true PSA screening benefit. 

Part 2: Predicting clinical outcomes of prostate cancer progression, screening and 

treatment

5. What are the risks of clinical progression events for PSA-detected localized prostate cases who 

do not receive curative treatment? 

The models MISCAN, FHCRC and UMICH project that 58-86% of tumors detected by screening 

at age 60-64 with Gleason score 2-7 would have been diagnosed clinically (common clinical 

practice) in the absence of screening. For Gleason score 8-10, these risk estimates range from 

84-92%. The risk that the screen-detected tumors would have metastasized before clinical 
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diagnosis ranges from 5-17% for tumors detected with Gleason score 2-7, and from 19%-30% 

for tumors detected 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 20%-31% for men aged 60-64 

with Gleason score 2-7, and 56%-66% for counterparts with Gleason score 8-10. These risks 

all decrease with age.

6. How do the lives of men who decide to be screened differ from the lives of men who decide not 

to be screened? And therefore, what is the anticipated loss in quality of life after a prostate cancer 

diagnosis and treatment that would be acceptable to decide in favor of screening? 

For men who decide to be screened (annual screening from age 55 to 74), the lifetime risk 

of prostate cancer death decreases from 2.86% to 1.87%, while the overall life-expectancy 

increases by 0.08 years. At the same time, the lifetime risk of being diagnosed with prostate 

cancer increases from 14.10% to 21.31% and the expected time to diagnosis decreases by 

1.53 years. Of the screened men, 1% enjoys the benefit of living an average of 8.08 years lon-

ger, while 17% of the screened men live an average of 9.24 years longer treated for prostate 

cancer. In many cases, this means an increase in life-years suffering from morbidity associated 

with treatment. To summarize the harms and benefits in one measure we calculated the util-

ity break-even point. This measure implies that men who could judge that their anticipated 

loss in quality of life due to prostate cancer diagnosis and treatment is not more than 4.8% 

(range in sensitivity analysis: 0.9%-16.7%), should decide in favor of screening. 

7. What are the quality of life effects of prostate cancer screening and what is the number needed 

to screen? 

For annual screening from age 55 to 69, the predicted benefits per 1000 men of all ages were 

9 fewer deaths due to prostate cancer (28% prostate cancer mortality reduction, 37% among 

screened men), 14 fewer men receiving palliative therapy (35% reduction), and 73 life-years 

gained. The harms caused by the introduction of such screening include the overdiagnosis 

and overtreatment of 45 men, and the loss of 1,134 prostate cancer–free life-years (lead 

time years). The number of QALYs gained was 56 (range -21 to 97), which means that 23% 

of the life-years gained would be counterbalanced by loss in quality of life. This loss was 

primarily attributable to the short and long-term effects of primary treatment and a longer 

post-recovery period with such side-effects. The predicted number of men needed to screen 

(NNS) to prevent one prostate cancer death was 98, and the number of men needed to detect 

(NND) to prevent one prostate cancer death was 5.

8. What are the benefits and harms of immediate treatment of PSA-detected local-regional pros-

tate cancer, given the prognostic factors Gleason score, clinical T-stage and age? And for which 

combination of prognostic factors is immediate treatment most or least favorable? 
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The benefits presented are expected life-years gained and probability of prostate cancer 

death prevented, while the harms presented are expected loss of life-years without potential 

side-effects of curative treatment (which is equivalent to lead time) and probability of over-

diagnosis. The range of these measures given by prognostic factor is wide: mean life-years 

gained ranges from 0.1 to 4.0 years; in absolute terms, 1.5% to 32.1% of men receiving treat-

ment at the time of screen-detection avoid prostate cancer death; mean lead time ranges 

from 2.9 to 12.2 years; and 2.7% to 60.1% of the screen-detected cases are over-diagnosed. 

The ratio between mean lead time and mean life-years gained ranges from 1.8 to 31.2, and 

additional treatments per death prevented ranges from 0.3 to 11.6. Both harm-benefit ratios 

were lowest, so most favorable, for immediate treatment for men aged 55-59 with moderate 

risk cancer (clinical stage T3 and Gleason score <7, clinical stage T2 and Gleason score =7, 

clinical stage T1 and Gleason score >7, and clinical stage T2 and Gleason score >7). Therefore 

patients with these prognostic factors are the best candidates for immediate treatment. For 

older men these ratios decrease considerably since the harms decrease relatively less sharply 

than the benefits, implying that for older men immediate treatment is much less favorable. 

10.2 Interpretation of the findings

10.2.1 Modeling observed prostate cancer incidence and mortality 

Effect of screening and treatment on observed incidence and mortality 

Modeling cancer progression, screening and treatment for a population can help to under-

stand the effects of screening and treatment on observed incidence and mortality. Without 

models it is often difficult to quantify the impact of screening and treatment on incidence 

and mortality in a population. In Chapter 2, 3 and 5 we provide important quantitative infor-

mation for ongoing debates about the effects of prostate cancer screening and treatment on 

observed incidence and mortality in the US population and PLCO trial. In this section we will 

discuss these results. 

Since the early 1990s we have observed a decline in prostate cancer mortality in the US: 

between 1991 and 2005 prostate cancer mortality declined by 42%, from 103 to 60 deaths 

per 100,000 men aged 50–84 years. The decrease in prostate cancer mortality coincided with 

several changes in the control of the disease: the widespread use of PSA tests, advances 

in primary treatment and changes in the recurrent and progressive disease.1-5 Because the 

dissemination of PSA testing and the changes in treatment happened simultaneously, it is 

difficult to determine without modeling to what extent each factor contributed to the fall in 

prostate cancer deaths. 

By modeling cancer progression, screening dissemination and treatment in the US popu-

lation, we estimated that a non-trivial proportion (22–33%) of the decline in prostate cancer 
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mortality by year 2005 can be attributed to changes in primary treatment. However, a large 

proportion of the decline is left unexplained, which suggests a role for PSA screening and 

advances in treatment for recurrent or progressive disease.

Previously, two other CISNET prostate models6 were used to show that early detection 

due to screening could account for approximately 45–70% of the decline in prostate cancer 

mortality under a “stage-shift” mechanism for screening benefit. The stage-shift mechanism 

specifies that disease shifted to an earlier stage by screening enjoys a corresponding im-

provement in disease-specific survival. This mechanism is a central motivator underlying 

many cancer screening studies. However, the study in Chapter 4 shows that using this 

screening-effect assumption can lead to over-estimation of the mortality reduction and that 

therefore less of the mortality decline might be attributed to PSA screening. 

To evaluate the efficacy of prostate cancer screening, two large randomized trials were initi-

ated in the early 1990s: the European Randomized Study of Screening for Prostate Cancer 

(ERSPC) in Europe and the Prostate, Lung, Colorectal, and Ovary (PLCO) trial in the United 

States. The ERSPC trial, at a median follow-up of eleven years, showed a significant prostate 

cancer mortality reduction of 29% in men actually screened,7-8 while the PLCO trial found 

no statistical significant prostate cancer mortality reduction in the screen group compared 

with the control group.9-10 These contradictory outcomes resulted in ongoing debates about 

the true benefit of PSA screening. Although the results of the two trials may seem to be in 

conflict, it should be noted that there were many differences in the design and implementa-

tion of the two trials. Two important differences were the diagnostic follow-up after a positive 

PSA test and the higher rate of screening in the control arm (contamination) in the PLCO trial.

In the PLCO trial men with a positive PSA test were referred to their personal physician 

for follow-up, while in the ERSPC trial they were offered biopsies at the screening centers. 

Therefore, the PSA screening performance in the PLCO trial is similar to that in the US popu-

lation.11 In Chapter 3 we showed that the detection rate at first PSA test was 18 cases per 

1000 screened men in the US population, which is comparable to the detection rate at the 

first round of screening (16 per 1000 screened men) in the PLCO trial.12 However, this study 

shows that if the performance of PSA screening was the same as in the ERSPC Rotterdam 

trial, the detection rate would have been 62 cases per 1000 screened men. To reproduce the 

lower detection rate in the US population, we had to assume a much lower test sensitivity 

of PSA screening in the US than in the ERSPC Rotterdam trial. A higher PSA cut-off level for 

recommending biopsy or a lower biopsy compliance rate in the US might justify this. The con-

sequence of this lower test sensitivity is that the effects of PSA screening in the US, including 

in the PLCO trial, are likely to be different from those observed in the ERSPC Rotterdam trial. 

Therefore, although the ERSPC trial has shown that screening for prostate cancer by using 

PSA tests can reduce prostate cancer mortality, we cannot directly translate these mortality 

reductions to the US population or the PLCO trial without detailed modeling.
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Some studies comparing the two trials have argued that contamination in the PLCO trial 

could have been sufficient to mask a statistically significant benefit or to produce a false-

negative result.13-15 In Chapter 5 we quantified the extent to which a prostate cancer mortality 

benefit due to screening could have been masked by contamination. Our results show that 

contamination substantially equalized mortality rates in the two arms, creating a non-trivial 

probability of more prostate cancer deaths in the intervention arm than in the control arm 

(increase from 0–10% (uncontaminated) to 10–30% (contaminated)), and lowering the power 

of the trial to detect a mortality difference between the two arms (decrease from 40–70% 

(uncontaminated) to 5–25% (contaminated)). Therefore, we show that contamination sub-

stantially limited the ability of the PLCO to identify a screening benefit. Before this study, 

the impact of contamination on the trial results had not been quantified, but it is critical for 

proper interpretation of the trial and synthesis of its results with those of the ERSPC and other 

studies.

Validation

Validation of the model has been a crucial part of the research presented in this thesis. We 

first modeled the ERSPC Rotterdam and Göteborg trial, and then validated the model on the 

data from these centers. The positive aspect about modeling and validating on randomized 

trial data is that the number of cases diagnosed, Gleason scores, stage distributions and 

number of deaths in the control arms versus those in the screen arms provide information 

on disease progression which is largely unobservable. The validation of the ERSPC Rotterdam 

and Göteborg trial provided us with estimates for the progression of prostate cancer, which 

we in turn used to model the incidence and mortality in the US population and PLCO trial. 

It is important to realize that models are only as good as the assumptions they are based on 

and the data they are validated on. 

The results in Chapter 4 show the importance of validating models to observed random-

ized trial mortality outcomes. In this chapter we used stage-shift models to predict the 

observed prostate cancer mortality reduction in the ERSPC trial. The benefit of screening in 

these stage-shift models is defined by a fixed consequence of the stage distribution implied 

by the natural history model. These assumptions are often used without validating the model 

to observed trial data. When modeling the effect of screening for prostate cancer, or other 

cancers with long lead times and very few disease stages, the stage-shift can considerably 

over or under estimate the mortality reduction, and should be used with care. An alternative 

model, a cure model estimating stage-specific cure rates at early detection, was calibrated to 

correctly predict mortality reduction. The advantage of the cure model is that there is a free 

parameter that could be calibrated to the observed data. Another alternative model could be 

a stage-shift model where the correction for lead time depends on a free parameter which is 

estimated by calibrating to observed trial mortality outcomes. 
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10.2.2 Predicting clinical outcomes of prostate cancer progression, screening 
and treatment

Shared decision making

In health care, guidelines strongly guide decision making. In many situations the recommen-

dations are based on a trade-off. It is important to be aware of these trade-offs and realize 

that patients may think differently about these trade-offs. In preference-sensitive decisions, 

such as the decision to be screened or treated for prostate cancer, a process of shared decision 

making is of great importance. These decisions are preference-sensitive because individuals 

assess the side-effects of prostate cancer treatment (e.g. sexual, urinary and bowel problems) 

very differently. Some patients find these extremely bothersome, while others claim they 

have no influence on their quality of life.16-17 

In this thesis, we present clinical outcomes which provide information about the pro-

gression of prostate cancer in the absence and presence of screening and treatment. The 

quantitative estimates presented are relevant for clinicians and individuals thinking about 

the decision whether to be screened or not, and about the decision whether to be treated 

immediately at screen-detection or not.

The benefits and harms presented in Chapter 7 are relevant for the decision making process 

of screening. It is shown that screening lowers the lifetime risk of dying from prostate cancer 

from 2.86% to 1.87%, and therefore increases the overall life-expectancy by 0.08 years, but 

also that the lifetime risk of being diagnosed with prostate cancer increases from 14.10% to 

21.31%, and the prostate cancer free life-years decreases by 1.53 years. The magnitude of the 

adverse effects depends on how undesirable it is for the individual to live with diagnosed 

and treated prostate cancer and the potential side-effects of treatment. In cases where an 

individual finds it very important to be potent or continent, and therefore thinks that the 

benefit is not worth the harm, he should decide not to be screened.

To summarize the harms and benefits in one measure we calculated the utility break-

even point. The utility break-even point implies that men, who, based on information given, 

could judge that their quality of life will decrease by more than 4.8% in the event that they 

are diagnosed and treated for prostate cancer should probably avoid being screened. By 

using the utility break-even point as a threshold for screening, we would not be screening 

men who are unwilling to accept the side-effects from treatment, which would reduce the 

negative impact of screening. 

For all ages, the benefits and harms to enter a screening program were quite similar. 

However, this does not imply that the decision to be screened should not depend on age. 

In Chapter 6 we only considered the common screening strategy in the US, i.e. screening an-

nually from at least age 50 till age 75. For example, there was a large difference in the results 

when comparing the baseline strategy to annual screening till age 65: lifetime probability 
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of prostate cancer diagnosis decreased from 21.45% to 17.13%, and lifetime probability of 

prostate cancer death increased from 1.89% to 2.29%. (Results for the strategy screening till 

age 65 are only presented here.) Therefore alternative screening strategies should also be 

included in the decision making process. This implies that in the future, the harms and ben-

efits of alternative screening strategies, including different intervals and age of last screening, 

should also be analyzed. 

In Chapter 9, we also present estimates that are relevant to the shared decision making 

process to participate in screening and treatment. Estimates are presented for the benefits 

and harms of immediate versus delayed active treatment. Our results show that the benefits 

and harms depend on the prognostic factors clinical T-stage, Gleason score and age, and 

that the range of these measures by prognostic factor is wide: mean life-years gained ranged 

from 0.1 to 4.0 years; in absolute terms, 1.5% to 32.1% of men receiving treatment at the 

time of screen-detection avoided prostate cancer death; mean lead time ranged from 2.9 to 

12.2 years; and 2.7% to 60.1% of the screen-detected cases were over-diagnosed; These wide 

ranges imply it is important to have these measures at least by these prognostic factors in 

discussions on whether or not to treat.

For all combinations of clinical T-stage and Gleason score for patients aged 70-74 who 

decide to be treated the harm-benefit ratio is relatively higher than for younger men. These 

high harm-benefit ratios for treatment also suggest that the harm-benefit ratio for screening 

men aged 70-74 will be relatively higher than for younger men. Therefore, by only screening 

men who are younger the negative impact of screening might be reduced. These results 

again imply that it is crucial to determine precisely the optimal ages to screen, and more 

importantly, when to stop screening.

For clinicians and individuals to actually be able to use the results of benefits and harms 

presented, a decision aid should be constructed. It is important that this decision aid explains 

the possible side-effects of diagnosis and treatment, which in turn can provide a value for the 

anticipated loss in quality of life for each individual. With this anticipated loss in quality of life 

it would then be possible to define for each individual if the expected benefits outweigh the 

expected harms and therefore if screening or treatment should be performed.

Lifetime risks

Randomized control trials are essential for determining the benefits and harms of a screen-

ing procedure or a treatment. However, because of the long follow-up that is needed, it is 

often difficult to determine the lifetime benefits and harms with only the empirical data. 

Nevertheless, to understand the overall benefits and harms of PSA screening and treatment 

it is essential to have estimates of these effects over the whole lifetime of individuals. For 

example, the ERSPC trial stated that,8 after a median follow-up of eleven years, the prevention 
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of one prostate cancer death entailed the screening of 1,068 men (NNS: number needed to 

screen), and the additional diagnosis of prostate cancer in 48 men (NND: number needed to 

diagnose), while the estimated lifetime NNS (98) and NND (5) in Chapter 8 are much more 

favorable. The reported harm-benefit ratios in the ERSPC trial are quite unfavorable because 

of the short follow-up. After a median follow-up of eleven years, the cumulative incidence 

of prostate cancer in the screening group far exceeded that in the control group. However 

because of the lead time, it is likely that the control group will at least partially catch-up, 

and that the absolute difference between the groups will probably decrease. In addition, the 

absolute difference in prostate cancer deaths is likely to increase over time, and therefore the 

NNS and the NND are expected to decrease. 

Quality of life

Primary treatment of prostate cancer can cause treatment related morbidity. The most 

prominent of which are incontinence, sexual dysfunction, and bowel problems.18-20 These 

side-effects can affect an individual’s quality of life tremendously.21 Due to the high rate of 

over-diagnosis (43% of screen-detected cases, Chapter 8) and the prolonged course of the 

disease (11 lead time years for screen-detected cases, Chapter 8), it is important to analyze 

to what extent the harms from both overdiagnosis and treatment on quality of life can 

counterbalance the benefits of screening. This is important to allow effective policy deci-

sions on population screening. In Chapter 8 we used published population average utility 

estimates to calculate the average quality adjusted life-years gained by screening. Our model 

predicts that after adjusting for quality of life, there is still a substantial benefit of screening. 

Specifically, it predicts that by screening those aged between 55 and 69 annually, 56 quality 

adjusted life-years would be gained over the lifetime of 1,000 men. 

However, because of a lack of data, it is difficult to have definitive results about the 

benefit of screening after adjusting for quality of life. For example, due to a lack of detailed 

data, no corrections in utility estimates were made for the detection mode (screen or clini-

cally detected),22 or for improvements in treatment. Another important missing information 

is data on the decreasing long-term morbidity from treatment. Because of the uncertainty 

around utilities, the analysis was also performed using more and less favorable utilities. This 

sensitivity analysis predicted that between -21 to 96 quality adjusted life-years would be 

gained by screening. To have definitive results it is essential, therefore, to await longer-term 

data on the effects of treatment and active surveillance on long-term quality of life. In the 

Finnish centre of the ERSPC, they have been collecting quality of life data at 0, 1, 5 and 10 

years from prostate cancer diagnosis from patients in both the screening and the control 

arm. The Prostate testing for cancer and Treatment (ProtecT) trial, a randomized trial which is 

ongoing to determine the effectiveness of active surveillance versus curative treatments, is 

also collecting quality of life data for men who receive curative treatment and for those who 

are in the active surveillance cohort.23 Hopefully these studies will provide more definitive 
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results about how much the side-effects of treatment affect an individual’s quality of life, 

which in turn will make it possible to have more definitive results about the quality adjusted 

life-years that can be gained by screening. 

U.S. Preventive Services Task Force 

In May 2012, the U.S. Preventive Services Task Force (USPSTF) released a recommendation 

against PSA-based screening for prostate cancer.24 This recommendation was based on their 

opinion that there is moderate certainty that the benefits of PSA-based screening for prostate 

cancer do not outweigh the harms. However, several critical issues can be raised about the 

analysis on which this statement was based.

Firstly, in their analysis, the same value was given to both the ERSPC trial outcome (1 pros-

tate cancer death avoided per 1000 men screened) and the PLCO trial outcome (0 prostate 

cancer death avoided per 1000 men screened), without considering the differences in the 

design and implementation of the trials. Differences in design and implementation of trials 

can have a big impact on outcomes. For example, in Chapter 5 we showed that opportunistic 

screening (contamination) substantially limited the ability of the PLCO to identify a screening 

benefit, and therefore the PLCO trial results published to date should not be interpreted as 

evidence against a benefit of PSA screening. However in the ERSPC trial, contamination was 

limited and therefore we can state that in this trial, the prostate cancer mortality benefit of 

screening versus no screening was analyzed.25 

Secondly, the analysis of the USPSTF did not account for the fact that observed risks after 

some years of follow-up are very different from lifetime risks26 (Chapter 7 and 8). 

Thirdly, they did not consider the possibility of different screening protocols; limited PSA-

testing might reduce the harms of screening while having only modest effect on mortality 

reduction.

Finally, the USPSTF states that there is a moderate certainty that the benefits of PSA-

based screening for prostate cancer do not outweigh the harms. However, to make policy 

decisions at a population level, it is important to determine with a quantitative analysis to 

what extent the harms from overdiagnosis and treatment on quality of life counterbalance 

the benefit of screening (Chapter 8). On an individual level, it should be up to the individual’s 

preferences and values if the potential benefit of screening outweighs the potential harms 

from overdiagnosis and treatment (Chapter 7).

Most other U.S. medical organizations27-29 and the European Association of Urology30 

recommend shared decision making. However, shared decision making has not been hap-

pening in the US.31 Many have ignored the advice of the other organizations and continue 

to encourage screening without providing information on the negative aspects. Therefore, 

despite the points of criticism on the report of the USPSTF, they deserve credit for sharpening 

the focus on the harms of prostate cancer screening. 
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Active surveillance

What is clear is that PSA screening is associated with a substantial likelihood of overdiagnosis 

and overtreatment, and this association places in doubt the appropriateness of aggressive 

therapy for every diagnosed prostate cancer patient. Active surveillance is an approach 

whereby patients are regularly monitored, and if over time the disease appears to be ad-

vancing, curative treatment might be performed. This approach allows one to limit prostate 

cancer treatment and therefore any risk of related morbidity. However, the exact benefits 

and harms of immediate treatment versus active surveillance remain to be quantified. The 

Prostate testing for cancer and Treatment (ProtecT) trial, a randomized trial, is ongoing to 

determine the effectiveness of active surveillance versus curative treatments.23 Also, there are 

currently several ongoing prospective studies of active surveillance with specific inclusion 

and follow-up criteria.32 These studies aim to determine what men choosing active surveil-

lance can expect. Measures of interest in these studies include treatment-free survival, the 

number of men changing therapy, the risks of clinical progression, and cancer death. Follow-

up in these studies ranges from around 2 to 7 years. Preliminary results from these cohorts 

show that the proportion of men moving from surveillance to active treatment ranges from 

14% to 41%.33-34 The variation in this outcome is due to different inclusion and follow-up 

criteria and follow-up time in the cohorts. 

Several studies have already compared outcomes for men with low-risk features at di-

agnosis who received delayed treatment and those who received immediate therapy. For 

example, Dall’Era et al. showed no difference in Gleason upgrading, pathological stage and 

positive surgical margins between men undergoing primary radical prostatectomy and a 

surveillance cohort.35 Also, Van den Bergh et al. found similar results.36 However, it is impor-

tant to note that the cohorts have been observed for too short to be able to draw definitive 

conclusions regarding mortality risks. Although results from the ProtecT trial and the cohort 

studies will take years to mature, they are expected to yield important information regarding 

the safety and efficacy of surveillance in a controlled setting.

While the inclusion criteria in each prospective active surveillance study are different, active 

surveillance is always applied to men with low risk disease, namely low clinical T-stage and 

Gleason score, and long life-expectancy.37-40 The results presented in Chapter 9 are consistent 

with the criteria that are in general applied. Our results indicate that the best candidates for 

active surveillance are patients in the age group 55-59 with low clinical T-stage and Gleason 

score (in total 87% of screen-detected cases at age 55-59), specifically patients with T1G6 

(57% of screen-detected cases at age 55-59), T2G6 (23% of screen-detected cases at age 55-

59) and T1G7 (7% of screen-detected cases at age 55-59). This because of the considerable 

harms and relatively low benefits (9.6-12.2 lead time per 1.6-2.7 life-years gained) for this 

group. For patients with these prognostic factors who feel that the benefits do not outweigh 

the harms and therefore do not want immediate treatment immediately, active surveillance 
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is a good option. If these patients follow active surveillance and the disease progresses, the 

risk of having an over-diagnosed cancer or a cancer which would not have been lethal during 

the patient’s lifetime decreases and, therefore, treatment might be more favorable. Patients 

in the age groups 60-74 with T1G6 (49% of screen-detected cases at age 60-74), T2G6 (25% 

of screen-detected cases at age 60-74) and T1G7 (8% of screen-detected cases at age 60-74) 

are also good candidates for active surveillance (in total 82% of screen-detected cases at age 

60-74). However, comparing active surveillance with no curative treatment at all (watchful 

waiting), active surveillance is less favorable for patients aged 60-74 than patients aged 55-59 

because of the lower life-expectancy. 

One of the concerns of active surveillance is that patients may experience feelings of anxiety 

and distress while living with untreated cancer. However, anxiety in men who have chosen 

active surveillance or watchful waiting has not been shown to be higher than in men who 

elect for initial treatment.17, 41-42 In a decision analysis, Hayes et al43 used a state transition 

model to investigate the quality of life benefits and harms of active surveillance compared 

to initial treatments for 65 year old men with localized and low risk cancer (PSA <10 ng/

ml, clinical stage ≤ T2a and Gleason score < 7). The model inputs were estimated from a 

systematic review, and it was additionally assumed that half of the benefit of initial curative 

treatment would be maintained in men undergoing active surveillance. Active surveillance 

was associated with the greatest quality adjusted life-expectancy (11.07 QALYs), followed by 

brachytherapy (10.57 QALYs), IMRT (10.51 QALYs), and radical prostatectomy (10.23 QALYs).

However, these results are highly dependent on the utility individuals place on living 

under active surveillance compared with having received treatment. Hayes et al. showed for 

several values of the utility of living after receiving treatment (assuming no side-effects) what 

the utility of living under active surveillance should be for active surveillance to have a higher 

quality adjusted life-expectancy than immediate treatment. For example, they showed that 

for active surveillance to have a positive effect compared to immediate treatment, the util-

ity after receiving treatment (assuming no side-effects) should be at least 5% higher than 

the utility of living under active surveillance, if the baseline utility of 0.83 is assumed for the 

utility of living under active surveillance. In this calculation, average population utilities were 

assumed for the potential side-effects of treatment. 

In our calculations active surveillance has a higher quality adjusted life-expectancy than 

immediate treatment, when the utility after treatment (including potential side-effects) is 

more than 5% lower than the utility of living under active surveillance. The threshold pre-

sented is for men aged 65-69 with clinical stage T1 and Gleason score < 7 and calculated with 

the results presented in Table 9.2. In contrast with the threshold presented by Hayes et al, 

when using this threshold, you should take into account that the reduction in quality of life 

due to the side-effects of treatment is also dependent on individual preferences. 
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10.2.3 Comparative modeling

Model structure is an important determinant of model predictions, but it is generally hard 

to assess its effect with only one model. The use of comparative modeling is therefore an 

important fundamental component of the CISNET approach. For the comparative modeling 

studies in this thesis, three independently developed models (MISCAN, FHCRC and UMICH) 

were used. In the studies (Chapter 2, 5 and 6), the models generated a range across the pro-

jected results. This range is a valid reflection of the uncertainty across the three models used. 

Despite the differences between the models, the results are usually reasonably consistent. 

The comparable results from different models strengthen the modeling conclusions.

Another advantage of comparative modeling is that by working collaboratively, models 

are improved and modeling work becomes more transparent. For example, in Chapter 6 we 

compared the natural history of prostate cancer in the three models, which shows important 

differences in the projected courses of disease development and progression. An example 

of conceptual differences in disease natural history of the models is manifested in projected 

mean years from onset of disease to clinical diagnosis. For example, 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). While 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).

An elaborated model profile can be found on the CISNET-website for all models used in 

the CISNET collaboration (for all cancers).44 These model profiles explain in detail the assump-

tions in the models and the data used for calibration. 

10.3 Future Directions 

Reconciling ERSPC and PLCO results

The ERSPC trial showed a significant prostate cancer mortality reduction of 21% in the 

screening group and of 29% in men actually screened.7-8 The PLCO trial found no statistical 

significant prostate cancer mortality reduction in the screening group.9-10 Although these 

results may seem to be in conflict, it should be noted that there were many differences in the 

design and implementation of the two trials. For instance, in general the ERSPC trial used a 

PSA threshold of 3.0 ng/ml, whereas the PLCO trial used 4.0 ng/ml for referral to biopsy. In 

addition, contamination (i.e., PSA screening among men in the non-screening arm) was far 

greater in the PLCO trial11 than in the ERSPC trial.45 Also, in the PLCO trial many participants 

had undergone prior PSA tests at baseline; this was not an issue in the ERSPC trial. Therefore, 

although both trials were designed to evaluate the efficacy of PSA screening, it should be 

recognized that the results depend on differing baseline population practices and dif-
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fering compliance with differing trial protocols. The three CISNET prostate cancer models 

will analyze the impact of all the analyzable differences in the two trials on the efficacy of 

prostate cancer screening. In Chapter 5 we already made a start by analyzing the impact of 

contamination on the perceived PSA screening efficacy in the PLCO trial. The objective of 

the ongoing collaboration is to use the models to make inferences about the efficacy of PSA 

screening from the published trials, and to determine if the trials provide consistent evidence 

regarding PSA screening efficacy. 

Cost-effectiveness analysis

The results of the ERSPC trial showed a significant prostate cancer mortality reduction for 

the PSA screening arm. The effects of screening on the lifetime probabilities of diagnosis 

and death, expected prostate cancer free life-years, life-expectancy and expected quality of 

life-years have been presented in this thesis. However before screening for prostate cancer 

can be implemented for the population a cost-effectiveness analysis should be performed. 

Therefore, future research should evaluate the quality adjusted life-years gained as well as 

the costs of various screening strategies and determine which strategy is most cost-effective. 

Alternative screening strategies, with various ages of first screening, last screening and inter-

vals, should be considered for this analysis.

Effects of screening and treatment by co-morbidity status

Because the benefits and harms depend on co-morbidity status, it is central to prostate 

cancer screening and treatment decision making. Men with more co-morbidities have a 

higher risk of dying from a competing medical hazard than from prostate cancer.46 Therefore, 

men with more co-morbidities are less likely to benefit from screening and treatment, while 

the harms might be substantial. For clinicians and individuals making an informed decision 

about screening and treatment it is therefore essential to have estimates of the benefits and 

harms by the prognostic factor co-morbidity-status. Hence, future research should analyze 

what the benefits and harms by co-morbidity-status are. The co-morbidity-status is also an 

important factor that should be taken into account when analyzing on a population level the 

optimal screening and treatment strategies.

Health disparities between black and white men 

Disparities in prostate cancer outcomes among black and white men have been a source of 

controversy over the years, with the debate focusing on whether these disparities are due 

to biological differences in the disease process or to poorer access to health care among 

black men. While several studies have presented disparities in treatment for prostate cancer 

between black and white men,47-48 these differences in care may not explain all observed 

disparities in prostate cancer outcomes. Even when treatment and follow-up is controlled, as 

in a clinical trial setting, survival differences between black and white men persist, with black 
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men experiencing higher mortality.49 It is thus likely that prostate cancer may develop and 

progress differently in black and white men. Future research should analyze which part of the 

disparities is due to biological differences in the disease process and which to poorer access 

to health care. Subsequently, the benefits and harms for screening and treatment should be 

estimated for black and white men separately and it should be determined if screening and 

treatment policies should be different for black and white men.

Optimal active surveillance protocol

Active surveillance is gaining acceptance as an alternative initial management strategy for 

men with low-risk prostate cancer. It is, besides surgery and radiation, included in guidelines 

for the treatment of early prostate cancer.30 However, which active surveillance protocol is 

optimal is still a question. In all active surveillance studies the active surveillance protocol, 

and the inclusion and follow-up criteria are different.34 The outcome of these studies might 

provide some information about which protocol is the optimal protocol. However, these 

studies can not consider all possible protocols. The data from the active surveillance studies 

can be used to calibrate a model that estimates relevant post-diagnosis information, such as 

post-diagnosis PSA-growth, increase in Gleason score, metastasis progression, and prostate 

cancer death given the active surveillance protocol. With models like this it is then possible to 

compare the benefits and harms of a large variety of active surveillance protocols.

In the analysis in Chapter 9 we made a start with determining the optimal inclusion 

criteria. We compared strategies where men, screen-detected with prostate cancer, receive 

treatment immediately at screen-detection with strategies where they receive delayed treat-

ment, specifically at the time they would be clinically diagnosed. However, the current model 

has its limitations. Firstly, with active surveillance protocols, it is probable that the cancer 

is treated earlier or later, which might give different values for the harms and benefits than 

those presented. Secondly, with the current model it is not possible to evaluate the optimal 

inclusion criteria since the relevant post-diagnosis events are not modeled. In future research, 

models should be constructed and validated to observed data from the active surveillance 

cohorts in order to determine the optimal active surveillance protocol.
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10.4 Main conclusions 

•	 Changes in primary treatment explain a minority (22-33%) of the observed decline in 

prostate cancer mortality in the US population. The remainder of the decline is likely due 

to other interventions, such as PSA screening and advances in the treatment of recurrent 

and progressive disease.

•	 PSA screening in the United States did not detect as many prostate cancers as PSA 

screening in ERSPC Rotterdam because of the lower sensitivity of the combination of 

PSA testing followed by a biopsy. Therefore, the benefits and harms of PSA screening in 

the United States are likely to be different from those in ERSPC Rotterdam. 

•	 Using stage-shift models to include the effect of screening on survival can considerably 

over-estimate the mortality reduction. Stage-shift models should be used with care, 

especially when modeling the effect of screening for cancers with long lead times and 

considering very few disease stages, such as prostate cancer. 

•	 Control arm contamination substantially limited the ability of the PLCO trial to identify a 

potentially true PSA screening benefit. Therefore, the PLCO trial results published to date 

should not be interpreted as evidence against a benefit of PSA screening. 

•	 Risks of disease progression among untreated PSA-detected cases can be nontrivial, 

particularly for younger men and men with high Gleason scores. 

•	 Men who decide to be screened may lower their risk of dying from prostate cancer and 

live longer, but the associated adverse effects can be significant. The decision to be 

screened should take both the benefits and harms of screening into account and should 

depend on the personal preferences of the individual. 

•	 Men, who, based on information given about the side-effects of treatment, might judge 

that their quality of life will decrease by more than 4.8% in the event that they are 

diagnosed and treated for prostate cancer, should probably avoid being screened. By 

using this threshold, we would not be screening men who are unwilling to accept the 

side-effects from treatment, which would reduce the negative impact of screening. 

•	 After adjusting for quality of life, there is a benefit of screening of 56 quality adjusted 

life-years over the lifetime of 1,000 men using annual screening between the ages of 

55–69 years. This means that 23% of the life-years gained would be counterbalanced 

by loss in quality of life. This loss was primarily attributable to the short and long-term 

effects of primary treatment and a longer post-recovery period with such side-effects. 

•	 Benefits and harms of treatment immediately at PSA detection depend on the prognos-

tic factors clinical T-stage, Gleason score and age. The range of these measures by the 

prognostic factors is wide. Therefore, it is important to have these measures at least by 

these prognostic factors in discussions on whether or not to treat.

•	 Men aged 55-59 years with T3G6, T2G7, T1G8 and T2G8 have the lowest harm-benefit 

ratios and are therefore the best candidates for immediate curative treatment. 



175

General discussion

Ch
ap

te
r 1

0

10.5 Recommendations for future research and practice

•	 Changes in primary treatment alone do not explain the majority of the prostate cancer 

mortality decline observed since the early 1990s. Further modeling studies should inves-

tigate the extent to which screening and treatment jointly explain the mortality decline 

and also the role of other interventions such as advances in disease management for 

recurrent and metastatic disease.

•	 Although both the ERSPC and PLCO trial were designed to evaluate the efficacy of 

PSA screening, it should be recognized that the results depend on differing baseline 

population practices and differing compliance with differing trial protocols. The impact 

of the differences in the two trials on the efficacy of prostate cancer screening should 

be analyzed to make inferences about the efficacy of PSA screening, and to determine 

whether the trials provide consistent evidence regarding PSA screening efficacy. 

•	 It should be analyzed what proportion of the disparities between black and white men 

in prostate cancer incidence and mortality is due to biological differences in the disease 

process, and what proportion is due to poorer access to health care. Consequently, 

benefits and harms for screening and treatment should be estimated for black and white 

men separately.

•	 Benefits and harms of screening and treatment should be quantified by co-morbidity-

status. This is essential information for clinicians and individuals making an informed 

decision about screening and treatment.

•	 Because of the lack of data, it is not possible to have currently definitive results about the 

benefit of screening after adjusting for quality of life. Longer follow-up data from both 

the ERSPC and quality of life are essential before making universal recommendations 

regarding screening.

•	 Men who are deciding whether or not to be screened or treated for prostate cancer 

need to be fully informed on the benefits and harms of the intervention. Future research 

should elicit how men balance benefits and harms, and what their specific needs are 

with regards to informed decision making.

•	 Models should be constructed and validated to observed data from the active surveil-

lance cohorts in order to determine the optimal active surveillance inclusion and follow-

up criteria.

•	 Limited PSA-testing at population level could still appear to be a viable option. Alterna-

tive screening strategies with various ages of first screening and last screening, various 

intervals, and strategies with one-time screens should be considered to evaluate the 

quality adjusted life-years gained. The costs of these strategies should also be evaluated 

to determine which one is most cost-effective. 
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Summary

Prostate cancer is the second most frequently diagnosed cancer among men worldwide. 

With an estimated 258,000 deaths in 2008, it is the sixth leading cause of death from cancer 

in men. Between 1991 and 2005, prostate cancer mortality declined by 42%, from 103 to 60 

deaths per 100,000 men aged 50–84 years in the US population. The decrease in prostate 

cancer mortality coincided with several changes in the control of the disease: the widespread 

use of PSA tests, advances in primary treatment and changes in the detection and treatment 

of recurrent and progressive disease. Because all these changes happened simultaneously, a 

clear explanation for the drop in prostate cancer deaths has been elusive.

To evaluate the efficacy of prostate cancer screening, two large randomized trials were 

initiated in the early 1990s: the European Randomized Study of Screening for Prostate Cancer 

(ERSPC) in Europe and the Prostate, Lung, Colorectal, and Ovary (PLCO) trial in the United 

States. After a median follow-up of eleven years, the ERSPC trial, showed a significant prostate 

cancer mortality reduction of 29% in men actually screened, while the PLCO trial found no 

statistically significant prostate cancer mortality reduction in the screened group compared 

to the control group. These contradictory outcomes resulted in ongoing debates about the 

true benefit of PSA screening. Althought the results of the two trials may seem to be in con-

flict, it should be noted that there were many differences in the design and implementation 

of the two trials.

The benefit that can be achieved by screening and subsequent early treatment is a 

reduced risk of dying from prostate cancer. However, PSA screening is also associated with 

considerable unfavorable effects. Screening leads to the detection of cancers that would not 

have been diagnosed during the patients’ lifetime if they had not been screened. Further-

more, all men with screen-detected prostate cancer who opt for curative treatment risk living 

many years with the side-effects of treatment which would otherwise be symptom-free years.

In this thesis, the MISCAN prostate cancer microsimulation model has been used to 

evaluate the effects of screening and treatment. Part 1 covers studies that provide important 

quantitative information for the ongoing debates about the effects of prostate cancer on 

observed incidence and mortality in both the US population and the PLCO trial. In addition, 

it covers a study about the validation of the model. Part 2 covers studies that present clinical 

outcomes which are necessary for making decisions about screening and treatment.

The aim of Chapter 2 was to determine whether advances in primary treatment could plau-

sibly explain the decline in prostate cancer mortality observed in the US population by the 

year 2005. By modeling cancer progression, screening dissemination and treatment in the US 

population, we estimated that 22–33% of the observed mortality decline can be attributed 

to changes in primary treatment. Therefore, it is shown that primary treatment explains a 

non-trivial fraction of the drop in disease-specific deaths. However, a large proportion of the 

decline is left unexplained, which suggests a role for PSA screening and advances in treat-

ment for recurrent or progressive disease.
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In Chapter 3 we analyzed if the PSA screening performance for prostate cancer detection is 

the same in both the US and the ERSPC-Rotterdam. Assuming the same prostate cancer natu-

ral progression of prostate cancer and sensitivity of PSA tests and consecutive biopsy in the 

US as in the ERSPC Rotterdam, the predicted prostate cancer incidence peak in the US was 

substantially higher than the observed prostate cancer incidence peak (13.3 vs 8.1 cases per 

1,000 man-years). However, the actual observed incidence could reasonably be reproduced 

by assuming a substantially lower PSA test sensitivity in the US than in ERSPC–Rotterdam. 

Therefore, we conclude that PSA screening in the US did not detect as many prostate cancers 

as PSA screening in ERSPC Rotterdam because of the lower sensitivity of the combination of 

PSA testing and consecutive biopsy. The results in this chapter imply that the effects of PSA 

screening in the US, including in the PLCO trial, are likely to be different from those observed 

in the ERSPC-Rotterdam.

The purpose of the study described in Chapter 4 was to investigate if stage-shift assump-

tions, which are commonly used to include the benefit of screening on mortality in natural 

history models, can be used to predict the observed prostate cancer mortality reduction in 

the ERSPC. The stage-shift models predicted reductions in prostate cancer mortality ranging 

from 38% to 63% for ERSPC Rotterdam. The actual mortality reduction observed in the ERSPC 

was 27%. When modeling the effects of screening for prostate cancer, or other cancers which 

also have long lead times and very few disease stages, stage-shift models can considerably 

over or under-estimate the mortality reduction and thus should be used with care.

In Chapter 5 we quantified the extent to which a prostate cancer mortality benefit due to 

screening could have been masked by contamination in the PLCO trial. Our results show that 

contamination substantially equalized mortality rates in the two arms, creating a non-trivial 

probability of more prostate cancer deaths in the intervention arm than in the control arm 

(increase from 0–10% to 10–30%), and lowering the power of the trial to detect a mortality 

difference between the two arms (decrease from 40–70% to 5–25%). Therefore, we show that 

contamination substantially limited the ability of the PLCO to identify a screening benefit.

The aim of Chapter 6 was to determine the risks of clinical progression events for PSA-

detected localized prostate cases who do not receive curative treatment. Risks of disease 

progression among untreated PSA-detected cases can be nontrivial, particularly for younger 

men and men with high Gleason scores. The models MISCAN, FHCRC and UMICH projected 

that 58-86% of tumors detected by screening at age 60-64 with Gleason score 2-7 would have 

been diagnosed clinically (common clinical practice) in the absence of screening, For Gleason 

score 8-10, these risk estimates range from 84-92%. The risk that an untreated PSA-detected 

tumor would lead to death in the absence of any primary treatment is 20%–31% for men 

aged 60-64 with Gleason score 2–7 and 56%–66% for counterparts with Gleason score 8–10. 
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The objective of Chapter 7 was to assess the benefits and adverse effects of PSA screening for 

individuals who are deciding whether or not to be screened for prostate cancer. It is shown 

that screening increases the overall life-expectancy by 0.08 years, but also that the prostate 

cancer-free life-years decreases by 1.53 years. These results imply that men who, based on in-

formation provided, could judge that their quality of life would decrease by more than 4.8% if 

they were diagnosed and treated for prostate cancer should probably avoid being screened. 

By using this threshold for screening, we would not be screening men unwilling to accept the 

side-effects from treatment, which would reduce the negative impact of screening. 

In Chapter 8 the effects of screening on prostate cancer mortality and quality of life were 

quantified. Our model predicts that after adjusting for quality of life there is still a substantial 

benefit of screening. Specifically, it predicts that by offering annual screening to men aged 

between the ages of 55-69 year, 56 (range -21 to 97) quality adjusted life-years would be 

gained over the lifetime of 1000 men. The life-years gained would be 73 years, which means 

that 23% of the life-years gained would be offset by a loss in quality of life. This loss was 

primarily attributable to the short and long-term effects of primary treatment and a longer 

post-recovery period with such side-effects. 

The objective of Chapter 9 was to estimate the benefits and adverse effects of immediate 

treatment of PSA-detected local-regional prostate cancer compared with delayed treatment.

The benefits and adverse effects are presented by the prognostic factors clinical T-stage, 

Gleason score and age. The range of these measures by prognostic factor is wide: mean life-

years gained ranged from 0.1 to 4.0 years, and expected life-years lost without the potential 

side-effects of curative treatment ranged from 2.9 to 12.2 years. These wide ranges imply that 

it is important to have these measures, at least by these prognostic factors, when discussing 

with patients whether or not to treat PSA-detected local-regional prostate cancer. Men aged 

55-59 years with moderate risk cancer have the lowest harm-benefit ratios and are therefore 

the best candidates for immediate curative treatment. For older men these ratios decrease 

considerably, since the harms decrease relatively less sharply than the benefits, implying that 

for older men immediate treatment is much less favorable.

The answers to the research questions and its implications were discussed in Chapter 10. 

Furthermore, future directions, main conclusions and recommendations for future research 

and practice were presented. 

First we discussed the impact of prostate cancer screening and treatment on the observed 

incidence and mortality in both the US population and the PLCO trial. The results showed that 

the benefits and harms of PSA screening in the US population and the PLCO trial are likely to 

be different from those in the ERSPC Rotterdam trial. It is therefore important to analyze the 

impact of the differences in the two trials on the efficacy of prostate cancer screening to be 
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able to make inferences about the efficacy of PSA screening, and to determine whether the 

trials provide consistent evidence regarding PSA screening efficacy.

Secondly we discussed the clinical outcomes, especially the benefits and harms of PSA 

screening and early treatment. The ERSPC trial showed that PSA screening and subsequent 

treatment has the potential to decrease the rate of prostate cancer specific mortality. How-

ever, the associated negative impact can also be significant. The magnitude of the adverse 

effects depends largely on how undesirable it is for the individual to live with diagnosed and 

treated prostate cancer and its potential side-effects. Therefore, shared decision making has 

an important role in the decision on whether or not to be screened or treated. The clinical 

outcomes presented in the second part of the thesis provide important information for this 

decision process. The negative impact of screening might be reduced by screening men who 

are more willing to accept the side-effects from treatment. 

It is crucial that future research investigates the most favorable age ranges to screen, 

paying particular attention to the optimal age at which to stop screening. Also, limited 

PSA-testing could appear to be a viable option to reduce the negative impact of screening. 

Offering an active surveillance protocol instead of immediate curative treatment to patients 

with low-risk cancer is also a promising strategy to reduce the negative impact of screening 

and consequent treatment. Although results from the active surveillance trial and cohorts 

will take years to mature, they are expected to yield important information regarding the 

safety and efficacy of surveillance in a controlled setting. Once these results are available it 

is important to determine the optimal active surveillance inclusion and follow-up criteria.
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Prostaatkanker is de tweede meest gediagnosticeerde kanker bij mannen wereldwijd. Met 

naar schatting 258,000 sterfgevallen in 2008 is het de zesde belangrijkste kankerdoodsoorzaak 

bij mannen. In de Amerikaanse bevolking daalde tussen 1991 en 2005 bij mannen in de 

leeftijd van 50–84 jaar de prostaatkankersterfte met 42%, van 103 naar 60 doden per 100,000 

mannen. De afname van prostaatkankersterfte viel samen met diverse veranderingen in de 

controle van de ziekte: het uitgebreid gebruik van PSA testen, de vooruitgang in primaire 

behandelingen en de veranderingen in de opsporing en behandeling van terugkerende en 

progressieve kanker. Omdat al deze veranderingen gelijktijdig gebeurd zijn, is een duidelijke 

verklaring voor de daling in de prostaatkankersterfte niet vanzelfsprekend.

Om de doeltreffendheid van vroege opsporing van prostaatkanker te evalueren zijn aan 

het begin van de jaren 90 twee grote gerandomiseerde trials gestart: De “European Random-

ized Study of Screening for Prostate Cancer” (ERSPC) in Europa en de “Prostate, Lung, Colorec-

tal, and Ovary” (PLCO) trial in de Verenigde Staten. De ERSPC trial toonde een aanzienlijke 

prostaatkankersterfte vermindering van 29% aan bij de gescreende mannen na een mediaan 

follow-up periode van 11 jaar. Echter vond men in de PLCO trial geen statistisch significante 

vermindering in prostaatkankersterfte in de gescreende groep in vergelijking met de con-

trole groep. Deze tegenstrijdige resultaten resulteerden in aanhoudende discussies over het 

echte voordeel van screenen met de PSA test. Hoewel de resultaten van de twee trials in 

conflict lijken te zijn, moet er opgemerkt worden dat er veel verschillen waren in het ontwerp 

en uitvoering van de twee trials.

Het voordeel dat kan worden bereikt door het vroeg opsporen en vroeg behandelen 

van prostaatkanker is een verlaagd risico om dood te gaan aan prostaatkanker. Echter, zijn 

er ook aanzienlijke ongunstige effecten geassocieerd met PSA screening. Screening leidt 

namelijk ook tot de ontdekking van kankers die niet zouden worden ontdekt gedurende het 

hele leven van de persoon als hij niet gescreend zou zijn (over-diagnose). Bovendien leven 

alle mannen die ontdekt zijn door screening en die voor curatieve behandeling kiezen vele 

jaren met bijwerkingen van de behandeling. Deze jaren zouden anders symptoom vrije jaren 

kunnen zijn geweest.

In dit proefschrift is het MISCAN prostaatkanker microsimulatie model gebruikt om de ef-

fecten van vroege opsporing en behandeling te evalueren. Deel 1 heeft betrekking op stud-

ies die belangrijke kwantitatieve informatie leveren voor lopende discussies over de impact 

van screening en behandeling op de waargenomen prostaatkanker incidentie en mortaliteit 

in de Amerikaanse bevolking en PLCO trial. Bovendien omvat het een studie over de validatie 

van het model. Deel 2 heeft betrekking op studies die klinische resultaten presenteren die 

nodig zijn bij het nemen van beslissingen over screening en behandeling.

Het doel van Hoofdstuk 2 was om te bepalen of de waargenomen daling in prostaatkank-

ersterfte in de VS te verklaren is door de vooruitgang in primaire behandeling. Door het 

modelleren van de progressie van kanker, de verspreiding van screening en de behandeling 
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van prostaatkanker in de VS, hebben we geschat dat 22-33% van de prostaatkankersterfte 

kan worden toegeschreven aan veranderingen in primaire behandelingen. Hieruit volgt dat 

een groot deel van de daling onverklaard blijft. Dit suggereert een rol voor PSA screening en 

vooruitgang in de behandelingen van terugkerende en progressieve ziekte.

In Hoofdstuk 3 hebben we geanalyseerd of de prestaties van PSA screening met betrek-

king tot de opsporing van prostaatkanker in de VS gelijk is aan die in de ERSPC trial. Als 

we aannemen dat de natuurlijke progressie van kanker en de sensitiviteit van de PSA test 

met opeenvolgende biopsie in de VS hetzelfde zijn als in de ERSPC Rotterdam, schatten we 

een incidentie piek in de VS dat aanzienlijk hoger is dan de waargenomen prostaatkanker 

incidentie piek (13.3 vs 8.1 gevallen per 1000 manjaren). De waargenomen incidentie kan 

echter redelijk worden gereproduceerd door een aanzienlijk lagere PSA test sensitiviteit aan 

te nemen in de VS. Daarom kunnen we concluderen dat de detectiecijfer van PSA screening 

in de VS lager is dan in ERSPC Rotterdam als gevolg van een lagere sensitiviteit van de PSA 

test en opeenvolgende biopsie. De resultaten in dit hoofdstuk impliceren dat de effecten 

van PSA screening in de VS, inclusief in de PLCO trial, waarschijnlijk anders zullen zijn dan die 

waargenomen in de ERSPC trial.

Het doel van Hoofdstuk 4 was om te onderzoeken of aannames die vaak worden gebruikt 

om het effect van screening op sterfte te modelleren, “stage-shift” aannames, kunnen worden 

gebruikt om de waargenomen reductie in prostaatkankersterfte in de ERSPC te modelleren. 

De stage-shift modellen voorspelden een reductie in prostaatkankersterfte variërend van 

38% tot 63% in vergelijking met een 27% waargenomen reductie in de ERSPC trial. Bij het 

modelleren van het effect van screening voor kankers met lange lead times, die bovendien 

heel weinig stadia van de ziekte onderscheiden, zoals prostaatkanker, kunnen stage-shift 

modellen aanzienlijk de mortaliteit reductie over of onder schatten en moeten daarom 

zorgvuldig worden gebruikt. 

In Hoofdstuk 5 hebben we gekwantificeerd in welke mate contaminatie in de controle groep 

van de PLCO trial een voordeel in prostaatkankersterfe als gevolg van screening zou kunnen 

hebben gemaskeerd. Onze resultaten laten zien dat door contaminatie de geschatte prosta-

atkankersterfte in de controle groep veel dichter bij die van de gescreende groep komt. We 

hebben ook geschat dat de kans 0-10% is dat er meer prostaatkankersterfte zou zijn geweest 

in de gescreende groep dan in een niet-gecontamineerde controle groep. Door contaminatie 

in de controle groep is deze kans verhoogd tot 10-30%. Ook laten we zien dat contamina-

tie in de controle groep de power van de trial om een verschil in prostaatkankersterfte te 

identificeren van 40–70% (niet-gecontamineerd) naar 5–25% (gecontamineerd) heeft laten 

afnemen. Met deze resultaten tonen we aan dat contaminatie het vermogen van de PLCO 

trial om een voordeel van screening te identificeren behoorlijk beperkt heeft.
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Samenvatting

Het doel van Hoofdstuk 6 was om het risico op klinische progressie te bepalen voor geloka-

liseerde prostaatkanker gevallen die door middel van PSA screening zijn gedetecteerd en die 

niet curatief behandeld zijn. De modellen MISCAN, FHCRC and UMICH hebben geprojecteerd 

dat 58-85% van de kankers, gedetecteerd door screening in de leeftijd van 60-64 jaar, met 

een Gleason score van 2-7 op den duur klinisch (gangbare klinische praktijk) gediagnos-

ticeerd zouden worden in het geval dat er geen screening zou zijn. Voor een Gleason score 

van 8-10 varieert deze risicoschatting van 84%-92%. Het risico dat een onbehandelde PSA 

gedetecteerde tumor zou leiden tot het overlijden aan prostaatkanker is 20-31% voor man-

nen in de leeftijd van 60-64 jaar met een Gleason score van 2-7, en 56-66% voor mannen met 

een Gleason score van 8–10.

De doelstelling van Hoofdstuk 7 was om de positieve en negatieve effecten van PSA screen-

ing te bepalen voor individuen die aan het beslissen zijn of ze wel of niet willen worden 

gescreend. De resultaten laten zien dat door het vroeg opsporen en vroeg behandelen van 

prostaatkanker de levensverwachting met 0.08 jaren toeneemt, maar ook dat de prostaat-

kanker-vrije levensjaren met gemiddeld 1.53 jaren afnemen. Deze resultaten impliceren dat 

mannen zich niet moeten laten screenen als ze kunnen beoordelen dat hun kwaliteit van 

leven met meer dan 4.8% zal afnemen wanneer ze gediagnosticeerd en vervolgens behan-

deld worden voor prostaatkanker. Door deze drempelwaarde te gebruiken, worden mannen 

die niet bereid zijn om de bijwerkingen van de behandeling te accepteren niet gescreend en 

zou de negatieve impact van screenen kunnen worden gereduceerd. 

In Hoofdstuk 8 presenteren we de effecten van screening op prostaatkankersterfte en 

kwaliteit van leven. Ons model voorspelt dat na rekening te houden met de kwaliteit van 

leven er nog steeds een aanzienlijk voordeel van screening is. Namelijk, dat bij het screenen 

van 1,000 mannen in de leeftijd van 55-69 jaar er na het corrigeren voor kwaliteit van leven 56 

(range -21 tot 97) levensjaren (“quality adjusted life-years”) te winnen zijn. De winst in leven-

sjaren was 73 jaren, wat betekent dat het tegeneffect door de vermindering van de kwaliteit 

van leven door prostaatkanker screening en behandeling 23% van de gewonnen levensjaren 

is. Dit verlies was voornamelijk toe te schrijven aan de korte en lange termijn effecten van 

primaire behandeling en een lange post-recovery periode met dergelijke bijwerkingen.

De doelstelling van Hoofdstuk 9 was om de positieve en negatieve effecten van onmid-

dellijke behandeling versus uitgestelde behandeling te schatten voor mannen met PSA 

gedetecteerde lokale-regionale prostaatkanker. De positieve en negatieve effecten zijn gep-

resenteerd per prognostische factor klinische T stadium, Gleason score en leeftijd. Het bereik 

van de effecten gegeven de prognostische factoren is breed: de gemiddelde gewonnen 

levensjaren varieerde van 0.1 tot 4.0 jaar en het gemiddelde verlies van levensjaren zonder 

potentiële bijwerkingen van curatieve behandeling varieerde van 2.9 to 12.2 jaar. Deze brede 
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bereiken geven aan dat het belangrijk is om deze waardes in ieder geval per prognostische 

factor klinische T stadium, Gleason score en leeftijd te hebben. Mannen in de leeftijd van 55-

59 jaar met een matig risico kanker hebben de laagste schade-baat ratio en zijn daarom de 

beste kandidaten voor onmiddellijke curatieve behandeling. Voor oudere mannen zijn deze 

ratio’s aanzienlijk hoger sinds de negatieve effecten relatief minder dalen dan de voordelen, 

wat betekent dat het minder gunstig is voor oudere mannen om onmiddellijk te behandelen.

De antwoorden op de onderzoeksvragen en de implicaties ervan zijn besproken in Hoofd-

stuk 10. Ook de voornaamste conclusies en aanbevelingen voor toekomstig onderzoek en 

praktijk zijn hier gepresenteerd.

Ten eerste is besproken wat de impact van screening en behandeling is op de 

waargenomen incidentie en mortaliteit van prostaatkanker in de Amerikaanse bevolking en 

PLCO trial. De resultaten tonen aan dat de voor- en nadelen van PSA screening in de Ameri-

kaanse populatie en in de PLCO trial waarschijnlijk verschillend zullen zijn van de effecten 

waargenomen in de ERSPC trial. Het is daarom belangrijk om in de toekomst de impact 

van de verschillen tussen de twee trials verder te analyseren, om zo duidelijke conclusies 

te kunnen treken over de doeltreffendheid van PSA screening en om te bepalen of de trials 

consistent bewijs geven met betrekking tot de doeltreffendheid van PSA screening.

Ten twee bespreken we de klinische resultaten, met name de voor- en nadelen van PSA 

screening en vroege behandeling. De ERSPC trial toonde aan dat, door te screenen met de 

PSA test, de prostaatkankersterfte kan worden verlaagd. Onze resultaten laten zien dat ook 

de bijbehorende negatieve impact aanzienlijk kan zijn. De omvang van de negatieve impact 

hangt echter af van hoe erg het voor het individu is om te leven met gediagnosticeerde en 

behandelde prostaatkanker en met de potentiële bijwerkingen. “Shared decision making” 

heeft daarom een belangrijke rol in het besluit om wel of niet te screenen of te behandelen 

voor prostaatkanker. De klinische resultaten gepresenteerd in het tweede deel van het pro-

efschrift zijn belangrijke informatie voor dit besluitvormingsproces. Door het niet screenen 

en behandelen van mannen die niet bereid zijn de bijwerkingen van de behandeling te ac-

cepteren zou de negatieve impact van screenen kunnen worden gereduceerd. 

Het is cruciaal om in toekomstig onderzoek te bepalen voor welke exacte leeftijden het 

meest gunstig is om te screenen en in het bijzonder wanneer te stoppen screenen. Ook een 

screening protocol met een beperkt aantal PSA testen zou een optie kunnen zijn met minder 

negatieve gevolgen. Een “active surveillance” protocol aanbieden in plaats van onmiddel-

lijke curatieve behandeling aan patiënten met laag risico kanker is ook een veelbelovende 

strategie welke de negatieve gevolgen van screening kan beperken. Hoewel het nog jaren 

zal duren voordat de resultaten van de actieve surveillance trial en cohorten beschikbaar zijn, 

zullen deze belangrijke informatie opleveren met betrekking tot de veiligheid en werkzaam-

heid van deze strategie. Zodra deze resultaten beschikbaar zijn is het belangrijk de optimale 

active surveillance protocol en follow-up criteria vast te stellen.
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In this appendix, first, a general overview of the model is given. Second, the quantification 

of the input parameters of the ERSPC model are presented. This model, which is our base 

model, simulates the ERSPC Rotterdam and ERSPC Göteborg trial population. In the different 

chapters in this thesis we described studies where different populations in different settings 

were modeled. To obtain the models for the different studies we adapted the ERSPC model. 

Therefore, some input parameters differ somewhat between chapters. In the final part of the 

appendix the differences between the models of the individual chapters are explained. 

A.1 General model overview 

MISCAN model is a micro-simulation model. For each individual in a population independent 

life-histories are generated including a possible cancer history, the effects of treatment and 

the effects of early detection by screening. The MISCAN-prostate model consists of four parts: 

•	 Demography part 

•	 Natural history part

•	 Treatment part

•	 Screening part

A.1.1 Demography part

The demography part simulates for each individual a life history without prostate cancer. For 

each individual, a date of birth and date of death from other causes than prostate cancer are 

simulated. A population can be built from different birth cohorts, where each cohort has its 

own birth tables and life tables. The distribution of births and deaths over calendar time can 

therefore be adjusted to represent the population under study.

A.1.2 Natural history part

The natural history part simulates prostate cancer histories for each individual separately. A 

certain proportion of the population might develop prostate cancer. The tumor starts in the 

preclinical phase. In the preclinical phase the tumor is asymptomatic, but can be detected 

by screening. From each preclinical stage, a tumor may grow to the next clinical T-stage (T1, 

impalpable; T2, palpable, confined to the prostate; T3+, palpable, with extensions beyond 

the prostatic capsule); it may dedifferentiate to a higher Gleason score (well differentiated, 

Gleason score 2-6; moderately differentiated, Gleason score 7; poorly differentiated, Gleason 

score 8-10); or it may be clinically diagnosed. For these transitions, the time spent in the 

current stage is generated from a Weibull distribution, where the parameters depend on the 

current stage and the next stage is determined by transition probabilities. In addition, there 

is a risk that a tumor in the local-regional stage will develop into distant disease, which is 

modeled by using a stage and Gleason score-specific hazard function. There is an additional 
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risk of being clinically diagnosed, which is modeled by using a stage-specific hazard function. 

This makes the model more flexible in the sense that it is possible to assume that the risk of 

clinical diagnosis is different for populations where the clinical practice might be different. 

A.1.3 Treatment part

The life history after clinical diagnosis is determined by the treatment received. Different 

treatments can be assigned and the life history for individuals receiving a specific treatment 

is determined by treatment-specific survival of prostate cancer death. Treatment dissemina-

tion and survivals can depend on age, year, T-stage, metastatic stage and Gleason score at 

diagnosis. 

A.1.4 Screening part

Screening is super-imposed on the life histories in the absence of screening. Screening tests 

applied to a person in a preclinical disease state may result in detection and alter his life 

history. A screening test is defined by its sensitivity. Screening is defined by the tests used, 

attendance rate and screening ages. Screening ages may be selected at regular intervals, 

or stochastically, allowing the modeling of both regular screening as in trials or screening 

programs and opportunistic screening. Screen detection of a tumor may alter the cause of 

events in an individual. We assume that the consequence of early detection by screening is 

that a percentage of the screen-detected men is cured from cancer and that for the other part 

detection does not alter the life history. 

A.2 Quantification of input parameters of the ERSPC model

A.2.1 Demography part

In this model we simulated the ERSPC-Rotterdam and ERSPC-Göteborg trial population. The 

age at death from other causes is simulated per individual using Dutch life tables (Statistics 

Netherlands, 1991–1995). The birth tables were chosen such that the age distribution at the 

different screening rounds of the simulated trial populations met the observed age distribu-

tions.

A.2.2 Natural history part

The parameters of the natural history part were estimated by calibrating the ERSPC model 

to the data observed in the ERSPC-Rotterdam and Göteborg: baseline incidence (National 

Cancer Registry data for 19911) and stage distribution in the Netherlands (Rotterdam cancer 

registry data 1992-19932); baseline incidence in Sweden (1988-19923); incidence, Gleason 

and stage distributions in the control arms of ERSPC-Rotterdam and Göteborg; and detection 

rates, interval cancer rates, Gleason and stage distributions in the screen arms of ERSPC-
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Rotterdam4-5 and Göteborg.6 Number of cases diagnosed, and Gleason score and stage 

distributions in the control arms versus those in the screen arms give information about 

the disease progression through the various preclinical phases. Parameters were estimated 

by numerically minimizing the deviance between the number of cases observed and the 

number of cases predicted by the models. Deviances were calculated by assuming Poisson 

likelihood for incidence data and by assuming multinomial likelihood for stage-distribution 

data. The parameters for incidence, clinical diagnosis and sensitivity were assumed to be 

country-specific. 

A.2.3 Treatment part

Treatment dissemination is modeled as a multinomial logit model with covariates age, T-

stage and Gleason score at diagnosis. The categories of the multinomial model are radical 

prostatectomy, radiation therapy and active surveillance. The parameter estimates are based 

on data of the ERSPC trial section Rotterdam from the year 2000. 

Survival curves for men with no initial treatment were estimated on the basis of SEER 

(Surveillance, Epidemiology and End Results) data, specifically on cases diagnosed in the 

pre-PSA era (1983-1986). The survival curves were modeled using Poisson regression with 

grade, stage, age and treatment type as explanatory variables. To assign the survival curves 

in our model we assumed that Gleason score 7 or less than 7 corresponds to grade well/

moderately differentiated and that Gleason score more than 7 corresponds to grade poor/

undifferentiated.

According to the results of Bill-Axelson et al,7 we assumed that men receiving radical 

prostatectomy have a relative risk of 0.62 of dying from prostate cancer compared to men 

receiving no initial treatment. For men receiving radiation therapy we also assumed a relative 

risk of 0.62. For distant prostate cancer we assumed that treatment has no effect, implying 

that irrespective of the treatment type the survival is generated from the corresponding 

survival curve for men with no initial treatment.

A.2.4 Screening part

Depending on the frequency and sensitivity of the screening test, preclinical cancers may 

be detected by screening. Observed ERSPC Rotterdam and Göteborg data have been used 

to simulate the age and year specific attendance rate. PSA test and subsequent biopsy were 

modeled as a single test, where the sensitivity parameter was assumed to be clinical T-stage 

dependent. The sensitivity parameters were estimated simultaneously with the natural his-

tory parameters (A.2.2). 

The effect of early detection by screening on mortality was included by assuming that 

a proportion of the screen-detected local-regional tumors are cured. The Gleason-specific 

cure rates were estimated by calibrating the ERSPC-Rotterdam model to the observed 27% 

prostate cancer mortality reduction in the overall ERSPC at follow-up after nine years. 
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A.3 Model differences from chapter to chapter

A.3.1 Demography part

Chapter 2, 3 and 6

In Chapter 2, 3 and 6 we simulated the US population. In Chapter 2 we simulated the US 

population from 1975 to 2005, in Chapter 3 from 1985 to 2000 and in Chapter 6 from 1975 

to 2000. The age at death from other causes was simulated per individual using US life tables 

from the Berkeley Mortality Database (http://demog.berkeley.edu/~bmd). The birth tables 

were chosen by generating a population with similar age distribution as in the core 9 regis-

tries of the Surveillance, Epidemiology and End Results (SEER). 

Chapter 4

Same as the ERSPC model.

Chapter 5

In this model the PLCO trial population was simulated. The age at death from other causes 

was simulated per individual using US life tables from the Berkeley Mortality Database 

(http://demog.berkeley.edu/~bmd). The birth tables were chosen such that the simulated 

age distributions in each arm at randomization matched the observed age distributions.8

Chapter 7and 9

In Chapter 7 and 9 cohort analyses were done. The age at death from other causes was simu-

lated per individual using Dutch life tables (Statistics Netherlands, 2000-2007). In Chapter 7 

the birth cohorts were chosen such that the age of first screening was distributed uniformly 

from age 50 to 70. In Chapter 9 they were chosen such that the age of first screening was 

distributed uniformly from age 50 to 75.

Chapter 8 

In this model the European Standard Population was simulated. The age at death from other 

causes was simulated per individual using Dutch life tables (Statistics Netherlands, 2000-

2007). The birth tables were chosen such that the simulated age distributions in each arm 

at randomization matched the observed age distributions in the European Standard Popula-

tion.9 
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A.3.2 Natural history part

Chapter 2, 3, 5 and 6

All parameters of the natural history part are assumed to have the estimates as calculated 

with the ERSPC model, except for the parameters defining the additional risk of being clini-

cally diagnosed. This is because the clinical practice in the US population is possibly different 

than in the ERSPC trial. US-specific estimates of the hazard of being clinically diagnosed were 

obtained by calibrating the US model to observed age-specific incidence and stage-distribu-

tion (local/regional vs distant) in the US population. For this, data from the SEER registry of 

men aged 50 to 84 years who were diagnosed in 1975 to 2000 were used. 

Chapter 4, 7 and 9

Same as in the ERSPC model.

Chapter 8

All parameters of the natural history part are assumed to have the estimates as calculated 

with the ERSPC model, except for the parameters defining the additional risk of being clini-

cally diagnosed. Estimates of the hazard of being clinically diagnosed were obtained by cali-

brating the model to observed age-specific incidence in the Dutch population. For this, data 

from the Comprehensive Cancer Centers (http://www.ikcnet.nl) of men aged 55 to 74 years 

diagnosed in 1992 to 2002 were used. 

A.3.3 Treatment part 

Chapter 2

Treatment dissemination was modeled as a multinomial logit model with covariates age, year 

and grade at diagnosis. The categories of the multinomial model are radical prostatectomy, 

radiation therapy and active surveillance. Conditional on patient’s characteristics available 

at diagnosis and primary therapy hormone therapy is assigned by a logistic model. Trends in 

primary treatments are based on data from SEER and trends in receipt of hormone therapy, 

adjuvant or neoadjuvant androgen deprivation therapy (ADT), are based on data from CaP-

SURE. 

The survival curves for men with no initial treatment based on SEER data were used (see 

A.2.3). Also the same treatment efficacy parameter estimate (0.62) was used for men receiving 

radical prostatectomy or radiation therapy in combination with hormone therapy. For men 

receiving only radiation therapy we assumed the hazard ratio relative to no initial treatment 

to decrease from 0.9 in 1990 to 0.7 or 0.8 in 1995 and remain constant thereafter. Also several 

sensitivity analyses with different treatment efficacy estimates were performed.
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Chapter 3 and 6

In Chapter 3 and 6 treatment was not modeled.

Chapter 4

Same as in the ERSPC model.

Chapter 5

In Chapter 5, in the PLCO model, it was assumed that 84% of men diagnosed with cancer 

received curative treatment and that 16% went into active surveillance. These are the per-

centages observed in the PLCO trial.8 

The same survival curves for men with no initial treatment and the same treatment ef-

ficacy parameter estimate were used as in the base model (see A.2.3).

Chapter 7 and 9

In Chapter 7 and 9 it was assumed that all men diagnosed with cancer received curative treat-

ment. In the chapters the same treatment efficacy parameter estimate (0.62) were used as in 

the base model. In Chapter 7 also the same survival curves for men with no initial treatment, 

which were based on SEER data, were used. However, these survival curves only distinguish 

between two Gleason score groups: Gleason score 7 or less than 7, and Gleason score more 

than 7. For the research question of Chapter 9 it was important to have at least three Gleason 

score categories and clinical T-stage as explanatory variables. Therefore, to obtain Gleason 

score and clinical T-stage specific survivals, we used the Albertsen10 Gleason score specific 

survival curves and added clinical T-stage as an explanatory factor. For this we used the Cox 

proportional hazard estimates from Aus11 (T1: 1, T2: 1.51, T3: 2.77) and we changed the Al-

bertsen model such that the weighted sum of hazards by clinical T-stage add up to the same 

overall level by age and Gleason score. 

Chapter 8

Treatment dissemination is modeled as a multinomial logit model with covariates age, 

T-stage and Gleason score at diagnosis. Treatment assignment for local-regional cases was 

based on the primary treatments (radiation therapy, radical prostatectomy and active surveil-

lance) assigned in both arms of the ERSPC. 

Survival of unscreened and untreated men diagnosed with local-regional prostate cancer 

was modelled using Albertsen Gleason score specific survival curves.10 For distant disease, 

survival curves were based on SEER data.

The effects of treatment were modelled by assuming a relative risk of dying from prostate 

cancer of 0.65 for radical prostatectomy12 compared with men receiving no initial treatment. 

This effect was also assumed for radiation therapy. For distant prostate cancer we assumed 

that treatment has no effect.
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A.3.4 Screening part

Chapter 2, 3 and 6

For the dissemination of PSA screening in the US population we used the results of Mariotto 

et al,13 who retrospectively constructed PSA screening histories in the population by use of 

survey data from the 2000 National Health Interview Survey and claims data from the linked 

SEER-Medicare database ( http://healthservices.cancer.gov/seermedicare/ ).

US-specific estimates of test sensitivities were obtained by calibrating the US model (See 

A.3.2, Chapter 2, 3, 5 and 6) to observed age-specific incidence and stage-distribution (local/

regional vs distant) in the US population. For this, data from the SEER registry of men aged 50 

to 84 years who were diagnosed in 1975 to 2000 were used. 

Chapter 4

Same as in the ERSPC model.

Chapter 5

In Chapter 5, in the PLCO model, we modeled the control arm and the screen arm. For the 

frequency of opportunistic PSA screening before and after the trial period we used the model 

simulating the dissemination of PSA screening in the US population (see A.3.4, Chapter 2, 

3 and 6). Men randomized to the screen arm switch to annual PSA screening with random 

85% compliance at each scheduled screen8 for the trial intervention period then resume 

population screening. Men randomized to the control arm switch to a 20% higher intensity of 

screening than the general population during the trial to match previous estimates of PLCO 

control arm contamination (including reproducing the average 2.7 routine PSA tests during 

the trial14) then resume population screening. 

Parameter estimates for the test-sensitivities were as estimated by calibrating the US 

model to the observed age-specific incidence and stage-distribution (local/regional vs dis-

tant) in the US population (see A.3.2, Chapter 2, 3, 5 and 6).

Parameter estimates for the effect of screening on mortality were estimated by calibrat-

ing the ERSPC model to the data observed in the ERSPC trial (see A.2.4).

Chapter 7 and 9

In Chapter 7 we assumed age of first screening was distributed uniformly from age 50 to 70 

and subsequent annual screening until age 75. In Chapter 9 we assumed age of first screen-

ing was distributed uniformly from age 50 to 75 and subsequent screening every four year 

until age 75. 

Parameter estimates for the test-sensitivities and the effect of screening on mortality 

were the same as estimated by calibrating the ERSPC model to the data observed in the 

ERSPC trial (see A.2.4).
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Chapter 8

The following screening strategies were simulated: annual screening in the age groups 55-

69 years and 55-74 years, screening at 4-year intervals between 55-69, and single screens 

performed either at age 55, 60 or 65 years. An 80% participation rate was assumed. 

Parameter estimates for the test-sensitivities and the effect of screening on mortality 

were the same as estimated by calibrating the base model to the data observed in the ERSPC 

trial (see A.2.4).
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