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Abstract
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In the early 20" century, cancer of the prostate was considered a rare and deadly disease
with little to no possibility of cure. Since then, prostate cancer management has improved
substantially with earlier detection, hormonal therapy, surgery and radiotherapy of the prostate.
Nevertheless, prostate cancer remains the leading cause of cancer death in men in Western
countries. The purpose of this thesis was to study trends in prostate cancer mortality including
investigations of adjudication and measures of prostate cancer death.

In paper I, we studied whether increased use of radical treatment in men with locally advanced
prostate cancer diagnosed between 2000-2016 has affected prostate cancer mortality in the
Swedish population. The use of radical treatment almost tripled and 5-year cumulative incidence
of prostate cancer death declined from 17% to 10% for all men below age 80 with locally
advanced prostate cancer.

In paper 11, we compared relative and cause-specific survival in all men with prostate cancer,
according to age at death and risk category at diagnosis. Older men with low-risk prostate cancer
at diagnosis had a substantially higher relative survival compared to cause-specific survival,
116% vs. 96% at five years after diagnosis. Despite efforts to increase comparability of expected
survival, relative survival remained above 100% in these men due to healthy selection bias.

In paper III, we assessed the amount of evidence in support of prostate cancer as the cause
of death by review of health care records for 495 men who between 2011-2018 died of prostate
cancer according to the Cause of Death Register. Older men and men with low-risk prostate
cancer at diagnosis had considerably less evidence in support of prostate cancer death compared
with younger men and men with high-risk disease.

In paper 1V, we applied a simulation model to estimate the lifetime risk of prostate cancer
for different levels of diagnostic activity and life expectancy. Men exposed to high diagnostic
activity had five-fold life-time risk of low or intermediate-risk prostate cancer and half the
lifetime risk of high-risk or metastatic prostate cancer compared to men exposed to low
diagnostic activity. Long life expectancy moderately increased the lifetime risk of prostate
cancer in all risk categories, especially high-risk disease.
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Cover photo from the book De Humani Corporis Fabrica Libri Septem
(printed in 1543) by the founder of modern anatomy, Andreas Vesalius

(1514-1564) from Brussels. Vesalius was the first anatomist to illus-
trate the prostate and to describe it as a single organ
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Introduction

Prostate cancer is the most common malignancy in men in Europe and ac-
counts for around a fourth of all cancer diagnosis in men'. Management of
prostate cancer has evolved substantially in the last decades with earlier de-
tection and improved treatment such as radical prostatectomy, radiotherapy of
the prostate and hormonal therapy. Death due to prostate cancer is still high
and accounts for around 10% of all cancer-related deaths in men in Europe'.
Most men who die of prostate cancer have multiple bone metastases before
death, causing significant morbidity and pain®.

An understanding of mortality statistics is essential to evaluate the burden
of prostate cancer as well as the effects of early detection and treatment. In
this thesis I first investigated how changes in treatment of men with locally
advanced prostate cancer has affected mortality in Sweden. Next, different
methods to estimate prostate cancer survival were compared in detail. Then,
the underlying evidence behind the adjudication of prostate cancer death was
investigated. In the last paper the lifetime risk of a prostate cancer diagnosis
was evaluated in relation to diagnostic activity and life expectancy.
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Background

Epidemiology

Prostate cancer is the second most common cancer in men worldwide, with
414 259 new cases registered in 2020°. The age-standardized incidence of
prostate cancer varies largely between geographic regions, with the highest
rates in Northwestern Europe, Northern America and the Caribbean, and the
lowest rates in Southeastern and South-Central Asia. The differences in inci-
dence between countries is largely explained by variations in diagnostic activ-
ity and age composition of the population since around half of all men have
microscopically detectable prostate cancer at age 80 or older according to au-
topsy records”.

In Sweden the number of new cases has almost doubled since the early
1990’ies with 9 009 new cases in 2020, accounting for around 25% of all new
cancer diagnosis in men’. This rise in incidence is primarily due to the intro-
duction of prostate specific antigen (PSA) testing that caused an increase in
the total number of cases and a strong increase in the proportion of low and
intermediate-risk tumours (figure 1)°. Increased diagnostic and therapeutic ac-
tivity, and longer life expectancy have resulted in a threefold increase of pros-
tate cancer prevalence in the last two decades with more than 100 000 men
living with prostate cancer in Sweden in 2016,
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Figure 1. Distribution of risk classification for men with prostate cancer in Sweden
1998-2020. Source: National Prostate Cancer Register, https://www.npcr.se.

Risk factors

Currently, there are three risk factors for prostate cancer that are well estab-
lished: age, ethnicity, and family history. The incidence of prostate cancer is
strongly related to age; around half of all men with prostate cancer are diag-
nosed after age 70, whereas few men are diagnosed before age 50°.

Men of African and Caribbean descent have the highest prostate cancer in-
cidence worldwide, whereas Asian men have the lowest risk®. Data from the
Surveillance, Epidemiology and End Result (SEER) database in the United
States shows that African-American men are more than two times more likely
to die from prostate cancer then white men of the same age’. It is still debated
whether this difference is due to differences in socioeconomic status and ac-
cess to health care or if certain ethnic groups are inherently predisposed to
prostate cancer.

According to twin studies, prostate cancer has one of the highest heritability
of any other cancer, accounting for up to 57% of the variability in prostate
cancer risk'’. Men who have a first degree relative with a history of prostate
cancer are 2-3 times more likely to be diagnosed with prostate cancer''. The
risk related to family history is likely somewhat inflated by screening of fam-
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ily members with increased detection of indolent tumours. However, accord-
ing to a large population-based study in Sweden, men with one affected first-
degree relative were more likely to be diagnosed with high-risk prostate can-
cer compared with men without family history of prostate cancer'?.

In another study from the SEER database, Korean-American immigrants
had a higher incidence of prostate cancer compared to native South Koreans,
which suggests that environmental factor could play a role in prostate carcin-
ogenesis'’. In a recent systematic review of dietary factors, consumption of
red meat, animal fat and dairy products was associated with increased risk of
prostate cancer, whereas tomatoes, soy-containing products, green tea and cru-
ciferous vegetables may have a protective effect'®. Although Western diet is
associated with higher risk of prostate cancer, more prospective studies are
still needed to support recommendations for dietary modifications.

Diagnosis

Despite that most prostate cancers have an indolent course, prostate cancer is
still the leading cause of cancer-related death in men in Sweden’. The main
challenge of early diagnosis is distinguishing between indolent cancers that
do not require radical treatment, from cancers destined to progress if not
treated in time. The most widely used biomarker for the detection of prostate
cancer is PSA, a glycoprotein enzyme that is produced by both benign and
malignant cells of the prostate. The main function of PSA is to liquify semen
by breakdown of the seminal coagulum, that enables spermatozoa motility'”.
A small proportion of PSA naturally leaks from benign prostate cells into the
bloodstream. Malignant or inflamed prostate cells are more permeable and
tend to leak more PSA into the circulation. Although PSA has acceptable per-
formance in predicting subsequent diagnosis of prostate cancer, the test per-
forms poorly at low serum PSA concentrations (<10 ng/ml), in particular due
to low specificity. In a longitudinal study from Prostate Cancer Database Swe-
den (PCBaSe) no PSA cut-off attained positive and negative likelihood ratios
that are formally regarded as sufficiently high for decision-making'®. Further-
more, PSA alone is a poor marker to distinguish between indolent and high-
risk tumours. Several efforts have been made to increase the sensitivity and
specificity of the test e.g. age-specific thresholds, the proportion of free versus
total PSA, and PSA density i.e. serum levels in relation to prostate volume'”'®,

Diagnosis of prostate cancer is confirmed by biopsy of the prostate, follow-
ing a work-up of elevated PSA, suspicious finding on digital rectal examina-
tion (DRE) or imaging. Transrectal ultrasound (TRUS)-guided systematic ran-
dom biopsies of predetermined regions in the prostate, introduced in 1989 by
Hodge and colleagues, is still one of the most widely used methods and cur-
rently consists of 10-12 biopsy cores'®. The procedure is associated with com-
plications; up to 25% of the patients experience transient lower urinary tract
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symptoms (LUTS), around 6% receive prescription for antibiotics due to in-
fection, and 1-4% are re-admitted to hospital due to infectious complica-
tions?**!,

In recent years multiparametric magnetic resonance imaging (mpMRI) of
the prostate has emerged as an important diagnostic tool to distinguish be-
tween indolent and clinically significant tumours prior to biopsy. The tech-
nique consists of T2 weighted sequences with diffusion weighted imaging
(DWI) and dynamic contrast enhancement (DCE). The reporting of imaging
results has been standardized through the Prostate Imaging Reporting and
Data System (PI-RADS) score that classifies the likelihood of a region of in-
terest (ROI) to contain a significant cancer from a score of one to five. A PI-
RADS score of five represents a very high risk of clinically significant cancer
and a score of three is equivocal. The chance of detecting a clinically signifi-
cant cancer in men with a PSA density < 0.15 pg/l/cm’® and PI-RADS < 3 is
low, hence if biopsy is not performed under these circumstances, around a
fourth of men with PSA 3-10 pg/l avoid unnecessary biopsy** 2.

Prostate cancer screening by use of PSA testing

Two large randomized clinical trials have studied the effect of PSA screening
on prostate cancer mortality”2®. In the European Randomized Study of
Screening for Prostate Cancer, screening lowered the risk of prostate cancer
death by 21%%. For each averted death due to prostate cancer 27 additional
prostate cancer diagnoses were made. The Prostate, Lung, Colorectal, and
Ovarian Cancer Screening Trial found no significant difference in prostate
cancer mortality between experimental arm and control arm?®. However, the
results of the trial likely reflect heavy contamination due to opportunistic PSA
testing in the control arm. Whether the benefit of early detection with orga-
nized PSA screening outweighs the harm of overdiagnosis is still debated?’.

Staging
TNM staging system

The extent and spread of a prostate cancer is based on the three key elements
of the TNM system, published by the Union of International Cancer Control
and the American Joint Committee on Cancer, latest revision in 2017

The tumour stage, T1-T4, is based on an assessment of the tumour within
the prostate. T1a and T1b represents incidentally detected prostate cancer dur-
ing transurethral resection of the prostate and T1c is prostate cancer detected
in a work-up of an elevated PSA with no tumour detected by DRE or imaging.
T2 tumours are confined within the prostate and are either palpable by DRE
or visible on imaging. T3-T4 tumours extend through the prostatic capsule
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(T3a), invade the seminal vesicles (T3b) or other organs of the pelvic region
(T4), in most cases the bladder neck.

Lymph node metastasis in the pelvic region is described by stage N1, and
metastasis to lymph nodes outside the pelvis is described by stage M1a. Me-
tastasis to bone and visceral organs is represented by M1b and Mlc.

Gleason grading

Gleason grading is the most common system to histologically grade prostate
cancer and describes the architectural pattern of the prostate cancer tissue,
ranging from well differentiated, Gleason grade 1, to very poorly differenti-
ated, Gleason grade 5. Adenocarcinomas of the prostate usually have a
histologically heterogenous appearance. The grading is therefore presented as
the sum of the two most dominant patterns by a score-based system, the
Gleason score, ranging from 2-10. In 2005 the International Society of Uro-
logical Pathology (ISUP) recommended that the highest grade-pattern should
be incorporated in the Gleason score instead of the second most dominant pat-
tern’'. Additionally, regular cribriform glands were graded as Gleason grade
4 which were previously considered grade 3. This grade migration has resulted
in an inflation of the Gleason score, which makes it difficult to compare sur-
vival in men with prostate cancer based on Gleason score between time peri-
ods before and after 2005'¢. In 2014 the Gleason score was further classified
into relevant prognostic groups, Gleason Grade Groups (GGG) 1-5, in which
Gleason score 7 is separated into two groups, GGG 2: 3+4 and GGG 3: 4+3*%,
The tumour grade is the single most important predictor of tumour progression
and relapse after treatment™*. Several other terms are currently used for the
Gleason Grade Groups, and there is currently a heated debate on the use of
proper terminology™.

Risk categories

The stratification of prostate cancer by risk of progression is the main factor
that determines the choice of cancer management. This can be obtained by
merging the TNM stage, Gleason score and PSA. In the four studies of this
dissertation we defined risk categories according to a modification of the Na-
tional Comprehensive Cancer Network (NCCN) categorisation®®:

1) Low-risk: clinical stage T1-T2, Gleason score 6 and PSA < 10 ng/ml
2) Intermediate-risk: T1-T2 and Gleason score 7 or PSA 10-19.9 ng/ml
3) High-risk or locally advanced: T3, Gleason score > 8 or

PSA 20-49.9 ng/ml
4) Regional: T4, N1 or PSA 50-99.9 ng/ml
5) Distant metastases: M1 or > 100 ng/ml
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In essence we divided the NCCN metastatic category into regional and distant
metastases based on different outcomes in analysis of survival for men in
NPCR”".

Locally advanced prostate cancer

In paper I we specifically focus on men with locally advanced prostate cancer
which warrants more information on this risk group. Around 10% of all men
diagnosed with prostate cancer have locally advanced disease at presentation
i.e. invasion of the prostate capsule with or without invasion of the seminal
vesicles or other pelvic organs®. Locally advanced tumours often have high
GGGs and according to a series of 5 274 men treated with radical prostatec-
tomy and pelvic lymph node dissection, 16-26% had metastasis to pelvic
lymph nodes*®*. Men with locally advanced tumours are therefore at high risk
of tumour progression and have a poor prognosis without curative treatment™”.
According to a population-based study of 12 184 men with locally advanced
prostate cancer managed with noncurative intent, §-year prostate cancer spe-
cific mortality was 28% for GGG 1 and 64% for GGG 5%.

The management of locally advanced prostate cancer has evolved in the
past decades. The first randomized trial to study the effects of radiotherapy vs.
hormone therapy by orchidectomy failed to show survival difference between
treatment groups due to lack of statistical power*'. Later, the addition of long-
term (> 2 years) adjuvant androgen deprivation therapy (ADT) to radiotherapy
was shown to benefit overall survival***. At the turn of the century, two large
randomized trials revealed a survival benefit of combining radiotherapy with
neoadjuvant and adjuvant ADT compared to ADT only in men with locally
advanced prostate cancer***. In the Scandinavian Prostate Cancer Group 7
(SPCG-7) trial, absolute risk of prostate cancer mortality at 10-years follow-
up was reduced by nine percent®. This difference continued to increase to
17% at 15-years follow-up**. Considering these results, both the European As-
sociation of Urology (EAU) and Swedish National guidelines recommend ra-
diotherapy and ADT for men with locally advanced prostate cancer and a life
expectancy of five years or more***’.

The role of radical prostatectomy for locally advanced prostate cancer is
still unclear. The risk of positive surgical margins after prostatectomy is con-
siderably higher for locally advanced compared to organ-confined disease,
which is a strong predictor for prostate cancer recurrence and mortality*®*.
Observational studies have shown similar survival outcomes for radiotherapy
and radical prostatectomy as a part of multimodal therapy for locally advanced
prostate cancer, and some even favouring radical prostatectomy’*. Observa-
tional comparisons are difficult to interpret due to confounding by indication
of treatment, as men with more advanced cancer characteristics are more
likely to receive radiotherapy™. Currently, the SPCG-15 trial is ongoing with
the purpose of comparing these two treatment alternatives head-to-head™.
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The use of curative treatment for locally advanced prostate cancer has in-
creased in Sweden and in other countries®>°. Whether these trends have led
to a decrease in prostate cancer mortality on a population level is unclear since
the treatment effects of previous randomized trials may not be fully translata-
ble to a more heterogenous real-world population.

Measures of prostate cancer survival and mortality

Analysis of survival

Survival is the analysis of any time-to-event data e.g. time from treatment until
relapse or time from diagnosis until death. Survival is frequently estimated
with the non-parametric Kaplan-Meier estimator that calculates the proportion
of subjects who have not experienced the event of interest during a specific
time interval®’. Subjects lost to follow-up e.g. due to drop-out or emigration
are censored and not included in the denominator for survival estimation.
Analysis of time until death of any cause is defined as overall survival,
whereas the term cause-specific survival is applied if deaths related to other
causes than the event of interest are censored.

Net survival

Net survival is defined as the survival observed if death can only occur due to
the disease of interest and is a measure of cancer care that reflects the effects
of early detection and treatment on cancer death®®>’. Net survival is not af-
fected by primary prevention or competing causes of death, whereas it can be
affected by lead-time and length bias due to early detection of indolent tu-
mours. These biases may lead to overestimation of survival without any pro-
longation of life. Nonetheless, lead-time and length bias can be minimized by
stratification of survival by prognostic risk groups at diagnosis. Net survival
can be measured by two frameworks: relative survival and cause-specific sur-
vival.

Relative survival

Relative survival, which is independent of cause of death, is defined as the
ratio of the observed overall survival in the study population and the expected
survival if the study population was free of the disease of interest®. Relative
survival is the preferred method in population-based cancer studies as it is not
affected by misclassification of cause of death, and also accounts for any in-
direct effects of the cancer or its treatment on death® %2, The expected survival
is calculated using data from general population life tables, stratified by age,
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sex and calendar year of birth. Stratification by other factors such as comor-
bidity and socioeconomic status is rarely available. Relative survival may
therefore be subject to incomparability bias e.g. men with prostate cancer
might differ in many ways from the general population in terms of health seek-
ing behaviour and comorbidity, rendering relative comparisons of survival
difficult to interpret. This is especially true for cancers highly related to spe-
cific risk factors e.g. lung cancer and smoking, since death due to cardiovas-
cular disease and other cancers is more common in men with lung cancer com-
pared with the general population®.

Cause-specific survival

Cause-specific survival depends on correct attribution of cause of death since
other causes than the disease under study are censored. This method is more
suitable for calculating net survival in a clinical trial since the cause of death
has usually been reviewed by an expert committee. Cause-specific survival is
also useful in subgroup analysis since lifetables rarely include data on specific
risk factors in the general population. However, analysis of cause-specific sur-
vival in population-based studies relies solely on official death certificates that
may be subject to misclassification errors®*®>. Furthermore, cause-specific
survival does not account for contributing effects on death from the disease of
interest due to the binary nature of death certification.

Several registry-based studies have compared relative and cause-specific sur-
vival for different cancer types®*%% In these studies, relative survival is
lower compared to cause-specific survival for most malignancies, with the ex-
ception of screen-detected tumours e.g. prostate and breast cancer. Due to bi-
ases in both frameworks the true net survival for men with prostate cancer has
been difficult to estimate®. Previous studies comparing relative and cause-
specific survival for men with prostate cancer have not included sufficient in-
formation on risk category and age at diagnosis, both which could affect these
biases differently.

Crude probability of death

Net survival is a useful measure for studying temporal trends and population
differences as it is unaffected by changes in competing risks i.e. the risk of
death by other causes then the disease of interest. However, the hypothetical
situation in which death can only occur due to a certain disease hardly reflects
real-world situation.
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Met probability of death

The crude probability of death, also named cumulative incidence of mortality,
accounts for competing risks of death and reflects the actual probability of
dying from the disease of interest™. This measure is of interest to clinicians
and patients with prostate cancer, since the actual risk of dying from prostate
cancer is affected by the risk of dying from other causes. This is particularly
important for old men with prostate cancer who are at high risk of dying from
competing causes. In a study by Eloranta et. al, men age 75 with intermediate
or high-risk prostate cancer treated conservatively were predicted to have 27%
net probability of prostate cancer death, compared to only 18% crude proba-
bility of death at 10-year follow-up (figure 2)’°. The crude probability of pros-
tate cancer death is always lower than the net probability of prostate cancer
death, and this difference tends to increase with age since dying of other
causes becomes gradually more likely.
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Figure 2. Predictions of net probabilities (A) and crude probabilities (B) of death due
to prostate cancer for men age 75 at diagnosis with intermediate or high-risk prostate
cancer treated conservatively or with hormonal treatment in the National Prostate
Cancer Register of Sweden between 1996 and 2008. Source: Eloranta et. al. How can
we make cancer survival statistics more useful for patients and clinicians: An illustra-
tion using localized prostate cancer in Sweden’.

Mortality

Mortality is defined as the proportion of deaths in a population for a specified
period, usually expressed as the number of deaths per 100 000 individuals in
one year for a given population. Mortality is an important statistic as a measure
of progress in cancer care and is not influenced by lead-time or length bias.
Changes in mortality may be difficult to interpret since it is affected by mul-
tiple factors e.g. primary prevention (preventing the cancer before it occurs),
secondary prevention (early detection of cancer) and implementation of new
treatment strategies™ .

Although most men die with but not from prostate cancer, the disease still
accounted for 375 304 deaths worldwide in 2020 or around 4% of all cancer-
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related deaths’'. In Sweden, prostate cancer is the most common cause of can-
cer-related death’. Prostate cancer mortality declined from 29 to 19 deaths
per 100 000 men in Sweden between 1998 and 2020. This decline is likely a
result of advances in prostate cancer management with more precise and ear-
lier diagnosis as well as increased use of both radical and life-prolonging treat-
ments including earlier use of ADT. In men below age 80, mortality declined
more than 50%, or from 16 to 7 deaths per 100 000 men, whereas for men age
80 or older, the mortality decline was less pronounced, from 835 to 625 deaths
per 100 000 men, i.e. a decrease of 25% (figure 3)"%.
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Figure 3. Prostate cancer mortality (age-standardized to the world population) in
Sweden between 1998 and 2020. Source: Data from the National Board of Health
and Welfare, https://sdb.socialstyrelsen.se/if dor/val.aspx.

There may be several reasons for a less distinct decrease in mortality in older
men. First of all, older men are less likely to be diagnosed with screen-detected
tumours, and a large proportion of older men present with symptomatic, ad-
vanced prostate cancer’’. Secondly, due to comorbidity and shorter life expec-
tancy, older men are less likely to receive radical treatment’. Furthermore,
use of life-prolonging treatment in younger men will postpone death due to
prostate cancer for some men, and as a result more men die at old age. Lastly,
an increase in the prevalence of prostate cancer among older men could result
in over-reporting of prostate cancer deaths due to higher risk of misclassifica-
tion errors in death certification in older men®:®,

Adjudication of prostate cancer death

Correct adjudication of cause of death is essential to correctly interpret mor-
tality, cause-specific survival and crude probability of death. In Sweden, the
underlying cause of any death is registered by the cause of death certificate in
the Cause of Death Register”. This certificate allows for one underlying and
48 contributing causes of death. The World Health Organisation defines the
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underlying cause of death according to the International Statistical Classifica-
tion of Diseases and Related Health Problems, 10th revision (ICD-10) as fol-
lows®:

“(a) the disease or injury which initiated the train of morbid events leading
directly to death, or (b) the circumstances of the accident or violence which
produced the fatal injury”

The accuracy of the physicians responsible for certifying the cause of death
influences the quality of the register. In a hospital setting, death certification
is often performed by junior physicians who may not always be familiar with
the certification rules. Death at old age at a nursery or at home may be difficult
to adjudicate due to limited documentation of follow-up. Furthermore, sepa-
rating the underlying cause of death from contributory causes is challenging
in patients with multiple comorbidities.

At the Cause of Death Register, identification of the underlying cause of
death is coded according to ICD-10 rules with the assistance of automated
classification software. Around 50% of the death certificates are coded fully
by the software, whereas the rest is coded manually by professional coders at
the Cause of Death Register”.

The quality of death certificates for men with prostate cancer is high ac-
cording to medical review of death in participants of randomized controlled
trials’””’. However, these men are usually younger, healthier, and followed up
more closely than the general population.

Population-based studies on the quality of death certificates in men with
prostate cancer show conflicting results®*7>**%! In a study from Sweden, and
in a more recent study from Norway, prostate cancer death was over-reported
in the Cause of Death Register compared with adjudication after review of
available evidence in medical notes®”.

Without autopsy, the adjudication of cause of death depends on the physi-
cian’s assessment of the evidence at hand. The adjudication of death in old
men and men with low-risk prostate cancer could be affected by a sticky-di-
agnosis bias i.e. erroneously attributing prostate cancer as cause of death due
to an existing prostate cancer diagnosis®”. Previous studies on the quality of
death certification in men with prostate cancer have not presented the amount
of evidence in support of prostate cancer as the cause of death in the adjudi-
cation process.

Lifetime risk

Lifetime risk is defined as the risk of experiencing a certain event at least once
over the course of a lifetime and is frequently used to communicate cancer
risk to the general population. The lifetime risk of a disease for a specific birth
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cohort is commonly estimated from age-specific incidence and mortality rates
applying the current probability method as described by Goldberg et al*. Im-
portantly, this method accounts for competing events i.e. death due to other
causes than the disease of interest. Cumulative risk is another statistic that
calculates the risk of disease at a given upper age limit*. This statistic is non-
dependent on competing risk e.g. the cumulative risk up to age 80 is defined
as the risk of experiencing the event before age 80, given that you will live up
to that age. Cumulative risk is therefore more appropriate for population com-
parisons, whereas the current probability method provides a more realistic es-
timate of lifetime risk®’.

In the Western world, the estimated lifetime risk of prostate cancer is high;
around 1 in 6-8 men in Sweden, the United Kingdom and the United
States!>86-88 The lifetime risk of a prostate cancer diagnosis depends on three
factors:

1. Diagnostic activity: use of diagnostic tests, frequency of prostate
biopsy and number of cores obtained, and access to urology health
care and imaging.

2. Life expectancy: the longer a man lives, the higher the risk of a
prostate cancer diagnosis.

3. Exposure to risk factors.

The lifetime risk of a prostate cancer diagnosis is not a fixed entity since these
factors may vary considerably in one lifespan. In Sweden, the introduction of
PSA testing doubled the incidence of prostate cancer from 52 cases in 1990 to
104 cases per 100 000 men in 2010°. As a result of this dramatic rise in inci-
dence along with increased life expectancy, lifetime risk of a prostate cancer
diagnosis in Swedish men has changed substantially.

The lifetime risk of prostate cancer can be calculated using Age-Period-
Cohort (APC) models that incorporate biological effects related to aging,
time-trends related to periods, and cohort effects i.e. variations between gen-
erations®””. Several studies have applied these models to calculate lifetime
risk of prostate cancer’ *. A similar model, the Proxy- based Risk- stratified
Incidence Simulation Model — Prostate Cancer (PRISM- PC) by Westerberg
et al., is based on Swedish population data’*”°. Unlike other APC models,
PRISM-PC also accounts for variations in diagnostic activity on the lifetime
risk of prostate cancer, both overall and for each risk category. The PRISM-
PC model will be used in paper IV for estimation of lifetime risk of a prostate
cancer diagnosis assuming different levels of diagnostic activity and life ex-
pectancy.
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Aims of the studies

The overarching aim of this thesis was to study trends in prostate cancer mor-
tality according to age, risk category, and treatment with an emphasis on dif-
ferent measures of death due to prostate cancer and assessment of prostate
cancer death certification.

Specific aims:

I To investigate if increased use of radical treatment for men with
locally advanced prostate cancer has led to a decrease in pros-
tate cancer mortality on a population-basis.

II To compare relative and cause-specific survival in men with
prostate cancer according to age and risk category.

I To assess the evidence in support of prostate cancer death in
men who died of prostate cancer according to the Cause of
Death Register.

v To study the lifetime risk of a prostate cancer diagnosis in rela-

tion to different levels of diagnostic activity and life expec-
tancy.
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Materials and Methods

Data registers

The National Prostate Cancer Register

Data on incident cases of prostate cancer has been registered in the National
Prostate Cancer Register (NPCR) of Sweden since 1998. NPCR has a capture
rate of 98% as compared with the Swedish Cancer Register, to which reporting
is mandated by law’®. Completeness and validation of the data is checked at
each of the six Regional Cancer Centers (RCC) before transmission to the
Swedish Cancer Register and NPCR. Corrections and updates of previous
years are made continuously. Detailed data on prostate cancer diagnosis,
work-up and treatment is provided to NPCR by use of separate forms for di-
agnostic data, primary treatment, radical prostatectomy, radiotherapy, and
transition from active surveillance to curative treatment. Since 2007 the forms
are uploaded on an online platform, the Information Network for Cancer care
(INCA). Variables registered include date and health care unit of diagnosis,
TNM classification, Gleason score, serum levels of PSA at diagnosis, diag-
nostic work-up, and primary treatment delivered within six months after date
of diagnosis’™*®. Data are reported back to each department at the INCA plat-
form within 24 hours after reporting, and also reported on a public interactive
online reporting system; RATTEN, www.npcr.se/RATTEN, which is updated
twice yearly”!%,

Prostate Cancer data Base Sweden (PCBaSe)

By use of the Swedish personal identity number, NPCR has been linked to
several other health care registers and demographic databases, including the
National Patient Register, the Prescribed Drug Register, the Cause of Death
Register, the Multi-Generation Register, and the Longitudinal integration da-
tabase for health insurance and labour market studies (LISA), to create
PCBaSe, a database for register-based research (figure 4). New iterations of
PCBaSe are created every third year and PCBaSe contains five control men
per case matched to cases on birth year and county of residency. Since its
inception in 2010, PCBaSe has been the basis for close to 200 peer-reviewed
articles®.
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Figure 4. Prostate Cancer data Base Sweden (PCBaSe) 4.0 was created by linkages
between NPCR and other health care registers and demographic databases.

Paper I

Study design

Our first paper included all men in PCBaSe diagnosed between 2000-2016
with locally advanced prostate cancer, defined as clinical local stage T3 or T4,
with PSA <100 ng/ml and no evidence of metastasis (M0 or Mx), and any N
stage and GGG. Primary radical treatment included radiotherapy, with or
without neoadjuvant or adjuvant ADT, and radical prostatectomy. Changes in
use of radical treatment and cumulative incidence of prostate cancer mortality
were assessed between four calendar periods: 2000-2003, 2004-2007, 2008-
2011 and 2012-2016. Results were also compared between different regions
in Sweden.

Instead of directly analysing the association of radical treatment on prostate
cancer mortality we focused our analysis on calendar period of diagnosis i.e.
each of the four calendar periods can be considered as four arms in a “pseudo-
trial®, each representing different levels of use of radical treatment. This de-
sign limits the selection bias due to treatment indication, since increased use
of radical treatment in later periods is more likely a result of emerging evid-
ence from randomized trials rather then an increase in number of patients eligi-
ble for treatment.
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Statistical analysis

Cumulative incidence of prostate cancer death was assessed and plotted for
the four different calendar periods according to relevant age groups. Follow-
up started at date of diagnosis and ended 31 December 2017 or at date of death.
Cox regression analysis was used to assess the association of calendar period
with the hazard of prostate cancer death. Three analyses were performed:

I. Unadjusted

II. Adjusted for age, PSA, T stage, M stage, comorbidity according to
Charlson Comorbidity Index (CCI)'”!, civil status and educational
level

III. Adjusted for factors in model IT and primary radical treatment

In analysis II all available factors associated with both calendar period and
prostate cancer death have been adjusted for, except radical treatment. Anal-
ysis II is therefore representative of the treatment effect. In analysis III we
further assessed if any residual hazard remains after adjusting for radical treat-
ment.

Paper 11
Study design

Paper II included all men in PCBaSe diagnosed with prostate cancer between
1998 and 2016. Relative and cause-specific survival was compared in differ-
ent age groups and risk categories. Age at diagnosis was categorized as <70,
70-79 and 80-89, excluding men 90 years or older due to short life expectancy.
Risk groups were defined according to a modification of the NCCN criteria as
previously described.

Statistical analysis

Relative survival was estimated with the Ederer II method and cause-specific
survival was estimated with the Kaplan-Meier method””*°. Expected survival
was calculated using survival probabilities from Swedish population life ta-
bles, matched by age and year of the study population'®?. The so-called “com-
plete” follow-up approach was applied in both methods as described by Bren-

ner and Rachet'®.
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The Pohar-Perme estimator is currently the method of choice for estimating
net survival within the relative survival framework, as it adjusts for informa-
tive censoring'%*. However, the Kaplan-Meier method does not adjust for in-
formative censoring and since our primary aim was to compare the two frame-
works of net survival, we chose to compare two commonly used estimators,
neither of which adjust for informative censoring. We prioritized comparabil-
ity of the estimators and recognize that both may be subject to a small bias.

To minimize incomparability bias we repeated the relative survival analysis
for men age 80-89 diagnosed between 2007-2016, using a cohort of compar-
ators in PCBaSe to calculate expected survival instead of general population
life tables. The PCBaSe comparator cohort consists of five comparators for
each prostate cancer case and has information on comorbidity, civil status and
education level, all of which can be used to increase the comparability in cal-
culation of expected survival. Comorbidity was classified according to four
levels of CCI (0, 1, 2 or >3) and a novel Drug Comorbidity Index (DCI) that
predicts an individual’s risk of death from any cause based on drug prescrip-
tions the year prior to diagnosis'®. Expected survival was also calculated us-
ing comparators one and two years younger than their index case to investigate
the size of the incomparability bias in absolute terms.

Paper 111
Study design

In the third paper of this thesis, we investigated the amount of evidence in
support of prostate cancer as the cause of death in a study sample of 495 men
who died of prostate cancer between 2011 and 2018 according to the Cause of
Death Register. The study sample included men diagnosed with prostate can-
cer at 20 selected hospitals in Sweden. The sample procedure is further de-
scribed in figure 5. Age groups were defined as <70, 70-74, 75-79, 80-84, 85-
89, and 90+ and risk category at diagnosis was defined according to a modi-
fied NCCN categorization as previously described.
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Figure 5. Sampling procedure for 495 study men who died of prostate cancer be-
tween 2011-2018 according to the Cause of Death Register.

As shown in table 1, older men and men with low-risk prostate cancer at di-
agnosis were oversampled to increase estimate precision in these groups'®.
Risk groups were sampled proportionally for all age groups to allow for direct
comparisons between older and younger men.

Table 1. Sample and stratum sizes for a study sample of 495 men out of 5 543 men in
the study frame with stratification on age and risk category, and total number of
prostate cancer deaths (shown in parenthesis) between 2011-2018 in NPCR.

All ages <70 70-74 75-79 80-84 85-89 90+

Sample/  Sample/  Sample/  Sample/  Sample/  Sample/  Sample/
Stratum Stratum Stratum Stratum Stratum Stratum  Stratum

size size size size size size size

All risk 495/5543  73/748  73/731 74/941  73/1199  202/1222  0/702
categories (16008)  (1979) (2066) (2714) (3529) (3582)  (2138)
Lowerisk 162/322 2427 23/43 25/53 24/78 66/73 0/48
(870) (66) (89) (140) (210) (228) (137)

Intermediate-  199/675  29/47 30/67 30/117  29/169  81/177 0/98
risk (2134) (137) @11) (366) (532) (567) (321)
Hishorisk 101/1470  15/122  15/130  15/229  15/351  41/398  0/240
& (4732) (342) (462) (728) (1125) (1287) (788)
(ljreg;;’;ilt 33/3026  5/550 5/488 4/535 5/586 14/561 0/306
S ntacos (8086) (1421) (1291) (1451) (1616) (1455) (852)

Missing risk 0/50 0/2 0/3 0/7 0/15 0/13 0/10

category (186) (13) (13) 29) (46) (45) (40)
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Staff at each hospital scrutinized all available health care records in search for
information in support of prostate cancer as cause of death. Information on
prostate cancer progression was filled into a standardized digital form by each
extractor (figure 6).
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Figure 6. Standardized digital form used by data extractors to collect evidence in
support of prostate cancer as cause of death.
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Evidence in support of prostate cancer death included last five measurements
of PSA, imaging evidence of metastatic disease and treatment for progressive
prostate cancer e.g. Gonadotropin Releasing Hormone (GnRH) agonist or or-
chidectomy, chemotherapy, Radium-223 or Androgen Receptor Targeted
drugs (ARTs).

In order to summarize the level of evidence for prostate cancer death in
each men in the study sample we assigned points to each evidence factor as
summarized in table 2. The total amount of evidence was classified as: no
evidence (0 points), moderate evidence (1 point), strong evidence (2 points)
and very strong evidence (3-9).

Table 2. Factors used to objectively assess the amount of evidence in support of
prostate cancer death.

Points

PSA > 100 ng/ml 1
PSA doubling time < 6 months?® 1
Metastasis on imaging®

< 3 bone metastasis 2

Visceral metastases or > 3 bone metastasis 3
GnRH or orchidectomy 1
Castration resistant prostate cancer® 3

a. Calculated on last two PSA measurements before death. Information on second PSA was
missing in 10 men. Last PSA measurement had to be 1 year or less before date of death.

b. Evidence of metastases on imaging including bone scintigraphy, x-ray, computed tomogra-
phy, positron emission tomography or magnetic resonance imaging.

c. Clinical assessment, PSA > 50 ng/ml on GnRH or use of chemotherapy, androgen receptor

targeted drugs or Radium-223

Statistical analysis

The amount of evidence for men in the study sample was described by fre-
quency counts and percentages. Standard statistical methods for stratified
sampling were used to estimate the amount of evidence for men in the study
frame by percentages with confidence intervals (CIs)'®. Results were ana-
lysed by age at death and risk category at diagnosis. To assess if our study
sample was representative of all men who died of prostate cancer in NPCR,
we compared cancer characteristics for men diagnosed within the 20 selected
hospitals with all men in NPCR.
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Paper IV

PRISM-PC simulation model

In paper IV we apply the PRISM-PC simulation model to estimate the lifetime
risk of prostate cancer in relation to diagnostic activity and life expectancy.
The PRISM-PC model parameters were estimated based on Swedish demo-
graphic data from the National Board of Health and Welfare, and data on all
men diagnosed with prostate cancer between 1992 and 2016 in PCBaSe, as
well as their prostate cancer-free comparators, matched on age and region of
residence. The model has been described in detail previously’*®. In brief, the
model simulates life trajectories for a hypothetical cohort from age 40 to age
100. At each year of follow-up, the model simulates who has been diagnosed
with prostate cancer, remained prostate cancer-free, died from prostate cancer,
or died from other causes than prostate cancer (figure 7). Age and calendar
year-specific incidence of low and intermediate-risk prostate cancer in each
of the 21 regions in Sweden is used as a proxy for diagnostic activity in the
model. PRISM-PC applies an APC model to calculate age-dependent life ex-
pectancy of men without prostate cancer based on the comparators in PCBaSe.
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Diggnostic activity .'.I [ Risk category |
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Figure 7. Possible transitions between states at each follow-up year in the PRISM-
PC simulation model. Source: Westerberg M, Larsson R, Holmberg L, Stattin P,
Garmo H. Simulation model of disease incidence driven by diagnostic activity.
Statistics in medicine. 2021;40(5):1172-1188.
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Study design

Projections were made based on a pre-specified level of the proxy for diag-
nostic activity for each birth-cohort at each year of follow-up, and a pre-spec-
ified level of life-expectancy. These were formulated in terms of age-specific
observed levels of the proxy at a particular year, and birthyear-specific risk of
death for men without prostate cancer. Model extrapolation was used to pro-
ject life expectancy between age 40 and 100 outside the time frame 1992-
2016. One hundred repeated simulations of lifetime trajectories of a hypothet-
ical cohort of 2 000 000 men was used to estimate the lifetime risk of a prostate
cancer diagnosis by three levels of diagnostic activity (figure 8); low as in
Sweden 1992, intermediate as in Sweden 2016, and high as in Stockholm 2014
(a year when the Stockholm-3 study invited men to PSA testing'"’), and one
of three levels of life expectancy; short for men born in 1912, intermediate for
men born in 1952 and long for men born in 1992. Lifetime risk of prostate
cancer was calculated as the cumulative incidence of prostate cancer by risk
category throughout the follow-up period. Point and variance estimates ex-
tracted from each simulation were pooled across the 100 simulations for each
scenario.
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Figure 8. Three levels of the proxy for diagnostic activity; low as in Sweden 1992
(green), intermediate as in Sweden 2016 (blue) and high as in Stockholm 2014 (red).
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Ethical considerations

Data collection and registration
NPCR

Data on men diagnosed with prostate cancer has been collected and registered
in NPCR since 1998 in Sweden. NPCR, a clinical cancer register, certified by
Swedish Association of Local Authorities and Regions (SKR), applies an opt-
out procedure, meaning that NPCR does not collect written informed consent
by registered men. This is in line with all other clinical cancer registers in
Sweden. In all waiting rooms, information on the use and purpose of data col-
lection in NPCR is posted. In addition, staff should inform the men that regis-
tration is voluntary and that a man can ask to be excluded from NPCR at any
time. Information is also posted at the NPCR website, www.npcr.se, specifi-
cally https://npcr.se/npcr/undersida-2/.

PCBaSe

For the creation of each iteration of PCBaSe an application to the Regional
Research Ethics Board and subsequently Research Ethics Authority has been
filed. At the next step, an application is sent to the National Board of Health
and Welfare and to Statistics Sweden. There, a review of the application is
performed and when the applications have been cleared, linkages are per-
formed. The data and personal identity number for men in NPCR are then
transferred to Statistics Sweden (Statistiska centralbyrdn; SCB) and the Na-
tional Board of Health and Welfare (Socialstyrelsen; SoS) where data from
other health care registers and demographic databases are added by use of the
person identity number. In addition, five control men, matched on birth year
and county of residence to the index case, are selected at Statistics Sweden
and the person identity number of these men is then sent to SoS and checked
against the Cancer Register in order to exclude men that have a diagnosis of
prostate cancer. Each case and each control are assigned a unique code number
as the sole identifier in files exported outside of Statistics Sweden and the
National Board of Health and Welfare. A code key between person identity
number and this code is held at SoS in order to allow for subsequent updates
that are made in order to extend follow-up.
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Risk assessment

The studies of this thesis include previously documented data only i.e. no ad-
ditional diagnostic or laboratory examinations were performed, and no direct
contact was made with the study men. Data in NPCR is regulated by the Pa-
tient Data Act (2008) which governs the processing of personal data within
health and medical care. The study men are under no risk of physical harm,
however, personal integrity is inevitably at risk as in all clinical cancer re-
search. To minimize the risk of violating personal integrity, information on
personally identity is only kept by institution with high level of data security.
The personal identity number has been replaced and only necessary variables
are included in the study files for this thesis. Furthermore, the data is only
presented on a group level, not individually. We therefore argue that the sci-
entific value of our research outweighs the minimal risk of violating personal
integrity.

Ethical approvals

The Regional Ethical Review Board of Uppsala University approved the stud-
ies in this thesis; study I, II and IV: Uppsala Research Ethics Board approval
number 2016-239, study III: Research Ethics Authority approval number
2019-02074 and 2019-02695.
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Results

Paper 1

In total 20 350 men were diagnosed with locally advanced prostate cancer in
NPCR between 2000 and 2016. From the first to the last study period, median
PSA declined marginally from 24 ng/ml to 20 ng/ml, and the proportion of
T4 tumours decreased minimally from 8% to 6%, whereas a strong Gleason
grade migration was observed with an increase in GGG 4 and 5 from 27% to
48% (figure 9).

100%
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2000 2002 2004 2004 2008 2010 2012 2014 2018
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Figure 9. Changes in Gleason Grade Groups in men diagnosed with locally ad-
vanced prostate cancer in NPCR between 2000-2016.

The proportion of men below age 80 treated with primary radical treatment
almost tripled from 22% to 64% during the study period (figure 10). This
increase was mostly due to increase in the use of radiotherapy, from 18% to
48%, and to a lesser extent by increase in radical prostatectomy, from 4% to

15%. Men above age 80 were almost never treated with curative intent
(48/6159, <1%).
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Figure 10. Changes in primary treatment for men age 80 or younger with locally
advanced prostate cancer in NPCR between 2000-2016. ADT: Androgen depriva-
tion therapy.

The mode of radiotherapy and radiation dose developed substantially, with
increased use of hypofractionated radiotherapy (dose fraction >2.4 Gy), from
1% to 22%, and increased use of external beam radiotherapy with a total dose
of 74 Gy or more, from 20% to 44% (figure 11). Robot-assisted laparoscopic
radical prostatectomy mostly replaced the retropubic technique, accounting
for 69% of all radical prostatectomies in 2012-2016 (figure 12).
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Figure 11. Changes in mode of radiotherapy and radiation dose for men with lo-
cally advanced prostate cancer in NPCR between 2000-2016. EBRT: External
beam radiation therapy, HDR-BT: High-dose-rate brachytherapy.
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Figure 12. Changes in operation type for men operated with radical prostatectomy
for locally advanced prostate cancer in NPCR between 2000-2016.

The cumulative incidence of prostate cancer death for all men below age 80
with locally advanced prostate cancer, including men who received conserva-
tive treatment, declined from 17% to 10% from the first to the last study pe-
riod. In men between ages 65 and 74, mortality declined by 50%, or from
16% to 8%, whereas mortality remained unchanged in men age 85 or older,
or 30% vs. 32%.

As the numbers above present, we estimated the cumulative incidence of
prostate cancer death in this paper, considering other causes of death as com-
peting risk events. This is commonly used to present risk of prostate cancer
death as it gives a more realistic measure of the actual risk of dying of prostate
cancer since most men with prostate cancer will die from other causes. Later,
after publishing, we realized that cumulative mortality using the Kaplan-
Meier method would have been more appropriate in this setting, since the aim
was to compare different time periods. This would allow us to compare the
time periods independently of changes in competing risk. The difference be-
tween cumulative mortality assessed by the cumulative incidence method and
the Kaplan-Meier method is demonstrated in Figure 13. Using the Kaplan-
Meier method, cumulative prostate cancer mortality for all men below age 80
declined from 19% to 11% during the study period, whereas for men between
ages 65 and 74 cumulative prostate cancer mortality declined from 17% to
8%. For men age 85 or older, the mortality remained unchanged, 43% vs.
45%. The effect of censoring competing events is therefore marginal in men
below age 80 whereas the effect is substantial in men 85 or older.
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Figure 13. Cumulative prostate cancer mortality for men with locally advanced
prostate cancer between 2000-2016. Competing risks of death accounted for (left)
or censored (right).

The hazard of prostate cancer death associated with the use of radical treat-
ment was estimated using calendar periods as a proxy for radical treatment
(figure 14). After adjusting for other period-related changes such as age, PSA
levels, T and M stage, CCI, civil status, and educational level, men age 80 or
younger diagnosed between 2012-2016 had a lower hazard of prostate cancer
death compared to men diagnosed in 2000-2003, hazard ratio (HR) 0.65 (95%
CI 0.56-0.76). Additional adjustment for radical treatment eliminated most
of the residual hazard between calendar periods, HR 0.89 (95% CI10.76-1.05).
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Figure 14. Cox regression analysis of the hazard of prostate cancer death by calen-
dar period, unadjusted (top) and after adjusting for age, PSA, T and M stage, CClI,
civil status and educational level (middle), and additionally adjusting for radical
treatment (bottom).
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There were large geographical differences in the use of radical therapy and
prostate cancer mortality during the later half of the study period (figure 15).
The use of radical treatment was lowest in Ostergdtland region; 44%, and
highest in Vésterbotten region; 73%. At the same time prostate cancer mor-
tality varied from 7% to 19% between regions.

Figure 15. Local variations in the use of radical treatment (left) and 5-year cumula-
tive incidence of prostate cancer mortality (right) for men with locally advanced
prostate cancer in Sweden 2008-2016.
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Paper 11

In total 168 793 men below age 90 were diagnosed with prostate cancer in
NPCR between 2000 and 2016, of which 90 432 or 54% had low or interme-
diate-risk prostate cancer. Relative survival was higher than cause-specific
survival for the whole cohort, both at five years after diagnosis, 90% vs. 87%
and at 10 years, 85% vs. 77%.

There were large differences in 5-year relative and cause-specific survival
for men above age 80, in particular for low-risk prostate cancer, or 116%
(95% CI 112-121%) vs. 96% (95% CI 95-97%), and intermediate-risk pros-
tate cancer, 112% (95% CI 109-115%) vs. 92% (95% CI 91-93%), and to a
lesser degree for high-risk prostate cancer, 88% (95% CI 86-90%) vs. 76%
(95% CI 75-77%) (figure 16). This difference continued to increase at 10
years for men with low or intermediate-risk prostate cancer. In contrast, men
in all age groups with regional or distant metastases at diagnosis had similar
relative and cause-specific survival, with a difference of 3% or less between
estimates.
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Figure 16. Relative and cause-specific survival by age and risk category in men di-
agnosed with prostate cancer in NPCR between 1998-2016.
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The fact that relative survival was well above 100% for men age 80 or older
with low or intermediate-risk prostate cancer suggests that these men are
healthier than men in the general population of the same age and birthyear.
In order to overcome this incomparability bias in expected survival, we addi-
tionally matched men above age 80 on comorbidity, civil status and educa-
tional level using comparators in PCBaSe. This resulted in a decrease in the
relative survival for men above age 80 with low or intermediate-risk prostate
cancer, from 116% to 106% at five years and 120% to 104% at 10 years (top
graph in figure 17). Additional matching did not substantially affect the rela-
tive survival of men with regional or distant metastases.

To understand what this decrease in relative survival translates to in more
absolute terms, relative survival for men above age 80 with low or interme-
diate-risk prostate cancer was estimated using comparators one year younger
than their index case matched by calendar year only (figure 17). This resulted
in a similar relative survival as the fully matched analysis i.e. by same age,
calendar year, comorbidity, civil status and educational level. Men above age
80 with low or intermediate-risk prostate cancer are therefore in a biological
sense at least one year younger than men of the same age in the general pop-
ulation. The analysis was repeated with comparators two years younger than
the index case, and this further decreased the relative survival of men above
age 80 with low or intermediate-risk prostate cancer, however, relative sur-
vival remained higher than cause-specific survival for these men.
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Paper 111

Evidence in support of prostate cancer as cause of death was analysed in 495
men who died of prostate cancer according to the Cause of Death Register.
Older compared to younger men had more often no or moderate evidence of
prostate cancer as cause of death, 29% vs. 14% (Table 3, figure 18). In
younger men the proportion of no or moderate evidence decreased with in-
creasing risk category; 21% for low-risk, 14% for intermediate-risk, 8% for
high-risk, and 0% for regional or distant metastases. In contrast, the propor-
tion of no or moderate evidence was similar between risk categories in older
men, 31% for low-risk, 29% for intermediate-risk, 29% for high-risk and 21%
for regional or distant metastases.

Table 3. Amount of evidence in support of prostate cancer death for the 495 men in
the sample who died of prostate cancer according to the Cause of Death Register
during 2011-2018.

No evidence Moderate evidence Strong evidence Very strong

Age 0 points 1 point 2 points ;;lﬁg?nctz
n % n % n % n %
<85 years
All 30 10 11 4 31 249 85
Low-risk 18 19 2 2 2 2 74 77
Intermediate-risk 9 8 7 6 1 1 101 86
High-risk 3 5 2 3 0 0 55 92
ol 0 0o oo o
85-89 years
All 28 14 30 15 31 141 70
Low-risk 11 17 9 14 1 2 45 68
Intermediate-risk 12 15 11 14 1 1 57 70
High-risk 5 12 7 17 1 2 28 68
Regional or distant 0 0 3 9] 0 0 1 79

metastases
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Figure 18. Amount of evidence in support of prostate cancer death for the 495 men
in the sample who died of prostate cancer according to the Cause of Death Register
during 2011-2018.

The results of the analysis of the study sample (n = 495) were weighted ac-
cording to techniques of stratified sampling to estimate the amount of evi-
dence in support of prostate cancer as cause of death for all men in the study
frame (n = 5 543). In total, 13% had no or moderate evidence of prostate
cancer death. Around 35% of the study frame was 85 years or older at time
of death, and out of these 25% had no or moderate evidence of prostate cancer
death. Only 6% of the study frame had low-risk prostate cancer at diagnosis
and out of these 24% had no or moderate evidence of prostate cancer death.

Men diagnosed at the 20 selected hospitals for the study frame had similar
distribution of age, PSA levels and risk categories at diagnosis as all men
diagnosed in NPCR; median age 70 in both groups, median PSA 10 vs. 11
ng/ml, and the proportion of low or intermediate-risk prostate cancer, 51%
vs. 54%.
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Paper IV

Results of the simulation show that higher diagnostic activity increased the
lifetime risk of prostate cancer diagnosis overall, 18% for low activity, 21%
intermediate activity, and 29% for high diagnostic activity, using long life
expectancy in all scenarios. Men exposed to high diagnostic activity had,
compared with men exposed to low diagnostic activity, a five-fold higher
lifetime risk of low or intermediate-risk prostate cancer, 22% vs. 5%, or 1 in
4 men vs. 1 in 22 men, and half the risk of high-risk or metastatic prostate
cancer, 6% vs. 13%, or 1 in 16 vs. 1 in 8 men (figure 19).
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Figure 19. Lifetime risk of a prostate cancer diagnosis by risk category under three
levels of diagnostic activity; low as in Sweden 1992, intermediate as in Sweden
2016, and high as in Stockholm 2014 (when the Stockholm-3 study invited men to
measure their PSA'?7).,

Long life expectancy modestly increased the lifetime risk of prostate cancer
overall, 15% for short life expectancy, 18% for intermediate and 21% for
long life expectancy, using the intermediate diagnostic activity in all scenar-
i0s. Men with long life expectancy had, compared with men with short life
expectancy, a higher lifetime risk of prostate cancer in all separate risk cate-
gories, especially for high-risk or metastatic prostate cancer, 9% vs. 5%, or 1
in 11 men vs. 1 in 19 men (figure 20).
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Figure 20. Lifetime risk of a prostate cancer diagnosis by risk category under three
levels of life expectancy; short as for birth cohort 1912, intermediate as for birth
cohort 1952, and long as for birth cohort 1992.

For every scenario of diagnostic activity and life expectancy, lifetime risk of
prostate cancer increased marginally from age 80 to age 100, except for men
with long life expectancy, for whom lifetime risk of distant metastases dou-
bled for every level of diagnostic activity (table 4).

Table 4. Lifetime-risk of prostate cancer overall and per risk category according to
life expectancy for three birth cohorts, applying intermediate diagnostic activity in
all scenarios. Results shown for follow-up at age 80 and age 100.

Short Intermediate Long

Birth year 1912 Birth year 1952 Birth year 1992
Risk category 80y% 100y % 80y % 100y % 80y % 100y %
All 13.2 14.7 15.3 18.4 16.6 21.4
Low-risk 3.7 3.8 4.2 44 4.5 4.8
Intermediate-risk 5.4 5.7 6.2 6.8 6.7 7.5
High-risk 2.3 2.7 2.7 3.7 3 4.4
Regional 0.7 1 0.9 1.4 1 1.7
metastases
Distant 11 1.5 13 23 14 3
metastases
Low or 9.1 9.5 10.4 112 112 12.3
intermediate-risk ’ ’ ’ ’ ’ ’
High-risk or
regional or distant 4.1 5.2 4.9 7.3 54 9.1

metastases
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Discussion

Paper 1

In the first paper we studied whether increased use of radical treatment for
men with locally advanced prostate cancer has led to a decrease in prostate
cancer mortality for Swedish men. The use of radical treatment in men below
age 80 almost tripled from the first to the last calendar period. This trend was
even noticeable to some extent before results from randomized trials were
published**°. During the same time period, prostate cancer mortality almost
halved in men below age 80.

A direct causality between the use of radical treatment and lower mortality
is difficult to prove in an observational setting due to risk of confounding by
indication of treatment e.g. men with non-favourable cancer characteristics
and high frailty may be less likely to receive treatment if they are not expected
to benefit from or tolerate the treatment'®.

To limit confounding by indication of treatment we assessed the hazard of
death according to calendar period as a proxy for treatment intensity. Despite
adjusting for multiple temporal factors in the regression model, apart from
radical treatment, the hazard of prostate cancer death remained lower in the
last calendar period. This residual hazard was largely eliminated after addi-
tionally adjusting for treatment, indicating that increased use of radical treat-
ment is to a large extent accountable for the decrease in prostate cancer
mortality observed in our study.

There are a few time-dependent aspects that need to be discussed further.
In later periods most men with locally advanced prostate cancer underwent
bone imaging while in earlier periods men were selected for bone imaging
according to their overall health status. Limiting our analysis to men with M0
disease would exclude men with poor health status in earlier time periods and
bias the analysis. Due to increased use of bone imaging, the proportion of
men with Mx status decreased from 57% in the first period to 38% in the last.
Including Mx status may therefore also bias our analysis since the first period
includes more men with unknown metastases and poor survival. To limit this
confounding, we adjusted for Mx and MO status in the regression analysis.
All N stages were included in our study since the indication for staging
changed during the study period. In the first periods results from pathological
staging of lymph nodes were mainly obtained from pelvic lymphadenectomy,
performed as a staging procedure before radiotherapy in high-risk men,
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whereas in later periods lymphadenectomy was often performed concomi-
tantly with prostatectomy. Furthermore, the prevalence of positive nodes at
surgical lymph node staging was affected by increased use and development
of non-invasive diagnostic imaging during the study period i.e. men with ob-
vious lymph node metastases at imaging would not undergo surgical staging.
In a sensitivity analysis, excluding men with Mx status or N1 status from the
analysis did not alter our main results.

Changes in the ISUP classification system in 2005 resulted in a grade mi-
gration in GGGs e.g. men in earlier periods were more likely to be graded
with GGG 1, whereas men with similar kind of histology characteristics were
graded as GGG 2 in later periods. Therefore, GGG was excluded from the
regression analysis since this would overestimate survival in later periods.

The use of chemotherapy for men with metastatic prostate cancer in-
creased during the study period after docetaxel emerged in 2004'”. Around
half of all men below age 80 who died of prostate cancer in Sweden between
2009-2010 received chemotherapy''’. Advancements in treatment of meta-
static prostate cancer may have contributed to lower mortality in later periods
in our study. This is supported by evidence of improved survival in men with
de-novo metastatic prostate cancer during the last two decades in Sweden''".

In the last calendar period, radiotherapy was still the main treatment mo-
dality for men with locally advanced prostate cancer. The proportion of men
who received a total radiotherapy dose of 74 Gy or more doubled during the
study period, which has been proven beneficial for prostate cancer survival
in several randomized trials''>!'"*, The use of hypofractionated radiotherapy
(>2.4 Gy) has increased and accounted for one in every four radiotherapy
treatments in the last study period. Higher radiation fractions enable shorter
treatment duration and have been proven non-inferior to conventional frac-
tions in terms of biochemical failure-free survival and late term toxicity''*
!¢ External beam radiotherapy combined with high-dose-rate brachytherapy
for men with high-risk prostate cancer has lately shown promising results in
recent observational series''”"!'®,

The use of radical prostatectomy tripled during the study period, account-
ing for around a fourth of all radical treatments in the last period. There is no
evidence available from randomized trials comparing the efficacy of radical
prostatectomy to radiotherapy or ADT only for men with locally advanced
prostate cancer. Current evidence is based on multiple retrospective observa-
tional series and shows comparable overall and cause-specific survival com-
pared with radiotherapy®>*®. The SPCG-15 trial is currently recruiting and
aims to compare survival outcomes after radical prostatectomy and radiother-
apy with ADT**. According to guidelines of the European Association of
Urology, radical prostatectomy should be considered for selected patients as
a part of multi-modal therapy''’. Prior extended pelvic lymph node dissection
is usually performed and if pN1 disease is confirmed, adjuvant radiotherapy
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and long-term ADT is recommended in men with multiple adverse patholog-
ical features''*'®. In our study around a third received adjuvant or salvage
radiotherapy after radical prostatectomy. Three trials are currently underway
comparing adjuvant radiotherapy to salvage radiotherapy'*'"'*. Early results
on progression free survival have only been published and do not show any
significant difference between treatment groups, suggesting that salvage ra-
diotherapy should be favored.

Large geographical variations were noticeable in both the use of radical
treatment and in prostate cancer mortality during the study period. Another
study based on data from PCBaSe utilized this variation in order to estimate
the effect of radical treatment on prostate cancer mortality in men with very
high-risk prostate cancer'*. Instead of using calendar period as in our study,
each treatment unit represented different levels of treatment intensity. Men
treated at units with high proportion of radical treatment had lower prostate
cancer mortality, which is in line with our results.

In this study we show that results from previous randomized trials are also
applicable on a population level. Although randomized trials do not suffer
from bias related to the indication of treatment, stringent inclusion criteria
may affect the generalisability of results. Real-world data from high quality
registries are therefore an important compliment to randomized trials and re-
flect routine clinical practice on a population level.

Paper 11

In this paper we compared the relative and cause-specific framework to as-
sess net survival in men with prostate cancer. As in previous studies, relative
survival for the whole study population was higher compared with cause-
specific survival®*%¢7%® This difference was primarily seen in men with low
and intermediate-risk prostate cancer, whereas both methods estimate
roughly the same net survival in men with metastatic disease.

Relative survival at five and 10 years was well above 100% in men with
low or intermediate-risk prostate cancer, indicating that these men are overall
healthier compared with the general population. This may be explained by
the fact that men with health-seeking behavior and men with higher socioec-
onomic status are more likely to be diagnosed with prostate cancer in earlier
stages'?>!?°. The comparability bias was more prevalent in men above age 80,
since without clinical signs of advanced prostate cancer, old men rarely un-
dergo biopsy of the prostate, unless considered particularly fit.

To increase the comparability, we used comparators in PCBaSe to calcu-
late expected survival for men age 80 or older. This additional matching on
comorbidity, social status and educational level decreased the relative sur-
vival substantially, however, the estimate remained above 100%. The ex-
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pected survival in old men with prostate cancer is therefore still underesti-
mated, indicating that residual bias exists i.e. old men with low-risk or inter-
mediate prostate cancer seem to be a selection of exceptionally healthy men
compared to men of the same age in the general population. Interpretation of
a relative survival estimate above 100% is limited; one can only conclude
that death due to prostate cancer in these men does not counterbalance the
healthy screening effect.

In men with low or intermediate-risk prostate cancer, cause-specific sur-
vival was substantially lower for older compared to younger men. To some
degree this could be explained by the fact that older men are more likely to
undergo watchful waiting rather than active surveillance or radical treatment.
In a study from NPCR around a third of men under active surveillance re-
ceived deferred radical treatment'?’. Another explanation could be that pros-
tate cancer is overattributed as the cause of death i.e. old men might be at
higher risk of receiving prostate cancer as cause of death despite no evidence
of prostate cancer progression®. The difference between relative and cause-
specific survival continued to increase with time since diagnosis, which could
reflect increased difficulties in ascertaining the correct cause of death as the
patient ages and more comorbidities arise.

Men with regional or distant metastases at diagnosis had similar net sur-
vival in both frameworks. Misclassification errors in death certification are
less likely to occur in these men since many will die from the disease in the
first few years after diagnosis. Furthermore, men who present with symptoms
of local progression or metastases will undergo prostate biopsy even if they
are frail. These men are therefore likely more representable of the general
population compared to men with low-risk disease.

Net survival is an important measure to assess cancer management and
prognosis. The choice of framework to estimate net survival depends on the
population and disease under study. Cause-specific survival is more appro-
priate in a trial setting or subgroup analysis. Relative survival is preferred in
population-based studies if the population of interest is representable of the
general population or if reliability of death certificates is poor. In old men
with low or intermediate-risk prostate cancer, both methods are subject to
biases that drives the estimate of net survival in opposite directions. Net sur-
vival in these men should be interpreted with care.

Paper 111

In paper III we investigated the amount of evidence in support of prostate
cancer as cause of death in men who died of prostate cancer according to the
Cause of Death Register. Our results show that older men and men with low-
risk prostate cancer at diagnosis have less evidence in support of prostate
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cancer progression before death compared with younger men and men with
high-risk or metastatic prostate cancer at diagnosis.

Results from paper II showed that older compared to younger men with
low or intermediate-risk prostate cancer had substantially lower cause-spe-
cific mortality. This could in part be explained by our findings in paper III
i.e. that the adjudication of prostate cancer death is based on limited evidence
for one in every four men who die at age 85 or older. In the absence of strong
evidence of prostate cancer progression, prostate cancer as cause of death
may be difficult to ascertain and is subject to sticky-diagnosis bias.

Out of all men in our study frame (n =5 543), 13% were estimated to have
no or moderate evidence in support of prostate cancer death. This does not
necessarily mean that all men without sufficient evidence of prostate cancer
progression died of other causes than prostate cancer. Old men are less likely
to be thoroughly followed-up, especially men with stable disease status, and
eventual progression in some of these men might not be documented. Our
results also do not prove that all men with strong evidence of prostate cancer
progression died of prostate cancer. Although less likely, men with signs of
progression may also suffer from erroneous adjudication of prostate cancer
as cause of death e.g. deaths due to cardiovascular disease or other cancers.
In such instances, the progression of prostate cancer may have been a con-
tributing cause. Furthermore, misclassification errors can also cause an erro-
neous adjudication of other causes of death i.e. when the underlying cause of
death was truly prostate cancer but was attributed to another cause. For ex-
ample, death related to prostate cancer treatment might not be documented as
death due to prostate cancer.

Several studies have found high correlation between medical review and
death certificates in men with prostate cancer®™®'. However, in the study by
Penson et al., only men who died in hospital were included for review®'.
These men are likely to have more evidence on events leading to death com-
pared to men who die in a nursery or at home. According to the study only a
third of all men who died of prostate cancer in the region died in hospital.

In a previous study from the South-East region of Sweden, the reliability
of death certificates among young men was high after review of medical rec-
ords®. Nevertheless and consistent with our findings, men with localized dis-
ease at diagnosis and men age 75 or older had around 5% excess prostate
cancer deaths after medical review compared with official death certificates
and this trend increased in later periods of the study. In a more recent study
from Norway, a third of prostate cancer deaths were considered over-reported
after expert committee review, whereas over-reporting of other cause of death
in men with prostate cancer was substantially lower®. The proportion of mis-
classified prostate cancer death exceeded 60% in men age 90 or older and
increased with lower Gleason score at diagnosis.

Autopsy is considered the gold standard to verify cause of death. The au-
topsy rate in Sweden has declined from 49% in 1970 to 11% in 2016'*. At
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very old age i.e. the age when most people die, autopsy rates declined to less
than 1%. The decline in autopsies may affect the quality of the Swedish Cause
of Death Register negatively, since clinically significant diagnosis may be
missing in more than half of all cases where autopsy is not performed'?.

Automated classification software has been used to improve and standard-
ize the electronic coding of death certificates in Sweden since 1987"°. The
underlying cause of death by manual certification differs from the automated
certification in about 20% of the cases’®. In a study from Norway, manual
compared with automated coding of underlying cause of death in men with a
prostate cancer diagnosis did not result in significant changes in prostate can-
cer mortality statistics'*.

In the last two decades increased diagnostic activity has led to an increase
in men with low and intermediate-risk prostate cancer in Sweden, and at the
same time life expectancy has increased'*''*?. In 2020 around 41% (921/2
243) of all men who died of prostate cancer were 85 years or older. This has
important implications for prostate cancer mortality statistics, since the ben-
eficial effect of earlier diagnosis could in part be masked by an increase in
erroneous adjudication of prostate cancer deaths in old men and men with
low-risk disease at diagnosis.

Paper IV

In the final paper of this thesis, we studied the lifetime risk of a prostate can-
cer diagnosis in relation to diagnostic activity and life expectancy. Our results
show that high compared to low diagnostic activity increases the lifetime risk
of low or intermediate-risk prostate cancer five-fold and halves the risk of
high-risk or metastatic prostate cancer. Long life expectancy increased the
lifetime risk of prostate cancer modestly in all risk categories.

It is important to mention that our results do not prove the efficacy of a
screening program. A decline in metastatic disease at presentation with
higher diagnostic activity could simply reflect lead time due to earlier diag-
nosis. The efficacy of screening is dependent on the efficacy of prostate can-
cer treatment in screened men that would have presented with metastatic dis-
ease later in life.

High diagnostic activity increased lifetime risk of low or intermediate-
risk prostate cancer, which not only reflects earlier diagnosis but also in-
creased detection of indolent tumors. Undiagnosed low-risk prostate cancer
is very common in old men and most of these men will die with but not from
prostate cancer®. Lifetime risk of prostate cancer overall is greatly affected
by how many low-risk prostate cancers are detected. Therefore, lifetime risk
of prostate cancer should preferably be presented per risk category, rather
than overall, and the focus should be on the lifetime risk of clinically signif-
icant prostate cancer i.e. high-risk and metastatic disease.
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Long life expectancy increased lifetime risk of prostate cancer overall
modestly, including low and intermediate-risk prostate cancer, and substan-
tially increased the risk of metastatic prostate cancer. This is likely explained
by that fact that older men are unlikely to be screened for prostate cancer and
are more likely to be diagnosed with symptomatic, advanced disease.

Disease incidence, reported as the number of new cases per 100 000 per-
son-years, is an important measure to describe population-based disease bur-
den as well as to compare different populations and time periods. However,
incidence is not an intuitive measure and is not useful for informing patients
on disease risk. In contrast, lifetime risk is well-suited for informing laymen
and is commonly used by health care providers and media.

Current estimates of lifetime risk of prostate cancer are based on cross-
sectional data of current incidence and mortality statistics. Lifetime risk of
prostate cancer will continue to evolve since intensity of diagnostic activity
and diagnostic accuracy, as well as life expectancy will continue to change.
For example, prostate imaging by use of mpMRI has recently become the
first step in the diagnostic workup in men with moderately elevated PSA.
This will likely decrease the incidence of low-risk prostate cancer if only vis-
ible foci are biopsied, since low-risk prostate cancer is rarely visible on
mpMRI. This will ultimately lead to a decrease in the lifetime risk of a pros-
tate cancer overall.
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Conclusions

58

II.

III.

IV.

The use of radical treatment in men with locally advanced prostate
cancer has tripled in the last two decades in Sweden, and this has
contributed to a decrease in prostate cancer mortality in all men with
locally advanced prostate cancer. Our results indicate that the effects
of radical treatment on prostate cancer death observed in randomized
trials can also be obtained in a real-world setting or clinical practice.

Net survival in older men with low or intermediate-risk prostate can-
cer is overestimated in the relative framework since these men are on
average healthier than the general population. This bias remained de-
spite efforts to increase the comparability of expected survival.
Cause-specific survival was unrealistically low in older compared to
younger men with low or intermediate-risk prostate cancer.

Older men and men with low or intermediate-risk prostate cancer at
diagnosis, had less evidence in support of prostate cancer as cause of
death compared with younger men or men with high-risk or meta-
static prostate cancer at diagnosis. Lack of evidence in support of
prostate cancer death in these men indicates over-reporting of pros-
tate cancer as cause of death, that may affect prostate cancer mortal-
ity statistics.

The lifetime risk of prostate cancer is highly influenced by level of
diagnostic activity and to a less extent by life expectancy. High com-
pared to low diagnostic activity increased lifetime risk of low or in-
termediate-risk prostate cancer five-fold and halved the risk of high-
risk and metastatic prostate cancer, whereas long life expectancy
modestly increased the risk of prostate cancer in all risk categories.



Future perspectives

In Sweden more than 100 000 men, or 2% of all men, were living with pros-
tate cancer in 2016, According to projections, the Swedish population is ex-
pected to reach 11 million by 2028, with a 50% increase in men age 80 and
older'*. This will increase incidence and prevalence even more and further
increase the importance of prostate cancer management.

The management of locally advanced cancer has largely evolved in the
past decades with increased use of radical treatment as a part of multimodal
therapy. Treatment remains challenging due to higher risk of biochemical re-
lapse and higher treatment-related comorbidity compared with treatment of
organ-confined disease. The benefit of radiotherapy with adjuvant ADT as
primary treatment in these men is unquestionable, however, the role of radical
prostatectomy is still unclear. To shed light on this uncertainty, the SPCG-15
trial has been recruiting since 2014 and aims to compare radical prostatec-
tomy to radiotherapy in men with T3 disease™.

Although the use of radical treatment has substantially increased in Swe-
den, the question remains if an even higher treatment intensity would further
decrease prostate cancer mortality on a population level. A certain proportion
of men will always be ineligible for radical treatment due to comorbidity and
short life expectancy, however, previous evidence indicates that men in their
seventies with high-risk prostate cancer may be undertreated'**. With an ag-
ing population, focus on biological age rather than chronological age is ever
more important.

Recently, prostate-specific membrane antigen (PSMA) positron emission
tomography/computed tomography (PET/CT) has shown superior accuracy
in detecting distant metastases in men with high-risk prostate cancer com-
pared to conventional imaging with bone scintigraphy and computed tomog-
raphy'®. The role of PSMA PET/CT in the management of men with high-
risk prostate cancer in clinical practice is yet to be determined since the effect
of more accurate staging on outcome such as death and biochemical relapse
requires longer follow-up.

The management of hormone sensitive metastatic prostate cancer has
largely evolved in the last decade with more focus on aggressive primary
treatment i.e. combining ADT with androgen receptor targeted drugs and
chemotherapy'*. Treatment of the primary tumour has also shown a survival
benefit in men with oligometastatic disease, and a few trials are currently
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assessing the effect of metastasis-directed therapy for these men"*’'*. Con-
sidering these advances, more precising staging with PSMA PET/CT will
likely become standard of practice in order to provide the best treatment
available.

In registry-based research, analysis of different time periods may be hin-
dered by changes in diagnostic modalities and definitions e.g. the grade in-
flation due to changes in ISUP classification. Similarly, management out-
comes in men with MO disease will be difficult to compare before and after
the implementation of PSMA PET/CT, since a substantial number of men
with MO disease according to conventional imaging have signs of metastases
on PSMA PET/CT'.

Despite these difficulties, high quality registries such as PCBaSe are an
invaluable source for population-based research and for monitoring adher-
ence to evidence-based management. The data extraction protocols that are
already in place can also be used to collect evidence for randomized inter-
ventions or treatments, saving cost and increasing generalizability. These
study designs are referred to as registry-based randomized controlled trials
and can be used to compare management options when multiple standards
are already in use'*!.

Death of any cause is one of the most robust endpoints in cancer research,
whereas death from a specific cause is subject to misclassification errors. The
effects of both screening and treatment for prostate cancer in clinical trials is
often based on prostate cancer death as an outcome, since effects on overall
mortality may require an impractical number of study participants. In most
population-based studies, the robustness of prostate cancer death as an out-
come measure is heavily dependent on the quality of initial death certifica-
tion. With autopsy rates in decline, the validity of death certification is pre-
dominantly reliable on review of medical notes. Physicians need to be aware
of the importance of correctly identifying the cause of death and its implica-
tions for research. Interventions to improve death certification through edu-
cation and training have proven effective and should be administered early in
a physician’s career'*?. Expert committee review increases the accuracy of
death certification, however, the review process is time-consuming and re-
source-intensive. Recently, machine learning tools are evolving that can pre-
dict prostate cancer death from free-text summaries of medical notes, with
accuracy similar to expert review'*. Further development of such tools can
hopefully lead to prediction accuracy close to the gold standard i.e. death
certification by autopsy.

The limitation of PSA testing for early diagnosis of prostate cancer has
long been understood'**. In recent years, the diagnostic arena of prostate can-
cer has evolved rapidly with the development of mpMRI of the prostate,
which is now a routine imaging procedure for men with moderately elevated
PSA. Results have shown that compared with standard biopsy, the use of MRI
targeted biopsy may half the risk of diagnosing low-risk prostate cancer,
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without missing clinically significant tumours'®. This could be a turning
point for future screening policies since the benefit of screening has in previ-
ous trials not clearly outweighed the risks of overdiagnosis*+°.

In this thesis we have shown that prostate cancer survival and mortality is
strongly affected by different biases, particularly for old men and men with
low-risk prostate cancer. Efforts to decrease the detection of clinically insig-
nificant tumours, along with education and awareness of death certification,
and further development of prediction tools for the adjudication of death will
increase the accuracy of mortality statistics for men with prostate cancer.
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Swedish summary

Bakgrund

I borjan av 1900-talet var prostatacancer en ovanlig cancer men dodligheten
var hog. Nu dr prostatacancer den vanligaste cancern i Sverige, varje ar dia-
gnostiseras cirka 10 000 mén med prostatacancer och cirka 2 500 mén dor av
denna cancer. I borjan av 1990-talet upptécktes att prostata-specifikt antigen
(PSA) kan anvindas for att detektera prostatacancer i tidigt skede. Det till-
sammans med infoérandet av ultraljudsledd biopsi ledde till en kraftig 6kning
av fall av prostatacancer, framfor allt 1agrisk prostatacancer. Detta har gjort
att prostatacancervarden har férdndrats dramatiskt under de senaste 25 aren.
Samtidigt har prostatacancerdodligheten minskat nagot, bland annat pa grund
av mer behandling med prostatektomi, strdlbehandling och hormoner.

I denna avhandling undersoktes hur dodligheten har éndrats i Sverige och vi
anvinde flera metoder for att undersoka detta. Avhandlingen bygger péa data
fran Prostate Cancer data Base Sweden (PCBaSe), en forskningsdatabas ba-
serat pd information i Nationella prostatacancerregistret (NPCR) som har lén-
kats till andra nationella hélsovardsregister och demografiska databaser, in-
klusive Patientregistret, Likemedelsregistret och Dodsorsaksregistret. NPCR
innehéller 98% av alla man med prostatacancer som é&r registrerade i Cancer-
registret.

Delarbete [

I delarbete I undersokte vi om dkningen av primar radikal behandling d.v.s.
stralbehandling eller radikal prostatektomi, har minskat dodligheten bland
alla min med lokalt avancerad prostatacancer mellan 2000 och 2016 i Sve-
rige. 20350 min med lokalt avancerat prostatacancer identifierades i
PCBaSe.

Andelen mén som fick primér radikal behandling tredubblades bland mén
yngre an 80 &r, fran 22% till 64%. Andelen strdlbehandlade mén 6kade fran
18% till 48% och andelen min som genomgick prostatektomi 6kades fran 4%
till 15%. Samtidigt minskade den kumulativa incidensen av prostatacancer-
dod bland mén yngre dn 80 &r frén 17% till 10%. Mindre &n en procent
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(48/6159) av mén over 80 ar fick radikal behandling. Dédligheten i prosta-
tacancer var ofordndrad bland mén 6ver 85 ar.

Efter justering for storfaktorerna élder, PSA, T-stadium, M-stadium, sam-
sjuklighet, civilstand och utbildningsniva forblev risken for prostatacancer
dod ldgre under den sista studieperioden jamfort med den forsta, hasardkvot
0.65 (95% konfidensintervall 0.56-0.76). Efter justering for radikal behand-
ling forsvann skillnaden i prostatacancerdddlighet mellan perioderna.

Vira resultat antyder att det mesta av minskningen i dodlighet av prosta-
tacancer bland mén med lokalt avancerad prostatacancer de senaste tva de-
cennierna forklaras av 6kad anvéndning av radikal behandling, speciellt stral-
behandling.

Delarbete 11

I delarbete II jémfordes relativ och cancerspecifik éverlevnad bland 168 793
mén yngre én 90 &r som diagnostiserats med prostatacancer och registrerats i
NPCR mellan 2000 och 2016.

Fem ér efter diagnos var den relativa dverlevnaden hogre dn den cancer-
specifika dverlevnaden i hela kohorten, 90% vs. 87%. Skillnaden mellan re-
lativ och cancerspecifik femarsoverlevnad var sarskilt stor bland man 80—89
ar med lagrisk prostatacancer, 116% vs. 96%, och bland mén med mellanrisk
prostatacancer, 112% vs. 92%. Déremot var dverlevnaden bland mén med
regionala eller fjirrmetastaser lika ldng berdknad med bigge metoderna.

Efter justering for samsjuklighet, civilstind och utbildningsgrad, mins-
kade den relativa femérsoverlevnaden bland médn 80-89 &r med lagrisk
prostatacancer frén 116% till 106%.

Vara resultat visar att bade relativ och cancerspecifik 6verlevnad har bris-
ter som matt pa dverlevnad bland &dldre mén med lag eller mellanrisk prosta-
tacancer eftersom dessa mén i snitt ar friskare dn bakgrundspopulationen.

Delarbete 111

I delarbete 111 eftergranskades evidens for prostatacancerddd bland 495 mén
som dog av prostatacancer enligt Dddsorsaksregistret mellan 2011 och 2018
i Sverige. Skoterskor pé 20 sjukhus i Sverige studerade alla tillgangliga jour-
nalhandlingar for att sdka evidens for progredierande sjukdom, till exempel
stigande PSA, bildundersdkningar som visade metastaser etc.

Vi graderade den totala evidensen for prostatacancerddod med hjélp av po-
dngsystem: 0 poéng — ingen evidens, 1 poéng — maéttlig evidens, 2 poing —
stark evidens, 3-9 podng — mycket stark evidens.

Min 6ver 80 &r hade oftare ingen eller mattligt med evidens for prosta-
tacancerddd jamfort med yngre mén, 29% vs. 14%. Graden av evidens var
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lika hog oavsett riskkategori vid diagnos bland dessa mén. Daremot var an-
delen yngre mén utan eller med mattlig evidens for prostatacancerddd hogre
hos médn med lagrisk &n dem med spridd cancer, 21% for lagrisk, 8% for
hogrisk och 0% for spridd prostatacancer. Vi berdknade att 13% av alla mén
i NPCR med prostatacancer som dodsorsak i Dédsorsaksregistret hade ingen
eller méttlig evidens for prostatacancerdéd. Denna andel var dubbelt sa hog
bland mén 6ver 80 och bland man med lagrisk prostatacancer.

Resultaten visar att risk for felklassificering av prostatacancer som dods-
orsak &dr hogre bland dldre mdn och midn med l4grisk prostatacancer eftersom
dodsorsaksbestdmningen for dessa mén var baserad pa en lag grad av evidens.

Delarbete IV

I delarbete IV undersoktes hur diagnostisk aktivitet och forvéntad livslangd
paverkar livstidsrisken for prostatacancerdiagnos. Vi simulerade livstidsrisk
for prostatacancer bland 2 000 000 mén i aldern 40 till 100 &r. Vi undersokte
tre nivaer av diagnostisk aktivitet och tre olika nivéer av forvantad livslangd.

Main som var exponerade for hog diagnostisk aktivitet hade fem ganger
hogre livstidsrisk for 1lag eller mellanrisk prostatacancer men halverad risk
for hogriskcancer jamfort med man exponerade for 1&g aktivitet. Man med
lang forvéntad livslingd hade ndgot hogre livstidsrisk for prostatacancer jam-
fort med méin med kort forvintad 6verlevnad.

Vara resultat visar att livstidsrisken for prostatacancer ar starkt kopplad
till diagnostisk aktivitet och till mindre del till férvantad livsldngd.

Slutsatser

Vi fann att dédligheten bland mén med lokalt avancerad prostatacancer mins-
kat de senaste decennierna, troligen till f61jd av 6kad anvdndning av framfor-
allt stralterapi. Aldre mén som diagnostiserats med prostatacancer, framfor
allt lagriskcancer ér friskare &n mén i bakgrundsbefolkningen. Dérfor ér valet
av metod for analys av dddlighet och &verlevnad viktig och resultaten ska
bedomas med forsiktighet eftersom det finns en felklassifikation av dédsor-
sak bland en stor andel av dessa mén.
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