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Abstract

Background and Objective Most guidelines in the UK, Europe and North America do not recommend organised population-
wide screening for prostate cancer. Prostate-specific antigen-based screening can reduce prostate cancer-specific mortality,
but there are concerns about overdiagnosis, overtreatment and economic value. The aim was therefore to assess the cost
effectiveness of eight potential screening strategies in the UK.

Methods We used a cost-utility analysis with an individual-based simulation model. The model was calibrated to data
from the 10-year follow-up of the Cluster Randomised Trial of PSA Testing for Prostate Cancer (CAP). Treatment
effects were modelled using data from the Prostate Testing for Cancer and Treatment (ProtecT) trial. The participants
were a hypothetical population of 10 million men in the UK followed from age 30 years to death. The strategies were:
no screening; five age-based screening strategies; adaptive screening, where men with an initial prostate-specific antigen
level of < 1.5 ng/mL are screened every 6 years and those above this level are screened every 4 years; and two polygenic
risk-stratified screening strategies. We assumed the use of pre-biopsy multi-parametric magnetic resonance imaging for
men with prostate-specific antigen > 3 ng/mL and combined transrectal ultrasound-guided and targeted biopsies. The
main outcome measures were projected lifetime costs and quality-adjusted life-years from a National Health Service
perspective.

Results All screening strategies increased costs compared with no screening, with the majority also increasing quality-
adjusted life-years. At willingness-to-pay thresholds of £20,000 or £30,000 per quality-adjusted life-year gained, a once-off
screening at age 50 years was optimal, although this was sensitive to the utility estimates used. Although the polygenic risk-
stratified screening strategies were not on the cost-effectiveness frontier, there was evidence to suggest that they were less
cost ineffective than the alternative age-based strategies.

Conclusions Of the prostate-specific antigen-based strategies compared, only a once-off screening at age 50 years was poten-
tially cost effective at current UK willingness-to-pay thresholds. An additional follow-up of CAP to 15 years may reduce
uncertainty about the cost effectiveness of the screening strategies.

1 Introduction [1-5]. Trial evidence has varied. The European Randomised

Study of Screening for Prostate Cancer (ERSPC) [6, 7]

Most guidelines for early detection of prostate cancer in
Europe and North America do not recommend formal pop-
ulation-wide screening, although opportunistic prostate-
specific antigen (PSA) testing is common in many countries

Equal contribution by Sabina Sanghera, Richard M. Martin, Emma
L. Turner and Howard Thom.

< Edna Keeney
edna.keeney @bristol.ac.uk

Extended author information available on the last page of the article

found that repeated PSA screening at 4-yearly intervals
reduced prostate cancer mortality but the UK Cluster Ran-
domized Trial of PSA Testing for Prostate Cancer (CAP)
trial [8] of a single PSA screen found no significant differ-
ence in prostate cancer mortality after a median follow-up
of 10 years. Screening is associated with a risk of overdi-
agnosis of indolent disease [9] and adverse effects associ-
ated with biopsy [10] and overtreatment [11], leading to
uncertainty around whether prostate cancer screening can
be cost effective.
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Key Points for Decision Makers

Prostate cancer screening is associated with a risk of
overdiagnosis of indolent disease and adverse effects
associated with biopsy and overtreatment, leading to
uncertainty around whether it can be cost effective.

Tailored screening according to a man’s predicted risks
may improve the cost effectiveness of screening; how-
ever, robust evidence on the long-term effectiveness and
cost effectiveness of these approaches is lacking.

This analysis has calibrated a natural history model using
rich UK data from the Cluster Randomised Trial of PSA
Testing for Prostate Cancer (CAP) and the Prostate Test-
ing for Cancer and Treatment (ProtecT) trial to show that
a once-off screen at age 50 years has the potential to be
clinically effective and cost effective in a UK setting.

Tailored screening according to a man’s predicted risks
may improve the cost effectiveness of screening [12, 13].
One measure would be to use polygenic risk scores, which
indicate genetic susceptibility to disease [14]. Another is
adaptive screening, where the interval between repeated
screening is based on a man’s PSA level. This may reduce
overdiagnosis if men with very low PSA levels are given a
longer time to their next screen [15—17]. A third is the use
of multiparametric magnetic resonance imaging (mpMRI),
which is used as a pre-biopsy triage test post-PSA or
another biomarker test and followed by combined sys-
tematic and magnetic resonance imaging (MRI)-targeted
biopsies. This might allow men with no or likely indo-
lent cancer to avoid an unnecessary biopsy and improve
diagnostic accuracy for more aggressive disease [18-20].
However, robust evidence on the long-term effectiveness
and cost effectiveness of these measures, which may be
used in combination, is lacking.

Our aim was to assess the impact of various potential
screening strategies—polygenic risk stratified, PSA based
adaptive and age based—on the long-term costs, health out-
comes and cost effectiveness of prostate cancer screening
in the UK. We adapted the Prostata model [21] to the UK
setting, including the use of data from the UK CAP trial
(ISRCTNO92187251) [8]. The CAP trial, which is the largest
prostate cancer screening trial to date, compared a once-off
PSA test (in men who consented after receiving informa-
tion about PSA testing), with standard UK National Health
Service care where PSA testing is offered opportunistically
and advice about the potential benefits and harms of a PSA
test is provided only on request. [8]
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2 Methods
2.1 Overview

The Prostata model is a microsimulation model for the
natural history of prostate cancer [21]. It is an open-source
model, coded in the software R and C++, which allows for
individual heterogeneity in natural history including disease
onset, progression, diagnosis and death. The Prostata model
was adapted from a US model [22-24] and allows for pros-
tate cancer onset and progression to correlate with changes
in PSA over time.

Prostate cancer onset is modelled via a time-dependent
hazard (from age 35 years) following a Weibull distribution.
The Gleason grade assigned at cancer onset (< 6, 7 or > 8) is
dependent on age, with older men more likely to have higher
grade disease, and does not change over time. Transitions
between disease states (T1-2, T3—4, M1) are possible and
are dependent on a man’s age and his current PSA level. The
transition from T1-T2 to T3-T4 is the same for all Gleason
categories. Both preclinical and clinical states are modelled.
Preclinical states are defined as men with prostate cancer
that is asymptomatic but could potentially be detected by
PSA screening. Clinical (as opposed to screening) detection
is also modelled (see Fig. AS of the Electronic Supplemen-
tary Material [ESM]).

The mechanism of benefit of prostate cancer screening
is assumed to be the cancer stage shift, in that the benefit
associated with screening is due to a shift to a less advanced
cancer stage at diagnosis, resulting in earlier diagnosis and
improved survival through potentially curative treatment.
The target population was men in the UK from age 30 years.
For a detailed description of the model, see Karlsson et al.
[21].

To adapt the Prostata model to the UK context, we:
extended the cancer onset sub-model to allow for a poly-
genic risk score; included detailed UK-specific parameters;
calibrated the model to observed UK data; and validated
the model predictions against mortality rate ratios from two
large randomised screening trials [7, 8]. Finally, the cali-
brated model was used to project the lifetime cost effective-
ness of eight candidate screening strategies.

2.2 Strategies Compared

The strategies compared in the base-case analysis reflected
those identified as relevant by a panel of experts in a modi-
fied Delphi consensus process (see Table 1) [25].

As the Delphi consensus process did not reach a consen-
sus on the exact age ranges to screen or specific screening
intervals, scenario analyses were also conducted to observe
the impact of using different ages to start and stop screening,
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screening intervals and risk thresholds. The scenario analy-
ses tested are detailed in Table A7 of the ESM.

In the no screening strategy, we assumed no organised
or opportunistic testing. In all other strategies, men with a
PSA value > 3 ng/mL received a pre-biopsy mpMRI and
combined systematic biopsy and MRI-targeted biopsy if a
Prostate Imaging-Reporting and Data System (PI-RADS)
[26] value of 3—5 was found. This is in line with recent guid-
ance from the UK National Institute for Health and Care
Excellence (NICE) [27]. For each symptomatic diagnosis,
we assumed no screening-focused PSA testing but an aver-
age of two diagnostic, 10—12 core, transrectal ultrasound-
guided biopsies.

2.3 Model Parameters

Estimates of test accuracy were based on Hao et al. [28],
including the specificity and sensitivity (Gleason < 6, or
Gleason > 7) for: an mpMRI result; a systematic biopsy;
and mpMRI-targeted biopsies given a positive pre-biopsy
MRI (Table 2).

Management pathways in the model included treatment
by conservative management, radical prostatectomy or
radical radiotherapy, post-treatment follow-up, palliative
therapy and terminal care. Probabilities for initial treatment
assignment reflected the most recently available data from
the National Cancer Registration and Analysis Service (Fig.
A7 of the ESM) [31]. Background mortality used UK life
tables [32]. The mortality hazard ratio assumed for prostate

Table 1 Screening strategies compared

cancer-specific death in radical treatment over those initially
assigned to active surveillance was 0.63 based on the Pro-
tecT trial [33].

2.4 Costs and Health State Values

Costs and health state values were from the perspective of
the UK National Health Service. Cost parameters used in
the model are shown in Table 2. The cost of a PSA test was
estimated from the recent NICE guideline on prostate cancer
[27]. The costs of prostate biopsy, radical prostatectomy,
radical radiotherapy and active surveillance were taken from
Callender et al. [13] The cost of mpMRI was based on esti-
mates from the 2019 guidelines on prostate cancer diagno-
sis and management [27]. Terminal care costs were based
on model-based estimates [29]. Costs reported from earlier
years were inflated to the 2020 price, UKE sterling [34].
Health state values were sourced from Hao et al. [28]
The health state values used are based on a meta-analysis
of estimates measured using the EQ-5D instrument. Qual-
ity-adjusted life-year (QALY) norms for the UK were used
to reflect background age-specific quality of life, which
decreases naturally with age. All state QALY's were mul-
tiplied by their age-specific norms to reflect this natural
reduction in quality of life. The values used are shown in
Table 2[30]. Although Hao et al. also reported utilities
based on the disease-specific Patient Oriented Prostate Util-
ity Scale-Utility (PORPUS-U) [35] (see Table A5 of the
ESM), we chose to use the EQ-5D health state values in the

Title Starting age (years) Stop- Repeat screening interval Comment
ping age
(years)
No screening NA NA NA
Screen 50 50 NA None. Once-off screen
Screen 60 60 NA None. Once-off screen
Screen 70 70 NA None. Once-off screen
Repeat screen every 4 years 50 70 4 yearly
Repeat screen every 2 years 50 70 2 yearly
Risk stratified 4 yearly Age at which a 10-year risk of 70 4 yearly Based on most cost-effective strat-
developing prostate cancer egy identified in recent analysis
is 7.5%, based on polygenic by Callender et al. [13]
risk score
Risk stratified 2 yearly Age at which a 10-year risk of 70 2 yearly To compare to age-based 2-yearly
developing prostate cancer screening strategy
is 7.5%, based on polygenic
risk score
Adaptive screening 50 70 PSA level of < 1.5 ng/mL Based on ProScreen trial [15]

screened every 6 years, with
value > 1.5 ng/mL resulting in
4-yearly screening

NA Not Applicable, PSA prostate-specific antigen
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Table 2 Model input parameters

Parameter

Estimate 95% CI

Distribution assumed in PSA  Source/notes

Specificity for mpMRI = Pr(mpMRI-
|[Healthy)

Sensitivity for mpMRI (G < 6)

Sensitivity for mpMRI (G >7)

Sensitivity for standard biopsy (G <6)

Sensitivity for standard biopsy (G >7)

Sensitivity for mpMRI-targeted biopsy
(G<6)

Sensitivity for mpMRI-targeted biopsy
G=7

Slope of log odds of G7 at onset

Slope of log odds of G > 8 at onset

Costs (£)

PSA test

Polygenic risk stratification

Biopsy (systematic/MRI targeted)

Multiparametric MRI

Assessing suspected prostate cancer

Prostatectomy

Radiation therapy

Active surveillance (yearly)

Palliative care/terminal illness

0.548

0.715
0.931
0.860
0.897
0.753

0.934

0.03905
0.2453

£21

£25

£581

£339

£545

£9808

£6462

£577

£7383

0.435-0.657 Normal

0.614-0.798
0.893-0.956
0.824-0.889
0.809-0.947
0.568-0.875

0.889-0.962

Variance: 1.686e—4 Multivariate normal

Variance: 1.78e—06 Covariance: 1.079e—05

17-25 Gamma

20-30

465-697

271-407

436-654

7846-11,770

5170-7754

462-692

5906-8860

Hao et al. [28]

Calibration

NICE guideline [27]. Based on cost of a
PSA test kit and nurse consultation

Callender et al. [13] Estimated from
costs charged to NHS hospitals for
prostate cancer genome-wide associa-
tion studies

Callender et al. [13] Weighted average
of cost of transrectal ultrasound-
guided and perineal biopsy. Includes
relevant histopathology, potential
admission for sepsis and cost of a
urological appointment

NICE guideline. Includes time of two
radiographers, an appointment with a
consultant, and equipment, administra-
tion and consumable costs

Callender et al. Includes an isotope
bone scan, assessment by a urological
multi-disciplinary team and a further
outpatient urological appointment

Callender et al. Includes an appointment
with a urologist and a weighted aver-
age of the cost of major open, robotic
and laparoscopic radical prostatecto-
mies from NHS reference costs

Callender et al. Includes an appointment
with a clinical oncologist, prepara-
tion for intensity modulated radiation
therapy and outpatient delivery of
treatment on a megavoltage machine

Callender et al. Hao et al. Includes
cost of 3 PSA tests and 2 urologi-
cal appointments Assumes a third of
men will need an annual mpMRI and
biopsy

Round et al. [29] Model assumed
terminal care for the 6 months prior to
a death due to prostate cancer and pal-
liative care for the 6-30 months prior
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Table 2 (continued)

Parameter Estimate 95% CI

Distribution assumed in PSA  Source/notes

Utility estimates (measured by EQ-5D)

Biopsy 0.90 0.87-0.94
Cancer diagnosis 0.80 0.75-0.85
Prostatectomy part 1 0.83 0.73-0.91
Prostatectomy part 2 0.89 0.88-0.91
Radiation therapy part 1 0.82 0.75-0.88
Radiation therapy part 2 0.83 0.88-0.91
Active surveillance 0.90 0.85-0.95
Post-recovery period 0.86 0.84-0.88
Palliative therapy 0.62 0.58-0.66
Terminal illness 0.40 Held constant
EQ-5D index population norms 18-24 0.934 Held constant
25-34 0.922

35-44 0.905

45-54 0.849

55-64 0.804

65-74 0.785

75+ 0.734

Hao et al. Decrement assumed for 3
weeks

Normal

Hao et al. Decrement assumed for 1
month

Hao et al. Decrement assumed for 2
months

Hao et al. Decrement assumed for 10
months

Hao et al. Decrement assumed for 2
months

Hao et al. Decrement assumed for 10
months

Hao et al. Decrement assumed for 7
years

Hao et al. Decrement assumed for 9
years

Hao et al. Decrement assumed for 1 year

Hao et al. Decrement assumed for 6
months

Janssen and Szende [30]

CI confidence interval, EQ-5D EuroQol 5D, G Gleason score, mpMRI multi-parametric magnetic resonance imaging, NICE National Institute
for Health and Care Excellence, NHS National Health Service, PSA prostate-specific antigen

base case as they have the advantage of being general to any
disease area and to correspond with the QALY norms used
[28]. A sensitivity analysis using the PORPUS-U estimates
was carried out.

2.5 Modelling Polygenic Risk

Men with a high polygenic risk score are known to be more
susceptible to prostate cancer than men with a low risk. If
the polygenic risk is known and varies across a population,
then this offers the potential of providing risk-stratified
screening programmes. It was assumed that known prostate
cancer susceptibility genetic variability follows a log-normal
distribution with a mean of —0.68/2 and variance of 0.68 on
the natural logarithm scale, such that the frailty has a mean
of 1 [13, 36, 37]. This is based on the 175 susceptibility
loci for prostate cancer that have been identified in genome-
wide association studies [38]. We additionally assumed that
there was unmeasured genetic variability on a log-normal
distribution with a mean of —1.14/2 and a variance of 1.14,
where again the frailty has a mean of 1. This was based

on evidence from Kiciniski et al. who carried out a meta-
analysis on familial clustering of prostate cancer [39]. The
estimates of a 10-year absolute risk of a prostate cancer diag-
nosis for 1-year age groups were based on Callender et al.
[40], from which we derived an age-specific rate ratio for the
10-year absolute prostate cancer risk of 7.5% compared with
the population risk. Men with a genetic variability above the
rate ratio were eligible for screening (Table A3 of the ESM).

2.6 Calibration and Validation

The model was calibrated to incidence rates from the Office
for National Statistics [41] and data from the CAP trial [8]
on prostate cancer incidence by age and Gleason score. On
the basis of low levels of PSA testing in the UK, we assumed
no PSA testing for both the UK and CAP simulations. The
model was adapted to reflect repeat PSA testing in the UK
[42]. The rate of prostate cancer onset in the model was
first estimated by calibrating the onset parameters to 2017
data on prostate cancer incidence by age provided by the
UK Office for National Statistics using a Poisson likelihood
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[43]. Fixing the estimated onset parameters, we calibrated
the proportion of Gleason score 6, 7 and >7 cancers by age,
study year and study arm at diagnosis to CAP data after 10
years of follow-up using a separate Poisson likelihood. Fur-
ther details are given in Sect. 1 of the ESM.

To validate the natural history model, we compared pros-
tate cancer mortality predictions to observed 10-year data
from the CAP trial [8]. We also predicted prostate cancer
mortality rate ratios comparing screening strategies from
ERSPC (16 years follow-up for 4-yearly screening from
either age 55 years or age 60 years) [7] and CAP (10 years
follow-up for a single screen at age 50 years or aged 60
years) with no screening.

2.7 Reporting of Outcomes

The life histories of 10 million men born in 1950 were simu-
lated with outcomes compared under the different screening
strategies. We assumed 85% of men would participate in the
first round of screening and 85% biopsy compliance based
on the ProtecT trial [8]. Re-screening participation was
assumed to be higher at 95% for each screen. The outcomes
reported include the difference in the number of pre-biopsy
mpMRIs, prostate biopsies, prostate cancer incidence and
prostate cancer deaths. The results were reported from age
30 years over a lifetime horizon. For the cost-effectiveness
analysis, we reported costs and QALYs, and plotted the
cost-effectiveness frontier, which indicates which strategy
(or pair of strategies) has the lowest cost per QALY gained;
strategies above this frontier should be rejected on cost-
effectiveness grounds.

Incremental cost-effectiveness ratios, which are calcu-
lated by dividing incremental costs by incremental QALY's,
are reported for all interventions compared with the next
non-dominated intervention. An intervention is considered
to be dominated if it provides less mean QALY at a higher
mean cost than another intervention, and extendedly domi-
nated if it provides less mean QALY at a higher mean cost
than a weighted average of two alternative interventions. An
incremental cost-effectiveness ratio (ICER) below £30,000
per QALY gained was considered cost effective in accord-
ance with the NICE reference case [44]. We also reported
net monetary benefits at thresholds of £20,000 and £30,000
per QALY gained. These were calculated by multiplying
QALYs by the willingness-to-pay (WTP) threshold and sub-
tracting costs [45]. We applied a discount rate of 3.5% to all
future costs and QALYs. [44]

2.8 Sensitivity Analyses

One-way sensitivity analyses were carried out on key param-
eters including the unit costs and disutilities associated with
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a prostate biopsy, mpMRI and treatment. Scenario analyses
were also carried out to test the impact of using different
health state utility values and screening intervals, age ranges
and risk thresholds.

A probabilistic sensitivity analysis was carried out using
1000 replicates for a population of one million men to
address the impact of uncertainties in the test accuracies,
costs, health state values and natural history parameters
(Table 2). To assess the stability of the probabilistic sen-
sitivity analyses, results were compared to those from 100
replicates for a population of 10 million men. Test accura-
cies and health state values were assumed to be normally
distributed on the logit scale. We assumed that the test char-
acteristics were independent. Costs were sampled from a
gamma distribution with mean of 1 and a 95% confidence
interval (CI) between 0.8 and 1.22. The natural history
parameters were assumed to follow a multivariate normal
distribution.

Results are presented using cost-effectiveness acceptabil-
ity curves, which reflect the probability of a strategy being
most cost effective at each WTP per QALY gained threshold.
The incremental costs and QALY's compared to no screening
estimated for each strategy at each iteration are also plot-
ted on the cost-effectiveness plane. The probability of each
strategy being optimal at £20,000 and £30,000 per QALY
gained was calculated by counting the proportion of samples
for which the expected net benefit was highest.

3 Results
3.1 Calibration and Validation

The calibration to incidence data from the UK Office for
National Statistics provided a good fit on visual inspection
(Fig. A1 of the ESM). The model succeeded in replicat-
ing the increase in prostate cancer incidence between the
ages of 40 and 70 years with a subsequent levelling off in
the older age groups. The calibration results to CAP data
are also shown in Figs. A2 and A3 of the ESM. Although
the calibrated model did not predict the attenuation of the
screening effect on incidence in the later years of the trial,
the majority of prostate cancers by age group and Gleason
score were well predicted.

For the validation compared with ERSPC, we predicted
mortality rate ratios over 16 years follow-up of 0.77 and
0.82 for 4-yearly screening from age 55 and age 60 years,
respectively, compared with no screening. The observed
mortality rate ratio from ERSPC was 0.80 (95% CI
0.72-0.89). Compared with CAP, we predicted a mortality
rate ratio over 10 years follow-up of 0.91 for a single screen
at age 50 and age 60 years compared with no screening.



Cost Effectiveness of Prostate Cancer Screening in the UK

1213

The adherence-adjusted mortality rate ratio from CAP was
0.93 (95% CI 0.67-1.29). The predicted prostate cancer
mortality was slightly higher in the later years compared
with the mortality rates from the CAP trial (Fig. A4 of the
ESM).

3.2 Outcomes

Table 3 presents predicted outcomes per 10,000 men simu-
lated over a lifetime from the age of 30 years. Compared
with no screening, the screening strategies resulted in more
biopsies, more prostate cancers diagnosed and fewer pros-
tate cancer deaths. Comparing with 4-yearly age-based
screening, risk-stratified screening with 4-yearly intervals
was associated with 46% fewer overdiagnosed cancers, 66%
fewer pre-biopsy mpMRIs and 63% fewer screen-initiated
biopsies. Those reduced costs and harms were at the expense
of 8% more prostate cancer deaths.

3.3 Costs and QALYs

The strategies in Table 3 are sorted by the predicted mean
costs. The lowest costs were found for no PSA screening
and the highest for repeat PSA screening every 2 years for
all men between the ages of 50 and 70 years (for detailed
costs, see Table A4 of the ESM). All screening strategies
other than a once-off screen at age 70 years resulted in a
slight increase in QALYs compared with no screening.
Compared with no screening, the mean net monetary benefit
was lower for all screening strategies at both a £20,000 and
£30,000 per QALY gained threshold, other than a once-off
screen at age 50 years. Note that the risk-stratified strate-
gies, although not cost effective compared to no screen-
ing, had higher net monetary benefits than their age-based
equivalents.

The strategies on the cost-effectiveness frontier, as shown
in Fig. 1, were no screening, a once-off screen at 50 and
adaptive screening. The ICER of moving from a policy of
no screening to a once-off screen at 50 is £12,860 per QALY
gained, which is under the £20,000 per QALY gained thresh-
old recommended by NICE and therefore considered to be
cost effective. Adaptive screening, although on the frontier,
would not be considered cost effective owing to the high
ICER of moving to this strategy from a once-off screen at
50 (£137,364 per QALY gained).

Although risk-stratified screening is not on the frontier,
it is interesting to note that the ICER of moving from a
strategy of 4-yearly age-based screening to 4-yearly risk-
stratified screening is £19,882 per QALY gained and from
2-yearly age based to 2-yearly risk stratified is £25,687 per
QALY gained, suggesting an improvement in cost effective-
ness for risk-stratified approaches compared with age based
at current WTP thresholds.

3.4 Sensitivity Analyses
3.4.1 One-Way and Scenario Analyses

Figure A6 in the ESM plots the results of the sensitivity
analysis using PORPUS-U utility estimates rather than
EQ-5D on the cost-effectiveness frontier. Applying the
PORPUS-U weights leads to a change in the optimal policy
choice. A once-off screen at age 50 years is still found to be
cost effective compared with no screening with an ICER
of £8996 per QALY gained. However, in this sensitivity
analysis, the ICER for the comparison of adaptive screen-
ing to a once-off screen at age 50 years is lower than the
£20,000-£30,000 WTP threshold recommended by NICE
at £16,236 per QALY gained and would therefore be rec-
ommended. Repeat screening every 2 years from age 50 to
70 years is also on the cost-effectiveness frontier with an
ICER compared to adaptive screening of £58,116 per QALY
gained.

The one-way sensitivity analyses further highlight the
importance of the utility estimates used. The impact on the
ICER comparing a once-off screen at age 50 years to no
screening is shown in Fig. A8 of the ESM. Of the parameters
tested, those with the biggest impact were the utilities asso-
ciated with active surveillance and the post-recovery period.

Section 9 of the ESM details the results of the scenario
analysis considering different start and stop ages, intervals
and risk thresholds. Figure A10 of the ESM shows that most
alternative strategies tested resulted in a negative expected
net benefit compared with their respective base-case sce-
narios. The exceptions were the scenario analyses consider-
ing risk thresholds of 5% and 10% as opposed to 7.5% in
the risk-stratified screening strategies. At a £30,000 WTP
threshold, the strategies using risk thresholds of 5% resulted
in an increased net benefit compared with those using a
threshold of 7.5%. Conversely, at a £20,000 per QALY
gained WTP threshold, the strategies using risk thresholds
of 10% resulted in an increased net benefit relative to those
using a 7.5% threshold. This suggests that further research
around optimal risk thresholds is warranted. Figure A11 of
the ESM demonstrates the impact of the alternative strate-
gies on life-years gained. As expected, more intensive strate-
gies result in increased life-years. Figure A12 and Table A8
of the ESM detail all predicted outcomes and health eco-
nomic results from the alternative strategies. These show
that the strategies on the frontier are unchanged from those
considered in the base case.

3.4.2 Probabilistic Sensitivity Analysis
The cost-effectiveness acceptability curves shown in Fig. 2

highlight the separation of strategies by the WTP threshold.
At any WTP threshold above £15,000 per QALY gained, the
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Table 3 Predicted outcomes and health economic results from age 30 years by strategy

No screening  Screen 50 Screen 70 Screen 60 Risk-stratified  Risk stratified ~ Adaptive Repeat screen  Repeat screen
4 yearly to age 2 yearly to age screening at every 4 years  every 2 years at
70 years 70 years age 50-70 at age 50-70 age 50-70 years
years, interval  years
of 6 years if
PSA level
< 1.5 ng/mL,
4 years if >1.5
ng/mL
Outcomes per 10,000 men?®
Number of 0 8285 7029 7978 6173 10,049 31,155 40,223 65,335
screens
Number of MRI 0 96 1022 627 834 1205 2458 2423 3519
events
Number of 0 64 631 400 538 750 1471 1452 2013
screen-initiated
biopsies
Number of clini- 2817 2752 2474 2491 2390 2295 1925 1942 1826
cally initiated
biopsies
Diagnosed PCa 1487 1488 1547 1509 1538 1555 1583 1582 1600
Screen diagnosis 0 36 245 195 278 345 569 558 636
Metastatic 254 248 217 226 215 207 173 174 167
cancer
Localised and 702 705 757 731 757 774 805 803 823
G <6
Localised and 292 296 313 308 313 318 336 336 339
G=17
Localised and 238 239 260 244 252 256 268 269 271
G>7
Overdiagnosis 0 2 60 22 51 68 97 95 113
PCa death 527 520 512 504 497 489 457 459 444
Life-years, QALYs, costs, ICERs and NMB per man. Strategies sorted by increasing costs®
Life years 51.5370 51.5506 51.5515 51.5671 51.5707 51.5785 51.6237 51.6212 51.6388
(undiscounted)
Life-years, 3.5% 23.5624 23.5652 23.5646 23.5676 23.5680 23.5692 23.5775 23.5771 23.5801
discounted
QALYs (undis-  42.518 42.527 42.519 42.534 42.532 42.535 42.560 42.559 42.567
counted)
QALYs, 3.5% 20.2428 20.2442 20.2419 20.2440 20.2431 20.2429 20.2452 20.2450 20.2451
discounted
NHS costs, 2013 2042 2152 2117 2161 2224 2414 2424 2610
undiscounted
NHS costs, 3.5% 449 466 488 493 506 528 609 613 685
discounted (£)
ICER £12,860 Dominated  Extendedly  Extendedly Extendedly £137,364 Dominated Extendedly
dominated dominated dominated dominated
Net monetary 404,408 404,417 404,351 404,386 404,356 404,329 404,296 404,286 404,217
benefit (£20k)"
Net monetary 606,836 606,859 606,771 606,826 606,787 606,758 606,748 606,735 606,668
benefit (£30k)"

G Gleason score, ICER incremental cost-effectiveness ratio, MRI magnetic resonance imaging, NHS National Health Service, NMB net mon-

etary benefit, PCa prostate cancer, QALY quality-adjusted life-years

4Based on life histories of 10 million simulated men

bStrategy with the highest net monetary benefit highlighted in bold

strategy most likely to be optimal is a once-off screen at age
50 years. At a WTP threshold of £20,000 per QALY gained,
a once-off screen at age 50 years has a 95.5% probability of
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being optimal with no screening having a 4.5% chance. At a
threshold of £30,000 per QALY gained, the probability that a
once-off screen at age 50 years is optimal increases to 99.9%.
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Fig. 1 Cost-effectiveness frontier. ICER stands for Incremental Cost-Effectiveness Ratio

Figure A9 in the ESM shows the estimated costs and
effects of each strategy at each PSA iteration plotted on the
cost-effectiveness plane. Figure A13 of the ESM plots the
CEAC using 100 replicates for 10 million men. This shows
the results are very similar even with a much larger number
of men simulated.

4 Discussion

In summary, the natural history model calibrated well to
prostate cancer incidence in the UK and gave mortality
rate ratios that were broadly consistent with the CAP and
ERSPC trials. Of the strategies compared, a once-off PSA
screen at age 50 years was the only strategy that would be
considered cost effective at the threshold recommended by
NICE. Although this strategy was estimated to avert only
seven prostate cancer deaths per 10,000 men compared
with no screening, it also resulted in only two over-diag-
nosed cancers per 10,000 men. Our analysis suggests that
this improvement in quantity and quality of life is enough
to justify the increased costs of screening at current WTP
per QALY gained thresholds. The finding was sensitive
to the health state utility values used with a sensitivity
analysis finding adaptive screening to be potentially cost
effective. There was evidence to suggest that the genetic
risk-stratified screening strategies may be cost effective
compared with their age-based alternatives, but not to the
other strategies considered. There was uncertainty as to
the optimal risk threshold of the risk-stratified screening
strategies.

4.1 Comparison with Previous Studies

Two previous UK cost-effectiveness analyses have found
that a PSA screening strategy with risk stratification by
polygenic risk score was associated with an improvement
in cost effectiveness compared with age-based screening [13,
40]. The studies by Callender and colleagues compared age-
based 4-yearly PSA screening to risk-based 4-yearly PSA
screening at different risk thresholds, with no comparison
of once-off PSA screens or adaptive PSA screening. Making
the same comparison in our analysis (risk based 4 yearly vs
age based 4 yearly) gives an ICER of £19,882, also suggest-
ing potential cost effectiveness, but not in comparison to
less intensive screening strategies such as a once-off screen
at age 50 years.

In both our study and those of Callender et al., risk-
stratified screening was associated with fewer overdiagno-
ses and biopsies and lower costs than age-based screening
but with more deaths from prostate cancer. The magnitude
of expected differences between the strategies varied, with
the most recent Callender et al. paper finding risk-stratified
PSA screening with the use of mpMRI-targeted biopsy to be
associated with 60% fewer over-diagnosed cancers at a 7.5%
risk threshold compared with 46% in this study. Callender
et al. predicted around 50% fewer pre-biopsy mpMRIs and
prostate biopsies compared with age-based screening, com-
pared with around 65% in this analysis. They found 12%
more deaths from prostate cancer with risk-stratified PSA
screening compared with our finding of 8%. These differ-
ences are likely due to the life table-based approach to mod-
elling used in the Callender et al. papers where simplifying

A\ Adis
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Fig.2 Cost-effectiveness acceptability curves. QALY stands for Quality Adjusted Life Year

assumptions were made with regard to the effect of screen-
ing, for example, a 15% reduction in advanced cancer at
diagnosis if screened.

Two previous studies were identified comparing the cost

effectiveness of once-off and repeat universal screens to
adaptive screening [46, 47]. One study [47] assumed that
men with PSA levels above the median for their age are
rescreened in 2 years and the rest return in 4 years. That
study also found that adaptive screening was on the cost-
effective frontier when considering cost per life-year gained
but that there was a reduction in QALY for all screening
strategies compared with no screening [47]. Similar to our
study, this result was very sensitive to the utility estimates
used. The other study [46] compared universal screening to
adaptive strategies where the screening interval was every 1
year if the PSA level was higher than 3.0 ng/mL and every 2
years otherwise, or the screening interval was every 2 years
if the PSA level was higher than 1.0 ng/mL and every 4
years otherwise. They found that the latter strategy com-
pared favourably to no screening, with an ICER under the
acceptable threshold, although the best performing strategies
were non-adaptive.

Heijnsdijk et al. used the MIcrosimulation SCreening
Analysis (MISCAN) model to determine optimal prostate
cancer screening intervals and ages based on data from
ERSPC [48]. They found that screening strategies with
intervals of 3 years are more cost effective than those using
longer intervals whereas we found an interval of 4 years to
be preferable to 3 years. Both studies agreed that a lower
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age to stop screening is preferable with our scenario analysis
finding that stopping screening at age 70 years achieves a
higher net benefit than stopping at age 74 years.

The most recent UK cost-effectiveness analysis compar-
ing once-off and repeat age-based PSA screening strategies
identified was that of Hummel and Chilcott in 2013 [49].
Hummel and Chilcott concluded that PSA screening was not
effective compared with no screening. However, it is unclear
whether their model was well calibrated to the 11-year pros-
tate cancer mortality rate ratio from ERSPC [50].

4.2 Strengths and Limitations

One strength of this analysis is the detailed natural history
model used to compare the strategies, which has been cali-
brated to rich UK data sources, including the large CAP trial.
The natural history model predicted mortality rate ratios that
were close to the point estimates from ERSPC and CAP and
well within their 95% Cls. A further strength is the compari-
son of strategies in the base case that were chosen as relevant
by a group of experts in a recent Delphi consensus process

[25]. The strategies compared give an accurate picture of
the potential impact of relevant screening strategies in the
UK today.

A limitation is that our analysis of risk-stratified screen-
ing made several basic assumptions. One is that there will
be no screening in lower risk groups with a common screen-
ing strategy for those at higher risk. An alternative strategy
might involve different re-screening intervals for high-risk
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and low-risk groups [51]. Similar to the work of Callender
and colleagues [13, 40], our analysis also assumed that a
higher risk score impacts only on the risk of developing
cancer, with no impact on progression, and that genetic sam-
ples for all men would be available at a low cost of acquisi-
tion (£25). In terms of risk thresholds, we have taken the
threshold found to be optimal by Callender et al. [13] as our
starting point and explored different thresholds around this.
In reality, the optimal risk threshold, and that which would
be deemed acceptable by men and their caregivers in terms
of the trade-off between overdiagnosis and prostate cancer
deaths averted, is still uncertain. Further research is needed
in the area of polygenic risk scores and risk-stratified screen-
ing to more accurately model these options.

4.3 Recommendations for Future Research

Although the base-case analysis and scenario analyses
have explored a wide range of screening strategies, there
is scope for further exploration. As an absolute absence of
PSA screening is unlikely to be achieved in countries where
opportunistic screening is increasingly common, future
research could consider comparing potential screening strat-
egies to opportunistic screening, rather than no screening.
This approach would require accurate data on PSA testing,
pre-biopsy MRIs and prostate biopsies. Future research
might also explore the efficiency of other low-intensity strat-
egies such as screening twice over a lifetime, considering
our finding that a once-off screen at age 50 years is optimal.
Additional exploration of adaptive strategies with different
PSA thresholds and intervals may also be useful.

The choice of screening model may affect the predicted
cost effectiveness. A stage-shift model, which was used in
this analysis, assumes that the benefit associated with screen-
ing is due to a shift to a less advanced stage at diagnosis.
Cure models assume that a proportion of cancers detected
earlier are cured [52]. Previous analyses have shown that
predicted mortality reductions depend on the model used
[53, 54]. Future research could explore the use of another
mechanism of screening benefit with the UK data.

The sensitivity analyses suggested that the health state
values assigned to prostate cancer health states are important
parameters. Two sets of health state values were available.
In comparison to the estimates when using the disease-spe-
cific PORPUS-U measure, the EQ-5D estimates assumed
lower health-related quality of life associated with pros-
tatectomy, radiation therapy, active surveillance, the post-
recovery period and palliative therapy. This has the effect
of making the diagnosis and treatment of prostate cancers
less cost effective. The strategy that dominates is therefore
that which diagnoses the least cancers—a once-off screen at
age 50 years. Our sensitivity analysis using the PORPUS-
U estimates showed that adaptive screening may be cost

effective if the health-related quality of life associated with
these states is higher. This suggests that up-to-date EQ-5D
surveys of men with prostate cancer are warranted.

Clinical practice and diagnostic pathways for men at
risk of prostate cancer continue to evolve, including the use
of trans-perineal biopsy with image registration [55] and
radio-labelled prostate-specific membrane, antigen positron
emission tomography computed tomography [56, 57]. Our
results should be interpreted cautiously in the light of better
diagnostic and staging pathways that may impact on cost
effectiveness. In addition, the calibration to CAP data was
based on data available at 10-years follow-up. Additional
follow-up of CAP to 15 years may reduce uncertainty about
the cost effectiveness of the screening strategies.

Future cost-effectiveness research could conduct a value
of information analysis using our model to formally identify
parameters on which to focus further trials. Additionally, this
model has assumed the use of pre-biopsy MRI in a screening
setting, following NICE recommendations [27], but future
work could explore the cost effectiveness of MRI in a UK
setting. Finally, future models could build on this work to
improve the analysis of risk-stratified screening and explore
different risk thresholds, which our scenario analyses have
shown are influential.

5 Conclusions

There is evidence that PSA testing is being undertaken
opportunistically [42] As this is likely to continue, it is
important for policymakers to consider the optimal approach
for screening. This analysis has used data from the 10-year
follow-up of the CAP trial to show that a once-off screen at
age 50 years has the potential to be clinically effective and
cost effective in a UK setting. Updating the model using data
from the 15-year follow-up of the trial may reduce uncer-
tainty about the cost effectiveness of the screening strategies.
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