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Abstract

Adding abiraterone acetate (AA) plus prednisolone (P) to standard of care (SOC) improves
survival in newly diagnosed advanced prostate cancer (PC) patients starting hormone ther-
apy. Our objective was to determine the value for money to the English National Health Ser-
vice (NHS) of adding AAP to SOC. We used a decision analytic model to evaluate cost-
effectiveness of providing AAP in the English NHS. Between 2011-2014, the STAMPEDE
trial recruited 1917 men with high-risk localised, locally advanced, recurrent or metastatic
PC starting first-line androgen-deprivation therapy (ADT), and they were randomised to
receive SOC plus AAP, or SOC alone. Lifetime costs and quality-adjusted life-years
(QALYs) were estimated using STAMPEDE trial data supplemented with literature data
where necessary, adjusting for baseline patient and disease characteristics. British National
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Formulary (BNF) prices (£98/day) were applied for AAP. Costs and outcomes were dis-
counted at 3.5%/year. AAP was not cost-effective. The incremental cost-effectiveness ratio
(ICER) was £149,748/QALY gained in the non-metastatic (M0) subgroup, with 2.4% proba-
bility of being cost-effective at NICE’s £30,000/QALY threshold; and the metastatic (M1)
subgroup had an ICER of £47,503/QALY gained, with 12.0% probability of being cost-effec-
tive. Scenario analysis suggested AAP could be cost-effective in M1 patients if priced below
£62/day, or below £28/day in the M0 subgroup. AAP could dominate SOC in the MO sub-
group with price below £11/day. AAP is effective for non-metastatic and metastatic disease
but is not cost-effective when using the BNF price. AAP currently only has UK approval for
use in a subset of M1 patients. The actual price currently paid by the English NHS for abira-
terone acetate is unknown. Broadening AAP’s indication and having a daily cost below the
thresholds described above is recommended, given AAP improves survival in both sub-
groups and its cost-saving potential in MO subgroup.

Introduction

Prostate cancer is the most common cancer in men in the UK [1], and second most common
cancer in men worldwide [2]. Long-term hormone therapy has been first-line standard of care
for locally advanced and metastatic prostate cancer since the 1960s [3]. Disease progression
occurring during treatment with long-term hormone therapy represents a transition to a dis-
ease state referred to as castration-resistant prostate cancer (CRPC), and recent modifications
made to the treatment pathway after CRPC onset have led to survival and morbidity improve-
ments [4, 5]. Additions of recently approved CRPC therapies to long-term hormone therapy
in pre-CRPC, or ‘hormone-naive’, patients are being tested via several trials including the
STAMPEDE trial [5-10] which began in 2005. It uses a multi-arm, multi-stage design, allow-
ing testing of emerging single and combination treatments against one, continuous standard-
of-care arm based on long-term androgen-deprivation therapy (ADT) [11]. STAMPEDE is
registered at clinicaltrials.gov (NCT00268476).

STAMPEDE showed that adding abiraterone acetate plus prednisone/prednisolone (AAP)
to ADT in first line resulted in significantly improved overall and failure-free survival com-
pared to ADT alone, with a 3-year survival rate of 83% in AAP plus ADT compared to 76% for
ADT only [12] in a broader population than that covered by the current AAP indication in the
UK [5, 13]. The administration of AAP is however associated with significant financial cost. In
England, approval of new technologies for National Health Service (NHS) implementation
requires evidence of sufficient gains in quality-adjusted life-years (QALYs) to justify additional
cost [14] If a new intervention carries additional cost over and above the cost to the health sys-
tem of generating a new QALY, then this implies displacement or loss of health elsewhere in
the system [15]. It is not clear whether the balance of health gains and extra cost associated
with the addition of AAP is acceptable in this context. The cost-effectiveness of AAP in com-
parison to prednisolone as best supportive care, in metastatic CRPC patients previously treated
with docetaxel, has previously been explored as part of UK National Institute for Health and
Care Excellence (NICE) submissions [16]. This paper describes the first cost-effectiveness anal-
ysis (CEA) comparing AAP+ADT to ADT alone as first-line treatments in the newly diag-
nosed population, directly from trial-based data. Other work has reported CEAs in this
population using aggregated data [17, 18].
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The aim of this paper was to evaluate the cost-effectiveness of AAP in men initiating long-
term ADT for prostate cancer. We report the results of a lifetime cost-utility analysis (CUA)
based on short-term trial-based patient-level data on healthcare resource use, health-related
quality of life (EQ-5D-3L), disease progression and mortality collected in the STAMPEDE
trial. The lifetime model extrapolates from trial-based survival analyses, calculating survival,
discounted quality-adjusted survival and costs, over a lifetime (45-year) horizon.

Methods
STAMPEDE trial—“Abiraterone comparison”

Patients recruited between November 2011 and January 2014 and randomly allocated to AAP
plus standard of care (SOC) based on ADT, or SOC alone, (1:1 allocation) constituted STAM-
PEDE’s “abiraterone comparison”. All trial participants provided written informed consent.
The STAMPEDE trial was conducted in accordance with the principles of Good Clinical Prac-
tice guidelines and the Declaration of Helsinki, and the appropriate regulatory and ethics
approvals were obtained for the original study and all amendments (http://www.stampedetrial.
org/centres/essential-documents/ethics-regulatory/). No additional ethics approval was
required for the cost-utility analysis reported here.

The database was locked on 10 February 2017. Those eligible for randomisation had newly
diagnosed and metastatic, node-positive, or high-risk locally advanced, non-metastatic pros-
tate cancer, or disease previously treated with radical surgery or radiotherapy which was
relapsing with certain high-risk features. There were no age constraints, but patients with
known severe cardiovascular disease were excluded from the trial. Further details on the ratio-
nale and design of STAMPEDE are described in the protocol and other trial documentation
[6, 11, 12, 19, 20].

Treatments in both arms included ADT for at least 2 years. For patients randomised to
AAP+SOC, AAP (abiraterone acetate 1000mg, prednisolone 5mg) was given once daily, with
duration dependent on disease stage. Patients with metastatic disease at baseline were offered
AAP treatment until progression whereas most non-metastatic patients only received it for 2
years. Information was collected on administration of AAP and other medications including
hormone therapy (including ADT), chemotherapy, bisphosphonates, radioisotopes, steroids,
pain medications, and other cancer medications; surgical and other procedures; radiotherapy;
and unscheduled primary care and inpatient and outpatient secondary care visits; as well as on
deaths and serious adverse events (SAEs). The EuroQol EQ-5D 3-level (EQ-5D-3L) question-
naire was administered at baseline and each trial visit. Trial visits were every 6 weeks up to 6
months, then every 12 weeks up to 2 years, then every 6 months up to 5 years, or until
progression.

Results are reported separately in this paper for (i) patients who initially presented without
metastases, or with only lymph node metastasis as this tends to be underdiagnosed in practice
and treatment pathways as well as prognosis tend to be similar across these patients (hereafter
referred to as MO subgroup), and (ii) those who presented with other metastatic disease (here-
after M1 subgroup), due to the different treatment pathways and prognoses associated with
each group [21].

Patient and public involvement statement

Patients and the public are involved in the ongoing management of the STAMPEDE study
itself, but were not separately involved in this health economic analysis.
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Fig 1. Model structure. Nine health states with 25 allowed transitions (11 arrows among HS1-HS7, plus 1 transition
from each alive health state (HS1-7) to each dead health state (HS8-9)).
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Trial-based analysis

Survival analysis. A trial-based analysis was performed to describe the trial data and iden-
tify additional information required for the lifetime simulation model to describe the real-life
pathway and account for bias due to short trial follow-up. Each patient’s status during the trial
was categorised as one of 9 health states (HS) that matched those used in the previously pub-
lished docetaxel analysis from STAMPEDE [22] (Fig 1). The three health states which covered
the trial’s eligibility criteria were: (i) non-metastatic disease or with lymph-node metastasis
(HS1), (ii) bone metastases (HS2), and (iii) visceral metastases (HS3). These distinctions were
made on the basis of previously observed prognostic differences between the three groups [23,
24]. Patients in HS1 comprised the non-metastatic (MO0) subgroup, and patients in HS2 and
HS3 the metastatic subgroup (M1). After treatment failure, patients were considered to be in
CRPC health states split according to the same groups as above (HS4, HS5 and HS7, respec-
tively), with an additional state (HS6) where skeletal-related events (SRE) were observed after
bone metastasis. SREs occurring in treatment-naive patients (HS1) without a metastasis event
were considered as treatment failure; these patients were moved to HS4 and not HS6. Informa-
tion was also collected on patient deaths and whether they were prostate cancer related or not
(HS8 and HS9). Participants alive at the end of trial follow-up were censored at last docu-
mented follow-up.

Parametric survival curves were modelled jointly or separately for the 25 transitions in Fig 1
using trial data [25-28], to estimate lifetime event rates in the lifetime model described in the
Methods: Lifetime simulation model section, adjusting for a range of baseline variables (S1
File). The first transition by a patient represented failure-free survival as defined in the clinical
analysis [12] so the time to this first event was estimated jointly for the 9 allowed transitions
from any of HS1/2/3 to any of HS4/5/7/8, as a function of randomised group and certain prog-
nostic baseline patient and disease characteristics [23, 24]. This model used a flexible paramet-
ric model with 5 degrees of freedom, similarly to the clinical analysis [12], and the best fit was
on the log cumulative odds scale. The 7 transitions to other-cause death (HS1-7 to HS9) were
estimated jointly as were dependent on age. The remaining transitions were estimated sepa-
rately or jointly depending on event numbers and convergence, as a function of randomised
group and time from randomisation to failure, adjusting for baseline patient and disease
characteristics.
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Two significant treatment pathway changes occurred during the trial analysis timeframe,
and baseline variables marking these were assessed for inclusion in the survival models. Firstly,
NICE approved use of AAP and enzalutamide for patients who had received prior chemother-
apy in 2012, and this was extended to all patients at first relapse in 2016 [29], but had been
available earlier in England via the Cancer Drugs Fund, therefore a binary variable indicating
recruitment location as England or elsewhere was included in the analysis. Secondly, radio-
therapy (RT) was removed from SOC for newly diagnosed M1 patients from January 2013
when the next study arm added to STAMPEDE opened, so a binary variable indicating recruit-
ment time period was included.

Exponential, generalised gamma, Weibull and lognormal models were assessed for all indi-
vidual and joint models, as well as splines for some models where convergence or good fit was
not achieved from these initial approaches. Goodness of fit was assessed using the Akaike
Information Criterion (AIC) [30] as well as visual inspection comparing the observed Kaplan-
Meier curve with the predicted within-trial survival curve for each transition, and longer-term
plausibility of extrapolations also considered.

Utility scores. Ultility scores were calculated from complete responses to trial EQ-5D-3L
questionnaires using the standard UK tariff [31]. Partially completed questionnaires were
deemed missing [32]. Multiple imputation using chained equations (MICE) and predictive
mean matching [33] was implemented in R to impute missing utility scores by arm, based on
five imputations and 30 iterations [32]. Convergence checks revealed no apparent issues in the
algorithm. The imputation model included all potentially prognostic variables available at base-
line, initial trial eligibility category, randomised group, timing of quality-of-life data collection,
quality-of-life data over time, health state, and death during the trial. Utility was imputed as
zero from date of death. As utility scores are negatively skewed with a ceiling effect (high pro-
portion of patients reporting perfect utility of 1), two-part regression was performed on the
imputed datasets, where a logit model (binomial family with log link) predicted the likelihood
of utility being equal to 1, then a gamma model (gamma family with identity link) predicted the
utility score if it differed from 1. Gamma models allow values greater than zero, so values pre-
dicted were one minus the utility score. Regression models included baseline characteristics
considered predictive of utility based on clinical opinion (age, World Health Organization
(WHO) performance status, nodal stage), health state (Fig 1), and a time-dependent version of
the randomised group, as the impact of randomised group on quality of life was assumed to last
for the first year only, leading to a three-category “treatment in first year” parameter: (i) first
year AAP+SOC, (ii) first year SOC-only, or (iii) second year onwards either group. The best
overall fit was chosen according to the Quasi-likelihood Information Criterion (QIC) [34] and
the final model’s overall appropriateness was assessed using the Basu-Manca test series [35].

Costs. Costs were calculated based on healthcare resource use, using the English NHS per-
spective because the majority of patients were recruited from this nation, in 2017-18 £ prices.
Cost information from trial data was analysed in three categories: (i) investigational medica-
tions; (i) other specific (expensive) medications (docetaxel, enzalutamide, cabazitaxel and
radium); and (iii) general disease management costs (other medications, procedures, unsched-
uled visits, radiotherapy). Information on medications, procedures and therapies including
radiotherapy was captured during the trial as start and stop dates, and doses and frequencies.
Changes were made to SOC during the course of the study, meaning that some patients in the
SOC-only arm also received AAP at some point, mostly during later disease stages. All dose
information for AAP in the SOC-only arm was however missing, so was imputed as 1000mg/
day, as this was both the indicated and the modal observed amount. Missing prednisolone
amounts were imputed assuming protocol dose (5mg/day) and that start/stop dates matched
those of abiraterone. Other missing medication dose information was imputed as modal
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observed or British National Formulary (BNF) indicated doses due to insufficient information
for informative multiple imputation. Unit costs were obtained from standard sources, includ-
ing the BNF [36], NHS Reference Costs 2017-18 [37], and the published docetaxel CUA [22],
adjusting where necessary to 2017-18 prices using the new Health Services Index using CPI
(Consumer Price Index) (Health) and the previous Hospital and Community Health Services
indices [37, 38]. The base-case cost for abiraterone was the BNF cost (£97.68/day). The NHS
purchases abiraterone acetate at an undisclosed discount, so a threshold analysis explored the
impact of using lower prices (see Methods: Overall incremental cost-effectiveness and sensitivity
analysis section). Reductions of around 20% were made to BNF costs for enzalutamide, cabazi-
taxel and radium to better reflect prices paid by the NHS [22]. As 6-week general disease man-
agement costs were positively skewed, a two-stage regression for costs below and above a
boundary amount per 42-day cycle was performed, by arm and health state, controlling for
baseline age group, WHO status, nodal stage, and the three-category variable, ‘treatment in
first year’. Generalised gamma and Gaussian models were assessed, with models chosen
according to QIC, including exploring the position of the boundary amount separating the
two parts of the regression. Unit costs and other further details are given in S2 File.

Lifetime simulation model

Simulation model structure. The lifetime model was a patient-level simulation Markov
model, performed in R (v3.6.3) [39] using standard packages and additional functions written
by Woods et al. [22]. The model generated lifetime information on time patients spent in each
state, by arm and subgroup, using a 42-day cycle length and based on the survival models calcu-
lated from trial data described in Methods: Trial-based analysis: Survival analysis section. Office
for National Statistics (ONS) life tables [40] were used (Gompertz distribution) instead of other-
cause death parametric survival model from the trial data if the predicted date of death was after
the participant’s last follow-up. The time horizon was 45 years after randomisation, since the
mean age of the youngest category was 55 years, therefore likely capturing all patients’ lifetimes.

Given the limited information on outcomes beyond onset of CRPC available via STAM-
PEDE, survival estimations for M0 patients were applied based on data from M1 patients who
had progressed to CRPC disease [41]. Forty simulations generated per patient profile provided
stable results in the deterministic analyses, and 25 in the probabilistic sensitivity analyses (500
iterations). The latter were used to provide points on the cost-effectiveness plane that were
then translated onto the cost-effectiveness acceptability curve [42] and into 95% confidence
intervals for costs and QALY per arm and subgroup.

Utility scores and quality-adjusted life-years. Parameters from the utility regression
described in the Methods: Trial-based analysis: Utility scores section were combined with time-
in-state information from the lifetime simulation described in the Methods: Lifetime simula-
tion model: Simulation model structure section to give overall per-patient lifetime QALYs by
arm and subgroup. Area-under-the-curve methods were used to calculate QALY [43], and
future QALY were discounted at 3.5% per year [14].

Costs. Parameters from the trial cost analyses described in the Methods: Trial-based analy-
sis: Costs section were combined with time-in-state information from the lifetime simulation
described in the Methods: Lifetime simulation model: Simulation model structure section and
additional information to give overall per-patient lifetime costs by arm and subgroup, with
future costs discounted at 3.5% per year [14]. Costs for the group of specific medications were
estimated according to health state and whether they had been in that state for (i) less than a
year, (ii) 1-2 years, or (iii) more than 2 years, in order to provide optimal sensitivity in the
analysis for these more expensive drugs when moving from trial-based results to the longer
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time horizon in the lifetime model where costs and outcomes were applied in cycles. AAP
costs were estimated in the same way, and also split by randomised group.

Additional information on top of trial costs included a flat SAE cost calculated using SAE
information collected in the trial. Published costs for end-of-life care in prostate cancer were
also included (£6,897, adjusted to 2017-18 prices from Round et al.) [44], as were estimated
costs for standard monitoring activities, and stoppage of medications where this implied addi-
tional healthcare resources. Unit costs and other further details are given in S3 File.

Overall incremental cost-effectiveness and sensitivity analysis

The overall outputs of the lifetime model are presented by subgroup (M0 and M1) as the
undiscounted incremental survival, the discounted incremental QALYs, the discounted incre-
mental costs (£), and the incremental cost per QALY gained. One-way deterministic sensitivity
analysis was performed as a threshold analysis to explore the impact of using a lower abirater-
one acetate input price, using 75%, 50%, 25% and 10% of the base-case full BNF price, as the
BNF price was likely an over-estimate of current price paid by the NHS. Joint probabilistic sen-
sitivity analysis was performed to explore the impact of uncertainties in model inputs. Five
hundred sets of parameters from the trial analysis regressions (2-part regression for utility
scores, 2-part regression for general disease management costs) were generated, using multi-
variate normal distributions described by the calculated regression parameters. Costs for inves-
tigational medications, other specific medications, monitoring, SAE premiums and end-of-life
one-off costs were varied according to gamma distributions with random deviates. The results
were plotted on cost-effectiveness planes and used to draw cost-effectiveness acceptability
curves, to show the likelihood of AAP+SOC arm being more cost-effective than SOC-only
arm at various cost-effectiveness thresholds.

This analysis is reported according to the Consolidated Health Economic Evaluation
Reporting Standards (CHEERS) statement [45] and follows the NICE reference case [14].
Analysis was performed in R (version 3.6.3) [39] with some preparatory work performed in
Stata v14 [46] and v16 [47].

Results
Headline results from overall lifetime model

The discounted per-patient lifetime gains in QALYs were 0.33 QALY for M0 patients and
1.48 QALYs for M1 patients according to the base-case deterministic simulation analysis. Fol-
lowing the AAP+SOC treatment pathway cost an additional £48,821 per patient in the MO sub-
group, and £70,246 in M1 subgroup, compared to SOC alone. The base-case ICERs were
therefore £149,748 per QALY gained in the MO subgroup and £47,503 per QALY gained in the
M1 subgroup (Table 1). The cost-effectiveness of AAP+SOC compared to SOC-only was
above the thresholds used in England (£13,000 to £30,000/QALY gained) [14, 15] when using
the BNF price for abiraterone acetate and therefore not cost-effective. Further details and
breakdowns are given in S8 and S9 Files for the probabilistic sensitivity analysis results.

The rest of the Results section here discusses results from the trial-based analysis that were
required to feed into the lifetime model, and then goes on to describe the survival results of the
lifetime model and its various sensitivity analyses.

Trial-based results

Trial population. 1917 patients at 111 United Kingdom (UK) and 5 Swiss sites were ran-
domised to AAP+SOC (n = 960) or SOC-only (n = 957). A full description of the patient
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Table 1. Total lifetime per-patient costs and QALYs split by arm and subgroup, calculated using the deterministic base-case simulation analysis, and corresponding
ICERs by subgroup.

MO subgroup M1 subgroup
AAP+SOC SOC-only Difference AAP+SOC SOC-only Difference
Lifetime costs 97,558 48,736 48,821 116,658 46,412 70,246
Lifetime QALYs 7.03 6.70 0.33 4.43 2.95 1.48
ICER £149,748 £47,503

MO = non-metastatic at baseline; M1 = metastatic at baseline; AAP = abiraterone acetate plus prednisone/prednisolone; SOC = standard of care; QALYs = quality-

adjusted life years; ICER = incremental cost-effectiveness ratio.

https://doi.org/10.1371/journal.pone.0269192.t001

cohort is reported elsewhere [12]. Participants were followed up for a median of 3.08 years in
the MO subgroup and 3.00 years in the M1 subgroup (54 File).

Survival modelling. Table 2 shows the numbers of times that each transition was used
during the observed trial period. There were 9 models required in total: 6 for individual transi-
tions and 3 for groups of jointly modelled transitions. The shaded groups indicate the three
jointly modelled groups: time to first event (i.e. transitions from HS1/2/3 to HS4/5/7/8), time
to other-cause death (from HS1-7 to HS9), and transitions to the worst CRPC state (HS7)
from the other three CRPC states (HS4/5/6), which was performed jointly due to small event
numbers. Numbers with borders indicate the six singly modelled transitions (HS4 to HS5,
HS5 to HS6, HS4 to HS8, HS5 to HS8, HS6 to HS8, and HS7 to HSS).

All model parameters are given in S4 File. The results of the joint model describing the time
to first event, or treatment failure, show that those in the AAP+SOC arm had a significantly
longer time to first event than the SOC-only arm. The joint model considering the time to
other-cause death depended on age, with the oldest patients having longer time to other-cause
death compared to the youngest age group (an apparently contradictory but long-established
finding [48]). Other transitions besides first event and other-cause death were also modelled
controlling for randomised group, and relevant baseline covariates were assessed for inclusion
in each model. Further details on these models and their validation is given in S4 File.

Table 2. Transition matrix showing how many times each transition was used during the trial period.

from to HS1 HS2 HS3 HS4 HS5 HS6 HS7 HS8 HS9

HS1 np np np 194 14 np 7 4 29
HS2 np np np np 513 np 15 0 23
HS3 np np np np np np 34 2 1
HS4 np np np np 41 np ‘ 16 7
HS5 np np np np np 124 ‘ 150 16
HS6 np np np np np np 86

HS7 np np np np np np np 63 6
HS8 np np np np np np np np np
HS9 np np np np np np np np np

HS1 (MO subgroup), Naive M0/M1a: MO0, or M1 lymph nodes outside pelvis; HS2 (M1 subgroup), Naive M1b: M1 bone mets; HS3 (M1 subgroup), Naive M1c: M1
visceral mets; HS4, CRPC M0/M1a: M0, or M1 lymph nodes outside pelvis; HS5, CRPC M1b: M1 bone mets; HS6, CRPC SRE: M1 bone mets with SRE; HS7, CRPC
Mlc: M1 visceral mets; HS8, Prostate cancer death; HS9, Other cause death. SRE = skeletal-related events; mets = metastases; CRPC = castrate-resistant prostate cancer;

MO = non-metastatic at baseline; M1 = metastatic at baseline; np = not possible i.e. this transition is not possible according to Fig 1.

https://doi.org/10.1371/journal.pone.0269192.t002
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Table 3. Mean daily undiscounted per-patient costs of AAP: Raw reported doses and imputed doses.

Number of patients Daily cost of reported dose Daily cost of imputed dose Treatment duration
(days)
n events mean (£) SD (£) n events mean (£) SD (£) mean SD

Abiraterone

AAP+SOC arm 951 1154 94.69 10.37 1184 94.77 10.24 590.2 438.7
SOC-only arm 121 0 - - 127 97.68 0.00 256.9 235.0
Prednisolone

AAP+SOC arm 951 3 0.07 0.04 1186 0.02 0.00 589.0 439.2
SOC-only arm 122 1 0.09 - 128 0.02 0.01 255.2 234.8

Treatment duration was counted to censor date or earlier. There are more ‘events’ than patients because some patients stopped then re-started. SD = standard deviation;

AAP = abiraterone acetate plus prednisone/prednisolone; SOC = standard of care.

https://doi.org/10.1371/journal.pone.0269192.t003

Utilities. Of the 1,917 participants, 1,794 (898 AAP+SOC and 896 SOC-only) agreed to
complete the EQ-5D-3L, providing 15,941 completed questionnaires. Despite the protocol not
requiring EQ-5D-3L to be collected after progression, some patients did report this informa-
tion, allowing utility scores to be modelled using trial data. The mean, standard deviation,
range and graphical presentations of the raw, unimputed utility scores along with levels and
patterns of missingness at each timepoint are provided in S5 File.

Five imputations were performed and analysed separately by arm. The imputation with the
best fit for the two-part regression analysis described in the Methods: Trial-based analysis: Util-
ity scores section was used to estimate utilities in the lifetime simulation model (see Methods:
Lifetime simulation model: Utility scores and quality-adjusted life-years section for further
details). The regression parameters and one-way deterministic sensitivity analysis varying
these parameters are given in S5 File, followed by the imputed utility scores from the best-fit
imputation used in the regression, and the predicted utility scores from the regression. These
ranged from predicted means of 0.754 (SD 0.059) to 0.802 (SD 0.044) in the naive health states
(HS1-3) and 0.632 (SD 0.060) to 0.744 (SD 0.036) in the CRPC health states (HS4-7). Further
details are given in S5 File.

Cost information from trial data. Mean daily costs per patient for investigational drugs
(AAP) are given in Table 3. The two-part regression for general disease management was split
into costs above and below £1,500 per 42-day cycle, including a generalised gamma model for
the lower costs, and a Gaussian model for the higher costs. Further detailed information
including the regression model outputs is given in S6 File.

Lifetime simulation model

Survival and quality-adjusted survival. The model predicted overall survival increased
from 4.97 (SOC-only) to 7.65 years (AAP+SOC), and discounted quality-adjusted survival
increased from 2.95 (SOC-only) to 4.43 QALYs (AAP+SOC), for M1 patients. The corre-
sponding increases for MO patients were from 12.46 (SOC-only) to 12.75 years (AAP+SOC),
and 6.70 (SOC-only) to 7.03 QALYs (AAP+SOC). Regarding patients’ first events, the model
predicted failure-free survival increased from 2.64 (SOC-only) to 6.43 years (AAP+SOC) and
discounted quality-adjusted failure-free survival increased from 1.65 (SOC-only) to 3.79
QALYs (AAP+SOC), for M1 patients. The corresponding increases for M0 patients were from
8.20 (SOC-only) to 12.14 years (AAP+SOC) and from 4.72 (SOC-only) to 6.72 QALYs (AAP
+SOC). The effect of adding AAP to SOC was therefore to extend overall and failure-free sur-
vival and quality-adjusted survival and seemed to delay progression to worse disease states for
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M1 patients. These results are shown for the MO (HS1) and M1 (split according to the type of
metastasis according to HS2 (bone) and HS3 (visceral)) patient subgroups in Fig 2, and for the
overall patient population in S7 File.

Probabilistic sensitivity analysis. The cost-effectiveness plane (CEP) (top of Fig 3) gener-
ated using probabilistic methods shows that AAP+SOC treatment pathway is both more
expensive and more effective than SOC-only pathway in the M1 subgroup. Cost-effectiveness
acceptability curves (CEAC) were plotted for each subgroup and suggest a 12.0% chance of
AAP+SOC being cost-effective compared to SOC-only for a threshold of £30,000/QALY in the
M1 subgroup (bottom of Fig 3), and a 2.4% chance in the MO0 subgroup (S9 File).

Deterministic abiraterone cost threshold analysis. The BNF cost of abiraterone acetate
was likely to be an over-estimate of the price paid by the NHS. For the calculated ICER to fall
below the £30,000/QALY threshold, the cost of abiraterone acetate would need to be below
63% (£62/day) of the current BNF price for M1 patients, and below 29% (£28/day) of the BNF
price for MO patients. If the cost of abiraterone acetate were below 11.7% (£11/day) of the cur-
rent BNF price, these results suggested that use of AAP+SOC would dominate the SOC-only
pathway for MO patients, i.e. cost less and provide more QALYs. A similar cost-saving scenario
is not available for M1 patients in our model because the break-even point for zero incremen-
tal cost in this group is at a negative price for AAP (S10 File).

Discussion

The survival results from this analysis corroborated those of the clinical effectiveness paper
[22] in suggesting there was both a survival benefit from addition of AAP to SOC, and a delay
in progression to worse disease states. However, using BNF pricing for abiraterone acetate,
there was a 12.0% probability for M1 patients, and 2.4% probability for MO patients, that AAP
was cost-effective compared to SOC-only, at a threshold of £30,000 per QALY gained for hor-
mone-naive men with prostate cancer, suggesting that addition of abiraterone acetate to ADT
was not cost-effective in this context, despite being effective in improving survival and dis-
counted quality-adjusted survival for these patients.

Our results, which used patient-level data directly from the STAMPEDE study in a lifetime
decision model to avoid bias due to short trial follow-up, are similar to those reported by other
groups who performed secondary cost-utility analyses using published data from STAMPEDE
and other trials in similar populations. Sathianathen et al. reported a three-arm cost-effective-
ness analysis comparing ADT, ADT+docetaxel and ADT+AAP, based on aggregated data
from the STAMPEDE trial, and concluded that addition of AAP was likely to be the most
effective option in terms of increasing QALYs, but would not become the most cost-effective
unless the monthly price of abiraterone was reduced below $3114 (2017 US $, using cost-effec-
tiveness threshold of $100,000/QALY gained) [17]. A network meta-analysis comparing a
number of strategies in this population concluded that ADT+AAP was likely to be the most
effective [18], and a further model-based analysis by Sung et al. considered a series of compari-
sons between ADT, ADT+docetaxel, ADT+AAP, ADT+enzalutamide and ADT+apalutamide,
and illustrated a five-way cost-effectiveness frontier [42] that suggested that ADT+AAP would
be the preferred option at a cost-effectiveness threshold of $100,000/QALY gained, although
ADT alone or ADT+docetaxel would be preferred at lower thresholds [49].

This lifetime model used data with a median trial follow-up of around 3 years to extend the
model to a 45-year horizon. The parametric survival models predicted the short-term trial sur-
vival curves well, replicating the results of the trial, and longer-term predictions made by the
model were validated by comparison to other published work (see 54 File), although only lim-
ited information was available for this validation due to standard short follow-up in clinical
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Fig 2. Overall and failure-free survival from each of the three starting health states. Top row: Overall (OS) and failure-free survival (FFS) from HSI,
i.e. the MO subgroup; middle row: OS and FFS from HS2, i.e. M1 patients whose initial metastasis was in bone; bottom row: OS and FFS from HS3, i.e.
M1 patients whose initial metastasis was in visceral tissue (not bone). Stepped lines to around 5 years are observed trial data and smooth lines to 45
years are predicted data from the lifetime simulation model. In the lifetime lines, short dashes (red) indicate the AAP+SOC arm, and longer dashes
(black) indicate the SOC-only arm.

https://doi.org/10.1371/journal.pone.0269192.9002
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Fig 3. Cost-effectiveness plan and cost-effectiveness acceptability curve for the M1 subgroup. Top: Cost-
effectiveness plane (CEP) for M1 subgroup, using base case BNF price for abiraterone. The red point indicates the
mean incremental cost plotted against the mean incremental QALY in this set of probabilistic results and the blue
dotted line indicates the £30,000/QALY gained cost-effectiveness threshold. Bottom: Cost-effectiveness acceptability
curve (CEAC) for M1 subgroup, using base-case BNF price for abiraterone.

https://doi.org/10.1371/journal.pone.0269192.9003

trials. A further limitation of the analysis was that STAMPEDE trial data were not complete
regarding medications or disease progression events, as complete follow-up post-progression
was not mandatory. These gaps were filled for the MO subgroup by assuming that outcomes
after metastases mimicked those for M1 patients, and clinical experts felt that the correspond-
ing gaps for M1 patients were not likely to be substantial. There was less quality-of-life infor-
mation reported in progressed disease, as quality-of-life data (EQ-5D-3L) were not routinely
collected after disease progression, but that which was obtained was considered to more ade-
quately describe the experience of this population than using literature values from other
studies.
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Regarding contextual limitations, changes were made to SOC during the study, which led
to 121 of the 957 patients in the SOC-only arm also receiving AAP at some stage during the
study, mostly during later disease stages. This number could have grown in the time since the
dataset was frozen. Many STAMPEDE patients were yet to report further treatment for pros-
tate cancer, and patterns of secondary treatments may change over time. Further changes to
SOC occurred after this section of the STAMPEDE study was completed, so neither arm in
this cost-effectiveness analysis exactly replicates current UK practice; in particular, docetaxel
in addition to ADT is increasingly offered earlier in the pathway, to patients newly presenting
with metastatic disease, with around 27% of this group taking this up in 2019 [50]. Further
pathway changes took place in 2020 as a result of the pandemic, which are not reflected in this
analysis. Subgroup analysis to examine more specific treatment pathways, besides the M0/M1
split, could not be undertaken due to small patient numbers. Nevertheless, sensitivity analyses
conducted to assess the impact of uncertainties on the lifetime model results suggested the
overall cost-effectiveness conclusions were robust to these uncertainties, and the key cost-
effectiveness driver remained the price of abiraterone acetate.

The likelihood of the addition of AAP being cost-effective depends heavily on its price and
also on the comparator. This work focuses on ADT monotherapy, however, around 20% of
men receive upfront docetaxel in addition but no men within part of STAMPEDE received
this therapy so we are unable to provide data for this comparator. The abiraterone acetate pat-
ent is expected to expire in England in September 2022, so generic manufacturers will then be
allowed to enter the market, which is likely to lead to lower prices. Healthcare pathway costs in
health economic evaluation are a proxy for opportunity cost, the economic concept at the
heart of economic evaluation. Use of the commonly quoted NICE cost-effectiveness thresholds
of £20,000 to £30,000 per QALY gained may lead to a net loss in health across the system
because research suggests that the average cost of producing a QALY is £13,000 in the NHS in
England. As a result, adoption of a new therapy with an ICER greater than £13,000/QALY
gained would produce net fewer QALY than current standard of care [15], and the higher the
ICER, the greater this net loss of health. Although AAP+SOC is clearly effective compared to
SOC, at current BNF prices of more than £35,000 per patient per year for AAP, it would not
meet the conditions required to represent value for money to the English NHS without a dis-
count on this price. The NHS purchases abiraterone acetate at an undisclosed discount so we
do not know whether the current price meets cost-effectiveness thresholds. These results apply
to the English context, as other countries’ decision-making bodies use cost-per-QALY analysis
to differing degrees and with different thresholds when considering approvals of new thera-
pies, and the cost of generating a QALY would also be different in different countries.

As well as considering price discounts, there has also been work published in recent years
on the impact of using a lower dose of abiraterone acetate (250mg/day) with a low-fat meal, as
AAP was delivered under fasting conditions in its pivotal trials, which would not have taken
advantage of the large food effect [51, 52]. A reduction in dose by 75% would have a similar
impact on cost as a reduction in price by 75%, so if taking AAP with food does indeed not
reduce its effectiveness, then the lower dose would be cost-effective in both subgroups accord-
ing to the threshold analysis described above (see also S10 File).

Conclusions

Our results find a low probability for AAP being cost-effective in the English NHS at the BNF
price as a first-line treatment alongside hormone therapy for patients with non-metastatic and
metastatic disease, although it has the potential to be cost-effective, or even cost-saving in M0
patients, with lower pricing according to the thresholds described above. As the NHS
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purchases abiraterone acetate at an undisclosed discount, it is impossible to assess whether in
fact it is already being bought at a price that meets standard NICE cost-effectiveness metrics.
Regarding AAP’s current indication in the UK, we note that the marketing authorisation cov-
ers only a proportion of those in STAMPEDE’s M1 subgroup [13], based on the LATITUDE
study [5], so an expansion of this authorisation would also be required. A NICE appraisal relat-
ing to the licensed indication for M1 patients recently concluded that in the licensed popula-
tion, the treatment was not cost-effective in comparison to ADT plus docetaxel, despite the
fact that only a minority of men received this combination, while the majority (pre-pandemic)
received ADT alone [53].
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