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Abstract

Objectives: If randomized controlled trials can be successfully emulated using real-world data (RWD), confidence in the validity of
RWD for estimating treatment effects for questions that have not been assessed in trials increases. We used routinely collected adminis-
trative and clinical national linked datasets from England to emulate the PRO7 trial for high-risk prostate cancer patients, which compared
the effects of radiotherapy added to hormone therapy (RT+HT) within 8 weeks of randomization (the “grace period’’) and hormone ther-
apy (HT) only on all-cause mortality. We highlight methodological choices required and challenges encountered in emulating this trial.

Study Design and Setting: Patients diagnosed with prostate cancer from 2014 to 2020 were identified from the routine national linked
datasets. Diagnosis was taken as the time zero. As few patients initiated radiotherapy within 8 weeks of diagnosis, we considered target
trials with grace periods of 4-6 months. Estimands of interest were hazard ratios (HRs) and survival probabilities over 7 years. The
cloning-censoring-and-weighting (CCW) approach was used to control for measured confounding and to allow for the grace period. We
also used an extension (the ‘“‘landmark-CCW”’ approach), in which we consider several time-origins post-diagnosis, enabling us to use
a grace period of 8 weeks as in PR0O7.

Results: A total of 2,690 patients were eligible for inclusion in the emulated trial. The CCW analysis using a grace period of 6 months
gave an estimated HR of 0.48 (95% confidence interval [CI]: 0.34—0.60) and 7-year survival estimates of 80.7% (95% CI: 74.3—87.0) for
the RT+HT strategy and 65.6% (95% CI: 62.8—68.1) for HT only strategy, and corresponding risk difference of 15.1% (95% CI:
11.5—18.9). The corresponding HR from the landmark-CCW approach was 0.58 (95% CI: 0.51—0.65) and with survival estimates of
80.7% (95% CI: 77.7—83.8) for RT+HT strategy and 69.8% (95% CI: 68.2—71.4) for the HT only strategy, and a risk difference of
10.9% (95% CI: 6.3—15.9).

Conclusion: Our findings from the emulated trial using RWD are broadly consistent with those from PR0O7, with RT+HT estimated to
result in better survival compared to HT only. However, the findings were not replicated exactly, with PRO7 reporting an HR of 0.77 (95%
CI: 0.61—-0.98) over 7 years of follow-up. Differences may be in part due to challenges in defining time zero and allowing for a treatment
grace period of the same duration as in PRO7. Our study considered ways in which these challenges can be addressed, and our findings
affirm the utility of RWD for estimating treatment effects. © 2025 The Author(s). Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Plain Language Summary

Clinical trials are the best way to test whether treatments work, but they are expensive, take years to complete, and
focus on narrow research questions. If we can use real-world data (RWD) such as patient health records to mimic these
trials, we may be able to answer additional medical questions relevant to patients who are prescribed these medications.
This study aimed to see if we could recreate the results of a past clinical trial (PR0O7) using national health data from
England. The PRO7 trial looked at two treatments for high-risk prostate cancer: hormone therapy (HT) alone and radio-
therapy added to hormone therapy (RT+HT) within 8 weeks of starting the study. This trial was chosen for several rea-
sons. It included high-risk patients who were studied for up to 7 years, meaning that there was enough information to
study survival outcomes. Being a major UK-based trial, it was useful for comparing with the data recorded in UK national
health data. The trial also allowed some flexibility in when treatment started, which was an interesting factor to examine.
Its main goal was to see if adding radiotherapy to hormone therapy provided extra benefits to patients. We wanted to see
whether the trial results were replicated using the UK health data. If results were replicated, it would provide confidence
in further exploration of questions not covered by the trial. In a trial, randomization time is the point where doctors allo-
cate patients to one of the treatments being assessed, usually 1 new treatment and 1 control treatment. Patients in the study
are then followed up from that point. However, defining a starting point in a non-trial setting, using UK national health
data, is not as straightforward. In the PRO7 trial, patients started RT+HT within 8 weeks of randomization. In the UK
datasets, we use diagnosis as a starting point, because it is available for both treatment groups. However, very few patients
started RT4+HT within 8 weeks of diagnosis. To address this, we allowed for longer periods of 4—6 months from diag-
nosis for RT+HT initiation. Recent developments provided statistical methods for estimating the cause-effect relationship
between treatment received and survival patterns. In this study, we show how these approaches can be used to estimate
survival patterns if all patients had RT+HT within 4—6 months from diagnosis compared with if no patients had any RT
within 4—6 months. We account for the different treatment initiation times and the main differences between the RT+HT
and HT only patients. Using these methods, we estimate that RT+HT has an 11%—15% higher survival rate at 7 years
compared to HT only. We discuss similarities and differences between these findings and those in the original PRO7 trial.

1. Introduction

Prostate cancer (PCa) is the second most common can-
cer in men and the third most common cancer overall, after
breast and lung cancers [1]. PCa follows a variable course
in different patients as a result of its highly heterogeneous
nature. Treatment depends on risk stratification and prefer-
ences of clinicians and patients [2,3]. Although trials have
been conducted in PCa, there remain unanswered questions
about treatments, not all of which can be answered using
randomized controlled trials (RCTs), so that we may
consider using observational data for this task.

Target trial emulation provides a framework for using
real-world data (RWD) to estimate causal treatment effects,
drawing on the design principles of RCTs [4]. The idea is to
explicitly specify a protocol for the RCT that one would like
to perform if it were feasible (the “target trial”). We apply
this framework, with causal inference analysis methods, to
emulate an existing, published RCT. Benchmarking
emulated trials against existing trials could provide evidence
of the ability of RWD to accurately estimate treatment con-
trasts, hence providing greater confidence in using RWD for
emulation of new target trials which have not been conduct-
ed. Examples of benchmarking have been conducted in
different disease areas [5—10].

In this study, we aimed to use routine English national
linked data to emulate an existing trial (PR07) of treatment
for men with high-risk PCa. The PRO7 trial found that early

addition of radiotherapy to hormone therapy (RT+HT)
increased overall survival compared to hormone therapy
(HT) alone [11—13].

This article discusses the challenges of emulating an existing
trial and how we addressed them. Key challenges in emulating
the PRO7 trial were definition of “time zero” (corresponding to
the time of randomization) and the fact that radiotherapy (RT)
was initiated within a grace period of 8 weeks.

We use the cloning-censoring-and-weighting (CCW)
method to address confounding and to allow for a treatment
strategy that has a grace period [14]. We extend this by
combining the CCW approach with landmarking, to consider
different time zeros in the emulated trial [15—17]. We obtain
estimates of hazard ratios (HRs), the main measure of treat-
ment effect in the PRO7 trial. We also obtain survival prob-
abilities under the 2 treatment strategies, which do not suffer
from the inbuilt selection bias that affects HRs [18—20].

2. Materials and methods

The STrengthening the Reporting of OBservational
studies in Epidemiology checklist guided reporting.
2.1. Data sources

We used routine national linked datasets for PCa patients
diagnosed from April 1, 2014 to March 31, 2020 in
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What is new?

Key findings

e Estimated treatment effects from an emulated trial
of prostate cancer treatments using routinely
collected national datasets were consistent with
those from the PRO7 trial.

e Changes in the patient selection and treatment de-
livery between the PRO7 trial era and the emulated
trial explained some differences in results.

What this adds to what is known?

e Defining time zero in an emulated trial is not
straightforward when randomization is not aligned
with a documented event such as diagnosis and re-
quires careful attention.

e Defining a grace period within the cloning-
censoring-and-weighting (= landmarking)
approach can successfully address bias due to de-
lays in treatment and confounding.

What is the implication and what should change

now?

e Assessing the sensitivity of results from the ran-
domized controlled trial and the trial emulations
using real-world data to different modeling and
analysis assumptions can provide insight into dif-
ferences in findings and reassurance about validity
of findings.

e Our study provides some confidence that real-world
data could be used to compare the benefits of
different treatment strategies in prostate cancer pa-
tient groups for which trial evidence is lacking but
also highlights some of the considerations needed.

o Future work could assess alternative definitions of
treatment timing, bias in selection, particularly of
the control group definition, and different ap-
proaches to handling missing data.

England to emulate the PRO7 trial. Datasets included the
National Cancer Registration Dataset, Hospital Episode
Statistics Admitted Patient Care data, Office for National
Statistics death records, and National Radiotherapy Dataset
(Table 1) [21—23]. Follow-up ranged from 37 to 2,849 days
(7.8 years), ending on January 18, 2022.

The National Cancer Registration and Analysis Service,
run by National Health Service Digital, collects and links
annual cancer data from healthcare providers for all pa-
tients diagnosed in England. Under a data-sharing agree-
ment, National Cancer Registration and Analysis Service
provides anonymized PCa data to the National
Prostate Cancer Audit team, which identifies variations in

clinical care and supports initiatives to improve PCa
research.

To assess whether datasets could emulate the PRO7 trial,
we examined completeness and definitions of eligibility
criteria, treatment alignment and outcomes, and availability
of key variables for treatment classification and confounding
control. We verified the use of standardized measurements,
consistent follow-up periods, and temporal alignment.

2.2. The target trial and challenges of trial emulation

Table 2 shows protocol components for PRO7 and the
emulated trial. Below we summarize key challenges of
emulating the PRO7 trial using available datasets, which
inform interpretation of results from the emulated trial
and comparison with the RCT.

2.2.1. Defining time zero and the treatment grace period

In the PRO7 trial, randomization was allowed within 12
weeks after starting first-line HT. In the RWD, individuals
are followed from diagnosis, but the time of initiating HT
is not recorded, making choice of “‘time zero” that aligns
with timing of randomization challenging. We consider
two approaches to defining time zero in the emulated trial.
First, we used the date of diagnosis as time zero. Second,
we considered time zeros at a range of landmark times
(0, 4,..., 24 weeks) from diagnosis, which may align better
with randomization in the RCT. We selected a maximum of
24 weeks for the landmark times, as in PRO7 pre-random-
ization investigations such as hemoglobin tests took a
maximum of 6 months to complete.

Choice of time zero in the emulated trial also has impli-
cations for our ability to estimate the effects of an RT+HT
strategy, because RT may not be initiated immediately. In
clinical practice, timing of treatment initiation depends on
clinical tests, administrative procedures, and the patient’s
availability. In the PRO7 trial, RT could be initiated within
8 weeks of randomization. Using diagnosis as time zero in
the emulated trial, we found that only 1 patient initiated RT
within 8 weeks, while 51.2% of patients who initiate RT did
so within 6 months of diagnosis. We therefore considered
grace periods of longer duration (4, 5, and 6 months) when
using diagnosis as time zero. In the landmark approach,
where time zero is defined in a series of landmark times,
a grace period of 8 weeks for RT initiation was taken,
matching the grace period used in PRO7.

The correct handling of a grace period in the analysis
predominantly addresses immortal time that would arise
if the misalignment of meeting eligibility and treatment
initiation were ignored [4,24—26].

2.2.2. Defining a similar population to the PRO7 trial
Inclusion and exclusion criteria in RCTs can be difficult
to fully emulate using available datasets. The RWD cap-
tures data on most variables required to define the eligi-
bility criteria, but some criteria were not recorded
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(Table 2). There was substantial missingness in some vari-
ables needed to define eligibility, including performance
status  (50%), prostate-specific antigen (PSA) values
(60%), and Gleason scores (82%). We restricted to patients
with all eligibility variables recorded. PRO7 excluded pa-
tients with malignant or nonmalignant diseases resulting
in life expectancy of <5 years and with contraindications
to pelvic RT, neither of which are explicitly recorded in
RWD. For inclusion, hemoglobin, platelets, and other bio-
markers had to be recorded within 4 weeks before random-
ization, and PSA tests within 4 weeks before HT. However,
except for PSA values, these biomarkers, test timing, and
HT duration were missing in our RWD. This could be
one source of unobserved difference in the overall health
of the emulated trial population compared to the trial pop-
ulation, and the absence of these variables in the RWD
demonstrates the difficulty in replicating trial eligibility.

2.2.3. Confounding

In the analysis, we controlled for potential confounders:
age, number of comorbidities, Gleason score, PSA levels, in-
come deprivation quintile, performance status, T-staging,
number of tumors, ethnicity, and year of diagnosis [27,28].
These variables were measured at baseline only. RT initia-
tion is time-varying, and its initiation could be influenced
by time-varying features. While the baseline measurements
capture the most important confounders in PCa, recording
of comorbidities (such as myocardial infarction and stroke)
is incomplete in the Hospital Episode Statistics Admitted Pa-
tient Care dataset. If present, these comorbidities might in-
fluence clinicians’ decisions around prescribing RT [29,30].

There was some missingness in confounding variables,
but this was low among individuals meeting eligibility
criteria and so we used a complete case analysis under an
assumption of data being missing completely at random.

2.3. Statistical analysis

2.3.1. Time zero at diagnosis: cloning-censoring-and-
weighting approach

We used the CCW approach to enable estimation of the
causal estimand, as this method allows for treatment

strategies with a grace period as well as controlling for
measured confounders [14,31]. CCW involves first creating
two copies of the data, one for each treatment strategy
(RT4+HT and HT) (cloning step). This ensures that the
baseline characteristics of patients are balanced in both
groups and eliminate confounding at baseline. The dataset
corresponding to a given treatment strategy is then modified
by artificially censoring individuals at the time they deviate
from their strategy (censoring step). To mimic the HT strat-
egy, individuals who receive RT within the grace period are
censored at RT initiation. However, we emphasize that the
HT strategy allows patients to initiate RT after the grace
period. To mimic the RT+HT strategy, individuals are
censored at the end of the grace period if they have not
initiated RT by that time (Supplementary Fig 1). Censoring
is assumed to be dependent on covariates and was ad-
dressed using inverse probability of censoring weights
(IPCW), where the models for the weights included the
baseline confounders (weighting step) [32]. We used Cox
regression to estimate the IPCW for HT strategy dataset,
as censoring could occur at any time before the end of
the grace period. For the RT+HT strategy dataset, the
IPCW were estimated using logistic regression as censoring
occurred only at end of the grace period. We estimated mar-
ginal survival probabilities under each treatment strategy
using [IPCW-weighted Kaplan-Meier analysis applied to
the HT and RT+HT strategy datasets and obtained marginal
risk differences up to 7 years [33]. To estimate an HR
comparing the two treatment strategies, we combined the
two datasets and applied an IPCW-weighted Cox propor-
tional hazards regression with the only covariate being
the binary indicator for treatment strategy [34].

2.3.2. A landmark-CCW approach

After setting time zero to a series of landmark times (0,
4,..., 24 weeks post-diagnosis), we used a landmark exten-
sion of the CCW approach (“‘landmark-CCW”’). A dataset
was created for each landmark time. The dataset for each
landmark time was restricted to individuals who remained
alive and under observation, and who had not initiated
RT before then (Supplementary Fig 2). The cloning and

Table 1. Summary of the routinely collected administrative and clinical national linked datasets for prostate cancer patients in England

Dataset

National Cancer Registration Dataset
(NCRD) including Cancer Outcomes
and Services Dataset (COSD)

Hospital Episode Statistics Admitted
Patient Care (HES APC) dataset

National Radiotherapy Dataset (RTDS)

Contents Number of patients
Includes baseline diagnostic and demographic characteristics of 261,919
people diagnosed with cancer in England, including age, date of
diagnosis, prostate-specific antigen (PSA) level, Gleason score,
and Tumor-Node-Metastases (TNM) staging [21].
Includes records of patient, administrative and geographical 255,822
information, including hospital admissions, dates of discharge,
diagnosis codes, and operations received [22].
Includes information on radiotherapy treatments, the primary 88,448
disease being treated, primary procedures performed,
radiotherapy intent, and doses [23].
Includes causes and dates of deaths, and demographic details of 261,919

Office for National Statistics (ONS) death
records

deceased patients.
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Table 2. Summary of the target trial (PRO7) and the emulated trial protocol components to study treatments in high-risk prostate cancer patients

using the cloning-censoring-and-weighting (CCW) approach and the landmark-CCW approach

Protocol component

Target trial: PRO7 trial

Emulation using routinely collected administrative and
clinical national linked datasets from England

Eligibility criteria

Treatment strategies

Assignment procedures

Follow-up period

Outcome of interest

Causal contrasts of interest

Analysis plans

Histological diagnosis of prostatic adenocarcinoma;
high-risk patient as defined by clinical stage (T3 and
T4, NO or NX, MO and included T2), Gleason scores
8—10, and PSA > 20 ng/mL; age <80 y; no history
of cancer and absence of specified comorbidities; no
cytotoxic anticancer therapy prior to randomization;
no nonprotocol anticancer therapy until documented
progression of the prostate cancer; laboratory tests
completed within 4 wks before randomization; no
radical prostatectomy; baseline PSA taken within
12 wks prior to any hormone therapy; bone scans
confirming no bony metastases; and histologically
negative lymph node dissections.

Exclusions: no history of previous malignancies or
nonmalignancies resulting in life expectancy of <5y;
no small-cell or transitional-cell carcinoma in biopsy
specimen; no prior treatment for carcinoma of the
prostate; and no contraindications to pelvic
radiotherapy.

Strategy 1: Initiate ablative long-term hormone therapy
(choose either luteinizing hormone-releasing
hormone agonist or bilateral orchiectomy) within 4
wks of randomization. Use of radiotherapy was only
allowed if disease progression occurred and was at
the discretion of the physician.

Strategy 2: As in strategy 1, plus the addition of
radiation therapy within 8 wks of randomization.
The pelvic radiation dose was 45 Gy in 25 fractions,
followed by 20—24 Gy to the prostate in 10—12
fractions. Patients unsuitable for whole pelvis RT
received 60—65 Gy to the prostate in 35—9 fractions.

Randomization with minimization stratified by the
following factors: institution, PSA levels at diagnosis,
Gleason scores, choice of hormonal therapy, prior
hormonal therapy, and method of lymph
node staging.

Starts at randomization and ends at the earliest of
death, loss to follow-up, or end of study (7 y),
whichever occurs first.

Overall survival defined as the time from randomization
to the time of death from any cause or to the date of
last follow-up.

Intention-to-treat effect measured using a hazard ratio
and differences in risk up to 7 y.

Overall survival probabilities estimated using with the
Kaplan-Meier method. Log-rank test stratified by the
minimizing factors at randomization. HRs estimated
with the Cox model.

As in the target trial, using patients diagnosed from
2014 to 2020.

Differences in criteria include that these datasets
had no information on laboratory tests; when PSA
levels were recorded; duration of life expectancy
when diagnosed with certain malignancies or
nonmalignancies; contraindications to pelvic
radiotherapy; indicator of whether a bone scan
was conducted and when that was done; biopsy
specimen indicating no small-cell or transitional
cell carcinoma; treatments received before
randomization; and lymph node dissections
recorded within 12 wks of randomization.

Strategy 1: Initiate hormone therapy soon after
diagnosis. Radiotherapy is allowed after the
grace period.

Strategy 2: Use hormone therapy and initiate
radiotherapy within the grace period after
diagnosis. We considered grace periods of 8 wks
(as in the target trial) and 4, 5, and 6 mo.
Radiation dose and fractions are as specified in
the target trial.

Randomization is emulated via adjustment for
baseline covariates, including demographics,
measures of disease status, and comorbidities.
The covariates include age, ethnicity, year of
diagnosis, Gleason score, T-staging, PSA levels,
number of comorbidities, performance status,
number of tumors, and income deprivation
quintile.

Starts at diagnosis and ends at the earliest of death,
loss to follow-up, or end of study (maximum of
7 y), whichever occurs first.

Overall survival defined as the time from diagnosis to
the time of death from any cause or to the date of
last follow-up.

Per-protocol effect measured using a hazard ratio
and differences in risk up to 7 y.

(1) Cloning-censoring-and-weighting (CCW) analysis
for strategies 1 and 2 using 4—6 months grace
period.

(2) Landmark-CCW analysis for strategies 1 and 2
using 8 wk grace period.

CCW, cloning-censoring-and-weighting; HRs, hazard ratios; PSA, prostate-specific antigen; RT, radiotherapy.

censoring steps of the CCW approach were then imple-
mented for each landmark dataset, using a grace period
of 8 weeks for RT initiation. The models for the IPCW were

estimated as in the CCW approach for each landmark data-
set. The landmark datasets were then combined for the final
analysis, with a weighted Kaplan-Meier analysis fitted for
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survival probability estimates and corresponding risk differ-
ences, and a weighted Cox model for HRs. Marginal sur-
vival probabilities and risk differences refer to the
combined eligible population across the landmark times,
which differ from the population in the CCW approach.
Therefore, in additional analysis, we used standardization
to target the same estimand in the landmark-CCW and
CCW analyses. A conditional Cox model was fitted to the
combined landmark-CCW datasets, including a binary indi-
cator for treatment strategy and potential confounders (the
same set as in the weights models). Conditional survival
probabilities were obtained using Breslow’s estimator

under each treatment strategy for each individual in the
original CCW analysis, that is, for each individual meeting
the emulated trial eligibility criteria at diagnosis. Survival
probabilities for each treatment strategy were averaged over
individuals to give marginal estimates and corresponding
risk differences.

2.3.3. Assumptions and uncertainty

To interpret results from the analyses as estimates of
causal estimands of interest, we rely on key assumptions
of no unmeasured confounding (all confounders have been
measured and controlled for), positivity (each PCa patient

n= 261,919

Patients assessed for eligibility:

Prostate cancer (C61) patients diagnosed from 1% of April
2014 to 315 March 2020 in England

A

— — » 4754 with received radical prostatectomy
46,097 aged over 80 years at diagnosis
2 missing ages

211,066

radical prostatectomy

Less than 80 years of age at diagnosis and without

i

23,219 had M1 or MX (metastatic)
30,921 missing information on metastases

156,926

Non-metastatic prostate cancer patients

449 with performance status greater than 2
68,585 missing performance status

87,892
Performance status 0-2

A4

13,970 diagnosed with TNM stages TO, T1 or TX
s 4,580 were node positive, N1

48,774 had Gleason scores<§ & PSA<=20 ng/mL with

2,532 missing Gleason scores & 13,661 missing PSA

4,375

T2, T3, T4, NO or NX, Gleason scores >=8 & PSA>20 ng/mL

e

A 4

1,400 received other anticancer therapies other than
hormone therapy or radiotherapy plus hormone
therapy

26 patients had untraceable outcomes

2,949

Received either hormone therapy or radiotherapy plus hormone therapy

16 patients missing T-staging alone

68 patients missing comorbidities alone

142 patients missing ethnicity alone

32 patients missing both ethnicity & comorbidities

v 1 patient missing T-staging, ethnicity & comorbidities

2,690

Patients eligible with complete records

Figure 1. Emulated trial profile using the routinely collected administrative and clinical national datasets for patients diagnosed between 2014 and
2020 with prostate cancer. The corresponding trial profile from the PRQ7 trial can be found in [11].
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Table 3. Summary of the overall baseline characteristics of the
emulated trial using complete cases from the routinely collected
administrative and clinical national linked datasets (RWD) and the
PRO7 trial [11]

PRO7 overall
characteristics,

RWD overall
characteristics,

Variable n = 1,205 (%) n = 2,690 (%)
Total 1,205 (100.0) 2,690 (100.0)
Age

Mean (SD) 69.7 (6.1) 70.3 (5.9)
Gleason scores

8 978 (81.2) 997 (37.1)

9-10 218 (18.1) 1,693 (62.9)
Performance status®

0 943 (78.3) 1,920 (71.4)

1 245 (20.3) 635 (23.6)

2 17 (1.4) 135 (5.0)
T-staging

T2 146 (12.1) 689 (25.6)

T3 1,000 (83.0) 1,836 (68.3)

T4 57 (4.7) 165 (6.1)
Number of tumors

1 - 2,290 (85.1)

2 - 335 (12.5)

3 or more - 65 (2.4)
Prostate-specific antigen

(PSA) levels

20—50 ng/mL 900 (74.7) 1,689 (62.8)

>50 ng/mL 305 (25.3) 1,001 (37.2)
Number of comorbidities

0 - 2,196 (81.6)

1 - 424 (15.8)

2 or more - 70 (2.6)
Income deprivation quintile

1: least deprived - 554 (20.6)

2 - 628 (23.3)

3 - 578 (21.5)

4 - 506 (18.8)

5: most deprived - 424 (15.8)
Year of diagnosis

2014-2016 - 979 (36.4)

2017-2019 - 1,594 (59.3)

2020 - 117 (4.3)
Ethnicity

White - 2,555 (95.0)

Mixed - 11 (0.4)

Asian - 33 (1.2)

Black - 57 (2.1)

Other - 34 (1.3)

RWD, real-world data; SD, standard deviation.

Results are presented as ‘‘number (%)’ or ““mean (SD)" where
indicated, and “'-"" indicates that the information was not reported.

@ Performance status: O = able to perform duties normally without
restriction; 1 = restricted in physical strenuous activity but able to
walk and do light work; 2 = able to walk and capable of all self-
care, but unable to carry out any work. Up and about more than
50% of waking hours.

has a non-zero probability of being assigned to each treat-
ment strategy), and consistency (the individual’s observed
outcome under their actual treatment strategy is the same
as their potential outcome). It is difficult to assess unmea-
sured confounding in practice. The consistency assumption
was believed to be justified as RT treatment in England is
well standardized. For the positivity assumption, we as-
sessed the distribution of weights for the two treatment stra-
tegies, as extremely large weights can indicate that certain
patients have a very low probability of receiving RT+HT or
HT given their covariates. All approaches rely on correct
model specification for the weights.

Bootstrapping with 1,000 replicates was used to obtain
95% confidence intervals (Cls) based on a normal distribu-
tion for the estimates.

3. Results

The data included 261,919 individuals diagnosed with
PCa between April 2014 and March 2020. More than
55% of patients (143,243 of 261,919 in Fig 1) were not
eligible for the PRO7 trial and excluded. Of the remainder,
97.5% had 1 or more missing eligibility criteria. One or
more covariates were missing for 259 of 2,949 eligible pa-
tients (8.7%) (Fig 1, Supplementary Table 1). We restricted
analysis to the remaining 2,690 patients (Table 3). Of these,
2,201 (82%) received RT+HT and 489 (18%) received HT
alone. Median time of initiating RT was 161 days (range:
49 to 1,863 days) after diagnosis (Supplementary Fig 4).
Only 1 (0.04%) patient initiated RT within 8 weeks
following diagnosis. For the CCW approach, 314 (11.7%)
individuals initiated RT within 4 months, 946 (35.2%)
within 5 months, and 1,377 (51.2%) within 6 months of
diagnosis. For landmark times, 0,4,8,12,16,20,and 24
weeks after diagnosis, the number of patients initiating
RT within a grace period of 8 weeks were as follows, where
the percentages are relative to the number meeting eligi-
bility criteria at the landmark time: 1 (0.04%), 7 (0.3%),
143 (5.3%), 687 (25.6%), 1082 (42.6%), 814 (410%), and
509 (35.0%).

Baseline characteristics for participants in the PRO7 and
emulated trials are summarized in Table 3. Mean ages for
both trials were similar. PRO7 patients had worse stage,
but better Gleason scores, performance status, and PSA
values compared to the emulated trial population (Table 3).

3.1. Hazard ratios and risk estimates

Results are presented in Table 4 and Figure 2. The PR07
trial reported HR of 0.77 (95% CI: 0.61—0.98). Estimated
survival probabilities at 7 years were 74.0% (95% CI:
70.0—77.0) for RT4+HT and 66.0% (60.0—68.0) for HT on-
ly. The CCW analysis using 4, 5, and 6 months grace pe-
riods resulted in HRs of 0.64 (95% CI: 0.28—0.78), 0.54
(95% CI: 0.30—0.73), and 0.48 (95% CI: 0.34—0.60).
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Table 4. Estimated HR and survival probabilities at 7 years from the PRO7 trial and the emulated trial using the cloning-censoring-and-weighting
(CCW) approach with 4-6 months grace period (time within which radiotherapy is initiated in the radiotherapy treatment strategy) and the

landmark-CCW approach

Survival probability
(95% CI): RT+HT

Trial/analysis approach HR (95% CI)

Survival probability Risk difference
(95% CI): HT only (95% CI)

PRQ7 trial
Emulated trial

0.77 (0.61, 0.98)

CCW: grace period of 4 mo 0.64 (0.28, 0.78)
0.54 (0.30, 0.73)
0.48 (0.34, 0.60)

0.58 (0.51, 0.65)

CCW: grace period of 5 mo
CCW: grace period of 6 mo

Landmark-CCW: grace
period of 8 wks

74.0% (70.0, 77.0)

85.5% (66.0, 100.0)
81.2% (70.3, 86.3)
80.7% (74.3, 87.0)
80.7% (77.7, 83.8)

66.0% (60.0, 68.0) -

71.0% (63.6, 74.8)
68.4% (64.0, 69.4)
65.6% (62.8, 68.1)
69.8% (68.2, 71.4)

14.2% (10.7, 19.8)
12.8% (6.2, 21.2)
15.1% (11.5, 18.9)
10.9% (6.3, 15.9)

CCW, cloning-censoring-and-weighting; Cl, confidence interval; HR, hazard ratio; HT, hormone therapy; RT, radiotherapy.

Estimated survival probabilities at 7 years using 4—6
months grace periods were 85.5% (95% CI: 66.0—100.0),
81.2% (95% CI. 70.3—86.3), and 80.7% (95% CI:
74.3—87.0) for the RT+HT strategy vs 71.0% (95% CI:
63.6—74.8), 68.4% (95% CI: 64.0—69.4), and 65.6 (95%
CI: 62.8—68.1) for the HT only strategy. Corresponding
estimated risk differences for the 4—6 months grace periods
were 14.2% (95% CI. 10.7—19.8), 12.8% (95% CIL:
6.2—21.2), and 15.1% (95% CI: 11.5—18.9), respectively.

The HR from the landmark-CCW approach was 0.58
(95% CI: 0.51—0.65) with survival probability estimates
of 80.7% (95% CI. 77.7—83.8) for RT+HT and 69.8%
(95% CI: 68.2—71.4) for HT only, with risk difference of
10.9% (95% CI: 6.3—15.9). These results show that the
estimated survival under RT+HT and HT strategies for
the emulated trial is better than in PRO7, with the difference
being greater for the RT-+HT strategy.

3.2. Assessing identifiability assumptions

For the positivity assumption, there was overlap in the
distribution of weights in both treatment strategies
(Supplementary Fig 5). The standardized mean differences
at the end of the 6-month grace period showed good covar-
iate balance after the weighting step in the CCW approach
(Supplementary Fig 3) [35,36].

4. Discussion

We emulated the PRO7 trial, or a closely related trial,
using routine national linked datasets in England. Results
indicate improved overall survival from RT+HT compared
to HT only. Despite the same overall conclusion as PRO7
trial, numerical results differed, with our emulated trial
analysis giving HRs further from one, and larger risk dif-
ferences, estimating a greater effect of RT+HT. The treat-
ment effect in our emulated trial suggests that results from
both trials are in the same direction. Despite RWD
including frailer patients (poor performance status, Glea-
son scores, and PSA values), survival probabilities were
lower under both treatment strategies in the PRO7 trial.

Differences in results may stem from residual confounding
and variation in patient characteristics. Since PRO7 trial
(1995—2005), there have been significant advances in
RT treatment for PCa [37]. Treatment guidelines now
favor RT+HT for high-risk patients [38—40]. Addition-
ally, some men now receive both RT and surgery and
excluding those treated with surgery could introduce selec-
tion bias.

Aligning time zero and accounting for time-varying
treatment status were key challenges in emulating the
PRO7 trial. We addressed these by considering several
grace periods for RT initiation. HRs from the CCW moved
slightly further from one with longer grace periods.
Consistent with the PRO7 trial, we allowed those
following the HT only strategy to receive RT after the
grace period. This could in part explain why shorter grace
periods gave a weaker treatment effect. Information on the
numbers of patients in the HT only arm of PRO7 who later
received RT was not available. The landmark-CCW
approach aimed to address the challenge of aligning time
zero with that in the PRO7 trial, and to allow for a grace
period of the same duration. We obtained similar estimates
from this approach, although with narrower Cls as we
would expect. Future work could further explore the im-
pacts of the timing of RT initiation relative to diagnosis
and consider control strategies in which RT is delayed
for a longer period.

A key strength of our study was the use of routine na-
tional data from reliable sources, which enabled us to use
variables needed to define eligibility and to control for con-
founding. An important limitation was substantial missing
data on variables that defined eligibility for the emulated
trial, which could alter the study sample and limit general-
izability of our findings. Missing data in the emulated trial
cohort made it difficult to expand our results to a wider
population, although our focus was on emulating the
RCT rather than on extending to different or wider popula-
tions. However, there were relatively few missing adjust-
ment variables among eligible patients (8.7%).
Information on the timing and duration of HT was also
unavailable.
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Overall Survival from the PRO7 Trial at 7 Years
Using the Kaplan-Meier Approach

o
=
;\? s \
et [ce]
=
3 o |
3] ©
Qo
ol
o o _|
§ S Survival at 7 years
z o | HT: 66% (95% Cl: 60%-70%)
a o —— RT+HT: 74% (95% Cl: 70%-78%)
o —
T T T T T T T T
0 1 2 3 4 5 6 7
Time (years)
~ Overall Survival from the Emulated Trial at 7 Years
Using the CCW Approach with 4,5 and 6 Months Grace Periods
(=]
S ———
;\? ---h:-:‘-‘.?-‘.;--_ 1
s o = (o F ) S 1
> @ e -,
= Survival at 7 years S
8 g - -- HT@m)T71% (95% Cl: 64%-75%)
< HT (5m): 68% (95% Cl: 64%-69%)
& o | == HT(6m) 66% (95% CI: 63%-68%)
= - —— RT+HT (4m): 86% (95% Cl: 66%-100%)
2 o RT+HT (5m): 81% (95% Cl: 70%-86%)
S « 7| —— RT+HT (6m): 81% (95% Cl: 74%-87%)
w
o —
T T T T T T T T
0 1 2 3 4 5 6 74
Time (years)
Overall Survival from the Emulated Trial at 7 Years
Using the Landmark-CCW Approach
o
o —
;\T; - \
e 2
=
3 o |
(4] ©
Ko}
e
o o _|
§ = Survival at 7 years
2 o | HT: 70% (95% Cl: 68%-71%)
a o —— RT+HT: 81% (95% Cl: 78%-84%)
o —

Time (years)

Figure 2. Estimated survival curves from the PRQ7 trial and the emulated trial using the cloning-censoring-and-weighting (CCW) approach with
4—6 months grace period (time within which radiotherapy is initiated in the radiotherapy treatment strategy) and the landmark-CCW approach.

5. Conclusion characteristics for analysis. Trial emulation using high-
quality national RWD can address issues such as

The quality of RWD varies and combining data from confounder adjustment and delayed treatment. However,

multiple sources can help capture a wider range of patient
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difficulties in defining “time zero”, residual confounding
and heterogeneous populations may affect the accuracy of
estimates. Assessing sensitivity of results to different
modeling and analysis assumptions and understanding the
differences between RCT results and trial emulations using
RWD can provide reassurance. Our study provides some
confidence that RWD could be used to compare different
treatment strategies in PCa patient groups for which trial
evidence is lacking but also highlights some of the consid-
erations needed. Future work could assess alternative defi-
nitions of treatment timing, potential selection bias in the
HT only strategy, and different approaches to handling
missing data.
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