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Abstract

Context: The prognostic importance of local failure after definitive radiotherapy (RT) in
National Comprehensive Cancer Network intermediate- and high-risk prostate cancer
(PCa) patients remains unclear.
Objective: To evaluate the prognostic impact of local failure and the kinetics of distant
metastasis following RT.
Evidence acquisition: A pooled analysis was performed on individual patient data of 12
533 PCa (6288 high-risk and 6245 intermediate-risk) patients enrolled in 18 randomized
trials (conducted between 1985 and 2015) within the Meta-analysis of Randomized
Trials in Cancer of the Prostate Consortium. Multivariable Cox proportional hazard
(PH) models were developed to evaluate the relationship between overall survival
(0S), PCa-specific survival (PCSS), distant metastasis-free survival (DMES), and local fail-
ure as a time-dependent covariate. Markov PH models were developed to evaluate the
impact of specific transition states.
Evidence synthesis: The median follow-up was 11 yr. There were 795 (13%) local failure
events and 1288 (21%) distant metastases for high-risk patients and 449 (7.2%) and 451
(7.2%) for intermediate-risk patients, respectively. For both groups, 81% of distant
metastases developed from a clinically relapse-free state (cRF state). Local failure was
significantly associated with OS (hazard ratio [HR] 1.17, 95% confidence interval [CI]
1.06-1.30), PCSS (HR 2.02, 95% CI 1.75-2.33), and DMFS (HR 1.94, 95% CI 1.75-2.15,
p <0.01 for all) in high-risk patients. Local failure was also significantly associated with
DMFS (HR 1.57,95% CI 1.36-1.81) but not with OS in intermediate-risk patients. Patients
without local failure had a significantly lower HR of transitioning to a PCa-specific death
state than those who had local failure (HR 0.32, 95% CI 0.21-0.50, p < 0.001). At later
time points, more distant metastases emerged after a local failure event for both groups.
Conclusions: Local failure is an independent prognosticator of OS, PCSS, and DMFS in
high-risk and of DMEFES in intermediate-risk PCa. Distant metastasis predominantly
developed from the cRF state, underscoring the importance of addressing occult micro-
scopic disease. However a ‘‘second wave” of distant metastases occurs subsequent to
local failure events, and optimization of local control may reduce the risk of distant
metastasis.
Patient summary: Among men receiving definitive radiation therapy for high- and
intermediate-risk prostate cancer, about 10% experience local recurrence, and they are
at significantly increased risks of further disease progression. About 80% of patients
who develop distant metastasis do not have a detectable local recurrence preceding it.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

randomized trials have shown that increased local control
is associated with increased DMFS as well as PCa-specific

Distant metastasis-free survival (DMFS) has been demon-
strated to be a strong surrogate endpoint for overall survival
(0S) for localized prostate cancer (PCa) [1,2]. Recent evi-
dence derived from prostate-specific membrane antigen
(PSMA) positron emission tomography/computed tomogra-
phy (PET/CT) suggests that occult distant metastases at pre-
sentation may be the true driver of PCa natural history,
especially for patients with National Comprehensive Cancer
Network (NCCN) high-risk disease [3,4]. This is especially
relevant for assessing the prognostic impact of local failure
and the clinical importance of local treatment intensifica-
tion strategies such as radiotherapy (RT) dose escalation.
At the core of dose escalation is the hypothesis that local
failure eventually “seeds” distant metastases, leading to a
“second wave” of distant metastases (the first wave being
undiagnosed occult metastatic disease at presentation)
[5,6]. However, data in this domain are not entirely consis-
tent. Retrospective studies as well as post hoc analyses of

survival (PCSS) [5,7-11]. However, only two randomized
controlled trials (RCTs) among many have suggested a dis-
tant metastasis benefit from dose escalation and none iden-
tified a PCSS or OS benefit [12,13]. In contrast, while
androgen deprivation therapy (ADT) may have radiosensi-
tizing effects that improve local control, it also has cyto-
static and cytotoxic effects on occult microscopic disease
and has been shown in multiple randomized trials to
improve not only DMFS, but PCSS and OS as well [14-19].
As each form of treatment intensification has quality of life
implications, it is critical to develop a unified framework
that takes into account the temporal relationship of local
failure and distant metastasis (ie, first and second “waves”
of distant metastasis), and how different treatment strate-
gies (ie, dose escalation and ADT) impact the development
of distant metastasis and other clinical outcomes. It is
hypothesized that a first wave of distant metastasis stems
from the emergence of occult micrometastatic disease that
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was present at the time of initial treatment, which may be
followed by a subsequent second wave of distant metastasis
representing “seeding” from a preceding local failure event.
The magnitude of the first wave distant metastasis may be
smaller in intermediate-risk patients than in high-risk
patients given a lower burden of occult metastasis at initial
treatment. In this study, we leveraged the Meta-analysis of
Randomized Trials in Cancer of the Prostate (MARCAP) Con-
sortium to analyze individual patient data from 18 RCTs of
definitive RT of varying RT dose levels and ADT durations
that included local failure as a prespecified endpoint to
explore the prognostic impact of local failure events and
the kinetics of distant metastasis after RT in intermediate-
and high-risk PCa.

2. Evidence acquisition

The current study followed the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA) state-
ment regarding the process of identifying eligible trials to
be included in the pooled analysis (Fig. 1) [20]. Individual

patient data for 18 RCTs were obtained from the MARCAP
Consortium. Although a minority of the trials permitted
node-positive patients, all patients included in this analysis
had clinically node-negative disease. For trials that included
ADT, only those with short-term ADT (STADT) and long-
term ADT (LTADT) were included. STADT was defined as
3-9 mo of ADT and LTADT was defined as 18-36 mo. Trials
with nonstandard ADT duration (eg, life-long ADT) and non-
standard ADT agents (eg, bicalutamide monotherapy) were
excluded (Fig. 1). Intention-to-treat data were used. Trials
included in the analysis are listed in Table 1, and trial-
specific definitions of local failure and distant metastasis
are listed in Supplementary Table 1. All time-to-event out-
come variables were measured from the date of randomiza-
tion to the reported occurrence of the event of interest. If a
specific event was not reported during the follow-up period,
the patient was considered censored for that particular
event. The reverse Kaplan-Meier (KM) method was used
to assess the length and completeness of the follow-up.
Multivariable Cox proportional hazard (PH) models were
developed to evaluate the relationship between OS, PCSS,
DMEFS, and local failure (as a time-dependent covariate),

searching
(n=1043)

Records identified through database

Identification

A 4

Records after duplicates removed

- . N

Records excluded

(n=148)
bo
3
c
[ D N
g Records screened
v (n=148)

A 4

Full-text articles assessed for

A 4

(n = 100)

Full-text articles excluded due to:

eligibility
(n=48)

v

Randomized trials with
available individual patient
data
(n=18)

A 4

Randomized trials included
in meta-analysis
(n=18)

Included

v

eUnavailability of individual patient data
(n=15)

sLack of reporting outcomes

(n=5)

eNonstandard ADT agent (bicalutamide
monotherapy; n=1)

eNon-standard ADT duration (eg, life
long; n=4)

eNonuniform ADT usage (n = 5)

Fig. 1 - Preferred Reporting Items for Systematic Reviews and Meta-analyses flowchart. ADT = androgen deprivation therapy.
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Table 1 - Summary of trials included in study (by treatment categories)

Trial name Trial recruitment year Radiation ADT Median No. of No. of Median
dose (Gy) duration age (yr) intermediate-risk high-risk follow-up (yr)
(mo) patients patients
Low-dose RT alone
RTOG 8610 1987-1991 65-70 NA 72 2 50 6.7
EORTC 22863 1987-1995 70 NA 69 1 87 5.0
RTOG 9408 1994-2001 66.6 NA 72 435 91 9.4
TROG 96.01 1996-2000 66 NA 68 68 148 10
CKTO 9610 1997-2003 68 NA 69 84 111 8.5
EORTC 22991 2001-2008 70 NA 68 46 33 12
RTOG 0126 2002-2008 70.2 NA 71 751 0 8.4
Subtotal 1387 520
High-dose RT alone
CKTO 9610 1997-2003 78 NA 69 84 105 8.4
PCS 111 2000-2010 76 NA 72 192 0 11
EORTC 22991 2001-2008 74 or 78 NA 71 166 62 11
RTOG 0126 2002-2008 79.2 NA 71 748 0 8.2
Subtotal 1190 167
Low-dose RT + short-term ADT
RTOG 8610 1987-1991 65-70 4 70 3 48 8.8
RTOG 9202 1992-1995 65-70 4 70 42 456 8.9
RTOG 9408 1994-2001 66.6 4 71 420 94 10
RTOG 9413 1995-1999 70.2 4 70 208 993 8.9
TROG 96.01 1996-2000 66 6 69 148 284 11
ICORG 97-01 1997-2001 70 4or8 67 42 135 10
EORTC 22961 1997-2001 70 6 70 30 307 5.9
CKTO 9610 1997-2003 68 6 69 1 30 6.8
MRC RTO1 1998-2001 64 3-6 68 141 147 9.2
RTOG 9910 2000-2004 70.2 4o0r9 71 1057 353 8.7
PCS 11 2000-2010 70 6 71 193 0 11
EORTC 22991 2001-2008 70 6 70 44 35 11
TROG RADAR  2003-2007 66 or 70 6 70 124 154 11
Subtotal 2453 3036
Low-dose RT + long-term ADT
EORTC 22863 1987-1995 70 36 71 2 86 7.5
RTOG 9202 1992-1995 65-70 24 70 50 487 9.6
EORTC 22961 1997-2001 70 36 69 33 297 6.1
CKTO 9610 1997-2003 68 36 66 5 28 8.0
RTOG 9902 2000-2004 70.2 24 65 0 239 10
PCS IV 2000-2008 70 18 or 36 71 0 617 11
TROG RADAR  2003-2007 66 or 70 18 69 111 158 11
Subtotal 201 1912
High-dose RT + short-term ADT
CKTO 9610 1997-2003 78 6 68 5 20 5.1
MRC RTO1 1998-2001 74 3-6 67 129 157 9.2
PCS 111 2000-2010 76 6 71 195 0 11
Ottawa 0101 2002-2012 76 6 70 394 0 10
TROG RADAR  2003-2007 74 or 46 Gy23 fx plus HDR-BT boost 6 68 60 186 10
EORTC 22991 2001-2008 74 or 78 6 72 175 56 11
Subtotal 958 419
High-dose RT + long-term ADT
CKTO 9610 1997-2003 78 36 67 3 36 8.3
TROG RADAR  2003-2007 74 or 46 Gy23 fx plus HDR-BT boost 18 68 53 198 10
Subtotal 56 234
Total 6245 6288

ADT = androgen deprivation therapy; fx = fraction; HDR-BT = high-dose-rate brachytherapy; RT = radiation therapy.

while adjusting for the following variables: initial prostate-
specific antigen (iPSA; continuous variable), Gleason score
(GS; 6, 7, and 8-10; GS 6 as reference), treatment category
(low-dose RT only, low-dose RT +STADT, low-dose RT
+ LTADT, high-dose RT only, high-dose RT + STADT, and
high-dose RT + LTADT; low-dose RT as reference [Cox PH
model], or RT, STADT, and LTADT; RT as reference [Markov
model]), T stage (T1-2 and T3-4; T1-2 as reference), age
(continuous variable; per 10 yr), and time from midpoint
year of the trial (continuous variable). These variables were
chosen because of availability and prior data suggesting
that these were of prognostic importance. RT doses of >74
Gy were considered “high dose” (presuming an «/g of 3.0).
Patients without clinically diagnosed extracapsular

extension or seminal vesicle invasion were classified as hav-
ing T1-T2 disease.

Fine and Gray competing risk regression was performed
for PCa-specific mortality (PCSM) and distant metastasis
with all-cause mortality death as the competing event; in
these analyses, local failure was a time-independent covari-
ate. The hazard function for the development of distant
metastasis over time was estimated via kernel-based meth-
ods in subgroups of patients based on local failure status
and ADT duration, to provide an overview as an exploratory
analysis. Furthermore, within each treatment category, haz-
ard rates for distant metastasis over 2-yr intervals were cal-
culated using the life-table method for patients with and
without local failure as a time-independent covariate. The
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hypothesis of first and second waves of distant metastasis
was evaluated based on the hazard rate of distant metasta-
sis as well as the event rate of different transition states to
distant metastasis over time in local failure and local con-
trol patients.

We developed a four-state model to simultaneously ana-
lyze multiple events occurring during the natural history of
PCa (Fig. 2). The model consists of a clinical relapse-free sur-
vival state (cRF state, which may or may not include bio-
chemical recurrence), a local failure state, a distant
metastasis state, and a death state. Patients who did not
have a PCSM event were censored for PCSS. Markov PH
models for the four-state model were developed to assess
the effects of the aforementioned covariates on PCSS and
OS along with the effect of a transition from the cRF state
versus local failure state to the death state. This model
was not stratified by NCCN risk groups. The potential
heterogeneity between trials was accounted for by includ-
ing random effects in Cox PH and Markov PH models. The
PH assumption was examined via the diagnostic plot

A Number of patients between

transition states (high risk) o —_—
ocal Fallure

729
(12%) —

6288 o }ﬁ‘ o
(6.3%) > (34%
—_—— 1042 W ( )
17% N
Clinical é Distant 2 3
relapse free Metastasis w 3
L3 =

' 992
(77%)

1974
(31%)

C Number of patients between
transition states (intermediate risk)

Local Failure E:::::\

428 AN

(6:9%) A

6245

——fy 364

. 5.8% . e A
Clinical é Distant s A E
relapse free Metastasis ®w N 2
= =

PCSM ‘<‘«:

method. The chi-square test of independence (or Fisher’s
exact test when applicable) was used to assess the associa-
tion of the rate of transition between disease states with
certain treatment subgroups. The Mann-Whitney U test
was used to compare the median time to a specific transi-
tion state between patients of different risk levels or treat-
ment categories. The level of significance was set to be 0.05.
All analyses were carried out via R version 3.6.0/4.1.2 (R
Foundation for Statical Computing, Vienna, Austria) [21]
with packages survival [22,23], muhaz [24], KMsurv [25],
crrSC [26], cmprsk [27], coxme [28], mstate [29,30], dplyr
[31] and ggplot2 [32], devtools [33], ggforestplot [34], and
gridExtra [35].

3. Evidence synthesis

3.1. Results

A total of 12 533 patients (6288 high risk and 6245 interme-

diate risk) were included in the analysis from 18
B Time between transition states

(high risk) Local Failure »—'—s»:;‘-i\\'\

\‘\\\

39.3 (21.9-70.8) ———_ A

N 23.6(7.1-
9.6 (3.0-24.6 N,
- ( ) N 54.8) 5 s
[ = >
Clinical 45.7 (24.2-76.8) Distant B =
| relapse free Metastasis % N
0 =
g e et K o
21.4(9.2-39.0) %

87.9 (48.7-131.0)

Time between transition states
(intermediate risk)

49.9 (18.3-87.1)

Clinical

Distant
relapse free

Metastasis

(6'221-0'LT) T'89

82.4(51.8-117.7)

Fig. 2 — Crude rates of events and transition time between disease states in the four-state model. The four states are clinical relapse-free state, local failure
state, distant metastasis state, and death state (all-cause mortality and prostate cancer-specific mortality). (A and B) NCCN high-risk patients, and (C and D)
NCCN intermediate-risk patients. Figures 2A and 2C) show the number of patients in each transition state, with percentage in parenthesis. Percentage was
calculated with the number of patients in the beginning state as the denominator (eg, for distant metastasis to PCSM transition, the denominator was the
number of patients with distant metastasis [ie, 1288 for NCCN high risk]). Arrows with the same fill patterns (solid, dotted, or hashed) share the same
denominator. Figures 2B and 2D show the median transition time between disease states in months with interquartile range in parenthesis; overall cohort of
patients are same as in Figures 2A and 2C). Each transition time in Figures 2B and 2D was calculated based on different subcohorts of patients. ACM = all-cause
mortality; NCCN = National Comprehensive Cancer Network; PCSM prostate cancer-specific mortality.
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randomized trials, recruited from 1987 to 2012 (Supple-
mentary Table 1). The median follow-up was 11 yr overall,
12 yr for high-risk patients, and 11 yr for intermediate-risk
patients, using the reverse KM method. The numbers of
events of local failure, distant metastasis, PCSM, and all-
cause mortality were 795, 1288, 1034, and 3210, respec-
tively, for patients with high-risk PCa; these numbers were
449, 451, 353, and 2374, respectively, for patients with
intermediate-risk PCa.

We first evaluated the crude rates of events and transit
time between states in the four-state model (Fig. 2). For
high-risk patients, 39% of distant metastasis events
occurred within 2 yr after RT; 81% (n=1042) of distant
metastases developed from a cRF state, with a median inter-
val of 46 (interquartile range [IQR] 24-76) mo. In contrast,
19% (n=246) of distant metastases developed after local
failure, with a median interval of 24 (IQR 7-55) mo after
local failure. With respect to local failure, 92% (n =729) of
events occurred from a cRF state with a corresponding med-
ian interval of 39 (IQR 22-71) mo after initial treatment.
Among patients who developed distant metastasis, 63%
(n=807) died of PCa. The median interval from distant
metastasis to death was 21 (IQR 10-38) mo. For

intermediate-risk patients, 13% of distant metastasis events
occurred within 2 yr after RT; 81% (n=364) of distant
metastases developed from a cRF state, with a median inter-
val of 60 (IQR 36-96) mo. In contrast, 19% (n = 87) of distant
metastases developed after local failure, with a median
interval of 37 (IQR 7-61) mo after local failure. Regarding
local failure, 95% (n=428) of events occurred from a cRF
state with a corresponding median interval of 50 (IQR 18-
87) mo after initial treatment. For patients who developed
distant metastasis, 52% (n =235) died of PCa. The median
interval from distant metastasis to death was 18 (IQR 8-
39) mo. Rates and transit times between four states within
each treatment group are shown in Supplementary Figs. 1
and 2.

Next, we assessed the impact of local failure on the
development of distant metastasis and other clinical end-
points. In high-risk patients, local failure, as a time-
dependent variable, was significantly associated with a
greater hazard of distant metastasis or death (as a compos-
ite endpoint, hazard ratio [HR] of 1.94 [95% confidence
interval {CI} 1.75-2.15], p<0.001; Fig. 3A) in the Cox PH
model adjusted for iPSA, GS, treatment categories, T stage,
age, and time from midpoint year of the trial. Local failure
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HR 95% Cl HR 95% Cl HR 95% CI
Local failure - | 194 (175,215) Local failure % Ts 202 (175,2.33) Local failure - 117 (1.06,13)
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Low-dose RT + STADT — 102 (0.77,137) Low-dose RT + STADT | —— | 095 (0.56,1.61) Low-dose RT + STADT e 105 (0.77,1.44)
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High-dose RT + STADT | ——s"t 0.67 (0.41,1.09) High-dose RT + STADT ! —t [ 050 (0.2,1.26) High-dose RT + STADT e et P 0.81 (0.49,1.34)
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Fig. 3 - Forest plots of Cox proportional hazard model with local failure as a time-dependent variable. (A) DMFS, (B) PCSS, and (C) OS for NCCN high-risk
patients, and (D) DMFS and (E) OS for NCCN intermediate-risk patients. T1/2, Gleason score 6, and low-dose RT only were used as the reference for their
respective categories. The interactions between the Gleason score and treatment strategies were found to be insignificant and not reported in the forest plots.
See the text for definition of low/high-dose RT and STADT/LTADT. CI = confidence interval; DMFS = distant metastasis-free survival; HR = hazard ratio;
iPSA = initial prostate-specific antigen; LTADT long-term androgen deprivation therapy; NCCN = National Comprehensive Cancer Network; OS = overall
survival; PCSS = prostate cancer-specific survival; RT = radiation therapy; STADT = short-term androgen deprivation therapy.
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was also significantly associated with PCSS and OS (HRs
2.02 [95% CI 1.75-2.33], p<0.001 and 1.17 [95% CI 1.06-
1.30], p<0.01; Fig. 3B and 3C). In intermediate-risk
patients, local failure was significantly associated with a
greater hazard of distant metastasis or death (HR 1.57
[95% CI 1.36-1.81], p < 0.001), but not OS (HR 0.93 [95% CI
0.81-1.08], p=0.35; Fig. 3D and 3E). The model fit was
not attainable for the PCSS endpoint. In the Fine and Gray
competing risk regression with all-cause mortality death
as the competing event and local failure as a time-
independent covariate, local failure was significantly associ-
ated with PCSS (subdistribution HR [sHR] 2.15 [95% CI 1.84-
2.5], p<0.001) and distant metastasis (sHR 1.77 [95% CI
1.46-2.14], p < 0.001) in high-risk patients (Supplementary
Fig. 3A and 3B). In intermediate-risk patients, local failure
was also significantly associated with a greater hazard of
PCSS (sHR 3.34 [95% CI 2.52-4.44], p <0.001) and distant
metastasis (SHR 3.63 [95% CI 2.93-4.49], p < 0.001; Supple-
mentary Fig. 3C and 3D). In the Markov model derived from
the four-state model adjusting for the GS, iPSA, T stage,
treatment category, age, and time from midpoint year of
the trial, patients who did not have local failure had a signif-
icantly lower hazard of PCSM than those who had local fail-
ure (HR 0.32 [95% CI 0.21-0.5], p < 0.001; Fig. 4A), but not of
all-cause mortality (HR 1.07 [95% CI 0.88-1.31], p=0.5;
Fig. 4B). Patients who developed distant metastasis had a
significantly greater hazard of PCSM (HR 12.85 [95% CI
8.67-19.03], p<0.001) and all-cause mortality (HR 4.81
[95% CI 3.85-6.01], p <0.001) than those who developed

A PCSS HR

95% CI
Gleason score 7 © 1.31 (1.21,1.43)
Gleason score 8-10 ° 1.96 (1.79, 2.15)
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STADT: cRFS=>DM L 4 0.57 (0.5,0.66)
STADT: cRFS=>death —— 0.68 (0.5,0.92)
STADT: LF>DM - 2.09 (1.74 ,2.52)
STADT: LF->death —— 0.91 (0.58, 1.43)
STADT: DM->death = 0.69 (0.59,0.82)
LTADT: cRES>LF - 0.26 (0.21,0.33)
LTADT: cRFS-DM - 0.50 (0.42,0.61)
LTADT: cRFS>death { —o— 0.17 (0.1,0.29)
LTADT: LF>DM —— 1.98 (1.41,2.79)
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LTADT: DM->death - - 0.78 (0.63,0.97)
iPSA (per 10 ng/mI) 1.02 (1.01,1.03)
13-4 L 1.33 (1.24 ,1.44)
Age (per 10 yr) = 0.91 (0.86,0.95)
Time from trial 3 1.07 (1.04,1.11)
cRFS=>death vs LF>death — 0.32 (0.21,0.5)
DM-=>death vs LF>death - —e- | 1285 (8.67,19.03)

01 03 10 30 100

Hazard ratio (95% Cl)

only local failure (Fig. 4A and 4B). Crude event rates by 2-
yr intervals are shown for each transition for patients with
high- and intermediate-risk disease (Supplementary Figs. 4
and 5).

When stratified by local failure status, estimated by
kernel-based methods, high-risk patients with local failure
seem to have a higher risk of distant metastasis numeri-
cally, with a steep increase within the first 10 yr after RT,
while those without local failure had an initial peak around
year 3, with a gradual decline for the rest of the study period
(Fig. 5A). Patients with intermediate-risk disease followed a
similar trend, although the hazard rate was generally lower,
and patients without local failure maintained a steady haz-
ard rate without a discernable initial peak (Fig. 5B). Similar
temporal changes were observed in the hazard rate of dis-
tant metastasis over 2-yr intervals using the life-table
method (Supplementary Figs. 6 and 7). In addition, the per-
centage of distant metastasis events occurring from a cRF
state declined over time, while the proportion occurring
after a local failure event increased steadily among both
high- and intermediate-risk patients (Fig. 5C and 5D). In
high-risk patients, 91% and 9% of distant metastasis origi-
nated from a cRF state and a local failure state, respectively,
during 0-2 yr after RT; these changed to 66% and 34%,
respectively, when assessing distant metastasis events
developing between 8 and 10 yr after RT. In intermediate-
risk patients, 92% and 8% of distant metastasis originated
from a cRF state and a local failure state, respectively, dur-
ing 0-2 yr after RT, and 73% and 27%, respectively, between

B oS HR 95% CI
Gleason score 7 ® 1.1 (1.05,1.17)
Gleason score 8-10 L 1.50 (1.41,1.6)
STADT: cRFS=>LF - 0.70 (0.61,0.81)
STADT: cRFS=>DM - 0.71 (0.62,0.81)
STADT: cRFS->death -> 0.79 (0.72,0.87)
STADT: LF>DM —— 2.88 (2.41,3.44)
STADT: LF>death —— 0.99 (0.79, 1.26)
STADT: DM->death - 0.78 (0.67,0.9)
LTADT: CRFSLF | =—o— 0.36 (0.29, 0.45)
LTADT: cRFS>DM - 0.68 (0.57,0.8)
LTADT: cRFS->death - 0.61 (0.54,0.7)
LTADT: LF>DM —_— 2.76 (1.98, 3.85)
LTADT: LF>death —— 1.15 (0.82,1.61)
LTADT: DM-death —o| 0.84 (0.7, 1.01)
iPSA (per 10 ng/ml) 5 1.02 (1.01,1.02)
13-4 ° 1.18 (1.11,1.25)
Age (per 10 yr) o 1.31 (1.27,1.36)
Time from trial 5 1.05 (1.02, 1.08)
cRFS=>death vs LF>death A 1.07 (0.88,1.31)
DM->death vs LF>death —— | 4.81 (3.85,6.01)

03 05 10 30 50

Hazard ratio (95% Cl)

Fig. 4 - Forest plots of the Markov model for prostate cancer-specific survival and overall survival in the four-state model. T1/2 and Gleason score 6 were used
as the reference for their respective categories. ADT: transition state indicates that the effect is specific on the respective transition. For example, “STADT: cRFS
— LF” denotes the effect of STADT specifically on the transition between the cRF state and LF state. For those without appended transition states, a
homogeneous effect of the covariate across transitions was assumed. CI = confidence interval; cRFS/cRF state = clinical relapse-free state; DM = distant
metastasis; HR = hazard ratio; iPSA = initial prostate-specific antigen; LF =local failure; LTADT = long-term androgen deprivation therapy; OS = overall
survival; PCSS = prostate cancer-specific survival; STADT = short-term androgen deprivation therapy.
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Fig. 5 — Hazard rate of distant metastasis over time and percentage of distant metastasis from a clinically relapse-free state versus a local failure state during
different time periods in NCCN high- and intermediate-risk patients stratified by local failure status. Hazard rates of distant metastasis over time using
kernel-based methods are shown in NCCN (A) high-risk and (B) intermediate-risk patients. Tables below the graphs indicate the number of patients who were
still at a risk of distant metastasis event at different time points. Percentages of distant metastasis from a clinically relapse-free state versus a local failure
state during different time periods are shown in NCCN (C) high-risk and (D) intermediate-risk patients. The percentage of distant metastasis events denotes
the proportion of distant metastasis during the specified 2-yr interval after RT that was preceded by a cRF state versus an LF state. For example, for high-risk
patients at 4-6 yr after RT, 80% of metastatic events arose from a cRF state and 20% from an LF state. The number of distant metastasis events below the
graphs indicate the number of distant metastasis events developed in specific intervals. For example, 337 distant metastasis events developed between 2 and
4 yr after RT. Note that in Figures 5C and 5D), the percentages of all distant metastasis events below the graphs do not add up to 100% as a small percentage of
patients developed distant metastases beyond 14 yr after RT. cRF state = clinically relapse-free state; DM = distant metastasis; LF =local failure;
NCCN = National Comprehensive Cancer Network; RT = radiation therapy.

8 and 10 years after RT. Similar trends were seen when
stratified by treatment categories (Supplementary Figs. 8
and 9).

Finally, we examined the effect of ADT and RT dose on
various transition states. ADT significantly reduced the inci-
dence (24% vs 16%, p < 0.0001) and delayed the onset of dis-
tant metastasis from a cRF state (27.1 vs 48.5 mo,
p <0.0001) in high-risk patients. However, ADT did not sig-
nificantly reduce the rates of distant metastasis from the
CRF state (6.4% vs 5.4%, p=0.13) or delay the time from
the cRF state to distant metastasis for intermediate-risk
patients (60.3 vs 61.8 mo, p=0.24). ADT significantly
decreased the local failure rate from a cRF state in both
high-risk (11% vs 20%, p <0.0001) and intermediate-risk
(6.2% vs 7.8%, p=0.017) patients. Compared with low-
dose RT, high-dose RT significantly decreased the local fail-
ure rate from a cRF state in high-risk (12% vs 8.0% for low-
vs high-dose group, p = 0.0007) and intermediate-risk (8.6%
vs 3.7%, p<0.0001) patients. The proportions of distant
metastasis developed after local failure in regard to the total

number of distant metastasis events were significantly
reduced with high-dose RT for both high-risk (12% vs 20%,
p=0.0035) and intermediate-risk (13% vs 22%, p=0.019)
PCa patients. The hazard rate of distant metastasis over
time in patients treated with RT only, RT + STADT, and RT
+LTADT in high- and intermediate-risk patients is shown
in Supplementary Fig. 10. Two waves of distant metastases
were seen in high-risk patients treated without ADT; the
first wave was reduced, while the second wave was delayed
by STADT; only delayed first wave was seen in patients trea-
ted with LTADT with no discernable second wave.

3.2. Discussion

In this individual patient-level pooled analysis of 18 ran-
domized trials, we demonstrate that the vast majority of
distant metastasis events (>80%) occur in patients who are
clinically relapse free. Local failure events, however, por-
tend a poor prognosis in both patients with high-risk dis-
ease (for whom it is associated with OS, PCSS, and DMFS)
and those with intermediate-risk disease (for whom it is

Please cite this article as: T. Martin Ma, Fang-I Chu, H. Sandler et al., Local Failure Events in Prostate Cancer Treated with Radiotherapy: A Pooled Analysis
of 18 Randomized Trials from the Meta-analysis of Randomized Trials in Cancer of the Prostate Consortium (LEVIATHAN), Eur Urol (2022), https://doi.
org/10.1016/j.eururo.2022.07.011

359
360
361
362
363
364
365
366
367
368
369

370

371
372
373
374
375
376
377


https://doi.org/10.1016/j.eururo.2022.07.011
https://doi.org/10.1016/j.eururo.2022.07.011

378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

EURURO 9879

No. of Pages 12, Model NS

EUROPEAN UROLOGY XXX (XXXX) XXX 9

associated with DMFS). We also identified a biphasic pat-
tern of distant metastasis development wherein an initial
large first wave of distant metastases was followed years
later by a smaller second wave occurring subsequent to
the time when the majority of local failure events occurred.
The proportion of distant metastasis events arising from a
cRF state decreased steadily, while the proportion occurring
after a local failure event increased over time. Finally, we
demonstrated that the upfront use of ADT in patients with
high-risk disease decreased distant metastasis development
irrespective of whether the distant metastases originated
from the cRF state or the local failure state, while dose esca-
lation reduced only the development of local failure from
the cRF state.

These data provide a framework for understanding the
patterns of clinical relapse in high- and intermediate-risk
PCa, and how different treatment intensification strategies
might alter these relapse patterns. The major mode of dis-
tant metastasis development is from a cRF state, likely rep-
resenting the emergence of occult micrometastatic disease
that was present at the time of initial treatment. This can
be suppressed with the use of upfront ADT and/or androgen
receptor signaling inhibitors such as abiraterone [36,37]. A
smaller proportion of distant metastasis events—albeit one
that grows with time—emerges after a local failure event
has occurred. This proportion can be minimized with the
use of both upfront ADT and higher-dose RT; together these
would be expected to improve local control. Local failure
events, when these occur, are associated with a worse prog-
nosis. Mechanistically, this might be either because they
directly seed subsequent distant metastasis events or
because cancers that relapse locally may simply be more
aggressive and thus also more likely to metastasize. In sup-
port of the former possibility is the distinct temporal pat-
tern of distant metastasis development among patients
with and without local failure, as well as the increasing rate
of distant metastasis over time in patients with local failure.
Interestingly, we also observed that a minority of local fail-
ure events developed after distant metastases (8.3% and
4.7% of local failure events in high- and intermediate-risk
patients, respectively; Fig. 2A and 2C), raising the possibility
that distant metastasis may seed a second wave of local fail-
ure, as observed in a whole-genome sequencing study [38].
A schematic depiction of transitions over time for patients
with high-risk disease, as well as potential effects of ADT
use and RT dose escalation, is shown in Supplementary
Fig. 11. The peak distant metastasis rate was within 2-4
yr of RT completion, with most events arising from a cRF
state. The smaller-amplitude second wave was seen
approximately 6-10 yr after RT completion, and coincided
with the rise in distant metastases in patients with local
failure and increase in local failure to distant metastasis
transitions. The true amplitude of the second wave may
be underestimated here given relatively short follow-up
time of certain trials. The first wave was reduced in ampli-
tude and delayed by the addition of ADT, with LTADT having
more dramatic effect than STADT. The second wave was also
delayed by STADT, while no discernable second wave was
observed with LTADT (Supplementary Fig. 10). For patients
with intermediate-risk disease, no first wave of distant

metastasis was seen, likely due to a lower prevalence of
occult metastatic disease at presentation substantiated by
studies using PSMA PET/CT [39]. Occult metastatic disease
exists in a measurable proportion of unfavorable
intermediate-risk patients, given early rise in distant metas-
tasis rates within the first 12 mo after STADT seen in RTOG
9408 [40], which is diluted out by minimal occult meta-
static disease in the favorable intermediate-risk patients
[40], explaining the absence of first wave seen in the com-
bined cohort in the current study. While a second wave
was not noticeably present in intermediate-risk patients, a
late-onset increase in local failure to distant metastasis
transition events and an increase in the proportion of dis-
tant metastasis events arising from the local failure state
over time were still observed, consistent with the concept
of distant seeding from local failure events. As would be
expected with this framework, dose escalation alone with-
out ADT is unlikely to robustly augment DMFS as the pre-
dominant mode of distant metastasis is from the cRF
state, and not from local failure. On the contrary, ADT pre-
vents the development of distant metastasis by inhibiting
both the cRF state to distant metastasis transition and the
CRF state to local failure transition. This is consistent with
the observation that ADT has both a cytostatic and a cyto-
toxic effect [41,42], and synergizes with RT for optimal
PCa cell killing [43,44]. The effect of ADT on the cRF state
to distant metastasis transition in patients with
intermediate-risk disease was not significant, although the
low event rate likely impacted the power to detect a signif-
icant difference, and multiple other lines of evidence sug-
gest that upfront ADT certainly limits the development of
distant metastasis events in patients with intermediate-
risk disease [19,40]. Emerging strategies, such as focal
microboosts, may be associated with lower rates of regional
failure, although a significant change in distant metastatic
failure has not been reported [45].

The present study has several limitations. First, despite
pooling across multiple trials, some treatment subgroups
remained small in size, potentially limiting the statistical
power of subgroup analysis and generalizability. For exam-
ple, only 10% of high-risk patients received high-dose RT
plus ADT. Second, heterogeneity between trials is also a lim-
itation for a pooled analysis in general, including the cur-
rent study. We have attempted to mitigate this by using
random effects in our modeling [46]. Third, there was
heterogeneity in the definition of local failure and distant
metastasis across trials (Supplemental Table 1). Some trials
did not specify the definition, while some were reliant on
digital rectal examination to determine the local failure sta-
tus. Certain trials (eg, RTOG 9902) included regional lymph
node involvement in the definition of local failure. Nonuni-
form definition of local failure and PSA-driven imaging also
likely impacted the reliability of cRF-state determination in
certain cases. However, trials with nonconventional defini-
tions remained a minority. Fourth, incorporating post-
treatment prostate biopsy [47,48] and/or advanced imaging
such as multiparametric magnetic resonance imaging and
PSMA PET/CT at different stages would likely alter the pro-
portion of patients labeled as having local failure or distant
metastasis events. Not all patients underwent ascertain-
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ment of local failure at the time of recurrence. Therefore,
the local failure rate in our study is most likely underesti-
mated. RTOG 9408 showed a 2-yr post-RT repeat prostate
biopsy positive rate of 20-39% in a patient population of
mixed-risk groups treated with or without ADT [49]; this
is considerably higher than the 13% local failure rate in
high-risk patients in the current study, although the RT dose
used in RTOG 9408 was low (66.6 Gy in 37 fractions) and
positive biopsies may represent inactive tumor cells with
severe treatment effect. For example, for PSMA PET/CT,
when used at initial staging, the first wave of distant metas-
tases may diminish in amplitude as more patients with
occult metastatic disease would have been detected and
excluded from the study; when used at local failure, more
distant metastases would be detected concurrently, reduc-
ing the rate of local failure to distant metastasis transition
while increasing the rate of the cRF state to distant metas-
tasis transition. Potentially, this may augment the outcomes
of our models and their implications on the impact of treat-
ment modification (dose escalation, focal boost, and ADT)
on distant metastasis and PCSS outcomes. Fifth, we could
not distinguish local disease that had a complete response
initially after RT but subsequently recurred (true local
recurrence) from local disease that never achieved a com-
plete response (locally persistent disease), and the latter
may be more biologically aggressive and may exhibit a dif-
ferent clinical phenotype including the propensity for dis-
tant metastasis. We were also unable to definitely
distinguish a local recurrence stemming from the original
prostate tumor or a new primary, especially for a delayed
presumed local recurrence; however, the incidence of a
new primary in the prostate is likely low. Additionally, there
was no uniform salvage therapy standard whenlocal failure
or distant metastasis events were discovered, and therefore
heterogeneous management practices: could not be
accounted for. Systemic salvage therapy evolved rapidly
during the follow-up periods of most trials included; thus,
the transition of distant metastasis to PCSM is skewed
toward earlier trials when systemic therapy was less effec-
tive. Finally, more effective systemic salvage therapies have
been developed over the years, leading to a prolongation
between distant metastasis and PCSM, as well as an
improvement in PCSM and OS. The population studied
may not be fully representative of contemporary out-
comes/survival. It is uncertain whether the impact of local
failure on PCSM and OS may be reduced with these more
effective therapies.

4. Conclusions

This patient-level pooled analysis from 18 RCTs provides
high-level evidence that local failure is an independent
prognosticator of OS, PCSS, and DMFS in high-risk PCa and
of DMFS in intermediate-risk PCa. With the caveat that local
failure and distant metastasis may be underestimated in
these trials, the predominant mode of distant metastasis
development is from a cRF state for both high- and
intermediate-risk PCa, likely from occult metastatic disease
at presentation, underscoring the importance of accurate

upfront staging and systemic therapy. This source of distant
metastasis constitutes the first wave of distant metastases
in high-risk patients, which occurred within the first 4 yr
after the completion of RT. This is inconspicuous in
intermediate-risk patients, likely due to a much smaller
burden of occult metastatic disease. However, particularly
at late time points, an increasing proportion of distant
metastasis events originated after the diagnosis of local fail-
ure, constituting a second wave of distant metastasis events
in both patients with high- and intermediate-risk disease.
This suggests that in order for a regional/systemic therapy
to improve long-term outcome, local control needs to be
also optimized to minimize the second wave and vice versa.
Finally, ADT reduces the development of distant metastases
from a cRF state and indirectly from a local failure state by
reducing local failure, while higher-dose RT impacted only
the local failure rate, consistent with the observation that
ADT has a more significant impact on DMFS irrespective
of the RT dose than RT dose escalation.

Author contributions: Amar U. Kishan had full access to all the data in the
study and takes responsibility for the integrity of the data and the accu-
racy of the data analysis.

Study concept and design: Ma, Kishan, Chu, Spratt.
Acquisition of data: All authors.

Analysis and interpretation of data: Ma, Kishan, Chu.
Drafting of the manuscript: Ma, Kishan, Chu.

Critical revision of the manuscript for important intellectual content: All
authors.

Statistical analysis: Ma, Kishan, Chu.

Obtaining funding: Kishan, Spratt.

Administrative, technical, or material support: Kishan, Spratt.
Supervision: Kishan, Spratt.

Other: None.

Financial disclosures: Amar U. Kishan certifies that all conflicts of inter-
est, including specific financial interests and relationships and affiliations
relevant to the subject matter or materials discussed in the manuscript
(eg, employment/affiliation, grants or funding, consultancies, honoraria,
stock ownership or options, expert testimony, royalties, or patents filed,
received, or pending), are the following: Amar U. Kishan reports funding
support from grant P50CA09213 from the Prostate Cancer National Insti-
tutes of Health Specialized Programs of Research Excellence, grant
W81XWH-22-1-0044 from the Department of Defense, grant RSD1836
from the Radiological Society of North America, the STOP Cancer Organi-
zation, the Jonsson Comprehensive Cancer Center, and the Prostate Can-
cer Foundation; personal fees from Varian Medical Systems, Inc.,
ViewRay Inc., and Intelligent Automation, Inc.; and research support from
ViewRay, Inc., the American Society for Radiation Oncology (ASTRO), the
Prostate Cancer Foundation, and the Jonsson Comprehensive Cancer Cen-
ter, all outside the submitted work. Nicholas G. Zaorsky is supported by
the National Institutes of Health Grant LRP 1 L30 CA231572-01 and the
American Cancer Society - Tri State CEOs Against Cancer Clinician Scien-
tist Development Grant CSDG-20-013-01-CCE, and received remunera-
tion from the American College of Radiation Oncology for prostate
cancer chart review and accreditation of radiation oncology facilities
nationally, all outside the submitted work. Daniel E. Spratt declares per-

Please cite this article as: T. Martin Ma, Fang-I Chu, H. Sandler et al., Local Failure Events in Prostate Cancer Treated with Radiotherapy: A Pooled Analysis
of 18 Randomized Trials from the Meta-analysis of Randomized Trials in Cancer of the Prostate Consortium (LEVIATHAN), Eur Urol (2022), https://doi.
org/10.1016/j.eururo.2022.07.011

555
556
557
558
559
560

562
563
564
565
566

568
569
570
571
572
573
574

575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591

592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613


https://doi.org/10.1016/j.eururo.2022.07.011
https://doi.org/10.1016/j.eururo.2022.07.011

614
615
616

617
618
619
620
621

622
623
624
625

626

627

629

630
631
632
633

635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652

654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

677
678

EURURO 9879

No. of Pages 12, Model NS

EUROPEAN UROLOGY XXX (XXXX) XXX 11

sonal fees from Janssen, AstraZeneca, and BlueEarth, outside the submit-
ted work. All other authors have no conflict of interest to declare.

Funding/Support and role of the sponsor: Funding support for this study
comes from the Prostate Cancer Foundation and ASTRO to Amar U. Kis-
han. Amar U. Kishan also thanks generous donations from the DeSilva,
McCarrick, and Bershad families.

Data sharing: Data for these analyses were made available to the authors
through agreement with individual contributing institutions. As such, the
authors cannot make these data publicly available due to data use
agreement.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eururo.2022.07.011.

References

[1] Xie W, Regan MM, Buyse M, et al. Metastasis-free survival is a
strong surrogate of overall survival in localized prostate cancer. ]
Clin Oncol 2017;35:3097-104.

[2] Gharzai LA, Jiang R, Wallington D, et al. Intermediate clinical
endpoints for surrogacy in localised prostate cancer: an aggregate
meta-analysis. Lancet Oncol 2021;22:402-10.

[3] Ma TM, Xiang M, Tilki D, et al. Prognostic significance of the risk of

non-localized disease on PSMA/PET: comparative performance of a

novel, PSMA/PET-derived risk stratification tool for high-risk

prostate cancer in a large, multi-institutional cohort. Int J Radiat

Oncol Biol Phys 2021;111:S51-2.

Xiang M, Ma TM, Savjani R, et al. Performance of a prostate-specific

membrane antigen positron emission tomography/computed

tomography-derived risk-stratification tool for high-risk and very
high-risk prostate cancer. JAMA Netw Open 2021;4:e2138550.

Coen ]JJ, Zietman AL, Thakral H, Shipley WU. Radical radiation for

localized prostate cancer: local persistence of disease results in a

late wave of metastases. ] Clin Oncol 2002;20:3199-205.

[6] Kishan AU, Chu FI, King CR, et al. Local failure and survival after

definitive radiotherapy for aggressive prostate cancer: an individual

patient-level meta-analysis of six randemized trials. Eur Urol
2020;77:201-8.

Kuban DA, el-Mahdi AM, Schellhammer PF. Effect of local tumor

control on distant metastasis and survival in prostatic

adenocarcinoma. Urology 1987;30:420-6.

Zagars GK, von Eschenbach AC, Ayala AG, Schultheiss TE, Sherman

NE. The influence of local control on metastatic dissemination of

prostate cancer treated by external beam megavoltage radiation

therapy. Cancer 1991;68:2370-7.

Fuks Z, Leibel SA, Wallner KE, et al. The effect of local control on

metastatic dissemination in carcinoma of the prostate: long-term

results in patients treated with 1251 implantation. Int ] Radiat Oncol

Biol Phys 1991;21:537-47.

[10] Zelefsky M], Reuter VE, Fuks Z, Scardino P, Shippy A. Influence of
local tumor control on distant metastases and cancer related
mortality after external beam radiotherapy for prostate cancer. ]
Urol 2008;179:1368-73, discussion 1373.

[11] Kishan AU, Cook RR, Ciezki JP, et al. Radical prostatectomy, external
beam radiotherapy, or external beam radiotherapy with
brachytherapy boost and disease progression and mortality in
patients with Gleason score 9-10 prostate cancer. JAMA
2018;319:896-905.

[12] Kuban DA, Tucker SL, Dong L, et al. Long-term results of the M. D.
Anderson randomized dose-escalation trial for prostate cancer. Int ]
Radiat Oncol Biol Phys 2008;70:67-74.

[13] Michalski JM, Moughan ], Purdy ], et al. Effect of standard vs dose-
escalated radiation therapy for patients with intermediate-risk
prostate cancer: the NRG oncology RTOG 0126 randomized clinical
trial. JAMA Oncol 2018;4:e180039.

[4

5

[7

[8

[9

[14] Bolla M, Gonzalez D, Warde P, et al. Improved survival in patients
with locally advanced prostate cancer treated with radiotherapy
and goserelin. N Engl ] Med 1997;337:295-300.

[15] Pilepich MV, Winter K, John M], et al. Phase III radiation therapy
oncology group (RTOG) trial 86-10 of androgen deprivation
adjuvant to definitive radiotherapy in locally advanced
carcinoma of the prostate. Int ] Radiat Oncol Biol Phys
2001;50:1243-52.

[16] Denham JW, Steigler A, Lamb DS, et al. Short-term neoadjuvant
androgen deprivation and radiotherapy for locally advanced
prostate cancer: 10-year data from the TROG 96.01 randomised
trial. Lancet Oncol 2011;12:451-9.

[17] Bolla M, Maingon P, Carrie C, et al. Short androgen suppression and
radiation dose escalation for intermediate- and high-risk localized
prostate cancer: results of EORTC trial 22991. ] Clin Oncol
2016;34:1748-56.

[18] Bolla M, Neven A, Maingon P, et al. Short androgen suppression and
radiation dose escalation in prostate cancer: 12-year results of
EORTC trial 22991 in patients with localized intermediate-risk
disease. ] Clin Oncol 2021;39:3022-33.

[19] Kishan AU, Sun Y, Pisansky TM, et al. Individual patient data Meta-
Analysis of Randomized Trials in Cancer of the Prostate (MARCAP)
Consortium: impact of androgen deprivation therapy use and
duration with® definitive radiotherapy for localized prostate
cancer. Int ] Radiat Oncol Biol Phys 2021;111:S5-6.

[20] Moher D, Liberati A, Tetzlaff ], Altman DG. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement.
Ann Intern Med 2009;151:264-9, w64.

[21] R Core Team. R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical
Computing; 2019.

[22] Therneau T. A package for survival analysis in R. R package version
3.2-11. Rochester, MN: Mayo Foundation; 2021.

[23] Therneau TM, Grambsch PM. Modeling survival data: extending the
Cox model. New York, NY: Springer; 2000.

[24] Hess K (S original), Gentleman R (R port). muhaz: hazard function
estimation in survival analysis. R package version 1.2.6.4. 2021.
https://cran.r-project.org/web/packages/muhaz/index.html.

[25] Klein JP and Moeschberger S (original), Yan J. (modifications) .
KMsurv: data sets from Klein and Moeschberger (1997), survival
analysis. R package version 0.1-5. Berlin: Springer; 2012.

[26] Zhou B, Latouche A. crrSC: competing risks regression for stratified
and clustered data. R package version 1.1. 2013. https://rdrr.io/
cran/crrSC/man/crrc.html.

[27] Gray B. cmprsk: subdistribution analysis of competing risks. R
package version 2.2-10. 2020. https://cran.r-project.org/
web/packages/cmprsk/index.html.

[28] Therneau TM. coxme: mixed effects Cox models. R package version
2.2-16.  2020. https://cran.r-project.org/web/packages/coxme/
coxme.pdf.

[29] de Wreede LC, Fiocco M, Putter H. mstate: an R package for the
analysis of competing risks and multi-state models. ] Stat Software
2011;38:1-30.

[30] de Wreede LC, Fiocco M, Putter H. The mstate package for
estimation and prediction in non- and semi-parametric multi-
state and competing risks models. Comput Methods Programs
Biomed 2010;99:261-74.

[31] Wickham H, Francois R, Henry L, Miiller K. dplyr: a grammar of data
manipulation. R package version 1.0.2. 2020. https://cran.r-project.
org/web/packages/dplyr/dplyr.pdf.

[32] Wickham H. ggplot2: elegant graphics for data analysis. New York,
NY: Springer-Verlag; 2016.

[33] Wickham H, Hester ], Chang W, Bryan ]. devtools: tools to make
developing R packages easier. R package version 2.4.3. 2021.
https://devtools.r-lib.org/.

[34] Scheinin I, Kalimeri M, Jagerroos V, et al. Visualizing measures of
effect (version 0.1.0). 2020.

[35] Auguie B. gridExtra: miscellaneous functions for “grid” graphics. R
package version 2.3. 2017. https://cran.r-project.org/
web/packages/gridExtra/index.html.

[36] James ND, de Bono ]S, Spears MR, et al. Abiraterone for prostate
cancer not previously treated with hormone therapy. N Engl ] Med
2017;377:338-51.

[37] Attard G, Murphy L, Clarke NW, et al. Abiraterone acetate and
prednisolone with or without enzalutamide for high-risk non-
metastatic prostate cancer: a meta-analysis of primary results from

Please cite this article as: T. Martin Ma, Fang-I Chu, H. Sandler et al., Local Failure Events in Prostate Cancer Treated with Radiotherapy: A Pooled Analysis
of 18 Randomized Trials from the Meta-analysis of Randomized Trials in Cancer of the Prostate Consortium (LEVIATHAN), Eur Urol (2022), https://doi.
org/10.1016/j.eururo.2022.07.011

679
680
681

683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734

736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754


https://doi.org/10.1016/j.eururo.2022.07.011
https://cran.r-project.org/web/packages/muhaz/index.html
https://rdrr.io/cran/crrSC/man/crrc.html
https://rdrr.io/cran/crrSC/man/crrc.html
https://cran.r-project.org/web/packages/cmprsk/index.html
https://cran.r-project.org/web/packages/cmprsk/index.html
https://cran.r-project.org/web/packages/coxme/coxme.pdf
https://cran.r-project.org/web/packages/coxme/coxme.pdf
https://cran.r-project.org/web/packages/dplyr/dplyr.pdf
https://cran.r-project.org/web/packages/dplyr/dplyr.pdf
https://devtools.r-lib.org/
https://cran.r-project.org/web/packages/gridExtra/index.html
https://cran.r-project.org/web/packages/gridExtra/index.html
https://doi.org/10.1016/j.eururo.2022.07.011
https://doi.org/10.1016/j.eururo.2022.07.011

755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777

EURURO 9879

No. of Pages 12, Model NS

12 EUROPEAN UROLOGY XXX (XXXX) XXX

two randomised controlled phase 3 trials of the STAMPEDE
platform protocol. Lancet 2022;399:447-60.

[38] Gundem G, Van Loo P, Kremeyer B, et al. The evolutionary
history of lethal metastatic prostate cancer. Nature
2015;520:353-7.

[39] Ferraro DA, Garcia Schiiler HI, Muehlematter UJ, et al. Impact of (68)
Ga-PSMA-11 PET staging on clinical decision-making in patients
with intermediate or high-risk prostate cancer. Eur ] Nucl Med Mol
Imaging 2020;47:652-64.

[40] Zumsteg ZS, Spratt DE, Daskivich TJ, et al. Effect of androgen
deprivation on long-term outcomes of intermediate-risk prostate
cancer stratified as favorable or unfavorable: a secondary analysis
of the RTOG 9408 randomized clinical trial. JAMA Netw Open
2020;3:e2015083.

[41] Labrie F, Bélanger A, Luu-The V, et al. Gonadotropin-releasing
hormone agonists in the treatment of prostate cancer. Endocr Rev
2005;26:361-79.

[42] Siddiqui ZA, Krauss DJ. Adjuvant androgen deprivation therapy for
prostate cancer treated with radiation therapy. Transl Androl Urol
2018;7:378-89.

[43] Spratt DE, Evans M]J, Davis B], et al. Androgen receptor upregulation
mediates radioresistance after ionizing radiation. Cancer Res
2015;75:4688-96.

[44] Polkinghorn WR, Parker ]S, Lee MX, et al. Androgen receptor
signaling regulates DNA repair in prostate cancers. Cancer Discov
2013;3:1245-53.

[45] Groen VH, Haustermans K, Pos FJ, et al. Patterns of failure following
external beam radiotherapy with or without an additional focal
boost in the randomized controlled FLAME trial for localized
prostate cancer. Eur Urol. In press. https://doi.org/10.1016/].
eururo.2021.12.012.

[46] Michiels S, Baujat B, Mahé C, Sargent D], Pignon JP. Random effects
survival models gave a better understanding of heterogeneity in
individual patient data meta-analyses. ] Clin Epidemiol
2005;58:238-45.

[47] Kass-lliyya A, Jovic G, Murphy C, et al. Two-years postradiotherapy
biopsies: lessons from MRC RTO1 trial. Eur Urol 2018;73:968-76.

[48] Singh S, Moore CM, Punwani S, Mitra AV, Bandula S. Long-term
biopsy outcomes in prostate cancer patients treated with external
beam radiotherapy: a systematic review and meta-analysis.
Prostate Cancer Prostatic Dis 2021;24:612-22.

[49] Jones CU, Hunt D, McGowan DG, et al. Radiotherapy and short-term
androgen deprivation for localized prostate cancer. N Engl ] Med
2011;365:107-18.

Please cite this article as: T. Martin Ma, Fang-I Chu, H. Sandler et al., Local Failure Events in Prostate Cancer Treated with Radiotherapy: A Pooled Analysis
of 18 Randomized Trials from the Meta-analysis of Randomized Trials in Cancer of the Prostate Consortium (LEVIATHAN), Eur Urol (2022), https://doi.
org/10.1016/j.eururo.2022.07.011

778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798

799


https://doi.org/10.1016/j.eururo.2021.12.012
https://doi.org/10.1016/j.eururo.2021.12.012
https://doi.org/10.1016/j.eururo.2022.07.011
https://doi.org/10.1016/j.eururo.2022.07.011

	Local Failure Events in Prostate Cancer Treated with Radiotherapy: A Pooled Analysis of 18 Randomized Trials from the Meta-analysis of Randomized Trials in Cancer of the Prostate Consortium (LEVIATHAN)
	1 Introduction
	2 Evidence acquisition
	3 Evidence synthesis
	3.1 Results
	3.2 Discussion

	4 Conclusions
	Appendix A Supplementary data
	References


