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Purpose: The association between late toxicity and biochemical recurrence (BCR) after prostate radiation therapy is unclear.
We set out to characterize the relationship between late gastrointestinal (GI) and genitourinary (GU) toxicity and BCR among
patients receiving conventionally fractionated (CF) or moderately hypofractionated (MHF) prostate radiation therapy.
Methods and Materials: This was an individual patient data meta-analysis that identified randomized phase 3 trials of CF or
MHEF prostate radiation therapy in the MARCAP (Meta-Analysis of Randomized trials in Cancer of the Prostate) Consortium
that had individual-level late toxicity and BCR data available. Data were provided to MARCAP by study investigators. The
associations between BCR and late (>3 months after radiation therapy) grade >2 GI and GU toxicities were assessed using
Fine-Gray subdistribution hazard models with an 18-month landmark to address immortal time bias.

Results: Seven of 26 available trials met all eligibility criteria. A total of 6761 patients were included (CF: n = 4333; MHF: n =
2428). Median follow-up was 72 months (IQR, 61-94 months). BCR occurred in 17.0% of patients (1142/6732). The rate of
late grade >2 GI toxicity was 14.3% (965/6761), although the rate of grade >2 GU toxicity was 15.5% (1045/6761). BCR was
inversely associated with late grade >2 GI toxicity (subdistribution hazard ratio, 0.64; 95% CI, 0.43-0.96; P = .03). BCR was not
significantly associated with late grade >2 GU toxicity (subdistribution hazard ratio, 1.06; 95% CI, 0.70-1.60; P = .78).
Conclusions: Late grade >2 GI toxicity was significantly associated with lower rates of BCR. We hypothesize that this may be
related to the impact of prostatic motion during treatment, specifically anterosuperior motion of the prostate that would increase the
dose to the rectum and to posterior dominant intraprostatic lesions. Late grade >2 GU toxicity did not appear to be associated with
BCR. © 2026 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

can be critical to understanding the importance of precision
radiation therapy.

Herein, we conducted an individual patient data (IPD)
meta-analysis to study the association between BCR and late
GI and GU toxicity across different patient populations and
radiation therapy regimens.

Introduction

Dose-escalated external beam radiation therapy is standard-of-
care for localized prostate cancer.' Prospective studies have
shown that dose-escalated external beam radiation therapy can
achieve long-term biochemical control rates of 75% to 90%.”*
It has not been well-studied whether the biological pro-
cesses behind radiation toxicity, which include direct cellu-

lar injury, immunologic reactions to radiation, and
bystander effects in nonirradiated cells,” overlap with the
long-term biological responses that permanently eradicate
cancer cells. Beyond a common physiological mechanism,
however, there may be other relationships between toxicity
and biochemical recurrence (BCR) that relate to prostate
motion patterns during radiation therapy delivery.
Preliminary data suggest that anterosuperior motion may
be related with gastrointestinal (GI) toxicity, although infer-
oposterior prostate motion may be associated with genito-
urinary (GU) toxicity.” Furthermore, enhanced dose
delivery to dominant intraprostatic lesions (DILs) improves
BCR outcomes.” As most DILs are located posteriorly,® it is
conceivable that relationships between BCR and GI or GU
toxicity may differ and be related to unintended dose deliv-
ery outside the prostate. Understanding these associations

Methods and Materials

In this IPD meta-analysis, we searched for prospective phase
3 randomized trials in the MARCAP (Meta-Analysis of
Randomized trials in Cancer of the Prostate) Consortium
that included conventionally fractionated (CF) or moder-
ately hypofractionated (MHF) prostate radiation therapy
and had IPD available regarding BCR and late toxicity. The
MARCAP Consortium has been previously described.”
Briefly, it contains IPD from 26 randomized trials run
through collaborative groups or at individual institutions.

A statistical plan was created before IPD pooling and
analysis. BCR was defined as a prostate-specific antigen rise
>2 ng/mL above the postradiation therapy nadir.'’ Late tox-
icity events (occurring >3 months from treatment comple-
tion) were graded using the original trial definitions
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(Table 1). Patient-reported, quality-of-life (QOL) data from
expanded prostate cancer index composite questionnaires
were used to identify decrements at least twice the minimal
clinically important difference (>2 x MCID) in urinary or
bowel QOL >3 months from treatment completion during a
60-month follow-up period. The MCID threshold was
defined as half the across-trial standard deviation of the
baseline expanded prostate cancer index composite score in
that given domain, on a per-trial basis."’

The relationship between BCR and late grade >2 toxicity
was evaluated in a cross trial meta-analysis using Fine-Gray
subdistribution hazard models with an 18-month land-
mark. Late toxicity was assessed at the 18-month mark, and
patients who experienced BCR or death before 18 months
were excluded to address immortal time bias. The area
under the curve was calculated for predicting BCR at 5 years
using time-dependent receiver operating characteristic
methods appropriate for survival data with competing risks.
Among trials with patient-reported QOL data, the relation-
ship between BCR and decrements >2 x MCID was also
evaluated. Models were adjusted for age, Gleason score (6,
7, or 8-10), initial prostate-specific antigen level, T stage
(T1-T2 or T3), radiation dose (equivalent dose in 2 Gy frac-
tions using o/f = 3; <74, 74-80, or >80 Gy), radiation
schedule (CF or MHF), and androgen deprivation therapy
duration (none, 1-4, 5-9, 10-18, or >18 months) as fixed
effects. For patient-reported QOL metrics, missing baseline
values were imputed using the predicted baseline score

from a linear mixed model, where time was a covariate
alongside a nested patient-trial random effect. Cumulative
incidence rates of BCR were stratified by late toxicity status.
Comparisons were made using Gray’s test. All statistical
analyses were conducted using R (version 4.4.0)," includ-
ing the cmprsk'’ package. P < .05 was considered statisti-
cally significant.

Results

Our search results returned 26 trials, 7 of which met all eligi-
bility criteria. These were CHHiP (Conventional or Hypo-
fractionated High dose intensity modulated radiation
therapy for Prostate cancer),'* Radiation Therapy Oncology
Group (RTOG) 0126,> PROFIT (PROstate Fractionated
Irradiation Trial),"> RTOG 0415,” Ottawa 0101,'® Fox Chase
Cancer Center, and Regina Elena'” (Tables 1 and El).
These included IPD from 6761 patients (Fig. 1). All patients
had late toxicity data, 52.6% (3559/6761) had patient-
reported QOL data (baseline scores were missing for
approximately 45% of patients), and 99.6% (6732/6761) had
BCR data.

Median follow-up was 72 months (IQR, 61-94). Median
age was 70 years (IQR, 64-74) (Table 2). Median pretreat-
ment prostate-specific antigen was 8.0 ng/mL (IQR, 5.6-
11.8). Notably, 21.3% of patients (1443/6761) had low-risk
disease, 71.5% (4835/6761) had intermediate-risk disease,

26 potentially eligible phase IlI
randomized studies identified
through MARCAP Consortium

A4

26 studies screened

v

19 studies excluded due to not
having individual patientlevel
toxicity data available

\4

7 studies met eligibility criteria

A 4

and included in this IPD
metaanalysis

7 individual patientlevel datasets
received from randomized trials

Fig. 1.

Individual patient data (IPD) meta-analysis flow diagram. Full details of each included trials are provided in Table 1.
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Table 3 Biochemical recurrence and late toxicity rates
RTOG RTOG Ottawa Regina
Endpoint CHHiP 0126 PROFIT 0415 0101 FCCC Elena Overall
Biochemical 254/2093 422/1485 207/1206 86/1079 62/403 60/298 51/168 1142/6732
recurrence (12.1%) (28.4%) (17.2%) (8.0%) (15.4%) (20.1%) (30.4%) (17.0%)
Late grade >2 219/2093 275/1485 141/1206 196/1079 83/432 27/298 25/168 965/6761
GI toxicity (10.5%) (18.5%) (11.7%) (18.2%) (19.2%) (9.1%) (14.9%) (14.3%)
Late grade >2 155/2093 170/1485 289/1206 282/1079 55/432 66/298 28/168 1045/6761
GU toxicity (7.4%) (11.4%) (24.0%) (26.1%) (12.7%) (22.1%) (16.7%) (15.5%)
Decrement 589/1498 - 214/1111 306/930 - - - 1109/3539
>2 x MCID in (39.3%) (19.3%) (32.9%) (31.3%)
bowel QOL
Decrement 307/1500 - 174/1115 212/933 - - - 693/3548
>2 x MCID in (20.5%) (15.6%) (22.7%) (19.5%)
urinary QOL
Abbreviations: CHHiP = Conventional or Hypofractionated High dose intensity modulated radiation therapy for Prostate cancer; FCCC = Fox Chase
Cancer Center; GI = gastrointestinal; GU = genitourinary; MCID = minimal clinically important difference; PROFIT = PROstate Fractionated Irradiation
Trial; QOL = quality-of-life; RTOG = Radiation Therapy Oncology Group.

and 7.1% (483/6761) had high-risk disease. Median equiva-
lent dose in 2 Gy fractions was 74 Gy (IQR, 72-76 Gy). A
total of 35.9% of patients (2428/6761) were treated using
MHF radiation therapy. A total of 41.8% (2829/6761)
received androgen deprivation therapy.

BCR occurred in 17.0% of patients (1142/6732) (Table 3).
Late grade >2 GI toxicity occurred in 14.3% (965/6761).
Late grade >2 GU toxicity occurred in 15.5% (1045/6761).
BCR was inversely associated with late grade >2 GI toxicity
(subdistribution hazard ratios [sHRs], 0.64; 95% CI, 0.43-
0.96; P = .03). BCR was not significantly associated with late
grade >2 GU toxicity (sHR, 1.06; 95% CI, 0.70-1.60;
P = .73) (Fig. 2A, B, Table E2). The area under the curve
was 63.2% (95% CI, 60.3%-66.1%).

Three trials had QOL data available (RTOG 0415,
PROFIT, and CHHiP). Notably, 31.3% of patients (1109/
3539) experienced decrements >2 x MCID in bowel QOL
and 19.5% (693/3548) in urinary QOL. The associations
between BCR and decrements >2 x MCID in bowel (sHR,
1.12; 95% CI, 0.73-1.70; P = .61) and urinary QOL (sHR,
0.86; 95% CI, 0.38-1.95; P = .72) were not statistically signifi-
cant (Table E3).

Discussion

In this IPD meta-analysis of 7 randomized controlled trials,
we found that late GI toxicity was associated with a lower
risk of BCR after prostate radiation therapy. There did not
appear to be an association between late GU toxicity and
BCR or between QOL decrements and BCR. To our knowl-
edge, this represents one of the largest analyses to date with
inclusion of both standard and dose-escalated CF and MHF
radiation therapy.

We found that BCR was significantly less likely in patients
with physician-reported late grade >2 GI toxicity (sHR, 0.64;

P = .03), but not in patients with late grade >2 GU toxicity
(sHR, 1.06; P = .73). When repeated using patient-reported
outcomes, we did not find a significant association for decre-
ments >2 x MCID in patient-reported bowel (sHR, 1.12;
P = 61) and urinary QOL (sHR, 0.86; P = .72). Because of the
smaller number of patients with patient-reported outcomes
available, this analysis was likely underpowered to identify a
statistically significant association.

The inverse relationship between late GI toxicity and
BCR is noteworthy and supports the hypothesis that this is
related to radiation dose delivery itself. It is widely appreci-
ated that prostate motion during radiation therapy sessions
is significant, and that approaches to manage this motion
can reduce toxicity."*'” A previous detailed motion analysis
of cine-magnetic resonance images obtained during prostate
radiation therapy suggested that the dominant axes of pros-
tate motion are the anterosuperior and inferoposterior
axes.® In that analysis, anterosuperior prostate motion was
associated with GI toxicity, likely because if uncorrected,
this motion leads to the rectum being overdosed. On the
other hand, inferoposterior prostate motion was associated
with GU toxicity, likely because if uncorrected, this motion
leads to urinary structures (eg, bladder neck and trigone)
being overdosed. Because multiple radiological and patho-
logic studies have confirmed that most DILs—to which
dose is known to be important” —are located posteriorly,” it
is conceivable that anterosuperior motion would increase
the dose to the rectum while improving coverage of poste-
rior DILs. Inherent dosimetric differences between radiation
therapy plans may have also contributed to this association.
Plans that had hotspots in the posterior of the prostate near
DILs would also potentially have lower rates of BCR but
increased rates of GI toxicity.

This study had several limitations. First, these are post
hoc analyses of 7 different randomized controlled trials.
There may be unmeasured confounders influencing our
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Fig. 2.

Cumulative incidence curves for biochemical recurrence stratified by whether patients experienced (A) late grade >2

gastrointestinal (GI) toxicity or (B) late grade >2 genitourinary (GU) toxicity. Comparisons were made using Gray’s test.

observations. Second, trial toxicity data relied on physician
or investigator reporting, which may not capture all events.
Third, we did not have the data available to adjust for all rel-
evant clinical factors, such as overall treatment time or the
proportion of androgen deprivation therapy delivered in the

neoadjuvant versus adjuvant setting. Finally, 4 trials did not
collect longitudinal QOL data and the trials that did collect
these data had missing baseline information for approxi-
mately 45% of patients. This may have introduced a source
of bias in our analysis.
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In conclusion, we found that late GI toxicity was associ-
ated with lower rates of BCR after prostate radiation ther-
apy. These results support the hypothesis that distinct
motion patterns during radiation therapy could increase
dose to bowel structures and intraprostatic DILs, leading to
increased rates of late GI toxicity but improved rates of
BCR. Further studies are needed to better characterize the
relationship between motion management, late toxicity, and
BCR.
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