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Abstract

Background: The aim of this study was to investigate the clinical significance of the effect of age on disease control in men who
received high-dose intensity-modulated radiation therapy (IMRT) for nonmetastatic prostate cancer (NMPCa).

Methods: NMPCa patients with favorable intermediate to very high-risk features (National Comprehensive Cancer Network risk classi-
fication) treated with IMRT at our institution between September 2000 and May 2011 were analyzed retrospectively. Treatment consisted
of high-dose IMRT (74—78 Gy/37—39 fractions) combined with 6 months of neoadjuvant hormonal therapy. Multivariable analysis using
Fine and Gray’s regression model was performed to evaluate whether age at initiation of IMRT was associated with biochemical failure
(BF) and castration-resistant prostate cancer (CRPC) progression.

Results: A total of 367 patients were analyzed. The median follow-up period was 8.8 years after IMRT. The 5- and 10-year BF rates
were 22.1 and 31.7%, and those of CRPC rates were 4.5 and 12.6%, respectively. Multivariable analysis revealed that a younger age (cut-
off: 70 years old) at the initiation of IMRT was significantly correlated with both a higher BF rate (hazard ratio: 1.691, P= 0.0064) and
higher CRPC rate (hazard ratio: 2.579, P =0.0079).

Conclusions: Younger men with NMPCa had increased risks of BF and CRPC after high-dose IMRT, and may benefit from more inten-
sive treatments. Our findings should be further tested in prospective studies. © 2020 Elsevier Inc. All rights reserved.
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1. Introduction of practice for nonmetastatic prostate cancer (PCa) [1]. With
advances in mechanical engineering and computer technol-

Definitive external-beam radiotherapy (EBRT) combined ogy, intensity-modulated radiation therapy (IMRT) enables a
with hormonal therapy (HT) has been established as a standard safe increase in the radiation dose by selectively protecting the

rectum, facilitating its widespread clinical use.
Meanwhile, the association between a younger age and
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tumor, such as breast cancer [2,3]. However, regarding PCa,
the clinical impact of age on disease control remains contro-
versial [4,5]. Although several studies have reported a
markedly lower rate of disease control and poorer survival
outcomes in younger PCa patients [6—10], the studies on
definitive EBRT for nonmetastatic PCa (NMPCa) have been
based mainly on the use of 70-Gy or lower doses via 3-dimen-
sional conformal radiotherapy (3D-CRT) [6,7], which is sub-
optimal to estimate clinical outcomes in the current IMRT era.
In addition, those studies described the results of EBRT mono-
therapy or EBRT with various durations of combined HT.
Hence, the impact of age on disease control under conditions
of modern high-dose irradiation combined with uniform HT
remains unknown. Specifically, if the risk of disease failure
significantly increases in younger patients, then the age at
treatment initiation may act as a novel predictive factor that is
useful to identify the subgroup potentially benefitting the most
from an increased treatment intensity.

Therefore, the objective of the current study was to eval-
uate the impact of age on biochemical failure (BF) and cas-
tration-resistant prostate cancer (CRPC) progression in men
who received high-dose IMRT and HT for NMPCa, using a
retrospective cohort of a single institution with a long fol-
low-up period (median; 8.8 years) and a large number of
patients (n=367).

2. Materials and methods

This study followed the tenets of the Helsinki Declara-
tion, with approval from the institutional ethical review
board (approval number: R1048). Written informed consent
was obtained from all patients.

2.1. Patients

We retrospectively reviewed our prospectively maintained
institutional PCa database, and searched for eligible patients.
The eligibility criteria were as follows: (1) NMPCa catego-
rized into favorable or unfavorable intermediate-risk (IR),
high-risk (HR), or very high-risk (VHR) groups according to
the National Comprehensive Cancer Network risk classifica-
tion ver. 2. 2019 [1] with histological confirmation of adeno-
carcinoma; (2) treated with IMRT to the prostate and seminal
vesicles (SVs) alone between September 2000 and May 2011
at our institution; (3) duration of neoadjuvant HT (NA-HT)
<12 months; and (4) prescription dose >74 Gy. Patients with
CRPC at the initiation of IMRT were excluded.

2.2. Neoadjuvant hormonal therapy and intensity-
modulated radiation therapy

We previously reported the details of our institutional
treatment protocol [11—13]. In brief, treatments consisted
of short-term NA-HT and high-dose IMRT. NA-HT com-
prised 6 months of combined androgen blockage. However,
regarding the duration and contents, there were minor

variations because a large number of patients were intro-
duced to our hospital after HT had been initiated, and
patients with liver dysfunction or special requests were
administered the luteinizing hormone-releasing hormone
analogue alone. In the current study, patients exceptionally
treated with long-term NA-HT (cut-off: 1 year) were
excluded, as described in the eligibility criteria. For IMRT,
a total of 78 Gy in 39 fractions was prescribed for the pros-
tate and SVs (the base, proximal two-thirds, or whole of
SVs according to the risk), which was reduced to 74 Gy in
IR PCa with T1-2b disease. In addition, the total was
reduced by 4 to 12 Gy in patients with risk factors for rectal
bleeding (cases whereby the total dose was reduced to
lower than 74 Gy were excluded from this analysis). Pro-
phylactic pelvic nodal irradiation was not performed.

2.3. Patient follow-up and salvage therapy

The follow-up schedule was previously described [12,13].
No adjuvant therapy, including adjuvant HT (A-HT), was
performed because we designed the treatment protocol
before the establishment of the combination of long-term A-
HT for unfavorable PCa under the condition of high-dose
irradiation as the standard of care. Instead, we initiated sal-
vage therapy in an early phase after recurrence (prostate-spe-
cific antigen [PSA] > 4.0 ng/mL). Salvage therapy basically
comprised continuous/intermittent combined androgen
blockage, luteinizing hormone-releasing hormone analogue
monotherapy, or antiandrogenic agent monotherapy. For
patients who developed oligo-metastasis to pelvic lymph
nodes following IMRT, salvage EBRT to the upper pelvis in
combination with long-term HT was applied [14]. No andro-
gen receptor axis targeted (ARAT) agent or chemotherapy
was used in a castration-sensitive setting.

2.4. Statistical analyses

The timing of occurrence of each event was calculated
from the date of IMRT initiation. BF was evaluated based
on the Phoenix definition [15]. CRPC was defined as the
earliest timing of the following: (1) PSA increase of 25%
from the nadir and a minimum 2.0 ng/mL under castration
levels of testosterone (<50 ng/mL) tested at a minimum of
1-week intervals (the definition of the Prostate Cancer
Working Group 3 [PCWG3]) [16], or during HT (if testos-
terone levels were not assessed with appropriate timing);
(2) change in the contents of salvage HT due to PSA eleva-
tion, locoregional progression, or development of distant
metastasis; or (3) locoregional progression or development
of distant metastasis during salvage therapy. PSA elevation
during the off-period of intermittent HT was not counted as
a CRPC event. The rates of BF and CRPC were estimated
using the cumulative incidence method, accounting for
death without each event as a competing risk.

The patients were divided into two age groups by the
median age (70 years old), and Chi-square analysis or
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Student’s ¢ test was used to compare pretreatment character-
istics, follow-up periods, and number of other causes of
death without BF between the age groups. To evaluate the
clinical impact of age on BF and CRPC progression, univar-
iate analysis (UVA) and multivariable analysis (MVA)
were conducted using Fine and Gray’s regression model.
Along with age at the initiation of IMRT (<70 vs. >71 years
old), pretreatment PSA (>20 vs. <20 ng/mL), clinical T
stage (T3—4 vs. T1-2), Gleason Score (GS) sum (>8 vs.
<7), and number of cores with a GS sum of 8 to 10 (>5 vs.
<4), were included as covariates.

A P value <0.05 denoted significance. All statistical
analyses were performed using R version 3.1.1 (The R
Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Patient characteristics

A total of 373 patients met the eligibility criteria. Among
them, pelvic lymph node surgical dissection before IMRT
was performed in one, bone or pelvic lymph node metasta-
sis before IMRT was retrospectively detected in 3, and A-
HT was irregularly added in an affiliated hospital due to the
doctor’s or patient’s request in 2. Therefore, these 6 patients
were excluded, and the remaining 367 patients were
included in the analysis.

The median patient age was 70 (interquartile range
[IQR]: 65—75) years old at IMRT initiation. The median
pretreatment PSA level was 16.2 (IQR: 9.7—30.7) ng/mL.
Approximately 40% of the patients (n = 148) showed a GS
of >8, and more than half of the patients (n=192) had
>T3a disease. Subsequently, 24, 66, 191, and 86 patients
were categorized into favorable IR, unfavorable IR, HR,
and VHR groups, respectively [1]. The characteristics of
the 367 patients are summarized in Table 1. The patient
characteristics stratified by age at the initiation of IMRT
(£70 vs. >71 years old) are presented in Table 2. No signif-
icant difference regarding initial clinicopathological fea-
tures was observed between the age groups.

3.2. Neoadjuvant hormonal therapy and intensity-
modulated radiation therapy

All patients were treated with NA-HT for a median dura-
tion of 6.4 (IQR: 5.0—7.8) months. For IMRT, a total dose
of 78 or 74 Gy was prescribed to 226 (61.6%) and 141
(38.4%) patients, respectively The details of treatments are
summarized in Table 1.

3.3. Oncological outcomes and association with age

The median follow-up period for the entire cohort was
8.8 (IQR: 6.9—10.8) years. No significant difference in fol-
low-up periods was observed between the age groups
(median: 9.0 years for <70 years old vs. 8.6 years for

Table 1
Patient and treatment characteristics

Age (years)

Median 70
IQR 65-75
Clinical T stage, n (%)
Tlc 52 (14.2)
T2a 53 (14.4)
T2b 35(9.5)
T2c 35(9.5)
T3a 138 (37.6)
T3b 49 (13.4)
T4 5(1.4)
iPSA (ng/mL)
Median 16.2
IQR 9.7-30.7
Gleason score, n (%)
6 31(8.4)
7 185 (50.4)
8 89 (24.3)
9 57 (15.5)
10 5(1.4)

NCCN risk classification, n (%)

Favorable intermediate-risk 24 (6.5)

Unfavorable intermediate-risk 66 (18.0)

High-risk 191 (52.1)

Very high-risk 86 (23.4)
Duration of NA-HT (months)

Median 6.4

IQR 5.0-7.8
IMRT dose, n (%)

78 Gy 226 (61.6)

74 Gy 141 (38.4)
Nadir PSA (ng/mL)

Median 0.019

IQR 0.008—0.077

Abbreviations: IMRT = intensity-modulated radiation therapy;
iPSA = pretreatment prostate-specific antigen; IQR = interquartile range;
NA-HT = neoadjuvant hormonal therapy; NCCN = the National
Comprehensive Cancer Network risk classification ver. 2. 2019;
PSA = prostate-specific antigen.

>71 years old, P=0.079; Table 2). There were 49 deaths,
of which 28 patients died from other causes without BF.
During the follow-up, 110 patients developed disease fail-
ure with a median period of 3.3 (IQR: 1.8—5.4) years after
IMRT, and BF was the initial failure pattern in all of them.
Among them, salvage HT was initiated in 95 patients due to
continuous PSA elevation or clinical failure, and 39 patients
progressed to CRPC with a median period of 5.8 (IQR: 3.9
—7.9) years after IMRT. The 5- and 10-year BF rates were
22.1% (95% confidence interval [CI]: 18.0—26.6) and
31.7% (95% CI: 26.5—36.9), and the 5- and 10-year CRPC
rates were 4.5% (95% CI: 2.7—7.0) and 12.6% (95% CI:
8.9—16.8), respectively (Fig. 1). Those rates stratified by
the National Comprehensive Cancer Network risk classifi-
cation are illustrated in Fig. 2A, B. In the UVA, a younger
age was significantly correlated with a higher incidence of
both BF (P =0.02) and CRPC (P =0.012). The differences
in the cumulative incidence of BF and CRPC between age
groups (<70 vs. >71 years old) are illustrated in Fig. 3A, B.
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Pre- and post-treatment characteristics by age (<70 vs. >71 years old)

Group
Age <70 Age >71 p value
No. of patients 189 178
Follow-up (years) 0.079
Median (IQR) 9.0 (7.0—10.9) 8.6 (6.7—10.7)
Clinical T stage, n 0.813
(%)
Tl 29 (15.4) 23 (12.9)
T2 65 (34.4) 58 (32.6)
T3a 67 (35.4) 71(39.9)
T3b—4 28 (14.8) 26 (14.6)
Combined GS, n (%) 0.616
6 14 (7.4) 17 (9.6)
7 101 (53.4) 84 (47.2)
8 45 (23.8) 44 (24.7)
9—-10 29 (15.3) 33 (18.5)
iPSA (ng/mL) 0.575
Median (IQR) 15.0 (9.6—25.1) 18.0 (9.9-33.0)
cores with a combined 0.888
GS of 8—10
<4 168 (88.9) 160 (89.9)
>5 21 (11.1) 18 (10.1)
NCCN risk 0.13
classification, n (%)
Favorable 13 (6.9) 11 (6.2)
intermediate-risk
Unfavorable 41 (21.7) 25 (14.0)
intermediate-risk
High-risk 88 (46.5) 103 (57.9)
Very high-risk 47 (24.9) 39 (21.9)
Duration of NA-HT 0.362
(months)
Median (IQR) 6.5(5.3-7.9) 6.2 (4.8-7.8)
IMRT dose, n (%) 0.504
78Gy 120 (63.5) 106 (59.5)
74Gy 69 (36.5) 72 (40.5)
Nadir PSA (ng/mL) 0.525
Median (IQR) 0.02 (0.01-0.07)  0.02 (0.01-0.08)
Other cause of death 6(3.2) 22(12.4) 0.00183

without BF, n (%)

Abbreviations: GS = Gleason score; IMRT = intensity-modulated
radiation therapy; iPSA = pretreatment prostate-specific antigen;
IQR =interquartile range; NA-HT = neoadjuvant hormonal therapy;
NCCN = the National Comprehensive Cancer Network risk classification
ver. 2. 2019; PSA = prostate-specific antigen; BF, biochemical failure.

Specifically, the 5- and 10-year BF rates were 27.4% (95%
CI: 21.1-33.9) and 37.7% (95% CI: 30.1—45.3) for younger
patients (<70 years old), but 16.4% (95% CI. 11.3—-22.4)
and 25.0% (95% CI: 18.4—32.0) for older patients (>71 years
old), respectively (Fig. 3A). The 5- and 10-year CRPC rates
were 5.9% (95% CI: 3.1-9.9) and 17.8% (95% CI: 11.9
—24.7) for younger patients (<70 years old), but 2.9% (95%
CL: 1.1—-6.4) and 6.8% (95% CI: 3.4—11.8) for older patients
(=71 years old), respectively (Fig. 3B). In the MV A, a youn-
ger age remained an independent predictive factor for BF
(hazard ratio [HR] 1.691, 95% CI: 1.159—-2.466, P = 0.0064)
and CRPC progression (HR: 2.579, 95% CI: 1.282—5.187,
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Fig. 1. Cumulative incidence curves of biochemical failure and castration-
resistant prostate cancer among the entire cohort. Abbreviations: BF = bio-
chemical failure; CRPC = castration-resistant prostate cancer.

P =0.0079) with adjustment for other covariates. Details of
the results of UVA and MVA are summarized in Table 3.

4. Discussion

In the current study of 367 patients with NMPCa who
were treated with high-dose IMRT, a significant correlation
was observed between a younger age and disease progres-
sion after adjusting for other known predictive factors. Of
note, we evaluated factors predicting CRPC progression,
which is considered a reasonable surrogate for PCa-specific
mortality (PCSM) [17]. This may be of marked value in
that it is considered difficult to analyze predictive factors
affecting PCSM in a direct manner because of greatly
improved survival outcomes reported recently. To our
knowledge, studies investigating factors predicting CRPC
progression after definitive EBRT for NMPCa are very lim-
ited [18].

As the results of UVA, in which our patient cohort was
divided into two groups at the median age (70 years old), a
12.7% increase in the BF rate at 10 years was observed for
<70-year-old men compared with >71-year-old men (BF
rate at 10 years: 37.7 vs. 25.0%, respectively, P=0.02).
This trend was reproduced in MVA with adjustment for
other covariates (HR: 1.691, 95% CI. 1.159-2.466,
P=0.0064). Similar to our results, according to a meta-
analysis of 5 prospective studies of definitive EBRT for
NMPCa (median dose: 70 Gy), a younger age (cut-off:
70 years old) was an independent predictive factor for both
metastasis (HR: 0.72, 95% CI: 0.63—0.83, P < 0.0001) and
PCSM (HR: 0.78, 95% CI: 0.66—0.92, P < 0.0001) [6]. We
hypothesize that early testosterone recovery (TR) in youn-
ger men is one possible explanation for this age-dependent
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Fig. 2. Cumulative incidence curves of biochemical failure among each risk group (A), and castration-resistant prostate cancer among each risk group (B)
according to the National Comprehensive Cancer Network risk classification ver. 2. 2019. Abbreviations: BF = biochemical failure; CRPC = castration-resis-
tant prostate cancer; HR = high-risk; IR = intermediate-risk (favorable and unfavorable); VHR = very high-risk.
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Fig. 3. Cumulative incidence curves of biochemical failure (A), and castration-resistant prostate cancer (B) stratified by the age at the initiation of intensity-
modulated radiation therapy (<70 vs. >71 years old).

Table 3

Univariate and multivariable analyses of risk factors for biochemical failure and castration-resistant prostate cancer

Factor Univariate analysis Multivariable analysis
HR 95% C1 P HR 95% C1 P
Biochemical failure
iPSA: >20 ng/mL vs. <20 ng/mL 3.435 2.319-5.089 <0.001 2.628 1.655—4.174 <0.001
clinical T stage: T3—4 vs. T1-2 2.28 1.513-3.437 <0.001 1.371 0.8659-2.171 0.18
GS sum: >8 vs. <7 2.079 1.427-3.027 <0.001 1.5 0.9567-2.352 0.077
cores with GS sum 8—10; >5 vs. <4 3.755 2.528-5.578 <0.001 1.749 1.016—3.012 0.044
Age: <70-y vs. >71-y 1.575 1.074-2.309 0.02 1.691 1.159-2.466 0.0064
Castration-resistant prostate cancer
iPSA: >20 ng/mL vs. <20 ng/mL 2.373 1.238—4.545 0.0092 1.355 0.6107—-3.008 0.45
clinical T stage: T3—4 vs. T1-2 4.488 1.869—-10.78 <0.001 3.654 1.437-9.294 0.0065
GS sum: >8 vs. <7 2.378 1.25—-4.525 0.0083 1.822 0.8742—-3.797 0.11
cores with GS sum 8—10; >5 vs. <4 3.316 1.669—-6.592 <0.001 1.39 0.546—3.54 0.49
Age: <70-y vs. >71-y 243 1.211-4.875 0.012 2.579 1.282-5.187 0.0079

Abbreviations: GS = Gleason Score; HR = hazard ratio; iPSA = pretreatment prostate-specific antigen; 95% CI = 95% confidence interval.
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difference in BF observed in our cohort. It has been
reported that time to TR increases with advancing age
[19,20], and this delayed TR after EBRT among older pop-
ulations may result in a lower BF rate. Indeed, increased
time to TR was reportedly associated with a decreased risk
of PCSM (HR: 0.89, 95% CI: 0.82—0.96, P = 0.003) among
NMPCa patients treated with EBRT and HT for 6 months
[21]. Because our patients did not receive A-HT following
the completion of IMRT, their timing of initial failure after
IMRT may have been directly affected by TR. In this
regard, the current standard long-term A-HT is considered
to be reasonable especially for younger men in order to
suppress TR.

More importantly, this study revealed that the younger
patients had a significantly higher CRPC rate than the
older patients (CRPC rate at 10 years: 17.8 vs. 6.8%,
respectively, P=0.012). This phenomenon cannot be
explained solely by the early TR in younger patients. A
difference in biological backgrounds between early-onset
PCa and elderly-onset PCa patients was recently reported,
and inherited mutations in DNA damage repair genes
(BRCA mutations) comprise one type of reported factor
associated with an aggressive clinical course among young
patients [22]. However, given the low prevalence of
BRCA mutations (less than 5.0%) and the much younger
age at onset (usually younger than 50 years old) [23], such
an association does not sufficiently explain the marked dif-
ference observed in CRPC rates. Therefore, it is difficult to
provide a reasonable explanation for this phenomenon.
There might exist unknown biological factors contributing
to this age-dependency of tumor aggressiveness. Our
results suggest the survival benefit of increasing the treat-
ment intensity for younger patients. Recently, the up-front
use of ARAT agents or docetaxel for hormone-sensitive
metastatic PCa patients yielded better oncologic outcomes
in several randomized controlled trials [24]. Therefore,
although somewhat speculative, the use of those agents in
a neoadjuvant setting or in first-line salvage therapy may
be a promising method for younger PCa patients. Our
findings should be further investigated, especially in the
setting of prospective trials.

We acknowledge that an excess of non-PCa-specific
mortality (NPCSM) and presumably shorter follow-up
periods in the older group may have led to an underesti-
mation of the likelihood of BF and CRPC progression.
However, our follow-up periods of the older group were
considered long enough to estimate late occurrence of
each event, and no significant difference in follow-up
periods was observed between the age groups
(P=0.079). Furthermore, the separation of cumulative
incidence curves between the age groups was observed
from the beginning, where these effects are considered to
be minimal (Fig. 3). Therefore, the cause of the higher
rates of BF and CRPC progression observed in the youn-
ger group could not be traced back to a difference in
NPCSM.

The current study had several limitations, including its
retrospective nature. Testosterone levels were not routinely
evaluated among the patients who did not develop disease
progression due to a restriction of the national insurance
system, making it difficult to directly investigate the corre-
lation between testosterone levels and age. Furthermore,
the patients included in this study received prostate-only
IMRT and short-term NA-HT alone because we designed
the treatment protocol before the establishment of the com-
bination of prophylactic pelvic nodal irradiation or long-
term A-HT for unfavorable PCa as the standard of care.
Our results may not be directly applicable to patients
treated with the current standard of care, because prostate-
only IMRT and short-term NA-HT alone are considered as
suboptimal treatment for HR and VHR PCa compared with
the current standard. Therefore, our findings are not conclu-
sive but merely hypothetical. However, our data may conse-
quently provide a more accurate observation of the direct
correlation between pretreatment factors and the risk of dis-
ease progression without being masked by A-HT. There-
fore, we believe that our results provide baseline data to
understand the age-dependency of the tumor aggressiveness
of PCa. Given the growing demand for evidence to support
individualized treatments, these findings would be of partic-
ular importance.

5. Conclusions

This study showed that a younger age was significantly
correlated with higher BF and CRPC rates among NMPCa
patients treated with high-dose IMRT. We consider that
younger patients would benefit from more intensive treat-
ments, such as the up-front use of ARAT agents or doce-
taxel in a neoadjuvant setting or in first-line salvage
treatment. Further investigation is warranted to confirm our
findings.
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