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Abstract
Background Although robot-assisted radical prostatectomy (RARP) and intensity-modulated radiotherapy are the leading
respective techniques of prostatectomy and radiotherapy for localized prostate cancer, almost no study has directly compared
their outcomes; none have compared mortality outcomes.
Methods We compared 6-year outcomes of RARP (n= 500) and volumetric modulated arc therapy (VMAT, a rotational
intensity-modulated radiotherapy, n= 360) in patients with cT1-4N0M0 prostate cancer. We assessed oncological outcomes,
namely overall survival (OS), cancer-specific survival (CSS), radiological recurrence-free survival (rRFS), and biochemical
recurrence-free survival (bRFS), using propensity score matching (PSM). We also assessed treatment-related complication
outcomes of prostatectomy and radiotherapy.
Results The median follow-up duration was 79 months (>6 years). PSM generated a matched cohort of 260 patients (130
per treatment group). In the matched cohort, RARP and VMAT showed equivalent results for OS, CSS, and rRFS: both
achieved excellent 6-year outcomes for OS (>96%), CSS (>98%), and rRFS (>91%). VMAT had significantly longer bRFS
than RARP, albeit based on different definitions of biochemical recurrence. Regarding complication outcomes, patients
who underwent RARP had minimal (2.6%) severe perioperative complications and achieved excellent continence recovery
(91.6 and 68.8% of the patients achieved ≤1 pad/day and pad-free, respectively). Patients who underwent VMAT had an
acceptable rate (20.0%) of grade ≥2 genitourinary complications and a very low rate (4.4%) of grade ≥2 gastrointestinal
complications.
Conclusion On the basis of PSM after a 6-year follow-up, RARP and VMAT showed equivalent and excellent oncological
outcomes, as well as acceptable complication profiles.
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Abbreviations
ADT Androgen deprivation therapy
bRFS Biochemical recurrence-free survival
CCI Charlson comorbidity index
CSS Cancer-specific survival
GI Gastrointestinal
GU Genitourinary
IMRT Intensity-modulated radiotherapy
IQR Interquartile range
OS Overall survival
PC Prostate cancer
ProtecT Prostate Testing for Cancer and Treatment
PSA Prostate-specific antigen
PSM Propensity score matching
RARP Robot-assisted radical prostatectomy
rRFS Radiological recurrence-free survival
VMAT Volumetric modulated arc therapy

Introduction

Radical prostatectomy and external beam radiotherapy are
comparable treatment options for localized prostate can-
cer (PC) [1–3]. Although many studies have compared on-
cological outcomes, the issue of which treatment is bet-
ter remains controversial [3–18]. Notably, outcomes of the
Prostate Testing for Cancer and Treatment (ProtecT) trial
have recently been updated, with comparable mortality out-
comes following prostatectomy and radiotherapy as well as
active monitoring at a median follow-up of 15 years [18].

Robot-assisted radical prostatectomy (RARP) and inten-
sity-modulated radiotherapy (IMRT) are the leading respec-
tive techniques for prostatectomy and radiotherapy, both
of which are currently used worldwide. Nevertheless, al-
most no study has compared outcomes between these meth-
ods. We previously reported the comparative outcomes of
RARP versus volumetric modulated arc therapy (VMAT),
a sophisticated radiotherapy technique based on rotational
IMRT [19], in 860 patients with cT1-4N0M0 PC [12]. Al-
though it was the first (and currently the only) study that
compared the outcomes of RARP and IMRT, the follow-
up duration (median: 37 months) was too short to compare
mortality outcomes. Therefore, the present study extended
the follow-up duration by 5 years from that in the previous
study [12]. In the present study, we compared the patients’
outcomes, including mortality rates, using propensity score
matching (PSM) after a follow-up duration of >6 years.
We also assessed the complication outcomes of RARP and
VMAT after the extended follow-up.

Methods andmaterials

Patients and treatments

This retrospective study was approved by the internal insti-
tutional review board of the Graduate School of Medicine
and Faculty of Medicine, The University of Tokyo (ap-
proval number: 12003). All methods were conducted in ac-
cordance with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. Given the ret-
rospective nature of this study, the requirement for written
informed consent was waived. We also obtained permis-
sion to reuse the previously published material [12] from
Elsevier (License number: 5571801413900).

The patient selection process was described in our previ-
ous article [12]. Briefly, we reviewed data for 874 patients
with PC who underwent either RARP (n= 500) or VMAT
(n= 374) with curative intent at The University of Tokyo
Hospital between 2011 and 2016. After excluding 14 pa-
tients from the VMAT group (cN1M0 disease, n= 7; VMAT
combined with brachytherapy, n= 7), we analyzed data for
860 patients with cT1-4N0M0 PC who underwent RARP
(n= 500) or VMAT (n= 360) [12]. Patients were stratified in
accordance with the D’Amico risk classification [4], and the
age-adjusted Charlson comorbidity index (CCI) was evalu-
ated at baseline [20].

Details of the treatments are described in our previ-
ous article [12]. Briefly, RARP was performed using the
peritoneal approach by modifying the Vattikuti Institute
prostatectomy technique [21, 22]. Lymph node dissections
were performed in those predicted to have ≥5% lymph
node metastasis in accordance with the Japan PC nomo-
gram [23]. Regarding VMAT, each treatment comprised
a single-arc (from –179° to +179°, clockwise) using 6 MV
X-rays. The prescribed dose was 76Gy in 38 fractions to
cover 95% of the planning target volume, whereas the dose
was limited to 72Gy in 36 fractions in those receiving an-
tithrombotic agents, to prevent rectal bleeding. Neoadjuvant
androgen deprivation therapy (ADT) was administered for
4–6 months in intermediate-risk patients, and for 6 months
in high- and very-high-risk patients. Adjuvant ADT was
also administered to appropriate patients for 2–3 years, at
the physician’s discretion.

Endpoints and follow-up

Overall survival (OS), cancer-specific survival (CSS), radi-
ological recurrence-free survival (rRFS), and biochemical
recurrence-free survival (bRFS) were compared between
the RARP and VMAT groups. OS was defined as the time
from treatment initiation (the day of surgery for the RARP
group and the starting date of radiotherapy for the VMAT
group) to all-cause death. CSS was defined as the time from
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treatment initiation to cancer-specific death. Radiological
recurrence was defined as radiologically-diagnosed distant
metastasis or local recurrence. Biochemical recurrence was
defined as two consecutive prostate-specific antigen (PSA)
measurements ≥0.2ng/ml for RARP [2] and the Phoenix
definition (PSA≥ nadir+ 2ng/ml) for VMAT [24], in accor-
dance with the standard definition of biochemical recur-
rence for each modality. Recurrence-free survival (rRFS or
bRFS) was defined as the time from treatment initiation
to each defined recurrence or all-cause death, whichever
occurred first. All patients were followed-up with routine
blood tests, including PSA, every 1–6 months. With signs
of biochemical recurrence, metastatic work-up by imaging
studies, including computed tomography and bone scintig-
raphy, was routinely performed. Given that our previous
study analyzed data obtained as of March 2018 [12], fol-
low-up information for this study was obtained as of March
2023 (i.e., the follow-up duration was extended for 5 years).

Aside from oncological outcomes, we collected data
on treatment-related complications. For the RARP group,
postoperative complications were categorized in accor-
dance with the Clavien–Dindo classification [25, 26]. To
evaluate continence recovery after surgery, patients were
asked to remember the date when they achieved ≤1 pad
per day or pad-free, data for which were prospectively
collected in our database [27]. For the VMAT group, gen-
itourinary (GU) and gastrointestinal (GI) adverse events
were assessed using the Common Terminology Criteria for
Adverse Events version 5.0.

Statistical analysis

For PSM, multivariate logistic regression analysis was used
to calculate propensity scores, and matching was performed
on the logit of the propensity score using the nearest neigh-
bor matching with a caliper width of 0.20. Before and after
PSM, the significance of the differences in clinicopatholog-
ical variables between the treatment groups were evaluated
using Student’s t-test for continuous variables and the χ2 test
for categorical variables. Before and after PSM, OS, CSS,
rRFS, and bRFS were estimated using the Kaplan–Meier
method and compared using the log-rank test. The Cox pro-
portional hazard regression model was used for univariate
and multivariate analyses for OS, rRFS, and bRFS before
and after PSM (note: analyses for CSS could not be per-
formed owing to the small number of events). Cumulative
proportions of continence recovery in the RARP group and
those of grade ≥2 GU and GI complications in the VMAT
group were also estimated using the Kaplan–Meier method.
All statistical analyses were performed using JMP Pro ver-
sion 16.0.0 (SAS Institute, Cary, NC, USA). P< 0.05 was
considered significant.

Results

Analyses of crude data before PSM

The left half of Table 1 shows the baseline characteristics
of all patients (n= 860) before PSM. There were signif-
icant differences between the RARP and VMAT groups
for all variables that were assessed. The median follow-
up duration was 79 months (interquartile range [IQR]:
62–98 months) and those in the RARP and VMAT groups
were 76 months (IQR: 63–89 months) and 87 months (IQR:
59–108 months), respectively (Student’s t-test, P< 0.001).
All VMAT patients who underwent ADT received neoad-
juvant ADT, which was continued if indicated: 88 of 360
(24.4%) VMAT patients underwent long-term (≥2 years)
ADT. Detailed descriptions of neoadjuvant and/or adjuvant
treatments in the RARP group are provided in our previous
article [12].

Supplementary Fig. 1 shows the Kaplan–Meier curves
of the RARP vs. VMAT patients for OS, CSS, rRFS, and
bRFS in the original cohort before PSM (n= 860). In the
RARP group, 111 patients developed biochemical recur-
rence, 18 developed radiological recurrence, 2 died of PC,
and 11 died from other causes. In the VMAT group, 37 pa-
tients developed biochemical recurrence, 15 developed ra-
diological recurrence, 3 died of PC, and 21 died from
other causes. Accordingly, RARP patients had significantly
longer OS compared with VMAT patients (log-rank test,
P= 0.027; Supplementary Fig. 1A), whereas there were no
significant differences between the groups for CSS (P=
0.54; Supplementary Fig. 1B) and rRFS (P= 0.14; Supple-
mentary Fig. 1C). VMAT patients had significantly longer
bRFS compared with RARP patients, albeit based on differ-
ent definitions of biochemical recurrence (P< 0.001; Sup-
plementary Fig. 1D). In addition, there was no difference
in bRFS between VMAT with <2-year ADT vs. VMAT
with ≥2-year ADT (Supplementary Fig. 2A). For refer-
ence, 6-year OS, CSS, rRFS, and bRFS rates in the RARP
group were 97.6%, 99.6%, 95.3%, and 76.8%, while those
in the VMAT group were 94.9%, 99.3%, 92.3%, and 89.5%,
respectively.

Univariate and multivariate Cox proportional hazard re-
gression analyses in all patients (n= 860) before PSM were
performed for OS, rRFS, and bRFS, but not for CSS ow-
ing to the small number of events (n= 5) (Supplementary
Table 1). In the multivariate analyses, D’Amico risk classifi-
cation (low vs. intermediate vs. high) and age-adjusted CCI
(continuous) were identified as independent prognostic fac-
tors for both OS (Supplementary Table 1A) and rRFS (Sup-
plementary Table 1B), whereas treatment modality (RARP
vs. VMAT) and concomitant ADT (yes vs. no) were not.
In contrast, treatment modality was identified as an inde-
pendent prognostic factor for bRFS, along with D’Amico
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Table 1 Patients’ baseline characteristics before and after PSM

Parameter Before PSM After PSM

RARP (n= 500) VMAT (n= 360) P RARP (n= 130) VMAT (n= 130) P

Age, years, median (IQR) 67 (63–71) 71 (66–75) <0.001*a 70 (66–73) 69 (65–74) 0.49a

Initial PSA, ng/ml, median (IQR) 7.6 (5.6–11.1) 8.3 (5.8–16.7) <0.001*a 7.9 (5.8–11.8) 6.9 (5.4–9.6) 0.66a

Biopsy Gleason score, no. (%): – – 0.015*b – – 0.89b

6 94 (18.8) 58 (16.1) – 27 (20.8) 26 (20.0) –

7 284 (56.8) 189 (52.5) – 83 (63.9) 83 (63.9) –

8 73 (14.6) 51 (14.2) – 8 (6.2) 6 (4.6) –

≥9 49 (9.8) 62 (17.2) – 12 (9.2) 15 (11.5) –

Clinical T stage, no. (%): – – <0.001*b – – 0.99b

1c 393 (78.6) 175 (48.6) – 89 (68.5) 88 (67.7) –

2a 56 (11.2) 28 (7.8) – 15 (11.5) 15 (11.5) –

2b 23 (4.6) 43 (11.9) – 12 (9.2) 13 (10.0) –

2c 21 (4.2) 64 (17.8) – 11 (8.5) 10 (7.7) –

≥3 7 (1.4) 50 (13.9) – 3 (2.3) 4 (3.1) –

D’Amico risk classification, no. (%): – – <0.001*b – – 0.94b

Low 70 (14.0) 34 (9.4) – 22 (16.9) 20 (15.4) –

Intermediate 281 (56.2) 154 (42.8) – 79 (60.8) 81 (62.3) –

High 149 (29.8) 172 (47.8) – 29 (22.3) 29 (22.3) –

CCI, median (IQR):

Comorbidity score 0 (0–0) 0 (0–2) <0.001*a 0 (0–0) 0 (0–0) 0.57a

Age score 3 (3–4) 4 (3–4) <0.001*a 3 (3–4) 3 (3–4) 0.22a

Total score (= age-adjusted CCI) 3 (3–4) 4 (3–5) <0.001*a 4 (3–4) 4 (3–4) 0.24a

Concomitant ADT, no. (%) 25 (5.0) 224 (62.2) <0.001*b 22 (16.9) 26 (20.0) 0.52b

ADT androgen-deprivation therapy, CCI Charlson comorbidity index, IQR interquartile range, PSA prostate-specific antigen, PSM propensity
score matching, RARP robot-assisted radical prostatectomy, VMAT volumetric modulated arc therapy
*Statistically significant
aStudent’s t-test
bχ2 test

risk classification and concomitant ADT (Supplementary
Table 1C).

Analyses after PSM

Table 1 shows the baseline characteristics of patients be-
fore and after PSM. For PSM, all seven variables listed
in Table 1 were matched: age, initial PSA, biopsy Glea-
son score, clinical T stage, D’Amico risk classification,
age-adjusted CCI, and concomitant ADT. The right half
of Table 1 shows the characteristics of 260 patients af-
ter PSM. Baseline characteristics between the two groups
(RARP vs. VMAT) were balanced after PSM, and differ-
ences between all variables were nonsignificant. Eight of
130 (6.2%) VMAT patients underwent long-term (≥2 years)
ADT.

Figure 1 shows the Kaplan–Meier curves of the RARP
vs. VMAT patients for OS, CSS, rRFS, and bRFS in the
matched cohort (n= 260). After PSM, 30 patients developed
biochemical recurrence, nine developed radiological recur-
rence, two died of PC, and two died from other causes in
the RARP group, whereas 17 patients developed biochemi-

cal recurrence, four developed radiological recurrence, one
died of PC, and six died from other causes in the VMAT
group. Accordingly, RARP and VMAT patients had equiva-
lent outcomes for OS (log-rank test, P= 0.65; Fig. 1a), CSS
(P= 0.57; Fig. 1b), and rRFS (P= 0.40; Fig. 1c), whereas
VMAT patients had significantly longer bRFS compared
with RARP patients based on different definitions of bio-
chemical recurrence (log-rank test, P= 0.003; Fig. 1d). In
addition, there was no difference in bRFS between VMAT
with <2-year ADT vs. VMAT with ≥2-year ADT (Supple-
mentary Fig. 2B). For reference, 6-year OS, CSS, rRFS,
and bRFS rates in the RARP group were 96.4%, 98.3%,
91.6%, and 75.4%, while those in the VMAT group were
96.5%, 99.1%, 94.7%, and 90.4%, respectively.

Univariate and multivariate Cox proportional hazard re-
gression analyses after PSM (n= 260) were performed for
OS, rRFS, and bRFS, but not for CSS owing to the small
number of events (n= 3) (Supplementary Table 2). No vari-
able, including treatment modality (RARP vs. VMAT), was
an independent prognostic factor on multivariate analysis
for both OS (Supplementary Table 2A) and rRFS (Sup-
plementary Table 2B), whereas treatment modality and
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RARP 130 104 18 0
VMAT 130 105 45 0

RARP 130 106 22 0
VMAT 130 107 46 0

CSS

      Matched cohort (n = 260)

Number at risk: 
Months

P = 0.65

OS

      Matched cohort (n = 260)

rRFS

      Matched cohort (n = 260)

Number at risk: 
Months

Number at risk: 
Months

P = 0.57

P = 0.40

RARP 130 106 22 0
VMAT 130 107 46 0

RARP 130 85 11 0
VMAT 130 102 41 0

Number at risk: 
Months

P = 0.003

bRFS

      Matched cohort (n = 260)

a

c

b

d

Fig. 1 Kaplan–Meier curves of the RARP vs. VMAT patients for a OS, b CSS, c rRFS, and d bRFS in the matched cohort (n= 260). (bRFS bio-
chemical recurrence-free survival, CSS cancer-specific survival, OS overall survival, RARP robot-assisted radical prostatectomy, rRFS radiological
recurrence-free survival, VMAT volumetric modulated arc therapy)

concomitant ADT were independent prognostic factors for
bRFS (Supplementary Table 2C).

Complication outcomes of RARP and VMAT

In addition to oncological outcomes, we assessed complica-
tion outcomes of RARP and VMAT. Supplementary Table 3
shows the Clavien–Dindo grade ≥3 perioperative complica-
tions in the RARP group (n= 500). Thirteen of 500 (2.6%)
patients experienced grade ≥3 complications, such as post-
operative hemorrhage (n= 3), rectal injury (n= 2), small
bowel injury (n= 2), and abdominal wall hernia (n= 2).
One patient developed nonocclusive mesenteric ischemia
and died 35 days after surgery (Clavien–Dindo grade 5).
Figure 2a, b show the cumulative proportions of continence
recovery in the RARP group (n= 500); 458 (91.6%) and
344 (68.8%) patients achieved ≤1 pad/day and pad-free,
respectively, for urinary continence. In contrast, Fig. 2c, d
illustrate the cumulative proportions of grade ≥2 GU and

GI complications in the VMAT group (n= 360); 72 (20.0%)
and 16 (4.4%) patients experienced grade ≥2 GU and GI
complications, respectively. Furthermore, 8 (2.2%) patients
developed grade ≥2 rectal bleeding (Supplementary Fig. 3).
Regarding grade ≥3 complications (ten cases in total), one
patient had diverticular bleeding (grade 3 GI), whereas five
had vesical bleeding and four had urinary retention (all
grade 3 GU).

Discussion

In the present study, we reported 6-year outcomes of RARP
vs. VMAT (a rotational IMRT) for localized PC as the lead-
ing respective techniques for prostatectomy and radiother-
apy. We compared oncological outcomes, including mortal-
ity (OS, CSS, rRFS, and bRFS), between RARP and VMAT
using PSM after a follow-up duration of >6 years (median:
79 months). We also reported complication outcomes of
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      Continence recovery (≤ 1 pad / day)

RARP 500 19 1 0

      Continence recovery (pad-free)

Number at risk: 
Months

No. of events = 458

Number at risk: 
Months

No. of events = 344

RARP 500 119 13 0

VMAT 360 200 9 0

       Grade ≥ 2 GI complications

Number at risk: 
Months

      Grade ≥ 2 GU complications

Number at risk: 
Months

VMAT 360 238 12 0

No. of events = 72 No. of events = 16

a

c

b

d

Fig. 2 Cumulative proportions of continence recovery in the RARP group (n= 500) and those of grade ≥2 GU and GI complications in the VMAT
group (n= 360). a Proportion of patients achieving ≤1 pad/day for urinary continence and b that of patients achieving pad-free status for urinary
continence in the RARP group (n= 500). c Proportion of patients with grade ≥2 GU complications and d that of patients with grade ≥2 GI
complications in the VMAT group (n= 360). (GI gastrointestinal, GU genitourinary, RARP robot-assisted radical prostatectomy, VMAT volumetric
modulated arc therapy)

RARP and VMAT after the extended follow-up. RARP and
VMAT showed equivalent results for OS, CSS, and rRFS,
after PSM. Both methods achieved excellent 6-year out-
comes for OS (>96%), CSS (>98%), and rRFS (>91%).
We also presented bRFS results, which, however, should
be cautiously interpreted because of different definitions
of biochemical recurrence between RARP and VMAT. Re-
garding complication outcomes, patients who underwent
RARP had minimal (2.6%) severe perioperative compli-
cations and achieved excellent continence recovery results
(91.6 and 68.8% achieved ≤1 pad/day and pad-free, respec-
tively). In comparison, patients who underwent VMAT had
an acceptable rate (20.0%) of grade ≥2 GU complications
and very low rates (4.4 and 2.2%) of grade ≥2 GI complica-
tions and rectal bleeding. These results showed that 6-year
outcomes following RARP and VMAT were comparable
and excellent regarding both cancer control and adverse
events.

Many studies have compared oncological outcomes of
radical prostatectomy and external beam radiotherapy for
localized PC [3–18]. For example, outcomes of the Pro-
tecT trial—a large-scale randomized controlled trial—have
recently been updated, which showed comparable mortal-
ity outcomes for prostatectomy (n= 553) and radiotherapy
(n= 545) as well as active monitoring (n= 545) at a median
follow-up of 15 years [18]. Most of the other studies were
either population-based or retrospective in design [4–17].
Some studies showed equality of the two treatment modali-
ties [4, 6, 7, 11–13], and others suggested a possible survival
benefit of prostatectomy over radiotherapy on the basis of
long-term observations [5, 8–10, 14–17]. However, given
that both treatment modalities have advanced and been
improved, comparisons of prostatectomy and radiotherapy
should be updated often on the basis of the latest tech-
niques. RARP and IMRT are the leading respective tech-
niques for prostatectomy and radiotherapy, both of which
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are currently used worldwide. However, almost no study has
directly compared outcomes between the techniques. Some
studies have compared the outcomes of RARP vs. radiother-
apy (not confined to IMRT) [14], and others have compared
those of prostatectomy (not confined to RARP) vs. IMRT
[6, 7, 13, 15, 16]. Only one study directly compared the
outcomes of RARP vs. IMRT. We previously reported the
comparative outcomes of RARP versus VMAT in 860 pa-
tients with cT1-4N0M0 PC [12]. The study was the first
to compare the outcomes of RARP and IMRT. However,
the follow-up duration (median: 37 months) was too short
to compare mortality outcomes. Therefore, in the present
study, we extended the follow-up duration by five years
[12] and compared the outcomes of RARP and VMAT,
including mortality, using PSM. To our knowledge, our se-
ries are currently the only direct comparisons of RARP vs.
IMRT.

In addition to oncological outcomes, it is vital to com-
pare complications following prostatectomy and radiother-
apy [3]. The ProtecT trial reported patient-reported com-
plication outcomes following prostatectomy and radiother-
apy as well as active monitoring at a median follow-up
of 10 years [28]. In the trial, prostatectomy had the great-
est negative effect on sexual function and urinary conti-
nence among the three groups in the study, whereas uri-
nary voiding, nocturia, and bowel function were worse in
the radiotherapy group at 6 months compared with the
other groups [28]. The present study assessed and eluci-
dated these common complications of prostatectomy and
radiotherapy in patients who underwent RARP and VMAT.
These treatment-related complications should be considered
in the choice of the two modalities as well as their onco-
logical outcomes.

The present study was limited by its retrospective de-
sign and relatively small number of events for the mortality
endpoints (OS and CSS), as is often the case with clini-
cal studies of PC. Although this study used PSM to reduce
bias between the two groups, there might exist unknown
variables which could only be adjusted for by randomiza-
tion. Furthermore, due to the significant differences in base-
line patient characteristics between the RARP and VMAT
groups, the patient number after PSM became relatively
small (n= 260), which potentially limited the study’s statis-
tical power. Lastly, this study did not evaluate erectile func-
tion which should be an important clinical parameter when
comparing RARP vs. VMAT. Although hypofractionated
radiotherapy is increasingly used for PC [29], randomized
controlled trials with long-term follow-up are warranted to
confirm our results of RARP vs. VMAT.

Conclusion

In this study using PSM after a 6-year follow-up, RARP
and VMAT showed equivalent and excellent oncological
outcomes, as well as acceptable complication profiles.
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rial, which is available to authorized users.
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