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Abstract : Rectal toxicity remains one of the major dose-limiting complications in prostate cancer radiotherapy.
Due to the close anatomical proximity between the prostate and rectum, even modest dose escalation may induce
mucosal and vascular injury, leading to acute or chronic proctitis. This narrative review summarizes the anatomical
and physiological characteristics of the rectum, mechanisms of radiation-induced injury, and current strategies to
minimize toxicity. Advances in intensity-modulated and image-guided techniques have significantly reduced rectal
exposure; however, residual toxicity persists in a subset of patients. Clinical strategies to mitigate rectal injury
include consistent bladder filling and rectal emptying protocols, which enhance treatment reproducibility and reduce
high-dose exposure. Mechanical interventions, such as endorectal balloons and implantable rectal spacers, provide
additional protection by stabilizing the prostate and creating physical separation from the rectum. Among available
devices, hydrogel and biodegradable balloon spacers demonstrate the strongest evidence for lowering rectal dose and
improving quality of life. Despite these advances, procedural variations, invasiveness, and limited data for pelvic
nodal irradiation remain challenges. Future perspectives include the standardization of protocols, incorporation of
adaptive image guidance, and the development of artificial intelligence-based predictive models for personalized
rectal protection. A comprehensive understanding of rectal anatomy, dose-volume parameters, and emerging
technologies is essential to optimize therapeutic outcomes in prostate cancer radiotherapy.
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INTRODUCTION out androgen deprivation therapy. With the development

of intensity-modulated radiotherapy (IMRT) and image-

Prostate cancer is one of the most prevalent malignancies guided radiotherapy (IGRT), dose escalation has become
worldwide and represents a major cause of cancer-related feasible while reducing exposure to surrounding normal
morbidity in men. Radiotherapy is one of the least invasive tissues [1]. Furthermore, prostate cancer is characterized
treatment options for prostate cancer, delivered with or with- by a relatively low o/f ratio, estimated at approximately
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1.5~3[2,3]. This biological feature provides a rationale for
hypofractionated schedules, which are now increasingly
recommended in clinical practice guidelines [3.,4]. Despite
these advances, radiation-induced toxicity to adjacent nor-
mal organs remains a major dose-limiting factor [5].

Among pelvic organs, the rectum is particularly vulnera-
ble due to its immediate anatomical proximity to the pros-
tate [6]. Acute rectal toxicities such as diarrhea, tenesmus,
urgency, and rectal discomfort are adverse effects that occur
during treatment or within 3 months after the completion
of radiotherapy [7,8]. In contrast, late toxicities, including
chronic proctitis, bleeding, ulceration, stenosis, and fistula
formation, may occur beyond 3 months after the comple-
tion of treatment and may appear even several years later.
These toxicities are mediated by early mucosal inflamma-
tion and edema in the acute phase, progressing to vascular
damage, ischemia, and fibrosis in the chronic phase [8,9].
The incidence of grade>2 late rectal toxicity has histor-
ically been reported in 10% to 20% of patients receiving
conventional external beam radiotherapy, although modern
techniques have reduced this risk, particularly in selected
cohorts [10,11].

Given these challenges, increasing attention has been
directed toward strategies that minimize rectal irradiation to
enhance treatment tolerability and preserve long-term quality
of life [6,7]. Accordingly, this review highlights the anatom-
ical and physiological features of the rectum, outlines the
clinical manifestations of radiation-induced rectal injury,
and examines current approaches to mitigation, with partic-
ular emphasis on clinical outcomes as well as advances in
emerging technologies.

ANATOMICAL AND FUNCTIONAL
ASPECTS OF THE RECTUM

The rectum is the terminal portion of the large intestine,
extending approximately 12~18 cm from the rectosigmoid
junction to the anal canal within the pelvis. Its superior third
is partially covered by peritoneum, the middle third only on
the anterior surface, while the inferior third lacks peritoneal
covering. Anteriorly, the rectum is near the prostate, seminal
vesicles, and bladder, with the average distance between the
prostate and the anterior rectal wall being only 2~3 mm [12].
This anatomical relationship underscores its vulnerability to
radiation-induced injury during pelvic radiotherapy [12,13].

In addition to its anatomical position, the rectum contains
natural curvatures such as the sacral and anorectal flexures,
which aid in stool distribution and continence. These func-
tions are further supported by a complex innervation derived
from both autonomic and somatic pathways, mediating
rectal sensation, compliance, and sphincter control. Acting
as a reservoir, the rectum maintains distensibility to accom-
modate variations in stool and gas volume, and coordinated
mechanisms involving the internal and external anal sphinc-
ters together with the puborectalis muscle regulate conti-
nence and defecation. Radiation-induced fibrosis can impair
these physiological properties, leading to urgency and fre-
quency [13].

Denonvilliers’ fascia, a multilayered fibromuscular struc-
ture located between the prostate and anterior rectal wall,
plays a critical role as a natural anatomical barrier. Posterior
to the rectal wall, the mesorectum—composed of adipose
tissue, lymphatic structures, and vessels— provides addi-
tional cushioning that can influence rectal dose distribution.
Understanding these anatomical interfaces is essential for
optimizing rectal protection strategies, including the place-
ment of rectal spacers [9].

Histologically, the rectal wall is composed of the mucosa,
submucosa, and muscularis propria, and contains a rich sub-
mucosal vascular plexus that is highly sensitive to radiation.
Microvascular damage and ischemia may initially manifest
as acute inflammation but can progress over time to chronic
proctitis, ulceration, or stricture formation [13].

TOXICITIES

The rectum is anatomically adjacent to the prostate and is
one of the most critical organs at risk during radiation thera-
py [6]. Toxicities are generally graded according to the Com-
mon Terminology Criteria for Adverse Events (CTCAE)
and the Radiation Therapy Oncology Group (RTOG) mor-
bidity scoring system, which are widely used in clinical
studies [14,15].

Acute rectal toxicities are pathophysiologically driven by
superficial mucosal injury. Loss of the epithelial barrier ex-
poses the lamina propria to luminal bacteria, thereby trigger-
ing an acute inflammatory response [9]. Clinically, these
events manifest as diarrhea, tenesmus, urgency, and rectal
discomfort. They occur during treatment or within three
months of its completion and are generally self-limiting,



with most patients improving with supportive care [8,9].

Chronic rectal toxicities, in contrast, are characterized by
persistent ischemia and progressive fibrosis. Radiation-in-
duced vascular injury leads to intimal fibrosis, arterioscle-
rosis, and endothelial damage, culminating in obliterative
endarteritis [9]. This process results in chronic ischemia,
tissue atrophy, and full-thickness injury of the rectal wall,
with repeated cycles of inflammation and repair further pro-
moting fibrosis. Clinically, late toxicities may arise beyond
three months after radiotherapy and can manifest even years
later [9,10].

Reported incidences are approximately 15% for grade >2
and about 2% for grade >3 gastrointestinal events [10].
The incidence of late rectal toxicity has declined with ad-
vances in radiotherapy techniques. In the era of three-dimen-
sional conformal radiotherapy (3D-CRT), rates of grade >2
late rectal toxicity were reported as high as 15~25%. With
the adoption of modern modalities such as IMRT and IGRT,
these rates have decreased to approximately 5~15% [11].

Among predictive factors, dosimetric parameters remain
the most reliable [16]. In particular, rectal V70 and V74
have been identified as strong predictors of late toxicity,
while maintaining the rectal wall V70 <5% (and ideally
<1%) has been associated with a substantially reduced risk
of grade >?2 events [17]. By contrast, clinical factors such
as age, PSA level, Gleason score, and the use of androgen
deprivation therapy (ADT) have not consistently demon-
strated predictive value [16,17].

STRATEGIES TO REDUCE
RECTAL TOXICITY

1. Bladder control

The prostate lies anatomically between the bladder super-
iorly and the rectum posteriorly, variations in the volume
of these two adjacent organs can directly affect prostate
positioning and the resulting radiation dose distribution.
For this reason, numerous strategies have been investigated
to reduce rectal toxicity, which can be broadly divided into
approaches that optimize bladder and rectal preparation and
those that use devices to stabilize or physically separate the
prostate and rectum.

Bladder control is one of the simplest and most widely
adopted strategies to reduce rectal toxicity in prostate cancer
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radiotherapy. Variations in bladder volume can alter the
relative position of the prostate and adjacent organs at risk,
thereby influencing dose distribution to the rectum. In a dosi-
metric and positional analysis comparing full and empty
bladder protocols, Pinkawa et al. demonstrated that bladder
distension was associated with prostate positional changes
and a reduction in prostate-rectum contact, resulting in
decreased high-dose rectal exposure, particularly in the
V60~70 range [18]. However, the study also highlighted a
key limitation of the full bladder approach: maintaining a
consistent degree of bladder filling throughout the treatment
course was challenging, leading to increased inter-fraction
variability. In contrast, the empty bladder protocol showed
inferior rectal sparing but provided improved reproducibility
and patient compliance, contributing to more stable treat-
ment setup. These findings underscore the clinical trade-off
between dosimetric benefit and treatment reproducibility
when selecting bladder preparation strategies in conven-
tional prostate radiotherapy.

2. Rectal emptying

The condition of the rectum is equally important. Gas
or stool within the rectum can push the prostate anteriorly,
creating discrepancies between the planned and delivered
doses. In a prospective study of 20 patients, Arya et al. used
daily cone-beam CT to monitor changes in bladder and
rectal volumes as well as their effects on prostate displace-
ment [19]. They reported that bladder volume showed large
variations, averaging 101.9 cc across fractions, while rectal
volume changes were smaller, around 10.2 cc. Nonetheless,
these changes had distinct directional effects: a distended
bladder displaced the prostate in the anterior-superior direc-
tion, while rectal distension caused anterior displacement.
Importantly, their analysis emphasized that the bladder and
rectum act in a complementary fashion —optimal rectal spar-
ing requires not only a distended bladder but also an empty
rectum to fully realize the benefit of bladder filling. Support-
ing this, a CBCT-based analysis by Umbarkar et al. showed
significantly reduced rectal volume variation during morn-
ing radiotherapy sessions compared with afternoon ses-
sions, indicating greater rectal reproducibility with earlier
treatment delivery [20]. This suggests that even a practical
factor such as scheduling treatment sessions earlier in the
day may improve reproducibility of prostate positioning
and maintain agreement with planned dose distributions.
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3. Endorectal balloon (ERB)

In addition to patient preparation, mechanical interven-
tions have been developed to stabilize the prostate and pro-
tect the rectum. The endorectal balloon (ERB) is inserted
daily into the rectum and inflated to immobilize the prostate
and displace the rectal wall posteriorly; the physical expan-
sion of the balloon before and after air inflation is illustrated
in Fig. 1. On treatment planning CT images, the inflated ERB
occupies the rectal lumen and increases the separation be-
tween the prostate and the anterior rectal wall, thereby con-
tributing to prostate stabilization and rectal sparing (Fig. 2).
Systematic reviews have shown that ERB use reduces both
intrafraction and interfraction prostate motion, which may
allow for smaller planning target volume (PTV) margins
[21]. Moreover, ERBs are associated with significant reduc-
tions in rectal wall high-dose exposure, including V60~70,
as well as reductions in mean rectal dose. This is particular-
ly relevant because rectal wall V70 (EQD2, o/} =2.3 Gy)
has been identified as the most powerful predictor of late

(a)

(b)

Fig. 1. Photographs of the endorectal balloon (ERB) used during
prostate radiotherapy. The ERB before (a) and after (b) air inflation,
demonstrating the expansion of the balloon.

(a)

grade II rectal toxicity, especially proctitis [17]. Achieving
a rectal wall V70<5%, and ideally <1%, is considered
critical to minimize risk. Nevertheless, despite these advan-
tages, ERBs cannot completely prevent prostate motion and
must be combined with image-guided corrections. In addi-
tion, their requirement for daily insertion creates logistical
challenges and patient discomfort, which limit their routine
use in clinical practice.

4. Implantable rectal spacers (IRS)

Given the anatomic proximity between the prostate and
rectum, high-dose regions (=70 Gy) during radiotherapy
can easily overlap with the anterior rectal wall. Implantable
rectal spacers (IRS) are biodegradable materials inserted
into the perirectal space to create a physical distance of 1~2
cm separation, thereby reducing rectal dose and mitigating
toxicity [22].

The NCCN Guidelines for Prostate Cancer (2025) recom-
mend perirectal spacers for patients receiving definitive ra-
diotherapy for localized disease. However, spacer implanta-
tion is contraindicated in cases of true posterior extraprostat-
ic extension, where safe separation between the prostate and
rectum cannot be achieved. Conversely, in high-risk patients
without posterior extension, spacer use is permissible. Thus,
spacer application should be determined based on anatomi-
cal suitability rather than risk classification alone [23].

With a single procedure performed before treatment, the
IRS maintains a stable separation throughout the radiotherapy
course, improving treatment reproducibility and reducing
both acute and late rectal toxicities.

Recent systematic reviews have reported that IRS achieves
a mean prostate-rectum separation of approximately 10~20
mm, reducing rectal V70 by 60~85% and lowering the inci-

(b)

Fig. 2. Axial (a) and sagittal (b) treatment planning CT images of a patient with an inserted endorectal balloon (ERB) during prostate radiotherapy.
The inflated ERB is visible within the rectum, stabilizing the prostate position and reducing high-dose exposure to the rectum.
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(b)

(d)

Fig. 3. Comparison of treatment plans with and without a hydrogel rectal spacer (SpaceOARTM) in prostate cancer radiotherapy. (a) Axial
computed tomography (CT) image before spacer insertion, demonstrating the close anatomical proximity between the prostate and rectum. (c)
Axial CT image after spacer insertion, showing increased separation between the prostate and rectum with posterior displacement of the rectum
following hydrogel spacer placement. In each image, the bladder is contoured in yellow, the rectum in brown, and the hydrogel spacer in light
green. (b, d) Dose-volume histograms (DVHs) before (b) and after (d) spacer insertion. After spacer placement, the rectal volume receiving
high-dose radiation (e.g., V70, V75) is markedly reduced, providing a dosimetric rationale for rectal toxicity mitigation. In contrast, prescription

dose coverage of the prostate target volume is maintained.

dence of grade >2 rectal toxicity to below 3~5%. Most
insertion-related complications were mild and transient, such
as minor pain, temporary urinary discomfort, or mild hema-
turia, occurring in fewer than 5% of cases.

IRSs are clinically available in four major forms: hydro-
gel spacer, hyaluronic acid (HA), human collagen (HC), and
biodegradable balloon spacer. Among these, hydrogel and
balloon spacers are the most widely used and have the strong-
est clinical evidence base [10,24].

1) Hydrogel spacer

Hydrogel spacers are polyethylene glycol (PEG)-based
materials that polymerize within 3~10 seconds after in-
jection, forming a gel that remains stable for more than 3
months. The conventional product (SpaceOARTM) is visible
on MRI but has limited contrast on CT, whereas the iodin-
ated version (SpaceOAR VueTM) provides enhanced visibil-
ity for CT-based planning and daily image guidance. The
representative product, SpaceOARTM (Boston Scientific,
Marlborough, MA, USA), provides approximately 1~1.5
cm of prostate-rectum separation, significantly reducing
rectal wall dose [24]. This geometric separation and poster-

ior displacement of the rectum are illustrated on axial plan-
ning CT images before and after spacer insertion (Fig. 3a
and 3c).

In a multicenter randomized controlled trial, Mariados et
al. evaluated patients with cT1~T2, PSA <20, and Glea-
son <7 prostate cancer, comparing the spacer and control
groups. The mean prostate-rectum distance increased to 12.6
mm in the spacer group versus 1.6 mm in controls, with sig-
nificant reductions in rectal V70 and V50 (both p <0.0001).
Consistent with these findings, dose-volume histogram
comparisons demonstrate marked reductions in rectal high-
dose exposure after spacer placement while maintaining
target dose coverage (Fig. 3b and 3d). Late rectal toxicity
was significantly lower in the spacer group, and bowel
quality of life, measured by EPIC scores, improved at both
6 months and 3 years (p =0.002, p=0.02) [25].

Multiple meta-analyses have consistently demonstrated
that hydrogel spacers reduce both acute and late rectal toxic-
ity, particularly in hypofractionated regimens. Although the
reduction in severe (grade > 3) toxicity is modest, the device
significantly decreases grade 1~2 events and improves
patient quality of life. However, most published studies have
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Table 1. Characteristics of hydrogel and balloon spacer

Characteristic Hydrogel spacer

Balloon spacer

Material

Insertion approach Transperineal injection

Mean separation 1~1.5cm

Degradation time Stable for >3 months
Shape Variable

Reposition possible No

Procedural complexity Moderate

CT visibility Limited (SpaccOAR™),

Polyethylene glycol (PEG)-based hydrogel

Biodegradable polymer balloon filled with saline
Transperineal balloon insertion

1.8~2cm

Absorbed within 6 months

Constant and symmetric

Yes

Higher

Intrinsic (salin-filled)

Enhanced with iodine (SpaceOAR VueTM)

Comparison of commercially available rectal spacer systems used in prostate radiotherapy. The listed characteristics are derived from published clinical trials,

systematic reviews, and manufacturer-provided technical specifications.

evaluated the dosimetric and clinical benefits of hydrogel
spacers in patients receiving prostate + seminal vesicle ra-
diotherapy. Evidence regarding its efficacy and safety when
pelvic lymph nodes are included in the treatment field re-
mains limited [26].

2) Balloon spacer

To overcome the limitations of hydrogels—such as their
inability to be repositioned after injection and potential dif-
fusion into surrounding tissue—a biodegradable balloon-
type spacer has been developed. The BioProtect” biodegrad-
able balloon spacer (BioProtect Ltd., Herzliya, Israel) system,
inserted via a transperineal approach and inflated with sal-
ine, creates a stable and symmetric space between the pros-
tate and rectum. The saline-filled balloon is inherently visi-
ble on CT without the need for additional contrast agents,
facilitating treatment planning and daily verification [24].

In a multicenter randomized trial by Song et al. includ-
ing 222 patients with localized prostate cancer, rectal V70
decreased from 7.0% to 1.1%, with 97.9% of patients show-
ing >25% V70 reduction (p <0.001). The mean prostate-
rectum separation was 19+3.7 mm, and device-related
grade >1 adverse events occurred in 18%, compared with
23% in controls. Grade >2 rectal toxicity was 4.3% in the
balloon group versus 6.5% in controls. The balloon spacer
offers advantages including potential repositioning, sym-
metrical space formation, and complete absorption within
six months (98.5%) [27].

Systematic reviews have shown that balloon spacers create
slightly greater mean separation (approximately 18~20 mm)
and more pronounced rectal dose reduction than hydrogel
spacers, though the procedure is technically more demand-

ing and long-term data remain limited. Nonetheless, recent
evidence supports the safety and efficacy of balloon spacers,
while emphasizing the need for further studies on long-term
outcomes and cost-effectiveness [24].

Collectively, implantable rectal spacers represent the most
direct and mechanical strategy for minimizing rectal toxicity
in prostate radiotherapy. The key characteristics, advanta-
ges, and limitations of hydrogel and balloon spacers are
summarized in Table 1. Their use significantly reduces rec-
tal radiation dose and improves patients’ quality of life, as
demonstrated across multiple prospective studies and sys-
tematic reviews.

Taken together, these strategies demonstrate the multifac-
torial approach required to minimize rectal toxicity in pros-
tate radiotherapy. Consistent bladder filling and rectal empty-
ing protocols, attention to treatment timing, and the use of
intrarectal or interspace devices all contribute to reducing
high-dose rectal exposure. Although each method has spe-
cific strengths and limitations, their shared aim is to improve
treatment reproducibility, reduce the risk of toxicity, and
ultimately enhance the therapeutic ratio in prostate cancer
radiotherapy.

LIMITATIONS AND
FUTURE DIRECTIONS

Although numerous strategies have been developed to
minimize rectal toxicity in prostate radiotherapy, current evi-
dence is still limited by methodological and clinical factors.
The following section summarizes the major challenges
identified in the literature and outlines future directions to



enhance the effectiveness and applicability of rectal toxicity-
reduction approaches.

Most studies have been single-institutional, retrospec-
tive, and small in scale, typically including fewer than 200
patients [24]. Such designs are inherently prone to selection
bias, lack representativeness, and restrict the generalizability
of findings across diverse clinical settings.

In terms of clinical applicability, the majority of available
data are derived from patients receiving definitive prostate-
only radiotherapy. Evidence addressing more complex sce-
narios-such as pelvic nodal irradiation, re-irradiation, or con-
current chemoradiotherapy —remains incomplete [27,28].
Consequently, the true efficacy and safety of these rectal
protection strategies in broader or more advanced clinical
contexts have yet to be established.

Procedural and technical limitations are also evident.
Studies evaluating mechanical devices such as ERBs and
implantable rectal spacers (IRSs) have reported procedural
invasiveness, cost burden, and operator-dependent variabil-
ity [24]. However, standardized implantation criteria and
management protocols are still lacking. Moreover, evidence
on long-term durability is insufficient, and the persistence
of rectal protection after complete hydrogel absorption has
not been clearly demonstrated [25].

Inter-institutional variability further complicates clinical
translation. Bladder filling and rectal emptying protocols, the
frequency of image guidance, and the selection criteria for
spacer insertion differ substantially across centers [18]. As a
result, reproducibility and consistent outcome comparisons
between institutions remain challenging, underscoring the
need for harmonized clinical standards.

To overcome these limitations, future research should
prioritize the generation of high-quality evidence through
multi-institutional, prospective, and randomized clinical
trials [29]. These studies should specifically evaluate rectal
toxicity-reduction strategies in contemporary treatment set-
tings, including hypofractionation, stereotactic body radio-
therapy (SBRT), pelvic nodal irradiation, and re-irradiation.
Long-term follow-up is essential to characterize late toxici-
ty patterns and to determine the sustained protective effects
of these interventions.

Further technical refinement and optimization of mechan-
ical devices are also required. Standardized investigations
addressing insertion technique, spacer volume, CT/MRI
visibility, maintenance duration, and timing relative to treat-
ment initiation would improve reproducibility [24]. Clearer
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patient selection criteria should be established, and clinical
trials should expand to include patients undergoing pelvic
nodal irradiation, re-irradiation, or hypofractionated regi-
mens [20]. In addition, prospective safety registries and cost-
effectiveness analyses are also warranted to evaluate real-
world applicability.

Moreover, the integration of artificial intelligence (AI) and
machine learning offers promising opportunities for person-
alized toxicity prediction [29]. By incorporating anatomical,
dosimetric, and clinical variables, Al-driven models may
enable individualized risk stratification and guide proactive
interventions such as preemptive spacer insertion or tailored
bowel preparation. Beyond static DVH-based models, dyna-
mic systems that integrate dose accumulation, adaptive
planning, and real-time imaging data are expected to further
improve precision and patient safety.

Collectively, these directions emphasize the need for
evidence-based standardization, technological innovation,
and personalized treatment planning to further reduce rectal
toxicity and optimize clinical outcomes in prostate radio-
therapy.

CONCLUSION

Rectal toxicity remains one of the major dose-limiting
complications in prostate radiotherapy. A comprehensive
understanding of rectal anatomy, dosimetric predictors, and
organ motion is essential to minimize radiation-induced
injury. Consistent bladder filling and rectal emptying proto-
cols, together with modern image-guided techniques, con-
tribute to improved treatment reproducibility and reduced
inter-fractional uncertainty. Mechanical approaches, such as
ERBs and implantable rectal spacers, have demonstrated
substantial reductions in rectal dose exposure, with hydrogel
spacers showing the most robust clinical evidence to date.

Despite these advances, severe (grade > 2) gastrointestinal
toxicity has not been completely eliminated, indicating that
optimal patient selection, individualized preparation pro-
tocols, and precise integration of real-time image guidance
remain critical. Future research should focus on integrating
dosimetric and volumetric parameters with emerging pre-
dictive modeling—such as artificial intelligence-based risk
stratification—to personalize rectal protection strategies and
further enhance the therapeutic ratio in prostate cancer radio-
therapy.
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