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Abstract

Aims: This article reviews the clinical outcomes and basic science related to

negative effects of radiotherapy (RT) on the lower urinary tract (LUT) when

used to treat pelvic malignancies.

Methods: The topic was discussed at the 2019 meeting of the International

Consultation on Incontinence―Research Society during a “think tank” session
and is summarized in the present article.

Results: RT is associated with adverse effects on the LUT, which may occur

during treatment or which can develop over decades posttreatment. Here, we

summarize the incidence and extent of clinical symptoms associated with

several modes of delivery of RT. RT impact on normal tissues including ure-

thra, bladder, and ureters is discussed, and the underlying biology is examined.

We discuss innovative in vivo methodologies to mimic RT in the laboratory

and their potential use in the elucidation of mechanisms underlying radiation‐
associated pathophysiology. Finally, emerging questions that need to be ad-

dressed through further research are proposed.

Conclusions: We conclude that RT‐induced negative effects on the LUT re-

present a significant clinical problem. Although this has been reduced with

improved methods of delivery to spare normal tissue, we need to (a) discover

better approaches to protect normal tissue and (b) develop effective treatments

to reverse radiation damage.
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1 | INTRODUCTION

The negative effects of radiotherapy (RT) on lower ur-
inary tract (LUT) function predominantly present as
stricture, contraction or obstruction, (hemorrhagic) in-
flammation, impaired pelvic floor muscle function or
detrusor overactivity. These complications are not un-
common and increase with time. When they occur, they
are often more difficult to treat than postsurgical side‐
effects and when treated they often have further
complications. In this International Consultation on In-
continence―Research Society (ICI‐RS) 2019 Think Tank
we explored the prevalence, impact, and pathophysiology
of radiation‐induced effects on the LUT. We also explored
possible preventive measures and treatment options.
Finally, we identified gaps in knowledge about this issue.

2 | RT RELATED UROLOGICAL
COMPLICATIONS—THE EXTENT
OF THE PROBLEM

2.1 | Bladder complications

Treatment of pelvic malignancy with RT can cause
bladder, prostate, and bowel complications. Bladder
complications seem to develop at a steady pace for up to
25 years after RT. They occur in 28% of women who have
had external beam radiotherapy (EBRT) ± brachytherapy
(BT) for cervical cancer by 5 years posttreatment, al-
though 61% to 81% resolved with conservative manage-
ment.1 In 32 465 men having radical prostatectomy (RP)
or RT for prostate cancer (PC), the 5‐year cumulative
incidence of readmission for treatment‐related compli-
cations was 17.5% and 27.1%, respectively. Men post‐RT
had the highest 5‐yr cumulative incidence of open sur-
gical procedures (1.1% vs 0.8%). The cumulative in-
cidence of secondary malignancies 5 to 9 years after RT
was also higher (4.5% vs 1.8%).2 In men surviving 10 years
following EBRT or BT for PC, grade 2 and 3 urological
adverse effects (RT common toxicity criteria) occurred in
7% to 19% and 5% to 13%, respectively.3

2.2 | Urethral complications

Urethral strictures are a predominantly male problem
and have a pooled estimate prevalence at 4 years of 1.5%
after EBRT, 1.9% after BT, and 4.9% after BT plus EBRT.4

Although post‐RT urethral strictures can be managed
definitively with urethroplasty, there are higher recur-
rence rates at 5% to 30% following anastomotic ure-
throplasty and 22% to 29% following buccal mucosal graft

substitution urethroplasty. Urinary incontinence, while
rarely noted after urethroplasty in general, occurs in up
to 44% following urethroplasty for post‐RT strictures.5

2.3 | Urethral sphincter damage

Patient‐reported urinary incontinence occurs in up to
12% of men having RT alone for PC and in up to 52% of
men having RT following RP for PC.6 Success rates are
inferior for male slings in post‐RT cohorts with 52.5%
continence vs 63.2% in nonirradiated men at 12months.
Complication rates are higher with infection and ex-
plantation rates at 8.3% vs 4.8% in nonirradiated men.7

In men having artificial urinary sphincter insertion
for stress urinary incontinence (SUI) following RP with
or without RT, those post‐RT have significantly higher
rates of explantation (27% vs 7% at 5 years), erosion (18%
vs 7% at 5 years), infection (21% vs 6% at 5 years), and
significantly worse continence outcomes (74% vs 85% at
5 years).8,9 Similarly, RT has been associated with worse
continence outcomes (40% vs 78%) and increased erosion
and explantation rates (60% vs 26%) in women having
artificial urinary sphincter implant.10

2.4 | Distal ureter damage

Distal ureteric stricture or obstruction occurs in 6% of
men after PC RT11 and in 10.3% of women after RT for
cervical cancer.12 Treatment is often complex due to as-
sociated bladder dysfunction in 56%. There is significant
associated morbidity of surgical treatment with compli-
cations in 17% and re‐intervention in 27%.13

2.5 | Pelvic floor muscles

One retrospective study of 108 men with PC who un-
derwent MRI before and after EBRT or BT showed
significant reduction of urethral length and increased
signal intensity (suggestive of fibrotic changes) of the
obturator internus muscle and periurethral part of the
levator ani.14

A systematic review including 13 studies with
692 patients after multiple RT protocols, concluded that,
in a population of men treated with EBRT and/or BT for
PC, there was level 2B evidence that RT affected the
structure of the pelvic floor muscles (PFMs), between
2 and 62months after radiation.15 There is level 1B evi-
dence of adverse RT effects on PFM function, mainly
activity and contractile response during a maximal volun-
tary contraction when measured by electromyography.16
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The severity of muscle tissue damage and its relationship
with type/dosage of radiation remains unclear.

2.6 | Effects of RT on the lower urinary
tract, measured by urodynamics

A significant reduction in maximum cystometric capacity
(MCC) has been observed after RT for PC. The reduction in
MCC is more pronounced supine than upright and there
are also reductions in the volume at the first sensation and
normal desire to void.17 In the longer term, compliance is
reduced by a factor of 3.5 and the incidence of SUI increases
by a factor of 9.3.18 Similarly, women following RT for
cervical cancer have a significant reduction in volume at the
first sensation, MCC, maximum urethral closure pressure,
and functional urethral length at 5 to 11 years post‐RT.
They also have a significant increase in mean detrusor
filling pressure and incidence of detrusor overactivity.19

3 | CELLULAR AND MOLECULAR
BIOLOGY BACKGROUND OF
RT ‐INDUCED CHANGES IN THE
LOWER URINARY TRACT

3.1 | Radiation effects on cells and
tissue

Ionizing radiation (α‐particles, β‐particles, X‐rays, γ‐rays)
impacts cells, tissues, organs, and individuals over a period
of time from milliseconds to years following radiation
therapy. In brief, radiation interacts with the aqueous
components of cells generating reactive oxygen species
(ROS) including hydroxyl radicals (−OH), ionized water
(H2O

+), superoxide (O )2− , and hydrogen peroxide (H2O2)
and reactive nitrogen species. These induce cellular
damage, particularly double‐strand breaks (DSBs) in DNA
that are typically unrepaired in cancer cells, leading to cell
death (the underpinning mechanism of radiation therapy)
but are more likely to be repaired in normal cells. Following
radiation, release of cytokines and activation of in-
flammatory signaling pathways including cyclooxygenase‐2
amplifies radiation damage.20 With RT, collateral damage is
unavoidable in organs adjacent to the tumor, but damage
is more likely to be repaired in normal cells.

3.2 | Radiation‐induced bystander
effects

Radiation is also associated with radiation‐induced
bystander effects, defined as cells responding to their

neighbors having been irradiated.21 Radiation‐induced
bystander effects are mediated in a number of ways in-
cluding the release of signaling molecules from irradiated
cells that effect neighboring cells in a paracrine fashion in
addition to autocrine effects, and/or intercellular com-
munication via gap junctions. Bystander effects can sy-
nergize the direct effects of irradiation, promoting cell
death in tumor cells; however, they can also contribute to
normal cell toxicity through activation of inflammatory
signaling or proapoptotic signaling.

3.3 | Mechanisms of radiation‐induced
bladder toxicity

Radiation‐induced bladder toxicity is defined as (a) early
inflammation/radiation (sometimes hemorrhagic) cysti-
tis, which resolves in many patients and (b) late fibrosis
with filling/voiding dysfunction occurring months or
years later. Early inflammation is triggered seconds‐to‐
hours following radiation and is associated with activa-
tion of transforming growth factor beta signaling,
generation of ROS, DNA damage‐repair (or mis‐repair),
cell death, and activation of chemokine signaling cas-
cades. Inflammatory cells, including macrophages,
accumulate in irradiated tissues which also display ede-
ma. Tissue remodeling is triggered and over months to
years, collagen synthesis and deposition along with ex-
cessive extracellular matrix occurs, bringing about fi-
brosis and bladder dysfunction.22

3.4 | Radiation and the urothelium

Direct irradiation of human urothelial cells induces DNA
DSBs and reduces cell survival.23 Radiation‐induced by-
stander effects were observed in experiments where half
of a cell flask was irradiated and the other half shielded.
Cells under the shield had significantly more DSBs than
nonirradiated cells, suggesting that irradiated urothelial
cells released signaling molecules into the media that
affected the neighboring cells.23

In vivo irradiation experiments show early patchy loss
of the urothelium after irradiation and subsequent
hyperplasia.24

3.5 | Radiation and the detrusor

The bladder has two contraction modalities; large co-
ordinated neurogenic contractions during voiding and
small nonvoiding contractions during filling. Tension
recording studies across several species where ex vivo
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bladder tissue has been irradiated, or animals have been
irradiated in vivo and bladders studied post‐sacrifice,
demonstrate that irradiation does not directly impact the
ability of the detrusor smooth muscle to contract (guinea‐
pig25 and rat26). However, nerve‐evoked contractions via
electrical field stimulation were significantly smaller in
irradiated bladder tissue. Interestingly, when similar
experiments were carried out on denuded, mucosa‐free
strips, nerve‐evoked contractions were little affected by
irradiation.25

Giglio et al26 reported that nerve‐evoked contractions
in bladder tissue from irradiated animals (several weeks
postirradiation) were not only smaller but had higher
purinergic and lower cholinergic components.27 In
bladder tissue from irradiated animals, contractions
evoked by carbachol or alpha,beta‐methyleneadenosine
5'‐triphosphate lithium salt were smaller than in controls.
This suggests differences in receptor‐mediated signaling
given that the ability of the smooth muscle to contract
was not affected.26 In the longer term, these protocols
evoke fibrosis of the bladder lamina propria.28

3.6 | Clinically relevant in vivo studies

The recent development of small animal radiation re-
search platforms (SARRPs) mimics the clinical environ-
ment where radiation is delivered to the bladder through
multiple beams under computed tomography image
guidance. SARRP‐irradiated rodent bladders exhibit
edema, inflammatory cell infiltrate, blood vessel dilation,
and urothelial loss/hyperplasia. These bladders develop
fibrosis and disruption of the urothelial barrier24 and
therefore represent a promising clinically relevant model
for research.

Recently, relaxin, a peptide hormone that acts via
relaxin family peptide receptors RXFP1, RXFP2, and
RXFP3 and signal transduction pathways in normal
physiology, was found to prevent chronic radiation cy-
stitis in mice.29 Relaxin/RXFP1 signaling contributes to
organ protection through anti‐fibrotic and anti‐
inflammatory mechanisms.30 Relaxin is produced by the
corpus luteum, uterus and placenta in females and is
classically known for its role in extracellular matrix re-
modeling in pregnancy‐related tissues. In males, it is
produced by the prostate and relaxin's important anti‐
fibrotic role in the bladder, kidney, skin, lung, and heart
is now well established.31 Histological assessment of
bladder tissue from mice pretreated with relaxin before
irradiation showed less fibrosis, decreased collagen con-
tent, improved bladder wall architecture, increased de-
trusor contractility, and improved compliance compared
with irradiated control.29

4 | FACTORS THAT MODULATE
THE EFFECT OF RADIOTHERAPY
ON LOWER URINARY TRACT
FUNCTION

Neo‐adjuvant chemotherapy has been associated with an
increase of adverse LUT outcomes in chemoradiation for
carcinoma of the cervix uteri and chemoradiation for
anal carcinoma.32

In PC treatment, neo‐adjuvant androgen deprivation
therapy (ADT) with BT as well as adjuvant ADT with
EBRT is given to subgroups of men. Neo‐adjuvant ADT is
given to BT candidates who have prostates greater than
50 cm3 hindering planned radioactive seed placement.
However, patients who achieved smaller prostate vo-
lumes (median 30%) through the use of ADT maintained
a significantly elevated risk (threefold: 27% vs 9%) for
obstructive urinary complications, commensurate with
their initially large prostate volume.33 Furthermore,
hormonally manipulated patients were more likely to
undergo post‐implant surgical intervention (transure-
thral resection of the prostate) than hormone naive
patients (5.2% vs 0.3%, P= .001).34

In men treated with EBRT for high‐risk PC, adjuvant
ADT improves the oncological outcome; this has been
shown in an randomized controlled trial (RCT) compar-
ing 6months vs 3 years of adjuvant ADT after EBRT.
Unfortunately, in the 3 years group, there were more
grade 2 LUT complications, than in the 6 months
group.35

5 | HOW CAN THE EFFECT OF
RT ‐INDUCED LUT DISEASE BE
AMELIORATED?

In the treatment of localized/locally advanced PC, RT has
evolved from simple treatment fields to three‐
dimensional (3D) conformal radiation therapy (CRT).
However, the improved disease control was achieved at
the expense of increased toxicity, and this provided the
impetus for intensity‐modulated radiotherapy (IMRT)
which creates dynamic fields that vary in intensity across
their cross‐section. Studies have demonstrated that IMRT
results in fewer toxicities than 3D‐CRT.36,37

There is increasing evidence that PC is particularly
sensitive to radiation delivered at a high dose per fraction
reflected by a low alpha‐beta ratio (a/b ratio). The a/b
ratio for PC is believed to be around 1.4 to 1.8.38 This is
even lower than the typical a/b ratio of late effects in
normal tissue (around 3) and much lower than the a/b
ratio of acutely reacting normal tissues (around 10). This
lends itself to the potential for better outcomes with high
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dose per fraction EBRT (hypofractionated regimes) or
high‐dose‐rate BT than with conventional treatments
(EBRT using 2 Gy per fraction which represents “normal/
conventional” fractionation) with a reduction in late
sequelae.39

Studies investigating moderate hypofractionation
(2.4‐4 Gy/#) have shown comparable outcomes to con-
ventional fractionation without worsening genitourinary
(GU) and gastrointestinal (GI) toxicities.40‐43 The CHHiP
trial reported 5‐year outcomes and the hypofractionated
schedule (60 Gy in 20 sessions) was not inferior to the
74 Gy schedule. These studies however were associated
with a slight increase in late GU toxicity. Extreme hy-
pofractionation (≥5 Gy/#) is made possible with stereo-
tactic RT. A meta‐analysis with over 6000 patients treated
in prospective studies demonstrates the efficacy of ex-
treme hypofractionation.44 The HYPO‐RT‐PC trial
showed that a schedule of 7 fractions of 6.1 Gy delivered
every other day over 2.5 weeks was noninferior in terms
of failure‐free survival compared with conventional
fractionation of 78 Gy over 8 weeks (2 Gy per fraction),
with similar proportions of late toxicity in each group.45

The PACE trial confirmed that extreme hypofractiona-
tion with stereotactic body RT does not increase either
acute GI or GU toxicity.46

Image‐guided radiotherapy (IGRT) encompasses
techniques for localizing the target: by localizing
surrogates47 or anatomical features.48 IGRT improves the
accuracy of treatment delivery, allowing for dose escala-
tion with an improved GU and GI toxicity profile.49

Another factor influencing RT toxicity is the proxi-
mity of prostate and rectum. A hydrogel spacer that
moves the rectum away from the prostate showed sig-
nificantly less rectal and bladder toxicity.50

Prostate BT is targeted directly at the prostate gland
via a radiation source that is implanted or temporarily
placed within the gland. This allows safe dose escalation
to the prostate and results in a reduction in the dose to
the bladder and rectum, thus reducing the incidence of
urinary and sexual function side‐effects compared with
surgery, and a lower incidence of bowel side‐effects than
EBRT.51

6 | MANAGEMENT OPTIONS FOR
RT ‐INDUCED LUT DISEASE

The best way to decrease the burden of radiation‐induced
LUT disease is by prevention through pretreatment pa-
tient selection. Chen et al52 demonstrated that 36 months
urinary incontinence rates after RT for PC were much
lower in men who had no baseline LUT symptoms in
comparison to those who had at least 1 “distressful” LUT

symptom. For BT, the rates were 17% and 50% (2.9‐fold
increase) and for EBRT the corresponding rates of in-
continence were 18% vs 74% (4.1‐fold increase).

Once established, LUT disease often becomes a
chronic problem and is notoriously difficult to treat. To
date, there is still no solid evidence for a significant
benefit of any medical treatment option. In special
situations like hemorrhagic radiation‐induced cystitis,
transfusion, formalin, alum, fulguration, and finally
hyperbaric oxygen, have been tried. Botulinum toxin A
(BTX‐A) is used in patients with an overactive bladder
not responding to oral medication. In some particularly
refractory cases, cystoplasty or urinary diversion may be a
last resort. However, there is a lack of high‐quality
research for these treatments, and hence each patient is
treated empirically.

Chronic post‐radiation LUT disease may be associated
with hemorrhagic cystitis. Hyperbaric oxygen therapy
increases dissolved oxygen in serum, leading to a reversal
of ischemia in “lethal corners” of the bladder far from
existing blood vessels.53,54 Such tissue reoxygenation
leads to neovascularization and growth of healthy gran-
ulation tissue.49,50 Weiss et al53 showed that hyperoxia of
tissue resulting from breathing 100% oxygen at 2 bar for
2 hours daily over the course of 6 to 8 weeks (mean of
33 sessions) caused cessation of hematuria and bladder
preservation in 12/13 of patients so treated (mean follow‐
up of 2.5 years). Bevers et al54 reported the results of a
prospective study of hyperbaric oxygen (20 sessions of
90minutes at 3 bar with 100% oxygen inhalation in a
multiplace hyperbaric chamber) in 40 patients with
biopsy‐proven radiation cystitis and severe hematuria.
Hematuria disappeared completely or improved in
37 patients. The mean follow‐up was 23.1 months (range
1‐74), and the recurrence rate was 0.12/year. Whether
hyperbaric oxygen therapy may be useful as a primary or
adjunctive treatment for radiation‐induced lower urinary
tract symptoms (LUTS) might be the target of future
study. Ideally, such a study should be an (expensive) RCT
comparing active with sham hyperbaric chamber treat-
ment. And, at which level of LUTS severity should
patients be randomized?

The responses to BTX‐A treatment in patients with
idiopathic and neuropathic detrusor overactivity are well
documented. However, the literature on BTX‐A in
patients who have had prior pelvic RT is sparse. A series
of 49 patients treated over a 10‐year period was recently
reported.55 Patients were separated by urodynamics into
categories; loss of compliance alone, loss of compliance
with detrusor overactivity, and early or late detrusor
overactivity with normal compliance. Overall, 46% had a
clinical response sufficient to justify continued injections.
However, the data split clearly into two groups. Patients
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with poorly compliant bladders had a 21% response rate
and the majority required surgical intervention (cysto-
plasty or urinary diversion). Patients with detrusor
overactivity but preserved bladder capacity responded
much better with 75% continuing to be managed with
Botox alone. It therefore seems that poor bladder com-
pliance due to replacement of muscle by fibrosis, is a
predictor of BTX‐A failure.

7 | RESEARCH QUESTIONS

Several questions have emerged that need to be addressed
by further research:

(1) Does early radiation‐induced urothelium pathology
drive long‐term physiological changes? (SARRP)

(2) Does the radiation‐induced inflammatory micro-
environment evoke fibrosis and remodeling?
(SARRP)

(3) Can relaxin prevent acute radiation‐induced in-
flammation and fibrosis in a clinical setting? Is the
time ripe for a phase 1 trial in humans?

(4) If acute radiation‐induced inflammation can be alle-
viated and fibrosis prevented, for example by relaxin,
can the therapeutic dose of radiation in cancer
treatment be increased and health‐related quality of
life maintained?

(5) MRI studies (before and after in the same patient)
with high methodological quality are needed to in-
crease the level of evidence of the finding of
radiation‐induced adverse effects on PFMs.

8 | SUMMARY

Severe LUTD can develop as a chronic problem, often
many years after the exposure to RT. Radiation alters
bladder contractility through a poorly understood
effect on the integrity of mucosal‐detrusor commu-
nication. Urothelial cells are radiosensitive, exhibiting
both direct and bystander responses to irradiation.
Moreover, the bladder wall experiences inflammation
and undergoes remodeling and fibrosis after radiation.
In mice subjected to in vivo radiation, relaxin
treatment prevented fibrosis and normalized bladder
activity.

Optimized patient selection before RT might help to
decrease the prevalence of radiation‐induced LUTD: one
has to assess baseline urinary tract symptoms and signs
with validated questionnaires! On the other hand,
LUT problems may be worsened by (neo‐)adjuvant
chemotherapy or ADT.

Improving radiation techniques and delivery may
help to decrease the adverse effects.

Management of these problems once they have been
established remains a difficult issue: conservative and
minimally invasive treatment options are moderately ef-
fective at best. Surgical therapies, such as functional re-
construction and prosthetics, have worse outcomes and
more complications after RT. Hence, prevention of RT
side‐effects remains the current priority in patient care.
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