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a  b  s  t  r  a  c  t

Prostate  cancer  is the  most  common  malignancy  and  the  second  leading  cause  of  cancer-related  death  in
men.  Radiotherapy  is a  curative  option  that  is administered  via  external  beam  radiation,  brachytherapy,  or
in combination.  Erectile,  ejaculatory  and  orgasm  dysfunction(s)  is/are  known  potential  and  common  tox-
icities associated  with  prostate  radiotherapy.  Our  multidisciplinary  team  of  physicians  and/or  scientists
have  written  a three  (3)  part comprehensive  review  of the  pathogenesis  and  management  radiation-
induced  sexual  dysfunction.  Part  I  reviews  pertinent  anatomy  associated  with  normal  sexual  function
and  then  considers  the pathogenesis  of  prostate  radiation-induced  sexual  toxicities.  Next,  our  team  con-
rectile dysfunction
jaculatory dysfunction
rgasmic dysfunction
adiation therapy
rgan at risk

siders the  associated  radiobiological  (including  the  effects  of time,  dose  and  fractionation)  and  physical
(treatment  planning  and  defining  a novel  Organ  at  Risk  (OAR))  components  that  should  be  minded  in
the  context  of  safe  radiation  treatment  planning.  The  authors  identify  an  OAR  (i.e.,  the  prostatic  plexus)
and  provide  suggestions  on  how  to minimize  injury  to said OAR  during  the  radiation  treatment  planning
process.

©  2
. Background

Prostate cancer (PCa) is the number one cancer diagnosed in
en  with 183,529 new cases diagnosed in 2015 alone; it is the
econd leading cause of cancer-related deaths in men  with 28,848
en  dying as a result of prostate cancer in 2015. Prostate cancer

railed only lung and bronchial cancer in this regard.1

∗ Corresponding author at: Life Sciences, BioFort Corp. PO Box 1374, Guaynabo,
R, 00970, United States.

E-mail address: marigdalia@biofort.io (M.K. Ramirez-Fort).
1 Contributed equally as first authors.

ttps://doi.org/10.1016/j.rpor.2020.03.007
507-1367/© 2020 Published by Elsevier B.V. on behalf of Greater Poland Cancer Centre.
020  Published  by  Elsevier  B.V.  on behalf  of Greater  Poland  Cancer  Centre.

Sexual function is divided into three phases: desire (i.e., cen-
tral activation/response), arousal (i.e., peripheral physiological
response to various internal/external cues), and orgasm (i.e., a
central and peripheral physiological climax resulting from sexual
stimulation). Sexual dysfunction occurs when any of these phases
are impeded secondary to physical and/or psychological causes
[ASRM DEF - 50]. Erectile dysfunction (ED) is the inability to achieve
or maintain a penile erection suitable for satisfactory sexual rela-
tions [ISSM DEF - 51]. After prostate radiotherapy, patients often

report impaired sexual function; including ED, increased time until
orgasm, decreased intensity of orgasm and/or dry ejaculation. Tac-
tile sensation of the penis, scrotum, perineum, and anal regions
generally remains intact.2

https://doi.org/10.1016/j.rpor.2020.03.007
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2020.03.007&domain=pdf
mailto:marigdalia@biofort.io
https://doi.org/10.1016/j.rpor.2020.03.007
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Fig. 1. Schematic drawing of male genitourinary system and the nerves that are in
or  in proximity of radiation treatment fields for prostate cancer. A) is the sacral nerve
root that gives rise to the (B) pudendal nerve and eventually (C) the dorsal penile
nerve that is important for sensation during intercourse. (D) is the prostatic plexus
that lies within the prostatic fascia and is most susceptible to radiation damage.
The prostatic plexus gives rise to the cavernosal nerves that help control the neural
input for erections.
68 M.K. Ramirez-Fort et al. / Reports of Practica

ED becomes more prevalent with increasing age as a result of
ascular comorbidities (e.g. diabetes, obesity, and hypertension).
hese conditions impair endothelial function and may be accel-
rated by radiotherapy.3,4 Androgen deprivation therapy (ADT),
ommonly used to treat PCa in conjunction with radiotherapy, has
ell-known effects on desire, creating a situation of iatrogenic
eficiency of testosterone. In long-term ADT exposure, structural
amage occurs to the cavernoal smooth muscle with collageniza-
ion resulting in irreversible ED.

The psychological impact of a cancer diagnosis may  also lead to
ecreased sexual desire,5 as anxiety and depressive symptoms (e.g.,
nhedonia, adynamia, asthenia, hypersomnia/insomnia) can lower

 man’s sexual desire. A partner’s reaction to the cancer diagnosis
r cancer treatment can have a major impact on either alleviat-
ng and/or aggravating a man’s sexual dysfunction. Additionally,

any commonly prescribed antidepressants, particularly the tri-
yclic antidepressants, are known to impede sexual function as one
f their adverse effects.6

Innovations in screening and treatment (whether radiation or
urgical therapy) of PCa are translating into a steadily increasing
opulation of survivors. However, this survivor population must
ontend with the long-term side effects of their treatment (e.g.,
rinary and/or sexual problems), necessitating development of
ethods to mitigate these toxicities and maintain their quality

f life (QOL).7–9 Patients with PCa report significantly decreased
OL owing to decreased sexual function and/or sexual toxicities

elated to definitive treatment.10,11 The PCa patient’s experience
an extend to impairing the QOL of the partner as well,12 ultimately
eading to relationship difficulties and increased regret after PCa
reatment. To this end, Singer et al., reported that men are willing
o accept a 10% decrease in overall survival if the inferior treatment
egimen would optimize preservation of their erectile function.13

Thus, the patients’ multidisciplinary team must be cognizant of
hese biopsychosocial issues in order to initiate preventive mea-
ures for, and the lead management of, sexual dysfunction. These
easures can be instituted as early as the initial consultation and

he informed consent process for radiotherapy. As the frontline
hysicians for PCa patients, radiation oncologists and urologists,
hould consider referring patients to appropriate mental health
pecialists (e.g., psychologists, psychiatrists, therapists) to improve
isease perception, acceptance, treatment experiences and out-
omes in order to improve QOL in PCa survivors.

. Functional anatomy & physiology

.1. Penile anatomy

The penis is composed of three cylinders; two corpora cavernosa
orming the dorsal aspect of the phallus while the ventral aspect
s comprised of the corpora spongiosum that contains the ure-
hra. The corpora cavernosa contain a network of sinusoids, lined
y endothelium organized within smooth muscle trabeculae that
re supported by the tunica albuginea.14 The tunica albuginea is a
eshwork of elastin and collagen fibers composed of 2 distinct lay-

rs. The inner layer is arranged circumferentially along the entire
ength of the corpora and acts by restricting girth. The outer layer
f longitudinal fibers provides additional support which restricts
ength.15

.2. Penile vascular supply
The penis receives its blood supply via the internal pudendal
rteries that give rise to the common penile artery, which subse-
uently divides into the bulbourethral and common penile arteries,
he latter dividing itself into the cavernous and dorsal arteries of the
penis.16 Smooth muscle within the corpora regulates blood flow
into the sinusoids. Increased blood flow into the corpora causes
an expansion of the tunica albuginea which is ultimately responsi-
ble for the increased intracavernosal pressure required for erectile
rigidity. Sinusoidal blood travels through venules to a subtunical
venous plexus that exits the corpora cavernosa via emissary veins
penetrating the tunica albuginea. Elevated intracorporal pressure
compresses the subtunical and emissary veins, reducing venous
outflow, and enabling maintenance of an erection. Diminished
blood flow or inability to restrict blood outflow will impair erectile
rigidity.

2.3. Penile autonomic nervous system

The penis receives both sympathetic and parasympathetic
innervation (Fig. 1). Parasympathetic pathways are primarily
responsible for initiating erections and regulating blood flow into
the corporal bodies, while stimulation of the sympathetic pathways
results in detumescence.

Parasympathetic nerves originate from the intermediolateral
cell columns of the spinal cord at S2-S4 levels, travel through
the pelvic splanchnic nerves, enter into the inferior hypogastric
plexus and then into the prostatic plexus, eventually giving rise
to the cavernous nerves of the penis. These structures run along
the lateral aspect of the prostate, forming the neurovascular bun-
dles (at the 5 and 7 o’clock positions) and entering into the corpora
cavernosa.

Sympathetic fibers arise from the intermediolateral cell column
at T10-L2 levels of the spinal cord, synapse on sympathetic chain

ganglia, join parasympathetic fibers in the hypogastric plexus, and
traverse the prostatic plexus posteriorly to innervate smooth mus-
cle cells of the penis.
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Different pathways for erectile function have been described:
eflexogenic erections, psychogenic erections, and nocturnal erec-
ions. Reflexogenic erections are triggered by direct sensory
timulation of the genitalia. The sensation travels through affer-
nt fibers to the spinal cord, where part of the signal travels up
o the brain and the sensation is perceived, while the rest of the
ignal stimulates the S1-S4 parasympathetic center. The parasym-
athetic innervation to the penis promotes cavernous nerve nitric
xide (NO) release, activating nitrergic neurons on smooth mus-
le that increase cyclic GMP  (cGMP) levels, ultimately resulting
n smooth muscle relaxation and increased blood flow into the
inusoidal tissue.17 Cyclic GMP  is inactivated to 5′GMP  via phos-
hodiesterase type 5 (PDE-5), the target of PDE-5 inhibitors (PDE5i),
llowing increased blood flow to the sinusoids.

Psychogenic erections are triggered by sexual thoughts, fan-
asies, or erotic visual or auditory stimuli. Brain activation,
specially in the medial preoptic area and in the paraventricu-
ar nucleus of the thalamus, in turn, modulates the activity at the
11-L2 and S1-S4 centers.18 The resulting erection is mediated by
oth a decrease in tonic sympathetic signal from T11-L2 and an

ncrease in parasympathetic activity from S1-S4. When patients
ave complete spinal cord lesions above the T10 level, the con-
ection from the brain to the T11-L2 erection center is severed and
sychogenic erections are lost. Sensory information from the gen-

talia cannot travel up to the brain, so the perception of sensation
s also lost. However, since sensory afferent fibers stimulate the
1-S4 centers directly, reflexogenic erections are maintained. Con-
ersely, patients with spinal cord damage at the sacral levels still
ave preservation of the psychogenic erection center at T11-L2 and,
hus, are still able to achieve erections, but these will not be as
obust due to the loss of the parasympathetic stimulation from the
1-S4 reflexogenic centers.19 Nocturnal erections arise from rapid
ye movement (REM) sleep. The neural mechanisms for these are
ot completely understood yet.

Detumescence is regulated by the alpha-adrenergic nerve
bers of the sympathetic nervous system via norepinephrine
elease.20 Venous intracavernosal blood pressure during the flaccid
tate is approximately 35 mm Hg.21 Endothelial cells also release
ndothelin-1, prostaglandin FA2, and angiotensin II, which act in
oncert to promote vasoconstriction and expulsion of blood from
he sinusoids during detumescence.

.4. Penile somatosensory innervation

Penile sensation is innervated by the pudendal nerve that orig-
nates from S2-S4 and runs beneath the levator ani muscle in the
udendal canal and its course lies outside the primary radiation
elds for PCa (Fig. 1). The dorsal nerve of the penis is the most
istal portion of the pudendal nerve and after traveling through
he pudendal canal it courses under the inferior pubic ramus
nd onto the dorsum of the penis. The dorsal nerve of the penis
rovides sensation to the penile shaft and glans during sexual activ-

ty. Afferent terminations are mostly free nerve endings, Pacinian
orpuscles, and Ruffini’s corpuscles are located in the stratum gran-
losum; there are also mechanoreceptors located in the muscle
pindles/Golgi tendons of ischiocavernosus and bulbospongiosus
uscles, tunica albuginea, and corpora.
The pudendal nerve branches into the deep and superficial

erineal nerves, as well as the posterior scrotal nerves. The ante-
ior scrotum is innervated by a branch of the ilioinguinal nerve

hat courses through the inguinal canals.22 The spinothalamic and
pinoreticular pathways ultimately relay sensory information from
he spinal cord to the thalamus, hypothalamus, sensory cerebral
ortex and other cerebral parts.
logy and Radiotherapy 25 (2020) 367–375 369

2.5. Ejaculatory system

The ejaculatory ducts connect the inferior portion of the seminal
vesicle and the ampullae of the vasa to the urethra. The ducts pass
through the prostate gland, posterior to the median lobe. The ductal
wall is a single layer of easily compressible endothelial cells with
an approximately 1 mm diameter and 2 cm in length. These ducts
terminate lateral to the prostate utricle on the verumontanum of
the urethral ridge within the prostatic central zone.

Ejaculation consists of two  distinct phases: 1) emission, the
release of semen into the posterior urethra from the ejaculatory
ducts, and 2) expulsion, the forceful discharge of semen from the
penis. These complex processes are mediated and orchestrated by
the sympathetic and somatic nervous systems and are out of the
scope of this review.23,24 Emission relies on sympathetic nerves
from the superior and inferior hypogastric plexuses that course
through the prostatic plexus (within the primary radiation fields
for PCa). Expulsion relies on a spinal reflex arc, Onuf’s nucleus, and
the perineal branch of the pudendal nerve (mostly outside the pri-
mary radiation fields for PCa).25 A patent urethra is necessary for
the antegrade movement of seminal fluid.

2.6. Orgasm

The psychoneuroendocrine processes involved in orgasm have
been researched in various contexts of sexual dysfunction. There
is no standard definition of orgasm. Orgasm and ejaculation, while
often associated, are two distinct physiological processes. Typically,
orgasm involves a constellation of responses including increased
heart rate, breathing, and blood pressure elevation along with
penile/pelvic floor contractions.18 The psychogenic aspects of sex-
ual arousal and eventual orgasm are complex and modulated by the
relationship status, sexual orientation, self-confidence, masculine
self-esteem, libido, genital morphology, and other factors.

Testosterone levels are associated with sexual drive, but the fre-
quency of sexual activity is moderated by the partner relationship
and the man’s psychiatric characteristics. Plasma testosterone lev-
els increase and temporal lobe regions associated with sexual drive
are activated, both result as a response to sexual stimuli. Increased
testosterone levels are associated with sexual partner gratification
and frequency of intercourse or with frequency of masturbation in
men without partners.26

Prolactin concentrations can significantly increase for over one
hour after orgasm, but are notably unchanged following sexual
arousal without orgasm.27 It is suggested that quantitative mea-
sures of serum prolactin after orgasm serve as a neuroendocrine
index of sexual satiety. Intercourse-induced orgasms produce 400%
more prolactin compared to masturbation-induced orgasms.28 The
importance of these findings is still debated in the literature; how-
ever, it is believed that the elevated prolactin plays a role in the
male refractory period after orgasm.

Ultimately, the exact underlying mechanisms causing orgasm
are incompletely understood. Studies of the brain using positron
emission tomography have found increased blood flow to the meso-
diencephalic transition zones and decreased flow in the entorhinal
cortex and the amygdala. These alterations are still being studied
but are likely important to the overall sensation of an orgasm.18

3. Pathophysiology of radiation-induced sexual
dysfunction
Radiation-induced sexual dysfunction results from a concert of
neurological, vascular and endocrine perturbations.29 The major-
ity of the work composing our current understanding of this topic
was performed in the 3D conformal radiation therapy (3D-CRT)
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ra when it was reasonable to assume that specific toxicities were
irectly caused by localized doses to the affected anatomy (e.g.,
D resulting from a threshold corporal cavernosal dose; dose to
he penile bulb is measured as a surrogate for the corporal cav-
rnosal dose). However, appreciable rates of sexual toxicities are
till reported in the intensity modulated radiation therapy (IMRT)
ra, as well as among those who undergo brachytherapy. The pre-
ominant structures at risk leading to sexual dysfunction are the
jaculatory ducts within the prostate and the prostatic neurovascu-
ar plexus (Fig. 2). The prostatic plexus is adherent to the posterior
rostate, making it unavoidable during radiotherapy planning and
reatment by any current radiotherapeutic modality or fractiona-
ion scheme. The prostatic plexus is the source of the cavernous
erves that are important for increased blood flow for erections
nd sympathetic nerves that regulate expulsion of semen into the
osterior urethra from the ejaculatory ducts.

According to the NCCN guidelines, a cumulative dose of
5.6–79.2 Gy in conventional fractions of external beam radiation
reatment (EBRT) for patients that receive definitive, or ablative
adiation, is appropriate for a low risk patient group. For patients
ith intermediate or high-risk disease, doses up to 81 Gy will pro-

ide improved disease control. A median brachial plexus dose of
69 Gy, a maximum dose of >75 Gy to 2 cm,  and the presence of
lexopathy before irradiation are each independent predictors of
rachial plexopathy.30 Drawing an analogy of brachial plexopathy
o prostatic plexopathy, it would be helpful to contour the prostatic
lexus as an organ at risk (OAR) and try to avoid hot-spot(s) inside
he prostatic plexus during the treatment planning process (Fig. 2).

When a patient undergoes EBRT to the prostate, a series of
ro-inflammatory cytokines (e.g., TGF-�, TNF-�) are released that
esult in a circumferential cascade of inflammation beyond the pre-
cription isodose lines of prostatic dose deposition. The extent of
nflammation is directly proportional to the amount of prostatic
issue that is irradiated. While the benefit of covering regional
ymph nodes outweighs the risks in patients with advanced dis-
ase, this will extend the field of injury to the sacral nerve roots and
elvic floor. Salvage radiation post-prostatectomy further extends
he treatment field and subsequent inflammation to the pubic rami.
nterstitial brachytherapy results in a more circumscribed region of
eri-prostatic inflammation; however, the significantly increased
iological effective dose affecting the prostatic plexus can result in

 more severe acute neurovascular toxicity and late prostatic plex-
pathy. Inflammatory spread is also influenced by fraction delivery
ime, patient set-up errors, and use of rectal sparing protocols (e.g.,
ectal balloon, enemas, Space OAR).31–33 Longer fraction delivery
ime allows for more prostatic movement which can now be accom-

odated with MRI-guided or surface tracking treatment platforms,
uch as the ViewRay and VisionRT.34,35

The internal pudendal artery, and anastomoses between the
eep dorsal, main cavernous and bulbar veins and the prostatic
enous plexus receive a significant portion of the full radiation
rescription dose.34 Accelerated atherosclerosis is a known phe-
omenon related to increased inflammation in patients that have
eceived radiotherapy and has been primarily described in head
nd neck cancer patients.36 Similar toxicities have been reported
ith prostatic irradiation, and atherosclerosis of the small caver-
osal vessels correlate with ED.37 Goldstein et al. reported that 15
f 23 men  who underwent EBRT experienced ED after treatment.
rteriography on 2 of these men  demonstrated arterial occlusive
isease in the pudendal artery immediately adjacent to the irra-
iated field.29 Other vascular studies on men  who had undergone
adiotherapy reported that between 40–85% had abnormal blood

ow.38,39

Preclinical models have shown that prostatic irradiation results
n decreased conduction times of the pudendal40 and cavernosal
erves.41 The damage to the prostatic plexus is clear, given that
Fig. 2. Contour of the prostatic plexus as an Organ at Risk during the radiation
treatment planning.

it resides within the irradiated field. While the pudendal nerve
lies beneath the levator ani, it comes close to the field as it enters
onto the dorsum of the penis and is a likely area of some dam-
age. Therefore, the entire penile nervous system will be receiving
damage with any form of prostatic irradiation and can induce

downstream small-nerve neuropathies causing the commonly
encountered late sexual toxicities (e.g., erectile dysfunction, orgas-
mic  dysfunction, ejaculatory dysfunction). However, our current
understanding is limited to anecdotal evidence and extrapolations



l Onco

f
t
n
c
m
d

j
d
R
w
t
i
e
p
r
r
o

t
I
t
a
T
h
t
t
p

3

f
r
r
A
c

u
t
m
a
i
e
s
a
u
6
1
h

a
h
p
u
3
R
r
g

w
c
w
1
A
w

M.K. Ramirez-Fort et al. / Reports of Practica

rom radiation-induced neuropathies in other parts of the body;
here is controversy amongst clinicians as to whether or not small-
erve neuropathies affect ejaculation and orgasm. More specific
linical studies are needed to fully elucidate the extent of involve-
ent of small-nerve neuropathies in the development of sexual

ysfunction.
The single-cell layer comprising the ejaculatory ducts is sub-

ected to doses up to 150–200% of the prescription dose; these
ucts are particularly susceptible to collapse and fibrotic fixation.42

ates of antegrade ejaculatory dysfunction after radiotherapy vary
idely, ranging from 11%–91%.43–46 Anejaculation or “dry ejacula-

ion” rates of 16%, 69%, and 89% at 1, 3, and 5 years, respectively, are
ndicative of a late reaction of atrophy, fibrosis, and scarring of the
jaculatory ducts within the prostate. Prior ADT is an independent
redictor of ejaculatory dysfunction.44 Urethral stricture disease
esulting from RT may  predispose patients to develop obstruction,
etrograde ejaculation or decreased force of ejaculation; however,
bstructive urinary symptoms would typically be present as well.

Orgasm is a complex topic with a dearth of studies delineating
he impact of radiotherapy.18 Another study of 52 men  completing
nternational Index of Erectile Function (IIEF) orgasm domain ques-
ionnaires reported a progressive decline from 7.4–5.4 to 3.2 to 2.8
t baseline and at 1, 2, and 3 years from treatment, respectively.
here was a trend that patients who had undergone brachytherapy
ad slightly worse scores.44 While these findings correlate with
he decreased conduction times associated with prostatic plexopa-
hy, the extent to which small-nerve neuropathy is involved in the
athogenesis of orgasm dysfunction is not known.

.1. Androgen deprivation therapy

While patients undergoing radical prostatectomy generally
orego ADT, it is part of the standard of care in conjunction with
adiotherapy for intermediate and high-risk prostate cancer.47 The
eported ED rates seen with combination therapy (radiation and
DT) are likely synergistic, involving both peripheral and central
omponents.

The majority of data evaluating ADT monotherapy on sex-
al function is in the metastatic setting. ADT directly lowers
estosterone, inducing an iatrogenic testosterone deficiency that

anifests as decreased sexual desire, decreased erectile function,
nejaculation, and delayed orgasm.48,49 Decreased sexual activ-
ty is measurable within six months, and the loss of spontaneous
rections occurs progressively, approximately 6–12 months after
tarting ADT.50–53 ED occurs in 80–100% of men  undergoing ADT
lone.54 A prospective study of 44 men  with adequate baseline sex-
al function reported that 70% experienced decreased sexual desire,
0% were unable to develop an erection with erotic imagery, and
9% of those still able to maintain erections during sexual activity
ad decreased tumescence.54

Erectile dysfunction rates are increased with concurrent ADT
nd radiotherapy.55 Several studies show men  undergoing IMRT
ad significantly higher rates of ED if they also received ADT, com-
ared to patients who did not.56,57 A prospective trial of 152 men
ndergoing radiotherapy with or without ADT (average duration
.8 ± 1.8 months) reported an average IIEF score of 19 ± 7 for the
T alone group, compared to 14 ± 4 in the combination group. The
esponse to sildenafil was also significantly better in the RT alone
roup (61% vs. 47%).58

The Radiation Therapy Oncology Group (RTOG) protocol 0215
as a randomized controlled cross-over study of 115 men  who

ompleted radiotherapy with ADT for at least 6 months. The men

ere randomly assigned to 12 weeks of sildenafil or placebo with

-week washout followed by 12 weeks of another intervention.
pproximately 36% responded to sildenafil but not to placebo,
ith men  under-going ADT for less than 120 days demonstrating
logy and Radiotherapy 25 (2020) 367–375 371

better response rates.59 Thus, the duration of ADT may  potenti-
ate the adverse effects of radiotherapy on sexual function. With
regard to orgasms, a retrospective review of 109 patients under-
going radiotherapy and ADT demonstrated that 24% experienced
anorgasmia, 44% reported decreased intensity of orgasm, and 40%
noted an increased latency period before orgasm, indicating that
testosterone levels directly effect the quality of orgasms.45

Importantly, studies have shown that the scatter dose to the
testicles from EBRT alone (i.e., without neoadjuvant, concurrent or
adjuvant ADT) is sufficient to significantly decrease serum testos-
terone levels to approximately 10% and 80% below baseline at 3 and
6 months, respectively.60,61 Therefore, even patients that forgo ADT
with EBRT are at risk of developing testosterone decrease related
sexual dysfunction.

3.2. 3D conformal radiotherapy

3D conformal radiotherapy (3DCRT) was  utilized more in the
earlier days of prostatic irradiation. As previously described in this
review, it was initially thought that the development of sexual tox-
icities was  correlated to the radiation doses absorbed by the penile
bulb and proximal corporal bodies (versus the prostatic plexus).
For that reason, a significant amount of conflicting literature was
published on these dose-volume effects.

For example,62 RTOG 9406 reported that a mean dose greater
than 52.2 Gy to the penile bulb was significantly associated with an
increased risk of developing ED two years after radiotherapy (haz-
ard ratio = 5.0).63 Another study demonstrated a permanent loss of
erections in 30–40% of men  receiving 3D conformal radiation.64

In these days of 3DCRT, the conceptualization of “sexual dys-
function” from the radiation oncological perspective seemed to
be mostly limited to the degree of ED developed by a patient in
follow-up visits. In an effort to consolidate the published data on
dose-volume effect, the published literature on the penile bulb dose
as it correlated with development ED was conducted; a reliabil-
ity score was established.65 This group found that their analysis,
based on a reliability score supported the Quantitative Analysis of
Normal Tissue Effects in Clinic recommendations to maintain the
mean dose to 95% of the penile bulb, less than 50 Gy (i.e., that 95%
of the penile bulb should receive no more than 50 Gy) in order to
decrease risk of ED.65 This group also recognized that it was unlikely
for the penile bulb to be the OAR involved in the pathophysiology
of ED.65

Literature from this period that was written with urological
insight, incorporated the dose-volume effects of radiation more
comprehensively on symptoms of ED, orgasmic dysfunction and
pain.66 This group analyzed 328 sexually active men  with treated
PCa that either had or had not received pelvic-irradiation. These
investigators measured the absorbed radiation doses as the Mean
Dose (Dmean) and the Maximum Dose (Dmax) received by the cor-
pora cavernosa and the penile bulb; they found that the strongest
predictors for development of: 1) ED was  the additive Dmax to
the corpora cavernosa and the penile bulb (P = 0.001–0.03); 2)
Orgasmic dysfunction was the Dmean to the corpora cavernosa
and/or the penile bulb (i.e., absorbed dose to each OAR equally
contributed to developing orgasmic dysfunction) (P = 0.03 and
0.02–0.05, respectively), and 3) Pain was additive Dmean to the
corpora cavernosa and the penile bulb (P = 0.02–0.03).66

3.3. Intensity modulated radiotherapy — conventional
fractionation
Dose-escalated IMRT with image-guidance is now the standard
of care for low risk, intermediate risk and high risk PCa. 67 The
gross tumor volume (GTV) is defined as the region containing a
known disease (i.e., entire prostate) as seen in the planning CT
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i.e., CT simulation). Clinical target volume (CTV) is the GTV plus
n extension of the prostate contour to include regions that are
ikely involved with microscopic disease. In treatment planning, a
hird extension is made to the CTV to create the planning target
olume (PTV) margins. PTV expansion margins are based on set-
p uncertainty and internal organ motion so as to ensure that the
TV receives the full prescription dose during each fraction. Motion
stimates are derived from Calypso data with and without use of

 rectal balloon. The resultant margin is designed to contain the
TV > 95% of the time during a fraction-time of 6 min.34 For patients
ith nodal involvement, the CTV4500 (by convention annotated

n cGy (i.e., 0.01 Gy)) includes the prostate with a 3 mm expan-
ion (excluding the rectum) and the proximal 2.5 cm of seminal
esicles; the seminal vesicles are generally contoured in a bowtie-
haped volume that accounts for seminal vesicle movement and
ncludes the first echelon peri-prostatic and obturator lymphatic
rainage. The CTV7920 includes the prostate only. The CTV to PTV
xpansions vary according to the individual practice guidelines of
ifferent treatment centers. With conventional fractionation, the
rescription dose is delivered in 1.8–2 Gy fractions.

The ProtecT trial was a multi-institutional randomized trial
omparing active surveillance, radical prostatectomy and dose-
scalated, conventionally fractionated, IMRT in localized PCa. Men
eceived 3–6 months of neoadjuvant ADT in the IMRT arm. 67% of
en  reported erections firm enough for intercourse at baseline. At

 months, 22%, 12% and 52% of patients reported having erections
rm enough for intercourse in the radiotherapy, prostatectomy
nd active surveillance groups, respectively. In the radiotherapy
roup, the number of men  with erections firm enough for inter-
ourse rose between 6–12 months, and then declined again to
7% at 6 years. In the immediate post-intervention setting, IMRT
emonstrates superior erectile function preservation over prosta-
ectomy; perhaps because the injuries associated with radiation
herapy are irritative/inflammatory versus the direct (and possible
rreversible) trauma that may  occur during a prostatectomy. The
rotecT trial demonstrated a 40% decline in erectile function with
ose-escalated radiation therapy.68

.4. Hypofractionation

Hypofractionation has proven to be non-inferior to conventional
ractionation for low risk and intermediate risk disease in mul-
iple phase 3 trials.69 Hypofractionation involves the delivery of
ewer fractions with larger doses per fraction. In RTOG 0938, arm

 delivered 36.25 Gy in 5 fractions of 7.25 Gy while arm 2 deliv-
red 51.6 Gy in 12 daily fractions of 4.3 Gy. Given the greater dose
er fraction, tighter prostatic margins are used to limit dose depo-
ition and subsequent toxicities in regional normal tissues (e.g.,
orpora cavernosa, penile bulb). For a 60 Gy in 20-fraction regimen,
TV4800 included the prostate and proximal 1 cm of seminal vesi-
les with 3 mm expansion (excluding the rectum). The CTV6000
ncludes the prostate only. PTV expansions to account for set-up
rror and prostatic motion are similar to those used with con-
entional fractionation. Besides linear accelerators, the Cyberknife
ystem [Accuray Incorporated; Munich, Germany] has been utilized
or the advantage of a sharper dose fall off in the periphery of the
arget volume; for the sake of brevity, the utility of Cyberknife will
ot be discussed further within this manuscript.

Several trials have investigated the safety and efficacy of
ypofractionated radiotherapy on intermediate and high-risk
Ca patients. The CHHiP trial is a randomized three-arm, non-
nferiority, phase 3 study comparing 74 Gy in 37 fractions, 60 Gy

n 20 fractions, and 57 Gy in 19 fractions with a primary end-
oint of clinical or biochemical failure. Most patients also received
–6 months of neoadjuvant and concurrent ADT. The authors
eported similar long-term sexual side-effects in the hypofrac-
logy and Radiotherapy 25 (2020) 367–375

tionated groups compared with the conventional group with no
significant differences in either the proportion or cumulative inci-
dence of side-effects 5 years after treatment using clinician and
patient-reported outcome measures. There was  no significant dif-
ference in late grade 2 or worse toxicity at 2 years in the 74 Gy group
compared to the 60 Gy (46% vs. 49%, p = 0.34) and 57 Gy (46% vs.
46%, p = 0.90). The 5 year incidence of RTOG grade 2 or worse bowel
and bladder adverse events was 9.1% in the 74 Gy group, 11.7% in
the 60 Gy group, and 6.6% in the 57 Gy group, respectively.69 The
hypofractionated versus conventionally fractionated radiotherapy
for patients with localized prostate cancer (HYPRO) trial was a
randomized superiority study comparing 64.6 Gy in 19 fractions
to 78 Gy in 39 fractions with relapse-free survival as a primary
endpoint. 66% of participants also received ADT. At 5 years, geni-
tourinary toxicity was not non-inferior.70 The PROFIT trial was  a
randomized non-inferiority study comparing 78 Gy in 39 fractions
to 60 Gy in 20 fractions to the prostate and seminal vesicles without
ADT. Late grade 2 toxicities were 19% for 78 Gy compared to 20%
for the 60 Gy arm; notably, late toxicities occurred within the first
48 months of treatment.71

Unfortunately, the aforementioned hypofractionation trials do
not specifically report on the sexual function-specific toxicities
such as ED. The gentitourinary toxicities reported are used as
surrogates for sexual toxicities for the purpose of comparing the
anticipated effects of fractionation. Gentitourinary toxicities were
previously found to be predictive of erectile dysfunction HR = 1.64
in a retrospective analysis of 1002 men  that underwent dose-
escalated, standardly fractionated irradiation to 86.4 Gy.64

Sexual dysfunction is considered to be a late toxicity of radiation
treatment. When discussing radiation toxicities from a radiobiolog-
ical standpoint, �/� ratios (pertaining to the linear and quadratic
parameters of the cell survival curve for a given cell type) are
assigned to tissues to indicate whether the effects of radiation are
generally acute (occurring within days or weeks of irradiation)
or late (occurring after ∼ 6 months latency) for that specific tis-
sue. Tissues with high �/� ratios are early responding (e.g., skin,
gastrointestinal mucosa, most non-prostate solid tumors). Tissues
with low �/� ratios are late responding tissues. To quantify toxi-
city expectations and to compare different fractionation schemes
(e.g., more fractions of lower dose per fraction compared to fewer
fractions with larger dose per fraction) a Biologically Effective Dose
(BED) is calculated.72

Given low �/� ratios of the late responding tissues (i.e., �/� = 3)
involved, such as the neurovascular prostatic plexus residing on
the posterior prostate, the probability of developing late sexual
dysfunction should theoretically be increased with hypofraction-
ation (i.e., larger dose per fraction). However, the calculated BED
for late toxicities is lower with hypofractionation schemes used
(e.g., for 60 Gy in 20 fractions, BED is 120 GyBED(�/�=3)), compared
to conventional fractionation (e.g., 79.2 Gy in 44 fractions, BED is
126.72 GyBED(�/�=3)). The lower BED of the hypofractionation reg-
imen in PCa may  explain why increased rates of genitourinary
toxicity were not seen in the ‘CHHiP’, HYPRO, or PROFIT trials as
compared to conventional fractionation. Therefore, it is reasonable
to speculate that the rate of sexual toxicities will not vary drasti-
cally between hypofractionation and standard fractionation, as the
data on sexual toxicities from hypofractionation matures.30 of late
responding normal tissue toxicities for development of sexual toxi-
cities given that the structure at risk (i.e., prostatic plexus) receives
the full prescription dose in both fractionation regimens.
3.5. Proton therapy

Proton irradiation has been utilized in a variety of different solid
tumors (particularly in the pediatric population) for the advantage
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f a sharper dose fall off in the periphery of the target treatment
olume. Toxicity data on proton therapy in PCa is relatively limited
ompared to published EBRT data. However, preliminary effects
f proton therapy on erectile function and serum testosterone
ave been published. The long-term outcomes of 254 men  under
0 years that had received proton therapy alone (at 76−82 Gy at

 Gy/fraction or 70–72.5 Gy at 2.5 Gy/fraction showed that erec-
ile potency (i.e., erections firm enough for penetration) decreased
rom 90% at baseline to 72% and 67% at 1 and 5-year follow-up,
espectively.73

Unlike photon radiation, passive-scatter proton therapy does
ot appear to significantly decrease serum testosterone levels (pre-
umably due to less out-of-field scatter radiation).74 These findings
uggest that the decrease in serum testosterone seen with pho-
on therapy is not negligible, but also insufficient to result in one
arameter of sexual dysfunction (i.e., ED). A comparative study
etween men  that undergo traditional photon therapy or proton
herapy that accounts for serum testosterone as a variable could
elp elucidate more accurate dose-volume effects related to the
rostatic plexus as the proposed OAR for the development of sexual
ysfunction.

.6. Brachytherapy

Very low dose rate (VLDR) irradiation, such as is delivered with
03Pd and 125I (short range emitters), allows for the delivery of more
blative doses with only a modest increase in normal tissue toxic-
ty. Presumably this clinical reality is explained by VLDR increased
herapeutic ratio and allowance for split dose recovery. The Andro-
en Suppression Combined with Elective Nodal and Dose Escalated
adiation Therapy (ASCENDE-RT) trial was a study of PCa patients
reated with neoadjuvant and concurrent ADT for 8 months and
elvic EBRT to 46 Gy in 23 fractions randomized to a conformal EBRT
oost to the prostate of 36 Gy in 16 fractions or 125I low-dose-rate
LDR) brachytherapy boost prescribed to a minimum peripheral
ose of 115 Gy. At 9 years, relapse free survival was  significantly
igher in the brachytherapy boost arm compared to the EBRT arm
83% versus 62%; p < 0.001). At 5 years the cumulative incidence
f grade 3 genitourinary events was 18.4% for LDR brachytherapy
ohort, versus 5.2% for EBRT cohort (p < 0.001). Among men  report-
ng adequate baseline erections, 45% of LDR brachytherapy patients
eported similar erectile function at 5 years, versus 37% after EBRT
p = 0.30). Thus, a LDR brachytherapy boost significantly improved
iochemical control compared to an EBRT boost, but with higher
enitourinary toxicity and no difference in erectile function.75,76

ate genitourinary toxicities generally manifest as urethral stric-
ures which are associated with ejaculatory dysfunction; however,
jaculatory function is not generally measured in a clinical trial
etting.

. Conclusions

Prostate cancer is the second leading cause of cancer related
eaths among men  in the United States despite it being by far the
ost commonly diagnosed cancer. In the current era of radical

adiotherapy, there is growing population of PCa survivors. Sex-
al toxicities induced by radiotherapy is a relatively fundamental
nd often neglected problem for patients with expected long-term
urvival.

To best help these patients, and their partners, a multi-specialty
pproach is the most effective. Our review demonstrates that

imilar to surgery, radiation treatment of PCa can have signif-
cant negative impacts on multiple aspects of a man’s sexual
unction. Our review attempts to consolidate available data on
adiation-induced sexual toxicities in order to better understand
logy and Radiotherapy 25 (2020) 367–375 373

the pathogenesis of a wide range of dysfunctions that patients com-
monly develop within the realm of sexual toxicities. To this end,
we have identified the prostatic plexus as a new “organ at risk”
that should be evaluated during the radiation treatment planning
process. The prostatic plexus cannot be avoided in the radiation
treatment of prostate cancer, but efforts can be made to eliminate
radiation hot spots within the plexus.

To better understand late sexual toxicities associated with radi-
ation therapy, measurements of and/or questionnaires to assess
ejaculatory and orgasm toxicities in addition to erectile dysfunc-
tion should be incorporated into the clinical trial design. Sexual
toxicity information from large, prospective, randomized, clinical
trials could improve our understanding of vascular, neuronal, and
ductal damage, which in turn could help focus and improve efforts
to prevent and treat radiation-induced sexual toxicities.

The management of radiation-induced sexual toxicities are
reviewed in Part(s) II and III of this series. Part II provides a focus
on patient assessment through physical examination and validated
questionnaires, followed by a comprehensive review of surgical and
pharmaceutical or medical device-based therapeutic options for
the management of sexual dysfunction. Part III reviews the impor-
tance and role of psychosexual therapy prior to, during and after
PCa irradiation. This latter review includes innovative strategies to
help increase a long-term PCa survivor’s masculine self-esteem
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