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ABSTRACT
Since sexual function and testosterone levels after image-guided proton therapy (IGPT) have not yet been examined
in detail, we prospectively evaluated changes before and after IGPT. Among patients treated with IGPT with or
without combined androgen blockade (CAB) therapy between February 2013 and September 2014, patients who
agreed to participate in the study and were followed up for >3 years after IGPT were evaluated. Serum testosterone
levels were regularly measured together with prostate-specific antigen (PSA) levels before and after IGPT. The
Erection Hardness Score (EHS) and the sexual domain summary, function subscale and bother subscale of the
sexual domain in the Expanded Prostate Cancer Index Composite (EPIC) were assessed. There were 38 low-risk, 46
intermediate-risk and 43 high- or very-high-risk patients (NCCN classification). Although serum testosterone levels
in low-risk patients did not decrease after IGPT, reductions were observed in the average EHS and the sexual domain
summary score of the EPIC. In intermediate-, high- and very-high-risk patients, testosterone and PSA levels both
increased following the termination of CAB after IGPT, and the average EHS increased. The sexual domain summary
score gradually increased, but not above minimally important differences. In intermediate-risk patients, the function
subscale increased from 4.4 to 14.8 (P < 0.05) 12 months after IGPT and reached a plateau after 60 months. The
results of the present study would suggest the potential of IGPT, and further prospective studies to directly compare
IGPT with other modalities are warranted.

Keywords: testosterone; Expanded Prostate Cancer Index Composite; Erection Hardness Score; image-guided
proton therapy; combined androgen blockade therapy; prostate cancer

INTRODUCTION
Radical prostatectomy and radiation therapy, including proton therapy
(PT), are two main options for the definitive treatment of localized
prostate cancer. The overall prognosis of patients is favorable after
both types of treatments [1–5]; however, adverse effects differ. While
urinary incontinence and impotence are the two major complications
of prostatectomy, acute genitourinary disorders and late rectal bleeding

are major complications of radiation therapy. Since prostate cancer
patients are expected to have a long-term prognosis, quality of life
(QOL) is very important after any type of treatment [6, 7], and potency
is one of the important factors in QOL. Erectile function is often
maintained after definitive radiation therapy, and this is an advantage
of radiotherapy over surgery [8]. However, hormonal therapy is gen-
erally combined with radiation therapy in intermediate- and high-risk
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patients; therefore, potency is weakened due to androgen suppression.
Therefore, further studies are needed to evaluate sexual function and
testosterone levels after combined hormonal and radiation therapy as
well as radiation therapy alone for prostate cancer.

Serum testosterone levels influence glucose metabolism, muscle
strength, mental status and self-perceived vitality. Low testosterone
levels have been shown to correlate with insulin resistance [9, 10].
The maintenance of muscle mass and metabolism also contributes to
QOL during long-term survival. Recent studies reported a transient
decline in testosterone levels shortly after intensity-modulated radia-
tion therapy (IMRT) and stereotactic body radiation therapy (SBRT),
which was normalized by 1–2 years post-treatment [11–14]. Testicular
atrophy and variation of the male sex hormones and quality of sexual
life following prostate radiotherapy have also been observed [14]. On
the other hand, testosterone suppression was not observed after PT,
and this may have been due to lower scatter radiation doses delivered to
testicular Leydig cells [15, 16]. Yoon et al. [17] reported that secondary
doses during prostate PT were ∼10−4 Sv Gy–1 at 50 cm from the
beam isocenter and were an order of magnitude lower than during
conventional IMRT. In addition, a systematic review and meta-analysis
revealed a greater reduction in testosterone level after conventional
radiotherapy and IMRT/SBRT than after PT [18].

Since QOL and testosterone levels in relation to PSA levels after
PT have not yet been investigated in detail in long-term follow-ups in
Japanese patients, we herein prospectively evaluated changes in and
correlations between sexual function and serum testosterone levels
before and after image-guided PT (IGPT) with or without hormonal
treatments.

MATERIALS AND METHODS
Study design, patient eligibility and treatment

protocols
This was a subanalysis of a prospective study of IGPT for localized
prostate cancer based on our protocol. Subjects were patients who
agreed to join this study to evaluate serum testosterone levels and
sexual function. The initial results of the prospective study were pre-
viously reported [19]; the study used 2.0 Gy relative biological effec-
tiveness (RBE) daily fractions up to 74 Gy RBE for low-risk (according
to the National Comprehensive Cancer Network risk classification)
patients and 78 Gy RBE for intermediate-, high- and very-high-risk
patients. Low-risk patients did not receive hormone therapy, whereas
intermediate- and high-risk patients received neoadjuvant combined
androgen blockade (CAB) therapy for 6–8 months before the start
of IGPT. Adjuvant hormonal therapy for 16–18 months (a total of
24 months) was also recommended for high-risk and very-high-risk
patients.

Between February 2013 and September 2014, a total of 254
patients with localized prostate cancer were prospectively treated with
this protocol at the Nagoya Proton Therapy Center. IRB approval
numbers were 14-02-17(14) and 14-02-18(15) for the conventional
fractionation trials (the former was for hormone therapy-naïve patients
and the latter for patients who had received hormone therapy at
the initial visit). The 14-02-18(15) study included low-risk patients
who received hormonal therapy and patients who received CAB for
apparently longer or shorter times than our protocol. In October 2014,

a new dose fractionation protocol using a moderate dose was initiated.
In addition, due to national health insurance assessments, the serial
routine measurement of testosterone levels became impossible from
2018; therefore, testosterone levels were measured up to the third year
after the end of IGPT.

In the present study, only patients treated with the 14-02-17(14)
protocol were included to precisely match the duration of hormonal
treatment. In addition, we excluded patients who refused to undergo
serial evaluations of serum testosterone levels and those who were
unable to continue CAB because of liver dysfunction or heavy hot
flushes. Five patients were excluded because of biochemical failure after
≥36 months based on the Phoenix definition (nadir + 2.0 ng ml–1)
[20].

Treatment systems and planning
The treatment machines and systems at our institution were previously
described in detail [21, 22]. The RBE value for our proton beams was
1.1 [21]. Briefly, proton treatments were delivered by PROBEAT III
(Hitachi, Ltd, Tokyo, Japan) and planned with VQA (Hitachi, Ltd).
A passive scattering technique using a range modulation wheel and spot
scanning technique using single field optimization were used.

Our method of IGPT for prostate cancer was previously described
in detail [19]. Briefly, prior to the treatment, two gold fiducial markers
of 0.5 mm in diameter and 5 mm in length (VISICOIL; RadioMed,
Barlett, TN, USA) were placed into the prostate [23]. Daily patient
alignments were achieved by matching fiducial markers using the PIAS
system (Hitachi, Ltd). The clinical target volume (CTV) was defined
as only the prostate for low-risk patients, the prostate plus one-third
of the seminal vesicles (SVs) for intermediate-risk patients and the
prostate plus two-thirds of SVs for high-risk patients. If the dose to
the rectum, bladder or intestines was markedly higher than tolerable
levels, a cone-down shrunk plan was initiated from the 31st fraction.
The urine volume in the bladder was controlled at 150–250 ml during
the treatment using a bladder ultrasound scan (BVI 6400; Verathon
Medical UK, Sandford, UK).

Follow-up evaluation and statistical analysis
Serum testosterone and prostate-specific antigen (PSA) levels were
evaluated once every 3 months up to 6 months, every 6 months from
6 to 36 months, and once a year thereafter after completion of IGPT.
Patient self-reported data were prospectively acquired within 1 month
before starting IGPT and 1, 6, 12, 36 and 60 months after completion
of IGPT. Patient self-reported data were evaluated with the Japanese
version of the Expanded Prostate Cancer Index Composite (EPIC)
and the Erection Hardness Score (EHS). Regarding the former, sexual
function was evaluated with sexual domain and subscale scores con-
sisting of sexual function and sexual bother in the Japanese version of
the EPIC. It was adapted for Japanese patients from the original EPIC
[24]. Scores range from 0 to 100, with higher values representing a
more favorable health-related QOL. Minimally important differences
(MIDs) in the sexual domain are 10–12 points [25]. Regarding the
latter, the EHS, which is an elemental component of men’s sexual QOL,
is good for evaluating erectile function and is often used to question
patients because it is really simple [25, 26]. A score of 1 indicates that
the penis is larger than normal, but not hard; 2 means the penis is hard,
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Table 1. Patient and treatment characteristics

Risk group Low Intermediate High

Number 38 46 43
Age, median (range) (years) 69 (52–77) 68 (53–78) 70 (54–80)
iPSA, median (range) (ng ml–1) 6.2 (3.7–9.1) 7.7 (4.4–19.7) 14.6 (4.1–77.0)
T1c/T2a/T2b/T2c/T3a/T3b 21/17/0/0/0/0 9/20/8/9/0/0 8/10/7/5/11/2
Gleason score 6/7/8/9/10 38/0/0/0/0 10/36/0/0/0 1/7/24/11/0
HbA1c (</≥ 6.5%) 31/7 44/2 34/9
Prostate volume, median (range) (ml) 43.4 (22.3–82.1) 28.2 (16.8–48.4) 28.4 (17.0–66.7)
Passive scattering/spot scanning 38/0 43/3 37/6
Cone down +/– 3/35 16/30 19/24
Testosterone, median (range) (ng dl–1) 403 (27–910) 4 (3–28) 4 (3–27)
Testosterone, average (range) (ng/dl) 415 (27–910) 7 (3–28) 7 (3–27)

iPSA = initial prostate-specific antigen.

but not hard enough for penetration; 3 means the penis is hard enough
for penetration, but not completely hard; and 4 indicates that the penis
is completely hard and fully rigid.

Correlation coefficients for all data on serum testosterone and PSA
levels measured during this study were evaluated. ‘R’ is the correlation
coefficient, and ‘R2’ is the coefficient of determination. Changes in
serum testosterone levels, PSA and QOL scores were analyzed with a
Wilcoxon signed-rank test in each risk group using EZR [27], which is
based on R and R commander (R Foundation for Statistical Comput-
ing, Vienna, Austria).

RESULTS
Patient and treatment characteristics

Among 254 patients treated with IGPT, 127 were excluded according
to the above-described criteria; therefore, the total patient number was
127. Patient and treatment characteristics are summarized in Table 1.

Low-risk group
Figure 1 shows changes in serum testosterone levels and PSA before
and after IGPT. In low-risk patients, PSA gradually decreased after
IGPT, whereas serum testosterone levels gradually increased (Fig. 1A).
Figure 2 shows scatter plots of testosterone versus PSA of all the data
obtained during this study for each risk. No correlations were observed
in the low-risk group, which may have been due to the influence of
PSA from cancer cells (Fig. 2A). On the other hand, the mean EHS
decreased (Fig. 3). Mean sexual domain summary scores before IGPT
and 1, 6, 12, 36 and 60 months after IGPT were 46.5, 41.4, 42.1,
40.5 (P < 0.05), 36.6 (P < 0.05) and 36.1 (P < 0.05), respectively
(Fig. 4A). Mean sexual function subscale scores before IGPT and 1, 6,
12, 36 and 60 months after IGPT were 28.1, 24.3, 26.4, 23.8 (P < 0.05),
16.3 (P < 0.05) and 15.0 (P < 0.05), respectively (Fig. 4B). Mean
bother subscale scores before IGPT and 1, 6, 12, 36 and 60 months
after IGPT were 86.9, 79.0, 76.7 (P < 0.05), 77.1 (P < 0.05), 82.1
and 83.3, respectively (Fig. 4C). Reductions to MIDs from baseline
sexual domain summary scores were observed in 18, 29, 26, 47 and
47%, respectively. At 60 months, mean sexual domain summary scores
almost decreased to the MID threshold.

Intermediate-risk group
PSA and testosterone both increased after IGPT and the termination
of CAB (Fig. 1B). A correlation was observed between serum
testosterone and PSA levels (Fig. 2B). The average EHS increased
after IGPT (Fig. 3). The mean EHSs before IGPT and 1, 6, 12,
36 and 60 months after IGPT were 1.0, 0.9, 1.3, 1.4 (P < 0.05),
1.3 (P < 0.05) and 1.1, respectively. Mean EPIC sexual domain
summary scores before IGPT and 1, 6, 12, 36 and 60 months after
IGPT were 29.4, 30.4 (P < 0.05), 34.4 (P < 0.05), 35.3 (P < 0.05),
34.3 (P < 0.05) and 34.0 (P < 0.05), respectively (Fig. 4A). Mean
EPIC sexual function subscale scores before PT and 1, 6, 12, 36 and
60 months after IGPT were 4.4, 6.7, 13.9 (P < 0.05), 14.8 (P < 0.05),
14.7 (P < 0.05) and 14.3 (P < 0.05), respectively (Fig. 4B). Mean
bother subscale scores before IGPT and 1, 6, 12, 36 and 60 months
after IGPT were 84.2, 82.8, 78.3 (P < 0.05), 80.1, 79.6 and 78.5
(P < 0.05), respectively (Fig. 4C). In intermediate-risk patients, the
sexual function subscale score increased and the bother subscale
decreased 6 months after the treatment. However, a slight increase
was observed in the EPIC sexual domain summary score when the
scores before and ≥6 months after IGPT were compared, possibly due
to testosterone recovery, although the increase did not meet the MID
threshold.

High- and very-high-risk groups
During adjuvant CAB after IGPT, testosterone levels were low
(Fig. 1C). Following the completion of CAB 18 months after IGPT,
serum testosterone levels began to increase at 24 months. Testosterone
levels also reached the normal range at 30 months, but were lower
than those in intermediate-risk patients. PSA increased as serum
testosterone levels became higher, and this time course was similar
to that in intermediate-risk patients. In the high- and very-high-risk
groups, a correlation was observed between serum testosterone levels
and PSA (Fig. 2C). The mean EHSs before IGPT and 1, 6, 12, 36 and
60 months after IGPT were 0.7, 0.4, 0.4 (P < 0.05), 0.3 (P < 0.05),
0.9 and 0.8, respectively (Fig. 3). Mean EPIC sexual domain summary
scores before IGPT and 1, 6, 12, 36 and 60 months after IGPT were
32.9, 30.3, 31.2, 30.2, 34.5 (P < 0.05) and 35.0 (P < 0.05), respectively
(Fig. 4A). Mean function subscale scores before PT and 1, 6, 12, 36 and
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Fig. 1. Average serum testosterone (solid line) and PSA levels
(dotted line) before and after image-guided proton therapy.
Serum testosterone levels gradually increased over time
without CAB, and PSA values decreased in low-risk patients
(A). In the intermediate- (B) and high- and very-high-risk (C)
groups, serum testosterone increased after the completion of
CAB therapy. PSA levels also increased as serum testosterone
levels became higher (C). Bars represent standard errors.

60 months after PT were 5.4, 2.5 (P < 0.05), 2.9, 1.8 (P < 0.05), 10.1
(P < 0.05) and 8.1 (P < 0.05), respectively (Fig. 4B). Mean bother
subscale scores before IGPT and 1, 6, 12, 36 and 60 months after
IGPT were 94.3, 89.5, 90.0, 89.1, 84.8 (P < 0.05) and 89.4, respectively
(Fig. 4C). In high- and very-high-risk patients, sexual domain summary
scores slightly increased at 60 months from 32.9 (before IGPT) to 35.1
(P <.05), possibly due to the completion of CAB. However, this did
not meet the MID threshold.

DISCUSSION
Testosterone is a hormone produced in the testicles and plays a key
role in reproduction and the maintenance of bone and muscle strength.
Lower testosterone levels in older men may contribute to decreases
in mobility, sexual function and energy [28]. A relationship has been
reported between testosterone and metabolic derangement. Testos-
terone deficiency causes late-onset hypogonadism and promotes obe-
sity, insulin resistance, metabolic syndrome and type 2 diabetes melli-
tus [29, 30]. Based on the present results and previous findings [15,
16], PT for prostate cancer is considered to be beneficial because it
does not decrease serum testosterone and does not appear to have an
impact on these metabolic diseases and symptoms. If the possibility of
metabolic syndrome is reduced and muscle strength is maintained, the
urinary and bowel QOL may also be maintained [31]. In addition, the
absence of a significant decline in sexual function may reduce mental
health problems and maintain a good relationship with a partner.

In the present study, testosterone levels were only obtained up to
36 months after IGPT because of changes to the national health insur-
ance system; therefore, more long-term data are needed. In addition,
a limitation associated with intermediate-, high- and very-high-risk
patients was the lack of data on testosterone levels before CAB. In the
low-risk patients, testosterone increased after IGPT; this might have
been due to the decrease in patient number during the follow-up period
and/or the differences in blood sampling times, since daily fluctuation
in testosterone levels has been reported [32]. The inability to deter-
mine the reason is another limitation of this study, and it should be
clarified in future studies. Based on low-risk group data, serum testos-
terone levels in intermediate-risk patients were considered to return to
normal levels ∼2 years after the end of CAB. In high-risk patients, an
increase in testosterone levels was observed 18 months after the end
of CAB, and its level was near the lower normal limit, suggesting the
impact of the long-term administration of CAB. Further studies are
needed to investigate whether testosterone recovers to normal levels
with further long-term data. In patients undergoing CAB, a correlation
was observed between testosterone and PSA levels, indicating that PSA
from normal prostate cells is influenced by testosterone.

Although serum testosterone did not decrease after IGPT without
CAB, the EHS, sexual summary scores and function subscale scores
decreased over time. Sexual domain summary scores decreased to the
MID ∼60 months after IGPT in low-risk patients. Male sexual function
is influenced not only by serum testosterone, but also by other factors,
such as age, race, complications and a reduced semen volume due
to atrophy of the prostate after irradiation. Sixty months after IGPT,
the effects of aging may be substantial. Pre-treatment sexual domain
summary scores were lower in Japanese patients than in those from
other countries [33–38]. This may be in part due to the older ages of
Japanese patients. In addition, Japanese individuals characteristically
feel embarrassed to openly discuss sexual topics and tend to express
them modestly. Sometimes they hesitate to talk about sexual function,
even to medical staff. Since Japanese patients do not have the habit
of using drugs for erectile dysfunction, sexual summary scores may
be lower than in Western countries. In patients who did not receive
androgen deprivation therapy (ADT), sexual domain summary scores
decreased, which is consistent with previous findings on SBRT, IMRT,
brachytherapy and PT [12, 33–38]. Although greater declines of
12–32 points were noted at 2–5 years in these studies than the decrease
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Fig. 2. Correlation between serum testosterone and PSA levels for all data obtained during the present study (A, low risk; B,
intermediate risk; C, high and very high risk). R = correlation coefficient, R2 = coefficient of determination, 95% CI = 95%
confidence interval. In intermediate- and high- and very-high-risk patients, a correlation was observed between serum
testosterone and PSA levels.

Fig. 3. Changes in the EHS after image-guided proton therapy
for each risk group (low risk, solid line; intermediate risk,
dotted line; high and very high risk, dashed line). In low-risk
patients, the EHS decreased over time. In intermediate-risk
patients, it increased once after image-guided proton therapy.
In high- and very-high-risk patients, the EHS was low while
receiving combined antigen blockade (CAB). The EHS
increased after the completion of CAB; however, at 60 months,
it did not recover to the level in patients without CAB. Bars
represent standard errors.

of 9.9 points at 36 months in the present study, it should be noted that
these studies were from Western countries and the difference may be in
part due to the low baseline levels of Japanese patients. As a limitation

of this study, we had no QOL data after other radiotherapy modalities,
so we were unable to directly compare the results of the present study
with those after other treatments. However, in a Japanese study on
QOL after IMRT without ADT, a decline in the EPIC sexual function
subscale tended to occur earlier and the score at 24 months was lower
than in our study [39]. Therefore, further comparative studies are
warranted in Japanese patients to clarify the advantages of PT.

A large number of studies have reported a decline in sexual function
due to surgery, and improvements are difficult even with robot-assisted
radical prostatectomy [40–42]. The sexual summary domain score
decreased by∼3- to 4-fold of the MID (i. e. 30–40 points) after surgery;
therefore, sexual function preservation after IGPT was considered to
be good. Recent PT studies also reported a similar reduction in sex-
ual summary scores to the present study [34, 37, 38]. Few studies
have investigated health-related QOL after radiation therapy for ADT-
free prostate cancer in Japan and, thus, further accurate assessments
are needed [39, 43]. In a Chinese study with a follow-up period of
24 months, the sexual domain scores were ∼21, and no significant
difference was noted before and after carbon-ion radiotherapy [44].
These results will be useful for comparisons among surgery, IMRT,
carbon-ion radiotherapy and PT.

Increased sexual domain summary scores did not reach the MID
threshold in intermediate- or high-risk patents. However, the EHS,
sexual domain summary and function subscale scores slightly increased
after the completion of CAB. This improvement in QOL occurred
due to increases in testosterone, suggesting that CAB influenced
QOL. The EHS, sexual domain summary and functional subscale
scores at 36 months were higher in intermediate-risk than in high-risk
patients. These results suggest that long-term CAB affected recovery
to the normal level. Sexual bother subscale scores were higher in the
intermediate- and high-risk groups than in previous American studies
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Fig. 4. Changes in domains in the EPIC after image-guided proton therapy for each risk group. The averages of (A) sexual domain
summary, (B) sexual function subscales and (C) sexual bother subscales of EPIC for 60 months after image-guided proton therapy
are shown. Low risk, straight line; intermediate risk, dotted line; high and very high risk, dashed line. Bars represent standard
errors.

that reported scores of 26 (age ≥69 years) and 34 (age <69 years)
with neoadjuvant ADT [45], and they did not markedly change
after the completion of CAB in the present study. Sexual bother
subscale scores were higher in the high-risk group than in the low-
and intermediate-risk groups. In addition, a temporary decrease was
observed in sexual bother subscale scores at 36 months. These results
support the hypothesis that the loss of sexual function due to CAB may
emancipate patients from sexual bother in contrast to the maintenance
of sexual activity without CAB in Japan. In the present study, only
the sexual function of the EPIC was evaluated; however, a hormonal
evaluation may be necessary for intermediate- and high-risk patients. In
future studies, we plan to investigate whether differences exist between
conventionally fractionated and hypofractionated IGPT.

In conclusion, IGPT alone did not decrease serum testosterone lev-
els. However, the EHS and sexual function scale scores declined. Sexual
domain summary scores decreased to the MID threshold 60 months
after IGPT. In patients treated with IGPT with CAB, PSA, testos-
terone, the EHS and sexual domain summary scores increased after
the completion of CAB. Since this study did not compare testosterone
levels and QOL with those after other treatment modalities, further
prospective studies to directly compare IGPT with other modalities are
warranted.
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