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Introduction
Prostate cancer is the most common malignancy in men. In 2014, 

there was an estimated 233,000 new cases of prostate cancer and 
29,480 deaths from prostate cancer in the U.S.[1]. Common definitive 
treatment options for prostate cancer include radical prostatectomy, 
External Beam Radiation Therapy (EBRT), and brachytherapy. For 
select patients with early stage, low grade cancer, active surveillance is 
also reasonable. In the last decade, significant technological advances 
have been accomplished in EBRT [2,3]. Intensity Modulated Radiation 
Therapy (IMRT) is now the most common form of EBRT used in the 
U.S. for prostate cancer, replacing 3-D conformal therapy (3-DRT). 
Doses of radiation delivered to the prostate gland are limited by the 
tolerance of bladder and rectum. Using 3-DRT, 70Gy was generally the 
highest dose administered to the prostate in routine practice. In recent 
years, advances in image guidance allow better localization of the 
prostate. The use of image guidance, together with IMRT, has allowed 
clinicians to use smaller margins decreasing the rectum and bladder 
within the high dose region. Doses greater than 75Gy are now routinely 
delivered with acceptable toxicity [4].

For EBRT treatment planning, Computed Tomography (CT) is 
generally used to define the prostate volume. However, CT cannot 
differentiate normal tissue from neoplasm within the gland. Multi-
Parametric Magnetic Resonance Imaging (MP-MRI) is a superior 
imaging modality to visualize the prostate itself and the malignancy 
within the gland. It is generally accepted that two functional sequences 
in addition to T2-weighted imaging should be included in a multi-
parametric prostate exam [5]. A combination of T2-weighted imaging 
(T2-WI), Diffusion Weighted Imaging (DWI), and Dynamic Contrast-
Enhanced (DCE) imaging can differentiate prostate cancer from 
normal prostate tissue [5-7].

Several randomized trials have demonstrated that dose escalation 
of EBRT leads to significantly improved Biochemical Control (BC) of 
prostate cancer with acceptable toxicity [8,-12]. If the neoplasm can be 
clearly identified on MRI, further dose escalation can be administered 

with a Simultaneous Intra-Prostatic Boost (SIB), while the entire 
prostate receives a relatively high dose. Co-registration of treatment 
planning CT with MP-MRI allows localization of the Intra-Prostatic 
Lesion (IPL) for a SIB. This strategy may improve the therapeutic 
ratio by increasing the dose delivered to the region containing 
the greatest concentration of cancer while limiting the dose to the 
surrounding normal tissue. The feasibility for MRI guided SIB has been 
demonstrated in a very limited number of studies [13,14]. This study 
assessed the feasibility and outcomes of treating prostate cancer with 
Intensity Modulated Radiotherapy (IMRT) incorporating a Magnetic 
Resonance Imaging (MRI) directed boost.

Materials and Methods
Previously, patients with localized prostate cancer were treated at 

Mayo Clinic Arizona, Department of Radiation Oncology with image 
guided IMRT delivering 75.6-77.4 Gy in daily 1.8 Gy fractions to the 
entire prostate. After 2/2009, MP-MRI scans were used to identify the 
IPL for treatment planning. The IPL was identified by a diagnostic 
radiologist specializing in genitourinary imaging. The IPL was targeted 
for a SIB of up to 83 Gy while the entire prostate gland received 77.4 
Gy. In 16 (21%) of the 78 patients, the MRI did not detect an IPL and an 
SIB of 81Gy was given to the posterior and central prostate. The present 
analysis reviews our experience with this technique in terms of disease 
control and toxicity. 

From 2/2009-2/2013, 78 patients with clinical stage T1-3, N0, 
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patients in the high-risk group were advised to receive 24-36 months of 
ADT. Not all patients consented to ADT. After radiotherapy, patients 
were evaluated at 3-12 month intervals with serum PSA measurement, 
physical examination, and toxicity assessments. Gastrointestinal (GI) 
and genitourinary (GU) side effects were graded using Common 
Terminology Criteria for Adverse Events (CTCAEv.4). Acute side 
effects were defined as those which occurred during and within 3 
months of radiotherapy. Thereafter, toxicity was considered chronic. 
Treatment outcomes were defined in terms of Biochemical Control 
(BC) with failure defined as a rise of PSA of 2.0 above the nadir, Overall 
Survival (OS), local control, and distant control rates. Local failure was 
defined as palpable or biopsy positive relapse within the prostate. The 
Kaplan-Meier method was used to estimate the disease control rates. 

Results
Table 1 summarizes patient characteristics. The median follow up 

was 36 months (range: 4-57 months). The median IPL volume was 
2.18cm3. The 3-year biochemical control rate for all patients was 92%. 
The 3-year biochemical control rates for low risk, intermediate risk and 
high risk diseases were 91%, 94%, and 89%, respectively (p=0.99). The 
3-year rates of local control, distant control and survival were 98%, 
95%, and 95%, respectively. Three patients died at the time of this 
analysis from causes other than prostate cancer. Toxicity was graded 
as maximum acute, chronic, and at last follow-up. The toxicity at last 
follow-up was included to examine the trend in toxicity over time. 
(Table 2) summarizes the toxicity data.

Sexual function was recorded as either sufficient for intercourse 
or not. Of the 19 patients who had erections sufficient for intercourse 
before treatment, 10 (52.6%) developed erectile dysfunction. Seven 
(70%) of these 10 patients received ADT. Thus, of the 12 patients with 
erections adequate for intercourse prior to therapy who received IMRT 
alone, only 3 (25%) developed erectile dysfunction.

Discussion
There have been many technical advances in the radiation therapy 

such as 3-D treatment planning and image guidance which have 

M0 prostate cancers were treated with this technique. The primary 
objectives of the study were to assess the feasibility of administering 
IMRT with an MRI-directed SIB and outcome in terms of toxicity, 
urinary function, disease control and survival. This study was approved 
by the Mayo Clinic IRB. Patient characteristics are found in (Table 1). 
The initial evaluation included physical examination and laboratory 
studies (PSA levels, CBC, and serum chemistry). Diagnostic pelvic 
CT and bone scans were performed at the discretion of the treating 
physician. 1.5Tesla (T) MP-MRI was performed for 77 patients while 
one patient had a 3-Tesla scan before CT simulation. T2-weighted, 
diffusion-weighted, and Dynamic Contrast-Enhanced (DCE) images 
were obtained to define the IPL. The areas within the prostate 
suggestive of malignancy were identified. Following the MRI, four 
fiducial markers were placed within the prostate. CT simulation was 
then performed and the images co-registered. The IPL when visible 
on MRI were designated within the planning system (Eclipse) on the 
corresponding images to design the SIB. 

The entire prostate gland received 77.4 Gy in 43 fractions, while 
the IPL received 83Gy as a SIB. In patients with MRI scans which 
didn’t detect an IPL, a boost of 81Gy was administered to the posterior 
and central prostate. Treatment was delivered with either 7-field (63 
patients) or 9-field IMRT (7 patients) or Volumetric Modulated Arc 
Therapy (VMAT(rotational IMRT)) (8 patients) using 6 or 18-MV 
X-rays. The prostate volume was expanded by 3mm to create the 
PTV with no expansion used for the SIB volume. Uninvolved seminal 
vesicles received 54 Gy and involved seminal vesicles received 75-
77.4 Gy. The prostate was localized prior to each treatment with KV 
matching of the fiducial markers. Normal tissue dose constraints were 
as follows: ≤ 30% of the rectum or bladder could receive ≥ 70 Gy; ≤ 10% 
of the rectum or bladder could receive ≥ 75 Gy; and ≤ 1.8 cm3 of the 
rectum or bladder could receive ≥ 81 Gy. The median IPL volume was 
2.18 cm3. The SIB dose was 81 Gy in the 16 (21%) patients with no MRI 
lesion detected and 83Gy in the 62 (79%) patients with lesions detected 
on MRI (Figure 1).

Androgen Deprivation Therapy (ADT) was administered at 
the discretion of the treating physician and was recommended for 
intermediate and high risk disease. Patients in the intermediate-risk 
group were advised to receive 6 months of ADT (leuprolide) and 

Total number of patients	 78
Age Median:76 (range:59-89)
T stage T1c 28 (36%)

T2a 20 (26%)
T2b 16 (21%)
T2c 13 (17%)
T3 1 (1%)

PSA(ng/ml)	 Median:6.7 (range:2.1-43)
Gleason score 6 26(33%)

7 39 (50%)
8 12 (15%)
3 1 (1%)

Perineural invasion No 56 (72%)
Yes 22(28%)

NCCN risk group       Low 18(23%)
Intermediate 43(55%)

High 17(22%)
ADT*	 No 46(59%)

Yes 32(41%)

*ADT=Androgen Deprivation Therapy (range 6-38mo(median=14mo)
Table 1: Patient Characteristics.

 

Figure 1: First 3 images are multi parametric axial MRI aquisitions (T2-weighted, 
diffusion-weighted (DWI), and dynamic contrast-enhanced (DCE) images). The 
malignancy is shown with an arrow. The forth image is the dosimetry from this 
example radiotherapy plan with various isodose lines shown including a boost 
of 83 Gy (yellow) around the tumor, 77Gy (lime green) around the prostate, 60 
Gy (light blue) and 40 Gy (dark blue).

Grade1 Grade2 Grade3
n (%) n (%) n (%)

Maximum acute GU toxicity	 26 (33) 41 (53) 0
Maximum chronic GU toxicity 10 (14) 19 (26) 2 (3%)
GU toxicity at last follow-up	 3 (4) 18 (23) 0
Maximum acute GI toxicity 40 (51) 15 (19) 0
Maximum chronic GI toxicity 7 (9) 3 (4) 0
GI toxicity at last follow-up 1 (1) 1 (1) 0

Table 2: Genito urinary (GU) and Gastrointestinal (GI) Toxicity.
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allowed the safe escalation of dose [4,2,3]. In addition, IMRT was 
developed due to progress in computer technology which included the 
development of dynamic multileaf collimators and inverse treatment 
planning algorithms. Prostate cancer treatment is one of the most 
common applications for IMRT, achieving improved sparing of the 
bladder and rectum compared to conventional 3-D conformal RT 
[15,16]. Clinically, reductions in acute and chronic rectal and bladder 
toxicity have been observed using IMRT [17].

Both prospective randomized [18] and non-randomized trials 
[19] have demonstrated improvements in biochemical control with 
higher doses. A meta-analysis including 2,812 patients participating 
in 7 randomized controlled trials concluded that increasing the 
radiotherapy dose reduces the risk of biochemical failure by 
approximately 1.8% for each 1-Gy increase in dose delivered to the 
prostate. They also concluded that doses greater than 80 Gy would be 
expected to improve BC in all risk groups [20]. Cellini et al. reported 
that local failure after radiotherapy for prostate cancer generally occurs 
at the site of the original tumor [21]. These findings have prompted 
greater interest in the use of other imaging modalities to identify disease 
within the prostate gland for further dose intensification to potentially 
improve the therapeutic ratio. MRI is better than CT for identifying 
disease within the prostate gland. Anderson et al. reported on the use 
of multi parametric MRI (mp-MRI) for prostate cancer [22]. The mp-
MRI identified lesions in 84% (48/57) of the patients. Similarly, an IPL 
was detected in 79% of patients in the present study. 

Several investigators have focused on boosting the dominant 
lesion [2]. Pickett et al., Van Lin et al., and Riches et al. demonstrated 
the feasibility of delivering a SIB to an IPL defined with Magnetic 
Resonance Spectroscopy Imaging (MRSI), while treating the entire 
prostate gland to acceptable doses [13,14,23]. This study included 
these concepts with the hypothesis that increased radiation dose to 
the dominant tumor site with a concomitant high dose to the entire 
prostate would achieve favorable disease control without increased 
toxicity. It was believed that delivering an 81 Gy to 83 Gy SIB to the 
IPL, while treating the entire prostate gland to 77.4 Gy would create a 

meaningful dose escalation without increasing the dose to the rectum 
or bladder beyond acceptable limits. This concept was consistent with 
the previously mentioned meta-analysis finding that doses greater than 
80 Gy would be expected to improve BC in all risk groups [20]. The goal 
of the present study was to determine the feasibility and outcome of 
delivering a SIB to an IPL, defined by MRI, using image guided IMRT 
for prostate cancer.

To our knowledge, there are only 6 studies evaluating the delivery 
of a SIB to an IPL defined by MRI/MRSI with EBRT. These studies 
are compared to the present study in (Table 3). Fonteyne et al. [24] 
reported on 230 patients treated with IMRT. The prostate plus a 4mm 
margin received 78 Gy in 39 fractions. In 118 patients, the IPL plus an 
8mm margin received 81-82Gy. The IPL was defined by 1.5T MRI with 
endorectal coil with T1-weighted imaging and T2-WI, or using MRI 
plus MRSI. Transabdominal-ultrasound was used for image guidance. 
No long term outcome data was reported. Toxicities were scored using 
the Radiation Therapy Oncology Group (RTOG) toxicity scale. They 
concluded that the acute toxicity was low and acceptable (Table 3). 
There were no significant differences between the groups who did or 
didn’t receive boosts. 

Ippolito et al. [25] reported a prospective study of 40 patients 
treated with IMRT. The prostate and seminal vesicles plus 1cm were 
treated to 72 Gy in 40 fractions. The IPL plus 5 mm were treated to 
80Gy. A 1.5T MRI with endorectal coil was used to define the IPL. The 
MRI was confirmed with biopsy. All patients received adjuvant ADT 
and patient position was verified with daily port films. Toxicity was 
evaluated using RTOG scales. The 2-year actuarial incidence of ≥ grade 
2 GI toxicity was 9.5% and GU toxicity was 13.3%. Short follow up 
precluded reporting other outcome measures. 

Miralbell et al. [26] conducted a prospective study of 50 patients 
treated with IMRT. The IPL was defined using MRI and endorectal 
coil using T2-WI and DCE sequences. The IPL was confirmed by 
biopsy. The prostate plus seminal vesicles received 64-64.4 Gy in 
32 fractions. Two hypofractionated boosts of 5 Gy, 6 Gy, 7 Gy or 8 
Gy were delivered stereotactically to the IPL+3 mm. The boost was 

 Fonteyne
[11]

Ippolito
[13]

Miralbell
[15]

Aluwini
[2]

De MeerLeer 
[7]

Present 
Series

No.Pts 230 40 50 50 15 78
Median F/U 9mo 19mo 63mo 23mo NS 36mo
Prostate Dose 
(Boost Dose) 

78 
(81-82)

72
(80)

64+2x either  
5,6,7,or8

38
(40.3-53.8)

78 
(80)

77.4 
(81-83)

Acute GU
Toxicity(%)
Grade 2
Grade 3
Grade 4

%
41                 
 7                
 0 

%
30                
2.5
0

%
46
4
0

%
15
8

NS

%
40
6.7
NS

%
53
0
0

Chronic GU 
Toxicity(%)
Grade 2
Grade 3
Grade 4

%
NS
NS
NS

%
5                        

NS             
2.5

%
12
0
0

%
10
6

NS

%
NS
NS
NS

%
26
3
0

Acute GI  Toxicity(%)
Grade 2
Grade 3
Grade 4

%
11               
 0                   
 0

%
15                  
5                      
0

%
8
0
0

%
12
2

NS

%
20
0

NS

%
19
0
0

Chronic GI  
Toxicity(%)  Grade 2
Grade 3
Grade 4

%
NS
NS
NS

%                     
2.5              
2.5                   
0

%
10
10
0

%
3
0

NS

%
NS
NS
NS

%
4
0
0

EBRT=external beam radiation therapy, NS=Not stated, Doses(Gy), mo=months
Table 3: Doses and Toxicity from Studies incorporating an MRI directed EBRT boost.
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delivered in a horseshoe shaped pattern that encompassed the majority 
of the prostate and spared the urethra. Toxicities were graded based on 
RTOG scoring. Skin markers were used for treatment guidance and 
rectal balloons were used. Two-thirds of their patients receive ADT. 
Two patients developed Grade 3 acute urinary toxicity. The 5-year 
probabilities of Grade 2 or greater late GU and GI toxicity were 18% 
and 28%, respectively. The 5-year biochemical disease-free survival 
(b-DFS) and disease-specific survival were favorable at 98% and 100%, 
respectively.

De Meerleer et al. [27] reported a retrospective study of 15 patients. 
IPL was defined by 1.5T MRI with T2-WI sequences and confirmed by 
biopsy. The prostate plus 7-10mm were treated to 74Gy and there was 
no margin around the 80Gy boost. The RTOG toxicity scale was used to 
grade toxicity. Image guidance was accomplished with transabdominal 
ultrasound. Of the 15 patients, one (7%) patient developed grade 3 GU 
toxicity. Grade 2 GI and GU toxicity was observed in four (27%) and 
six (40%) patients, respectively. 

Scarbrough et al. [28] demonstrated that image guidance with 
internal fiducial markers and daily kV imaging was more accurate than 
transabdominal ultrasound for localizing the prostate. The present 
study is one of only three studies to use gold seeds for image guidance 
while delivering an SIB with EBRT to an MRI defined IPL. One of these 
studies was performed by Singh et al. [29], and included 3 patients. 
The investigators reported early results of a SIB to 94.5 Gy to an MRI 
defined IPL while treating the entire prostate to 75.6 Gy/42 fractions. 
Two patients developed grade 2 acute GU toxicities and one patient 
developed acute grade 1 GI toxicity. However, their cohort was too small 
for a clear estimate of toxicity or control rates. The other study using 
this approach was conducted by Aluwini et al. [30]. These investigators 
prospectively treated 50 patients with low- or intermediate-risk 
prostate cancer with Stereotactic Body Radiation Therapy (SBRT). The 
entire prostate plus 3 mm received four daily fractions of 9.5Gy for 
a total of 38Gy with a SIB of 11Gy per fraction delivered to the IPL. 
T1 and T2-weighted sequences on a 1.5T MRI without an endorectal 
coil were used to define the IPL. Gold fiducial seeds were implanted 1 
week prior to CT and MRI and used for image guidance. They reported 
relatively low toxicity but follow up was too short to determine disease 
control rates. Toxicity for studies that delivered an SIB with EBRT to an 
IPL defined by MRI is shown in (Table 3).

Our results demonstrate similar toxicity as other prostate IMRT 
studies. Zelefsky et al. [3] reported 9% grade 2 and 3% grade 3 GU 
toxicity and 1.6% grade 2 and 0.1% grade 3 GI toxicity. The prostate was 
treated to 81Gy, while in the present study only the IPL or posterior/
central regions received 81-83Gy. 

The present series reported acute and chronic grade 2 GU toxicities 
that are slightly higher than other studies employing SIB to MRI defined 
IPLs (Table 3). Patients in the present study with any GU discomfort 
were given ibuprofen or alpha-1blockers. In the present study the use 
of any medication to treat GU symptoms was considered as grade 2 GU 
toxicity. This probably accounts for the higher grade 2 GU toxicity. The 
GI toxicity levels are similar to the other studies. The use of various 
toxicity scales by investigators accounts for many of the differences in 
toxicity reported in these studies. 

This trial found that it was possible to increase the dose administered 
to the prostate cancer without exceeding the tolerance of the normal 
tissues. Additionally, the severity of side effects decreased over time. 
Although 2 patients developed urethral strictures and were graded as 
having chronic grade 3 GU toxicity, both had urethral dilation with 
improvement of their symptoms. One patient had a decrease in toxicity 

to grade 0 after urethral dilation and the other had a decrease in toxicity 
to grade 2. No patients had grade 3 or higher GU toxicity at their final 
follow-up. 

Studies implementing various imaging and treatment modalities 
to boost IPL have been reported [31]. Wong et al. [2] reported a 
prospective trial including 71 patients treated with IMRT. The IPL was 
defined on Indium-111-Capromab Pendetide(ProstaScint) imaging. 
The prostate and seminal vesicles(when involved) received 75.6Gy in 42 
fractions of IMRT and the IPL received 82Gy as a SIB. Transabdominal 
ultrasound was used for image guidance. Seventeen (24%) of patients 
received ADT. The 5-year BC rates were 94% for the entire cohort 
and 97%, 93%, and 90% for low-, intermediate-, and high-risk groups, 
respectively. A modified RTOG scale was used to grade toxicity. Severe 
acute grade 3 and 4 GU toxicity occurred in 1% and 0% of patients, 
respectively. Severe late grade 3 and 4 GU toxicity occurred in 4% and 
1% of patients. There were no grade 3 or 4 GI toxicities. Ellis et al. [32] 
used ProstaScint imaging to guide brachytherapy dose escalation to the 
region containing the IPL. Pinkawa et al. [33] used 18F-Fluorocholine 
Positron Emission Tomography to define an IPL and delivered an SIB 
with IMRT. Schick et al. [34] used MRI to guide dose escalation via 
brachytherapy. Dibiase et al. [35] and Zelefsky et al. [36] used MRSI to 
guide dose escalation via brachytherapy. 

 
This study reports 3-year rates of biochemical control, local 
control, distant control, and survival. Limitations include the use of 
retrospective methodology and relatively short median follow-up 
time (36 months). Additionally, MR protocols evolved during this 
time frame due to hardware and software upgrades, specifically with 
improvements in DWI and DCE. Additionally, 21% of our patients 
had no IPL detected on MRI and received a boost to the posterior and 
central prostate. Our study includes acute and chronic toxicities as well 
as clinical outcomes for comparative purposes. In the future, 3T MRI 
will be used to improve targeting when designing the SIB.

This study demonstrated the feasibility of using MRI to define 
an intra-prostatic lesion for SIB to 81- 83Gy while treating the entire 
prostate gland to 77.4Gy. The present study is one of only three studies 
to use gold seed fiducial markers for image guidance while delivering 
a MRI directed boost. The treatment employed resulted in low GI and 
GU toxicities. The three year biochemical control was favorable at 92%. 
MRI directed SIB deserves further study to potentially improve the 
treatment of prostate cancer. It allowed the increase of dose delivered 
to the region of highest cancer cell concentration while sparing the 
normal surrounding dose limiting organs from receiving excessive 
radiation. The initial results appeared promising but longer follow up 
and more investigation is needed to improve treatment further. 
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