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ABSTRACT

An important modality for the treatment of prostate cancer is teletherapy. The use of image-guided radiotherapy
(IGRT) is a valuable tool in this treatment. This study retrospectively compared how repositioning the patient
based on bone structure (B-ISO) and the prostate itself (P-ISO) affected the volumetric dose in the rectum,
bladder, and clinical target volume (CTV). Additionally, the normal tissue complication probability (NTCP) for
the rectum was computed. We evaluated 155 cone-beam computed tomography (CBCT) from 8 patients. The
treatment plans used beam modulation techniques. The planning target volume (PTV) margin adopted in both
scenarios was 1 cm. The organs of interest were outlined over each CBCT and then treatment plans were applied
so that the absorbed dose could be computed. NTCP values were calculated for the rectum. Analyzing dose-
volume metrics published by the Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC),
there was no significant difference between the two repositioning strategies for the rectum and bladder. There
was a slight degradation in CTV coverage for the B-ISO strategy, but still with adequate coverage. Analysis of
the uniform equivalent dose (EUD) and NTCP for the rectum showed little sensitivity to the strategy used. The
present study showed that the use of CBCT in radiotherapy for prostate cancer treatment did not significantly
improve volumetric doses for the rectum, bladder, and CTV, as well as NTCP for the rectum.
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1. INTRODUCTION

Prostate cancer is estimated to be the most common in men in Brazil, excluding non-melanoma
skin cancer [1]. Teletherapy is an important treatment modality for localized prostate cancer. The
radiotherapy technique for prostate irradiation has changed significantly over the years [2]. The use
of beam intensity-modulated radiotherapy (IMRT), a technique capable of distributing high doses of
radiation to the target volume with a highly conformal dose distribution, allowed the scaling of the
prescribed prostate dose [3]. Many researchers [5, 6] have shown that IMRT reduces treatment side
effects and improves survival rates when compared to the 3D conformal radiotherapy technique
(3DCRT). However, additional caution is required when distributing high doses of radiation to the
prostate, as it may vary its position and shape during both intrafraction and interfraction treatment
[6].

The use of image-guided radiotherapy (IGRT) allows positional adjustments for geometric
deviations. IGRT represents an advanced tool that can contribute to the success of radiotherapy [7].
Cone-Beam Computed Tomography (CBCT) is an in-room CT imaging modality that allows the
prostate gland to be identified. It also allows evaluating anatomical variations of other structures
such as rectum and bladder. Different IGRT modalities and image frequency require different PTV
margins [8].

At our institution, the imaging protocol for the conventional size fraction (2 Gy per day) is a
pair of kilovolt planar images in the first three days and, from the second week, weekly images.
This study retrospectively compared how bone-based positional adjustment (B-ISO) and prostate-
based adjustment (P-ISO) affected volumetric dose to the prostate, rectum, and bladder. The

probabilities of toxicity to the rectum were also compared.
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2. MATERIALS AND METHODS
2.1. Patients

A total of 8 patients with confirmed prostate adenocarcinoma were studied retrospectively. The
patients underwent external RT for localized prostate treatment without pelvic lymph node

involvement.

2.2. Simulation and treatment planning

A Brilliance Big Bore CT scanner (Philips Healthcare, Bothell, WA) was used to acquire the
simulation images. All scans were performed with the patient in the supine position, head to the
gantry, pillow under the head, using knee support, and arms positioned over the chest, holding a
ring. 2 mm slices were used. Laser markings projected onto the patient’s skin were identified with
radiopaque markers on tomographic images. These were used as the origin in the planning TC.

In all cases, patients were instructed to keep the rectum empty and the bladder full for both the
acquisition of planning CT and for each of the treatment fractions. Patients were also instructed to

follow a diet to prevent or reduce diarrhea during treatment.

Using the Eclipse v.13.6 planning system (Varian Medical Systems, Palo Alto, CA), the
volumes of interest were contoured and treatment plans and dose distribution calculations were
performed. CTV, rectum, and bladder volumes were delineated according to the guideline RTOG
[9]. The PTV margin was 10 mm, isotropic. All patients were irradiated with a dose of 74 Gy,
distributed in 37 fractions of 2 Gy per fraction. Treatment plans used beam energy of 6 MV (5
patients) and 10 MV (3 patients). 7 cases were planned with IMRT, and 1 with VMAT. IMRT plans

used 5 or 7 radiation beams.

Accepted treatment plans in all cases had CTV covered by 100% of the prescribed dose. The
acceptance criteria were the dose-volume metrics published by QUANTEC [10]. The accepted
criteria for rectum are V75Gy <15%, V70Gy <20%, V65Gy <25%, V60Gy <35%, V50Gy <50%. If
these metrics are not violated, the probability of late rectal toxicity grade > 2 is less than 15%. For

the bladder, the accepted metrics are V80Gy <15%, V75Gy <25%, V70Gy <35%, V65Gy <50%.
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2.3. CBCT and estimated volumetric doses

Treatments were performed on a Trilogy linear accelerator (Varian Medical Systems, Palo Alto,
CA). The patients were initially positioned by aligning the lasers at the reference markings made on
the skin. CBCT was then acquired. Images were taken using the pelvis mode, 125 kV, 80 mAs, 13
ms, and full scan with half-fan bowtie filter. The planning CT images and the daily CBCT were
rigidly registered manually using translation only for the B-ISO and P-ISO strategies. All contours
were made using the anatomy of the day. The organs analyzed here, CTV, rectum, and bladder,
were contoured over each CBCT image. The rectum and bladder volumes were analyzed and
compared with those of the planning CT. A total of 155 CBCTs were performed (an average of
approximately 19 for each patient).

In the B-ISO strategy, a pair of anterior and lateral planar images were compared with
digitally reconstructed radiography (DRR) images. Using bone match, the necessary correction was
introduced and the isocenter was defined. In the P-ISO strategy, the prostate was used for

registration between the planning TC and the CBCT.

For each CBCT, using the isocenters defined by the B-ISO and P-ISO repositioning
strategies, the original plan was used to calculate the dose distribution, considering the anatomy of
the day. The values of monitor units (MU), beam weight, and gantry angle were kept the same as
those used for the planning CT. For each patient and each repositioning strategy, daily doses in the
volumes of interest were calculated. Additionally, daily and cumulative dose-volume histograms
(DVH) were calculated for each patient and both scenarios. DVH data were exported to a
spreadsheet, where dose and volume information was extracted for analysis and comparison with

planning CT.

2.4. Estimation of Normal Tissue Complication Probability (NTCP)

The dose-response model used to calculate the probability of occurrence of given toxicity
was the Lyman-Kutcher-Burman (LKB) model described in detail by Lyman et. al. [11]. The
equation that describes the model is as follows:

ey

NTCP = @ (@)
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where EUD is the uniform equivalent dose, which represents the dose which, if evenly distributed
throughout the organ volume, would produce the same effect as a given heterogeneous dose

distribution as specified by DVH. The EUD is calculated by the equation [12]:

EUDz{Ei D%EL] (2)

L Viot

The function that describes the calculation of NTCP is described by:
P£(x) = ‘%f_xm exp (_zi)dt = % [1 +erf (j_i)] 3),
with x = (D — Dso(V)) / (mDso(V)), D is the dose for the volume fraction V, Dso(V)=D50V™".

Lyman's model has four parameters: V, n, m, and D50. V' is the volume fraction with a dose D; n
determine tissue volume dependence on tissue and takes into account differences in tissue
architecture; m is the parameter that controls the slope of the dose-response curve, and Dso is the
dose point whose probability of complication is 50%. The endpoint analyzed was rectal bleeding
(G2). The parameters used were those published by Gulliford et al. [13], m = 0.16, n = 0.18, and
Dso=68.9 Gy.

2.5. Statistical analysis of data

To analyze the statistical significance of comparisons between the samples of the two groups
studied, the two-tailed paired Wilcoxon test was used. This is a nonparametric analysis method

using rank. This test is indicated when the distribution of a variable is not normal [14].

3. RESULTS

3.1. Characteristics of the studied strategies

Table 1 summarizes the characteristics of the B-ISO and P-ISO strategies, showing the main

similarities and differences.



Fortes et al. ® Braz. J. Rad. Sci. @ 2020 6

Table 1: Summary of the characteristics of B-ISO and P-ISO strategies.

Adopted Strategy
B-ISO P-ISO
Patients (n) 8 8
PTV margin 1 cm, isotropically 1 cm, isotropically
Patient prepare Fill the bladder and keep Fill the bladder and keep
the rectum empty. the rectum empty.
Prescribed dose 74 Gy 74 Gy
Technique IMRT/RA IMRT/RA
.O rthogonal planar images CBCT in various fractions
Image protocol in the first 3 days and then . . .
1 x / week. with online correction.

3.2. Cumulative dose on CTV

Figure 1 shows the planned CTV DVHs as well as the cumulative dose resulting from the B-
ISO and P-ISO repositioning strategies. The planning margin used in all cases was 1 cm, isotropic.
The curves presented refer to the case where the largest difference in the volume of CTV covered
by the prescription dose was found considering the two strategies studied. The V100% was 100%
for the planned DVH, 98.7% for the P-ISO strategy, and 94.4% for B-ISO. The volume of CTV
encompassed by 95% of the prescribed dose was 100%, 99.6%, and 97.2% for planned, P-ISO, and
B-ISO, respectively.
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Figure 1: Dose-volume histogram of planned CTV (gray) and accumulated dose using B-1SO (red)
and P-1SO (green) repositioning strategies. The planning margin adopted was 1 cm, isotropic. The

inferior graph is a zoom of superior graph.
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3.3. CTV, rectum, and bladder dosimetric data

Table 2 shows summarize CTV, rectum, and bladder dosimetric information, considering the B-
ISO and P-ISO strategies. The dose-volume metrics V75, V70, V65, V60, and V50 for the rectum
are presented. These metrics represent the percentage volume of the rectum receiving 75, 70, 65, 60,
and 50 Gy. In parentheses is expressed the standard deviation of the mean. Similarly, for the
bladder, the metrics V75, V70, and V50 were analyzed. For both organs at risk (OAR), for all
metrics analyzed, no significant difference was observed between the B-ISO and P-ISO strategies.

Table 2 also shows the percentage volume of CTV covered by 100% and 95% of the prescribed
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dose (V100% and V95%). A decrease in the volume of CTV irradiated by the prescription dose for the
B-ISO strategy was observed when compared to P-ISO (97.6% for B-ISO and 98.8% for P-ISO, p =
0.028). Similar behavior was observed for V95% (99.2% and 99.8%, p = 0.027). The dose
encompassing 99% of the target volume (D99) was also systematically lower for the B-ISO strategy
(70.9 Gy B-ISO and 74.1 Gy P-ISO, p = 0.021). CTV coverage in the B-ISO strategy was
negatively affected with statistical significance for the three metrics analyzed. However, it still
maintained dosimetrically adequate requirements for CTV.

Table 2: Volume dose metrics for the rectum (V75, V70, V65, V60, and V50), bladder (V75, V70,
V65), and CTV (V100%), considering the B-ISO and P-ISO strategies.

B-ISO P-ISO p

Rectum

V75 (%) 13,2 (8,7) 12,2 (7,3) 0,742
V70 (%) 26,0 (12,8) 24,0 (10,3) 0,547
V65 (%) 32,0 (14,7) 30,0 (12,6) 0,641
V60 (%) 36,9 (15,9) 35,1 (14,6) 0,640
V50 (%) 46,1 (17,3) 45,3 (18,9) 0,945
Bladder

V75 (%) 15,1 (10,2) 16,7 (6,0) 0,641
V70 (%) 20,4 (10,8) 23,6 (5,4) 0,250
V65 (%) 23,8 (11,3) 26,3 (4,8) 0,262

CTvV

V100 (%) 97,6 (1,8) 98,8 (1,5) 0,028
V95 (%) 99,2 (0,9) 99,8 (0,26) 0,027
D99 (Gy) 70,9 (4,4) 74,1 (0,9) 0,021

Figure 2 shows for each patient studied, graphically, the values of the equivalent uniform dose
(EUD) and NTCP for the rectum as a function of the adopted repositioning strategy. As observed in
the analysis of dose-volume metrics (Table 1), except for patient 8, the trend observed for both
EUD (60.9 Gy for B-ISO group and 59.0 Gy for P-ISO) and NTCP (24.3% for B-ISO and 21.4%
for P-ISO) showed little sensitivity in relation to the adopted strategy, showing no significant
difference between both strategies (p = 0.148 for EUD and p = 0.313 for NTCP). ). For all patients,
the metrics evaluated in Figure 2 were computed based on the DVHs resulting from the
accumulated rectum dose. EUD and NTCP bladder analyses were not included because in all

patients the probability of complications tended to zero.
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Figure 2: NTCP (upper) and EUD (lower) for the rectum, depending on the strategy adopted (B-

1ISO or P-1SO).
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4. DISCUSSION

Before distributing the prescribed dose in a fraction of radiotherapy treatment it is important to
ensure proper setup. Setup errors can cause relevant deviations in dose delivered to target and
organs at risk. In prostate cancer treatments, the target may shift relative to pelvic bone references.
This may render positioning based on bone parameters inadequate [15]. The use of CBCT provides

a three-dimensional reconstruction with better soft tissue contrast than seen in planar images [16].

Many studies report dosimetric superiority in prostate CBCT based IGRT over bone markers
based IGRT [15, 17, 18]. Results of this study showed no dosimetric difference for rectum and
bladder when CBCT was used. The rectum volumes receiving doses of 75, 70, 65, 60 and 50 Gy,
shown in table 2, were systematically smaller for the P-ISO group. For the bladder, volumes
receiving 75, 70, and 65 Gy were higher when CBCT was used compared to B-ISO. But without
statistical significance in both cases. Degradation of dose distributed at CTV was observed for the

group in which the B-ISO strategy was used for the V100%, V95%, and D99% metrics. The latter



Fortes et al. ® Braz. J. Rad. Sci. @ 2020 10

had the most pronounced effect (p = 0.021). Zucca et al. used MV-CBCT to analyze 13 patients
undergoing prostate radiotherapy and concluded that soft tissue-based positioning is more
appropriate than bone references for verifying and correcting setup errors immediately before
treatment [18]. Nakamura et al. retrospectively analyzed 96 patients, observed a significantly lower
incidence of gastrointestinal toxicity in the prostate-based group compared to the bone-based group
without sacrificing tumor control [3]. They used a 1-3 mm lower PTV margin for the group in
which CBCT was used. In a study involving two institutions, Chung and colleagues analyzed 25
patients treated with IMRT [17]. 10 patients were treated without IGRT, with 1 cm PTV margins,
0.5 cm posterior, and 15 patients treated with IGRT (CBCT) and implanted fiducials, with 2-3 mm
PTV margin. IGRT significantly reduced rectal and bladder doses, with no significant difference in

target volume coverage.

On the other hand, Zhong et al. retrospectively compared 65 patients treated with IMRT and
IGRT with a group of 62 patients treated with IMRT [2]. The adopted PTV margins were equal.
Similar to the results of the present study, they reported a lower rectal volume receiving doses of at
least 40 Gy and 70 Gy in the IGRT-treated group, but without statistical significance. There was no
significant better biochemical control in 5 years for either group. In a retrospective study of 30
patients and 270 CBCTs, Hirose and colleagues concluded that among six correction strategies
analyzed, only the simple use of tattooing (non-correction) was significantly worse [19]. They
reported that the use of bone correction still ensures the planned dose distribution in prostate cancer
IMRT. The study evaluated two scenarios: 8 mm PTV margin, 5 mm posteriorly, and 5 mm
isotropically margin. Variations in dose-volume metrics showed a consistent trend for both
scenarios. Recently, in a phase 3 randomized controlled trial, Tondel et al. used questionnaires for
endpoint evaluation and compared a group treated with weekly orthogonal images (n = 129) with a
PTV margin of 15 mm and one group with daily CBCT (n = 128), with a PTV margin of 7 mm
[20]. They concluded that daily CBCT with reduced margins showed no advantage over side effects
reported by patients at the end of treatment.

Many studies have shown a lower incidence of risk organ toxicity, or probability of occurrence
(NTCP), when using CBCT for patient repositioning. However, many of them used lower PTV

margins when compared to the bone setup correction scenario [3, 17, 18]. Some researchers who
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compared bone and prostate-based repositioning strategies using the same PTV margin did not see
significant superiority in either strategy [2, 19]. Even with reduced PTV margins, Tondel and
colleagues did not observe superiority in the daily CBCT group [20]. Additionally, the present
study, using the same PTV margin (1 cm) in both scenarios, did not prove the superiority of one
strategy over another. Even observing a slight degradation in CTV coverage, in both scenarios, the
dose distribution in this volume can be considered dosimetrically adequate, as discussed by Mzenda
et al. in their review [21]. Even for the B-ISO strategy, 99% of the CTV was covered by 70.9 Gy (>
95% of the prescribed dose) and the volume receiving 95% of the dose averaged 99.2%.

The results of the present study can be considered surprising. Estimating adequate PTV margin
is a challenge in radiotherapy. Especially in the treatment of the prostate, inter and intra-fractional
movements may cause adverse effects [22]. Dosimetric advantages over OARs using IGRT are only

enhanced if PTV margins are reduced [2].

Some studies have shown clinical superiority of IGRT use in prostate RT in terms of tumor
toxicity and control [7, 23]. In addition to the adopted PTV margins, other factors may contribute to
CBCT not being superior to the bone-based strategy. The frequency of images is related to the
benefit of IGRT. Kupelian et al. showed that, among eight imaging protocols, the use of daily
imaging was what enabled the greatest reduction in PTV margins [24]. The residual error may be
substantial in the treatment fractions without IGRT in a daily imaging scheme. However, a higher
frequency impacts the increase in the dose absorbed by the patient [25] and increased costs and
resources needed [26]. Additionally, Zelefsky et al. showed a greater benefit in tumor control when
the prescribed dose was scaled for low risk (> 75.6 Gy) and high risk (> 81 Gy) patients [27].
Therefore, a potential benefit of IGRT over tumor control can be minimized if prescribed doses are

not scalated.

This study retrospectively analyzed 155 CBCTs from 8 patients (mean approximately 19
CBCTs per patient) undergoing radiotherapy to treat localized prostate cancer at a dose of 74 Gy in
37 sessions. The doses distributed in CTV, rectum, and bladder resulting from the correction of
bone parameter setup errors (B-ISO) and the prostate gland (P-ISO) were compared. Dosimetric

variations in the studied organs were not sensitive to the strategy used. A 1 cm PTV margin
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circumferentially was used in both groups. Limiting factors of this study may be considered (a) the
number of patients studied. Volumetric doses in the rectum were systematically lower when P-ISO
was adopted. Perhaps a larger n could produce a statistically significant difference in one or more
metrics analyzed. (b) The rigid registration method between the planning CT and CBCT was used.
Song et. al. reported that the use of deformable fusion has only a moderate influence on the RT
dosimetry of prostate cancer [28]. (c) Intrafraction variations were not considered in this study.
Many studies have focused on investigating the intrafraction movement of the prostate [29, 30]. (d)
CBCT use was not daily. This study had the merit of performing CBCT in many treatment fractions
(mean of 19 per patient), while some studies used lower frequencies of imaging [31, 32]. The higher
the frequency of IGRT, the fewer assumptions are required, as the more accurate estimate of the

distributed dose is.

The reduction of residual error after adopting a setup error correction strategy has been
investigated in radiotherapy [19]. This is particularly challenging in the case of prostate cancer
treatment, as it can move inter and intrafraction, and suffer interfraction deformations [8]. Several
strategies have been investigated as fiducial marker implants [15], real-time location transponder
implants [33], mechanical limitation of prostate movement through the use of rectal balloon [34],
transabdominal ultrasound before each fraction [35], real-time transperineal ultrasound [36], MV-
CBCT [18] or KV-CBCT [37]. Prostate movements and anatomical variations may occur from
patient to patient, and even in an individual patient [8]. Strategies to reduce margins on prostate

moving targets should be considered as work in progress.

5. CONCLUSION

By analyzing 155 CBCTs from 8 radiotherapy treated prostate cancer patients using an isotropic
1 cm PTV margin, our study observed rectal volumes receiving slightly lower specific doses when
CBCT was used. Opposite behavior was observed for the bladder. Slight degradation of the dose
distributed at CTV was observed for group B-ISO, but meeting dosimetric requirements for CTV.
For PTV margins of this magnitude, prostate-based repositioning did not significantly improve

rectal, bladder, and CTV dose when compared to the bone-based repositioning strategy.
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