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Superiority of a soft tissue-based setup using
cone-beam computed tomography over a
bony structure-based setup in
intensity-modulated radiotherapy for prostate
cancer
Abstract:

Purpose: To test the superiority of a soft

tissue -based setup using cone -beam co mputed tomography
(CBCT) to a bony structure-based setup using the ExacTrac
system in intensity-mo dulated radiotherapy

(IMRT) for

prostate cancer. Methods: We studied 20 patients with
localized prostate cancer

who received IMRT between

November 2010 and February 2012. After the initial setup,
the pelvic bony structure -based setup and ExacTrac system
were applied . After that, CBCT and a soft tissue-b ased setup
were

used .

A

shift

in

the

isocenter

between

the

ExacTrac-based and CBCT-based setup was recorded in the
anterior-posterior (AP), superior-inferior (SI), and left -right
(LR) axes. The shift was considered an inter-fractional
prostate shift . Post-treatment CBCT was also taken once a
week to measure the intra-fractional prostate shift, based on
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the

coordinates

of

the

isocenter

between

pr e-

and

post-treatment CBCT. The planning target volume (PTV)
margins were deter mined using van Herk’s method. We
measured the elapsed time required for soft tissue matching
and the entire treatment time using CBCT. Results: The
means

±

standard

deviation

( SD)

of

the

inter-

and

intra-fractional shifts were 0.9 ± 2.8 mm and −0.3 ± 1.4 mm
in the AP, 0.9 ± 2.2 mm and −0.1 ± 1.2 mm in the SI, and 0.1
± 0.7 mm and −0.1 ± 0.7 mm in the LR. The PTV margins in
the cases of bony structure -based and soft tissue -based
setups were 7.3 mm and 2.7 mm in the AP, 5.8 mm and 2.3
mm in the SI, and 1.9 mm and 1.2 mm in the LR. Even though
the median elapsed time using CBCT was expanded in 5.9
minutes,

the

PTV margins

were

significantly

reduced .

Conclusions: We found the calcula ted PTV margins in the
soft tissue -based setup using CBCT were small , and this
arrangement was superior to the bony structur e-based setup
in prostate IMRT.

Key

Words:

intensity -modulated

radiotherap y

(IMRT),

prostate cancer, cone -beam co mputed tomo graphy (CBCT),

4

image -guided radiotherapy (IGRT), soft tissue -based setup
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I. INTRODUCTION
Intensity-modulated radiotherap y (IMRT) has beco me a mainstay for
the treatment of localized prostate cancer, because IMRT techniques allo w
for dose escalation while minimizing toxicity to surrounding organs, such as
the rectum and bladder.(1-6) Traditionally, patients with prostate cancer
were positioned b y using a co mbination of laser localization lights, skin
tattoos, and a variety of bod y -stabilizing devices . Portal images were
acquired, and bony structure was used as a surrogate for the prostate
position. Ho wever, it has been reported that the prostate moves in relation
to the pelvic bony structure.(7) Consequently, with improving technologies,
more accurate image -guided techniques using direct visualization of the
prostate have been developed.
There are various image -guided radiotherap y (IGRT) options to correct
daily setup uncertainties and the positional variation of the prostate. The
options include kV or MV portal imagin g with fiducial marke rs (FMs),(8)
the

ExacTrac

system

(BrainLAB,

Heimstetten,

Germany ),

B-mo de

ultrasound (US),(9) in-roo m co mpute d to mography (CT),(10) various MVand

kV-cone -beam

CT

(CBCT)

techniques,(11)

and

most

recently,

electromagnetic transponders (12).
Inter-fractional setup errors can be reduced using image -guided
techniques. We sho w the superiority of a soft tissue -based setup in reducing

6

the planning target volume (PTV) margins over a bony structure -based
setup.
CBCT may better account for inter -fractional prostate motion than ski n
markers or bony structure and therefore it may reduce PTV margins .
Ho wever, because a soft tissue -based setup using CBCT takes a longer time
co mpared to other IGRT options, it is likely to result in increased
intra-fractional prostate shifts , and it is necessary to expand the PTV
margins. Budiharto et al. reported that intra -fractional prostate motion is
increased b y prolonged treatment time s and they noted that there would then
be a need to expand the PTV margins .(13)
In a CBCT-based setup, the advantage of reduced inter-fractional
prostate shifts and PTV margins might be offset by the disadvantages of
increased intra-fractional prostate shifts and PT V margins due to a
prolonged treatment time . The superior ity of a CBCT-based setup co mpared
to other IGRT options has thus remained unclear. In this stud y, we
investigated that the calculated PTV margins in case s of a soft tissue -based
setup would be smaller than bony structure -based setup, and the superiority
of a soft tissue -based setup using CBCT to a bony structure -based setup in
prostate IMRT was demonstrated.
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II. M ETHODS
The subjects were 20 patients with localized prostate cancer, tr eated
with IMRT at our hospital between November 2010 and May 2012. The
patients’ characteristics are summarized in Table 1. Each patient underwent
CT

simulation

in

the

supine

position

with

a

custo mized

vacuu m

immobilization device (Vac -Lok; Med -Tech, Orange City, IA) and with a
filled bladder after evacuation. If more stools or gas than expected were
found, the simulation was redone after evacuation or degassing using a
Nelaton catheter. During the course we use a laxative when necessary.
All 20 patients were scanned on a 16-sixteen-slice CT scanner
(Lightspeed RT, General Ele ctric Medical System s, Waukesha, WI) with the
follo wing clinical protocol : field of view (FOV) 40 cm, matrix 512  512 ,
slice thickness 2.5 mm . IMRT plans were generated using an Eclipse
treatment planning system ver. 8.9 (Varian Medical Systems, Palo Alto , CA).
The prostate, seminal vesicle s (SV), rectum and bladder were delineated. In
no SV invasio n cases, the clinical target volume (CTV) consisted of the
prostate and the proximal one -third of the SV. In SV invasion cases, the
CTV consisted of the prostate and the entire SV.
The margin of the CTV to the planning target volume (PTV) was 6 mm
in the left-right, anterior, and superior direction s and 5 mm in the posterior
and inferior direction s. Radiation was delivered with seven 6 -MV coplanar
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beams on a No valis-Tx system (Varian Medical Systems and Brainlab,
Feldkirchen, Germany). The first three patients received 70 Gy in 3 5
fractions 5days/wk, the follo wing fifteen received 70 Gy in 28 fractions
4days/wk, and two patients with anticoagulation therap y recei ved 67.5 Gy
in 27 fractions 4days/wk.
At treatment, the patients were initially positioned to the planning CT
isocenter based on skin markers with a laser coordination system. After an
initial setup, pelvic bony structure matching was carried out auto matic ally
using the ExacTrac X -ray system and the matching was confirmed using the
second ExacTrac image . This system was used to fuse a pair of oblique
X-ray images with digitally reconstructed radiographs (DRRs) obtained
from simulation CT images within 1 -mm shifts (in the anterior-posterior
[AP], superior-inferior [SI], and left-right [LR] axes) and a < 1° angle
(pitch, roll, yaw) .
Next, each of the patients underwent a daily pre-treatment CBCT scan
with the follo win g clinical protocol : FOV 20 cm, matrix 512  512, slice
thickness 1.0 mm, “full -fan” acquisition. If more stools or gas than expected
were found , the CBCT was redone after evacuation or degassing using a
Nelaton catheter. The soft tissue matching was performed manually b y
radiation therapists using anatomic structures in the AP (the prostate -rectal
interface, the anterior border of the prostate, and calcification), in the SI
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(the prostate -bladder border and calcification), and in the LR (the lateral
borders of prostate and calcification) , and then the matching was reviewed
and approved b y radiation oncologists. Post-treatment CBCT was also
conducted once a week to measure the in tra-fractional prostate shifts.
A shift of the coordinates of the isocenter between the CBCT-based
setup and the bony structure-based setup was recorded in the AP axis (i.e.,
the positive direction corresponds to the anterior from the planning
isocenter), the SI axis (the positive direction corresponds to the superior),
and the LR axis (the positive direction corresponds to the left). The shift
was defined as an inter-fractional prostate shift o n the basis o f the pelvic
bony structure . In our study, the inter-fractional prostate shifts using CBCT
were assumed to be zero. A shift of the coordinates of the isocenter between
the pre- and post-treatment CBCT acquisition was also recorded . The shift
was defined as an intra-fractional prostate shift . The intra-fractional
prostate shifts in the bony structure -based setup cannot be measured.
Therefore we assumed that the intra -fractional prostate shifts in the bony
structure-based setup were same as those in the soft tissue -based setup. We
measured the time that elapsed between the pre-treatment CBCT acquisition
and the soft tissue matching , which indicates the time required for soft
tissue matching. We also measured the elapsed time between the pre- and
post-treatment CBCT acquisitions, which indicates the entire treatment time
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for the soft tissue -based setup using CBCT. A flo wchart of the protocol is
illustrated in Figure 1 .
We

calculated

the

means

and

standard

deviation

(SD)

of

the

inter-fractional and intra -fractional prostate shifts . The random (σ) and
systematic (Σ) errors for each setup were also calculated based on the interand intra-fractional prostate shifts . We determined t he PTV margins in each
of the cardinal directions by van Herk ’s method (2.5 Σ + 0.7 σ) .(14) To
calculate the PTV margins in the soft tissue -based setup, we assumed the
inter-fractional prostate shifts to be zero.
All patients gave written informed consent concerning the use of their
data for research purposes.
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III. RESULTS
For the analysis of the inter-fractional prostate shifts , a total of 577
pre-treatment CBCTs were generated. The med ian number of scans per
patient was 28 (range 27–35). For the analysis of the intra-fractional
prostate shifts, a total of 131 post-treatment CBCTs were generated. The
number of patients who received post-treatment CBCTs was 19. The data of
the intra-fractional prostate shifts of 19 patients were acquired. The median
number of scans per patient was 7 (range 6–8). The means ± SD of the
inter-fractional prostate shifts in the 577 pre-treatment CBCTs on the basis
of the pelvic bony structure were 0.9 ± 2.8 mm in the AP axis, 0.9 ± 2.2 mm
in the SI axis, and 0.1 ± 0.7 mm in the LR axis. The means ± SD of the
intra-fractional prostate shifts in the 131 pre- and post-treatment CBCTs
were −0.3 ± 1.4 mm in the AP axis, −0.1 ± 1.2 mm in the SI axis, and −0.1 ±
0.7 mm in the LR axis.
Histograms of the inter- and intra-fractional prostate shift s are given in
Figures 2 and 3. The Σ and σ values of the inter- and intra-fractional
prostate shifts are listed in Table 2. The PTV margins calculated by van
Herk’s method (2.5 Σ + 0.7 σ)(14) in the bony structure -based setup using
the ExacTrac system and the PTV margins calculated by the same method in
the soft tissue -based setup using CBCT are given in Table 3 . The median
elapsed time required for soft tissue matching was 5.9 min (range 2.8–13.6
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min), and the median entire treatment time in the soft tissue -based setup
using CBCT was 12.5 min (range 9.0–22.0 min).
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IV. DISCUSSION
In our stud y, the intra-fractional prostate shifts were similar to those in
previous studies. Budiharto et al. reported that the mean ± SD of the
intra-fractional prostate shifts detec ted using FMs were 2.3 ± 1.5 mm in the
AP axis, 0.2 ± 1.1 mm in the SI axis, and −0.1 ± 1.1 mm in the LR axis. (13)
Huang et al. reported that the mean ± SD of the intra-fractional shifts
detected using a B-mode US system were 0.2 ± 1.3 mm in the AP axis, 0.1 ±
1.0 mm in the SI axis, 0.01 ± 0.4 mm in the LR axis. (15)
If intra-fractional prostate shifts are increased, the PTV margins in
both the soft tissue -based and bony structure -based setup s are increased.
Since the soft tissue -based setup using CBCT took additional time to
manually match anato mic structure, the PTV margins b ecame larger as
elapsed time increased in this setup . Ho wever, the PTV margins in the soft
tissue -based setup were small (Table 3).
If inter-fractional prostate shifts are increased, the differences of the
PTV margins between the bony structure -based and soft tissue -based setup
should be increased . The data in Table 3 sho w that the PTV margins in the
soft tissue -based setup were smaller compared to those in the bony
structure-based setup, particularly in the AP direction. These results
indicate that the corrections of inter-fractional prostate shifts were greatly
important. In addition, as the inter-fractional prostate shifts in the AP
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direction were greatly d ependent on the quantity of rectal contents, there
was a limit in the bony structure -based setup. This limit was extremely
effective for reduction of the PTV margins, particularly in the AP direction,
in the soft tissue -based setup using CBCT co mpared

to the bony

structure-based setup.
Although the PTV margins calculated using IGRT were reduced, we
still sho uld be careful in reducing the clinically used margins. Engels et al.
reported that the five -year freedom fro m biochemical failure rate in patients
positioned using FMs and PTV margins of 5 mm in the AP and SI axes and 3
mm in the LR axis was 58%, whic h is significantly lo wer than the 91%
obtained in the case s without FMs (p=0.02) .(16) They proposed that a
reduction of PTV margins shoul d be done carefully because too-narrow
margins may relust in local control failure . We note that we do not simpl y
use the calculated CTV to PTV margin in creating clinical treatment plans.
It was reported that intra -fractional prostate shifts were increased with
the

extension

of

the

treatment

time.

Mah

et

al.

quantified

the

intra-fractional prostate shifts in 9 min with cine-MRI studies.(17) The
means ± SD were 0.2 ± 2.9 mm in the AP axis, 0.0 ± 3.4 mm in the SI axis,
and 0.0 ± 1.5 mm in the LR axis. Budiharto et al. obtained relavant
infor mation on the prostate ’s position at 30 -sec intervals during IMRT, and
they emphasized the need to speed up the mark -match procedure, as the
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intra-fractional prostate shifts were in creased with longer elapsed time s.
They reported that the SD of the i ntra-fractional prostate shifts at 10 min
was increased to 3.5 mm.
CBCT acquisition takes additional time compared to other IGRT
procedures. It would thus be necessary to greatly increase the PTV margins
with the increase of the intra -fractional prostate shifts when there are longer
elapsed time s between pre-treatment CBCT acquisition and soft tissue
matching.
Our intra-fractional prostate shifts in 12.5 min were not greatly
different co mpared to the results reported by Mah et al. , in which internal
prostate shifts were measured in 9 min, even tho ugh our elapsed time was
longer than their s. The reason for this might be due to differences in setup
accuracy or the immobilization device.

Limitations
The quality of the CBCT images was not perfect for the consistent,
reproducible identification of borders of the prostate . In addition, t here
were inter-observer and intra-observer variations in the so ft-tissue matching
using CBCT. In order to obtain fairly consistent soft -tissue matching
accuracy among the patient s, it might be effective to use FMs and to match
auto matically. Ho wever, since the soft tissue -based setup using CBCT was a
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noninvasive procedure,

it is appropriate for patients with

systemic

co mplications and those who refuse implantation.
As noted above, we did not recognize the real-time internal prostate
motion betwe en pre- and post-treatment CBCT, and we did not measure the
intra-fractional prostate shifts in case s in which the bony structure-based
setup was used .

17

V. CONCLUSION
We verified that the c alculated PTV margins in a soft tissue -based
setup were small, and we observed the superiority of the soft tissue -based
setup co mpared to a bony str ucture -based setup in prostate IMRT. Although
the soft tissue -based setup using CBCT took additional time, its highly
accurate alignment may co mpensate for the disadvantage of prolonged
treatment time.
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Fig. 1. Flo wchart of the stud y protocol
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Fig. 2. Histograms of inter-fractional prostate s hifts.
A total number of shif ts using pre-treatment CBCT were 577. (a) The AP
axis; the positive direction indicates the anterior position fro m the planning
isocenter. (b) The SI axis; the positive direction indicates the superior
position. (c) The LR axis ; the positive direction indicates the left position.
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Fig. 3. Histograms of intra-fractional prostate shift s.
A total number of post-treatment CBCT images w ere 131. (a) The AP axis;
the positive direction indicates the anterior position from the planning
isocenter. (b) The SI axis; the positive direction indicates the superior
position. (c) The LR axis ; the positive direction indicates the left position.
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Table 1. Characteristics of the 20 patients
Data
Age (y)

Clinical stage (7 t h UICC)

Gleason score

Initial PSA (ng/mL)

D'Amico' risk group

Median

65

Range

55-77

T1c

10

T2a

5

T2b

2

T2c

1

T3a

1

T3b

1

≤6

3

7

13

≥8

4

Median

10.41

Range

3.50–94.88

Lo w

1

Intermediate

14

High

5
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Table 2. Σ and σ values of the inter- and intra-fractional prostate shifts
Inter-fractional prostate shifts of

Intra-fractional prostate shifts of

20 patients in

19 patients in each direction

each direction

(mm)

(mm)
AP

SI

LR

Σinter

2.2

1.7

0.4

σinter

1.8

1.5

0.6

AP

SI

LR

Σintra

0.7

0.6

0.3

σintra

1.3

1.1

0.7

Σ i n t e r : SD of the systematic errors of the inter-fractional prostate shifts .
σ i n t e r : Root mean square of the rando m errors of the inter-fractional prostate
shifts.
Σ i n t r a : SD of the systematic errors of the intra -fractional prostate shifts.
σ i n t r a : Root mean square of the random errors of the intra-fractional prostate
shifts.
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Table 3. PTV margins in the bony structure -based and soft tissue -based setup s
PTV margins in bony str ucture -based

PTV margins in soft tissue -based

setup (mm)

setup (mm)

2.5 Σ + 0.7 σ

AP

SI

LR

7.3

5.8

1.9

2.5 Σ + 0.7 σ
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AP

SI

LR

2.7

2.3

1.2

