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compared for HDR and LDR cases for structures used in planning for both
approaches. Target V200, V150, V100, V95, D90, rectum V100, rectum
D2cc, and rectum Dlcc were compared between LDR and HDR patients.
Due to HDR plans being nested within patients, significance (p) was
determined using a linear mixed effects model with random intercepts for
each patient. P<<0.05 was considered statistically significant.

Results: The study cohort consisted of 112 patients treated from 2012-2016.
51 patients received LDR, 61 patients received HDR (100 total implants). 23
patients had brachytherapy as a boost. 91 (81.2%) had cTla-c disease, and
21 (18.8%) had cT2a-c disease. Gleason score 6, 7, and 8-10 were present in
52 (46.4%), 52 (46.4%), and 8 (7.2%) patients. 41 (36.6%) and 57 (50.9) had
low and intermediate risk disease, respectively. Median pre-treatment PSA
was 6.43 (interquartile range [IQR] 4.93-9.29). As described in the table,
patients receiving HDR had lower target V200, V150, V100, and V95,
while there was no difference in D90. Rectum D2cc was similar between
LDR and HDR, but rectum Dlcc was lower in the HDR group. Rectum
V100 was zero for all patients with HDR, and higher for LDR.
Conclusions: In our series of patients treated by the same brachytherapists,
patients receiving HDR brachytherapy had lower V150 and V200 within the
target, and lower rectal doses compared to our LDR patients. Target
coverage was also better in the HDR patients, although D90’s were similar.

patients (87%) are alive without disease, 2 (2%) have died of tumor and
10 patients (11%) have died of other causes. Overall survival at 12, 24
and 60 months are 99, 96 and 96% % respectively for the patients treated
with 2 fractions and 100 % at 12 and 24 months for patients treated with
a single fraction without statistical significance (p NS). Biochemical
control is 100% in both groups. Local control is 100% in both groups,
lymph node control is 99% (one retroperitoneal recurrence in a patient
treated with 2 fractions) and 4 patients have bone metastases (all patients
treated with 2 fractions regimen) without statistical significance (p NS).
There is not acute genitourinary (GU) or gastrointestinal (GI) toxicity
grade 3. One patient (1%) needed a transurethral resection because
chronic obstruction and another surgical treatment of urethral stenosis.
Five patients (5%) developed rectitis grade 3 (3 treated with 2 fractions of
9,5 Gy and one patient treated with 1 fraction of 15 Gy) in a median time
of 8 months (3-29 m). All of them were solved with Argon laser. There
are not difference in adverse grade 3 rectal events between both groups
(p = NS). Due to the low number of other toxicities reported in follow-
up, multivariate analysis was not done.

Conclusions: Prostate HDR boost delivered in a single 15 Gy treatment
fraction compares favorably in terms of toxicity to 2 fractions of 9.5 Gy,
one week apart. Longer follow-up is needed to compare clinical results in
terms of overall survival and local control.
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Purpose: HDR brachytherapy (BT) boost is utilized for dose escalation in
the treatment of clinically localized high risk prostate cancer. We report two
different regimens, 2 aplications of 9,5 Gy related to one aplication of 15 Gy
as a boost to external beam radiotherapy (EBRT) in a large cohort of patients
treated in a single institution.

Materials and Methods: We reviewed retrospectively data of 95 patients
treated for clinically localized prostate cancer, High risk patients
(D’Amico classifications) with curative intent between August 2009 and
December 2015. All patients received either IMRT pelvic radiotherapy
(Median 50,4 Gy ) in combination with a HDR in two regimens: 2
fractions of 9,5 Gy (69 patients. 73%) separated one week before May of
2014 or a single fraction of 15 Gy (26 patients. 27%) after these
date.Treatment was delivered using an out-patient intraoperative
ultrasound-based technique with the patient under spinal anesthesia and
sedation. BT boost was administrated 3-4 weeks after finishing EBRT
according our protocol in all the patients.

Results: Median age 59 years (51-82 y). Median Gleason 7 (3-10) and
median value of PSA at diagnosis 11 ng/ml (2, 26-106 ng/ ml). Fifty
patients (16%) were diabetic, 49 (52%) high blood pressure and 16 (17%)
were under an anticoagulant treatment. Eighty five patients (95%) were
staged with a magnetic resonance (MRI). Ninety four patients (99%)
received androgen deprivation (AD) and 29 (31%) as neoadjuvant
treatment. Median AD was 24 months (5-24 m). All patients had a
personally follow-up. Follow-up assessment was with CTCAE v.4 and
blood test with PSA at 12 weeks, every 4 months for the first year and
then every 6 months. After 5 years of follow up, it is done once a year.
Median follow-up is 39 months (8-83 m). At December of 2016, 83

Purpose: Swelling of the prostate and perineum occurs and over the time
period between imaging (for treatment planning) and treatment delivery,
causing the catheter positions (and hence displaced planned source dwell
positions) to potentially shift relative to the anatomy. Displaced catheter
positions unaccounted for at treatment can produce a perturbed dose
distribution relative to the prostate and surrounding organs at risk. Re-
imaging the patient, ideally in the treatment bunker, prior to treatment
delivery is desirable in order to verify the position of the catheters relative
to the surrounding anatomy. We have established a pre-treatment imaging
approach using our Brachytherapy Image Guided Verification (BIGV)
system. Pre-treatment image verification of the catheter positions are
performed in the treatment bunker and compared directly to the treatment
planning system. In this work we present the clinical results for 14 HDR
prostate patients, where pre-treatment verification was performed on
images acquired immediately prior to treatment delivery.

Materials and Methods: Pre-treatment imaging was performed for 28
treatment fractions, (2 fractions per patient) with the positions of the
implanted catheters at each treatment fraction verified using the BIGV
system. This system which consists of a flat panel detector (FPD)
embedded into the brachytherapy treatment couch and a ceiling suspended
x-ray device. The patient was setup on the treatment couch and aligned
above the sensitive region of the FPD. Radio-opaque x-ray markers were
inserted into the plastic proguide catheters in order to verify the positions
relative to previously implanted gold prostate fiducial markers. The ceiling
suspended x-ray system was positioned above the patient and an anterior-
posterior (A-P) x-ray image was acquired with the FPD. The gold prostate
fiducial markers were identified and registered with the markers identified
in the treatment plan. A comparison of planned and measured catheter
positions was then performed relative to the prostate. Catheter tip positions
were compared and the agreement of the catheter path through the prostate
region was evaluated for all catheters with inserted x-ray markers.
Observed catheter displacements at treatment were re-created on the
treatment plan to assess any dosimetric impact.

Results: The average registration uncertainty between the A-P image and the
TPS for the gold fiducial markers was 0.9 mm (s.d.0.4 mm, max 1.7 mm). The
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largest catheter displacement was observed for fraction 1 with an average
catheter tip displacement in the inferior direction of 10.8 mm. The average
inferior catheter tip displacement for fraction 2 was 1.5 mm (s.d. 0.9 mm,
max. 3.3 mm). The catheter paths through the prostate region agreed to
within 2mm, as shown in figure 1 (blue planned, red measured catheter
paths), suggesting minimal lateral displacement of the catheter positions.
Conclusions: Pre-treatment imaging has been performed to verity catheter
positions, with the patient in the treatment position, immediately prior to
treatment delivery. The measured catheter displacements observed for
fraction 1 were on average greater than fraction 2, and suggests the rate
of perineum swelling is important and may result in a deviated dose
distribution. The BIGV system which enables direct comparison of
planned catheter positions with measured positions, immediately prior to
treatment, permit the introduction of adaptive planning techniques in
HDR prostate brachytherapy.
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Purpose: In-situ drug release concurrent with radiation therapy has been
proposed as a means to enhance the therapeutic ratio of permanent
prostate brachytherapy. Both brachytherapy sources and brachytherapy
spacers have been proposed as potential eluters to release drugs directly
into the prostate. This work models the biologic effect of implantable
eluters of radio-sensitizer in conjunction with brachytherapy to determine
which of the proposed methods is the preferred delivery approach.

Materials and Methods: The combined effect of implanted drug eluters
and radioactive sources were modeled in a manner that allowed selection
of eluter location to optimize biologic effect for a range of model
parameters. The retrospective study includes 20 patients previously

treated with LDR brachytherapy from which prostate geometries, source
and spacer positions were extracted. The biological effect of drug
concentrations was calculated by using the steady state solution to the
diffusion equation including an elimination term characterized by the
diffusion-elimination modulus (¢y). Radiosensitization was assumed to be
dependent on drug concentration up to a saturation concentration (Cga)-
For a given number of eluters (n.) the clinical objective was to find the
best possible configuration of eluters, for a given drug delivery vehicle
that maximizes the biological effect.

Results: The biologic effect was calculated for prostate volumes from 11
cm’ to 64cm?, @y, from 0.01 mm™ to 1 mm™, cg, from 0.05 to 8.0 times
the steady state drug concentration released from the surface of the eluter
and n, from 10 to minimum number of either number of used spacers or
seeds. For the parameter space of (@p,Cq,)=([0.01, 0.25],[0.05, 4]) that
results in a large fraction of the gland being maximally sensitized,
drug eluting spacers or sources produce equal increase in biologic
effect. For the remaining (@p,Cg,)-space eluting spacers are preferable.
Placing drug eluting implants in planned locations throughout the
prostate results in even greater sensitization than using only source or
spacer locations .

Conclusions: Drug eluting brachytherapy spacers offer a means to increase
the biologic effect of brachytherapy implants with no change in treatment
process. Incorporating additional needle placements to allow the freedom
to place spacers independently of source placement offers a means to
increase the therapeutic ratio with relatively minor modifications of the
implant process.
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Purpose: To report early urinary (GU), gastrointestinal (GI) adverse events
(AEs) and PSA outcomes after single fraction high dose rate brachytherapy
as monotherapy (HDR-M) for intermediate risk (NCCN risk category)
prostate cancer using real-time trans-rectal ultrasound (TRUS) based
planning.

Materials and Methods: Between April 2015 and September 2016, a total
of 40 consecutive patients with intermediate risk prostate cancer were
treated with a single fraction of 19 Gy (n=10) or 20 Gy (n=30) HDR-
M. None received hormone therapy Real time US based planning
technique was used. Genito-urinary (GU) and gastro-intestinal (GI)
toxicity were assessed using the International Prostate Symptom Score
scale (IPSS) and RTOG scales (GI/GU) scales. Biochemical relapse was
defined according to the Phoenix Consensus definition (PSA nadir +
2pg/L).

Results: Median age was 69y (range, 51y-84y) and median follow up was
9 months (range, 3-22 months). All patients tolerated the procedure well
with no intraoperative or perioperative complications. No patient
developed urinary retention. Five (12.5%) patients developed Grade 2
urinary toxicity which returned to baseline by 3 months. There was no _
> Grade3 urinary toxicity (including urinary strictures). Median IPSS at
baseline was 6 , increased to 9 at 1month , returning to 6 at 3months.
No patient developed any Grade of GI toxicity. After a median follow
up of 9 months there were no biochemical failures. Cumulative
percentage of patients with PSA < 1 ml at 6 months was 30% with
PSAs continuing to fall in all patients as of last follow up. Median
percentage PSA fall at 1, 3, and 6 months was 47%, 70% and 79%
respectively compared to iPSA.

Conclusions: This is the first report of the use of single fraction HDR
brachytherapy as monotherapy in prostate cancer from Australia. This
treatment is well tolerated with early results showing low GU/ GI adverse
events and good early PSA outcomes. Longer follow up is needed to
assess long-term outcomes and toxicities.
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On the use of C-arm fluoroscopy for treatment planning in high dose rate

brachytherapy
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Treatment planning for brachytherapy requires the acquisition of geometrical information of the
implant applicator and the patient anatomy. This is typically done using a simulator or a computed
tomography scanner. In this study, we present a different method by which orthogonal images from
a C-arm fluoroscopic machine is used for high dose rate brachytherapy treatment planning. A
typical C-arm is not isocentric, and it does not have the mechanical accuracy of a simulator. One
solution is to place a reconstruction box with fiducial markers around the patient. However, with the
limited clearance of the C-arm this method is very cumbersome to use, and is not suitable for all
patients and implant sites. A different approach is adopted in our study. First, the C-arm movements
are limited to three directions only between the two orthogonal images: the C-orbital rotation, the
vertical column, and the horizontal arm directions. The amounts of the two linear movements and
the geometric parameters of the C-arm orbit are used to calculate the location of the crossing point
of the two beams and thus the magnification factors of the two images. Second, the fluoroscopic
images from the C-arm workstation are transferred in DICOM format to the planning computer
through a local area network. Distortions in the fluoroscopic images, with its major component the
“pincushion” effect, are numerically removed using a software program developed in house, which
employs a seven-parameter polynomial filter. The overall reconstruction accuracy using this method
is found to be 2 mm. This filmless process reduces the overall time needed for treatment planning,
and greatly improves the workflow for high dose rate brachytherapy procedures. Since its commis-
sioning nearly three years ago, this system has been used extensively at our institution for endo-

bronchial, intracavitary, and interstitial brachytherapy planning with satisfactory results.

© 2003

American Association of Physicists in Medicine. [DOIL: 10.1118/1.1598851]
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distortion.

INTRODUCTION

Afterloading brachytherapy performed using the low dose
rate (LDR) technique typically involves the following steps:
placement of the implant applicator or catheters in the oper-
ating room, imaging studies on a simulator or computed to-
mography (CT) scanner, treatment planning calculations, and
radioactive source insertion and treatment in a controlled pa-
tient room. With high dose rate (HDR) remote afterloaders
becoming widely available during the last decade, afterload-
ing brachytherapy is now routinely performed using both the
traditional LDR and the newer HDR technique. Apart from
the differences in dosimetry, radiobiology, and radiation pro-
tection, HDR brachytherapy has the advantage that certain
procedures, such as the endobronchial and intracavitary im-
plants, can be performed in the same room thus eliminating
the need for patient transport and the possibility of applicator
displacement. This is achievable only for institutions with a
dedicated HDR procedure room equipped with a fluoroscopy
x-ray machine. The fluoroscopy machine is essential for
guiding and verifying the placement of implant catheters or
applicator, and its images must be suitable for treatment
planning purpose. One fluoroscopy machine satisfying this
requirement is commercially available through one HDR
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vendor (Nucletron Corporation, Columbia, Maryland) as part
of an integrated brachytherapy unit (IBU). It has enough de-
grees of motion allowing for the positioning of the x-ray tube
and image intensifier assembly in any orientation around the
patient isocentrically, and its mechanical accuracy rivals that
of a treatment simulator. However, the cost of such a ma-
chine is prohibitively high for most radiotherapy depart-
ments.

An alternative to the expensive IBU fluoroscopy machine
is a mobile C-arm fluoroscopy machine. These machines are
designed to meet the needs for various surgical, diagnostic,
and interventional procedures, and they typically do not have
the imaging and mechanical capabilities required for a treat-
ment planning imaging device. Specifically, most mobile
C-arms are not isocentric and their mechanical accuracy and
stability is inferior to that of a treatment simulator. One ex-
ception to this is the recently introduced SIREMOBIL Iso-C
mobile C-arm from Siemens Medical Solutions USA, Inc.
(Malvern, Pennsylvania). This C-arm has true isocentric de-
sign with good mechanical stability, and it offers CT-like
three-dimensional images as an option. Such a mobile
C-arm, although more expensive than conventional ones,
would be ideally suited for brachytherapy treatment plan-

© 2003 Am. Assoc. Phys. Med. 2297
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ning. However, most mobile C-arms in clinical use today are
the conventional nonisocentric type. In addition to the me-
chanical capabilities, fluoroscopy images from C-arms are
distorted due to photocathode curvature and electron optics
of the image intensifier,’  and unlike some C-arms specifi-
cally designed for quantitative imaging such as digitally sub-
tracted angiography the distortions in a mobile C-arm fluo-
roscopy system are typically not digitally corrected by the
vendors. One solution to the nonisocentricity and mechanical
accuracy issues facing a mobile C-arm is to place a recon-
struction box with fiducial markers around the patient. We
purchased such a reconstruction box from our HDR machine
vendor (Varian Medical Systems, Inc., Palo Alto, California)
and experimented with the box technique during the com-
missioning stage for our HDR treatment system. We soon
realized that clearance was an issue with the C-arm and that
the reconstruction box technique was not suitable for the
localization of applicators for different patient sizes and im-
plant sites. Another investigator* has reached the same con-
clusion with box from a different manufacturer. The classical
solution of using a magnification ring placed on the patient
skin while taking images is simply not accurate enough for
brachytherapy treatment planning. It has been suggested*
that a ruler with markers can be placed inside the patient near
the implant site for obtaining magnification factors. This
might work for well-selected cases such as a pelvic implant
with ruler inserted in the rectum, but is in general not fea-
sible for other implant sites.

In this study we present a new approach for utilizing the
mobile C-arm fluoroscopy for treatment planning in brachy-
therapy. With our new reconstruction method, the nonisocen-
tricity issue facing a mobile C-arm is solved by limiting its
degrees of motion between two orthogonal images and by
deriving the magnification factors from the geometric param-
eters and the allowed movements of the C-arm. The subop-
timal mechanical accuracy and stability of the mobile C-arm
is partially accounted for by these parameters and by the data
entry process. Distortions in the fluoroscopy images are digi-
tally corrected using a software program developed in house
that employs a seven parameter polynomial filter. Since the
commissioning nearly three years ago, this system has been
in extensive clinical use in our institution for endobronchial,
intracavitary, and some interstitial implants with satisfactory
results.

The paper is organized in four sections. The materials and
methods section describes the C-arm fluoroscopy machine,
the reconstruction method, and the image distortion correc-
tion used in this study. Phantom test results and clinical ap-
plications are presented in the results and discussions sec-
tion. And finally major conclusions of this study are
summarized in the closing section.

MATERIALS AND METHODS

Mobile C-arm fluoroscopy machine and treatment
planning system

The mobile C-arm x-ray machine used in this study is a
model OEC 9800 surgical C-arm manufactured by GE OEC
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FiG. 1. Schematic drawing of the GE OEC 9800 mobile C-arm with its 6
degrees of motion. Sitting on top of the C-arm orbit is the x-ray target, and
at the bottom is the image intensifier (I). The C-arm is not isocentric, with
the central axis of the x-ray beam offset from the orbital rotation center
(ORC) by an amount OS. Such a design provides adequate clearance in the
lateral direction without increasing the C-arm orbit size.

Medical Systems (Waukesha, Wisconsin). It has both fluo-
roscopy and spot x-ray capability. Its image intensifier (IT)
has a diameter of 12 inches featuring a 14X 1k digital reso-
lution. The x-ray target to II distance is nominally 100 cm,
and the clearance from the bottom of the target housing to
the II is 80 cm. The workstation for the C-arm is Ethernet
ready, allowing for the direct transfer of digital fluoroscopic
images to a treatment planning computer through a local area
network.

The mobile C-arm is mechanically a very versatile ma-
chine. In addition to its roller wheels, there are 6 degrees of
rotational and linear movements allowing for the proper po-
sitioning of the device around the patient. Figure 1 is a sche-
matic drawing of the C-arm, illustrating its major compo-
nents and movements. Shown on the top of the C-arm orbit
is the x-ray target, and the II is at the bottom. Rotation in the
plane of the C-arm orbit is allowed up to a maximum of 90
degrees counterclockwise and 25 degrees clockwise from the
vertical anterior—posterior (AP) position shown in the figure.
The C-arm orbit can also be flipped such that the target is on
the bottom of the orbit, allowing for posterior—anterior (PA)
orientation. Tilting of the C-arm orbital plane, and swiveling
of the C-arm orbit and the horizontal cross arm are also
possible. These rotational movements are complemented by
two additional degrees of linear movements along the hori-
zontal cross arm and the vertical column. Each of the two
linear movements has a travel range of up to 20 cm.

The C-arm is not an isocentric machine in its orbital ro-
tation plane, i.e., the central axis of its x-ray beam does not
pass through a fixed point in space as the machine is being
rotated along the C-arm orbit. As shown in Fig. 1, the C-arm
orbital rotational center (ORC) is offset from the central axis
beam by a distance, labeled OS in the figure. This offset is 10
cm for the C-arm in this study. The flip—flop rotation of the
C-arm is, however, an isocentric motion, and its axis of ro-
tation passes through the ORC (see Fig. 1).
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The HDR brachytherapy treatment planning system used
in this study is Varian BrachyVision 6.1 (Varian Medical
Systems, Inc., Palo Alto, California), operating on a Win-
dows NT platform. Digital images in DICOM as well as the
generic JPEG, TIFF, and bitmap formats can be imported
directly into BrachyVision. Following the transfer of the
C-arm fluoroscopic images to the computer, distortions in
these images are digitally corrected using a FORTRAN pro-
gram developed in-house. The corrected DICOM images are
imported into BrachyVision for treatment planning.

Although not adopted in our implementation, it is worth-
while to mention the reconstruction box method as provided
by the HDR manufacturers. The reconstruction box method
in general is mathematically precise, and is widely used in
localizing intracranial targets® such as arteriovenous malfor-
mations. The fiducial markers on the box provide a reference
frame, and the method is not dependent on the mechanical
accuracy of the imaging device for reconstruction. In order to
use the box method on other treatment sites such as the pel-
vis and lung, the reconstruction box has to be large enough,
e.g., the box provided by our HDR manufacturer is 45 cm
X 64 cm. With a clearance of 80 cm between the C-arm
x-ray target housing and the II, such a large box placed on
the patient table leaves no room to maneuver the C-arm
without causing a collision. However, this is not to say that
the reconstruction box method cannot be used on body sites
other than the brain. With a portable or ceiling mounted
x-ray machine, clearance is not an issue, and it is possible to
position the machine freely around the box. Of course, such
a machine would not have fluoroscopic capability.

Virtual isocenter reconstruction

Two x-ray images taken from different orientations are
required for the three-dimensional reconstruction of the
sources and structures in brachytherapy treatment planning.
The orientations of the two images should be sufficiently
apart, e.g., 40 degrees or greater, in order to have adequate
reconstruction accuracy. There are clinical situations for
which orthogonal images are necessary. For example, in the
case of intracavitary cervical implant AP and lateral (LAT)
images are needed in order to identify patient anatomical
points such as the bladder and rectum.® Although the flip—
flop rotation of the C-arm is an isocentric motion and utiliz-
ing image pairs taken with this rotation for reconstruction is
straightforward, its rotational range is limited in the presence
of the patient table, and this degree of motion is not suitable
for imaging all implant sites. The nonisocentric C-arm or-
bital rotation is needed for an imaging technique that can
meet all the clinical needs.

The difficulty with using a nonisocentric x-ray machine
for imaging is ultimately the issue of determining the orien-
tations and magnification factors of the two images. A new
reconstruction method is developed and adopted in this
study, which fully addresses these two issues for the mobile
C-arm. This new method has two major components: (1)
Among the 6 degrees of rotational and linear movements of
the C-arm, only the orbital rotation and the two linear move-
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FIG. 2. The virtual isocenter reconstruction (VIR) method. (a) Rotating the
C-arm in its orbital plane from the vertical AP to the horizontal LAT posi-
tion. The two beams cross at a point away from the orbital rotational center.
We term this crossing point the “virtual isocenter” (VI). (b) Allowing hori-
zontal and vertical adjustments of the C-arm orbital plane between the two
orthogonal images moves the VI to a new location. The horizontal adjust-
ment changes the x-ray target to VI distance for the LAT beam, and the
vertical adjustment changes that for the AP beam.

ments along the horizontal cross arm and vertical column are
allowed between the two images; (2) The central axes of the
two images cross at one point in space, and the location of
this point can be determined using the geometric parameters
of the C-arm orbit and the amounts of rotational and linear
movements between the two images.

Figure 2 is an illustration of this method. The central axis
of the x-ray beam is offset from the C-arm orbital rotation
center (ORC) by an amount OS (see Fig. 1). As the x-ray
target and II are rotated in the C-arm orbital plane from the
vertical AP to the horizontal LAT position, the central axes of
the AP and LAT beams cross at a point in space. This point is
away from the ORC by an amount OS right lateral and OS
superior, as shown in Fig. 2(a). We call this crossing point
the ““virtual isocenter” (VI). This displacement of the VI
from the ORC results in a decrease for the target-VI distance
for the vertical AP beam but an increase for the horizontal
LAT beam. Allowing the C-arm two additional linear move-
ments between the two images further changes the location
of the VI. As shown in Fig. 2(b), the horizontal movement
changes the target-VI distance for the LAT beam, and the
vertical movement changes the target-VI distance for the AP
beam.

Once the location of the VI is known, it is straightforward
to determine the magnification factors of the AP and LAT
images. They are simply the ratios of the target-II distance
over the target-VI distance. With this information the three-
dimensional reconstruction of the brachytherapy sources and
structures is readily available with any modern treatment
planning system. We term this method of using the C-arm
images for treatment planning the ‘““virtual isocenter recon-
struction” (VIR) method.

Table I is a summary of the geometric parameters of the
C-arm for the VIR method. Note that the target-II distance is
dependent on the orientation of the C-arm, and this distance
varies by as much as 2.3 cm between the PA and right lateral
(RLAT) orientation. This is a direct result of the target and II
sagging, and the mechanical imperfection of the C-arm. The
target-VI distance is dependent on the linear movements in
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TaBLE 1. Geometric parameters of the C-arm for the VIR method. See the
text for details.

Orientation Target-VI Distance (cm) Target-II Distance (cm)
AP 59.5—UD 100.5
LLAT 79.5—LR 100.8
PA 78.9+UD 99.1
RLAT 59.8+LR 101.4

the horizontal (LR) and vertical (UD) directions between the
LAT and AP or PA images, as discussed previously. Only two
orthogonal image pairs, AP-LLAT and PA-RLAT, are al-
lowed because of the limited orbital rotation range of the
C-arm. It is not possible, for example, to have AP and RLAT
as an image pair without using the flip—flop rotation of the
C-arm (see Fig. 1), such a rotational movement is not al-
lowed in the VIR method.

Several measurements are required in order to obtain the
geometric parameters listed in Table I. The target-1II distance
is measured radiographically by placing a stainless steel ruler
at a known distance from the II surface. From the magnifi-
cation of the projected x-ray image at the II plane, the
target-Il  distance can be calculated through M
=TID/(TID-D), where M is the magnification, TID is the
target-II distance, and D is the ruler-II distance. The mea-
surement of the target-VI distance is illustrated in Fig. 3. The
center of II to the floor distance is measured for both the AP
and LAT orientations, and the VI to II distance for the AP
orientation is then the difference of the two. Similarly the VI
to II distance for the LAT orientation is the difference of the
center of II to the right wall distance between the AP and
LAT orientations.

C-arm mechanical accuracy

The C-arm is not designed to be mechanically as accurate
and stable as the treatment simulator. One indication of this
is the orientation dependence of the target-II distance shown
in Table I, a direct result of the target and II sagging. Another

FiG. 3. Determination of the x-ray target to VI distance. The VI to II dis-
tance for the AP beam is the difference between the II to the floor distance
for the LAT beam and that for the AP beam. Similarly, the VI to II distance
for the LAT beam is the difference between the II to the right wall distance
for the AP beam and that for the LAT beam.

Medical Physics, Vol. 30, No. 9, September 2003

(@ ®)

©

FiG. 4. Sagging induced relative movements of the x-ray target and II sys-
tem. (a) Fluoroscopic image taken with C-arm in the AP orientation. The
large dot is a BB placed on the x-ray target housing as a central axis indi-
cator, and the small one is a BB placed at the center of the image intensifier
plane. (b) Same as (a) but taken with C-arm in the LAT orientation. Note
that the relative positions of the two BBs are shifted from that of (a). (c)
Schematic drawing showing the relative movements of the x-ray target and
II in the longitudinal and transverse directions. Also showing is a possible
tilting of the II plane.

aspect of this is the relative shift of the target and the II in the
plane perpendicular to the beam central axis, as shown in
Fig. 4. Figure 4(a) is a fluoroscopic image taken with the
C-arm in the AP orientation, and Fig. 4(b) in the LAT orien-
tation. The larger dot in each figure is the projection of a BB
placed on the target housing as a central axis indicator, and
the smaller one is a BB placed at the center of the II plane.
The relative positions of the two BBs appear shifted between
the AP and LAT images. Such a shift is indication of the
transverse movement of the II relative to the target. Figure
4(c) is a schematic drawing of the sagging induced relative
movements of the target and II. In addition to the two linear
movements discussed above, i.e., movements in the target-II
direction and the transverse direction, it is also possible that
sagging introduces a tilting of the II plane, as shown in Fig.
4(c).

In the VIR method these mechanical imperfections of the
C-arm are partially accounted for by using the orientation
dependent target-II distance, shown in Table I, and by allow-
ing small adjustment of the x-ray central axis indicator dur-
ing data entry in the treatment planning system. Sagging in-
duced tilting of the II plane is not accounted for in the
current algorithm.

Image distortion correction

It is well known'™ that fluoroscopic images from the im-
age intensifier are distorted. Figure 5(a) is an example of this
distortion for a square Lucite plate placed on the II plane
directly. The major component of the distortion is the “pin-
cushion” effect, appearing as the stretch of corners for the
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FIG. 5. (a) Uncorrected fluoroscopic image of a square plate placed on the
image intensifier. (b) Distortion corrected image obtained using a seven
parameter polynomial filter.

square object. The origin for this distortion is the curved
shape of the photocathode and the electron optics inside the
image intensifier. In addition, there is a rotational component
to the distortion that is dependent on the orientation of the
C-arm. This component has its origin in the earth magnetic
field and stray magnetic field in the surroundings.

The distortion corrected image shown in Fig. 5(b) is ob-
tained using a software program developed in house. This
program employs a seven parameter polynomial filter shown

below,
#\2 o\ 4
r=r'l1+a- E) +,3-(E) ,
7! r\ 2
0=0'+5,+ 5, ® + 6, R)

xl ! ! x/

S N o
where R is the radius of the II, and «, S, &y, 6, J,, V., and
v, are the seven fitting parameters. (r',0") and (x',y") are
the polar and Cartesian coordinates of the raw image pixel,
and (r,0) is the polar coordinate of the distortion corrected
image pixel. The pincushion effect is a distortion in the radial
direction, and is described by the first polynomial. The two
terms in the equation with parameters a and S are found to
be sufficiently accurate for the C-arm in this study. For the
distortion in the azimuth direction, the major component is
the constant term, &,. The other higher order corrections
represent spiral-like and parabolic-like distortions in the im-
aging plane.

The seven fitting parameters of the distortion correction
program are obtained by analyzing the fluoroscopic images
of a standard diagnostic imaging quality assurance test plate.

, 2
(a) = - <
- ’ s e

(b)

AP LAT

FIG. 6. (a) Test phantom constructed using four catheters taped to the top
and bottom surfaces of a Styrofoam block. The catheters form a box of 10
cm wide, by 7 cm high, by approximately 13 c¢m long. (b) Distortion cor-
rected AP and LAT images of the test phantom.

The rectangular Lucite plate with metallic square lattice pat-
tern embedded is placed on the II plane, and fluoroscopic
images are taken with the C-arm at different orientations.
These images are analyzed using the correction program, and
the fitting parameters are adjusted until the corrected images
are satisfactory. Table II shows the values of these param-
eters for the different C-arm orientations. With these param-
eters, the average residual distortion error in the corrected
image is 0.3 mm, and the maximum over the entire II plane
is 1.0 mm. Such a degree of accuracy is acceptable for most
brachytherapy treatment planning.

RESULTS AND DISCUSSION
Phantom test

In order to evaluate the overall accuracy of the recon-
struction method, a test phantom is constructed using four
plastic catheters. Two catheters are taped to the top of a
Styrofoam block, and two to the bottom of the block. The
four catheters form a box of 10 cm wide, by 7 cm high, by
approximately 13 c¢cm long. Figure 6(a) is a schematic draw-
ing of this phantom. The plastic catheters are loaded with

TaBLE II. Parameters used for image distortion correction. See the text for details.

Orientation a B o (°) 61 (%) 5 () Y (9 ¥y (*)
AP ~0.1 0.003 8.0 -18 -0.9 -0.5 -03
LLAT -0.1 0.003 6.5 -12 -12 1.0 -0.2

PA -0.1 0.003 -15 1.8 0.9 0.7 0.0
RLAT -0.1 0.003 0.0 1.2 1.2 -09 0.0
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LAT

FiG. 7. Example of a Fletcher—Suite implant using the VIR method.

dummy ribbon seeds, and AP and LAT fluoroscopic images
taken. These images are transferred to the BrachyVision
treatment planning computer, and distortions in the images
are digitally removed using the correction program. The cor-
rected images, shown in Fig. 6(b), are then imported into the
BrachyVision planning program, and the locations of the
dummy seeds are reconstructed. The maximum reconstruc-
tion error over the entire phantom dimensions is found to be
2 mm. Such an overall degree of accuracy, which is the com-
bined total of the residual image distortion in the II plane as
discussed previously, the reconstruction algorithm, and the
data entry process, is adequate for most HDR brachytherapy.

Clinical cases

The virtual isocenter reconstruction method using C-arm
images has been in clinical use at our institution for nearly
three years. Figure 7 is an example of its application in int-
racavitary Fletcher—Suite brachytherapy treatment planning.
Table III is a summary of all the HDR brachytherapy im-
plants performed at our institution during this time period.
All treatment planning calculations, except for the case of
vaginal cylinder implants, are done using either the C-arm
VIR method or the conventional simulator and CT method.
For vaginal cylinder implants the geometry is simple enough

TaBLE III. Summary of HDR implants performed from June 2000 to March
2003.

Implant type No. of implants ~ Imaging device for planning

Endobronchial 45 C-arm

Esophageal 2 C-arm
GYN-Fletcher—Suite 6 C-arm
GYN-cylinder 79 (C-arm)
GYN-—interstitial 1 CT

Sarcoma 12 Simulator

Head and Neck 6 C-arm, Simulator, CT
Breast—MammoSite 1 CT, (C-arm)

Total 152
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that no image is used for planning and C-arm fluoroscopy is
used for verifying applicator placement in the AP direction
only. For breast MammoSite (Proxima Therapeutics, Inc.,
Alpharetta, Georgia) treatment, CT is used for treatment
planning and for verification of the placement, shape, and
integrity of the applicator, and C-arm fluoroscopy is used for
constancy checks of the applicator before each treatment
fraction.

There are situations in which the simulator or CT scanner
is the preferred imaging device, as indicated in Table III.
These typically are large planar or volume implants for
which the simulator offers the flexibility of arbitrary imaging
orientation, and the CT simplifies catheter identification. In
principle, the VIR method could also be extended to nonor-
thogonal imaging geometry. However, with the limited or-
bital rotational range of the C-arm and the metallic side bar
of the patient table such an extension has little practical use.

The commissioning of the VIR method requires a signifi-
cant effort by a physicist. For a partial commissioning, it is
possible to use spot x-ray films instead of fluoroscopic im-
ages on the C-arm machine. Once commissioned, regular
quality assurance checks on a quarterly or semiannual basis
are required to maintain the overall performance of the
system.

CONCLUSIONS

The virtual isocenter reconstruction method presented in
this study offers a new practical solution for brachytherapy
treatment planning using C-arm images. This method pro-
vides adequate geometric reconstruction accuracy, and elimi-
nates the need for patient transport between applicator inser-
tion and treatment delivery for HDR procedures such as
endobronchial and intracavitary implants. The filmless pro-
cess greatly reduces the overall time needed for treatment
planning, and makes the overall HDR brachytherapy proce-
dure a smooth process. This reconstruction method, however,
does not replace conventional simulator and CT treatment
planning, especially for large planar or volume implants and
for implants that require nonorthogonal imaging geometry.
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liul@upstate.edu

's. Rudin, D. R. Bednarek, and R. Wong, ““Accurate characterization of
image intensifier distortion,” Med. Phys. 18, 1145-1151 (1991).

2E. Gronenschild, “Correction for geometric image distortion in the x-ray
imaging chain: Local technique verses global technique,” Med. Phys. 26,
2602-2616 (1999).

3R. R. Liu, S. Rudin, and D. R. Bednarek, “Super-global distortion cor-
rection for a rotational C-arm x-ray image intensifier,” Med. Phys. 26,
1802-1810 (1999).

*A.Y. C. Fung, “C-arm imaging for brachytherapy source reconstruction:
Geometrical accuracy,” Med. Phys. 29, 724-726 (2002).

SR. L. Siddon and N. H. Barth, “Stereotaxic localization of intracranial
targets,” Int. J. Radiat. Oncol., Biol., Phys. 13, 1241-1246 (1987).
®ICRU, “Dose and volume specification for reporting intracavitary
therapy in gynecology,” ICRU Report No. 38, Bethesda, MD: Interna-
tional Commission on Radiation Units and Measurements, 1985.



L

Mobius3D

THE COMPLETE
PATIENT QA
SYSTEM

3D PATIENT 3D IMRT/VMAT
PLAN QA PRE TREATMENT QA
3D IN VIVO

ONLINE PATIENT
gt o POSITIONING QA

Upgrade your patient safety by bridging the
gap between patient QA and machine QA:

Doselab, the complete TG-142 solution, is now integrated M o B I U
into Mobius3D! MEBICAL SYSTE

Visit mobiusmed.com/mobius3d to learn more or register
for a bi-weekly webinar at mobiusmed.com/webinars



http://pubads.g.doubleclick.net/gampad/clk?id=4348674149&iu=/2215

C-Arm imaging for brachytherapy source reconstruction:

Geometrical accuracy
Albert Y. C. Fung®

Department of Medical Physics, Memorial Sloan-Kettering Cancer Center, New York, New York 10021
(Received 31 December 2001; accepted for publication 25 February 2002; published 11 April 2002)

We study the accuracy of brachytherapy source reconstruction using C-Arm images. We use a
phantom embedded with dummy ribbons in a regular pattern, placed at the rotation center of the
C-Arm. With a commercial reconstruction jig, radiographic films are taken without the image
intensifier. The average error in reconstructed seed coordinates is 0.1 cm. However, the jig is
inconvenient for patient procedures. For C-Arm reconstruction without the jig, the magnifications
of the image intensifier along orthogonal directions are different. We “stretch’ the image to equal-
ize the magnifications. Afterward, seed reconstruction has an average error of 0.1 cm in all
directions. © 2002 American Association of Physicists in Medicine. [DOI: 10.1118/1.1473136]

Key words: geometrical, accuracy, C-Arm, brachytherapy, reconstruction

C-Arm mobile fluoroscopic units are generally considered
inferior in geometrical accuracy of images for the purpose of
radiation therapy planning, as evidenced by various articles
recommending high-order polynomial correction for
distortion.? However, there are clinical occasions in which
the most convenient localization method is with a C-Arm.
The original motivation of our project was to investigate the
suitability of C-Arm reconstruction for treatment planning of
high dose rate (HDR) brachytherapy of gynecological can-
cer, but it will be clear in later discussion that the result
applies to other treatment sites. We studied the quantitative
accuracy of seed reconstruction using C-Arm images, with
and without a commercial reconstruction jig, and describe
the result.

The C-Arm checked in our study is the General Electric
OEC Series 9600 model. We used an in-house solid phantom
to check the accuracy of C-Arm reconstruction. The phantom
(Fig. 1) is made of acrylic slabs embedded with ribbons of
metal seed dummies in a regular pattern. Five ribbons are
arranged along the diagonal to avoid overlapping of indi-
vidual ribbon images on orthogonal views. Each ribbon con-
sists of dummies separated 1 cm apart. The phantom was
placed at the rotation center of the C-Arm. Images were
taken at anterior—posterior (AP) and left lateral directions.
The same set of images were taken with and without a com-
mercial jig (Fig. 2). (The jig was manufactured by Gam-
mamed, MDS Nordion Haan GmbH, Bergische Str. 16,
D-42781 Haan, Germany.) The jig consists of four transpar-
ent acrylic plates rigidly attached that surround the patient.
On each plate are embedded radio-opaque markers at known
positions. The jig also provides places to insert orthogonal
film cassettes. The markers appear as circular dots on radio-
graphic films. The marker positions were digitized together
with the seeds, and ABACUS Version 3.1, the GammaMed
software for HDR planning, was used in seed reconstruction.
ABACUS calculates the seed positions based on the known
(relative) coordinates of the markers. We have also recon-
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structed the seeds without using the jig and its markers, and
just assuming orthogonal isocentric films.

We first discuss the general difficulties in reconstruction
using images straightforwardly without a jig. (a) The Image
Intensifier (I) of the C-Arm is not designed for perfect im-
ages. The image plane of the II is not well defined, and
geometric distortion is well known. (b) Sagging due to the
heavy II produces uncertainties in distances and angles be-
tween the x-ray source, the phantom, and the II. (c) The
C-Arm rotation is not isocentric, even by design. As shown
in Fig. 3, the source—axis distance is angular dependent. (d)
The ABACUS software assumes we have actual-size images
taken at the “film” location. The II images, whether digital
ones on a computer screen or hard copies from the fluoro-
scope printer, have different magnifications from those at the
II plane.

The jig resolves all of the above-mentioned problems. Ra-
diographic films are taken without the II, thus bypassing its
accompanying issues: distortion, ill-defined plane, and sag-
ging. The film records actual-size images at fixed distances.
The markers are the solution for nonisocentricity. Coordi-
nates of the x-ray sources can be deduced from the digitized
locations of the markers. The accuracy of seed reconstruction
with the jig is excellent. Position of every reconstructed
dummy seed is compared with the supposed position, and the
average error in reconstructed seed coordinates is within 0.1
cm, which is acceptable for brachytherapy planning. How-
ever, the jig is 34X49 cm in dimension, rather small for
many patients to fit in and in the way of the physician per-
forming the procedure. It is also fragile, and can be easily
bent or damaged during use. C-Arm has bulky II, which is
difficult to maneuver under the patient couch. If posterior—
anterior (PA) images were adequate, we could have the x-ray
source below and the II above a supine patient. However,
this jig requires an AP film, hence we would have to try
pushing the II under the couch.

Hence, we also examined C-Arm reconstruction without
the jig. The distances between various C-Arm components

© 2002 Am. Assoc. Phys. Med. 724
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(b) AP

FiG. 1. In-house rectangular phantom with regularly spaced dummy seeds
embedded. The phantom measures 30X 12X 6 cm. The figure is “figurative”
in the sense that the number of seeds shown is different from the actual
number on the phantom.

(a) Cross section

were obtained from the manufacturer. The II images should
be rescaled to the actual size at the II plane. In practice, we
rescaled the images by one of the ribbons in the images. The
scale was chosen so that the reconstructed seeds on the cho-
sen ribbon have the correct separation, 1 cm. This canceled
out first-degree error in distances and image magnifications.
The ribbon was along the superior—inferior (SI) direction,
perpendicular to the C-Arm rotation plane. The reconstructed
seed coordinates had a mean error of 0.065 cm (standard
deviation 0.025 cm) in the ST direction, but 0.2—0.3 cm along
the other two orthogonal directions. We noticed that the di-
ameters of the “circular” II and its images were in different
proportions along various directions. Specifically, the II re-
ceptor had a diameter of 24.4 cm along the C-Arm rotation
plane and 24.8 cm perpendicular. The circular rim on the
images (the hard copies from the fluoroscope printer) mea-
sured 11.45 cm along the C-Arm rotation plane, and 10.8 cm
perpendicular. This may be observed from Fig. 4, a to-scale

49 cm

34 cm

(a) Cross section

Film Slots

(b) Pattern on the 4
“thick” plates showing
the markers

FIG. 2. Acrylic commercial reconstruction jig from Gammamed, with em-
bedded radio-opaque markers on four “thick” plates.
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Rotation
center

100 cm

FiG. 3. Nonisocentric rotational geometry of C-Arm. The x-ray source and
the II rotate on a common circular rail. The two locations drawn are for AP
and lateral imaging. The “‘rotation center” is the center of the circular path.
There is actually no “isocenter” of radiation.

image. Therefore, image magnifications along orthogonal di-
rections were different by 7.7%. With a commercial graphic
software that has image processing functions (such as Mi-
crosoft Paint), we modified the II images by “stretching” the
image 7.7% perpendicular to the C-Arm plane. After chang-
ing the magnification in one direction, seed reconstruction
became excellent in all directions, with a mean error of 0.59
cm (standard deviation 0.030 ¢cm). Hence the main distortion
of II images was this different magnification along orthogo-
nal directions.

C-Arm distortion is known to be a function of the strength
and direction of the Earth’s magnetic field. The heavy II also
causes sagging which is dependent on the orientation. In the
study we used AP, PA, and lateral films. (Right and left lat-
erals were taken with the same II position. The II could not
rotate 180° along the rail, so we turned the whole C-Arm
together with its base.) These represent the four extreme po-
sitions and orientations for the II. Hence, the result implies
that reconstruction uncertainty is insignificant for any II ori-
entation.

This reconstruction method assumes there is a ribbon per-
pendicular to the C-Arm rotation plane. For HDR brachy-

FiG. 4. AP image of the rectangular phantom taken with C-Arm fluoroscopy.
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therapy of gynecological cancer one may use the dummy
ribbon inserted into the patient’s rectum. Our method will be
useful for implants in other anatomical sites if (a) the patient
is positioned such that dummy ribbons lie perpendicular to
the C-Arm rotation plane, or (b) a scale (ring or ruler) is put
on the patient with the known dimension perpendicular to the
C-Arm rotation plane. One may estimate the error when the
scale is not exactly perpendicular. Suppose the ribbon is 10°
to the C-Arm rotation axis, the fractional error in length will
be

1

1
07 ssige =015, (1)

cos 10°

An implant of maximum size 10 cm, if centered on the II
aperture, will have the extreme points 5 cm from the center,
and positional error at the extreme will be 0.75 mm, which is
clinically acceptable.
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In conclusion, we have studied the use of a C-Arm and a
commercial jig in brachytherapy localization. The jig reduces
reconstruction errors, but poses risk of being too small and
easily damaged, and inconvenient for clinical use. The II
images without a jig, however, may provide accurate recon-
struction, if the images are stretched along one direction to
give the same magnification as the other orthogonal direc-
tion.

YElectronic mail: albert.fung@ahsys.org
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Abstract

Purpose: To compare intracavitary brachytherapy dose estimation for organs at risk (bladder and rectum) based on
semi-orthogonal reconstruction of radiographs on non-isocentric X-ray unit and Computed Tomography (CT) - based
volumetric planning in cervical cancer.

Material and methods: Bladder and rectal points as per International Commission on Radiation Units and Measu-
rements (ICRU) report 38, were retrospectively evaluated on 15 high dose rate intracavitary brachytherapy applications
for cervical cancer cases. With the same source configuration as obtained during planning on radiographs performed
on a non-isocentric X-ray unit, the mean doses to 2cc of most irradiated part of bladder and rectum were computed by
CT planning and these estimates were compared with the doses at ICRU bladder and rectal points.

Results: The mean ICRU point dose for bladder was 3.08 Gy (1.9-5.9 Gy) and mean dose to 2 cc (D2cc) bladder was
6.91 Gy (2.9-12.2 Gy). ICRU rectal dose was 3.8 Gy (2.4-4.45 Gy) and was comparable with D2cc rectum dose 4.2 Gy (2.8-
5.9 Gy). Comparison of mean total dose (ICRU point vs. D2cc) for each patient was found to be significantly different
for bladder (p = 0.000), but not for rectum (p = 0.08).

Conclusions: On comparison of ICRU point based planning with volumetric planning on CT, it was found that blad-
der doses were underestimated by the film based method. However, the rectal doses were found to be similar to the D2cc
doses. The results with non isocentric film based treatment planning were similar to the existing literature on orthogo-

nal film based simulator planning.

J Contemp Brachyther 2012; 4, 3: 129134
DOI: 10.5114/jcb.2012.30678

Key words: bladder dose, brachytherapy, cervical cancer, radiograph, rectal dose.

Purpose

High Dose Rate (HDR) brachytherapy in the treatment
of cervical cancer with or without external radiotherapy is
an essential component of management. It has a high the-
rapeutic index delivering a high dose to primary cervical
lesion and lower doses to adjacent organs [1-3]. In brachythe-
rapy, an exact knowledge of the applicator geometry is
necessary for an accurate calculation of dose to tumor and
critical organs [4]. The traditional ways to reconstruct
the brachytherapy catheters are either using a semi-ortho-
gonal film method with a reconstruction jig or a pair of
isocentric orthogonal or variable angle X-ray imaging
method. X-ray images are obtained by using a therapy sim-
ulator or an integrated brachytherapy unit (IBU). Except IBU,
the procedure requires that the patient is transferred after
the application to the X-ray unit room for obtaining the re-
construction images and needs to be transported back to
the brachytherapy treatment room to administer the irra-

diation. A modern approach in treatment planning for cer-
vical cancer is based on Computed Tomography (CT) or
Magnetic Resonance (MR) images and on a 3D dose calcu-
lation. Since 2004, several guidelines for image based
brachytherapy for cervical cancer have been published [2,5,6].
At our centre, intracavitary brachytherapy (ICBT) planning
has been carried with the 2D X-ray film method using a re-
construction jig and semi orthogonal reconstruction. The pre-
sent study was carried out with the intention of changing over
to CT based 3D planning. The treatments delivered using 2D
film planning were also planned with CT imaging keeping
the same source configuration. The doses to organs at risks
i.e. bladder and rectum were computed by both the methods
for further analysis. To our knowledge, there has been lim-
ited published data or literature available regarding the do-
simetric comparison of semi orthogonal reconstruction
of non isocentric X-rays with orthogonal X-rays or CT-MRI
brachytherapy treatment planning in cervical cancers.
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Material and methods

Patients selection

Ten patients with cervical cancer (Stage IIB - 4 patients,
Stage IIIB - 4 patients, Stage IVA - 2 patients) who under-
went 30 intracavitary brachytherapy insertions at our cen-
tre were included in this study. Treatment planning was
done with conventional planning with a reconstruction jig.
A preliminary study of CT guided volumetric planning has
been performed retrospectively. This study was approved
by the hospital’s ethical committee.

Treatment scheme

The standard treatment protocol for cervical cancers at
our centre consists of external beam radiotherapy (50 Gy/
25 fractions) with concomitant chemotherapy and ICBT.
After 7-10 days of completion of external chemo-radio-
therapy to the pelvis, patients were taken for HDR-ICBT and
a total dose of 21 Gy in three equal fractions of 7 Gy each
at weekly intervals was given.

Brachytherapy insertion

The Fletcher Williamson applicators (Nucletron, Veenen-
daal, The Netherlands®) were used for intracavitary
brachytherapy application consisting of uterine tandem and
a pair of ovoids. Standard metallic applicators were used
without special modification for CT/MRI compatibility.
Before each application, a urinary catheter was inserted and
the catheter balloon inflated with contrast and normal saline
(7 ml) for visualizing the bladder. Appropriate packing was
done to fix the applicator in position and to push the blad-
der and rectum away from the vaginal applicators. Blad-
der and rectal reference points were identified according to
ICRU 38 recommendations. The patients were under con-
scious sedation.

Brachytherapy planning and treatment:
conventional planning

After insertion of the applicators, X-ray images were tak-
en with patient in supine position (AP and lateral views)

for conventional planning with a reconstruction jig. To mi-
nimize patient movement during radiographs, the recon-
struction jig base plate was kept below the patient and
it remained there till the treatment was completed. The re-
construction jig (Fig. 1) was supplied by Nucletron® and
comprises of a base plate and a C shaped mountable struc-
ture. The base and side plates are embedded with radio
opaque markers at known positions. These markers appear
as a straight line with circular dots on radiographic films.
The X-ray tube is focused on the markers on upper C-shaped
plate. The base plate also has a provision for holding the
radiographic film cassettes for lateral as well as AP radio-
graphs. The brachytherapy treatment planning systems re-
quire setup parameters, with magnification factors of the im-
ages. Semi orthogonal reconstruction method is used for
reconstruction of the images. This method allows the use
of a non isocentric X-ray unit to take the two reconstruction
radiographs. Truly orthogonal orientations are not easily
obtained with non isocentric X-ray unit. A localization jig
with AP and lateral cross wires is placed over the patient
and radiographs are taken. The semi orthogonal reconstruc-
tion method accepts X-rays beams whose central axes do
not intersect and are not perpendicular to one another.
The only requirement is that the projections of the cross-
wires on the two corresponding box faces are visible on
the radiographs (Fig. 2).

Geometrical reconstruction of applicator and dose com-
putation was carried out using PLATO SUNRISE
(Brachytherapy v14.3.5, Nucletron, The Netherlands®)
brachytherapy treatment planning system using Vidar Do-
simetry Pro scanner. The films were scanned with scanner.
Point A was defined on the radiographs as being 2 cm su-
perior (along the tandem) to the flange abutting external
cervical os and 2 cm lateral from the axis of the tandem.
The source positions were loaded as per the standard load-
ing pattern in accordance with the Manchester System. These
dwell positions were then optimized to minimize the dose
to rectal and bladder points. The 7 Gy dose was prescribed
to point A. The doses to point A, bladder and rectum were
calculated. In the planning process, bladder and rectum point

Anterior

Posterior

Fig. 1. X-ray images were taken with patient in supine position (AP and lateral views) for conventional planning
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doses were planned to keep below 80% of dose to point A
for each planned fraction.

3D CT post treatment planning

A CT scan (Somatom Sensation 4, Siemens®) with 3 mm
slice thickness through the pelvis was performed for 15 cas-
es out of 30 ICBT insertions. The CT images were transferred
to Oncentra Virtual Simulation System (Oncentra Master-
Plan version 3.3, Nucletron®) via networking and subse-
quently to the Plato Treatment Planning System (Nucle-
tron®). The patient was shifted to the treatment chamber and
treatment was delivered by MicroSelectron - HDR (Nu-
cletron®) as per the conventional planning. Subsequently
the radiation oncologist delineated the bladder and rectum
(OARSs) in each slice of all the CT images. Although few CT
slices contained artefacts, but this was not a serious im-
pediment to contouring bladder and rectum in this study.
Rectum was contoured from above the anal sphincter to
the level of transition to sigmoid. The entire bladder was
contoured. After catheter reconstruction, for each applica-
tion, the corresponding optimized dwell positions used in
conventional 2D planning were duplicated for 3D planning
with the contours now drawn. DVH parameters for mini-
mum dose to the most irradiated contiguous volume
of 0.1cc, 1cc and 2cc (D0.1cc, Dlcc and D2cc, respectively)
were produced for each OAR with 100 000 sample points.
No contouring was done during actual treatment planning.

Statistical analysis

The paired Student’s t-test was performed for compar-
ison of ICRU point doses and D2cc volume doses for blad-
der and rectum. Mean ratio (D2cc/ICRU) was also calcu-
lated.

Results

The mean age of the patients was 55 (range 45-60) years.
Tumor stage was evaluated according to the International Fed-
eration of Gynaecology and Obstetrics (FIGO) classification
[7]. The mean contoured volume of bladder and rectum
was 104 (+ 64) cc and 48 (£ 13) cc, respectively. Table 1 shows
the mean ICRU point doses and D2cc volume doses for blad-
der and rectum from this study. The mean D2cc of the blad-
der obtained from the CT plan was 6.91 Gy (2.9-12.2 Gy).
The mean ICRU bladder dose obtained for our patients
was 3.08 Gy (1.9-5.9 Gy). Our results reveal that ICRU blad-
der dose is less than bladder D2cc dose by a ratio of 2.24
(Fig. 3). Mean ICRU and D2cc doses calculated show
a statistically significant difference for bladder (p = 0.000).
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Fig. 2. The semi orthogonal reconstruction method accepts
X-rays beams whose central axes do not intersect and are
not perpendicular to one another

The mean D2cc of the rectum obtained from the 3D plan
was 4.2Gy (2.8-5.9 Gy). The mean ICRU rectal dose obtained
from the conventional plan for all patients was 3.8 Gy
(2.4-4.45 Gy) (Table 2, Fig. 4). Mean ICRU and D2cc doses
calculated did not reveal a statistically significant difference
for rectum (p = 0.08). The average ratio in this study was
1.10. Physical doses (EBRT+HDR) for OARs at ICRU
points as well D2cc were converted to a biologically equiv-
alent dose and normalised to conventional 2Gy (a./p = 3),
EQD?2 (Table 3).

Discussion

Intracavitary brachytherapy is an integral part of the treat-
ment of cervical cancer. The treatment planning for the de-
livery of radiation is dependent on the imaging modality
used as well as the method of reconstruction of the appli-
cators and organ at risk. Orthogonal radiographs are
traditionally used for treatment planning. However, semi-
orthogonal reconstruction especially in the context of C-arm
based brachytherapy planning has also been used. There is
limited literature available on non-isocentric radiography
based intracavitary brachytherapy planning especially

Table 1. Mean ICRU point Doses and D2cc volume doses in bladder and rectum in our study (semi orthogonal

method)
Mean (range) ICRU (Gy) Mean (range) D2cc (Gy) Paired t-test (range) Average ratio (D2cc/ICRU)
Bladder 3.08 (1.9-5.9) 6.91(2.9-12.2) p = 0.000, Cl (2.29-5.38) 2.24+101
Rectum 3.8 (2.4-4.45) 4.2 (2.8-5.9) p =0.08, Cl (-0.15-0.91) 110 £ 0.229

ICRU — International Commission on Radiation Units and Measurements; D2cc — dose received by 2cc of the volume of the bladder calculated from image based CT

planning; Cl — confidence interval
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Fig. 3. Comparison of bladder dose by conventional and
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Fig. 4. Comparison of rectal dose by conventional and CT
planning

Table 2. Mean ICRU point doses and D2cc volume doses in bladder and rectum (orthogonal method)

Bladder Rectum
Mean (range) Mean (range) Average Ratio Mean (range) Mean (range) Average Ratio
ICRU (Gy) D2cc (Gy) (range) (D2cc/ ICRU) ICRU (Gy) D2cc (Gy) (D2cc/ICRU)
Onal et al. [12] 6.1(2.9-8.7) 9.2 (7.6-12.9) 151 5(2.2-10.7) 8.3 (5.1-12.3) 1.66
Jamema et al. [13] 4.56 7.12 156 + 0.6 4.63 5.16 111+0.2
Tan et al. [14] 2.9 (1.2-4.5) 3.9 (13-6.3) 134034 3.4 (24-4.2) 3.6 (1.8-5.9) 1.07 £ 0.25

ICRU — International Commission on Radiation Units and Measurements; D2cc — dose received by 2cc of the volume of the bladder calculated from image based CT

planning

Table 3. Biologically normalized total dose EQD2
for bladder and rectum (a./B = 3) in our study

OAR’S

Bladder Mean
(range) (Gy)

Rectum Mean
(range) (Gy)

ICRU Point 54 + 2 (51.8-60.7) 55+ 1(52.6-56.6)

D2cc 65 + 10 (87.5-53.5) 56 + 2 (53.3-60.6)

Table 4. Comparison of mean ICRU point doses (Gy)
for bladder and rectum using semi-orthogonal
method and orthogonal method

Semi-orthogonal Orthogonal method

method
Present study Onal et al.[12] Jamema et al. [13]

(n=15) (n=63) (n=22)
Point A (Gy) 7 7 7
Bladder Mean 3.08 6.1 4.56
(range) (Gy) (1.9-5.9) (2.9-8.7)
Rectum Mean 4.2 5 4.63
(range) (Gy) (2.8-5.9) (2.2-10.7)

n—number of brachytherapy insertions (for a prescription dose of 7 Gy to Point A).

with respect to volumetric dosimetry. Extensive literature
is available which clearly suggests that image based
brachytherapy is better than point based brachytherapy.
The starting point was to retrospectively evaluate our cli-
nical practice by applying 3D assessment of the OARs us-
ing CT scans.

Fung [8] has evaluated the reconstruction jig with a C-arm
based mobile fluoroscopic unit and found that the jig not
only has an excellent accuracy of reconstruction, but it also
resolves problems encountered while using C-arm. Both
Fung [8] and Cuijpers [9] have suggested that using the jig
resolves the problem such as distortion, ill defined planes
and sagging, which are issues with image intensifier used
in C-arm fluroscopic units. They have reported that the re-
construction jig is narrow and the localization of the mark-
er point becomes difficult for very bulky patients. Never-
theless, in our study our patients did not experience any
difficulty in fitting within the jig possibly due to the small-
er built of the Indian females as compared to the Western
population. In the radiographs taken with the help of recon-
struction jig, the bladder and rectal markers were properly
visualized in both AP as well as lateral radiographs. How-
ever, in some patients the radio opaque markers and con-
trast in bulb of Foley’s catheter were faintly visualized with
usual exposure factors and required increasing of the ex-
posure factors (kV, mAs).
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For image based dosimetry CT images were used for
reconstruction of the applicators. All the patients in this study
were treated using standard Fletcher Williamson applica-
tor. The artefacts produced by metal applicators were re-
duced up to some extent by manipulating the CT window
and level setting during CT scan. The accuracy of CT re-
construction was compared with the radiograph based
reconstruction of the applicator by overlaying CT recon-
struction on radiograph reconstruction. The maximum va-
riation of + 6 mm was observed between these two with re-
spect to point A. This is attributed to shifting of patient
between X-ray room and CT room. It has been shown by
Grigsby et al. [10] that movement of reference points rela-
tive to bony structures during the interval time of two in-
tracavitary implants led to an average shift of 10-15 mm and
dose differences of up to 35% were observed due to this high
dose gradient. Thomadsen et al. [11] have also concluded that
any movement of patient should be avoided as this can pro-
duce large changes in dose to bladder and rectum.

We compared our results of non isocentric film based
ICBT using semiorthogonal reconstruction with the data
available in the literature where ICBT was performed with
orthogonal reconstruction delivering a dose 7 Gy at simi-
lar point A (Table 4). We found that our calculations with
semiorthogonal radiographs for bladder and rectal doses
were comparable to the doses calculated with orthogonal
radiography based studies such as Onal et al. [12] (62 HDR
applications), Jamema et al. [13], (22 HDR applications) (both
authors prescribed 7 Gy dose at Point A) as well as with Tan
et al. [14] (55 applications with 5.3 Gy to Point A). When we
compared our results for the mean ICRU point doses ob-
tained using semi orthogonal approach and the D2cc dos-
es for rectum and bladder on CT scans, we found that the av-
erage ratio of ICRU rectal dose to D2cc (rectum) by our
approach was 1.10 which is similar to the ratios obtained
such as 1.66, 1.11 and 1.07 by other authors [12-14] for rec-
tum, respectively. However, the ICRU bladder point un-
derestimated the bladder D2cc dose by a ratio of 2.24 in our
study as compared to 1 .51, 1.56 and 1.34 [12-14] (Table 2),
but it was comparable with Schoeppel et al. [15] and Baril-
lot et al. [16]. Other authors such as Hunter et al. [17] have
also found that the ratio of max bladder dose (from CT im-
ages) to ICRU reference dose (calculated from radiographs)
varied from 1.01 to 3.59. Schoeppel et al. [15] has reported
average ratios of 2.3 (range 1.4-2.7) for the bladder and 1.3
(range 0.9-2.1) for the rectum. Barillot ef al. [16] used ultra-
sonography for evaluating the bladder doses and found that
maximum doses in the bladder were on an average 2.7 times
higher than the doses at the ICRU reference points (calcu-
lated from radiographs).

Our results are similar with published data for rectal dos-
es, however there is a broad range for bladder doses. Fell-
ner et al. [18] has attributed the wide range of ratios for
the bladder to different methods used like radiographs,
ultrasound, CT to evaluate the doses and the difference in
individual patient anatomy.

Conclusions

Treatment planning based on semi-orthogonal films ob-
tained with a non-isocentric X-ray unit with the help of a re-

construction jig is comparable to true orthogonal films on
an isocentric X-ray unit. ICRU reference point doses by se-
miorthogonal reconstruction underestimated the bladder
D2cc volume doses, but no significant difference was
found for rectum. CT/ MRI based 3D volume based plan-
ning should be used wherever feasible as it is better in as-
sessing the doses to OAR volumes than conventional film
point based 2D planning and has today become the stan-
dard of care in many institutions.
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ABSTRACT

PURPOSE: In the past, film dosimetry was developed into a powerful tool for external beam
radiotherapy treatment verification and quality assurance. The objective of this work was the devel-
opment and clinical testing of the EBT3 model GafChromic film based brachytherapy quality assur-
ance (QA) system.

METHODS AND MATERIALS: Retrospective dosimetry study was performed to test a patient-
specific QA system for preoperative endorectal brachytherapy that uses a radiochromic film dosim-
etry system. A dedicated phantom for brachytherapy applicator used for rectal cancer treatment was
fabricated enabling us to compare calculated-to-measured dose distributions. Starting from the
same criteria used for external beam intensity-modulated radiation therapy QA (3%, 3 mm), passing
criteria for high- and low-dose gradient regions were subsequently determined. Finally, we inves-
tigated the QA system’s sensitivity to controlled source positional errors on selected patient plans.
RESULTS: In low-dose gradient regions, measured dose distributions with criteria of 3%, 3 mm
barely passed the test, as they showed 95% passing pixels. However, in the high-dose gradient re-
gion, a more stringent condition could be established. Both criteria of 2%, 3 mm and 3%, 2 mm
with gamma function calculated using normalization to the same absolute dose value in both
measured and calculated dose distributions, and matrix sizes rescaled to match each other showed
more than 95% of pixels passing, on average, for 15 patient plans analyzed.

CONCLUSIONS: Although the necessity of the patient-specific brachytherapy QA needs yet to
be justified, we described a radiochromic film dosimetry—based QA system that can be a part of
the brachytherapy commissioning process, as well as yearly QA program. © 2015 American

Brachytherapy Society. Published by Elsevier Inc. All rights reserved.

Keywords:

Radiochromic film dosimetry; Quality assurance; Brachytherapy

Introduction

Brachytherapy represents clinical use of small encapsu-
lated radioactive sources at short distances from target vol-
umes for irradiation of both malignant tumors and benign
lesions. Brachytherapy methods vary considerably depend-
ing on their complexity and the scope to which they are
individualized to particular patients. The aim of a brachy-
therapy quality assurance (QA) program should be to maxi-
mize the likelihood that each treatment is administered
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accurately, recognizing the clinical intent and that it is per-
formed safely for both the patient and others who might be
exposed to radiation during the treatment. With the ad-
vancements in brachytherapy treatment techniques, the
need for comprehensive QA programs has been recognized
(1), and the number of QA tools and procedures has been
summarized in numerous recommendation documents
(2—4). In addition, within the last decade, the brachyther-
apy community witnessed a widespread use of various im-
age guidance techniques and with it new challenges for
brachytherapy QA programs (5, 6).

The absence of patient-specific QA process in brachy-
therapy is in contrast with the situation for intensity-
modulated radiation therapy (IMRT) where this is a standard
practice. External beam—based IMRT uses specialized
computer-driven technology to create dose distributions that

1538-4721/$ - see front matter © 2015 American Brachytherapy Society. Published by Elsevier Inc. All rights reserved.
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conform to tumor targets with extremely high precision (7).
The generated conformal dose distributions around the tu-
mor can have steep dose gradients at the transition to adja-
cent healthy tissues, similar to those commonly
encountered in brachytherapy treatments. IMRT technique
has been discussed in detail in the literature covering tech-
nical, physical, and clinical aspects (8, 9). Numerous publi-
cations (10—12) outlined the importance of performing
comprehensive acceptance testing, commissioning, and
QA programs for IMRT. A number of methods, techniques,
and detector systems have been designed for patient-specific
IMRT verification purposes, where both dosimetric and
spatial uncertainties are determined (13—15).

From the point of view of the equipment used, brachy-
therapy uses a rather simple technology, in the form of
driving an encapsulated radioactive source to preplanned
dwell positions to spend preplanned dwell times. On the
other hand, brachytherapy procedures involve procedures
performed by different professionals (radiation oncologists,
physicists, therapists, and others), each of which can repre-
sent a potential source of treatment error. Possible mistakes
during the process of CT-based planned brachytherapy pro-
cedures could occasionally lead to serious faults, thus
undermining the treatment goals. Possible adverse effects
may be further amplified as brachytherapy is given over
one or only few fractions (16).

The use of radiochromic films for dose measurements in
brachytherapy dates back to the work by Sayeg and Gregory
(17) who measured surface dose rates with high-dose-rate
(HDR) beta particle ophthalmic applicators. Sharma et al.
(18) used radiochromic films to measure the anisotropy func-
tion of iridium-192 (***Ir) brachytherapy sources. Poon et al.
(19) modeled the intracavitary mold applicator used for
endorectal cancer brachytherapy treatments for Monte
Carlo—simulated dose calculations subsequently verified
using the external beam therapy (EBT) film model. Evans
etal. (20) introduced a QA check for source positioning using
radiochromic instead of traditional radiographic film.

In the case of IMRT-based dose evaluation, the gamma
index is often used to quantify differences between two
dose distributions (21): one calculated by the treatment
planning system (TPS) and another one measured by the
appropriate QA tool. The gamma function quantifies a
quadratic combination of the distance-to-agreement
(DTA) metric between two dose distributions with a point
dose—difference metric. A passing criterion can be estab-
lished that determines that a particular number of evalua-
tion points (usually 95%) satisfy a combined dose
difference (DD) and DTA threshold (e.g., 5%, 2 mm).
Following the same approach as in the case of IMRT QA,
Devic et al. (22) reported on the possible use of radiochro-
mic film—based dosimetry system for HDR quality control
and commissioning.

In this work, we describe a potential patient-specific QA
system for fractionated preoperative HDR '*?Ir brachytherapy
treatments for rectal cancer patients. The patient-specific QA

tool developed here relies on the radiochromic film dosimetry
system and the gamma evaluation method for quantitative
evaluation of dose distributions. To investigate the eventual
need for patient-specific QA in brachytherapy practice, we
performed a retrospective dosimetry study on 15 CT-based
rectal treatment plans. The QA system described was used
to compare dose distributions calculated using Task Group
No. 43 formalism (23) with those measured by the EBT3
model GafChromic film—based reference dosimetry system
using a specially designed brachytherapy QA phantom. We
also investigated the QA system’s sensitivity to source posi-
tional errors by introducing intentional and controlled offsets
on selected patient plans.

Methods and materials
Radiochromic film dosimetry protocol

In this study, we used the latest EBT3 GafChromic film
model (Ashland Inc., Wayne, NJ) that provides two signifi-
cant performance improvements over the EBT?2 film model.
Although the active layer in the two film models remains the
same, the EBT3 film model has a unique polyester substrate
that prevents the formation of Newton’s rings interference
patterns in images acquired using flatbed document scanners
(24). Furthermore, as opposed to the EBT2 film model that
has an asymmetric structure of layers, the EBT3 film model
has a 30-um thick active layer sandwiched between two
mated 125-um thick polyester sheets.

All films used in this work were from the same batch
number (A05151202). The reading device used was a
flatbed Epson Expression 10000XL document scanner (Ep-
son, Nagano, Japan) that provides 48-bit red, green, and
blue images scanned in transmission mode. In this work,
we used reference radiochromic film dosimetry protocol
described by Aldelaijan ef al. (25) with the calibration irra-
diation setup using parallel-opposed beam geometry. As
shown, the main advantage of this irradiation setup was
to achieve a greater degree of dose homogeneity in the re-
gion of interest (ROI) within the phantom where the cali-
bration film pieces are positioned. Fifteen calibration film
pieces (2" x 2.5") were exposed to various doses in a range
between 25 and 3000 cGy. All films were scanned with a
127 dpi resolution, which corresponds to 0.2 mm/pixel.
Discontinued FilmQA software (3cognition LLC, version
2.0.1215) was used to analyze irradiated and 24 h postexpo-
sure scanned film pieces, and based on the anticipated dose
range used in this study (0—30 Gy), we decided to use the
green color channel (25). We also tested the latest triple-
channel film analysis approach (26) using the FilmQAPro
(Ashland, Inc., Wayne, NJ) software.

Figure 1 shows the calibration curve (a), as well as the
uncertainty vs. error analysis (b) for the reference radio-
chromic film dosimetry system used in this work. As ex-
pected, dose errors (calculated as the difference between
known and calculated dose) and dose uncertainties (sum
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of experimental and fitting uncertainties (25)) are higher at
lower dose values. The larger dose errors at lower dose
values will eventually result in more significant discrep-
ancies between calculated and measured doses within
low-dose regions when gamma function is calculated. The
uncertainty vs. error analysis (Fig. 1, b) suggests that the ra-
diochromic film dosimetry system used in this work is
consistent with its one sigma uncertainty estimate because
the error points are larger than the uncertainty values in less
than 33% of cases and provides a one sigma uncertainty
better than 3% in a dose range of up to 30 Gy.

HDR brachytherapy QA phantom

Design of a solid water phantom with an intracavitary
mold applicator (Nucletron, Veenendaal, The Netherlands)
positioned at its center is shown in Fig. 2. The applicator
is made of silicon rubber and has a length of 28 cm, a
24 mm diameter, and a flexible cylindrical shape. Eight cath-
eters are placed within its circumference around a central
cavity designed to accommodate a tandem catheter for gyne-
cological brachytherapy applications. The brachytherapy QA
phantom consists of four solid water slabs (Fig. 2). One slab
has dimensions of 30 x 30 x 2 cm3, and the second one has
dimensions of 30 x 30 x 5 cm3, and the two slabs are milled
to accommodate the applicator in the center. Two additional
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Fig. 1. (a) Calibration curve and (b) dose error vs. total uncertainty for the
reference radiochromic film dosimetry system used in this work.

30cm

5cm

cm
5 EBT3 film sheet

2cm

5cm

Applicator Hals EBT3 film sheet

Fig. 2. High-dose-rate brachytherapy phantom for rectal cancer patients.
Applicator is centered in the phantom. Two GafChromic films are posi-
tioned 2 cm below and 5 cm above the center of the applicator. Film di-
mensions not to scale.

slabs of solid water with dimensions 30 x 30 x 5 cm® are
added above and below to provide full scattering conditions.
According to the latest American Association of Physicists
in Medicine Task Group No. 43 update (23), every point
of calculation and/or measurement must be surrounded by
at least 5 cm of water-equivalent material. In designing the
phantom depicted in Fig. 2, we made sure that every film
measurement point within the ROI, defined in the next sec-
tion, was surrounded by at least 5 cm of solid water material.
Finally, the two central slabs of solid water are attached
together with plastic screws to assure that the applicator
would not move during dose delivery.

During QA measurements, two sheets of EBT3 model
GafChromic film were placed 2 cm above and 5 cm below
the center of the applicator to measure dose distributions
within high- and low-dose gradient regions, respectively.
To ensure films were positioned inside the phantom in a
reproducible manner, we used a permanent marker to draw
an area that defines the film size on two slabs of solid water.

Radiochromic film—based brachytherapy QA analysis

Figure 3 outlines basic steps in the proposed radiochro-
mic film—based brachytherapy QA system that mimics the
well-established IMRT QA procedure using the same
dosimetry system. The three-dimensional dose distribution
of each treatment plan was recalculated with brachytherapy
treatment planning software using a CT image data set of
the QA phantom. Dwell times and dwell positions for each
plan were re-entered manually to the QA (mock) plan
created within Masterplan (version 4.1; Nucletron, Veenen-
daal, The Netherlands). Two planar dose distributions posi-
tioned at 2 cm below and 5 cm above the center of the
applicator were exported as a Digital Imaging and Commu-
nications in Medicine dose file and subsequently imported
into FilmQA software (Fig. 3a).

Next, the scanned (digitized) film images created using
the mock plan was imported as Tiff files into the FilmQA
software (Fig. 3b) and coregistered to the calculated dose
distribution. Alignment is achieved by lining up permanent
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Fig. 3. The procedure for the comparison of the measured dose distribution with the calculated one. (a) Measured netOD distribution converted to dose
image. (b) Calculated dose distribution converted to dose image. (c) Two dose images are coregistered and compared.

fiducial marks on the phantom (drawn by permanent
marker and aligned to the first dwell position of the appli-
cator) to fiducial marks (created using a permanent marker)
on the film sheet. However, because of several sources of
uncertainties in this method (estimated to be within
1 mm) during gamma function analysis, we used manual
dose adjustment option (with a step size of 0.1 mm) to
maximize passing rate of the function by moving film dose
distribution with respect to calculated one, assuming that
the shifts are not larger than 1 mm.

Before comparing the two dose distributions using the
gamma function (Fig. 3c), the scanned film image is con-
verted into an absolute dose image using previously estab-
lished calibration curve. To reduce the level of noise in film
measurements because of low-dose values measured (usu-
ally away from the center of the dose distribution), gamma
function calculations were confined to an ROI, defined as
an area with doses in excess of 30% of the maximum dose
calculated by the TPS.

For this study, we selected treatment plans for 15 rectal can-
cer patients treated preoperatively with HDR brachytherapy.
The treatment is delivered in four daily fractions (with a

prescription dose of 6.5 Gy to the target volume per fraction)
within the four consecutive days after the CT simulation and
treatment planning. Before each treatment fraction, the appli-
cator is inserted into the rectal lumen, and a radiograph is taken
for comparison with the reference digitally reconstructed
radiograph, created based on planning CT. Comparison of
the two radiographs is carried out to determine corrections
(if any) needed to assure that the treatment plan, created using
planning CT, is delivered to the target in a reproducible manner
during all treatment fractions. Details of this image-guided
brachytherapy (IGBT) technique have been described in de-
tails previously (26). For most of the IGBT techniques
(rectum, head and neck, breast, surface), fractionation allows
for eventual implementation of patient-specific QA because
the time between CT simulation and first treatment fraction
is usually 1 day, as it is the case for IMRT. However, a large
number of brachytherapy procedures (gynecology, prostate,
and esophagus) are adaptive (daily imaging and planning
before treatment delivery) and do not provide enough time
for such QA programs. Instead, the adaptive brachytherapy
techniques may benefit from the implementation of in vivo
patient-specific QA (27). On the other hand, taking into
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account the relative technical simplicity of brachytherapy dose
delivery and recent reporting on the usefulness of patient-
specific QA for IMRT (28), additional retrospective dosimetry
studies (similar to ours) may prove that in vivo patient-specific
QA could be the only meaningful path toward brachytherapy
quality care improvement for fractionated IGBT as well.

When choosing treatment plans for this study, we tried
to avoid repetitive combinations of channels in the appli-
cator to collect plans covering different dose distributions.
Although most treatment plans created and delivered use
only three channels, we have made sure these are distrib-
uted in our sample group around all aspects around the
applicator (ANT, POST, LT, and RT). In addition, we also
included three plans (ANT, POST, and LT) with four cath-
eters. For each treatment plan, we compared the calculated
planar dose distributions with measured ones using the
gamma function method, which combines two mapping
criteria of DDs and DTAs. In this work, we altered the cri-
terion for DD to be 1%, 2%, and 3%, whereas the criterion
for DTA was changed to be 1, 2, and 3 mm.

Commonly in IMRT QA practice, both measured and
calculated dose distributions are converted to relative dose
images being normalized to the origin point set at the center
of the calculated dose distribution matrix. However, such
method provides comparison (in terms of the gamma func-
tion passing criteria) of relative dose distributions only. In
the case of an incorrectly used activity, for dose calculation
such a comparison would not be detected by such a system.
In the case of IMRT QA, this problem was alleviated by the
use of ionization chamber measurements in parallel to the
film measurement within the same phantom. To test the
ability of the radiochromic film system in providing com-
parison between absolute dose distributions, we calculated
gamma function by normalizing both calculated and
measured dose distributions to the very same absolute dose
value equal to the maximum dose taken from the calculated
dose distribution, the later one assumed to be a reference.
Only in such a way, can the two dose distributions be
compared in terms of absolute dose if the gamma function
is used for comparison.

Another technical detail frequently overlooked in the
process of IMRT QA is the difference in pixel resolutions
between measured (with film) and calculated (with TPS)
dose distributions. In our case, we have used the scanning
pixel size of 0.2 mm/pix (commonly used during our IMRT
QA), whereas the pixel size in the calculated dose distribu-
tion was 2 mm/pix. To assess the impact of different pixel
sizes of dose distributions used for gamma function calcu-
lation, we had also resampled the film-measured dose dis-
tribution of 0.2 to 2 mm/pix.

Finally, to investigate the sensitivity of our film—based
brachytherapy QA system to positional errors of the '**Ir
source, we selected three patient plans and introduced
deliberate errors of 1, 2, 3, and 5 mm, for one dwell posi-
tion, in one channel at the treatment console and delivered
the erred plan to the QA phantom containing radiochromic

films. Measured dose distributions were then compared
with the calculated one for a given treatment plan. The re-
sulting change in average passing pixels (APPs) of the
gamma maps will be used to describe the sensitivity of
our QA system to this intentional positional error.

Results and discussion
Gamma evaluation for high- and low-dose regions

Table 1 summarizes the average values of passing pixels
(APP) for high- and low-dose gradient areas, respectively.
The first column within a given dose gradient area corre-
sponds to APP when dose distributions were normalized
to the center values separately (corresponding to relative
dose distribution comparison via gamma map), and
measured and calculated dose matrices had different pixel
sizes. The second column (labeled renormalized) corre-
sponds to APP of gamma functions calculated using rela-
tive dose distributions in two dose images (calculated and
measured) normalized to the very same dose value (abso-
lute dose comparison) corresponding to the maximum ab-
solute dose value of dose distribution calculated within
the plane containing the film. The third column for both
dose gradient regions corresponds to the gamma function
calculated based on absolute dose comparison and the mea-
surement dose image rescaled to match the pixel size of the
calculated dose image. Finally, the last column for both
dose gradient regions incorporates the triple-channel radio-
chromic film dosimetry method (29).

Results presented in Table 1 suggest that the variation of
the DTA parameter has more influence on gamma map
passing pixels in the high-dose gradient area (film at plane
2 cm from the center of the applicator). In contrast, it can
be seen that the DD parameter will have more influence
on the percentage of the passing pixels in a low-dose
gradient region (film at plane 5 cm from the center of the
applicator). On the other hand, introduction of dose distri-
bution normalization to the same dose value (absolute dose
comparison) slightly improves the APP in the high-dose
gradient region, contrary to the trend in the low-dose
gradient region. This might be caused by the fact that the
uncertainty in absolute dose measured with the film de-
creases as the dose is increased (25). Rescaling of the
high-resolution dose measurements image to calculated
low-resolution dose image resulted in an overall reduction
in APP for all cases. In the case of the FilmQA software,
and in other commercially available software packages,
the calculated low-resolution dose distribution image is
oversampled to match the high resolution of the film mea-
surement. Our results confirm previously published data
(30, 31) that such an approach may lead to an unjustified
overconfidence in the calculated gamma function. Although
the scanning resolution of the film image should be as close
as possible to the dose calculation grid size, one should at
least match the high-resolution image to the low-resolution



Table 1

APPs for a different combination of DTA and DD criteria in high (film at 2 cm) and low-dose gradient region (film at 5 cm)

Low-dose gradient region (film at 5 cm)

High-dose gradient region (film at 2 cm)

Criteria

Renormalized
& rescaled

Renormalized
& rescaled

Renormalized
& rescaled

24.6

Renormalized
& rescaled

51.7

& triple channel

222

Renormalized

52.1

Original
65.1

& triple channel

323

Renormalized

Original
76.5

65.3

DD, DTA

1%, 1 mm

91.9 81.9 81.5 79.4 63.3 389 46.2

85.3

1%, 2 mm

96.8 94.3 95.3 86.9 70.5 54.1 714

922

1%, 3 mm
2%, 1 mm

43.0

39.3

62.9

76.2

62.3

70.2

85.5

73.1

94.9 88.5 92.9 85.7 70.9 50.1 62.9

89.5

2%, 2 mm
2%, 3 mm
3%, 1 mm
3%, 2 mm
3%, 3 mm

83.2

62.1

75.8

90.9

97.2

97.2

97.8

95.1
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68.1

54.8

70.8

83.9

79.8

83.6

924

79.9

83.6

62.4

77.1

89.6

96.0

94.4

96.9

924

92.0

70.1

81.1

95.3

98.2

98.4

98.6

95.9

APPs = average passing pixels; DTA = distance to agreement; DD = dose difference.

one, and not vice versa. Introduction of the triple-channel
method leads to a significant increase in the pixel passing
rate within low-dose gradient region when compared with
the rescaled images approach, albeit still below 95%,
showing that the method improves dose measurements
analysis in dose regions with higher noise levels. In the
high-dose gradient region, the impact of triple channel ap-
pears to be less significant, yet achieving the 95% passing
rate for 1%, 3 mm criterion.

Positional source errors measurements

Figure 4 shows the percentage of APPs for the gamma
function calculated using different DTA parameters
affected by introducing positional errors for one dwell po-
sition of 1, 2, 3, and 5 mm in 3 selected patients. On
average, plans had 56 dwell positions over three channels,
with 2.5-mm step size. This figure further suggests that in
the high-dose region, the introduction of positional errors
greater than 1 mm leads to a significant reduction of the
passing pixel rate. Although the introduction of a 1-mm
source shift had no significant impact on the percentage
of passing pixels for 3%, 3 mm criteria, even this smallest
error was already registered by more stringent 3%, 2 mm
criteria resulting in a significant drop in passing pixels from
100% to 85%. Figure 4 also reveals that a source positional
error of 2 mm decreased the percentage of passing pixels
significantly well below 60% for all the DD/DTA combina-
tions tested, indicating that the system described in this
work can detect positional errors larger than 1 mm.

Summary of radiochromic film—based QA system for
brachytherapy

Figure 5 represents the summary of the proposed radio-
chromic film dosimetry QA system. The system relies on an
initial scanning of the QA phantom and established calibra-
tion curve for a given radiochromic film dosimetry system.
For every new radiochromic film batch, a new calibration
curve has to be created. The end-to-end test starts with
the transfer of the treatment plan onto a CT data set of

120

-3 %, 3mm
& -3 %, 2 mm

\ —4-3%,1mm
Y

Y
o
o

fo2]
o

1.

Average Passing Points (%)
B (o)}
{ o) o

N
o

o

Shift (mm)

Fig. 4. Effect of positional errors in average passing pixels in high-dose
region.
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Fig. 5. Summary of the proposed radiochromic film—based brachytherapy quality assurance (QA) system.

the QA phantom and recalculation of the dose distribution
that is intended to be delivered to the patient.

The very same plan is also sent to the treatment console
and delivered to radiochromic film sheets placed within the
QA phantom at predefined positions. Dose distribution cor-
responding to the film position is exported from a recalcu-
lated plan and imported into film analysis software together
with the measured dose distribution. Two dose distributions
are subsequently compared using the gamma function.

Conclusions

In this work, we tested a radiochromic film—based QA pro-
cedure for patient-specific QA of HDR brachytherapy. Two
films were positioned at 2 cm below and 5 cm above the center
of an endorectal brachytherapy applicator within a QA phan-
tom. These two films were used to study the behavior of the
QA system in low- and high-dose gradient regions.

The gamma evaluation method was used to evaluate
dose distributions for the case of preoperative endorectal
brachytherapy treatments based on radiochromic film
dosimetry. In low-dose gradient regions, measured dose
distributions with criteria of 3%, 3 mm barely passed the
test as they showed 95% passing pixels for the oversampled
and relative dose distribution comparison. However, in the
high-dose gradient region, a more stringent condition could
be established. Both criteria of 2%, 3 mm and 3%, 2 mm
with gamma function calculated using normalization to
the same absolute dose value in both measured (using
triple-channel method) and calculated dose distributions
and matrix sizes rescaled to match lower resolution (calcu-
lated dose image) showed more than 95% pixels passing on
average for 15 patient plans used.

We also demonstrated that the QA system described when
used in conjunction with preoperative endorectal HDR
brachytherapy is sensitive to source positional errors. We
investigated the effect of the positional errors on the

percentage of passing pixels and concluded that introducing
a positional error for one dwell position within one channel
larger than 1 mm will decrease the average percentage of
the passing pixels at a level that is significant and detectable.
In this work, we described a radiochromic film—based
brachytherapy QA system, which could be used as a
patient-specific QA tool if the treatment protocol allows
for a sufficient time and resources to undertake all the steps
similar to well-established IMRT QA. However, the neces-
sity of patient-specific QA program in brachytherapy
should be assessed with regard to the ongoing discussion
whether the very same patient-specific QA programs should
be continued and/or changes for IMRT toward process-
specific QA program. Additional retrospective dosimetry
studies (similar to this one) may prove that in vivo
patient-specific QA could be the only meaningful path to-
ward brachytherapy quality care improvement for both
IGBT and adaptive CT-based fractionated brachytherapy
techniques. On the other hand, the system described in this
work could be readily used for regular QA tests (e.g., after
a source change) and/or during the process of commis-
sioning of the new brachytherapy program in the clinic.
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