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General introduction
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1.1 Prostate cancer

Prostate cancer is the most common form of cancer affecting men all over the world
and itis the second leading cause of cancer-related deaths in males [1, 2]. The majority
of new cases are diagnosed in a non-metastatic stage of the disease with almost 85% of
the cancers confined to local or regional site [3]. While advanced metastatic prostate
cancer is usually treated with palliative intent, successful treatments with curative
intent have been developed for clinically localized prostate cancer and are constantly
being improved [4-9].

Over the last few decades, external beam radiation therapy (EBRT) has been one
of the curative treatment options available for the management of clinically localized
prostate cancer and is generally believed to be used for about half of the diagnosed
patients [9, 10]. While clinical outcomes assessed in terms of survival rates measured
after long-term patient follow-up have been largely satisfactory, efforts to improve
the efficacy of this modality have focused on increasing the control of tumour with
higher doses [11-14]. However, these higher treatment doses have been associated
with increased acute and late side-effect [11, 15]. The main side effects of EBRT which
impact quality of life of patients include gastro-intestinal and genitourinary toxicity
as well as reduced sexual function [11, 16, 17]. These side effects can be minimized
by limiting radiation damage to responsible anatomical structures using techniques

that ensure precise and accurate dose delivery to the tumour [18].

In EBRT for prostate cancer, ionizing radiation (mainly photons but other types
of particles such as electrons, protons and heavy ions) usually from a linear acceler-
ator (linac) are applied externally from several directions to deliver a lethal dose of
radiation to the target area while avoiding as much as possible nearby healthy nor-
mal tissues or organs at risk (OAR). The target is usually the prostate but for more
advanced stage prostate cancer, seminal vesicles and regional pelvic lymph nodes
might also be included in the treated volum [19, 20]. The rectum , bladder and urethra
constitute the main OAR but other structures in the vicinity of the prostate includ-
ing the femoral heads and penile bulb are also at risk of radiation exposure. EBRT
treatments involve daily delivery of small fractions of the total prescribed dose over
a treatment course of several weeks. This fractionated nature of treatment delivery
allows sufficient time for cells of normal tissues to be repaired while at the same time
allowing for a maximum likelihood of the cancerous cells to be damaged [21]. Can-
cerous cells proliferate more than normal cells and as such they are more susceptible
to DNA damage by radiation. The fractionated treatment implies that the process
of patient positioning and treatment delivery has to be repeated on each treatment
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day. Therefore accurate and reproducible daily target positioning measures have to
be implemented to align the target in relation to treatment beams. Accurate patient
positioning will ensure that the target gets the planned dose and collateral damage

to nearby healthy normal tissues is minimized.

1.2 Geometric errors in prostate radiotherapy

The accuracy of dose delivery in EBRT is limited by uncertainty in target location in
relation to planned beams at the time of treatment. This uncertainty in target local-
ization is due to errors caused by any deviations between the planned and executed
treatments. Set-up errors arise from the inaccuracy in patient (and target) position
in relation to the planned position. Also, various physiologic processes occurring
within the body, for instance breathing, urinal bladder and rectum fillings cause in-
ternal organ motion as well as changes in organ orientation (rotation), shape and size
(deformation) which in turn cause errors in the delivered treatment. Set-up errors
as well as internal organ motion and morphologic errors can be categorized as inter-
fraction and intrafraction meaning between treatment days and during a treatment
fraction, respectively. All geometric errors can be classified as systematic - reflect-
ing the difference in the average geometry within the treatment fraction compared
to the snapshot geometry at treatment planning, and random - reflecting the day-to-
day geometric variations about the mean. The classification of geometric errors into
systematic and random errors turns out to be useful when evaluating various strate-
gies for managing geometric errors and for establishing treatment planning safety

margins.

In addition to set-up, organ motion and morphologic errors mentioned above,
there is another source of error arising from uncertainty in defining the anatomic
organs (targets and OAR) at planning. Although these delineation errors are quite
important and can affect the treatment efficacy, they are not specifically studied in this
thesis. Nevertheless, measures should be taken to minimize them and to account for

the residuals during the planning process.

1.3 Management of geometric errors

Geometric errors are mainly incorporated into the treatment planning process by use
of safety margins around the target volume following recommendations of the In-
ternational Commission on Radiation Units and Measurements (ICRU)[22-24]. The
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ICRU defines various volumes related to the management of geometric errors. The
clinical target volume (CTV) includes the delineated gross tumour volume (GTV) and
the surrounding region where sub-clinical disease is expected. The planning target
volume (PTV) is the CTV plus a margin to accommodate the anticipated geometric er-
rors during treatment as well as target definition errors. The CTV-PTV margin must
ensure that the prescribed dose is actually delivered to the CTV with high confidence
level. The theoretical framework constructed in the ICRU reports forms a basis for
managing geometrical uncertainties, which is a prerequisite to high-precision radio-
therapy.

Margin recipes (formulas) which are based on assessments of distributions of
geometric errors have been developed and widely used to determine the size of the
CTV-PTV margin in prostate radiotherapy [25, 26]. APTV margin that is too wide will
unnecessarily increase radiation to normal tissues. Conversely, margins that are too

small will increase the risk of missing parts of the target in some or even all fractions.

Since margins are based on localization errors, verification and correction mea-
sures that aim to reduce geometric errors will allow for the use of smaller planning
margins. Corrective measures can be implemented using either information gath-
ered from previous treatment fractions (offline approach) to adjust subsequent treat-
ment fractions or using information acquired in the current treatment fraction (online
approach) to correct for observed geometric variations. Online approaches have the
advantage over offline approaches that in addition to correcting for systematic errors
originating from the preparation phase, random day-to-day errors are corrected as
well. The online approach therefore allows for the use of smaller margins, minimal
dose to normal tissues and eliminates the risk of missing the target. Until recently,
online solutions for target localization and correction of interfraction and intrafrac-
tion errors have not been widely clinically available because of associated increased
workload due to more frequent imaging and analysis as well as needed equipment.

1.3.1 Use of implanted markers in prostate radiotherapy

The possibility to visualize small radio-opaque markers implanted into the prostate
to act as surrogates for the prostate location has been greatly facilitated by develop-
ments in electronic portal imaging devices (EPIDs). The high contrast resolution of
modern EPIDs which are present on most linacs have allowed the markers to be vi-
sualized on portal images with dose as little as 1-2 monitor unitss (MUs) implying
that they can be used for daily (frequent) imaging with minimal associated imag-
ing dose to the patient. Since a few years, linacs are also equipped with kV imaging
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systems yielding high quality imaging of implanted markers. The markers, usually
made of metals like gold and platinum, have been shown to be stable in the prostate
with minimal marker migrations [27-29]. Thus, these markers can be used as reliable

surrogates for the prostate.

Traditional methods for patient positioning have relied on bony anatomy for
judging the target position in prostate radiotherapy. Because internal organs exhibit
motion with respected to the bony anatomy, this method is not reliable. Implant-
ed markers are advantageous over bony anatomy based positioning methods espe-
cially when using intensity modulated radiation therapy (IMRT) fields with small
segments which cannot capture the whole pelvic bony anatomy in the field of view.
Because the position of markers can be defined unambiguously in planar images, the
three-dimensional (3D) positions of the markers can be reconstructed automatically
using stereoscopic imaging and fast computer reconstruction algorithms, allowing

for fast online set-up positioning correction.

1.4 Objectives and scope of the thesis

The main objective of the research in this thesis is the development and evalua-
tion of systems and methods for improving the accuracy with which EBRT treat-
ments can be delivered using the general framework of image guided radiation ther-
apy (IGRT). To this end, a system designated StereoGraphic Targeting (SGT) was
designed for daily interfraction(at start of treatment) positioning and later extend-
ed for intrafraction(during treatment) prostate repositioning using imaging of im-
planted markers and subsequent software-controlled, remote position adjustments
(couch translations). The main requirements for this system which were consid-
ered include: 1) minimal increase in fraction duration 2) highest possible accuracy 3)
minimal workload from imaging, image evaluation and position adjustments (couch
shifts) 4) minimal additional imaging dose.

The second objective of the research in this thesis is the assessment of residual
errors including organ deformation and rotation which remain after translation cor-
rections. Since the IGRT approach only corrects for translational errors, we sought
to quantify the other residual errors and evaluate appropriate planning margins to
account for them. The overall goal is to ensure that the prescribed dose is delivered
precisely to the defined target while minimizing radiation dose to nearby non-target
organs, thereby also limiting radiation induced side effects.

Chapter 2 describes the design and clinical implementation of the online inter-
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fraction positioning system designated StereoGraphic Targeting (SGT). The accuracy
and performance of SGT will be investigated using both data from phantom studies
and from patients treated clinically with SGT guidance.

While SGT corrects for interfraction positioning errors, there are also motions
within the treatment fraction (intrafraction motion) after initial positioning correc-
tions with SGT. In Chapter 3, this intrafraction motion will be characterised and
quantified for a large number of patients. We will investigate in particular if there is
significant systematic intrafraction motion and if this motion reproduces from day-
to-day as well as within each fraction. Especially, systematic intrafraction motion
can limit positioning accuracy of the prostate. Chapter 4 describes the design, clin-
ical implementation and performance of intrafraction StereoGraphic Targeting (iS-
GT). iSGT is a proposed method extending SGT to correct for intrafraction motion
of the prostate. The efficacy of iSGT in managing intrafraction motion will be anal-
ysed using clinical data from patients treated with and without iSGT intrafraction
corrections.

In Chapter 5, the errors due to deformation of the prostate and seminal vesicles
relative to implanted markers will be investigated using deformable registration and
multiple organ delineations obtained from repeat CTs of prostate patients. The main
objective will be to derive planning margins that could be expected to account for
residual errors including especially organ deformation and rotation errors after daily

marker-based prostate corrections with couch translations.

It is known that geometric uncertainties can have an effect on the treatment out-
come (measure of tumour eradication and associated normal tissue complications)
but the actual relationship between errors and final treatment outcome is not clear-
ly known. This has mainly been due to the limitations in determining the actual
delivered dose including the effects of geometric variations. Estimations of treat-
ment outcome metrics (tumour control probability (TCP), normal tissue complica-
tion probability (NTCP)) are often computed on the static anatomy in the planning
CT which does not include the anatomic variations during treatment. An important
shortcoming of margin recipes is that they are computed based on population statis-
tics and do not incorporate both rotational and deformation errors. It is just these
errors that become essential after eliminating the translational errors such as with
SGT and iSGT.

Presently, rotation and deformation errors are generally not corrected for and
are only accommodated in the planning margins. For these errors, adaptive radio-
therapy (ART) offers options for accounting for them. It is therefore relevant to in-

vestigate patient-specific geometric models which can be used for adaptive radio-
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therapy. One possibility for adaptive radiation therapy (ART) is to use acquired da-
ta for geometric variations from a few initial (from first few fractions) samples of
an individual patient. Using deformable registration of multiple computed tomog-
raphy (CT)s of prostate patients with implanted markers for initial CT registration
as a starting point, Chapter 6 addresses the practically relevant problem of creating
patient-specific deformation models from individual patient data. Chapter 6 also
presents a methodology for evaluating the delivered treatment dose in the presence
of all measured residual geometric errors. A direct consequence of this is that it can
be used in evaluating appropriate treatment planning margins for geometric errors
using patient-specific data.

Lastly, in Chapter 7 the major findings of this thesis are discussed and a com-
parison is made with other IGRT methods. Future directions, with a view to ART for
accounting for residual geometric errors will also be discussed.
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Abstract

Purpose

A fully automated, fast, online prostate repositioning scheme using implanted mark-
ers, kilovoltage /megavoltage imaging, and remote couch movements has been devel-
oped and clinically applied. The initial clinical results of this stereographic targeting
(SGT) method, as well as phantom evaluations, are presented.

Methods and Materials

Using the SGT method, portal megavoltage images are acquired with the first two
to six monitor units of a treatment beam, immediately followed by acquisition of
an orthogonal kilovoltage image without gantry motion. The image pair is auto-
matically analyzed to obtain the marker positions and three-dimensional prostate
displacement and rotation. Remote control couch shifts are applied to correct for the
displacement. The SGT performance was measured using both phantom images and
images from 10 prostate cancer patients treated using SGT.

Results

With phantom measurements, the accuracy of SGT was 0.5, 0.2, and 0.3 mm (stan-
dard deviation [SD]) for the left-right, craniocaudal, and anteroposterior directions,
respectively, for translations and 0.5°(SD) for the rotations around all axes. Clinical-
ly, the success rate for automatic marker detection was 99.5%, and the accuracy was
0.3, 0.5 and 0.8 mm (SD) in the left-right, craniocaudal, and anteroposterior axes.
The SDs of the systematic center-of-mass positioning errors (X) were reduced from
4.0 mm to < 0.5 mm for all axes. The corresponding SD of the random (o) errors
was reduced from 3.0 to <0.8 mm. These small residual errors were achieved with a
treatment time extension of < 1 min.

Conclusion

Stereographic targeting yields systematic and random prostate positioning errors of
<1 mm with <1 min of added treatment time.
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2.1 Introduction

Recent advances in electronic portal imaging devices (EPIDs) [30, 31], as well as lin-
ear accelerator-integrated kilovoltage (kV) scanners [32, 33], have enabled detailed
investigation of the uncertainties in target position during external beam radiother-
apy (EBRT). These uncertainties, stemming from deviations in patient anatomy dur-
ing treatment relative to the anatomy during planning, lead to inaccuracies in the
delivered dose distribution and possible loss of tumor control with an increased risk
of complications. To account for the uncertainties, planning margins are added to
the clinical target volume (CTV) to obtain the planning target volume (PTV) [24],
while ensuring adequate CTV dose coverage. One of the goals of image-guided RT
is to allow for the reduction of these margins through the reduction of the geometric
errors during treatment, thereby potentially reducing toxicity. Combined with kV
and/or megavoltage (MV) daily imaging (online approach), implanted markers not
only allow for elimination of large geographic misses, but also for the reduction of
both random and systematic errors [34]. Studies of the effect of systematic geometric
misses due to a nonrepresentative rectal shape during acquisition of the planning
computed tomography (CT) scan have indicated that such misses result in increased
biochemical and clinical failure, even when margins of 1 cm have been applied [35,
36]. Online corrections can eliminate such misses while simultaneously allowing for
smaller CTV-PTV margins [37-40].

This report describes stereographic targeting (SGT), a method for fast and accu-
rate online prostate positioning with implanted markers using orthogonal cross-fire
kV/MV imaging. The clinical data obtained for the first 10 patients treated with SGT
are presented.

2.2 Methods and Materials

2.2.1 Preparation

Before CT scanning, cylindrical gold markers (1 mm x 5 mm; Heraeus GmbH, En-
gineered Materials Division, Hessen, Germany) were transperineally implanted in
the prostate using 18-gauge implant needles under transrectal ultrasound guidance.
Two markers were placed near the base and two near the apex. At least 1 week after
implantation, the patients were scheduled for the planning CT scan (Somatom Sen-
sation Open, Siemens Medical Solutions, Erlangen, Germany) with a reconstruction
slice thickness of 2.5 mm. The interval between implantation and planning allowed
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for any edema to resolve so that the anatomy in the scan would be representative for
treatment [39, 41]. The reference positions of the markers with respect to the isocen-
ter were reconstructed with a tool (Define Marker 3D) in the EPID software program,
which in the present study used digitally reconstructed radiographs (DRRs). The
input for this tool was at least two DRRs with sufficient beam angle separation (min-
imally 60°). The marker positions were first manually identified in at least two DRRs
by clicking on the two edges of the marker. A rectangular contour was automati-
cally drawn around the marker according to the two clicked points. Next, the tool
automatically reconstructed the three-dimensional (3D) marker positions from the
identified two-dimensional positions. For each marker identified on a DRR, the ex-
pected marker position in the other DRRs was indicated automatically to facilitate
the process. The obtained reconstructed 3D marker reference positions were stored

for later use in SGT.

Figure 2.1: Coordinate system: anterior-posterior (Z), cranio-caudal (Y) and left-right (X), with orthog-
onal imagers and sample clinical images. Top left: megavoltage image. Top right: kilovoltage image.
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2.2.2 Equipment

The cross-fire kV/MV imaging system (Figure 2.1) used in SGT was developed on the
Synergy linear accelerator (Elekta, Crawley UK). For MV imaging, either a charge-
coupled device, camera-based EPID (TheraView NT [TNT], Cablon Medical, Leus-
den, The Netherlands) or an iView GT flat-panel EPID (Elekta, Crawley, UK) can be
used. In the present study, the TNT EPID (Cablon Medical) was used. The gantry-
mounted XVI system enables acquisition of a planar image from the kV beam orthog-
onal to the MV beam directly before MV acquisition. Hence, the XVI/EPID combina-
tion can be used for acquisition of an orthogonal pair of images without intermediate
gantry rotation. The TNT software was extended to provide all necessary tools for
image processing, marker detection, analysis, and application of the positioning cor-
rections.

The Theraview Couch Set-up Assistant (TCSA) system applies patient position-
ing corrections by remotely steering the Elekta Precision couch. The prototype of
the TCSA used in this study was developed in collaboration with Cablon Medical
and Elekta. It consisted of an independent controller personal computer connected
to the couch control cabinet and to the TNT workstation. Treatment plan informa-
tion, as well as positioning corrections, were transferred from TNT software to the
TCSA controller while safety checks were being performed. The checks included
correspondence of the patient and treatment plan identification numbers with the
record and verify system, TCSA and couch hardware status, and communication in-
tegrity. In the case of any inconsistency, the TCSA moves to a passive state and stops
any motion being executed. In the offline mode, the relative couch position as read
by the TCSA is first zeroed by pressing a dedicated button on the couch’s manual
controls. Any pretreatment corrections such as those generated by an offline correc-
tion protocol are automatically executed by the TCSA while the motion enable bar
is pressed. In the online mode used in SGT, zeroing the couch readout and execution
of pretreatment corrections are the same but shifts of a maximum of 2 cm are also
allowed under remote control of the TNT software. In the online mode, the radiog-
rapher in the control room must hold the keyboard spacebar of the TNT workstation
to allow this couch motion.

2.2.3 SGT execution

At the start of each treatment fraction, the patient was positioned according to the
alignment of the room lasers with the skin marks. If available, pretreatment (off-line)
corrections were executed by the TCSA. Next, a lateral planar kV image (kVI) of 1024



16 | Chapter 2 o Stereographic Targeting

x 1024 pixels was acquired with the XVI system using a dedicated collimator that
projects a field size of 10 x 10 cm? at the isocenter. The clinical kVI acquisition settings
(eight frames, 40 ms, 32 mA) resulted in a maximal skin dose of approximately 1.5
mGy. The acquired kVI was then automatically imported into the TNT workstation.
The kVI acquisition was immediately followed by MV image (MVI) acquisition with
the first part (2-6 monitor units [MU]) of the anteroposterior treatment beam. For
IMRT, we apply the split IMRT field technique [42]. In the split IMRT field technique,
the IMRT field is divided into a static and a modulated field, and an MVTI of the former
field is used in SGT. Congruence of the isocenter positions of the two orthogonal
imagers was checked daily as a part of our routine quality assurance program [43]

and was within 0.5 mm during the study period.

On the basis of the automatically extracted two-dimensional(2D) positions of the
markers in the two orthogonal images, the 3D marker positions were reconstructed in
the treatment coordinate system. The difference between the center of mass (COM)
of the markers during a treatment fraction and the corresponding COM from the
planning CT is the translational correction. Prostate rotations about the COM with
respect to the planning CT scan for all three axes were also calculated. The transla-
tional correction was remotely executed under TCSA guidance if the magnitude of
the correction vector was > 2 mm. After the correction has been applied, the SGT
loop can be re-entered to acquire and analyze images for verification (Figure 2.2). If
no further correction or verification is necessary, all treatment beams are delivered.
In the present study, 3D verification using on a second kVI/MVI pair was always per-
formed. In subsequent sections, we describe the procedure to automatically obtain
the marker positions from the image pair in more detail.

2.2.4 Automatic marker detection and 3D position reconstruction

For the MVI, the image coordinate system was determined by registration of the de-
tected field edge with the planned field edge [44]. For the kVI, the image coordinate
system was retrieved from the XVI database. For both images, fixed pattern noise
was eliminated by dividing each image with a flat field image. Automatic marker
detection in each image required a set of previously obtained reference marker posi-
tions for the corresponding view, as described in the section 2.2.1 “Preparation”. The
applied algorithm for automatic marker detection was based on a combination of
template matching and marker extraction kernels (MEKSs) [45], adapted for the rota-
tions of individual markers. For each projected marker, the MEKs were calculated
for a set of predetermined in-plane marker rotations. The range of these rotations
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verify
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no

treat

Figure 2.2: StereoGraphic Targeting workflow with observed time ranges for various subprocesses.

was determined by the initial marker orientation plus a maximal MEK rotation val-
ue (0), which is set as an option in TNT. A 0-value of 20°was sufficient for marker
detection in the present study. The sum of the rotated MEKs formed the effective
MEK, which was then convolved with the input image to form the marker response
image (Figure 2.3 b, f). The image was binarized with adaptive thresholding to select
only those features with sufficient marker response. Although the markers stand out
in the binary image, some features with shapes similar to markers (e.g., because of
bony edges, calcifications, or image noise) are also visible (Figure 2.3 ¢, g). To obtain
the true marker positions from the spots in the binary image, Chamfer matching [46]
was used. Because the Chamfer match was performed with all markers simultane-
ously, it was insensitive to the features in the binary image that did not represent the
markers. After Chamfer matching, the centroid of the spot with greatest response in
the neighborhood of a marker was chosen as the detected marker position. With the
marker positions thus identified in two orthogonal images, the 3D rigid body trans-
formation that best mapped the marker reference positions onto the positions during
a treatment fraction was found analytically from the least-squares minimization [47].
The residue errors per marker directly yielded information about the rigidity of the
template, as well as whether the markers were associated with the correct blobs. The
quality of the match, both overall and for individual markers, could thus be assessed.
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In the visualization of the match results, the markers were presented with color cod-
ing to indicate this quality.

Figure 2.3: Marker matching on (a-d) megavoltage image and (e-h) kilovoltage image. Reference mark-
er positions indicated by solid white rectangles and detected marker positions by dotted white rectangles.
(a, e) Initial images, (b, f) images after convolution with marker extraction kernel, (c, g) images after bina-
rization of convolution images, and (d, h) final images with detected marker positions.

2.2.5 Phantom measurements

The accuracy and success rate of SGT marker matching was studied for the clinical-
ly applied (kV/MYV) image combination, as well as for another approach using two
MVIs. Furthermore, the performance of SGT marker matching as a function of MV
beam energy, as well as MV exposure, was investigated.

A phantom consisting of a stack of 10 square (41 x 41 cm?) plates of RW3 (PTW,
Germany) water-equivalent material was used. Each plate had a thickness of 1-2
cm so that the combined dimension of the phantom was 41 x 41 x 20 cm®. Six gold
markers were embedded in grooves on the two opposite faces of the central plate,
with three markers on each face. The markers were placed such that the intermark-
er separation was 2, 4, and 1 cm in the left-right, craniocaudal, and anteroposterior
directions, respectively. The phantom was placed on the treatment couch and shifts
ranging from 0 to 20 mm in each direction with step sizes of 5 mm were executed
using couch motion. Two orthogonal MVIs (MV anteroposterior and MV lateral) were
acquired with varying exposures (1, 2, 4, 8 and 32 MU) after each shift, using the
three available beam energies (6, 10, and 18 MV). A lateral kVI (kV lateral) was also
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acquired after each MVI acquisition at the clinically applied exposure for each phan-
tom position.

The marker matching accuracy and success rate in the presence of combined
phantom rotations and translations were also studied using a dedicated phantom
consisting of a water-filled box (30 x 20 x 30 cm®) made of polymethyl metacry-
late. Four gold markers were embedded in grooves on the two faces of a polymethyl
metacrylate slab (30 x 20 x 2 cm?®), with two markers on each face. This slab was im-
mersed in the water-filled box. Predefined rotations about the three principal direc-
tions (range, 0-20°; with a step size of 5°) were applied to the phantom with markers.
Both kVI/MVI and MVI/MVI orthogonal images were acquired after each rotation
step. Phantom translations were applied using couch shifts, and MVI exposures of 6
MU and 32 MU at 6 MV were studied.

2.2.6 Ground truth values for marker matches

A tool developed in MATLAB was used to obtain the ground truth transformation
(three translations and three rotations) that the SGT matching software should ide-
ally yield. With this tool, markers are manually identified in an orthogonal pair of
images by clicking on the centers of the markers in each image. Given two pairs of
orthogonal images and the corresponding manually identified marker positions, the
tool calculates the rigid body transformation between the pairs of images. For each
pair of images used, the procedure was repeated three times, and the mean transfor-

mation was calculated and used as the ground truth.

2.2.7 TCSA precision

The precision of the TCSA was measured using the slab phantom with embedded
gold markers. Initially, the phantom was placed on the couch, and the absolute 3D
position of the couch was obtained. Next, two orthogonal kVIs were acquired with
the phantom in the initial position. Predetermined displacements ranging from -2
cm to 2 cm were applied to the phantom using couch shifts. After each execution of
three random displacements along the three orthogonal axes, the absolute position of
the couch in the room coordinate system was determined. Next, two orthogonal kVIs
of the phantom were acquired, and the couch was moved back to the initial position.
All images were imported into TNT, and the automatic SGT marker-matching tool
was used to measure the applied displacements by comparing the marker positions
in each image set with those in the initial reference images. For these measurements,
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the clinically applied TCSA tolerance of 0.3 mm was used. The TCSA will not attempt
to improve a deviation between the couch position readout and a prescribed position
of < 0.3 mm. This tolerance setting enables fast convergence toward the prescribed

position, without oscillations around the optimal position.

2.2.8 Clinical study

The positioning accuracy obtained with SGT was investigated for 10 patients treated
with SGT during EBRT with three or four implanted markers. The treatment plan
beam angle was 360° + 1°, 90-93°, and 264-270° for the anteroposterior, left-lateral,
and right-lateral directions, respectively. The dose prescription for 8 of the 10 pa-
tients was 72 Gy in 36 fractions at 2 Gy/fraction. Of the 10 patients, 2, who had
previously undergone high-dose-rate brachytherapy, were treated with 1.8 Gy in 25
EBRT fractions, and the markers (three or four platinum cylinders; 3 mm x 1 mm)
implanted during the brachytherapy procedure were used. For all patients, pre- and
postcorrection kVI/MVI pairs were obtained, and the duration of all involved steps
was logged. From the outcome of the automatic match in the SGT for these patients,
the pre- and postcorrection systematic and random errors were calculated. In ad-
dition, for each fraction, the automatic match results found in the SGT procedure
were compared with the ground truth values obtained with the tool described in
the previous two sections to assess the accuracy of SGT positioning during clinical
operation.

2.3 Results

2.3.1 Phantom verification: translations

The kV/MYV combination yielded greater marker detection rates than the MV/MV
approach because of the greater marker visibility in the lateral kV images (Figure 2.4).
The success rate was calculated as the fraction of automatic matches with a 3D devia-
tion from ground truth of <2 mm. Because our goal with SGT was to obtain accuracy

better than 2 mm for positioning errors, this was a conservative cutoff level.

The mean and SD values expressing differences between the automated SGT
result and ground truth per translation direction are reported in Table 2.1 for each
exposure, beam energy, and combination of orthogonal images. In Table 2.1, slightly
greater magnitudes of deviations from ground truth values were observed for the
low MVI exposures (1-2 MU); this was more so for the MVI/MVI pairs because of the
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Table 2.1: Differences in ground truth for phantom translations at different exposures and beam energies
in three directions

Differences (mm)
1MU 2MU 4MU 8MU 32MU
X Y Z X Y Z X Y z X Y z X Y Z

MV/MV

6MV  Mean 0.7 06 06 -01 09 08 03 06 01 -01 07 -01 -01 06 04
sb 04 09 11 06 07 15 04 03 08 05 02 04 02 03 02

i0OMV Mean -0.1 05 00 02 04 02 -01 06 -01 -01 06 05 -01 05 05
sb 07 04 10 06 03 06 05 03 06 05 02 05 02 02 01

18MV Mean -02 02 02 -02 03 05 -01 04 07 -01 04 06 -01 05 04
Ssb 04 04 06 03 03 04 03 03 02 02 03 03 02 03 02

kV/IMV

6MV  Mean -0.1 01 06 01 01 06 04 01 05 01 01 06 0.0 01 06
sb 09 04 02 05 03 02 04 03 01 05 02 01 02 02 01

i0OMV Mean 00 -0.1 05 01 -01 05 -04 -01 05 -02 -0.1 06 -0.2 -0.1 0.6
sb 07 03 02 07 03 02 04 02 02 04 02 02 02 02 02

18MV Mean -0.2 -0.1 03 -03 00 04 -02 00 03 -02 00 03 -0.1 01 03
sb 03 02 01 03 02 01 03 02 01 02 02 01 02 02 01

Abbreviations: MU = monitor unit; MV = megavoltage; kV = kilovoltage; SD = standard deviation.
Data shown for 2 cases, using both MV/MV and kV/MV image pairs.
For MV/MV image pairs, exposure pertained to both images.

lower image quality of the MVI compared with the kVI. This was also reflected in the
lower success rate for MVI/MVI at the lowest exposures (Figure 2.4). The cumulative
frequency distributions per beam energy of all the observed 3D deviations between
the automated match and ground truth are shown in Figure 2.5. From the regular
behavior of these distributions, it was apparent that although a cutoff level of 2 mm
for success was applied, in the small fraction of failure cases, the errors were always
< 3 mm. The best results (steepest descent in cumulative distribution) were obtained
for the 18-MV beam.
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Table 2.2: Differences between SGT and ground truth for two exposures in experiments with combined
translations and rotations

6 MU 32 MU
Translation (mm) Rotation (°) Translation (mm) Rotation (°)
X Y y4 Rx Ry Rz X Y Y4 Rx Ry Rz
MV/MV
Mean -0.1 0.6 01 -03 02 03 0.2 0.5 -02 -03 01 03
SD 0.4 0.4 07 08 07 06 04 0.2 03 04 05 04
Success Rate 70% 100%
kV/MV
Mean 0 0 03 -04 01 01 03 -0.1 02 -04 041 0.2
SD 0.4 0.2 03 06 05 04 03 0.2 03 04 05 03
Success Rate 100% 100%

Abbreviations: SGT = stereographic targeting; R = rotation; MU = monitor unit; MV = megavoltage; kV =
kilovoltage; SD = standard deviation;

Data shown for 2 cases, using both MV/MV and kV/MV image pairs; for MV/MV image pairs, exposure
pertained to both images.

Success rates also shown for both image combinations.

2.3.2 Phantom verification: combined translations and rotations

Table 2.2 shows that even for the large combined rotations of = 20°, the kVI/MVI
image pairs yielded a success rate of 100% for both studied MVI exposures. The
success rate was scored as the match results for which the 3D magnitude of the dif-
ference with ground truth was < 2 mm for translations and < 2° for rotations. For the
MVI/MVI image pairs, a 30% decrease in the success rate occurred with the lower
MVl exposures. The reason for using a low exposure is evident; we wanted to deliver
no more than a few MUs before correctly positioning the target volume. Hence, the
combination of kVI and MVI used in SGT is superior to using EPIDs only.

2.3.3 TCSA accuracy

As can be seen in Table 2.3, the precision of the positioning achieved with TCSA was
better than 0.3 + 0.3 mm (mean + SD) along all directions. This couch positioning
precision was mainly limited by the TCSA tolerance setting of 0.3 mm, as well as the
couch read-out accuracy.

2.3.4 Clinical results

Scatter plots of the deviations between the results obtained in the clinical application
of SGT and ground truth are shown in Figure 2.6. The marker detection success rate
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Table 2.3: Differences between prescribed and measured couch shifts obtained with TCSA

Difference (mm)

LR cc AP
Mean 0.29 0.03 0.23
SD 0.27 0.21 0.28

Abbreviations: TCSA = Theraview Couch Set-up Assistant; LR = left-right; CC = craniocaudal; AP =
anteroposterior.

AP

Figure 2.6: Scatterplots with deviations of prostate set-up errors (translational) measured in clinic with
stereographic targeting and ground truth values obtained in manual offline analysis. AP = anteroposterior;
CC = craniocaudal; LR = left-right.

for the clinical images was 99.6%, with most of the deviations from ground truth < 1
mm. The inaccuracy (mean + SD) of the SGT match with respect to the ground truth
was 0.2 + 0.4 mm for the left-right, 0.1 £ 0.5 mm for craniocaudal, and 0.0 + 0.4 mm

for the anteroposterior direction. Table 2.4 summarizes the results of the measured

Table 2.4: Measured translational and rotational prostate positioning errors before and after SGT repo-
sitioning

Translations (mm) Rotations (°)

Ix Xy Xz ox oy oz Zrx ZRy ZXRz ORx ORy ORz

Pre SGT 1.7 4.1 2.9 1.6 2.7 3.2 4.9 1.3 1.7 4.2 1.6 1.3
Post SGT 0.2 0.5 0.4 0.6 0.7 0.8 5.0 1.4 1.9 3.9 1.6 1.3

Abbreviations: SGT = StereoGraphic Targeting; X = systematic error component; o = random error com-
ponent.

patient translational and rotational positioning (COM) errors before and after SGT
positioning, accumulated for all treatment fractions. The small residual positioning

errors obtained with SGT included the inaccuracies in the remotely controlled couch
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shifts, inaccuracies in the COM translation obtained from the SGT match, and the in-
trafraction motion during the period between pre- and postcorrection images. Con-
sidering only the errors resulting from set-up (translation of the COM of the markers),
the common equation of CTV-PTV margin = 2% + 0.70 [26] resulted in margins > 12
mm without SGT and margins of about 2 mm after applying the SGT corrections.
A cumulative histogram of 3D translational errors (3D vector length) of the COM of
the prostate markers for all patients and fractions is shown in Figure 2.7, in which
each 3D error represented the sum of the systematic and random error. Before SGT,
the observed errors could exceed 10 mm in all directions but were reduced to < 3
mm after SGT. Furthermore, the procedure was fast. Considering the upper limits
of the time ranges in Figure 2.2 revealed that SGT positioning was performed within
45 s/fraction.

60 -
—Pre SGT correction

— -Post SGT correction
40 -

Cumulative frequency (%)

20 A

o+
0 5 10 15 20

3D displacement per fraction (systematic + random; mm)

Figure 2.7: Cumulative frequency distribution of three-dimensional center-of-mass displacements of
markers for all patients and fractions, before and after stereograhic targeting (SGT).

2.4 Discussion

Using SGT, the systematic and random errors were reduced to 0.5 mm and 0.8 mm
(SD), respectively, within 1 min/treatment fraction. The crossfire imaging, accurate
automatic match with a high success rate (> 99%), precise remote couch control sys-
tem, and integration into one software environment are the ingredients that allow for
this combination of speed and accuracy. Although in this study, the anteroposterior
MYV beam was used because it is a part of our treatment plan, the SGT can be started
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at any gantry angle.

Apart from the combined kV/MYV imaging, our approach to online prostate po-
sitioning might seem similar to other stereoscopic imaging systems such as the Exac-
TraC X-ray 6D system (BrainLab AG, Heimstetten, Germany) [48-50]. The published
data on the final accuracy and timing achieved for prostate markers are limited, but
the findings indicate that SGT is at least as accurate as the ExacTraC system [49]. A
relevant difference is that SGT uses two imaging devices that have a use in their own
right. The XVI system is also used for cone-beam CT acquisition to visualize soft
tissues insufficiently visible on planar images (e.g., the seminal vesicles and rectum
in the case of the prostate). Such information can be used in adaptive radiotherapy
strategies [51, 52]. Furthermore, the EPID can be used for position verification with-
out an additional kV dose (third to last paragraph before “Conclusion” section), as
well as for EPID dosimetry [53]. Such flexibility is not offered by a dedicated planar
imaging system such as the ExacTraC.

The combination of speed and accuracy for prostate positioning with implanted
markers is hard to match with techniques relying on volumetric imaging alone [54].
Cone-beam strategies for the prostate will likely involve off-line correction schemes
[51, 52], partly because of the workload, speed, and registration success rate, but also
because the kV dose is not negligible. Off-line corrections might be less effective for
the hypofractionation schemes currently under study for prostate RT [55, 56].

Although the importance of time trends for prostate targeting has not been ful-
ly established, a recent fiducial marker-based study indicated that the time trends
must be taken into account for accurate prostate positioning (X < 1 mm) with of-
fline corrections [57]. We have recently proposed an off-line scheme to deal with the
time trends [58]. The reduction of systematic and random positioning errors could
be partially achieved with an adaptive strategy in which CT scans acquired during
the initial week of treatment are used to estimate patient-specific PTVs in an offline
manner [51]. Nevertheless, systematic and random positioning errors of < 1 mm (SD),
regardless of the time trends, can only be achieved with an online approach.

The potential for planning margins as small as 2 mm when SGT is applied is
hampered by various factors such as prostate rotation, intrafraction motion, target
volume deformation, marker migration, and delineation (or generally, target defini-

tion) inaccuracies.

The measured prostate rotations (Table 2.4) are similar to the values reported in
earlier studies [31, 39, 59, 60]. Various studies have shown that the prostate rotates
mostly about the left-right axis, with the rotation center at the apex [39, 61]. If the
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prostate position is corrected according to the COM of the markers, inadequate cov-
erage could occur, especially near the base ("undercorrection”) and apex (”overcor-
rection”), dependent on the chosen planning margin [39]. The measured COM dis-
placements contain a contribution from the rotations, and the COM translation cor-
rections are exact only at the COM position. The residual deviations at the prostate
boundary depend on the prostate shape and size. For a perfectly spherical prostate
with the marker COM at its center, the COM translation corrections will yield 0 resid-
ual errors along the entire prostate boundary (i.e., each point within the boundary
will be covered by the boundary after correction), regardless of the rotations. We cal-
culated the required margins for SGT in the case of the rotations (Table 2.4) for vari-
ous prostate shapes, ranging from circular to flattened at the base and sharpened at
the apex. We added in quadrature post-SGT translational errors and local distances
between prostate hulls induced by rotations, as given in Table 2.4, to obtain the effec-
tive X and 0. Assuming a prostate base-apex length of 4 cm, application of a margin
equation of 2% + 0.70 yielded a maximal CTV-PTV margin of 4 mm. However, larger
displacements can occur at the seminal vesicles, owing to rotations, as well as defor-
mations [60, 62]. We are currently conducting a multiple CT study to investigate the
motion of the seminal vesicles and prostate boundary (deformations) with respect to
fiducial markers. In that study, we have included the residual errors resulting from
prostate and seminal vesicle deformation into a population-based margin calculation
to obtain well-defined margins for SGT. Furthermore, we are presently developing
a strategy to correct for the rotational positioning errors using online selection of an
optimal plan (matching the observed rotation) from a library of plans created for var-
ious prostate rotations. Because these plans could include seminal vesicle treatment,
knowledge of the seminal vesicle motion in the presence of rotations is required to
create optimally conformal plans.

Prostate intrafraction motion during EBRT has been well-studied [31, 37, 63, 64].
We are conducting a study on intrafraction motion for prostate cancer patients treat-
ed with SGT by acquisition of extra kVIs and MVIs during treatment. The initial
results have indicated that the intrafraction motion is mainly random, with a SD of
<1 mm in both the anteroposterior and the craniocaudal directions. Hence, the con-
tribution to planning margins will be small compared with previously mentioned
factors. Because of the speed of the SGT procedure, the intrafraction motion between
the moment of prostate position measurement and treatment will be minimized and
the intrafraction motion could be reduced further by repetition of the SGT procedure
within one fraction (e.g., before each treatment beam). We are extending SGT with a
system for continuous automatic detection of intrafraction motion using MVIs of the

treatment beams (i.e., without an additional kV dose).
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Marker migration and prostate deformation also contribute to the required plan-
ning margins. Recent studies have shown that the effect of marker migration is quite
minimal for the prostate, and the overall effect of prostate deformations is <1 mm
[60, 62]. In our study, no substantial migration of the markers was observed.

Finally, to fully use the possibility of margin reduction as a result of the reduc-
tion of patient positioning errors presented by SGT, one should minimize the de-
lineation errors [60, 65, 66]. One can treat delineation errors as one of the sources of
systematic errors [65], but care must be taken with this approach because delineation
errors do not necessarily behave stochastically. For instance, the prostate volumes on
CT tend to be systematically larger than those observed on MRI and ultrasonogra-
phy in transversal slices. However, CT can systematically underestimate the volume
near the superior and inferior boundaries [67, 68]. Apart from anatomic position,
the magnitude of the intermodality and inter- and intraobserver differences is also
dependent on the exact acquisition and delineation protocols applied. The use of
a margin to account for small random delineation inaccuracies (e.g., intraobserver
delineation errors) is reasonable. However, for systematic intermodality and inter-
observer variations, it is a rather crude tool. More promising approaches are offered
by multimodality imaging and registration, as well as flexible delineation tools that

allow for contouring in multiple planes simultaneously.

2.5 Conclusion

We have developed and clinically evaluated a fast and accurate procedure for dai-
ly online repositioning of the prostate using rapid sequential imaging of implanted
markers with orthogonal kV and MV beams. The procedure is based on fully au-
tomated extraction and 3D registration of the imaged markers followed by remote
couch control translations under control within a single software environment. This
approach achieved residual systematic and random errors of < 0.8 mm (SD) in the
three principal axes, with an addition of < 1 minute to the treatment time. Further-
more, the procedure limits the imaging-specific dose, because the MVI is obtained
with the therapeutic dose and the planar kVIs are acquired for only one direction.

2.6 Acknowledgments

The authors thank Marjolein van Os, Sandra Quint, and Glenn Dhawtal for their
contributions to the clinical application of stereographic targeting. The enthusiastic



Chapter 2 o Stereographic Targeting |29

support provided by Elekta in our development of fully automated image-guided
radiotherapy procedures, not only through intensive discussions, but also by pro-
viding the necessary technical details, has been instrumental in developing stereo-
graphic targeting. Likewise, Cablon Medical made a major contribution by making
their first TCSA system rapidly available to us and supported the integration with

our linear accelerator.






CHAPTER 3

Day-to-day Reproducibility of Prostate
Intrafraction Motion Assessed by Multiple kV
and MV Imaging of Implanted Markers
During Treatment

Theodore F. Mutanga, Hans C. J. de Boer, Vinayakrishnan Rajan, Maarten L. P. Dirkx,
Luca Incrocci and Ben ]. M. Heijmen

Submitted to: Int ] Radiat Oncol Biol Phys, November 2010



32| Chapter 3 e Prostate Intrafraction Motion

Abstract

Purpose

When performing online set up correction for prostate positioning errors prior to
daily dose delivery, intrafraction motion can become a limiting factor to prostate
targeting accuracy. The aim of this study was to quantify and characterise prostate
intrafraction motion assessed by multiple kV and MV imaging of implanted markers
during treatment for a large patient group.

Methods and Materials

Intrafraction motion in the sagittal plane was studied by retrospectively analysing
displacements of implanted gold markers on (nearly) lateral kV and MV images ob-
tained at various time points during the treatment fractions (on average 27 per pa-
tient) for 108 consecutive patients. The effective prostate motion in a fraction was
defined as the time-weighted mean displacement.

Results

Prostate displacements in the sagittal plane increased during the fraction (on average
0.2 £ 0.2 mm per minute). Fourty percent of patients had a systematic (i.e. appearing
in all fractions) effective displacement in the sagittal plane > 2 mm. Observed popu-
lation systematic intrafraction motion (pefe+Zers) was 0.9 £1.1 mm and 0.6 £ 1.0 mm
for the anterior-posterior and inferior-superior directions, respectively. Correspond-
ing random motion (oeg) was 1.2 mm and 1.1 mm. Mean effective prostate motion
in the first 5 fractions predicted for the mean effective displacement in remaining
fractions (p<0.001).

Conclusion

For a large subgroup of patients the systematic component of intrafraction prostate
motion was substantial. Intrafraction motion correction prior to each beam delivery
or offline corrections could likely be beneficial for the subgroup of patients with sig-
nificant motion. The systematic component is well predicted by measurements in
the first fractions.
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3.1 Introduction

In radiotherapy, variations in the position of the target between different treatment
days (i.e., interfraction) and during a treatment fraction (i.e., intrafraction) present
limitations to the accuracy and effectiveness of the delivered dose. To account for
this, planning margins are generally added to the clinical target volume (CTV), yield-
ing the planning target volume (PTV) to which the dose is prescribed [23]. To de-
termine the size of the required margins, population based inter- and intrafraction
position errors must be quantified accurately. When online correction of the set up
errors is performed, there might be some residual errors due to limitations in the
measurement and application of corrections. These residual errors should also be

measured and taken into account when designing planning margins.

We previously implemented a fully automated and accurate daily (interfraction)
position correction method (Stereographic Targeting, SGT) [69] based on imaging of
prostate-implanted gold markers. The small residual errors achieved with SGT al-
low for reduced planning margins. However, intrafraction motion limits the achiev-
able margin reduction. Intrafraction motion of the prostate has been associated with
changes in rectal and bladder content, and to a lesser extent respiratory motion [70].
In our own experience, changes in the patient posture are also of importance (e.g.
relaxation of pelvic muscles). Published data in studies using a variety of monitor-
ing methods including ultrasound [71], magnetic resonance imaging [64], implanted
electromagnetic transponders [72], portal, volumetric and fluoroscopic [31, 73, 74]
imaging of implanted markers suggest that significant intrafraction motion occurs
frequently during the treatment delivery times encountered in intensity modulated
radiotherapy (IMRT).

Most commonly, the extent of prostate motion during treatment is derived by
pre- and post-treatment imaging of the prostate or surrogates. Generally, the differ-
ence in position at both time points is quantified as intrafraction motion. However,
for the time within which IMRT beams are delivered (11 minutes in our institute), the
prostate can exhibit various types of motion from random, to transient, to constant
drifts. Frequent imaging or even continuous online tracking of the prostate is there-
fore needed to obtain accurate intrafraction motion characteristics. Studies based on
continuous tracking of the prostate by means of electromagnetic transponders [72,
75, 76] provide information on intrafraction motion data with the highest temporal
resolution. However, in these studies, intrafraction motion patterns in individual
fractions for a small number of patients are often presented [76], with little informa-
tion on the day-to-day reproducibility of intrafraction motion. If such reproducibility
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exists, it could introduce a systematic error that is not corrected for by commonly ap-
plied online corrections just prior to dose delivery. Knowledge of such systematic
components is also paramount for accurate planning margin calculations [25, 26]. In
this study, we report on characteristics of intrafraction motion and estimate the sys-
tematic and random components by means of multiple kV and MV imaging of im-
planted markers within the treatment fraction. We investigate if there is a significant

subgroup of patients for which the intrafraction motion reproduces from day-to-day.

3.2 Methods and Materials

3.2.1 Patients and treatment technique

This study included 108 consecutive patients treated at our institute in a randomised
trial comparing a conventional fractionation scheme (39 x 2 Gy, 5 times a week) and a
hypofractionated scheme (19 x 3.4 Gy, 3 times a week). For daily position verification,
3-4 gold markers (cylinder with a diameter of 1 mm and a height of 5 mm) were im-
planted transperinnealy in the prostate under transrectal ultrasound guidance. The
acquisition of the planning CT was scheduled at least one week after marker im-
plantation to allow any possible edema to resolve. The patients were treated with an
isocentric IMRT treatment plan with 10 MV photon beams from gantry angles of 0°,
155°, 110°, 50°, 305°, 255° and 205° (Figure 3.1). The applied order of beam angles in
dose delivery assured a minimal gantry travel path. The CTV included the prostate
and seminal vesicles. Planning margins of 5 and 8 mm, respectively, were added to
these organs to get the PTV. At least 99% of the PTV was planned to get 95% of the
prescription dose and a maximum dose of 107% was allowed. The dose constraint
for the rectum was such that 35% of the volume would receive maximally 83% of the
prescription dose. Our planning procedure ensures that the first segment of each
treatment beam encompasses all markers and contains 6 monitor units (MU). These
segments are used for imaging and allow the possibility to track marker positions
throughout treatment.

All patients were treated in the supine position with a head rest and knee sup-
port. No further fixation devices were used. In order to maintain a uniform blad-
der volume, the patients were instructed to void their bladders 30 minutes before
treatment and then drink 2 cups of water just before start of treatment. Laxatives
were used for the planning CT but not during treatment. Patients did not receive
instructions for emptying the rectum before the treatment and no specific diet was
prescribed.
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Figure 3.1: Beam arrangement and order (numbers) of our 7 field IMRT treatment technique. Online
corrections were based on a crossfire of the first MV treatment beam (beam 1) and kV imaging. Analyses of
intrafraction motion were in part based on EPID Images obtained with the nearly lateral treatment beams
(3 and 6).

3.2.2 Pre-treatment imaging and prostate positioning

To allow for the small planning margins we use in our prostate treatments, all pa-
tients were treated with our previously reported online SGT automated positioning
strategy implemented on the Synergy linear accelerator (Elekta, Crawley UK), us-
ing Theraview Technology imaging software (Cablon Medical, Leusden, the Nether-
lands). Prior to each treatment, patients were first positioned using the room lasers
and skin tattoos. The SGT procedure was then applied as outlined in the follow-
ing steps. 1) Markers were imaged with the EPID using the first 6 MUs of the first
treatment beam (beam 1 in Figure 3.1) and orthogonal kV imaging. 2) Markers in
the orthogonal kV and MV images were automatically segmented and used to de-
rive the 3D marker centre of mass (COM) position. 3) By comparing with the COM
position in the planning CT, the 3D translational displacements were obtained. 4)
Any 3D set-up deviation greater than 2 mm in magnitude was corrected using couch
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shifts via an integrated remote couch control. 5) A lateral verification kV image was
acquired to verify applied corrections and if necessary, another correction was made
before proceeding with the treatment. For all fractions, the last kV image taken be-
fore the delivery of the treatment beams was denoted as the kVpre image and used
for intrafraction motion analysis (see next section "Analysis of intrafraction motion”).
All steps in the imaging and set-up correction procedure were managed by the SGT
Workflow manager present in the Theraview software. This process only requires
user actions for approval of the automatically generated marker registrations and
proposed couch shifts.

3.2.3 Analysis of intrafraction motion

To study intrafraction motion we used the kVpre images and MV images from the
treatment beams at 110° (LeLatMV, beam 3 in Figure 3.1) and 255° (RiLatMV, beam
6 in Figure 3.1). Additionally, in each fraction we acquired a 90° kV image (kVpost)
after delivery of the last IMRT beam, which was also used in the analyses. The main
reasons for choosing these (almost) lateral beams are: 1. intrafraction motion pre-
dominantly occurs in the sagittal plane [31, 71, 77] and 2. Management of sagittal
plane motion is the most crucial to minimize planning margins towards the most
relevant organs at risk (rectum, and bladder and penile bulb). Furthermore, for
the selected beam directions, the superior-inferior (SI) intrafraction displacement is
derived exactly from the vertical marker displacements in the images whereas the
anterior-posterior (AP) displacement is exact in the kV images and almost exact to
the horizontal shift in the MV images. For the nearly lateral MV beams, exact AP
shifts were derived by taking the ratio of the measured displacements to the sine of
the gantry angle. Errors in using approximate AP shifts were better than 0.2 + 0.3 mm
(1SD). For all (nearly) lateral images, the Theraview software was used for automatic
marker detection and assessment of the 2D marker COM displacement in the sagittal
plane relative to its position in the corresponding digitally reconstructed radiograph
(DRR), derived from the planning CT-scan. Two experienced radiographers involved
with daily patient set-up were enrolled to manually identify marker positions on all
images. Figure 3.2 shows sample images together with the average elapsed time be-
tween imaging points. Although the success rate of the automatic markers matching
was high (>90%), for the purpose of this study, the two involved radiographers also
verified the accuracy of the automatic match results. This was done to ensure the
highest accuracy in the obtained marker positions in all images.

For each patient and each treatment fraction, the COM displacements in the
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SGT verification kV image left-lateral MV image right-lateral MV image post-treatment kV image
gantry angle: 90 gantry angle: 110 gantry angle: 255 gantry angle: 90
kVpre LeLatMV RiLatMV kVpost
L 1 1 ]
I 1 T 1
0 min 3.4 min 7.6 min 11.1 min

Figure 3.2: Time points for acquisition of the kV and MV images used for analyzing intrafraction motion,
and sample

sagittal plane, derived at the four imaging time points, were stored in combination
with the elapsed times from acquiring kVpre for further analysis. Because kVpre is
obtained very shortly after performing an SGT correction (typically within 10 sec-
onds), the observed displacements in this image mainly reflect residues from the
correction procedure using the applied 2 mm correction action level and some (mi-
nor) intrafraction motion. For each fraction, the effective intrafraction displacement
8., for direction d was calculated using:

(Atiz - (87 +38¢)/2) + Atas - (88 +87) /2) + Atga - ((85 +5¢)/2))
Atyp + Aty + Atgy

d _
6eff -

(3.1
with indices 1, 2, 3, and 4 referring to set-up measurements based on kVpre, LeLat-
MYV, RiLatMV, and kVpost, respectively. Aty ., is the time difference between mea-
surements | and m, 6, ¢ is the set-up deviation in measurementn (n =1,2,3,4).

3.2.4 Reproducibility of intrafraction motion

To investigate the day-to-day reproducibility of intrafraction motion, for each pa-
tient and time point, the mean marker COM displacement and the SD over all treat-
ment fractions were calculated. A similar analysis was performed for the effective
intrafraction displacements, calculated with Eqn. 3.1. This data was used to derive
for each time point and for the effective intrafraction motions population mean sys-
tematic errors (i) and the corresponding standard deviation (Z). The population
random errors (o) were computed as the root-mean-square of all patients random

set-up errors. For each patient, linear regression analysis was used to compare the
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mean effective displacement in the initial week of treatment to that in subsequent

treatment weeks. A p-value < 0.05 was considered significant.

3.2.5 Effect of treatment time on intrafraction motion

To study the effect of treatment time on intrafraction motion, we obtained data from
another group of prostate patients (n = 10) who were previously treated at our insti-
tution. The average treatment time of this group was 4.8 (+0.3) minutes. This shorter
treatment time is due to irradiation with a smaller fraction dose (1.8-2 Gy), 3 static
instead of 7 IMRT fields and a dose rate 600 MU /minute instead of 300 MU /min. We
compared the effective intrafraction displacements observed in this group of patients
to those observed in the larger patient population with longer treatment times.

3.3 Results

3.3.1 Intrafraction motion

For the 108 patients, MV and kV images from 2894 fractions were used for evalua-
tion. Marker displacements were obtained from 5788 MV images and 5618 kV im-
ages. The post kV image was not acquired for some fractions (2.9%) either due to
technician negligence or time constraints. Note that this post kV image was not part

of our standard clinical protocol. Table 3.1 lists the means and standard deviations

Table 3.1: Interval times in minutes between imaging time points after SGT corrections and kV correc-
tion verification.

kVpre-LeLatMV  LeLatMV-RiLatMV  RiLatMV-kVpost Total

Mean 3.4 4.2 3.5 1.1
SD 1 1 1.5 2.2

kVpre and kVpost are pre and post kV image points
LeLatMV and RiLatMV are time points for beam 3 and beam 6, see Figure 3.2

(SD) of the interval times between image acquisitions after the SGT set up correction
was performed. The intrafraction motion reported in this study occurred in a mean
time interval of 11.1 £+ 2.2 minutes (15SD). Scatter plots of the measured displacements
in the sagittal plane at all time points are shown in Figure 3.3. There is a gradual in-
crease in the spread of the displacements with increasing time and the shape of the
distributions is consistent with previously reported prostate motion and rotations

about the left-right axis. This would also be consistent with the idea that motion



Chapter 3 o Prostate Intrafraction Motion |39

Figure 3.3: Scatter plots of COM displacements in the sagittal plane at various times.

of the prostate is driven by changes in the rectum and bladder content. On aver-
age, the increase in the magnitude of intrafraction displacements during a fraction

for our patient population was 0.2 + 0.2 mm per minute. Figure 3.4 shows cumula-

Figure 3.4: Cumulative histograms for 2D centre-of-mass (COM) displacements (systematic+random)
in the sagittal plane at the different time points and for the effective displacement

tive histograms of displacements for all patients and all fractions, observed at times
after SGT imaging (and online corrections). Ninety percent of the displacements de-
rived from kVpre images were less than 2 mm. With perfect corrections and lack
of intrafraction motion, this would have been 100%. The observed displacements in-
creased steadily during the treatment when going from kVpre to LeLatMV and Rilat-
MV. There appears to be a slight drop in the magnitudes when going from RiLatMV
to kVpost. However, as can be seen also from the scatter plots in Figure 3.3, at the
same time there is a net shift of the displacements in the Posterior Superior direction
for the MV distributions. We quantified this net shift at the MV beam measurement
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points to be <1.8 mm. This is possibly related to gantry hysteresis and will be in-
vestigated further. Nevertheless, at kVpost, the percentage of displacements larger
than 5 mm was still higher than for RiLatMV. Table 3.2 summarizes the population-

Table 3.2: Intrafraction motion population characteristics at several time points and for the effective
(time-averaged) distribution.

kVpre LeLatMV RiLatMV kVpost Effective'
AP cc AP cc AP ccC AP ccC AP ccC

w(mm) 0 0.3 05 0.8 1.8 07 06 03 0.9 0.6
L (mm) 05 0.5 1.1 1 1.6 1.3 1.7 1.4 1.1 1
o (mm) 0.7 0.7 13 1.2 1.7 15 1.8 1.9 1.2 1.1

' Derived from time-weighted intrafraction displacements.
Abbreviations: CC = cranial-caudal; AP = anterior-posterior;

based values of 1, £ and o for the COM displacements at all time points as well as
for the time-averaged (effective) displacements (Le¢ and o). The systematic errors
obtained directly after SGT correction, i.e. 0.0 + 0.5 mm in the AP direction and 0.3
+ 0.5 mm in the CC direction, increased by ess + Zegr = 0.9 £ 1.1 mm respectively 0.6

+ 1.0 mm due to intrafraction motion, in agreement with Figures 3.3 and 3.4.

3.3.2 Reproducibility of intrafraction motion

The non-zero pe¢r and Lo shown in Table 3.2 indicate that intrafraction motion has

a non-negligible systematic component. Figure 3.5 shows the cumulative histogram

Figure 3.5: Cumulative histogram of observed systematic intrafraction displacements in the sagittal
plane. For each fraction of a patient, Eqn. 3.1 was used to assess the effective prostate set-up error. The
curve was then constructed using for each patient the mean effective prostate set-up error over all fractions.

of the observed mean effective displacement per patient. Significant subgroups of
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patients had systematic effective displacements greater than 2 mm (40%) and 3mm
(10%). Figure 3.6 shows statistically significant correlations (p-value < 0.05) between
patients” mean effective displacements in the initial 5 days of treatment with those
in the subsequent days of treatment. This suggests that measurements in the initial
fractions may be used to predict and correct patient systematic intrafraction prostate
displacement in the remainder of the fractions. Figure 3.7 shows an example of a

Figure 3.6: Correlation between mean effective displacements in the first 5 fractions with mean effec-
tive displacements in subsequent treatment weeks in the anterior-posterior (AP) and superior-inferior (SI)
directions.

patient in which part of the intrafraction motion is caused by reproducible motion of
the whole pelvic anatomy between start and end of treatment in four fractions. This
observation recurred in at least 5 of the 108 patients, and indicates that systematic
intrafraction motion is not only due to changes in bladder or rectal filling.

3.3.3 Effect of treatment time

We compared pers, e and Oee obtained between the groups of patients with long
(11.1 minutes) and short (4.8 minutes) treatment times. Although the error distri-
bution at kVpre after SGT correction was very similar between the two groups, in-
trafraction motion hardly deteriorated the initial set-up accuracy in the group with
shorter treatment times: pess £ Lo =-0.1 £ 0.6 mm in CC direction and 0.3 + 0.6 mm
in AP direction (p-value <0.01).
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Figure 3.7: Sample images indicating systematic motion of markers as well as pelvic bony anatomy.
Panels (a) - (d) correspond to fraction 1-4 of a representative patient. Solid black contours are from the
kVpost image while dotted white contours are from the kVpre image of the corresponding fraction.

3.4 Discussion

In this paper, intrafraction motion was studied by performing measurements at sev-
eral time points in IMRT treatment fractions for a large patient group. The main
findings are 1) intrafraction motion distributions get broader with elapsed time (Fig-
ures 3.3 and 3.4, Table 3.2), 2) a significant component of the motion is systematic, i.e.
reproducing from day-to-day (Table 3.2, Figure 3.5), 3) The systematic component of
intrafraction motion can be predicted from measurements in the first 5 fractions (Fig-
ure 3.6), 4) Without the use of an appropriate protocol for correction of (systematic)
intrafraction motion or adequate planning margins, a significant portion of patients
may be at risk for partial tumor miss. The observation that systematic motion can
be predicted by measurements performed in the first treatment week can be used to
design correction protocols with acceptable imaging (analysis) workload.

A comparison of the observed motion magnitudes for patients with fraction dose
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delivery times > 11 minutes to another group of patients with shorter fraction dura-
tions (< 5 minutes) showed an increase in intrafraction motion (p-value < 0.01). Al-
though this increase in intrafraction motion with increased fraction duration has been
observed in previous studies [77, 78], the day-to-day reproducibility of intrafraction
motion (demonstrating systematic errors) has not been specifically reported

Most studies analyze intrafraction motion using images acquired before treat-
ment and images acquired after treatment [31, 71]. This implies that motions occur-
ring during the time frame between the two images that have already resolved by the
end of treatment will be missed. A recent study shows that the sensitivity of using
pre- and post-treatment imaging to estimate intrafraction motion during treatment is
low [79], highlighting the need for more frequent imaging within the fraction to mon-
itor intrafraction motion. Kotte et al. [77] studied the intrafraction motion on a large
population (427) of patients, with treatment times of 5-7 minutes per fraction, by reg-
istering fiducial markers on portal images obtained at different time points within a
fraction. Even though they found reversal of motion at times, a systematic increase of
the frequency of set-up errors > 2 mm was observed with increase in time. The effec-
tive systematic errors we report are higher than those reported by Kotte et.al. (Zeg <=
1.1 mm vs. X =0.6mm) due to the longer (almost double) treatment times for our IM-
RT treatments. In the study of Kotte et.al., there was no analysis on the predictability
of systematic errors from measurements in initial fractions. The intrafraction mo-
tion SDs reported by Li et al. [80] using real-time tracking of the prostate with the
Calypso® system and electromagnetic transponders are comparable to the effective
SDs found in our study (Ze <= 1.1 mm vs. £ = 0.9 mm ) and 0. = 1.2mm vs. 0 =
1.6mm ). It is interesting to see that we obtain similar findings even though we used
a relatively simple 2D analysis on portal kV and MV images. The observed widening
of prostate intrafraction motion distributions with time can be caused by a number
of factors including increased probability of rectal activity and bladder filling [70]
or (as observed here) movement due to relaxation and contraction of pelvic muscles
and patient discomfort. From observations of displacements on kVpre and kVpost
images, movements of the pelvic bony anatomy reproduced daily in some patients,
thereby contributing to the systematic intrafraction displacements. This effect has
not been clearly identified in previous studies. Figure 3.7 shows an example of such
reproducible motion of the whole pelvic bony anatomy observed for one patient in
four fractions. This reproducible motion was observed in 20 fractions for this partic-
ular patient.

It was reported earlier that rectum filling has significant influence on prostate

motion observed in MRI based studies during time intervals relevant for radiothera-
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py [64, 81, 82]. However, the systematic error reported by these studies is significant-
ly lower compared to our results. Induced discomfort in maintaining a full bladder
during treatment may be responsible for part of the systematic motion we find. Var-
ious immobilization strategies [61, 83, 84], and controlled diet and rectum filling [64,
82] are also being practiced by different groups, but it has yet to be demonstrated

that these approaches reduce (systematic) intrafraction motion [85].

Information on intrafraction motion is only part of the knowledge needed to ful-
ly evaluate planning margins. Other residue errors after daily online re-positioning
result from prostate deformation and delineation uncertainties [65, 86]. We previ-
ously quantified deformation of the prostate and seminal vesicles relative to prostate
implanted markers with and without rotations [86]. The observed magnitudes of de-
formation indicate that deformation errors play a significant role, limiting achievable
margin reduction when introducing daily online corrections. Furthermore, we de-
veloped a method [87] to evaluate the actual delivered dose in marker-based prostate
radiotherapy taking into account all known geometric errors, including intrafraction
motion. Such analysis is necessary to understand the clinical impact of the effect of
the measured errors [88]. Figure 3.5 shows that around 40% of patients have a sys-
tematic effective intrafraction prostate motion of 2 mm or more. These patients could
benefit from a protocol that corrects this motion. We have demonstrated that mea-
surements in the first 5 treatment fractions may be used to predict the systematic
component of intrafraction motion, allowing the use of an offline No Action Level
(NAL) [39] correction protocol to reduce these errors. Recently we implemented an
extension to the SGT procedure, allowing correction of both random and systematic

intrafraction motion prior to each beam delivery.

3.5 Conclusion

Intrafraction prostate motion can severely impact treatment. This is largely caused
by the significant systematic component (reproducing from fraction to fraction), as
observed for a large portion of patients (40% with a mean set-up error of 2 mm or
more). Measurements in the first fractions can be used to estimate expected mean
errors in the remainder of the treatment, allowing development of time and workload
efficient correction strategies.
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Abstract

Purpose

A new system for software-controlled and highly automated correction of infraction
prostate motion, intrafraction StereoGraphic Targeting (iSGT), is described and eval-

uated.

Methods and Materials

At our institute, daily prostate positioning before delivery of the first IMRT beam
is routinely achieved with stereographic targeting (SGT), which involves automated
orthogonal kV/MYV imaging of implanted markers, image registration, and remote
couch translations to correct detected set-up errors. iSGT entails MV image acquisi-
tions with the first segment of selected subsequent IMRT beams, followed by remote
couch repositioning to correct for intrafraction motion above a pre-defined threshold,
prior to delivery of the remainder of the segments. iSGT was implemented by exten-
sion of the SGT software to facilitate fast and accurate intrafraction set-up corrections
with minimal user interaction. For a group of 120 patients, iSGT with corrections for
two nearly lateral beams was evaluated in terms of workload and impact on effective

intrafraction displacements in the sagittal plane.

Results

SDs of Systematic (£) and random (o) displacements relative to planning measured
directly after initial SGT set-up correction were < 0.5 mm and < 0.8 mm respectively.
Without iSGT corrections, effective X and o for the 11 minutes treatments would have
grown to Ze¢ < 1.1 mm and oe¢ < 1.2 mm. With the iSGT procedure with an action
level of 4 mm, effective positioning errors were reduced to Zqg < 0.8mm and e <
1.0 mm with 21.7% of all fractions requiring a correction. Computer simulations
demonstrated that using an action level of 2 mm, the errors would have been reduced
to Lo < 0.6 mm and o.¢ < 0.7 mm with corrections in 46.6% of the fractions. Because
iSGT is highly automated, the extra time added by iSGT is < 30 seconds if a correction

is required.
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Conclusion

Without increasing imaging dose, iSGT successfully reduces intrafraction prostate
motion with minimal workload and increase in fraction time. An action level of 2

mm is recommended.
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4.1 Introduction

A major challenge in the current application of prostate external beam radiotherapy
is intrafraction target motion [89]. Using a variety of monitoring methods including
magnetic resonance imaging (MRI), real-time tracking with implanted electromag-
netic transponders, kilo voltage (kV) and megavoltage (MV) imaging of implanted
fiducials, it has been shown that prostate intrafraction motion occurs frequently for
IMRT delivery times [31, 64, 71, 72]. Intrafraction prostate motion is associated with
changes in rectal and bladder content [64], respiratory motion and in our own expe-
rience changes in overall patient posture [64, 90]. Several studies [38, 63, 77] quan-
tify inter- and intrafraction prostate motion using implanted markers, but few [91,
92] have comprehensively reported methods for dealing with intrafraction motion
when using X-ray localization of implanted markers. Generally, intrafraction mo-
tion remains uncorrected and planning margins are extended [23-26]. The required
extension depends on the dose conformity and steepness of dose gradients of the
treatment technique as well as on the target localization technique [87, 88].

We previously reported the clinical implementation of stereographic targeting
(SGT) for fast and accurate daily prostate positioning using automated orthogonal
kV/MV imaging of implanted fiducial markers, fast and reliable marker detection
and registration, and remote couch control for set-up correction [69]. With SGT, resid-
ual interfraction systematic and random positioning uncertainties were small (SD <
0.9 mm). In a recent study [90], using kV/MYV imaging of implanted markers at mul-
tiple time points during treatment, we observed significant random and, more im-
portantly, systematic intrafraction motion, i.e. intrafraction motion that reproduced
from day-to-day. Depending on the patient, the high initial fraction set-up accuracy
achieved with SGT could seriously deteriorate during the treatment fractions. In the
current study, we report on the design, implementation and evaluation of our new
system for daily prostate positioning including intrafraction set-up corrections, des-
ignated intrafraction StereoGraphic Targeting (iSGT). In iSGT intial positioning in a
fraction is performed with SGT. Subsequent intrafraction corrections are based on
acquired EPID images of the first segments of selected IMRT beams. With the au-
tomated MV image acquisitions, fast and reliable marker matching and automated
couch shifts, iSGT aims for accurate prostate positioning with minimal user interac-
tion, limited added treatment time, and no extra imaging dose.
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4.2 Methods and Materials

4.2.1 Patients, treatment, equipment and image acquisition

We included 120 patients who participated in a nationwide randomised trial compar-
ing a conventional fractionation scheme (39 x 2 Gy, 5 times a week) and a hypofrac-
tionated scheme (19 x 3.4 Gy, 3 times a week). All patients had 3-4 gold markers
(cylinder of diameter =1 mm and height =5 mm) implanted in the prostate for set-up
corrections. The corrections were executed using remote treatment couch control (no
entrance in the treatment room) with a dedicated couch control system (Theraview
Couch Set-up Assistant ((TCSA); Cablon Medical, Leusden, The Netherlands), with a
couch repositioning accuracy of SD 0.3 mm [69]. Treatments were performed at Syn-
ergy (Elekta, Crawley, UK) linear accelerators with a 7-field IMRT technique with
beams at gantry angles 0°, 95° 110 ©, 50°, 305°, 255° and 205° (Figure 4.1).

A Anterior
=
5 4
Right 4 Left
\\ | —— —
7 2
Y Posterior

Figure 4.1: Beams for the 7-field IMRT technique. Beam 1 is used in combination with an orthogonal kV
beam for 3D pre-treatment SGT corrections, while beams 3 and 6 are used for iSGT intrafraction corrections
in the sagittal plane.
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The analysis of intrafraction prostate motion correction was based on acquired
kV images (kVI) and MV images (MVI). For each patient fraction, the first image used
was “kVIpre”, a lateral kVI acquired with the XVI system (Elekta, Crawley UK) at the
end of the initial SGT prostate set-up procedure, prior to the start of treatment (de-
tails below). For research purposes, IMRT fields were designed with a field encom-
passing first segment containing 2-6 MU [42]. MVI were automatically acquired for
these segments using Theraview NT electronic portal imaging devices (EPID) (Ca-
blon Medical, Leusden, The Netherlands). After delivery of all fields, a final lateral
kVI, designated "kVIpost”, was always acquired. For the first 20 patients in this study
no intrafraction corrections were performed and the acquired kVIpre, kVIpost and
MVI were used to establish parameters for the use of MVI for intrafraction correc-
tions (iSGT) in subsequent patients. Data from 100 of these patients were available
for clinical evaluation of iSGT.

4.2.2 Initial prostate positioning in iSGT

The procedure for initial prostate positioning in iSGT prior to delivery of the first
beam is similar to the SGT procedure described in details in [69], and schematically
depicted in Figure 4.2. In summary, for gantry angle 0°, a megavoltage image (MVI)
and an orthogonal kilovoltage image (kVI) are acquired in rapid succession to image
the implanted gold markers. The 3D marker group center of mass (COM) position is
then reconstructed in < 2sec with a success rate of 99% [69]. The deviation of the COM
position from planning is then used as input for the TCSA system (above) for remote
couch repositioning, considering a 3D correction vector length threshold of 2 mm.
After repositioning, either a new MVI/kVI pair, or just a lateral kVI is obtained for
verification purposes and if necessary for further correction. The last kVI acquired
is designated kVIpre and used for the analyses of intrafraction motion correction in
this paper.

4.2.3 Intrafraction motion correction in iSGT; the workflow

The iSGT workflow schematically illustrated in Figures 4.1 and 4.2 was implemented
in the Theraview NT software in collaboration between Erasmus MC and Cablon
Medical. The numbers in Figure 4.1 show the order of delivered beams. In the current
iSGT design, only MVI for the two (nearly) lateral beams (3 and 6 in Figure 4.1) are
used. These MVI will be denoted MVI-3 and MVI-6, respectively. Considering the
order of delivered beams (Figure 4.1), beams 3 and 6 have favorite (symmetric) time

points. Moreover, prostate intrafraction motion occurs predominantly in the sagittal
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Figure 4.2: intrafraction StereoGraphic Targeting (iSGT) workflow. Abbreviations: AM= automated
match, ey, = error threshold for correction in mm; AIMS = automated identification of marker match
success; M = number of detected markers; My, = threshold for M.

plane [71, 77], and sagittal motion is the most crucial for planning margins (especially
towards the rectum). Therefore, obtaining the highest treatment precision may be
most useful for (nearly) lateral beams. For beams 3 and 6, the superior-inferior (SI)
intrafraction motion is derived exactly whereas the anterior-posterior (AP) motion is
almost identical to the horizontal shift in the MVI (lateral contribution negligible).

Image acquisition and matching in iSGT is automatically synchronized with
beam delivery and requires no user actions. The user only becomes involved when
the software proposes a set-up correction. After user evaluation of the image registra-
tion, the TCSA system (above) may then be used for remote couch translations. The
iSGT workflow can optionally generate an accelerator interlock until couch move-
ment is ready. MVI-3 and MVI-6 are automatically processed to obtain the projected
centre of mass (COM) of the markers using methods described in [69], followed by an
AIMS test (see section 4.2.5 "AIMS” below) to objectively verify whether the marker
match was successful. A set-up correction is only proposed by the software if 1) the
match was successful according to AIMS (M = My, in Figure 4.2) and 2) the estab-
lished 2D COM positioning error from the automatic marker match (AM) is larger
than the pre-defined action level (ey, in Figure 4.2). In all other cases no correction
is performed. In case of a successful match with AM > ey,, beam delivery is held
after the first segment, the match result is automatically displayed on a screen, and

the user is asked to evaluate the result (Figure 4.2). The user can approve, adjust or
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skip (if the image is hard to judge) the match. If, after user evaluation, the (adjusted)
match result is above ey,, the correction is executed by remote couch control, and the
remaining beam segments and all segments of subsequent non-iSGT beams are deliv-
ered. Results from AM and AIMS become available within the time frame required
for the linac record and verify system to continue with delivery of the remaining seg-
ments after the first MVI segment. If there is no correction necessary, beam delivery
automatically continues. Consequently, for fractions that do not require intrafraction
corrections, iSGT does not add time to treatment delivery.

4.2.4 AIMS: Algorithm for Automatic Identification of Marker Match
Success

A pre-requisite for intrafraction prostate repositioning with iSGT is a marker match
algorithm with a high success rate for accurately establishing marker COM displace-
ments from MV-images, i.e. close to true movements. To minimize corrections based
on unsuccessful automatic matches, while not having to rely on a time consuming
user evaluation of each match, we introduced the AIMS test for automated identifi-
cation of marker match success. The AIMS test is based on a student t-test performed
on the image pixel grey scale values in each marker region. For each detected mark-
er region the test parameter t, which is a measure of the detectability of the marker,
is calculated from the means and standard deviations of the grey scale values in an
area of pixels in the detected marker region and an area surrounding the marker [93].
For normally distributed image noise, this parameter behaves like the t-statistic in re-
gions of constant mean intensity. The threshold for detecting a marker was set to 5 as
proposed in the literature [94] and verified by visual inspection [95]. The AIMS test
accepts a match if the number of markers with t > 5, M, is larger than or equal to the
selected threshold My, (selection discussed below) and rejects it otherwise.

4.2.5 Establishing iSGT parameters My, and ey,

As mentioned above, the iSGT procedure was designed using image data from a
group of 20 patients who were treated with daily SGT pre-fraction corrections. MV-
images had been acquired for these patients but not used for intrafraction corrections.
In total 970 MV images from the (nearly) lateral beams 3 and 6 were available for
analyses. For each image, the marker COM displacement was established both with
the AM and by manual identification of the individual markers, the latter resulting
in the ground truth (GT) marker COM displacement.
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For the parameter My, in the AIMS test, the values 2, 3 and 4 were considered.
For selection of My,, we determined for each candidate value the sensitivity and
specificity of AIMS for detecting true errors (| AM - GT| < 2 mm). For the subse-
quent establishment of ey, the values of 3 mm and 4 mm were considered in detail.
For the final choice of ey, we determined for both candidate values 1) the sensitivity
and specificity for automatic detection of true errors that need to be corrected (GT >
etn), 2) the number of fractions with a request for user action (M >= My, and AM > ey,
Figure 4.2 and above), and 3) effective residual set-up errors for the iSGT protocol.
Items 2) and 3) were derived from computer simulations.

In the iSGT simulations, residue errors after intrafraction prostate positioning
corrections were calculated by subtracting AM-established corrections from mea-
sured GT-errors as follows: if for MVI-3 M >= My, and AM > ey,, then the AM-
correction was subtracted from the GT-errors measured at MVI-3 and all later mo-
ments. This procedure assumes that the correction was obtained and executed so fast
that it would not influence occurrence and measurement of intrafraction deviations
at later moments. Similarly if M >= My, and AM > ey, for MVI-6, the corresponding
AM-correction was subtracted from the (residue) GT-errors at MVI-6 and kVIpost.
For each patient fraction, the AP and SI components of the 2D effective residual set-
up error vector were calculated as time-weighted averages of mean errors in the in-
tervals Al: (kVIpre — MVI-3), A2: (MVI-3 — MVI-6) and A3: (MVI-6 — kVIpost),
respectively, similar as in [90]. For the first interval, the mean set-up error was calcu-
lated as the average of the measured error in kVIpre and the GT-error in MVI-3. For
the second interval, the mean error depended on whether or not an intrafraction set-
up correction was required based on MVI-3 and the criterium M >= My, and AM >
ew. Without a correction, the mean set-up error was calculated as the average of the
GT-errors in MVI-3 and MVI-6. With a correction, the mean amounted to 0.5*((GT-
error in MVI-6) - (AM-correction derived from MVI-3)), assuming immediate and
exact implementation of the correction derived from MVI-3. Calculation of the mean
error for interval 3 was performed similarly, but now depending on whether or not
intrafraction corrections were required based on MVI-3 and MVI-6. From the effec-
tive fraction displacements, we computed population mean effective errors, i.e. the
mean over all patients of the individual mean effective fraction displacements, s
, and the standard deviations L. and o, describing systematic and random set-up
errors in the patient population [25, 26, 58].
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4.2.6 Clinical evaluation of iSGT

iSGT was evaluated for 100 patients that were treated with parameters My, and ey,
selected as described in the previous section, and reported in the Results section.
To this purpose, AM displacements for kVIpre, MVI-3, MVI-6, and kVIpost were
extracted from the clinical database. Using the stored images, ground truth (GT)
marker COM displacements were also obtained by manual marker matching in all
images. The clinical performance of iSGT was evaluated by studying the AM accu-
racy, the performance of the AIMS test, and the magnitude of effective intrafraction
errors. For comparison we also calculated effective errors from (estimated) GT er-
rors that would have occurred without iSGT corrections by undoing all corrections
that were actually applied clinically. This was possible since all corrections together
with couch positions before and after each table shift were stored in the Theraview
database. Based on the GT errors that would have occurred without corrections, we
also simulated iSGT protocols for ey, values that were not used clinically, applying
the same simulation approach as explained in the previous section.

4.2.7 Comparison with an offline intrafraction correction strategy

Recently, it was shown that the mean intrafraction motion measured during the first
week of treatment correlates with the mean intrafraction motion in subsequent weeks
[73,96], suggesting that an offline strategy similar to the no-action-level (NAL) offline
correction protocol [39] for interfraction errors could also be beneficial for intrafrac-
tion error correction. Using the established GT-errors that would have occurred in
100 patients without intrafraction corrections (previous section) we simulated such
an offline correction strategy. For this we assumed acquisition of MVI-3 and MVI-6
in the first 5 fractions and absence of intrafraction set-up corrections in these frac-
tions. After fraction 5 there was an offline assessment of both the mean set-up error
observed in the MVI-3 and the mean error in the MVI-6 in these initial fractions.
For the next fractions, a priori couch repositionings by -(mean set-up error in the
initial fractions) prior to delivery of beams 3 and 6 were simulated. Residual effec-
tive displacements using this offline correction strategy were compared with residual

displacements obtained with online corrections based on iSGT.
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4.3 Results

4.3.1 Establishing iSGT parameters My, and ey,

Table 4.1 shows the performance of the AIMS test for detecting successful and un-
successful matches as a function of My,. The success rate for automated matching
was 90.9% (images with AM success according to GT). From Table 4.1, My, = 2 was
selected for the clinical iSGT procedure, based on the high sensitivity (93.6%) for cor-
rectly identifying match successes with acceptable specificity (58.4%). Only in 3.8%
of cases AIMS claimed a successful match while it was not. For My, = 2, 85.1% of
all images had a correct match according to GT that was also recognized by AIMS.
When using My, = 3 and My, = 4 the latter dropped to 68.5% and 33.3%, respective-
ly.  Table 4.2 presents the performance of the automatic match (AM) algorithm

Table 4.1: Performance of the AIMS test for detection of automatic match (AM) successes, defined as
| AM-GT | < 2mm (GT= Ground Truth), as a function of the parameter My,. The data were obtained from
AM for a total of 970 MV-images.

According to GT: AM Failure AM Success Sensitivity Specificity
According to AIMS: AM Success* AM Failure* AM Success* AM Failure*  AIMS AIMS

My =2 37 (3.8 %) 52 (5.4%) 825 (85.1 %) 56 (5.8%) 93.60% 58.40%
My, =3 18 (1.9 %) 71(7.3%) 664 (68.5%) 217 (22.4%) 75.40% 79.80%
My, = 4 3 (0.3 %) 86 (8.9 %) 323(33.3%) 558 (57.5%) 36.70% 96.60%
Abbreviations: GT = Ground Truth, AM = Automatic Match, AIMS = Automatic Identification of Match
Success

" Indicated are numbers of images. The values in brackets are percentages of the total number of images.

Table 4.2: Performance of the automatic match (AM) algorithm in detecting true set-up errors larger
than the threshold error, ey,, for ey, =3 mm and 4 mm. The data were obtained from AM for a total of 970

MYV images.
GT > ey, GT < ey, Sensitivity  Specificity
AM > ey * AM<en* AM> eyt AM< ep* AM AM
enh=4mm 173 (17.8%) 27(2.8%) 36(3.7%) 734 (75.7 %) 86.50% 95.30%
en=3mm 300(309%) 33(34%) 67(6.9%) 570 (58.8%) 90.00% 89.50%

Abbreviations: AM = Automatic Match, GT = Ground Truth
" Indicated are numbers of images. The values in brackets are percentages of the total number of images

in detecting true set-up errors larger than the threshold error ey, = 3 mm or ey, = 4
mm. Table 4.3 shows effective set-up errors for these thresholds, resulting from iS-
GT simulations. When using an action level of 3 mm, intrafraction corrections were
proposed in 32.5% of the fractions. When the action level was increased to 4 mm,
this percentage reduced to 18.0%. Considering the moderate differences between 3
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Table 4.3: Simulated population effective set-up errors for the initial group of 20 patients in superior-
inferior (SI) and anterior-posterior(AP) directions

Effective set-up errors (mm)

wx X (Sl w+ X (AP) o (SI) o (AP)
After SGT correction, 0.0+0.5 0.3+0.5 0.7 0.6
prior to first beam
No intrafraction set-up -0.1+1.2 0.6+1.1 1.0 1.1
corrections
iSGT with action level of  -0.3+0.7 0.3+0.6 0.8 1.0
4 mm
iSGT with action level of -0.4+0.7 0.1+0.5 0.8 0.9
3 mm

Abbreviations: AP = anterior-posterior, S| = superior-inferior, iISGT = intrafraction StereoGraphic Targeting,
SGT = StereoGraphic Targeting, = systematic error, o = random error

mm and 4 mm in Tables 4.2 and 4.3 and the (at that time considered rather large)
difference in expected workload as resulting from proposed corrections, ey, = 4 mm
was selected for the clinical iSGT procedure.

4.3.2 Performance of iSGT and comparison with offline strategy

We obtained a total of 5788 MVIand 5618 kVI from 100 patients treated with iSGT cor-
rections with My, = 2 and ey, =4 mm. For the M VI the success rate of automatic mark-
er match (images with AM success according to GT) was 90%, very close to what was
found for the images of the 10 patients used to establish iSGT parameters (above). For
the clinical iSGT procedure with My, = 2, only in 6.3% of cases AIMS claimed a suc-
cessful match while it was not. In 87.8% of all images, the match outcome according
to GT agreed with that of AIMS. The sensitivity was 96.9% for correctly identifying
match successes and the specificity was 48.0%, lower than predicted. The first data

Table 4.4: Performance of the automatic match (AM) algorithm in detecting true set-up errors larger
than the threshold error, ey,. The data were obtained from a total of 5788 MV-images. Clinically ey, = 4
mm was used. Computer simulations were used to generate data for ey,= 3 mm and ey, =2 mm.

GT > ey’ GT<ep’ Sensitivity Specificity
AM > ey, AM < ey, AM > ey, AM < ey, AM AM
em=4mm 622 (10.8%) 185 (3.2%) 286 (4.9%)  4695(81.1%) 77% 94%
(clinical)
em=3mm 1566 (27.1%) 234 (4.04%) 411 (7.1%)  3577(61.8%) 87% 90%
(simulation)?
em=2mm  3180(54.9%) 244(4.2%)  419(7.2%)  1945(33.6%) 93% 82%

(simulation)?

" Indicated are numbers of images. The values in brackets are percentages of the total number of images
2 From simulations using clinical data
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row in Table 4.4 quantifies the clinical performance of the AM. Comparison with the
first data row in Table 4.2 reveals that the actual sensitivity of AM for detecting errors
larger than ey, =4 mm was almost 10% lower than predicted for the initial group of 10
patients. The second and third data rows in Table 4.4 show AM performances for ey,

=3 mm and ey, = 4 mm, respectively, as resulting from the simulations. The impact
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Figure 4.3: Cumulative distributions of residual effective fraction set-up errors; The errors are given as
vector lengths of 2D effective fraction error in the sagittal plane and comprise both systematic and random
components.

of the clinical iSGT protocol on effective set-up errors, compared to no intrafraction
corrections, can be derived from data rows 2 and 3 in Table 4.5 and by comparing
corresponding curves in Figures 4.4 and 4.3. Clearly, iSGT with ey, =4 mm had a
positive but modest impact on set-up accuracy. Reductions in X and o were 0.2 - 0.3
mm and 0.1 - 0.2 mm, respectively. With the clinical iSGT corrections, the percent-
age of effective systematic+random errors exceeding 4 mm was reduced from 10%
to 3.9% (Figure 4.3). In Figure 4.4, iSGT could reduce effective systematic errors >2
mm and >3 mm from 42% to 25% and from 7% to 2% respectively. Table 4.5 and Fig-
ures 4.3 and 4.4 clearly show that significant reductions in effective set-up errors can
be obtained using iSGT with ey, = 3 mm, and especially with ey, = 2 mm. With the
latter, both the effective random and systematic errors can be kept close to the errors
measured with the kVIpre just after SGT correction and prior to delivery of the first
beam. Table 4.6 shows numbers of fractions for which the outcome of AM and AIMS
result in a proposed iSGT correction as a function of ey,. Table 4.5 and Figures 4.3
and 4.4 show that the offline NAL procedure for intrafraction corrections performs
a little bit better than iSGT with a threshold of 4 mm. Considering the 5 strategies
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Figure 4.4: Cumulative distributions of residual effective systematic set-up errors per patient; The er-
rors are given as vector lengths of 2D effective fraction error in the sagittal plane and comprise only the
systematic component.

Table 4.5: Evaluation of iSGT using images from the 100 clinical iSGT patients; the table shows measured
displacements just after initial set-up and as well as displacements without and with iSGT corrections for
the clinical action level of 4 mm. Simulated displacements for action levels of 3 mm and 2 mm as well as
for the no-action level (NAL)-based offline protocol to correct intrafraction motion are also shown.

Effective set-up errors (mm)
p+xX(Sl) pnxX(AP) o (Sl) o (AP)

After SGT correction, prior to first beam 0.320.5 0.0+£0.5 0.8 0.7
No intrafraction set-up corrections 0.6+1.0 0.8+1.1 1.1 1.2
iSGT ey,= 4 mm (clinical protocol) 0.6+0.8 0.6+0.8 1.0 1.0
NAL, with 5 initial measurements’ 0.3+0.6 0.6+0.8 1.1 1.2
iSGT with efy= 3 mm’ 0.5+0.7 0.5+0.7 0.9 0.9
iSGT with e,= 2 mm’ 0.3+0.6 0.5+0.6 0.7 0.7

Abbreviations: p = population mean error, £ = systematic error, o = random error, NAL = No Action Level,
other abbreviations as in previous tables.
' From simulations using clinical data.

studied for dealing with intrafraction prostate motion (no intrafraction corrections,
iSGT with ey, = 2, 3, 4, and NAL), iSGT with a 2 mm threshold result in the lowest

effective errors.

4.4 Discussion

In a recent study [90], we observed in a group of 108 patients significant random and
systematic intrafraction motion, i.e. intrafraction motion that reproduced from day-
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Table 4.6: Numbers and percentages of fractions with 0, 1 and 2 proposed corrections (requiring user
action) as a function of error threshold. Corrections are proposed after positive outcome of AIMS and AM
(Figure 4.2). The total number of fractions was 2894 and My, = 2

Number of corrections in fraction 0 1 2
Number % Number % Number %
ey = 4 mm(clinical protocol) 2225 76.9 629 21.7 40 1.4
en =3 mm’ 1432 49.5 1124 38.8 338 11.7
en =2 mm! 507 17.5 1350 46.6 1037 35.8

' From simulations using clinical data of 100 patients treated clinically with iSGT.

to-day. Depending on the patient, the high initial prostate set-up accuracy achieved
with SGT could seriously deteriorate during the treatment fractions. In this paper we
have developed, implemented and clinically evaluated for 100 patients the intrafrac-
tion StereoGraphic Target (iISGT) system for intrafraction prostate set-up corrections,
based on planar MV-imaging of implanted fiducials. The system is software con-
trolled and integrated in the linac workflow. User interaction is only required if the
software proposes an intrafraction set-up correction based on an acquired MV-image.
The proposed correction can then be approved, adjusted, or skipped, based on the
presented result of the underlying MV image registration. Set-up corrections are ex-
ecuted using a commercial system for remote couch control. Patients in this study
were treated with an error threshold (ey,) of corrections of 4 mm. This resulted in a
clear but modest improvement compared to no intrafraction corrections. Computer
simulations indicate that with ey, = 2 mm effective random and systematic fraction
errors can be kept close to the errors measured just after initial SGT set-up correction,
prior to delivery of the first beam. Obviously, with a lower threshold, more correc-
tions are proposed. As explained in the Material and Methods section, iSGT (only)
results in increased fraction duration in case of these correction proposals. For the
100 patients in this study, user interaction after a correction proposal and correction
execution took generally < 30 sec, resulting in a total maximum fraction time increase
due to iSGT of approximately 1 minute (maximum of two intrafraction set-up correc-

tions).

Because intrafraction motion is partly systematic [90], patient set-up accuracy
might benefit from intrafraction set-up corrections based on an offline correction pro-
tocol such as the No Action Level (NAL) protocol [39], widely used to correct system-
atic interfraction set-up motion. In this study we performed computer simulations
to investigate the impact of such a protocol based on intrafraction set-up measure-
ments in the first 5 fractions (without corrections). After the fifth fraction, patients
were then repositioned, compensating for mean set-up errors measured during the
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first 5 fractions (no further imaging needed). The simulations demonstrated that re-
ductions of effective set-up errors with this offline protocol were similar to iSGT with
a threshold of 4 mm, while iSGT with a threshold of 2 mm performed substantially
better.

This study and the iSGT method for intrafraction prostate set-up correction have
some limitations. Like the other (published) methods, iSGT depends on 1) imaging
of fiducials implanted in the prostate and 2) translational corrections. Clearly, such
an approach is limited in case of prostate deformation and/or rotation, and does of-
ten not always allow accurate correction of movements of the seminal vesicles [86].
In a recent study [87] we proposed a method to select margins that account for the
residual errors. Another limitation of iSGT is that corrections are based on measure-
ments at specific time points in each fraction, not on continuous monitoring. Effective
errors were computed assuming that the mean position in a time interval could be
calculated as the average of the measured positions in the images that defined the be-
ginning and the end of the interval, neglecting asymmetric set-up variations around
this calculated mean within the interval. For sure this will result in some inaccura-
cies in calculated effective errors. However, we believe that considering all patients
and all fractions, this simplified approach for assessment of the mean set-up error in
an interval will on average be accurate. In the current iSGT procedure, intrafraction
set-up verification and correction was only performed prior to delivery of the near-
ly lateral beams. These beams were selected to maximally protect the rectum. Due
to this choice, corrections were however limited to the sagittal plane, which on the
other hand is also the plane with the most prostate motion [77, 90]. More time points
for intrafraction correction could be used, but with the current selection of two time
points and an error threshold of 2 mm, effective fraction set-up errors were already
close to the errors measured just prior to start of treatment.

4.5 Conclusion

We have implemented and evaluated for 100 patients a software-controlled, highly
automated procedure for intrafraction prostate set-up corrections using MV imaging
of implanted markers. With generally less than 1 minute prolongation of treatment
time, effective fraction set-up errors can become close to the errors measured at the
start of treatment.
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Abstract

Purpose

To quantify the residual geometric uncertainties after online corrections with in-
traprostatic fiducial markers, this study analyzed the deformation of the prostate
and, in particular, the seminal vesicles relative to such markers.

Patients and Methods

A planning computed tomography (CT) scan and three repeat CT scans were ob-
tained for 21 prostate cancer patients who had had three to four cylindrical gold
markers placed. The prostate and whole seminal vesicles (clinical target volume
[CTV]) were delineated on each scan at a slice thickness of 1.5 mm. Rigid body trans-
formations (translation and rotation) mapping the markers onto the planning scan
positions were obtained. The translation only (Tonyy) or both translation and rotation
were applied to the delineated CTVs. Next, the residue CTV surface displacements
were determined using nonrigid registration of the delineated contours. For trans-
lation and rotation of the CTV, the residues represented deformation; for Tonyy, the
residues stemmed from deformation and rotation. Tony represented the residues for
most currently applied online protocols. The patient and population statistics of the
CTV surface displacements were calculated. The intraobserver delineation variation

was similarly quantified using repeat delineations for all patients and corrected for.

Results

The largest CTV deformations were observed at the anterior and posterior side of the
seminal vesicles (population average standard deviation =3 mm). Prostate deforma-
tion was small (standard deviation = 1 mm). The increase in these deviations when
neglecting rotation (Ton1y) was small.

Conclusion

Although prostate deformation with respect to implanted fiducial markers was small
, the corresponding deformation of the seminal vesicles was considerable. Adding
marker-based rotational corrections to online translation corrections provided a lim-
ited reduction in the estimated planning margins.
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5.1 Introduction

Prostate cancer is the most common type of cancer for men in Western countries [97]
and is often treated with external beam radiotherapy. However, external beam radio-
therapy leads to Grade 2 late gastrointestinal toxicity in 1.6-32% of patients, Grade 2
late urinary toxicity in 15-41%, and erectile dysfunction in 36-43% [11, 17, 98]. There-
fore, a large patient population would benefit from techniques able to reduce these
common sequelae. Apart from imperfect target delineation, several uncertainties ex-
ist regarding movement of the clinical target volume (CTV), CTV deformation, and
variations in beam geometry characteristics. A margin is added to the CTV to ac-
count for these uncertainties. The planning target volume (PTV) is the CTV plus
this margin [23, 24]. A reduction of the CTV-PTV margin can lead to lower toxici-
ty [99]. The CTV-PTV margin can be reduced to less than the commonly used 1 cm
with image-guided radiotherapy or adaptive radiotherapy [39, 51, 69]. In our clin-
ic, a fully automated method for fast and accurate daily online prostate positioning
during external beam radiotherapy was developed for the Synergy system (Elekta,
Crawley UK) and clinically implemented [69]. This method, Stereographic Target-
ing (SGT), is based on intraprostatic fiducial markers that are imaged in a crossfire
of megavoltage and kilovoltage beams, followed by fully automated image analysis
and remotely controlled couch shifts. Despite a high positioning accuracy for the
center of mass (COM) with SGT, the margin reduction must be based on knowledge
of the residue displacements over the entire surface of the CTV. In this study, the
residue displacements were obtained from repeat computed tomography (CT) scans
delineated at a high resolution after rigid registration of the fiducial markers using
nonrigid registration. Quantification of these residues allows for the assessment of
margins for marker-based set-up corrections. For instance, the marker registration
method allowed us to quantify the residue displacements when only translation cor-
rections were applied. The latter displacements depend not only on the CTV shape,
but also on the behavior of the seminal vesicle deformation in the presence of prostate
rotations. Knowledge of these displacements is clinically relevant because online cor-
rections are often limited to translation corrections [49, 69]. To our knowledge, this
is the first study to quantify these rotation deviations in detail. The use of fiducial
markers as a reference frame in this study had another major advantage: the mark-
ers are clearly distinguishable on the CT scans and their relative positions are very
stable [39, 57]. In contrast to methods that use delineated CTVs for initial rigid body
registration [100], the rigid body match with markers hardly depends on the sought
deformations or on the delineation errors. Therefore, fiducial markers present a suit-
able frame of reference for quantifying the deformations.
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5.2 Patients and Methods

5.2.1 Patients

Patients scheduled for external beam radiotherapy for prostate cancer were asked to
participate in this study (i.e., undergo multiple CT scan sessions). Between August
2006 and March 2007, 21 patients agreed to participate and gave written informed
consent. The clinical T category was as follows: Stage T1, 9 patients; T2, 5 patients;
and T3, 7 patients. Patients with T3 tumors were treated with adjuvant hormon-
al therapy. Although not all patients were treated to the seminal vesicles, the whole
seminal vesicles were analyzed for each patient in this study. In each patient, three to
four fiducial markers (gold cylinders, 1 mm x 5 mm) were implanted transperineally
using 18-gauge needles under transrectal ultrasound guidance and local anesthet-
ic. The Medical Ethical Committee of our hospital approved the study, which was
conducted in accordance with the Declaration of Helsinki.

5.2.2 Data acquisition

For the planning CT scan, the patients followed our routine clinical protocol. The
planning CT scan (Somatom Sensation Open with HiRes-option, Siemens Medical
Solutions, Erlangen, Germany) was scheduled = 1 week after marker implantation to
allow any possible edema to resolve. Patients used a laxative and were instructed to
empty their rectum before the planning CT scan. Furthermore, they were instructed
to empty their bladder and drink 0.5 litre of fluid 1 hour before the planning CT
scan. In treatment weeks 2, 4, and 6, a repeat CT scan was acquired directly before
or after a treatment fraction. Patients followed the same instructions, except for the
use of a laxative. All four scans were performed with the patient set up as during
treatment (supine position, head rest, and knee and feet support). The CT scans
were reconstructed with a slice thickness of 1.5 mm and a transversal pixel size of 0.7
x 0.7 mm?. The prostate and the whole seminal vesicles (CTV) were delineated on
each CT scan by a single observer (GJW) at the same slice resolution (1.5 mm). The
distance from the inferior-most fiducial marker to the apex of the prostate from the
planning CT scan was used as a guide to identify the apex on the repeat CT scans.

5.2.3 Statistical analysis

The analysis was performed using in-house developed software (C++ using the ITK
and VTK toolkits and Matlab). Surface meshes were created from the Digital Imaging
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and Communications in Medicine (DICOM) exported contours. Hereafter, the CTV
surface is referred to as the CTV and any quantity obtained from the planning and
repeat CT scan is termed reference and repeat, respectively. The rigid body transfor-
mation between the repeat and reference scans was obtained with a dedicated tool.
A single marker was defined by the two longitudinal end positions of each marker.
In each repeat scan, the markers were identified, and a rigid body transformation
solving for translation and rotation about the COM of all markers, was performed.
This transformation was then applied to the repeat CTV. Next, the residual deforma-
tion between the repeat and reference CTV was estimated by nonrigid registration;
see Chui; Rangarajan [101], Osorio et al. [102], Vasquez Osorio et al. [103] for details.
The nonrigid registration finds a transformation function between two point sets de-
rived from the CTV meshes. Then, the transformation function generated vectors
that connect the points on the repeat CTV to the reference CTV. These vectors are
referred to as residue displacements. For each patient, the residue displacements were
used to create an average CTV shape, and the standard deviations (SDs) of the vector
field projections on the local surface normals were derived. We restricted ourselves
to reporting motion along these normals because such motion is the most relevant to
determine CTV coverage and required margins. To calculate and visualize the pop-
ulation statistics, the same nonrigid transformation software was used to create the
population average CTV and to map patient-specific local SDs onto the population
average CTV. The procedure, described in detail in the Appendix 5.7, is illustrated
in Figure 5.1.

5.2.4 Correction for delineation variation

The SDs described in the previous section might have been overestimated owing
to delineation inaccuracies. Because all scans were delineated by a single observer
(GJW) and because only variations from scan to scan determined the SDs, the overes-
timate resulted from intraobserver variation. Hence, two repeat scans in each patient
were recontoured by the same observer (GJW). The same nonrigid matching was ap-
plied to register delineation 1 onto delineation 2. The length of the subsequent defor-
mation vectors was taken in quadrature and averaged for both redelineated scans
to estimate the local SDs due to the delineations. Because these SDs comprise the
inaccuracies in both delineations, they were divided by v/2 to obtain the single delin-
eation SD. The latter SDs were subtracted in quadrature from the deformation SDs

to obtain the actual CTV shape variations.
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Figure 5.1: Light gray shapes represent rigidly registered clinical target volumes (CTVs). Subsequent
nonrigid registration yielded average CTV for each patient (dark gray) and corresponding interfraction
standard deviations of deformations. Patient-specific standard deviations are then projected on popula-
tion average CTV (black).

5.2.5 Full correction vs. translation only correction

Large systematic and random rotations of the prostate about the left-right axis have
been observed (SD, 4°-5°) when only translational corrections are applied [39, 57,
59]. To study the residue displacements due to rotations and deformations in the
case of translational corrections determined from the markers” COM, we repeated
the nonrigid registration analysis after only the translation part of the rigid body
transformation (Tony) was applied to the CTVs. The effect of the rotations in a Topy
correction protocol can increase if the COM of the markers is not coincident with the
prostate COM [39]. Because we used marker-based COM translations for registration,
this effect was implicitly taken into account in our study.

5.2.6 Separation into systematic and random residue displacements

The SDs described in the previous section reflect the interfraction variation of residue
displacements at the CTV surface. Interfraction variations are commonly referred to
as random errors and are usually denoted by o [104]. If the displacements have no
systematic time dependency during the treatment course (i.e., it is unimportant when
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the planning and repeat CT scans are obtained), the SD of systematic errors, £, equals
the SD of the random errors: £ = o [51, 104]. The number of scans and patients in this
study was too small to test this assumption in detail. Nevertheless, if X is locally
significantly smaller or larger than o, this should be taken into account in the margin
calculations. We therefore investigated whether we could find large deviations from
Z = 0. The calculation of the Z-maps is described in the Appendix 5.7.

5.3 Results

5.3.1 Marker registration results and accuracy

The rigid body registration on fiducial markers determined the frame of reference in
this study. We, therefore, determined the accuracy of this registration method. After
registration, the match gives the remaining displacements for each marker. The SD
of these displacements for all registrations was 0.4 mm in each direction. This SD
included all deviations in the registration process, such as the accuracy of defining
markers on the CT scans and the relative displacements of the markers. Consistent
with the published data, these effects are small [39, 57], and the assumption that the
markers provide a proper frame of reference was thus confirmed. The SD for the
COM position was 0.2 mm, equal to the accuracy of the translation part of the rigid
body transformations we applied. The SDs of the systematic (X) and random (o)
prostate rotation angles were approximately 4° about the left-right axis and <2° about
the other axes. The average measurement inaccuracy of these rotations, calculated
from the marker separations and the above-mentioned residue errors (0.4 mm SD)
for each marker was <1° (SD).

5.3.2 Residue interfraction displacements due to deformations and
rotations

Figure 5.2 and Table 5.1 and Table 5.2 summarize the residue displacements along
the local surface normals, as obtained for the translation plus rotation (T+R) (residues
due to deformation) and Tonyy (residues due to both deformation and rotation). Ta-
ble 5.1 and Table 5.2 list the average residue displacements of the different regions.
Figure 5.2a shows the maps of the population averaged SDs (o, see Appendix 5.7) of
the residue displacements, uncorrected for delineation variation, along the CTV sur-
face normals, projected onto the population average CTV shape in the case of T+R.

Table 5.1 and Table 5.2 and Figure 5.2b summarize the intraobserver delineation
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Figure 5.2: (a) Standard deviation of interfraction variation (s) after marker-based rigid body registra-
tion (translation plus rotation [T+R]), as projected onto the population-averaged clinical target volume,
uncorrected for intraobserver delineation variation. (b) Corresponding standard deviations of intraob-
server delineation variation. (c) Same as in Figure 5.2a, but now corrected for delineation variation in
Figure 5.2b (i.e., actual variation). (d) Same as Figure 5.2¢, but now for only rigid translation applied

(Tonly)-

variation. This small variation was comparable for the prostate and seminal vesicles.
Correcting the full variation for intraobserver variation yielded the actual variation,
as listed in Table 5.1 and Table 5.2 and displayed in Figure 5.2c,d. The effect of the
intraobserver correction was small. The actual variation for T+R reflects the inter-
fraction motion of the CTV surface relative to the fiducial markers. Apparently, the
prostate surface moves along with the fiducial markers as an almost fully rigid body
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Table 5.1: Standard deviations (o) for deviations along local surface normals in various regions of in-
terest of prostate

Left Right Cranial Caudal Anterior  Posterior
Full variation, T+R 0.5 0.6 1.2 1.00 1.00 1.00
Intraobserver variation, T+R 0.4 0.5 0.3 0.4 0.7 0.5
Actual variation, T+R 0.3 0.3 1.1 0.9 0.7 0.8
Actual variation, Tony 0.3 0.3 1.4 0.9 0.7 1.3

Abbreviations: T+R = correction for rotation and translation; Tony = correction for translation only.

Table 5.2: Standard deviations (o) for deviations along local surface normals in various regions of in-
terest of seminal vesicles

Lateral SV Tip SV Anterior SV Posterior SV

left right left right  left right left right
Full variation, T+R 2.0 1.8 2.2 2.6 2.4 25 2.6 2.8
Intraobserver variation, T+R 0.8 0.9 0.7 0.7 0.3 0.3 0.4 0.6
Actual variation, T+R 1.7 1.6 2.1 25 23 25 25 2.7
Actual variation, Tomy 1.7 1.7 2.2 2.7 2.8 2.9 3.1 3.4

Abbreviations: SV = seminal vesicle; other abbreviations as in Table 5.1

(SDs of =1 mm). In contrast, the seminal vesicles exhibited considerable relative mo-
tion. For the seminal vesicles, the SDs ranged = 3 mm and was dependent on the

position.

5.3.3 Influence of rotations on residue displacements

When only the translation correction for the markers’ COM was applied, we obtained
the SD maps (Figure 5.2d and last rows of Table 5.1 and Table 5.2). For the prostate,
the residue displacements for T,y became slightly larger cranially and posterior-
ly with respect to T+R. These local increases were as expected, because the average
prostate shape (Figure 5.2) was most flattened in these regions (for a perfectly spher-
ical prostate with the marker COM at its center, the increase would be zero). Simi-
larly, the residue displacements for the seminal vesicles increased for Tonyy- Hence,
the vesicles co-rotated with the prostate to a certain extent. Nevertheless, owing to
the large deformation of the vesicles relative to the markers, the relative influence of

the rotations on residue displacements was small (everywhere, < 0.7 mm).

5.3.4 Systematic and random residue displacements

The residue errors in Figure 5.2 were random interfraction displacements. Figure 5.3

shows the absolute values of the difference of the systematic (X) and random (o)
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residue displacements as mapped onto the average CTV shape. The smallness of
this difference (everywhere, < 0.7 mm, and usually, < 0.5 mm) was consistent with
the assumption that Z = 0. Hence, the CTV deformations with respect to the markers

can be considered to be equal in the planning and repeat CT scans.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 mm

Figure 5.3: Absolute values of difference of systematic (£) and random (o) residue displacements,
projected onto the population-averaged clinical target volume.

5.4 Discussion

The most detailed previous study on prostate and seminal vesicle deformation was
by Deurloo et al. [100], who quantified the shape variations of the prostate and sem-
inal vesicles using repeat CT scans. Apart from the use of thicker CT slices than in
the present study (3 mm vs. 1.5 mm), an important distinguishing feature was their
initial rigid body transformation. This transformation was obtained from a chamfer
match of the entire delineated gross tumor volume (prostate and vesicles). There-
fore, the deformation might have influenced their rigid body transformations. For
Deurloo et al. [100], this problem was not as relevant, because their study considered
residue displacements in correction strategies based on prostate delineations from
multiple CT scans. However, when using prostate markers for the rigid body regis-
tration, the actual shape variation near the seminal vesicles is expected to be greater
than that derived in their approach. Deurloo et al. [100] obtained an average SD of
1.5 mm near the seminal vesicle tips. In contrast, we obtained 2.3 mm, and even
larger SDs posteriorly (2.6 mm; Table 2). Consequently, for marker-based correction
strategies, the larger numbers for the seminal vesicles presented in this report might
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apply. The small prostate deformation reported by Deurloo et al. [100] is very sim-
ilar to the findings of the present study. Meijer et al. [105] presented a repeat CT
scan study with intraprostatic fiducial markers. The prostate and the first 2 cm of
the seminal vesicles were included in the CTV. The results were reported in terms
of the local planning margins for various correction strategies, instead of local de-
formations. Consequently, these derived planning margins pertain to their specific
dose distributions. Their result that perfect online set-up corrections based on mark-
ers allowed for margins of 3 mm for the prostate and 7 mm for the first 2 cm of the
seminal vesicles is consistent with the margins we derived in the next paragraph.

The planning margin calculation in the presence of deformations is a nontriv-
ial subject. Margin recipes such as the CTV-PTV margin = 2X+ 0.70 [26] were de-
rived for rigid body translation motions [25, 26], in which the values of X and o are
constant along the surface of the CTV, together with assumptions on the dose dis-
tribution. Such recipes are already approximate and somewhat arbitrary for ideal
cases [25, 26]. To discuss the full effect of nonrigid motion on planning margin es-
timates was beyond the scope of this study. For delineation errors, which can be
considered to be small deformations, because they can be different at each point on
the CTV surface, it has been suggested that a margin recipe such as given above is
still approximately valid [25]. Therefore, purely for illustrative purposes, we estimat-
ed the margins by applying local values of X and o along the surface normals in a
margin recipe. The thus-obtained margins in the case of online correction by SGT
are shown in Figure 5.4, for translation corrections (Tony) and translation plus ro-
tation corrections (T+R). The corresponding residue displacements, as reported in
this study, were added in quadrature to the Z and o values of COM displacements
remaining after SGT correction [106]. The latter contribution consisted of the small
residue errors (X = 0.5 mm, o = 0.8 mm in each direction) directly after online correc-
tion (8), as well as those caused by intrafraction motion. Kotte et al. [77] performed
a marker-based study on prostate intrafraction motion in 427 patients. We took the
values from their Table 5.2 (£ = 0.6 mm, 0 = 0.9 mm in each direction), consistent with
the results we obtained in a smaller group. Furthermore, the presently unavoidable
random intraobserver delineation errors (Figure 5.2b) satisfied the criteria for inclu-
sion in a CTV-PTV margin expansion and were included in the margin calculation.
The decrease in margins when adding online (marker-based) rotation corrections was
modest (Figure 5.4b). For the prostate, this decrease was negligible, but for the vesi-
cles it was approximately 1 mm. This small reduction was expected because the vesi-
cles only partly co-rotated with the prostate. Despite the small residue errors near
the prostate, the margins for the seminal vesicles could not be reduced much < 1 cm.
However, Figure 5.4 shows that when anisotropic margins would be used an addi-
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0 1 2 3 4 5 6 7 8 9 10 mm

Figure 5.4: Local clinical target volume to planning target volume margins derived for online correction
strategies, projected onto the population-averaged clinical target volume. (a) Only translation corrections
(Toniy)- (b) Translation and prostate rotation corrections (T+R)

tional reduction could be made at the lateral part of the seminal vesicles. The seminal
vesicles seemed to deform mostly in the anterior-posterior and cranial caudal direc-
tion because of variation in rectal and bladder filling. In this study, a mild laxative
was only used before the planning CT scan. The use of a mild laxative to promote an
empty rectum during treatment (if no diarrhea is present), might enable an addition-
al reduction of the treatment margin, especially for the seminal vesicles. Nonethe-
less, these results stemmed from the mainly geometric considerations underlying
the margin recipes. In particular for the seminal vesicles, it is unclear whether such
relatively large margins need to be applied. Even when a risk of seminal vesicle in-
vasion is present, it might not be necessary to guarantee full-dose coverage for the
entire seminal vesicle volume. However, only one study has provided quantitative
information on seminal vesicle involvement. Kestin et al. [20] analyzed 334 Stage T1
and T2 prostatectomy specimens. Of the 51 patients with seminal vesicle invasion,
only 10% had tumor beyond the proximal 2.0 cm. They advised treating the seminal
vesicles only in patients with sufficient expected risk and to include only the first 2.0-
2.5 cm of the seminal vesicles in the CTV. However, no evidence has been provided
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to support the inclusion of only a part of the seminal vesicles in the CTV for Stage
T3-T4 tumors. Geometric considerations alone are too limited to predict the clinical
effect of margin and volume reductions at the seminal vesicles. Factors such as tumor
clonogen density and characteristics, dose fractionation, and the conformality of the
dose distribution should be taken into account [107]. We, therefore, are conducting
a study, using the deformation data presented in the present study, to validate the
planning margins for the prostate and, in particular, the seminal vesicles in a full
(radiobiologic) dose reconstruction.

5.5 Conclusion

The deformation of the prostate relative to the intraprostatic fiducial markers was
small (SD < 1 mm). In contrast, the deformation of the seminal vesicles relative to
these markers was significant (SD = 3 mm). Consequently, the effect on treatment
planning margins of the corrections for prostate rotation was small. Future work, in-
cluding actual dose distribution analyses, is required to conclude whether the CTV-
PTV margin of the seminal vesicles can be reduced significantly less than the com-
monly used 1 cm for online set-up corrections based on fiducial markers.
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5.7 Appendix

5.7.1 Derivation of local systematic and random residue
displacements after rigid body registration

In each patienti (1 < i < Np), prostate and seminal vesicles are delineated in each CT
scanj (1 <j < Ns;j=1isareference scan). The so obtained CTV surface meshes S;
can be represented as a collection of N; ; 3D vectors ¥ ;(k), each vector representing
a surface point:

Sij ={Fi;(1), .., Ti(Nij)h () € R (6.1)

Each repeat scan (j > 1) is rigidly registered with scan 1 using the fiducial markers.
As mentioned in the manuscript, two cases were studied:
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1. Apply only the translation
S;j = Si,j +T
2. Apply both translation and rotation
S;j = RSi,j +T

t

The analysis will continue with the rigidly transformed surfaces, Sw” which are now

in the marker-based coordinate frame of the reference surface. We will henceforth
drop the superscript “t” for readability.

Calculating patient average displacement vectors and average surface

For patient i and scan j, non-rigid transformations f; ;(j > 1) mapping the points of
reference surface S;; to points on repeat surface S;; were obtained using the thin
plate spline -robust point matching method. This method solves for both the trans-
formation as well as the point-to-point correspondence between the surfaces [101,
103].

With these transformations, we obtain the residue displacement vector fields
vij = fi;(Si1) — Si1 = {Vij(1),Vi,;(2),- -, Vi;(Nig)} (5.2)

where the notation for v; ; is the same as for S;; in Eq. (5.1). Note that, because
fi,1(Si,1) = 0, we have vi; = 0. Also, each matrix v;; for patient i has the same
number of columns N ;. The average surface S; o of patient i is obtained from:

Si,a = Si,l +Vi,avg (53)

. 3 _ 1 NS .
with vi qvg = Ne ijl Vi

Construction of the population averaged CTV surface (popCTV)

A specific patient average shape is chosen ( Sy,) and non-rigid transformations {F;}
from Sy 4 to Si,q are obtained. Similar to Eq. (5.1), the vector fields V; that map the
average surface of patient 1 onto that of patienti (1 <1 < Np) are

Vi = Fi(si,a) - Sl,a (54)
Again, Vi = 0 by definition. The popCTV surface is obtained as
SAVG = Sl,a + Vavg (55)

where V.4 is the average over i of the fields { V;}.
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Patient specific systematic and random residue displacements

At each point k (1 < k < Nj;) spanning the average surface S; o of patient i, the
&

systematic displacement €' (k) along the surface normal 1i; (k), was obtained from

Ns

n 1 - -

et (k) = N7 ; i (k) o ¥, (k) (5.6)
The corresponding SDs of random displacements along the surface normals, 57 (k),

were calculated using,

Ns

N 1 . . R
(K = No o J 3 (51109 ~Foaval0) + 09 57)

Population systematic and random residue displacements

The systematic and random residue displacements defined in Eq. (5.6) resp. (5.7) are
defined on the surface points of each patient specific average CTV surface S; . We
can map these points onto popCTV using the non-rigid transformation of Eq. (5.4).
Thus, we obtain Npvalues of ¢]* and 6, at each point spanning popCTV. The popu-
lation random displacement o is calculated by taking the root mean square average
of the Np patient specific random errors 8, at each point on the popCTV surface.
Although €' is an unbiased estimator of the systematic displacement for patient 1i,
its standard deviation, SD(e]') slightly overestimates X due to a contribution by the
random displacements for a finite number of scans (Ns): SD(el')? = £2+02/(Ns—1)
(see Boer; Heijmen [108]. Using o, this bias was corrected for. Thus obtained maps
of Z and o were used in Figures 5.2-5.3.
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Abstract

Purpose

To develop a method for margin evaluation accounting for all measured displace-
ments during treatment of prostate cancer.

Methods and Materials

For 21 patients treated with stereographic targeting marker-based online translation
corrections, dose distributions with varying margins and gradients were created.
Sets of possible cumulative delivered dose distributions were simulated by mov-
ing voxels and accumulating dose per voxel. Voxel motion was simulated consistent
with measured distributions of systematic and random displacements due to stereo-
graphic targeting inaccuracies, deformation, rotation, and intrafraction motion. The
method of simulation maintained measured correlation of voxel motions due to or-

gan deformation.

Results

For the clinical target volume including prostate and seminal vesicles (SV), the prob-
ability that some part receives <95% of the prescribed dose, the changes in minimum
dose, and volume receiving 95% of prescription dose compared with planning were
80.5% £ 19.2%, 9.0 £ 6.8 Gy, and 3.0% =+ 3.7%, respectively, for the smallest studied
margins (3 mm prostate, 5 mm SV) and steepest dose gradients. Corresponding val-
ues for largest margins (5 mm prostate, § mm SV) with a clinical intensity-modulated
radiotherapy dose distribution were 46.5% + 34.7%, 6.7 = 5.8 Gy, and 1.6% + 2.3%.
For prostate-only clinical target volume, the values were 51.8% + 17.7%, 3.3 £ 1.6 Gy,
and 0.6% =+ 0.5% with the smallest margins and 5.2% + 7.4%, 1.8 £ 0.9 Gy, and 0.1%
+ 0.1% for the largest margins. Addition of three-dimensional rotation corrections
only improved these values slightly. All rectal planning constraints were met in the
actual reconstructed doses for all studied margins.

Conclusion

We developed a system for margin validation in the presence of deformations. In our
population, a 5-mm margin provided sufficient dosimetric coverage for the prostate.
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In contrast, an 8-mm SV margin was still insufficient owing to deformations. Addi-

tion of three-dimensional rotation corrections was of minor influence.
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6.1 Introduction

To produce dose distributions that remain robust to changing anatomy during treat-
ment delivery, the planning target volume (PTV) is created by expanding the clin-
ical target volume (CTV) with a planning margin [24]. With our previously report-
ed approach for daily prostate positioning, stereographic targeting (SGT) [69], we
obtain small residual translational set-up errors using orthogonal kilovoltage (kV)
and megavoltage (MV) imaging of prostate-implanted markers followed by remote
couch corrections, allowing for smaller planning margins. We previously [86] de-
termined residual displacements at the prostate and seminal vesicles (5V) surfaces
with respect to prostate-implanted markers, thus allowing for a more accurate esti-
mate of margins. At the prostate surface these displacements were small compared
with the penumbra width of dose distributions. The larger displacements at the SV
were mainly rooted in deformations. Under these circumstances, commonly used
planning margin recipes [25, 109] derived under assumptions of rigid motion are
not applicable. We therefore developed a system for margin evaluation that de-
termines the influence of all known geometric errors (including nonrigid motion)
on the delivered dose. Large sets of possible treatment cumulative dose distribu-
tions were simulated by moving voxels within the planned dose distribution. Voxel
displacements included systematic and random contributions from SGT positioning
residues, deformation, rotations, and intrafraction motion obtained from measured
patient-specific data. By simulating cumulative dose distributions for a large number
of treatments, expected (mean) values of dose-derived parameters with correspond-
ing spreads were obtained to test the robustness of tested planning margins. We
applied this system to the case of prostate and SV irradiation, to validate treatment
planning margins when using marker-based online corrections. Additionally, we in-
vestigated whether planning constraints for the rectum are expected to be met in the
delivered cumulated doses.

6.2 Methods and Materials

6.2.1 Patient data and dose distributions

Weincluded 21 prostate patients previously treated with SGT online corrections with
clinical staging as follows: T1, 9 patients; T2, 5 patients; and T3, 7 patients. These pa-
tients were previously implanted with three to four cylindrical gold markers (length,
5 mm; diameter, 1 mm). All patients received a planning CT scan and three repeat
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CT scans throughout treatment. According to our routine clinical protocol, patients
received mild laxatives before planning CT acquisition but not for the repeat CT. The
prostate, SV, and rectum were delineated on 1.5-mm-thick transversal slices in all
CT scans by one observer. The rectal volume was delineated from the level of the
ischial tuberosities to the level of the inferior border of the sacroiliac joints [110]. For
each patient, we created a clinical intensity-modulated radiotherapy dose distribu-
tion and ideally conformal steep-gradient synthetic dose distributions (Figure 6.1).
The synthetic distributions allowed for maximum sensitivity to displacements. The
clinical dose distributions were created according to our clinical protocol giving 95%
of the prescription dose (78 Gy) to 99% of the PTV in 39 fractions of 2 Gy. The rectum
was constrained by the fractional volume receiving 83% of the prescribed dose (i.e.,
V83% = 35%) [111]. The clinical CTV included prostate and SV expanded by 5 mm
and 8 mm, respectively. However, for prostate, an additional 2 mm cranial-caudal
margin was added at the base and apex to account for steep dose gradients and target
definition variability. To create the synthetic dose distributions, the PTV mask was
first made and expanded with a margin of 1.64 x estimated penumbra width (o,; set
to 5 mm in this study). The factor of 1.64 ensures that the 95% isodose line conforms
around the intended PTV and was derived from Herk et al. [25] for a one-dimensional
scenario. We use it here as an approximation to the three-dimensional (3D) case. The
resulting 3D volume was convolved with a 3D isotropic Gaussian kernel of width o,.
In the resulting distribution, the 95% isodose line follows the PTV and the 50-95%
distance conforms to oy, except in areas where the radius of local curvature is of the
order of, or smaller than o},. If the PTV surface is strongly concave or convex, the
95% isodose can be either slightly outside or inside the PTV. We adjusted this local
lack of curvature by iteratively adjusting the PTV surface in these areas before the
convolution step mentioned above. For margin evaluation and validation, synthetic
dose distributions were created for PTVs comprising three different prostate and SV
margins, as follows: (1) prostate + 3 mm, SV + 6 mm; (2) prostate + 4 mm, SV + 7 mm;
and (3) prostate + 5 mm, SV + 8 mm. Henceforth, these PTVs together with their dose
distributions will be referred to as PTV1, PTV2, and PTV3, respectively. The clinical
PTV and dose distribution will be referred to as PTV4 (Figure 6.1). The simulation
code was written in Matlab (Mathworks, Natick, MA), using routines from a freely
available research tool (CERR) [112]. For marker-based registration of CT datasets,
we used in-house software written in C++.
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Vesicles
PTV
Prostate
Rectum

Figure 6.1: Synthetic (a-c) and clinical intensity-modulated radiotherapy (d) dose distributions; clinical
target volume-planning target volume (PTV) margins increase from a to d.

6.2.2 Measurement of geometric errors used for simulations

After SGT corrections, three main sources of geometric errors that affect the deliv-
ered dose are (1) SGT positioning inaccuracies, (2) deformation and rotation, and (3)
intrafraction motion during treatment. Population SDs of systematic (£) and ran-
dom (&) errors due to (1) and (3) obtained by retrospective analysis of portal MV
and kV images are shown in Table 6.1 [69, 113]. We previously quantified residual
systematic and random errors due to rotation and deformation at the prostate, SV,
and rectum surfaces relative to implanted markers using delineations from repeat CT
scans of the patient population described here [86]. Briefly, each repeat CT scan was
rigidly registered onto the planning CT scan using the markers as reference. This

provided a translation and rotation (3D) about the center of mass of the markers.
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Table 6.1: Systematic and random errors used for simulations

Systematic (X) Random (o)
Parameter LR AP CcC LR AP cC
Rotations (°) 4.3 2.0 2.2 4.5 1.2 1.8
SGT residues (mm) 0.2 0.4 0.6 0.6 0.8 0.7
Intrafraction (mm) 1.3 1.3 1.3 1.2 1.2 1.2

Abbreviations: LR = left-right; AP = anterior-posterior; CC = cranial-caudal; SGT = stereographic targeting.

The SGT corrections were simulated by applying only the translation (Tonly). Ad-
ditionally, we applied both translation and rotation (TplusR) to simulate a strategy
that also corrects for 3D rotations online. Next, a modified thin-plate-spline-based
nonrigid registration method [114] was used to quantify the residue displacements
at the organ surfaces, in fact representing deformation relative to the markers. The
nonrigid registration automatically estimates point correspondences while solving

for the transformation, thus enabling mapping of points between CT scans.

6.2.3 Voxel tracking and simulation of delivered dose

In the reference frame provided by the markers, we modelled the position in 3D
7(k, t, f) of the k'™ voxel of a structure in a simulated treatment course t and fraction
f as:

7k, t, f) = (k) + 5k, t) + Ak, t,f) + &(k, t) + Bk, t,f) (6.1)

In Eq. 6.1, mi(k) is the mean position of the voxel, whereas §(k, t) and A(k, t,f) are
systematic and random error contributions due to translational errors (SGT set-up
residues and intrafraction motion). §(k,t) and A(k, t, f) are drawn from 3D normal
distributions N(0,Z) for each simulated treatment and N(0, &) for each simulated
fraction. &(k,t) and B(k,t,f) are vectors obtained from vector fields that describe
systematic and random displacements due to deformation and/or rotation, respec-
tively (see Appendix 6.7). Voxel doses for positions from Eq. 6.1 were obtained by
interpolating the planned dose distribution. A total of 1000 fractionated treatments
(i.e., systematic errors) of 39 2Gy fractions (i.e., random errors) were simulated, cor-
responding to our clinically applied schedule. The dose per voxel was accumulated
over the fractions for each treatment and stored for further analysis.
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6.2.4 Analysis of simulated dose distributions

For each accumulated dose distribution we derived the cumulative dose volume his-
togram (DVH) (Figure 6.2) and dose-volume derived parameters. For each studied
margin and patient CTV, distributions of 1000 minimum doses (Dmin) and 1000
V95% values were thus obtained. Further we computed the probability of under-
dosage (P..), which measures the fraction of simulated treatments in which the CTV
dose is anywhere <95% of the prescribed dose. In the classic International Commis-
sion on Radiation Units and Measurements Report 50 (ICRU-50) concept [24], the
CTV-PTV margins should be chosen such that this probability is acceptably small,
for example 10% in the commonly used van Herk margin recipe [25]. The P,, was ob-
tained per patient because in contrast to margin recipe assumptions, this probability

is patient (as well as dose distribution) specific owing to rotations and deformations.

Figure 6.2: Simulated dose volume histograms (DVHs) for the rectum and clinical target volume
(prostate plus seminal vesicles) for a clinical dose distribution. The planned DVH (thick solid line) and
expected DVH (thick dashed lines) are shown together with the spread (thin lines). Each simulated DVH
is based on the accumulated dose over an entire treatment of 39 fractions.

For the rectum, we evaluated whether the V83% planning objective would al-
so be realized during treatment. Furthermore, we obtained values of V50Gy and
V70Gy (percentage rectal volume receiving a dose = 50 Gy and = 70 Gy, respectively)
[115]. In addition, we computed expectation values for the rectal equivalent uniform
dose (EUD) using parameters published from results of a Dutch national dose esca-
lation trial [111]. All dose derived parameters were compared with corresponding
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values obtained from the planned dose distribution and the differences summarized
for the patient population using the quantities M, Q, and w (Figure 6.3). M is the
population mean, whereas () is the spread around the mean, and w quantifies the
intrapatient spread. The Wilcoxon signed-rank test was used on differences between
measured and planned dosimetric parameters, as well as on differences between val-
ues obtained for correction strategy Tonly and TplusR, with a threshold of 0.05 for

significance.
Patient 1 Patient 2 Patient Np
Treatment 1 AQ, AQ, e AQLN,,
Treatment 2 AQ,, AQ,, AQ,,
Treatment Nt AQN‘; AQN[,Z AQN[,NP
\ 4 \ 4 A 4 \ 4
D Sdl Sdz e SdND
M = mean(ml,...,mNp)
Q= SD(ml,...,ran) ; SD = standard deviation
12
o =((sd’+sd,’,...+sdy IN, )
AQ = change in parameter (e.g. D ;,,V95%) from plan

Figure 6.3: Method of summarizing simulated parameters for the patient population. Here, Q is a
parameter of interest (e.g., D min)-

6.3 Results

6.3.1 CTV coverage

Distributions of D i, and V95% for all patients and investigated margins are shown
in (Figure 6.4 and Figure 6.5). For both CTV including SV (CTVp+sv) and prostate-
only CTV(CTVp), deviations from the planned values decreased with increasing
margin size, as expected. All deviations were statistically significant (p < 0.05). The
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improvement from PTV3 to PTV4 is not only due to the extra 2 mm cranial-caudal
prostate margin but also due to the fact that the clinical dose PTV4 has a broader
penumbra and therefore is less sensitive to errors. The intrapatient spread (length of
error bars in plots) also seems to decrease with larger margins. For the largest mar-
gins and clinical dose distribution (PTV4), there was no patient with any measurable
deviation in Dyin and V95% for CTVp, whereas for CTVp+sv there were 3 patients
with mean V95% > 2% lower than planned and even more patients with on average
>5 Gy reduction in Dyin. The population statistics for the deviations in Dyin, and
V95% for the CTVs are shown in Table 6.2, along with the planned values (patient av-
eraged) for comparison. As with (Figures 6.4 and 6.5), the deviations for D in and
V95% were larger if the CTV included vesicles, even for the largest margins. This
could be explained by the relative motion and deformation of vesicles with respect
to the prostate. In Table 6.3, the mean and SDs (across all patients) of P,, are shown

Tonly, CTVOmm, PTV1 Tonly, CTVOmm, PTV2 Tonly, CTVOmm, PTV3 Tonly, CTVOmm, PTV4
8

0 ?@Eﬁ'ﬁ?ﬁﬁ"}%’ 0 ¥.9F§¥.%F.%&¥..ﬁ. ;’9%@@@':%%'%%"%' s .WFWWW%

©
®©
=]

-
=)
~
=)
~
=)

o o
S o
o @
S o
o @
S o
o o N
=]

Dmin [ Gy ]

Dmin[Gy]

Dmin[Gy ]

Dmin[ Gy ]
3

IS
o
N
=)
N
o
N
=)

w
=]
w
S
w
=]
w
o

5 10 15 20

o

5 10 15 20

o

5 10 15 20 0 5 10 15 20

Patients Patients Patients Patients
O Simulation e Plan O Simulation @ Plan O Simulaton @ Plan O Simulation ® Plan
Tonly, prostate, PTV1 Tonly, prostate, PTV2 Tonly, prostate, PTV3 Tonly, prostate, PTV4
80 80 - 80 80
Basssageazatasss semenaRagtagesezatay saesasegfegeeagaress sefetBestgetestagetes
s %} p| e e prtesey
& 60 3 60 & 60 & 60
= < < <
€ 50 € 50 € 50 € 50
a a a o
40 40 40 40

[
=]
w
S
w
=]
w
=]

o
o

5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
Patients Patients Patients Patients
O Simulation e Plan O Simulation @ Plan O Simulation e Plan O Simulation e Plan

o
o

Figure 6.4: Plots of D i as a function of increasing margins (PTV1-PTV4) for all patients. Closed
circles are the mean planned values. Open circles are the mean simulated values. Outer error bars are the
90th and 10th percentiles. Inner error bars are 25th and 75th percentiles. Values are shown for CTVp+sv
(top row) and CTVp (bottom row). PTV = planning target volume; CTV = clinical target volume; p =
prostate; sv = seminal vesicles.

for all PTVs. Note that P,, was calculated per patient. For the 5 mm prostate mar-
gin in PTV4, the average of P,, was 5.2%, well below 10%, and therefore considered
clinically acceptable. Note, however, the considerable interpatient spread of 7% not
apparent from the standard margin recipe. For CTVp+sv, the mean P,, was larger
than 10%, even for the 8 mm vesicle margins. However, the volume that is system-

atically underdosed can be very small and occur near the tips of the vesicles.
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Figure 6.5: Plots of V95% as a function of increasing margins (PTV1-PTV4) for all patients. Closed
circles are the mean planned values. Open circles are the mean simulated values. Outer error bars are the
90th and 10th percentiles. Inner error bars are 25th and 75th percentiles. Values are shown for CTVp+sv
(top row) and CTVp (bottom row). PTV = planning target volume; CTV = clinical target volume; p =
prostate; sv = seminal vesicles.

Table 6.2: Group statistics for the change (plan - simulation) in D ,in and V95% parameters for CTV
including seminal vesicles and for prostate-only CTV

D min (Gy) V95% (% volume)
Parameter PTV1 PTV2 PTV3 PTV4 PTV1 PTV2 PTV3 PTV4
CTVp+sv
Plan 76 76.8 77.2 76.5 100 100 100 100
M 9.0 7.8 6.7 2.9 3.0 241 1.6 0.6
Q 6.8 6.4 5.8 3.4 3.7 2.9 2.3 0.9
w 8.5 8.1 7.5 5.3 3.9 3.4 3.0 1.8
CTVp
Plan 76.4 771 77.4 76.7 100 100 100 100
M 3.3 25 1.8 0.3 0.5 0.2 0.1 0.0
Q 1.6 1.2 0.9 0.6 0.6 0.3 0.1 0.0
w 2.8 2.2 1.8 1.3 1.1 0.7 0.4 0.1

Abbreviations: CTV = clinical target volume; PTV = planning target volume; p = prostate; sv = seminal
vesicles.
All differences were statistically significant (p < 0.05).

6.3.2 Rectum dose

Because the rectum and prostate are in close proximity, prostate marker-based cor-
rections will inherently move the part of the rectal wall close to the prostate into the
same (high) dose region. Next to that, the large deformations of the rectum will lead
to a considerable amount of dose blurring (Figure 6.2). Table 6.4 shows the dose-
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Table 6.3: Mean and SD (across all patients) of the probability of CTV underdosage (P,) for CTV in-

cluding seminal vesicles and for prostate-only CTV

Parameter PTV1 PTV2 PTV3 PTV4
Py, CTVp+sv (%)

Mean 80.5 59.6 46.5 28.8
SD 19.2 31.1 34.7 26.9
Pw, CTVp (%)

Mean 51.8 23.5 11.0 5.2
SD 17.7 16.6 12.8 7.4

Abbreviations as in Table 6.2.

derived parameters for the rectum as a function of PTV margins. There is a slight
tendency for V50Gy to increase and for V70Gy to decrease (although not all statisti-
cally significant). However, the maximum mean deviation in V50Gy and V70Gy re-
mained small: -1.5% (SD, 2.7%) and 1.5% (SD, 2.5%) for all the margins. Table 6.4 also
shows that the changes of the V83% planning objective and the rectal EUD compared

with plan were all small and mostly not statistically significant for all the margins.

Table 6.4: Group statistics for the change (plan - simulation) in rectal parameters V50Gy, V70Gy, V83%,

and EUD
Parameter PTV1 PTV2 PTV3 PTV4
V50Gy (% volume)
Plan 22.2 24.6 271 36.6
M -0.2 -0.1 -0.1 1.5
Q 2.7 2.8 2.7 2.7
w 4.8 5 5.2 5.4
V70Gy (% volume)
Plan 10.2 12.2 14.2 17.6
M 1.2 1.4" 15" 0.9
Q 2.2 2.5 2.4 2.4
w 3.2 3.5 3.8 4.3
V83% (% volume)
Plan 14 16.2 18.4 22.7
M 1.0 1.1 1.1 0.2
Q 2.5 2.7 2.6 2.5
w 3.8 41 4.3 4.8
EUD (Gy)
Plan 57.3 58.5 59.7 62
M 1.1 1.1 1.1 0.5
Q 1.8 1.6 15 1.2
w 2.7 2.5 2.4 2.2

_Abbreviation: EUD = equivalent uniform dose. Other abbreviations as in Table 6.2
Statistically significant (p < 0.05)
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6.3.3 Rotation corrections

To assess the impact of additional online rotation corrections, we looked at the dif-
ferences in the dose-derived parameters obtained with TplusR compared with those
obtained with Tonly (Tables 6.5 and 6.6). Both tables show that the impact of rotation
becomes smaller with increasing margins, as expected. In Table 6.5, the population
mean values for differences in Din and V95% for CTVp+sv were mostly negative,
implying that rotation corrections seem to improve on average CTV coverage but on-
ly modestly so; the maximum increase in population D i and V95%with additional
rotation corrections for any margin were 1.2 Gy (SD, 4.6 Gy) and 1.1% (SD, 2.8%), re-
spectively. For CTVp, differences between Tonly and TplusR were hardly noticeable.
In Table 6.6, positive values of the differences in rectal parameters between Tonly and
TplusR indicate that the rectal dose was reduced with rotation corrections, but this

effect was also very small.

Table 6.5: Group statistics for the difference Tonly - TplusR of D i and V95% for CTV including
seminal vesicles and for prostate-only CTV

D nin (Gy) V95% (% volume)
Parameter PTV1 PTV2 PTV3 PTV4 PTV1 PTV2 PTV3 PTV4
CTVp+sv
M -1.1 -1.2 -1.2 0.0 -1.0 -0.8 -0.7 -0.2
Q 5.1 4.9 4.6 3.1 2.8 2.3 1.9 0.8
w 11.4 10.7 9.9 7.7 4.8 4.1 3.5 2.1
CTVp
M 0.3 0.3 0.2 0.0 0.1 0.1 0.0 0.0
Q 0.8 0.7 0.6 0.3 0.3 0.2 0.1 0.0
w 4.3 3.5 2.8 1.9 1.7 1.1 0.6 0.2

None of the differences were statistically significant (p > 0.05).
Abbreviations: Tonly = translation only; Tplus 4 = translation plus rotation. Other abbreviations as in
Table 6.2.

6.4 Discussion

We have developed a method to optimize and validate planning margins without
using a margin recipe. Such an approach is necessary because margin recipes no
longer hold in the presence of deformations, relative organ motion, and rotations.
Importantly, our simulations show that there is considerable interpatient spread in
probability that part of the CTV is underdosed. Such a spread is not predictable in
the framework of margin recipes. For our clinical intensity modulated radiothera-
py technique, combined with online SGT, a 5 mm margin seems appropriate for the
prostate on average. We found that the clinically applied 8 mm margin for the SV
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Table 6.6: Group statistics for the difference Tonly - TplusR for rectal parameters V50Gy, V70Gy V83%,
and EUD

Parameter PTV1 PTV2 PTV3 PTV4

V50Gy (% volume)
M 1.1 1.1 1.1 0.7

Q 2.2 2.3 2.4 2.5
w 6.7 71 7.4 7.9
V70Gy (% volume)

M 0.6 0.6 0.8 0.8
Q 1.3 1.5 1.6 2.1
w 4.5 4.9 5.3 6.1
V83% (% volume)

M 0.8 0.8’ 1.0° 1.0
Q 1.6 1.8 1.9 2.4
w 5.3 5.7 6.1 6.8
EUD (Gy)

M 0.5 0.4 0.4 0.3
Q 1.3 1.2 1.1 0.9
w 3.7 3.5 3.3 3

Abbreviations as in Table 6.2 and Table 6.4.
" Statistically significant (p < 0.05).

was not really safe when testing with synthetic dose distributions. It was, howev-
er, also observed that for clinical dose distributions with a wider penumbra, using 8
mm was clinically acceptable regarding vesicle coverage. The clinical decision was
therefore made to continue with the use of 8 mm margins. The commonly applied
margin recipe for translational uncertainties (van Herk) has been derived with syn-
thetic dose distributions. Although we did not test this in this study, it may well
be that these margins are too generous, depending on the treatment site/individual
patient anatomy and quality of the clinical dose distributions. Although we report
on population margins in this study, we are currently investigating application of
the methodology to customize margins for the individual patient in the framework
of adaptive radiotherapy. Modelling the impact of set-up error and organ motion
on delivered dose distributions by the Monte-Carlo simulations presented here is
not new and has been reported elsewhere [116-120]. However, most of these studies
evaluated dosimetric effects of rigid motion set-up error and organ motion during
prostate radiotherapy, but few included dosimetric effects due to organ deforma-
tion. Yan et.al.[117] used finite element modelling and biomechanical properties of
tissues elements to obtain vector displacements used for simulating organ deforma-
tions. Sohn et al. [121] have used principal component analysis on multiple CT scans
to calculate surface displacements of organ boundary points due to deformation. The
novelty in our methods is that the method simulates deformations that maintain ob-
served patient-specific systematic and random deformations and correlations within
the deformation vector fields even for a limited number of input volumetric datasets
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per patient. Witte et al. [122] reported on a method to produce dose distributions
that are robust to patient/organ displacements during treatment delivery without
relying on margins. They incorporated displacements directly into the optimization
process during treatment planning for the case of rigid body motion. However, they
ignored rotation and deformations. Inclusion of deformations will be computation-
ally infeasible because this will involve repeated sampling of the deformation space
of each individual voxel before the optimization step, which is already computation-
ally expensive. Our approach is different in that we first create dose distributions
for selected margins and then evaluate the robustness of each dose distribution by
simulating the actual dose delivered. Meijer et al. [105] presented margins for the
prostate and for the first 2 cm of the SV, taking deformation into account. However,
they neither evaluated dose to the rectum nor dose to the entire vesicles. Neverthe-
less, to the extent of the first 2 cm of the SV, the 7 mm margin derived in Meijer et al.
is consistent with our results. Although we investigated margins for full dosimetric
coverage of the SV, it is still unclear whether this is imperative, even if the risk of in-
vasion is high. There are very limited data as to what length of the vesicles contains
demonstrable tumour cells, what their density is, and therefore what proportion of
the vesicles should be treated to what dose level [20]. Still, our model can be applied
to optimize margins and ultimately dose distributions if assumptions on the clono-
genic density are made [88]. The benefit of rotation corrections in addition to transla-
tion corrections was insignificant for the CTVp and modest at best for CTVp-+sv, with
high patient and treatment variation. The simulated rotation corrections were fully
determined by the markers implanted in the prostate. The prostate is almost spheri-
cal, which explains the insignificance of the rotation corrections. The SV are flexible
and can move to a large extent independently of the prostate and markers. Therefore,
the marker-based rotation corrections only have a minor impact on SV treatment ac-
curacy. Two studies [123, 124] reported significant gains in rotation corrections with
SV included in the CTV, but both studies treated the CTV (prostate plus SV) as a
rigid body. Concerning the rectum, all final accumulated doses were on average still
in compliance with the original planning objective (i.e., V83% =35%). The changes
in rectal dose-derived parameters with respect to treatment planning were small in
general (Table 6.4). It seems that prostate marker-based corrections bring the average
treatment rectal DVH in close proximity to the planned DVH. Again, there are no-
table patient-specific variations in organ shape and deformation, and therefore the
rectal dose in one individual treatment can still significantly differ from the intended
dose distribution. We have focussed on how organ motion and deformation cause
deviations in delivered dose distributions. To translate these deviations into expect-
ed treatment outcomes a radiobiological analysis, using validated models for tumor
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density and spread, normal tissue complications, and interpatient heterogeneity is
required. For instance, it is obvious that the CTV underdosage probability P,, used
to derive margin recipes, although indicative for how well the ICRU-50 criteria are
met, has little predictive value for tumor control probability for the SV. Indeed, the
interpretation of P,, in general is cumbersome because it provides no information on
the size or location of the underdosage. Although beyond the scope of the present
study, we will investigate the expected outcome of such radiobiological endpoints.

6.5 Conclusion

We described a framework for margin evaluation and validation taking into account
organ deformation. We applied the framework to the case of prostate and entire
vesicle irradiation. With marker-based corrections, a prostate margin of 5 mm was
adequate, whereas an 8-mm margin still did not guarantee coverage for the entire
SV to the prescribed level. Our results show that the additional benefit from full
rotational corrections is small for the finally delivered CTV dose, even if the vesicles
are part of the CTV.
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6.7 Appendix

6.7.1 Simulation of shape deformations from a limited set of repeat
CT scans

In each patienti (1 < i < Np), organs are delineated in each CT scanj (1 <j < Ns;j
=11is arbitrarily chosen as reference scan). The so obtained organ surface meshes S;
can be represented as a collection of Ny ; 3D vectors 7 ;(k), each vector representing
a surface point:

Sij ={Fi;(1), .., Ti,;(Nyj)} (k) € R (6.2)

Each repeat CT scan (j > 1) is rigidly registered with CT1 using the implanted mark-
ers.
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Two cases were studied:

1. apply only the translation
S;j = Si,j +T

2. apply both translation and rotation

SI,] - RSi,j + T

We continue with transformed surfaces, St s which are now in the marker-based co-

ordinate frame of CT1, dropping the superscript t and i. for readability.

6.7.2 Calculating patient average displacement vectors and random
deformations

For a patient, we obtain non-rigid transformations fj(j >1) mapping the points of
reference surface S; to points on repeat scan surface S; using the thin plate spline
robust point matching (TPS-RPM) algorithm [114]. With these transformations, we

obtain the displacement vector fields:

vj =15(51) = S1 ={¥;(1),¥;(2), - -, ¥;(N1)} (6.3)

where the notation for vj is the same as for S; in Eqn.6.2. Note that, becausef; (S$1) =
S1, we havev; = 0. Also, each matrix v; has the same number of columns (i.e., dis-

placement vectors)N;. The mean position of a point k then becomes:

(k) =7i(k) + Davg(k)) (6.4)

with

?]avg(k) = Nis \_}'](k)

=1
Let x¢ be the vector component in direction d of vectorX.5: (k) = vi(k) — v§, (k).

At each point k (1 < k < Nj) the SDs of random displacements in direction d was
calculated from:

d 1 S dy2
oK) =\ | o7 ) (65)
j=1
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6.7.3 Simulating displacements of volume elements

Without a priori information, one may assume that displacements caused by defor-
mations are (nearly) normally distributed, with SD at point k given by Eqn. 6.5 i.e.
according to distribution N(md(k), 04 (k)) for direction d. However, because the dis-
placements of many points are highly correlated (e.g., if the tip of the vesicle goes
up, so does almost the entire vesicle) we cannot simulate them by drawing num-
bers from normal distributions for each point k independently. Principal component
analysis (PCA) ([121]) can provide displacement vector fields that represent modes
of correlated movement, but requires a large number of datasets per patient to yield
a reliable analysis. Here, we take a different approach. We simulate deformations
that contain the observed shapes and correlations and simultaneously are consistent
with the mean positions in Eqn. 6.4 and SDs of Eqn. 6.5.

We first linearize the problem (as PCA does), by writing possible positions of all
points k as

Ns
(k) =mi(k) +C D a;58(k) (6.6)
j=1

where C is a normalization constant for later convenience. In this equation, the a;
are stochastic variables and thus the only simulated variables. Hence, Eqn. 6.6 sup-
poses that linear combinations of the observed deformation vector fields are possible
within limits derived below. The correlations within any observed deformation field
are maintained because a; is independent of k and d. As a corollary, there can never

be overlap between two organs for any point satisfying Eqn. 6.6.

To derive distributions for a;, we pose that they are normally distributed (see above)
with variance equal for each j, i.e. as N(0, o). The identity of the variances reflects
that each input CT scan can be treated as equal (no bias). We now demand that the
local SDs of Eqn. 6.5 are conserved in the simulations. Specifically, for simulated
fraction f we get

Ns
(k) =mi()+C Y aj(f)5 (k) (6.7)
j=1

with notation:
_ . 1 N . 2 o . 1 N . 12
<a>i= lelgloo N > .5 a(i) and SD3(a) = Nlir—r)loo NI > i lai)— < a>il

we obtain:
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Ns
SD}H(r4(k,f)) = C* ) oal8!(k)* = C?0%(Ns — 1)(0%(k))* = (0% (k))*  (6.8)
j=1

where the last equality is the posed demand. In deriving Eqn. 6.8 we use:
< ar(f)am(f) >¢= 61.m (Kronecker delta).

Hence, if we put the normalization constant C = ﬁ, we obtain 0, = 1. Note
that we can satisfy Eqn. 6.8 for each d and k with the same C and o, value, which is

a necessity for the model of Eqn. 6.6.

In conclusion, we can simulate a deformed state in fraction f by drawing Ns num-
bers a;(f),j = 1,...,Ns from a normal distribution N(0,1) and then calculate the
coordinates of each point k from:

Ns
T (K f) = m(k) + \/% ]; a;j(f)8;(k) (6.9)

where we have switched to vector notation again as the Eqn. 6.6 is identical for every
direction. Eqn. 6.9 applies to points at the surface, but it can also be applied to any
point p within that surface as long as 1i(p) and gj (p) are known (which we obtain
from interpolation)

6.7.4 Systematic and random displacements

If treatments are denoted by ¢, then the positions of a point k in a treatment can be
described as an extension of Eqn. 6.9:

Ns
T (& f,t) = m(k) + (k) + \/% ; a;(f,t)8; (k) (6.10)

where the systematic displacement £(k, t) is introduced. For reasons of symmetry
(systematic and random deformations have the same distributions if all used scans
are comparable), we immediately obtain that both systematic and random deviations
can be simulated from

1 8

- B . 1 X .
T (K, f,t) = (k) + N—=T > b(1)8(k) + NS ; a;(f,1)8;(k)  (6.11)

j=1
with each bj;(t)drawn from normal distribution N(0,1). Finally, to include full geo-
metrical errors, including systematic and random rigid motion contributions, Eqn.
6.11 is updated with the corresponding offsets to obtain Eqn. (6.1) in the manuscript.
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7.1 Introduction

In prostate radiotherapy, geometric errors due to target localization uncertainty at
the time of treatment have always been a major drawback to the achievable accura-
cy with which treatments can be delivered. image guided radiation therapy (IGRT)
and adaptive radiation therapy (ART) have been introduced in order to encourage
methods that can be used to efficiently minimize these geometric uncertainty and
consequently improve the final outcome of radiotherapy treatments. Clinical solu-
tions for reducing target localization uncertainties on a daily basis and also within
the treatment have not been widespread, in a large part due to the potential increases
in clinical workload.

The use of implanted markers in combination with electronic portal imaging
device (EPID) imaging in a highly automated workflow allow for improved prostate
positioning with sub-mm accuracy on a daily basis. With our StereoGraphic Target-
ing (SGT) and intrafraction StereoGraphic Targeting (iSGT) procedures, this has been
achieved with little imaging specific dose prior to and during the treatment fraction
within a few seconds in a single software environment(Chapter 2 and Chapter 4).
The ensuing corrections executed by remote controlled couch shifts (technician does
not enter treatment room) are performed with an accuracy better than 0.3 mm. Hence
for translation errors, the systematic errors (SD) of the center of mass (COM) of the
markers can be reduced to ~ < 0.7 mm and random errors to o < 0.9 mm, allowing

for smaller clinical target volume (CTV)-planning target volume (PTV) margin.

In this chapter, other solutions for prostate IGRT will be discussed paying at-
tention to some key differences compared to the marker-based approach described
in this thesis. With translation corrections in iSGT and SGT, organ deformation and
rotation errors still remain(Chapter 5). The issue of whether or not to perform rota-
tion corrections in addition to online translation corrections with marker-based po-
sitioning will be discussed. It was shown in Chapter 5 that margin reduction for the
prostate is possible but if seminal vesicles are included in the CTV, locally enlarged
margins are required mainly due to deformation and rotation errors of the seminal
vesicles. Here, the margin choices obtained with our evaluations will also be dis-
cussed in connection with the issue of whether or not to include the seminal vesicles

in the target.

For the residual errors that cannot be corrected by simple marker-based couch
translations, ART offers possible options to compensate for accounting for these types
of errors. Some future ideas relating to accounting for these residual errors and the
extent to which possible ART schemes can be realized in the context of the IGRT
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scheme in this thesis will also be presented.

7.2 Other IGRT approaches to patient positioning

Various solutions for tackling the problem of patient (re)positioning in prostate ra-
diotherapy fall under three main categories: (i) bony anatomy based registration,
(ii) alignment based on registration of implanted fiducial markers (this thesis) or
(iif) alignment based on soft-tissue image registration . Although these techniques
could be useful in their own right, implanted markers offer some unique properties
which allow them to be used in combination with other techniques (for instance vol-
umetric cone beam CT) to achieve a higher positioning accuracy.

For bony anatomy based positioning, generally portal images are obtained pri-
or to treatment and compared with simulator radiographs or digitally reconstructed
radiographs (DRRs). However, it has been shown that bony anatomy based set-up
solutions for prostate positioning are unreliable due to relative motion between the
bony anatomy and the prostate resulting from organ motion and deformation [125].
In addition, not only is the registration accuracy of bony anatomy low [126] compared
to registration on makers, for bony anatomy based positioning solutions, interpreta-
tion and analysis of image registration is user subjective and usually not performed
fast enough in order to be applicable in an online correction setting [127].

Computed tomography (CT) [128, 129], cone beam computed tomography (CB
CT) [32, 33, 130, 131] and 3D ultrasound imaging [132-134] have been introduced in
the treatment room to provide volumetric anatomical information of the patient in
the treatment position directly before or during [69, 135] the treatment delivery. This
has the powerful advantage that the patient can be positioned based on the actual 3D
anatomy on the treatment day. Furthermore, if correct relative electron densities (in
Hounsfield units (HU)) can be obtained, the 3D dataset can be used for re-planning,
for instance, if drastic systematic anatomic deformations are observed. A common
requirement of all these volumetric imaging based solutions is the registration of the
treatment image to the planning CT image. A grey-value based soft-tissue registra-
tion method is often applied for these systems but this is highly sensitive to motion-
induced artifacts. A serious problem for prostate soft-tissue based cone beam com-
puted tomography (CBCT) registration is caused by moving gas in the rectum during
acquisition, which degrades the registration accuracy. Attempts to limit rectal gas
and improve image quality by using a diet regiment for volumetric CBCT scanning
had limited success [136]. For higher accuracy, the soft-tissue registration was aban-

doned [137] in favour of registration based on implanted markers which provide a
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fixed frame of reference and guaranteed high registration accuracy. In the SGT and
iSGT systems, the presence of the linear accelerator (linac) mounted kV imager with
volumetric CBCT capability is an added advantage which can be exploited for ART.

Several studies have demonstrated the superiority of marker-based prostate po-
sitioning compared to ultrasound based positioning in terms of accuracy [132-134]
and margin reduction [134]. One problem with ultrasound is the systematic error
caused by probe pressure. Although this systematic error could be corrected for,
there will still be large differences between ultrasound shifts and shifts obtained by
marker matching. The large variability in ultrasound match results could be attribut-
ed to inter user variability and experience. While ultrasound uses non-ionizing radi-
ation for patient positioning, there are still no solutions based on ultrasound capable
of automated intrafraction prostate positioning [138].

An emerging promising approach for IGRT involves hybrid magnetic resonance
imaging (MRI)-linac systems where a diagnostic quality MRI scanner is built into a
linac. The MRI imaging capability allows for excellent soft-tissue contrast to enable
real-time image guidance during treatment [139]. Clinical usage of such systems are
not yet available, but prototypes are being tested.

7.3 Rotation corrections

The potential of performing rotation corrections in addition to the translation correc-
tions was investigated in Chapter 5 and Chapter 6. Both from geometry and dosime-
try based analyses(Chapter 5 and Chapter 6), it was found that marker-based rotation
corrections could improve and deteriorate dose coverage of the seminal vesicles, de-
pending on the patient and fraction. For the prostate gland itself the rotation correc-
tions were of minor influence. A possible explanation for the former is that the mark-
er rotations are not representative of the seminal vesicle motion since the later move
and deform largely independently of the prostate in which markers are placed. The
latter observation can be explained by fact that the prostate shape is approximately
spherical, hence it not too surprising that the COM-derived rotation corrections have
negligible influence. For the patient population described in the studies in Chap-
ter 6, the gain from rotation corrections is insignificant, and margins close to 1 cm
are still required for full vesicle coverage. This larger margin is required largely to
cover for mainly deformation errors at the seminal vesicles. Recently, Smitsmans
et al. [137] published a study on 13 patients to quantify residual interfraction dis-
placement of seminal vesicles (SV) and investigate the efficacy of rotation correction

on SV displacement in a marker-based IGRT system using CBCT volumetric images.
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They also conclude that rotation correction did not reduce residual seminal vesicle
displacements due to the fact that a large part of the motion of the seminal vesicles
relative to the prostate gland is not captured by the marker position.

In contrast to our results and those of Smitsmans et al. [137], other authors have
shown improvement of the delivered dose when correcting for rotations in addition
to translation positioning error [124, 140]. However, these rotations were derived by
registering the prostate and seminal vesicles together as a single structure. By doing
so, motion of the vesicles relative to the prostate was (partly) included in the regis-
tration. Further, this type of rotation correction requires online volumetric imaging

and (soft-tissue based) registration.

7.4 Margins and inclusion of seminal vesicles in the CTV

The reduction of positioning errors using both interfraction and intrafraction trans-
lation corrections allows for the use of margins of about 5 mm for the prostate alone
and at least 8 mm for the seminal vesicles. These values were estimated based on
the geometric analyses of Chapter 5 and further evaluated in the dosimetric analy-
ses of Chapter 6, using both synthetic and clinically delivered dose distributions. In
these investigations, an estimate of the inter-observer delineation uncertainty was
included in the calculations. In Chapter 5 little deformation of the prostate cor-
pus was observed. The smaller prostate margin adequately accounts for mainly tar-
get delineation uncertainties, residual set-up errors and the small prostate deforma-
tions(Chapter 6).

The inclusion (and extent of) the seminal vesicles in the CTV is one of the con-
troversies in prostate radiotherapy today. This is particularly important because in-
clusion of (part of) the seminal vesicle in the target inherently places a larger area
of high dose close to or overlapping with the rectum. This therefore has the poten-
tial for increased toxicities for patients treated with full (or partial) seminal vesicles
included in the CTV. Kestin et al. [20] carried out a study on biopsy samples to in-
vestigate the presence and extent of visible tumour in the seminal vesicles of radical
prostatectomy specimens. In that study, approximately 1% of the 344 specimens had
any risk of seminal vesicle involvement at a distance larger than 2.0 cm from the base
of the prostate. Based on this study and a few others [20, 141, 142] with similar re-
sults, a number of centres have adopted a protocol including only the first 2 cm of the
seminal vesicles in the target volume. However, because these studies included only
patients with T1 or T2 tumour stage, there is no clear evidence that only part of the

seminal vesicles should be treated for higher risk patients (>= T3 tumour stage). Us-
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ing our data, we can estimate that margins of the seminal vesicles could be reduced
to about 7 mm for the lower risk patients if only the first 2 cm of the seminal vesicle is
included in the target. For full vesicle coverage however, margins >8 mm will be re-
quired. These margins were estimated based on how organ motion and deformation
cause deviations in delivered dose distributions (see Chapter 6).

A preliminary radio-biological study was carried out to evaluate the equivalent
uniform dose (EUD), tumour control probability (TCP) and normal tissue complica-
tion probability (NTCP) for the proposed margins assuming constant tumour density
and using estimated parameters from literature [88]. The results from this evaluation
were in support of the conclusions arrived at in the dosimetric analysis in Chapter 6.
For the prostate, a margin of 4-5 mm with marker-based online corrections was ad-
equate to prevent any loss in TCP for all patients. For the seminal vesicles, an 8 mm
margin could not prevent TCP loss for some patients due to deformation errors. The
rectal EUD and NTCP were in general close the the planned values, probably due to
online translation corrections. To estimate the true expected treatment outcomes, a
full radio-biological analysis using validated models for tumour density and spread,
normal tissue complications, and inter-patient heterogeneity is required.

7.5 Future directions

7.5.1 Introduction

In the general framework of adaptive radiation therapy (ART), volumetric images
(CBCT [130], MRI [139, 143]) taken just before treatment delivery give a 3D picture of
the actual anatomy on the treatment day. These images can then be used in an offline
or online setting to adapt the treatment to changes observed in the images.

Evidently, translation corrections based on implanted markers are not optimal,
especially if full seminal vesicle coverage is required. In this case, adaptive radio-
therapy might yield some benefits. Furthermore, although with marker-based set-
up correction, observed dosimetric variations in the rectum were on average small
compared to planning, adaptive radiotherapy might be used to reduce the large inter-
patient variations. ART strategies are increasingly more popular in prostate radio-
therapy [91, 130, 144, 145].
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7.5.2 Online adaptive radiotherapy for prostate cancer

One possible approach for online ART could involve first creating a set of treatment
plans with various degrees of anatomic variations and set-up errors for an individu-
al patient. On the treatment day, a “plan of the day” can be selected from the set of
pre-created plans and delivered. This selection can be based on observations of the
anatomy in the in-room imaging (for example CBCT already present on the linac)
image and the isocenter shift is determined from markers registrations. During dose
delivery, between beams, if necessary, intrafraction corrections could then be correct-
ed with iSGT. The implementation of such of an approach will require the following
tools: 1) auto-segmentation tools for automatic delineation of anatomic structures
from the CBCT image 2) rigid and non-rigid registration as well as modelling tools
to create simulated anatomies (see Chapter 6 and [146]) and 3) fast (template-based)

planning to create a range of acceptable treatment plans for each anatomic variation.

In another approach [147], which simplifies evaluation of the treatment, only a
limited number of treatment plans could be created before hand; for example, a plan
for a full rectum and/or bladder, empty rectum and/or bladder, and something in
between. On a treatment day only one of these plans is selected based on the state of
the anatomy as observed on the in-room CBCT, using marker registrations to provide
the isocentre shift.

A full online ART approach can also be implemented to make use of online plan-
ning or re-optimization of the planed dose using deformation fields obtained from
registering the in-room CBCT and the original planning CT [145, 148, 149]. Fast online
planning algorithms are not yet available but it is now possible to quickly re-optimize
the initial planned dose on the new anatomy in <2 minutes [149]. After such a plan
re-optimization the dose is delivered and iSGT is still used to correct for intrafraction
errors within the fraction. This approach will require reliable and fast tools to per-
form auto-contouring (auto-segmentation) of the anatomic structures on the in-room

image.

7.5.3 Probabilistic planning

Another offline ART strategy that does not require the use of margins is to incor-
porate the residual errors (especially organ deformation error) into the treatment
planning optimization proces [122, 150, 151]. The planning can be performed on a
probability distribution of possible patient geometries instead of a single snapshot
from the planning CT. The method presented in Budiarto et al. [146] can be used for
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the creation of possible geometries using first the patient anatomy from the planning
CT scan together with anatomies of similar patients. The probabilistic plan created
as such can then be updated after obtaining more patient-specific data for example
from repeat CBCTs. The benefit of this approach is that the geometric variations of
the target and organs at risk (OAR) are taken into account directly in the dose opti-
mization process, resulting in a robust dose distribution with an improved balance

between target coverage and OAR sparing compared to conventional planning [122].

The required tools mentioned above are already available from research and de-
velopment at our institute. Fast and robust non-rigid registration algorithms based
on robust point matching has been available [114] and was used extensively in the
work in this thesis. A new tool, Atlas-Based Auto Segmentation (ABAS)[152], is cur-
rently under evaluation for the automatic contouring of anatomic organs from CBCT
for use in prostate radiotherapy. Fast plan re-optimization based on Lagrange multi-
pliers is now possible [149] using tools developed at our institute.

The main issue that remains to be solved before implementing an adaptive strat-
egy clinically is a work-flow manager to handle all the aspects of integration and
communications between imagers, registration software, planning systems and the
treatment machine. Prior to clinical implementation, these strategies will have to
be evaluated for example using software simulations and anatomic modelling algo-
rithms presented in Chapter 6 and Budiarto et al. [146] in order to determine the most

effective strategy.






Summary

Prostate cancer is the most prevalent form of cancer and the second leading cause of
cancer-related deaths in males after lung cancer [1, 2]. external beam radiation ther-
apy (EBRT) is one of the main treatment options and involves application of doses
of radiation to the target volume while avoiding the normal tissues (organs at risk
(OAR)) as much as possible. The treatments are usually delivered in small fractions
over several weeks (5-6 weeks) thus requiring accurate and reproducible patient po-
sitioning during delivery. The last few decades have seen substantial improvements
in more conformal techniques for EBRT delivery with increasing ability to shape the
radiation dose to conform [4-8] to the target shape while avoiding the OAR. Based
on the premise that these conformal treatment delivery techniques will yield a better
therapeutic ratio, even higher fraction (or total) doses are being used for potential-
ly better tumour eradication [153-156]. This combination of more conformal EBRT
dose distributions with steep dose gradients towards the OAR will increase the risk
of missing the target and potentially increasing toxicities to OAR. Coupled with the
highly conformal dose distributions, higher fraction and/or prescription doses imply
that the negative impact of a geographic miss could be more damaging. Therefore,
the implementation of appropriate measures to guarantee high precision in treat-
ment delivery is of the utmost importance for contemporary prostate radiotherapy.

This need for very high precision in target localization has in turn encouraged
research in in-room imaging technologies such as electronic portal imaging devices
(EPIDs) and cone beam computed tomography (CBCT), enabling the development
of image guided radiation therapy (IGRT) treatment techniques. In designing these
IGRT techniques, it is desirable if analyses can be automated to reduce workload
while making use of standard evaluation tools already present on the linac.

The research in this thesis was focused on systems and methods for time- and
workload efficient correction strategies for prostate positioning during EBRT using
the general framework of IGRT. To this end, a system designated StereoGraphic Tar-
geting (SGT) was designed for daily interfraction positioning and later extended for
intrafraction prostate repositioning using imaging of implanted markers and sub-
sequent software-controlled position adjustments. The main advantages of these
systems are: (1) minimal increase in fraction duration (2) high possible accuracy (3)
minimal workload from imaging, image evaluation and position adjustments (couch
shifts) (4) minimal additional imaging dose. Another important objective of the re-
search in this thesis was the assessment of residual errors including especially organ
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deformation and rotation errors remaining after translation corrections and the as-

sessment of appropriate planning margins to account for them.

Chapter 1is a general introduction of the thesis, describing some of the concepts
related to prostate cancer treatment by EBRT. The main objectives and the scope of
the thesis are also defined in Chapter 1.

In Chapter 2, a fully automated, fast, online prostate repositioning scheme was
developed and clinically applied. Prostate positioning was achieved using orthogo-
nal kilovoltage /megavoltage imaging of implanted markers and remote couch move-
ments . The initial clinical results of this StereoGraphic Targeting (SGT) method, as
well as phantom evaluations, are presented. With SGT, the SDs of the systematic
center of mass (COM) positioning errors (X) were reduced from 4.0 mm to < 0.5 mm
for all axes. The corresponding SD of the random (o) errors were reduced from 3.0 to
< 0.8 mm. These small residual errors were achieved with a treatment time extension
of <1 minute. Furthermore, the imaging-specific dose was minimal because the MV
imaging was obtained with the therapeutic dose and the low dose planar kV images
were acquired for only one direction.

In Chapter 3, prostate intrafraction motion was assessed by multiple kV and
MYV imaging of implanted markers during treatment for a large group of prostate
patients. Prostate displacements in the sagittal plane increased during the fraction
(onaverage 0.2 + 0.2 mm/minute). The Observed population systematic intrafraction
motion (HefrtZerr) was 0.9 £ 1.1 mm and 0.6 + 1.0 mm for the anterior-posterior and
inferior-superior directions, respectively. Corresponding random motion (o.¢) was
1.2 mm and 1.1 mm. Mean effective prostate motion in the first 5 fractions predicted
for the mean effective displacement in remaining fractions (p<0.001). The system-
atic (reproducing from fraction to fraction) intrafraction motion can severely impact

treatment and therefore requires correction.

A new system for software-controlled highly automated correction of infraction
prostate motion, “intrafraction StereoGraphic Targeting” (iISGT) was described and
evaluated in Chapter 4. intrafraction StereoGraphic Targeting (iSGT) entails MV im-
age acquisitions with the first segment of selected subsequent IMRT beams, followed
by remote couch repositioning to correct for intrafraction motion above a pre-defined
threshold, prior to delivery of the remainder of the segments. iSGT was implement-
ed by extension of the SGT software to facilitate fast and accurate intrafraction set-up
corrections with minimal user interaction. Using iSGT with an action level of 2 mm
for intrafraction corrections, effective systematic and random prostate displacements
in the sagittal plane could be kept < 0.6 mm and < 0.7 mm, respectively, with addition
of < 30 seconds per fraction, if a correction is required.
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Chapter 5 presents a study to quantify residual geometric errors and estimate
planning margins after marker-based prostate positioning. The deformation errors of
the prostate and, in particular, the seminal vesicles relative to intra-prostatic fiducial
markers were quantified using non-rigid registration and organ segmentations from
repeat computed tomographys (CTs) of 21 prostate patients. The repeat CTs were first
rigidly registered on markers to simulate online translation corrections and addition-
ally, rotation corrections. It was found that the largest deformations occurred at the
anterior and posterior side of the seminal vesicles with population average standard
deviations of 3 mm. Prostate deformation was small with standard deviation of 1
mm. The significantly larger deformation errors for the seminal vesicles present a
limitation to achievable margin reduction for prostate radiotherapy including vesi-
cles in the clinical target volume (CTV). Adding marker-based rotational corrections
to online translation corrections provided a limited reduction in the estimated plan-
ning margins.

In Chapter 6, a system for margin evaluation in the presence of all measured
errors in particular deformation errors was developed and applied to the case of
prostate and entire seminal vesicle irradiation. In the population of patients, a 5-
mm margin provided sufficient dosimetric coverage for the prostate. In contrast, an
8-mm SV margin was still insufficient owing to deformations. In agreement with the
geometric analysis in Chapter 5, addition of three-dimensional rotation corrections
was of minor influence for the finally delivered CTV dose, even if the vesicles are
part of the CTV.

Chapter 7 provides a discussion of the main findings of this thesis. Other solu-
tions for prostate IGRT are also discussed, paying attention to some key differences
compared to the marker-based approached described in this thesis. For the residual
errors that cannot be corrected by simple marker-based couch translations, adaptive
radiotherapy (ART) offers possible options for accounting for these types of errors.
Some future ideas relating to accounting for these residual errors and the extent to
which possible adaptive radiation therapy (ART) schemes can be realized in the con-
text of the IGRT scheme in this thesis are also presented.






Samenvatting

Prostaatkanker is de meest voorkomende vorm van kanker en de tweede belangrijk-
ste oorzaak van kanker-gerelateerde sterfgevallen bij mannen op longkanker na [1,
2]. Een van de meest gebruikte behandelingen is EBRT (External Beam Radiotherapy,
EBRT). Hierbij wordt het doelvolume (target) bestraald terwijl het gezonde weefsel
(OAR, organs at risk) zoveel mogelijk ontzien wordt. De behandeling vindt meestal
plaats in fracties, waarbij in een periode van 5-6 weken de patiént dagelijks een deel
van de dosis krijgt. Voor een goede behandeling is het belangrijk dat de patiént (en
doelvolume) bij elke fractie zo identiek mogelijk ligt.

In de afgelopen decennia is er een grote vooruitgang geboekt in het EBRT tech-
niek, waardoor het mogelijk is tumoren nauwkeurig te bestralen zonder de gevoelige
organen aan een te hoge dosis bloot te stellen. Deze ontwikkelingen hebben ertoe ge-
leid dat er tegenwoordig met een hogere dosis bestraald kan worden dan voorheen,
zonder een onacceptabele kans op bijwerkingen. De combinatie van hoge dosissen
en de steile dosisgradiénten in de richting de gevoelige organen brengt het risico met
zich mee dat de tumor gemist kan worden en dat de gevoelige organen een te hoge
dosis kunnen krijgen. Daarom is het van groot belang dat de benodigde voorzorgs-
maatregelen genomen worden om hoge precisie van de behandeling te garanderen.

Dit heeft onderzoek gestimuleerd naar beeldvormingstechnieken die in de be-
handelkamer gebruikt kunnen worden, zoals electronische beeldvormingapparaten
(Electronic Portal Imaging Devices, EPIDs) en cone beam computed tomography (CBCT).
Hieruit is beeldgeleide radiotherapie (Image Guided Radiotherapy, IGRT) ontstaan.

Voor de klinische implementatie van IGRT technieken is het wenselijk om de
werkdruk te verkleinen door verschillende analyses automatisch uit te voeren met
behulp van de standaard evaluatieopties van de lineaire versneller.

Het onderzoek beschreven in dit proefschrift is gericht op het ontwikkelen van
tijds- en werkdrukefficiénte systemen en methodes voor de positionering van pros-
taatkankerpatiénten tijdens EBRT gebruik makend van het algemene IGRT raam-
werk. Een systeem is ontwikkeld voor dagelijkse interfractie positionering van de
patiént. Later is het uitgebreid naar intrafractie positionering met behulp van beeld-
vorming van markers geimplanteerd in de prostaat en software om de positie van
behandeltafel, met daarop de patiént, automatisch aan te passen. De grote voorde-
len die dit biedt zijn: (1) minimale toenname van de duur van de bestralingsfractie; (2)
een hoge nauwkeurigheid van de behandeling; (3) minimale toename van de werk-
druk door beeldvorming en analyse van de beelden en positionering; (4) de extra
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dosis aan de patiént van de beeldvormingstechnieken is beperkt.

Het tweede doel van dit onderzoek was om de residuele positioneringsfouten te
kwantificeren die niet gecorrigeerd kunnen worden door translaties van de behandel-
tafel, en hiervoor de planningsmarges te bepalen die nodig zijn om voor deze effecten

te corrigeren. Het gaat dan met name om rotaties en deformaties van de organen.

Hoofdstuk 1 is een algemene introductie van dit proefschrift, waarin een aantal
concepten beschreven worden die specifiek zijn bij de behandeling van porstaatkan-
ker door middel van EBRT. Hierin staan ook de doelstellingen beschreven.

Hoofdstuk 2 beschrijft de ontwikkeling van een volledig automatische en snel-
le online prostaat positionering methode. Deze methode is vervolgens klinisch in
gebruik genomen. De patiént word gepositioneerd door middel van automatische
translaties van de behandeltafel op basis van orthogonale kilovolt (kV) of megavolt
(MV) beeldvorming van de geimplanteerde markers. De initi€le klinische resultaten
van deze methode (stereoGraphic Targeting, SGT) worden gepresenteerd samen met
fantoom metingen. Met behulp van SGT zijn de standaard deviaties (SD) van de sys-
tematische positioneringsfouten (X) verkleind van 4 mm naar minder dan 0.5 mm
in alle richtingen. De SD van de willekeurige (random) fouten (o) is afgenomen van
3.0 tot minder dan 0.8 mm. De procedure die benodigd is om deze resultaten te be-
halen neemt minder dan 1 minuut per fractie in beslag. De extra stralingdosis aan
de patiént als gevolg van de beeldvorming is minimaal omdat bij de MV velden de
beeldvorming gedaan word met een deel van de therapeutisch bundels. De planaire
kV beelden werden slechts in een richting gemaakt met lage dosissen.

Hoofdstuk 3 beschrijft een studie waarin voor een grote groep prostaatkanker-
patiénten de intrafractie beweging van de prostaat is bepaald. Dit word gedaan met
behulp van kV en MV beeldvorming van geimplanteerde markers tijdens de behan-
deling. De verplaatsing van de prostaat in het sagittale vlak neemt tijdens de be-
handelfractie toe (gemiddeld 0.2 + 0.2 mm / minuut). De geobserveerde systemati-
sche intrafractiebeweging (Lerr = Zerr) was 0.9 £ 1.1 mm en 0.6 1.0 mm voor de
anterior-posteriore en de inferior-superiore richting respectievelijk. De corresponde-
rende willekeurige bewegingen (oe¢f) waren 1.2 mm en 1.1 mm respectievelijk. De
gemiddelde effectieve prostaat beweging tijdens de eerste vijf fracties is voorspel-
lend voor de gemiddelde verplaatsing tijdens de rest van de fracties (p<0.001). De
systematische intrafractiebeweging kan een grote impact hebben op de behandeling
waarvoor gecorrigeerd moet worden.

Een nieuw systeem voor software-gecontroleerde automatische correctie van in-
trafractie prostaat beweging (intrafraction StereoGraphic Targeting, iSGT), wordt be-
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schreven en geévalueerd in Hoofdstuk 4. Bij iSGT wordt een MV beeld gemaakt
van de eerste segmenten van geselecteerde Intensiteits Gemoduleerde Radiothera-
py (IMRT) velden. Op basis van deze beelden wordt de positie van de behandeltafel
aangepast als er een vooraf gedefinieerde drempel overschreden wordt. Daarna pas
worden de overgebleven IMRT segmenten afgestraald. iSGT was geimplementeerd
door uitbreiding van de SGT software om snel en nauwkeurige intrafractie set-up
correcties uit te voeren met minimale gebruikersinteractie. iSGT met een drempel-
waarde van 2 mm voor intrafractie correcties leidt tot systematische en willekeurige
prostaat verplaatsingen in het sagittale vlak van minder dan 0.6 mm en minder dan
0.7 mm respectievelijk, ten koste van een verlengde fractieduur van slecht 30 secon-
den of minder.

Hoofdstuk 5 beschrijft een studie om residuele geometrische fouten te kwan-
tificeren en een schatting te maken van de benodigde marges nadat de positie van
de patient op basis van de markers aangepast is. De deformatiefouten van de pros-
taat, en meer specifiek de zaadblaasjes, ten opzichte van de positie van de markers
in de prostaat zijn gekwantificeerd met niet-rigide registratie en orgaan segmenta-
ties van herhaalde CT scans (dat wil zeggen gemaakt tijden de behandeling) van 21
prostaatpatiénten. De CT scans werden eerst rigide geregistreerd met de markers om
online translatie- en rotatiecorrecties te simuleren. De grootste deformaties vonden
plaats in de anteriore en posteriore richting van de zaadblaasjes. De gemiddelde SD
van de populatie was 3 mm. Deformaties van de prostaat waren klein met een SD
van 1 mm. De significant grotere deformatiefouten van de zaadblaasjes ten opzichte
van de prostaat vormen de beperking voor marge reductie bij de behandeling van
prostaatkanker met radiotherapie voor de patiénten bij wie de zaadblaasjes in het te
bestralen volume (Clinical Target Volume, CTV) opgenomen zijn. Het toevoegen van
rotatiecorrecties gebaseerd op markers resulteerde in slechts een beperkte afname
van de benodigde planning marges.

Hoofdstuk 6 beschrijft een methode voor margeevaluatie van alle gemeten fou-
ten (specifiek deformatiefouten). De methode was toegepast voor gecombineerde be-
stralingen van de prostaat en beide zaadblaasjes. Voor de populatie gaf een marge van
5 mm voldoende dosimetrische dekking voor de prostaat. Echter zelfs een marge van
8 mm was niet voldoende voor de zaadblaasjes, ten gevolge van de grote deforma-
ties ten opzichte van de markers in de prostaat. In overeenstemming met Hoofdstuk
5 had een rotatiecorrectie weinig toegevoegde waarde voor de dosis aan het CTV.
Ook als de zaadblaasjes onderdeel uitmaakten van het CTV.

In Hoofdstuk 7 worden de belangrijkste bevinden van dit proefschrift bedis-

cussieerd. Andere methoden voor prostaat IGRT worden besproken met speciale
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aandacht voor methoden die geen gebruik maken van markers. Voor de residuele
fouten die niet gecorrigeerd kunnen worden met tafelverschuivingen, kan adaptieve
radiotherapie (Adaptive Radiotherapy, ART) voor een deel uitkomst bieden. Dit wordt

beschreven aan de hand van een aantal toekomstperspectieven.
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