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Preface

A few years ago, out of common interest in the emerging field of extracra-
nial body radiosurgery, the editors considered it worthwhile to summarize
the on-going efforts by different research centers. An added benefit was that
the editors themselves have different backgrounds illustrating the truly
multidisciplinary character of radiation oncology. Moreover, as the editors
live and work in either Europe or the United States the subtle differences in
approaching clinical issues will be represented in the work creating a bridge
between both continents. As always the subject of this work is not new, yet
technological evolution often creates new possibilities, and innovative cen-
ters have put large efforts in finding individualized solutions to these com-
mon challenges. Inevitably, a myriad of treatment strategies can be found
in the literature; the current work aims at being a comprehensive overview
of emerging developments in this sub-specialty in radiation oncology, as
well as illustrating possible clinical applications of these new and challeng-
ing technologies and approaches. As the basic concept was to generate a
general, objective, and comprehensive overview without overlooking any
possible strategy, great care has been taken to invite specialists in their
respective fields to act as contributing authors. In retrospect the editors
believe this objective has been reached and hope the reader will find this
book to be a truly practical reference work on the topic.
Enjoy reading

Ben J. Slotman

Timothy Solberg
Dirk Verellen
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The concept of stereotactic radiosurgery was first described by Lars Leksell
in 1951, as a single-fraction irradiation of intracranial targets, which, in
selected patients, would replace surgery. Stereotactic radiosurgery (SRS) is
characterized by the delivery of a high radiation dose to a small volume
in a short time with high accuracy and high conformality. This is performed
using a stereotactic technique, in which the location of a target is related to a
three dimensional Cartesian coordinate system. Based on this concept, any
intracranial localization can easily be identified in relation to the frame,
which is fixed to the head.

Following the first use of an orthovoltage dental X-ray tube in 1951
and the investigation of protons and early-generation linear accelerators
(linacs), Leksell and Larsson started their clinical work in 1967 with the
gamma knife. The latter in its current version consists of 201 cobalt-60



2 Slotman et al.

sources focused at one locus. The clinical usefulness of the GammaKnife
for the treatment of cranial base tumors and vascular malformations lead
to further technical developments and the GammaKnife is presently in use
in over 100 sites throughout the world. SRS using the GammaKnife carries,
depending on the size, shape, and number of lesions, the need to use multiple
isocenters with different beam diameters (collimator helmets), to produce
dose plans that conform to irregular lesions. A derivative of the Gamma-
Knife, the RGS system with 30 cobalt-60 radiation sources contained in a
revolving hemispheric shell, was recently developed. The secondary collimator
is a coaxial hemispheric shell with six groups of five collimator holes that are
arranged in the same pattern as the radiation sources. By selection of which
one of the groups of collimator holes is aligned with the radiation sources,
different beam diameters can be produced avoiding the use of different col-
limator helmets to change beam diameters during treatments.

Protons for irradiation of deep-seated targets were first explored in the
early 1950s. It was shown that larger proton beams may be beneficial for the
treatment of malignant tumors, while narrow beams could be utilized for
SRS of small circumscribed targets in the brain. However, the physical
advantages of protons including the Bragg ionization peak, to reduce doses
to the tissue beyond the target to a minimum, have not been substantiated
by clinical data or in comparative trials. The high cost and limited number
of facilities available are certainly factors that preclude the more widespread
use of protons in SRS. Only a small percentage of patients currently treated
with protons receive stereotactic proton-beam radiosurgery.

The widespread availability of linear accelerators (linacs) has lead to
investigations on their use for SRS and stereotactic radiotherapy (SRT).
The term SRS is generally reserved for single fraction stereotactic treat-
ments, while the term SRT is reserved for fractionated stereotactic irradia-
tion. Leksell first explored linac-based radiosurgery. In the early 1980s,
following the description of the dosimetry of subcentimeter fields, Barcia-
Salorio, Betti, Colombo, Sturm, and others developed radiosurgery equip-
ment to adapt linacs to produce highly collimated narrow beams for SRS.
Linac-based radiosurgical technologies were since then further advanced
by incorporating improved stereotactic positioning devices and methods
to measure the accuracy of various components. Over 500 such systems
are thought to be presently in operation throughout the world. Most of
these systems use circular collimators in combination with multiple isocen-
ters techniques in which the patient couch is set at different angles and the
radiation source describes an arc with the isocenter at its center, to deliver
radiation that enters the cranium at many different points. More recently,
different techniques have been developed to enhance the conformity of dose
planning and delivery using linac-based systems. These include the use of
micro-multileafcollimators for beam shaping and intensity modulation.
Beam shaping involves modification of the traditionally circular contour
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of the radiosurgical collimators, so that the contour more accurately con-
forms to the beam’s eye view of the target volume. Conformal blocks and
micro-multileafcollimators can be used for static or dynamic beam shaping
and require only a single isocenter. Using beam intensity modulation, the
intensity can be varied across the beam and is weighted to be proportional
to the target thickness, as assessed by the beam’s eye view to obtain target
conformity. The CyberKnife® (Accuray, Sunnyvale, California, U.S.A.) uses
a 6-MeV linac attached to a six-axis robotic manipulator that positions the
linac at different source positions, always aiming the center of the radiation
beam at the target. During treatment, an image-processing system acquires
X-ray images of the cranium of the patient and compares the actual images
with images in a database, to determine the direction and amount of any head
motion. This information is transferred to a robot, which corrects for this
motion.

In linac radiosurgery, an invasive frame, which is attached to the head of
the patient using pins, was used as reference frame for imaging, localization,
and treatment. After placing this frame, or “headring,” a localizer frame is
attached to it. This localizer frame has a number of fiducials, which enable
the transformation of image coordinates to stereotactic coordinates. The rigid
system allows very accurate (re)positioning of the patient and targeting of the
radiation beams. The disadvantages of this headring system are that it cannot
easily be used for fractionated treatments over a longer period of time and that
it can only be used for the treatment of intracranial lesions. For fractionated
treatments of intracranial lesions, non-invasive systems have been developed
making use of dental and occipital impressions, or fixation using ears and nose
bridge. These fixation systems can be used as a frame of reference for imaging,
treatment planning, and stereotactic treatment delivery.

The current growth of SRS is certainly connected to the tremendous
advances in computer technologies and imaging in the past decade. Current
dose-planning programs provide on-screen integration of (multimodality)
images with the isodose curves, significantly reducing treatment-planning
time. Recent versions facilitate the use of inverse planning, in which the tar-
get is three-dimensionally defined and the software, based on constraints
and penalty-functions, generates a treatment plan, that can then be further
adjusted and optimized. The advances in imaging techniques have improved
long-term results due to better target definition and localization. Integrated
use of magnetic resonance imaging (MRI) is now regarded standard because
of its high-resolution and excellent tissue contrast providing improved
anatomic detail. However, the reliability of MRI for stereotactic procedures
is related to the stereotactic frame used and/or fusion of CT and MRI data.
Techniques, such as positron emission tomography and magnetic resonance
spectroscopy, provide important information for tumor localization and
contouring and may enhance our understanding of the radiobiological
effects of radiosurgery on different tissues even further.
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The great success of stereotactic radiosurgery and stereotactic radio-
therapy for intracranial lesions has led to an interest in the use of these
techniques for the treatment of lesions outside the brain. The pioneering
work in this area was done by the groups of Lax and Blomgren at
Karolinska Hospital in Stockholm. Compared with intracranial SRS and
SRT, extracranial SRS and SRT are more difficult, due to motion of targets
and normal tissues. In the last decade, various approaches to deliver radia-
tion to extracranial targets with stereotactic precision have been developed.
These include the use of elaborate immobilization techniques and introduc-
tion of so-called image-guidance technology aiming at reducing patient
set-up errors, and assessment of organ motion and organ changes during the
course of treatment. Internal organ and tumor movement during treatment
not only introduces an added risk of missing the target, but also introduces
errors in the dose delivery, which in itself may have become variable in time
for most intensity modulated techniques. With the introduction of intensity
modulation not only the possibility of geographic miss will be a matter of
concern, but also the possible interplay between target motion and the tem-
poral dose delivery, and real-time knowledge of the target volume becomes
of utmost importance. Stereotactic body frames emphasize on immobiliza-
tion where the device is used for patient fixation, external reference system
for determination and localization of the stereotactic coordinates, and a
mechanical tool for reduction of breathing mobility. Image guidance in turn
emphasizes on real time, 3D knowledge of target localization during treat-
ment and guiding the dose delivery accordingly. These techniques include
the use of optically-guided tracking devices, in-room CT (fan beam and cone
beam), ultrasound, stereoscopic X-ray devices, or combinations thereof.
These techniques, in order to be realistically applied require a thorough
understanding of anatomy and physiology and cannot be implemented with-
out proper preparation (preferably based on multimodality and 4D imaging
techniques).

Extracranial stereotactic radiotherapy is a rapidly expanding treat-
ment modality, being offered to an increasing number of patients for an
increasing number of indications. In this book, the various techniques,
including linac-based systems using the ELEKTA Body System®, Novalis®,
CyberKnife®, and tomotherapy, will be described in detail. The radiobiolo-
gical aspects of stereotactic radiotherapy and the use of new imaging mod-
alities are discussed and the clinical results of extracranial stereotactic
radiotherapy for various tumor sites, including liver, lung, prostate, spine,
and head and neck are presented.



2

The ELEKTA Stereotactic
Body Frame®

Jorn Wulf
Department of Radiotherapy, University of Wiirzburg, Wiirzburg, Germany

INTRODUCTION

The stereotactic body frame (SBF) 23has been created and developed by
Ingmar Lax, Ph.D. and Henric Blomgren, M.D., Ph.D. at Karolinska Hos-
pital, Stockholm, Sweden. It is the merit of these two authors having intro-
duced the successful concept of stereotactic irradiation of cerebral lesions
into treatment of extracranial targets at the beginning of the 1990s (1-4).
While high precision of stereotactic irradiation of cerebral tumors is
achieved by sharp fixation of the skull or tight mask systems, it is more
difficult in extracranial tumors, e.g., in the lung or liver. Sharp fixation of
the patient’s body is impossible and the targets and organs at risk are poten-
tially mobile due to breathing motions or changing organ fillings. Addition-
ally, marks on the patient’s body surface are less accurate than marks attached
to a mask system due to subcutaneous fat tissue, different fillings (e.g., of
the abdomen) or breathing motions of the body. Nevertheless, stereotactic
irradiation according to the concept of Blomgren and Lax consists of precise
application of very high fraction doses, e.g., 2 x 15 or 3x10 Gy prescribed to
the PTV-enclosing 65%-isodose and normalized to 100% at the isocenter (1-4).
Therefore, introduction of this concept into clinical practice requires a high-
precision approach. For that purpose the SBF was developed and since the
mid-1990s, marketed by ELEKTA Instruments (ELEKTA AB, Stockholm,
Sweden). It has come into clinical use by groups all over the world (1-8).

ELEKTA Instruments, ELEKTA AB, Stockholm, Sweden.

5
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SYSTEM DESCRIPTION

The technical concept of the SBF addresses three basic requirements for
extracranial stereotactic radiotherapy, i.e., the need for:

1. patient fixation,

2. an external reference system for determination, localization, and
alignment of the stereotactic coordinates, and

3. a mechanical tool for reduction of breathing mobility.

Patient Fixation

Patient fixation is achieved by a vacuum mattress, which is molded to the
patient’s individual body contour. Two sizes of 25 or 40 L are available to
address different patient sizes. The mattress is fixed to a plastic shell by two
screws. The shell-mattress unit is inserted into the body frame by a system of
tongues and grooves. This allows a very easy and fast change of the shell-
mattress unit for different patients without disconnecting the vacuum pillow.

Repositioning of the patient in the vacuum mattress for treatment is
supported by an SBF-attached laser system at the trunk and the legs. After
molding of the mattress, the patient’s position is marked by small marks tat-
toos at the trunk (preferably the sternum) and both tuberositae tibiae. The
position of the tattoos is indicated by a trunk laser attached to the stereotac-
tic arc and a leg laser at a chosen position (Fig. 1, Nos. 6 and 7). For repo-
sitioning, the tattoos are aligned to the SBF-attached laser system at
previously determined positions.

The body frame itself is open ventrally and at the head and foot ends
(Fig. 1). It achieves rigidity by a honeycomb structured paper center embedded
in a fiberglass surface. The wooden edges are rounded to avoid artefacts, e.g.,
at CT scans. The low-density material of the SBF sidewalls is aimed to reduce
artefacts and to minimize absorption of irradiation. According to Lax et al.
(3), the geometrical specifications of the SBF are within +0.5 mm. The outer
dimensions of the SBF are 111 cm in length, 50cm in width, and 40cm in
height. The complete system including rulers, indicators, and a bottom plate
for level control has a weight of about 9kg.

The level control consists of a bottom plate loosely attached to the
SBF left ground side and a rubber bladder, which is pushed between the bot-
tom plate and ground side of the SBF. Inflating or deflating air into the
bladder by a pump system (similar to a cuff for measuring blood pressure)
allows precise alignment of the SBF in the anterior—posterior direction to
the laser system of the CT or linac within a range of +5mm.

The Stereotactic Reference System

The SBF is not only used for patient fixation but also as external refer-
ence system for identification of the stereotactic isocenter. It consists of a
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Figure 1 The ELEKTA stereotactic body frame (SBF). (1) Sidewall containing
oblique and horizontal copper wires for CT-based measurement of longitudinal
stereotactic coordinate. (2) Longitudinal stereotactic scale. (3) Stereotactic arc for
lateral and AP coordinates. (4) Arc and scaled screw for diphragm control. (5) Level
control. (6,7) SBF attached laser system (leg and trunk) for assistance at patient
repositioning. (8) Vacuum pillow.

longitudinal scale in millimeters, which is bilaterally fixed to the outside of
the frame sidewalls. The lateral and anterior—posterior position in milli-
meters can be read from a stereotactic arc, which is attached to both side-
walls of the SBF at a chosen longitudinal position. The stereotactic arc is
also marked with a central notch (Fig. 2B), which allows precise alignment
of the SBF at a defined coordinate to the laser systems of fluoroscopy, CT,
or linear accelerator.

This outer system for adjusting the SBF to the isocenter at a certain
stereotactic coordinate corresponds to an internal system, which allows
deriving the stereotactic coordinate from each CT slice. This internal
reference system consists of horizontal and oblique copper wires, which
are embedded in a plexiglas shell attached to both sidewalls of the SBF
(Fig. 2C). The same system is available with copper sulfate fill for use in
MRI. The copper wires appear as fiducials in each CT slice (Fig. 2D). From
these fiducials, the isocenter coordinates for each target can be calculated
(Figs. 2D and 3).

Breathing Control

Breathing mobility of targets in the lung, liver, or abdomen can be reduced
by a simple but effective mechanical tool: A pentagonal template is
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Figure 2 (A) Patient immobilized in the SBF with stereotactic arc and diaphragm
control. (B) Isocenter alignment of the SBF. The stereotactic arc is attached to the
frame at the planned longitudinal position, the AP and lateral coordinate can be read
at the stereotactic arc. (C) The longitudinal position in the SBF can be seen in each
CT slice due to a system of horizontal and oblique copper wires (D) e.g., five
horizontal dots =500, distance to the oblique wire =70 mm: longitudinal position
=570). (E) CT-slice of a patient immobilized in the SBF. (F) Two sizes of of tem-
plates and three sizes of screws are available. (G) Diaphragm control: A pentagonal
template is pushed into the patient’s epigastrium to increase abdominal pressure.

pushed into the patient’s abdomen by moving a scaled screw fixed to an SBF-
attached arc. With this procedure the abdominal pressure is increased, lead-
ing to decreased motions of the diaphragm muscle. Instead of large breathing
motions up to 20 mm, the patient breathes with many smaller motions of
about Smm. For adjustment of this “diaphragm control” to different patient
sizes, a small and large template and three different lengths of screws are
available. Theoretically, the amount of pressure can be reproduced just by
pushing the screw to the same position as planned.

Dose Absorption of the SBF

For evaluation of dose absorption of the SBF, treatment plans including
and excluding the SBF in the calculation model were compared. Two
phantoms (Alderson phantom and thoracic phantom as described in the
ICRU Report 42) were used. By means of ionization chambers and TLD
measurements, the dose and dose distributions were compared with the
results of the 3D-treatment planning system Helax TMS. While the difference
between calculation and measurement was 5% at maximum if the SBF was
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Figure 3 Schematic view of the SBF. The stereotactic coordinate can be derived and
calculated from a system of oblique and horizontal copper wires in the SBF side-
walls. This internal system corresponds to marks in millimeters on the outer sidewall
and the stereotactic arc, which allows precise alignment of the SBF to the isocenter of
a CT or linac according to the calculated coordinates.

included into the calculation model, the difference increased by additional
10% if the SBF was excluded (9). Therefore, the SBF should be included into
the calculation model. This approach additionally allows clinical estimation
of the skin dose for targets close to the patient’s surface, because the build-
up effect is calculated more realistically.

ACCURACY OF PATIENT AND TARGET
REPRODUCIBILITY IN THE SBF

The accuracy of target reproducibility for stereotactic irradiation of extra-
cranial targets not only depends on the fixation device itself but also on
the user’s experience and the mobility of the targets chosen for treatment.
Principally, external fixation by a vacuum pillow is more reliable in slim
patients than in obese individuals. Nevertheless, an accuracy of about 2 mm
can be achieved if the vacuum pillow is molded properly. Hence, a “dou-
ble-S-shape” design of the vacuum pillow is desired (Fig. 4). It is achieved
laterally by molding the pillow very tightly to the patient’s waist, and long-
itudinally by molding the material to the patient’s lordosis of the lumbar
spine. The patient is asked to perform snake-like movements in the smooth
vacuum pillow. To achieve vacuum, the pillow material is tightly pressed
laterally to the patient’s surface. A comfortable position for both arms
has to be ensured while performing this.
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Figure 4 Accuracy of patient repositioning in the SBF is dependent on the quality
of molding of the vacuum pillow. For a maximum of reproducibility, an ““S”’-shaped
pillow is recommended. This is achieved by preparing a sufficient amount of pillow
material at the anticipated waist and lordosis of the patient’s back prior to position-
ing. By asking the patient to move “like a snake” with his/her back, the material is
moved to the correct site molded to the patients anatomy and the pillow can be
deflated.

Accuracy of treatment in the SBF can be evaluated at three different
levels:

1. alignment of the SBF to the isocenter system of a CT or linac.
reproducibility of patient repositioning in the SBF especially in
fractionated treatment.

3. reproducibility of the target.

The alignment of the SBF to the isocenter system, e.g., of the
CT scanner, can be measured by comparing the aligned longitudinal coordi-
nate to the measured coordinate in the corresponding CT slice. The results
not only depend on the SBF but also on the accuracy of the laser system.
Lax et al. (3) reported an accuracy of alignment of less than 1 mm derived
from 10-mm CT slices. Our own evaluation revealed a standard deviation of
1.4mm derived from a 5 mm slice thickness. Nevertheless, maximum devia-
tions of up to 3.9 mm were observed, indicating that misalignment occasion-
ally might occur and that correct alignment should be proved prior to
proceeding with treatment planning or the treatment itself (10).

Accuracy of patient repositioning can be measured by comparing
immobile patient structures such as bones to the external reference system
of the SBF. Hence, for treatment planning the bony structures in the CT
are compared to the position in a CT-verification at a defined coordinate.
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The differences can be measured using the external reference system of the
SBF. In our department, the first 32 targets were evaluated (10). The mean
deviation of bony structures as derived from CT-verification was 2.9 mm
(SD 2mm) in longitudinal, 2.2 mm (SD 1.8 mm) in anterior—posterior, and
2mm (SD 1.9mm) in lateral directions. The mean 3D-vector was 4.7 mm
(SD 2.6 mm). The reproducibility of bony structures can also be measured
by comparison of digitally reconstructed radiographs (DRR) from the plan-
ning CT to portal films. In our analysis of 93-97 verification films for 32
targets, we found a mean deviation of 1.5mm (SD 4.2 mm) in longitudinal,
0.1mm (SD 2.3mm) in anterior—posterior, and 0.1 mm (SD 2.5mm) in
lateral directions.

While repositioning accuracy in the SBF is about 2 mm, it is the con-
cept of extracranial stereotactic radiotherapy, as introduced by Blomgren
and Lax, to overcome isocenter verification relative to bony landmarks, a
common practice in conventional radiotherapy. The only relevant structure
to verify is the target relative to the stereotactic system and coordinates of
the SBF. Lax reported the reproducibility of 30 tumors evaluated with
48 verification CTs treated in the current version of the SBF. The targets
were located in the lung, liver, retroperitoneal space, and skeleton. The
mean deviation of the target was 3.4mm in the transverse and 5.5mm in
the longitudinal plane. In 98%, the transversal deviation was within 5mm.
The longitudinal deviation was at 95% within 8 mm and 100% within
10mm (3). Additionally, according to Lax, it was generally possible to keep
breathing mobility of mobile targets within 5 mm using the diaphragm control
device. Based on these results, most groups use security margins for PTV-
definition to address target deviation of Smm in transversal and 5-10 mm
in longitudinal directions.

In our own analysis of 32 targets in the lung, liver, abdomen, pelvis,
and bones, the SD of all targets was 3.4 mm in anterior—posterior (mean
1.1 mm), 3.3 mm in lateral (mean 0.7 mm), and 4.4 mm in longitudinal direc-
tions (mean 1.5 mm), which corresponded well to the results of Lax. Never-
theless, we occasionally found maximum deviations of up to 12 mm leading
to a proportion of targets reproducible within Smm of 84% in anterior—
posterior, 88% in lateral, and 91% in longitudinal directions. About 98%
of targets deviated within 10 mm in anterior—posterior and lateral directions
and 94% in the longitudinal direction. If a security margin for target varia-
bility of 5mm in axial and 10 mm in longitudinal directions was used, these
results indicate that about 12-16% of targets might be missed partially in
anterior—posterior and lateral directions and 9% of targets in the longitudinal
direction. Therefore, the conclusion was to recommend CT-verification prior
to irradiation to detect those targets with decreased reproducibility.

Isocenter verification relative to bony landmarks seemed to be inap-
propriate, at least for mobile targets, because this approach implies that devia-
tion of bony structures is representative for target deviation. To prove this
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hypothesis, the CT-verification data were analyzed and it was postulated that
target deviation should be within 5 mm relative to bony landmarks. This was
true in only 62.5% of all 32 targets. Differentiated to different types of targets
as bony targets, soft tissue targets fixed to bony structures, and mobile soft tis-
sue targets + breathing control device, major difference were observed. While
100% of bony targets and 80% of fixed soft tissue targets deviated within 5 mm
relative to bony reference structures, this was the case in only 37.5% of mobile
soft tissue targets without breathing control and only 28.5% with breathing
control (10). These results again indicate the importance of CT verification
to eventually correct for major target deviation.

Nevertheless, the presented data are based on only one CT verification
prior to treatment. Therefore, it seemed necessary to evaluate target repro-
ducibility over a complete course of treatment, e.g., three fractions as first
described by Blomgren and Lax. A study including three CT verifications
in each of 22 lung tumors and 21 liver tumors was performed (11). The main
goal of defining a planning target volume (PTV) is to ensure that the clinical
target volume (CTV) will be covered by the prescribed reference dose despite
target mobility. Therefore, the target reproducibility was evaluated by ana-
lyzing the CTV-dose by dose-volume histograms (DVH). For that purpose
the CTVs derived from repeated CT-verifications were matched into the
planning study using the fiducials of the SBF sidewalls as an independent,
external matching system. Major target deviation exceeding the PTV-related
reference isodose should result in decreased target dose to the CTV. Prior to
this evaluation, the conformity of the stereotactic dose distribution to the
PTV has been analyzed (12). For PTV definition, the commonly used secur-
ity margins of Smm in axial and 5-10 mm in longitudinal directions were
added to the CTV. The study revealed a decrease of target coverage to
the CTV to less than 95% (5% of the CTV were not covered by the reference
isodose) in 3 of 60 simulations for lung targets (5%) and 7 of 58 verifications
for liver targets (12%). Related to targets in 2 of 22 lung tumors (9%) and in
4 of 21 liver tumors (19%), a decreased target coverage <95% was observed
in at least one fraction. Two out of three major deviations in lung tumors
were observed in a single patient after pneumonectomy and in liver targets
six out of seven major deviations occurred in targets with a CTV >100cm®.
These results again indicate the importance of CT verification to detect
occasionally occurring major target deviation beyond the reference isodose.
According to our study, patients with large liver tumors or mobile lung
tumors, in whom breathing mobility cannot be sufficiently suppressed by
the breathing control device (e.g., after pneumonectomy), are at higher risk
for major target deviation (11). Theoretically an increase of security margins
would be able to compensate for increased target mobility. Nevertheless,
this seems not to be an appropriate approach, because the high-dose area
should be kept as small as possible especially in a patient group not amen-
able to surgery due to impaired medical condition.
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TREATMENT PLANNING AND DELIVERY
Patient Positioning in the SBF and CT-Planning Study

Treatment planning can be performed within 30min and starts with
premolding of the vacuum pillow. It can be performed at the fluoroscopy or
CT unit. First, the patient is asked to use a hospital shirt ventrally open to
avoid too much clothing between the patient and the pillow. The hospital
shirt also allows easier and more accurate moving of the patient by pulling
the shirt as necessary. If application of i.v. contrast media is planned (e.g.,
for targets in the liver), the informed consent and an i.v. needle should be
placed prior to positioning the patient in the SBF. Depending on the
patient’s size, the 25 or 40 L mattress should be chosen. The pillow should
be prepared with a slight vacuum to avoid dislocation of the pillow material
under the patient during the positioning procedure. After premolding, the
pillow is attached to the plastic shell, which is inserted into the SBF. The
SBF is positioned on the end of CT-/fluoroscopy-couch and the patient is
asked to first sit down and then lay back onto the pillow. The SBF contai-
ning the patient is slipped to the scanning position, a standardized support
device is positioned under the knees, and the arms are comfortably moved
behind the head. In this position, the prevacuum is deflated and the patient
is asked to perform some snake-like movements to achieve an optimal embed-
ment in the vacuum pillow. Now the mattress can be deflated maximally while
pressing the material laterally to the patient and supporting the arm to max-
imize comfort. At this point, the comfort of the patient should be queried
because a change of the mattress or patient position from this point is impos-
sible without repeating the complete procedure. If there is doubt on the opti-
mal embedment of the patient, an investigatory CT slice can be performed to
assess the quality of the embedment: The patient should be well enclosed by
the vacuum mattress with full contact of the patient’s back to the base of lat-
eral and dorsal surface to the pillow. When the vacuum pillow is optimal, little
tattoos are pricked into the patient’s skin at the trunk and tibiae to ease later
repositioning for treatment. For this purpose the leg and trunk laser are
attached to the SBF at the chosen position, preferably at the sternum and
tuberositas tibiae. At the trunk, tattoos not only at the midline but also later-
ally are recommended to detect rotational errors at the time of repositioning.

If patient positioning is performed at the fluoroscope, breathing
mobility of the target should be evaluated there and—if necessary—diaph-
ragm control should be used. If patient positioning is performed at the CT
unit, breathing mobility is evaluated later. In the CT situation, the SBF is
aligned to the isocenter of the CT by the use of the stereotactic arc. Correct
alignment is proved by comparing the aligned position to the measured posi-
tion of the internal fiducials in the SBF sidewalls. The planning study should
be performed, only if alignment is correct, otherwise irreproducible oblique
slices would be achieved.
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The CT study for treatment planning starts with obtaining a reference
slice, usually at the initially aligned position. From that position the target
must be found by moving the scanner directly to the estimated target posi-
tion. This procedure can be performed without obtaining a scout scan. After
locating the target, breathing mobility must be evaluated if not performed
previously. While tumors in the lung are usually easy to locate, targets in
the liver might be assessed relative to vessels or the diaphragmatic dome.
CT evaluation of target mobility can be performed optimally by multiple
slice technique in modern CTs (13). Otherwise it can be evaluated by slow
CT scanning over some seconds (14) or by continuous dynamic scanning
at the same table position over a chosen period of time, e.g., 6-15sec
(10,11). While axial mobility can easily be measured in each CT slice, cra-
nio-caudal mobility must be assessed by comparison of the target shape in
several CT slices.

If breathing mobility is assessed to be more than 5mm, the breathing
control device can be used. A pentagonal template (two sizes are available)
is positioned on the patient’s epigastrium. The flexible arc is positioned at
the SBF and a scaled screw (three sizes are available) is attached. The screw
is moved on the template until a sufficient and patient-tolerable pressure is
achieved. Breathing mobility is evaluated again until an optimum is
achieved. Of course other modalities to decrease breathing mobility can
be used, such as oxygen-supplied shallow breathing or the use of an active
breathing control device (active breathing coordinator™, ELEKTA AB,
Stockholm, Sweden), and evaluated alternatively (15-17). After breathing
control is achieved the patient is ready for the CT-planning study.

Depending on the size and location of the target, the CT for treatment
planning can be performed in 3-5 mm slice thickness. For lung tumors, i.v.
contrast is only necessary if the target has to be differentiated from normal
tissue structures; i.v. contrast is always required for liver tumors. To achieve
an optimum of contrast, the planning study should be performed under
almost diagnostic conditions. Therefore, an arterial and a portal-venous
phase should be achieved using a volume scan. Sometimes, an additional
venous phase is helpful to differentiate the target volume from normal liver
tissue. After the planning study is finished the patient is removed from the
SBF after being photographed to document the setup, e.g., the exact posi-
tion of the arms.

Target Definition and 3D-Treatment Planning

3D-treatment planning requires definition of a patient model, CTV, PTV, and
organs at risk. As described previously (9), the SBF should be included into
the patient model. This not only increases reliability of the dose calculation
but also allows assessment of skin dose due to a more realistic calculation
of the build-up effect. No consistent data have been published concerning
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target definition. While some authors report adding security margins for PTV
definition of 5-10 mm to the GTYV, others add it to the CTV. Nevertheless, the
goal of stereotactic irradiation is to achieve local control. Therefore, local
tumor—including microscopic disease—should receive the planned dose to
avoid local failure. The security margins for PTV-definition are exclusively
necessary to address potential target mobility and setup inaccuracy. Gener-
ally, the security margins should be added to the GTV or CTV using a digital
tool to ensure a 3D PTV-model.

For 3D-treatment planning of dose distribution, again different
doses, irradiation techniques, and normalization procedures are used.
Generally, a reference isodose is created, which should encompass the
PTV as conformal as possible. For that, 5-7 static beams individually mod-
eled by multileaf collimators or rotational beams are created. Non-coplanar
beams and/or wedges can be added, but it should be considered that these
approaches might prolong treatment time. Especially in lung tumors, dose
calculation should be performed by a collapsed cone (point-kernel)
algorithm with low photon energy, because the widely used pencil beam
algorithm neglects the secondary charged particle disequilibrium at the
tumor—lung interface and therefore might overestimate the target dose
considerably (18-21).

Target Verification and Irradiation

A treatment session usually lasts for 30-60 min depending on the target
verification procedure and the irradiated dose. While patient setup and repo-
sitioning in the SBF can be performed within five minutes of target verifica-
tion, the check of the correct isocenter coordinates relative to the target is
more time consuming. As described above, CT verification is preferred
compared to isocenter verification relative to bony landmarks.

Usually CT verification is performed at the CT scanner with subse-
quent transport of the patient in the SBF to the treatment room. This
approach requires additional isocenter verification at the linac to detect
patient dislocation due to transport and to document the correct isocenter
coordinates. Because patient dislocation can be detected by comparing bony
structures relative to the stereotactic coordinates, this procedure can be
performed by comparison of digital reconstructed radiography (DRR) from
the CT-verification study to portal images.

For CT verification the patient is repositioned in the SBF. The accuracy
of repositioning is eased by matching the laser of the trunk and leg to the tat-
toos on the patient’s skin at the determined positions. The diaphragm control
device is also positioned and adjusted as determined at the CT for treatment
planning. The SBF is aligned to the CT at the planned longitudinal stereotac-
tic isocenter coordinate. Beginning from this position, one or multiple CT
slices are generated to find the slice with the target shape that best matches
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the shape of the isocenter slice from treatment planning. For mobile tumors,
sufficient suppression of breathing mobility by the diaphragm control device
has to be controlled also. If breathing mobility is increased compared to the
planning study the diaphragm control device must be adjusted by increasing
pressure until a sufficient result is achieved. Under this condition it is usually
necessary to repeat the procedure to reproduce the target shape at the
planned isocenter slice. Finally, the stereotactic coordinates for irradiation
of the current target position can be measured relative to the internal SBF
reference system (Figs. 3 and 5). While the procedure determining the isocen-
ter coordinates by CT verification is identical, performing this process
directly on the treatment couch has obvious advantages: The patient will
not dislocate due to transport, the immobilization time of the patient is shor-
tened. Therefore potential changes, e.g., the abdominal pressure by the
diaphragm control are less probable. An example of CT verification at
the treatment couch using a mobile CT with gantry movement is shown in
Figure 5.

After CT- and/or isocenter verification are performed, the patient is
aligned to the isocenter of the linac at the current coordinates. Depending
on the practice of each department, the correct field size, MLC positions,
and plan parameters should be checked prior to irradiation. Ideally, this

SBF long 605 SBF long 610

Figure 5 The CT verification of a small lung metastasis in the left lower lobe. The
verification is performed directly on the treatment couch using a mobile CT (Philips
Tomoscan M). The CT gantry moves over the patient positioned in the SBF as if for
treatment. A carbon fiber couch allows scanning without artefacts in diagnostic qual-
ity. Compared to the planning study (right) according to CT-verification (left) the
target is dislocated Smm cranial (SBF longitudinal position 610 vs. 605), 4 mm
ventrally, and 4 mm medially of the isocenter position in the center of the tumor.
Again, the effectiveness of the breathing control device can be evaluated on the treat-
ment couch by using the dynamic scan procedure.



ELEKTA Stereotactic Body Frame®™ 17

can be performed parallel to evaluation of the CT verification to shorten the
overall immobilization time.

CONCLUSION

The SBF is an easy to handle and reliable stereotactic system. During 6 years
of use with more than 150 patients, no unforeseen events occurred, e.g., leak-
age of the vacuum pillow or breakage of important parts. The patient can be
immobilized sufficiently upto an hour, which might be occasionally necessary
for patient repositioning, target verification, and irradiation. Nevertheless,
initial procedures such as molding of the vacuum pillow, tattooing, and setup
can be performed within 15min due to the easy-to-handle system. Patient
setup at the linac as well is possible within 10 min.

With a properly molded vacuum pillow, repositioning accuracy of
about 2mm can be achieved. Nevertheless, individual accuracy depends
on the patient’s condition and is more accurate in slim than in obese
patients. Target reproducibility as influenced by breathing mobility can be
sufficiently decreased to 5-8 mm using the mechanical breathing control
device and again is dependent on individual factors. Therefore, target mobi-
lity and reproducibility should be individually evaluated and controlled
using CT verification, if the commonly used security margins for PTV defini-
tion of Smm in axial and 5-10 mm in longitudinal direction are chosen.
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INTRODUCTION

The history of radiation therapy is one of continuous development of new
skills and new approaches. Often many of the desirable concepts were
understood years ago but it is only with recent developments in physics,
engineering, and computing that the techniques have become practicable.
The latest developments in radiotherapy have allowed surgically precise
delivery of radiation dose distributions to cure the patient without damaging
healthy tissue. Conformal radiation therapy (CRT) and intensity-modulated
radiation therapy (IMRT) have been the subject of many research projects
during the last decade and are becoming clinically available today. High
resolution IMRT treatments will probably result in improved outcomes
and definitely better quality of life for patients compared to treatments
based on conventional planning and dose delivery. The dynamic delivery
of intensity-modulated beams provides homogenous dose coverage of
the lesion as well as a much steeper dose fall-off at the lesion’s boun-
daries. Yet, the current positioning techniques do not match the accuracy
needed to perform CRT/IMRT adequately. In fact, difficulties with accu-
rate target localization have represented the most significant obstacles to full
exploitation of the capabilities of CRT/IMRT treatments. The clinical
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implementation of CRT is only feasible when two important requirements are
fulfilled simultaneously: the ability to generate conformal dose distributions
and to ensure accurate target localization (clinical knowledge of the target
region as well as ensuring positioning accuracy during treatment). The latter
requires an appropriate safety margin around the clinical target that increases
with increasing uncertainty of the actual position of the tumor during irradia-
tion. Margins of typically 1 cm are needed to make sure that the tumor will be
irradiated sufficiently. This is in contradiction to the millimeter precision that
can be achieved with modern radiotherapy techniques. Only when both
aspects are covered adequately can one truly use the term stereotactic body
radiation surgery or stereotactic body radiation therapy (SBRT).

SYSTEM DESCRIPTION

The Novalis® system (BrainLAB AG, Heimstetten, Germany) provides the user
with an integrated system featuring treatment planning (BrainSCAN), auto-
mated patient positioning, and image-guidance (ExacTrac/Novalis Body)
and treatment delivery (Novalis) for non-invasive stereotactic radiosurgery
(SRS) and SBRT. All aspects of the treatment chain are seamlessly integrated
in the process, avoiding common problems related to communication between
different systems and vendors. Target delineation (based on multimodality ima-
ging), image-guided target positioning (referencing the treatment isocenter to
external or internal localization markers), virtual treatment simulation, dose
calculation, and treatment verification are all supported by the treatment plan-
ning system. All treatment parameters (including the desired patient position
necessary for automated patient setup) can be transferred to the treatment
machine. The latter (Novalis) is a 6 MV single photon energy dedicated linac
with build-in mini-multileaf collimator capable of different treatment modal-
ities, such as conformal beam, dynamic field shaping arc, and IMRT. The field
size ranges from 3.0 x 3.0 mm? to 98.0 x 100.0 mm? at isocenter distance with
inner leaves of 3.0 mm (the mini-MLC features two banks with 26 leaves each,
with varying leaf width from 3.0 mm for the 14 central pairs, to 4.5 mm for the
next three, and finaly 5.5 mm for the outer three leaf pairs). Each leaf can over
travel by 50 mm, and a central straight edge allows the leaves to touch when
closed, with full interdigitation possible. In addition, a set of conical collimators
can be attached to the head of the machine for very small tumors and functional
treatment. Image-guided radiation therapy (IGRT) is provided by the Exac-
Trac/Novalis Body system that automatically aligns the target volume with
the treatment beam based on infrared tracking of external IR /CT bodymarkers
and/or automated registration of bony structures and implanted radio-opaque
markers (using stereoscopic X-ray imaging). The systems also offers dedicated
tools for quality assurance (QA), which will be explained in later chapters.

A detailed summary of the different features of the Novalis system is
provided.
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PATIENT POSITIONING
Description
Introduction

The SBRT or CRT generally is clinically not feasible without the appropriate
target localization and tools for patient setup that matches the accuracy
needed, especially if one considers that, to increase the therapeutic range,
smaller and smaller margins are used between the clinical target volume
(CTV) and planning target volume (PTV) (1,2). Often these margins are
reduced with the introduction of CRT and IMRT techniques, in spite of
the fact that the applied margin should reflect the accuracy that can be rea-
listically obtained in clinic. Moreover, with the introduction of highly
sophisticated and computer-guided treatment modalities, patient position-
ing procedures should evolve and develop equally, and should, ideally, be
integrated in the treatment planning process.

Geometric accuracy for the SBRT/CRT/IMRT procedure is basically
image-guided, and several solutions have been proposed in the last decade.
Electronic portal imaging devices (EPIDs) (3-5) have been embraced
with the expectation of achieving the required accuracy. A comprehensive
overview of existing EPID techniques was published recently by Herman
et al. (4), which acknowledges that the initial expectation has not led to wide-
spread clinical application of EPIDs. Most studies present developments by
research centers (in collaboration with manufacturers) to cover their indivi-
dual needs, and commercial systems are often (arguably) limited to replace-
ments of portal film and do not allow automated correction of setup errors.
The clinical application of EPIDs for patient setup verification can generally
be classified into two approaches: on-line (or intra-fractional) (6-19) and off-
line (inter-fractional) (20-24). The latter, also coined adaptive radiation ther-
apy (ART), monitors the position of the patient during a limited number of
fractions and adapts the safety margins and/or treatment plan accordingly.
This approach does not allow for decreasing the treatment margins suffi-
ciently for aggressive SBRT. The intra-fractional approach offers the possibi-
lity of reducing all treatment execution errors (both systematic and random),
yet is considered to be time consuming, requiring automated control of the
treatment couch and mostly limited to two-dimensional setup errors
(7-9,15-18). While EPIDs suffer from the lack of soft tissue imaging, ultra-
sound (US) (25) and kilovoltage X-ray—based (26-29) image-guidance systems
have been proposed as a promising alternative. Some kV X-ray-based solu-
tions under investigation include:

1. computed tomography (CT), either in-line CT scanners installed
inside the treatment room (30,31) or kV cone-beam CT (26),
2. stereoscopic X-ray imaging systems (27-29).
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The ExacTrac 3.0/Novalis Body system resides in the latter classifica-
tion as it combines visualization of internal structures based on stereoscopic
X-ray imaging with real-time infrared (IR) tracking of the patient’s surface.
The system is designed to be a positioning tool ensuring accurate positioning
a priori fulfilling the following basic requirements: (a) integrated in the
treatment planning process, (b) perform as a fully automated positioning
tool (not verification tool) allowing highly accurate positioning of the target
volume based on treatment planning data, (¢) does not increase the number
of actions required for patient setup compared to conventional methodolo-
gies (believed to be one of the major reasons for the limited clinical use of
EPIDs to date), and (d) perform this task within an acceptable time frame
(i.e., a typical treatment including positioning should not exceed 15min)
(29,32,33). Some centers combine this technique with minimal patient fixa-
tion (32,33), while others prefer more elaborate fixation devices (see Chapter
11 on spinal tumors). This chapter will be restricted to a detailed description
of the image-guided technology with a limited summary of immobilization
tools that can be used in combination.

For the reader’s interest the positioning hardware of the Novalis
system can be classified as ExacTrac 1.0/Novalis Body (IR system only),
ExacTrac 2.0/Novalis Body (IR and stereoscopic X-ray imaging, with only
one amorphous silicon (AmSi) detector mounted to the treatment couch),
and ExacTrac 3.0/Novalis Body (IR and stereoscopic X-ray imaging
making use of two AmSi detectors mounted to the ceiling). Basically, the
positioning algorithms used in the latter two systems are based on similar
principles but adapted to the hardware differences. All versions allow for
automated computer-guided movement of the treatment couch.

Real-Time IR Tracking System

Hardware: The real-time IR tracking device is a system developed for
automated positioning of patients by detecting IR-reflective/CT markers
placed on the patient’s surface, comparison of marker location with stored
reference information, and instructing the treatment machine to move the
patient to a preplanned position by moving the treatment couch (ExacTrac
1.0). The markers are visible by two IR cameras and one video camera that
are mounted to the ceiling of the treatment room (Fig. 1). The patient’s
movements can be monitored in 3D real time with the IR cameras in the
room, and consequently the patient’s position can be controlled on-line
either using a hand-pendant or computer-assisted commands

Software and settings: The IR-reflective/CT markers are automatically
localized in the treatment planning system (Fig. 2) and the planned isocenter is
referenced to this marker configuration. The IR tracking system is able
to match a variable number of IR-reflective markers, visible at the time of
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Figure 1 Room with Novalis system.
Note the IR-cameras and AmSi detectors
mounted to the ceiling and the X-ray tubes
embedded in the floor. (ExacTrac 3.0/
Novalis Body courtesy of BrainLAB, AG.)

positioning, onto a set of markers (not necessarily of equal number) that were
detected in the planning CT scan. As such the planned isocenter (based on the
marker configuration detected during planning) can be localized with respect to
the treatment isocenter of the linac (Fig. 3). The algorithm uses an unsorted
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Figure 2 Left: Patient with IR reflective marker. (Note that the camera system has
identified the markers indicated by the circles, and the coincidence with the planned
position indicated by the small crosses.) Right: CT-image showing IR marker (loca-
lized by software), contours of CT, PTV, and rectum, and position of the treatment
isocenter. (See color insert.)
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Figure 3 TIllustration of the graphical interface of ExacTrac 3.0/Novalis Body with
the patient on the treatment couch prior to treatment setup. Note the detection of
transversal and rotational patient position at the right side and bottom of the image.
The circles indicate the actual position and the crosses indicate the planned position
where the patient will be moved. (See color insert.)

points match to solve the problem of matching the CT-localized marker with
the corresponding visible IR-reflective markers. The markers are subjected to
possible skin shift and do not represent a rigid body and, therefore, a number
of assumptions and settings are needed. One of these settings is the maximum
distortion of the marker configuration that will be accepted for a successful
match. This setting reflects the search area for the software to identify the
IR-reflective markers and has no noticeable influence on the positional accu-
racy of the isocenter. The latter is performed by least-square-fits, calculated
by using different subsets of the markers. From the isocenters that correspond
to the different subsets, the algorithm calculates a weighted average that
becomes the isocenter where the patient will be positioned. The latter allows
the system to recognize when one or more markers are shifted too much to
be taken into consideration. Another, more important setting with respect to
positional accuracy is the level of required accuracy. This setting defines the lim-
its within which the isocenter position is considered acceptable, preventing infi-
nite trials in reaching the exact isocenter position by computer-controlled couch
movement. As mentioned earlier, the system allows for detection of patient
movement as well as being used for computer-controlled couch movement to
adjust the patient’s position in real time.
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Stereoscopic X-Ray Imaging Device

Hardware: The X-ray imaging system is fully integrated into the IR
tracking device described above and consists of a generator, two X-ray tubes
(MP 801 X-ray generator and comet X-ray tubes; K&S Rontgenwerk,
Bochum, Germany) embedded in the floor, and two amorphous silicon
(AmSi) detectors (PerkinElmer Optoelectronics GmbH, Wiesbaden,
Germany) mounted to the ceiling (Fig. 1). The angle between both X-ray
tube—detector pairs is approximately 90°, and approximately 42° tilted from
the horizontal. In addition, a key board-controlled interface (using a parti-
cular key combination) has been developed allowing remote computer-
assisted control of patient movement to predefined positions (final treatment
position) from outside the treatment room. The X-ray system produces
diagnostic photon beams ranging from 40 to 150keV in exposure mode
and from 40 to 125keV in fluoroscopic mode, and projects a field size of
approximately 20 x 20cm” on the AmSi-detector. The detectors have an
active area of 22 x 22 cm?. A calibration is needed to define the spatial rela-
tionship between X-ray tubes and AmSi detectors on one hand, and the rela-
tionship with respect to the treatment machine’s isocenter on the other. The
spatial relationship with respect to the treatment isocenter is established by
defining a relationship between the X-ray system and the IR tracking system
with radio-opaque markers inside and IR-reflective markers outside a spe-
cially designed calibration phantom. Patient and treatment couch move-
ments are controlled by real-time tracking of the IR-reflective markers.
This system is referred to as the ExacTrac 3.0/Novalis Body system. The
ExacTrac 2.0/Novalis Body refers to a previous setup with the X-ray tubes
mounted to the ceiling and only one AmSi detector mounted on the treat-
ment couch.

Software and positioning procedure: Once the patient is positioned on
the treatment couch, two options are provided: (a) Using the predefined IR-
reflective marker configuration that defines the planned isocenter based on
CT data (see earlier). The advantage is that, once the patient is recognized
by the system, the initial position does not need to be close to the actual
treatment position. From that point on the entire positioning procedure is
computer driven and performed from outside the treatment room. (b) A
preliminary isocenter position is defined by the user that does not require
a predefined IR-reflective marker configuration on the patient’s skin and
can even consist of IR-reflective markers rigidly fixed to the treatment couch.
The latter has the advantage that breathing movements are eliminated and is
therefore more stable. The disadvantage is that the system is no longer able
to track patient movements during the positioning process and assumes that
the patient is perfectly motionless. This option requires the entire positioning
procedure to start from an a priori assumed correct treatment position
(which will be corrected afterwards), after which the remaining procedure
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Figure 4 (Caption on facing page)
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is again remote controlled and computer assisted. A video image can be pro-
vided during the automated setup procedure for patient’s safety.

Once both X-ray images have been acquired, again two options are
provided: (a) automated fusion of the actual X-ray images and DRRs repre-
senting the ideal patient position, and (b) matching implanted radio-opaque
markers. The former procedure is considered an improvement in patient
setup compared to conventional methods, although it is not able to cope
with internal organ movements and therefore still requires a substantial
internal target margin (ITV) (2). The implanted markers offer a more realis-
tic assessment of the target volume’s actual position and therefore enables
reduction of treatment margins suitable for SBRT. A clinical example of
appropriate treatment margins for treatment of the prostate follows, offer-
ing a detailed description of both procedures, with an illustration of the
procedure given in the flowchart (Fig. 4).

Automated fusion of X-ray images and DRRs. In this setup, a 2D /3D
co-registration algorithm is applied to align a 3D CT patient data set with two
X-ray images. Assuming that all components of the system are properly
calibrated (i.e., the exact position of the X-ray tubes and detectors are known
with respect to the machine’s isocenter), it is possible to generate digitally
reconstructed radiographs (DRRs) from the planning CT (representing the
ideal patient position) and compare these with the acquired X-ray images.
For accurate positioning both the location and orientation of the patient need
to be assessed, taking into account all six degrees-of-freedom (6 DOF) for the
image co-registration (translations as well as rotations). An automated fusion
algorithm is used based on gradient correlation, which optimizes a similarity
measure for each image pair (34). The similarity measure relies primarily on
edges and gives a high response if strong edges are visible in the same place.
In a first phase, the two pairs of corresponding X-rays and DRRs are fused
and the amount of 2D translations necessary to register the image pairs can
be used to compute a first course 3D correction vector (this is possible since
the spatial relations and magnification factors between X-ray tubes and
patient are known). This was the only option in the ExacTrac 2.0/Novalis
Body system. This 2D /3D correction vector is then used as a starting value
for the second phase, being the 6 DOF co-registration. The latter is obtained
from an iterative optimization cycle to determine values for the rotation and
the translation of the 3D CT data set to maximize the similarity measure

Figure 4 (Facing page) Flowchart illustrating the different steps in the positioning
procedure using ExacTrac 3.0/Novalis Body. From top to bottom: (A) Patient
on the treatment couch with IR reflective markers. (B) Acquisition of X-rays (only
one shown). (C-D) Calculation of 3D correction vector based on either automated
fusion of X-ray images with DRRs representing the ideal position (/eff) or matching
of implanted radio-opaque markers (right). (E) Automated patient positioning. (See
color insert.)
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between the corresponding DRRs (each time re-calculated from the previous
values for rotations and translations) and the actual X-ray images. The latter
requires an efficient algorithm for rendering DRRs (since some hundred
DRRs will be used in the registration process), an efficient optimization,
and automated fusion algorithm. If the automated fusion should fail, a
backup procedure is offered to manually shift the DRR images until an
acceptable registration is obtained; the user can define regions of interest in
the images (eliminating regions of high contrast that are not related to the
patient’s anatomy such as patient immobilization devices that may influence
the automated fusion), or limit the search area (avoiding that the system
drifts-off to find an unrealistic solution).

Matching implanted markers. Again, assuming a calibrated X-ray
system, implanted radio-opaque markers previously located in the planning
CT volume set will be projected on the X-ray images (Fig. 4). When the
initial patient setup is correct these projections will coincide with the images
of the markers on the X-ray image. In case of a setup error, each marker
projection can be clicked and dragged by mouse to coincide with the
corresponding image of the actual position. The combined marker trans-
lations/rotations in each X-ray projection allow for calculation of a full 6
DOF correction assuming a rigid configuration. If the marker configuration
deviates too much from the expected configuration (indicating possible mar-
ker migration), the system will fail to match the markers and the “migrated”
marker will have to be eliminated in the software.

VERIFICATION AND CLINICAL VALIDATION
Phantom Measurements

Verification tests have been performed on anthropomorphic phantoms
containing a humanoid skeleton to assess the precision and accuracy of the
positioning system. A summary will be given of the results that have been
published previously (29) on the system’s performance for detection and
correction of known translational setup errors with and without rotational
errors in the pelvic region. In this study a segmented phantom (Alderson
Rando Phantom for radiotherapy: Radiology Support Devices, CA) has
been used consisting of 25-mm thick axial segments and allowing insertion
of hidden targets to evaluate the entire procedure from CT scanning to
treatment and verifying the alignment of treatment beam and target (assess-
ment of the residual setup error). The phantom also allowed for insertion of
radio-opaque markers to test the system’s performance with matching of
implanted markers. CT scans with 2-mm slice thickness and spacing between
consecutive slices were acquired of the phantom together with the IR-reflective
markers. The image data sets were transferred to a dedicated treatment plan-
ning system (BrainScan V 5.1: BrainLAB AG, Heimstetten, Germany) to
define an appropriate treatment isocenter, after which these data, in turn were
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transferred to the positioning system on the treatment machine. Due to the
segmented construction, inter-segment movements may have affected the
obtained results and a rigid anthropomorphic phantom (a human skeleton
embedded in resin with the shape of a human torso) had been introduced to
validate the results obtained with the segmented phantom for the auto-
mated fusion of bony structures, and to investigate the possible influence of
slice thickness in the acquisition of CT data (2 vs. 5-mm slice thickness and
spacing).

Known setup errors have been applied to the phantoms and, after
automated positioning based on either fusion of bony structures or match-
ing implanted radio-opaque markers, the residual error was obtained with
the hidden target test (HTT) known for quality assurance of stereotactic
radiosurgery procedures (35,36). A lead bead of 2-mm diameter had been
inserted in the segmented anthropomorphic phantom and defined as being
the treatment isocenter. The phantom followed the entire procedure from
CT scanning to treatment planning and automated positioning with the
Novalis Body system. The treatment beam, collimated with a 10-mm circular
collimator, had been used to generate portal films (X-OMATIC cassette with
T-MAT L/RA film: Kodak, Rochester, NY) from 0° to 90° gantry angles.
The center of the projected image of the lead bead had been measured with
respect to the center of the circular field with a ruler (0.5 mm precision) on film
with a magnification of 1.5 (focus-isocenter—distance =100 cm; focus—film—
distance = 150 cm). This procedure not only yielded an experimental estimate
of the corrected setup error but also offered a comprehensive test of the entire
treatment procedure, including, target localization on CT images (accuracy
limited by voxel size) and mechanical uncertainties of treatment table and
linear accelerator.

The following tests have been performed to assess the setup accuracy
of the Novalis Body system using both the automated fusion of bony struc-
tures and matching of implanted radio-opaque markers:

1. automated positioning in the absence of shifts

2. automated positioning in the presence of shifts, each coordinate
has been evaluated separately

3. automated positioning in the presence of combined shifts in the
three principle directions

4. automated positioning in the absence of shifts with a rotation
around one of the principle axes

5. automated positioning in the presence of combined shifts with a
rotation around one of the principle axes

6. automated positioning in the presence of combined shifts and
combined rotational setup errors

As mentioned before the automated fusion of bony structures is only
applicable for SBRT of lesions that do not show much internal movement
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with respect to the bony structures used for positioning purposes. An
investigation of the first version of the fusion algorithm (based on correcting
three degrees-of-freedom only—omitting rotations—where the amount of
2D translations necessary to register the image pairs was used to compute
a 3D correction vector for the patient) yielded an overall 3D accuracy (for
combinations of both translational and rotational setup errors: up to
30mm and 4° about all three axes) of 0.7mm (SD: 0.8 mm) and 0.4 mm
(SD: 0.9mm) with the segmented and rigid phantom, respectively
(Table 1). Reducing rotational setup errors below 0.5° prior to the position-
ing process increases this accuracy to 0.4 mm (SD: 0.5 mm) and 0.5 mm (SD:
0.7 mm). Breaking apart the measurements (rotations about a single axis in
combination with translational setup errors) revealed an increased sensitivity
with respect to rotations around the table axis (i.e., a 3D setup deviation vec-
tor of 2.0 (SD: 0.3 mm) versus 0.9 mm (SD: 0.4 mm) for rotations around the
longitudinal and lateral axes). The largest residual error observed for combina-
tions of induced translational and rotational setup errors was 2.7 mm, whereas
the use of a 5 mm CT data set resulted in a 3D setup deviation vector of 2.0 mm
(SD: 0.9 mm). Note that the DRRs were not re-sampled during the matching
process and only a shift has been calculated rather than a full 6 DOF motion.
The latest 6 DOF software version as described earlier has not yet been ana-
lyzed in detail but preliminary results look promising. The use of implanted
radio-opaque markers increases the accuracy even more to 0.3mm (SD:
0.4mm) and 0.5mm (SD: 0.3 mm) with and without rotational setup errors.
The largest residual error observed for combinations of induced translational
and rotational setup errors was 1.7 mm. Separate analyses of individual trans-
lations in combination with a particular rotation did not show any specific
directional sensitivity. It must be recognized that although detected, the rota-
tional setup errors have not been corrected for. The systems includes the
detected rotational error in the calculation of the required translations to posi-
tion the planned isocenter with respect to the treatment machine’s isocenter.
The phantom setup procedures have not been timed explicitly, but typically
required less than Smin and 3 min using the ExacTrac 2.0/Novalis Body or
ExacTrac 3.0/Novalis Body system, respectively.

Patient Studies

A study has been performed in three steps to investigate the clinical perfor-
mance of the ExacTrac/Novalis Body system for treatment of prostate
cancer (see Chapter 10 on prostate and other pelvic tumors). The aim of the
study was to reduce rectal toxicity while maintaining equal outcome for the
patient. The latter can be realized only when the conventional PTV margins
can be reduced without compromising the dose coverage of the CTV. As the
PTV margin is introduced to cope with positional uncertainties (both internal
organ movement—internal margin or IM—and uncertainties related to patient
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positioning and alignment of the treatment beam—setup margin or SM) (2) a
reduction can be warranted only by increased knowledge of the patient’s posi-
tion and/or the actual position of the target volume. Once the positional uncer-
tainty is quantified, an appropriate PTV margin can be realized by means of
any appropriate CRT technique. Both dynamic field shaping arc and IMRT
(37) have been adopted by the AZ-VUB for treatment of the prostate, and
the reader is again referred to Chapter 10 on prostate and other pelvic tumors
for more details on the treatment protocols. The different phases in this study
were related to the introduction of more accurate methodologies of target posi-
tioning and defining the appropriate PTV margins for each technique:

Step 1: Patient positioning based on IR-skin markers using ExacTrac
1.0. This study included 19 patients (553 treatment fractions in
total). All patients were treated for prostate cancer by dynamic field
shaping arc with the mini-MLC of Novalis. Patients were treated in
the supine position, stabilized by a vacuum cushion (12/19) or with
conventional head and knee supports only (7/19). A comparison
was made between conventional (using skin drawings and room
lasers) and IR positioning (32).

Step 2: Patient positioning based on automated fusion of X-rays and
DRRs using ExacTrac2.0/Novalis Body. Fifteen patients were
followed with a total of 261 treatment sessions. All patients were
treated in the supine position and stabilized with conventional
head-and-knee support. A comparison was made between conven-
tional IR positioning and the DRR-fusion (33).

Step 3: Patient positioning based on matching radio-opaque implanted
markers using ExacTrac 3.0/Novalis Body. The study included 12
patients (122 treatment fractions analyzed), again treated in the
supine position with conventional head-and-knee support. A com-
parison was made between conventional IR positioning, DRR-
fusion, and implanted marker matching. An objective verification
(residual error after automated positioning) of the patient position-
ing was performed on orthogonal megavoltage films taken at gantry
0° and 90°.

In the step 1 and 2 study the distances of the isocenter to the midline and to
lines tangential to the superior and ventral border of the os pubis were mea-
sured on coronal and sagittal reconstructions of the planning CT data set
(with an intrinsic voxel size of 1.0 x 1.0 x 3.0 mm?) (Fig. 5). These measure-
ments were repeated on the megavoltage film by a radiation oncologist using
a standard ruler (1 mm scaling). For the step 3 study, the coordinates of the
implanted markers with respect to the isocenter (both on the CT-data set
and orthogonal megavoltage films) were used to define the residual setup
error. In all cases the patient was assumed to remain in the initial treatment
position during acquisition of the additional megavoltage films. Again, one
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Table 1 Average Residual Setup Error (mm) and Standard Deviation (in Parenth-
eses) With and Without Rotational Setup Errors After Automated Positioning Based
on One of Both Calculation Algorithms (Fusion of DRR and X-Ray Image or
Matching Implanted Markers)

DRR fusion Marker matching
No No

rotation Rotation All rotation Rotation All

Vertical 0.32 -0.39 0.05 0.15 —0.33 -0.20
(0.65) (1.12) (0.92) (0.65) (0.41) (0.52)

Longitudinal -0.09 —1.05 —0.46 -0.16 -0.17 -0.17
(0.56) (1.38) (0.06) (0.33) (0.40) (0.38)

Lateral -0.36 —1.68 —0.48 —0.38 -0.14 -0.21
(0.62) (0.99) (0.80) (0.77) (0.45) (0.55)

The residual error is obtained from hidden target data representing the remaining error
measured with portal films at gantry angles 0° and 90° with a 10 mm circular beam of the
isocenter represented by a 2 mm bead, after automated positioning based on the corrected shift.

must note that the DRR fusion used in these studies was not the full 6 DOF
version.

In this chapter, for comparison purposes, the results from the three
studies have been pooled into one data base and re-analyzed yielding an overall
3D residual error equal to 1.1mm (SD: 11.7mm), 1.4mm (SD: 7.1 mm),

Figure 5 TIllustration of the distances taken to define the position of the treatment
isocenter with respect to bony structures for verification with portal film. The
distance of the isocenter to the midline and to the lines tangential to the superior
and ventral border of the os pubis are measured according to the dotted line. (See
color insert.)
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0.5mm (SD: 4.6 mm), and 1.2 mm (SD: 3.8 mm) for positioning based on con-
ventional methods, infrared, DRR fusion, or marker matching, respectively.
For the first three results the comparison was based on bony references,
whereas the last figure results from the actual marker coordinates and as such
the only indication of the actual target positioning including organ movement.
These results show a striking reduction in the spread of data going from
conventional to marker matching method. To obtain an estimate of the dis-
tribution of systematic errors in setup for all patients, the standard deviation
(SD) of the mean deviation of individual patients was calculated. The random
component was determined by calculating the SD of the individual deviations
(pooled data) after subtractions of their corresponding mean. These results
are shown in Figure 6. Table 2 shows the percentage of moderately large
(>5mm) and large errors (>10mm) for the pooled patient data. Only the
third study allowed assessment of the difference between positioning based
on bony structures and implanted markers, which can be interpreted as an
indication of organ movement. Overall differences of 1.6 mm (latero-lateral),
2.8 mm (antero-posterior), and 2.3 mm (cranio-caudal) have been observed
between both positioning methods in this patient data set. Based on these
results the following rules for PTV margin have been proposed at the

Systematic and random residual error
for prostate treatments
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Figure 6 An estimate of the distribution of setup errors for prostate treatments
resulting from positioning with (left to right) skin markers and room-laser alignment,
IR tracking, automated fusion between DRR and actual X-ray images, and match-
ing of implanted markers. The systematic error is calculated as the SD of the
mean deviation of individual patients. The random error is defined as the SD of
the individual deviations of all patients after subtraction of the corresponding mean.
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Table 2 Percentage of Moderate (>5mm) and Large (>10mm) Errors for the
Pooled Data Base Along One of the Principle Axes

Moderately large

errors (<5mm) Large errors (<10 mm)
Conventional 41 12
IR 21 2
DRR fusion 8 1
Marker matching 3 0

AZ-VUB: 6.0mm latero-lateral, and 10.0 mm antero-posterior and cranio-
caudal when DRR-fusion is used for positioning; 5.0 mm antero-posterior
and cranio-caudal, and 3.0 mm latero-lateral when implanted markers are
used for positioning. Clinical use of the ExacTrac 2.0/Novalis Body sytem
required a total linac time (patient entering treatment room to patient leaving
treatment room) of 14'51” (SD: 4'18"). The X-ray-assisted patient positioning
required 7'54" (SD: 3'43") (33). No specific time measurements have been
performed since the introduction of the ExacTrac 3.0/Novalis Body system,
but the total linac time never exceded 11’, the X-ray-assisted setup was
below 4'.

Discussion

The approach of using diagnostic X-rays for verifying treatment setup is
not new (38-40) and offers a twofold advantage: (a) image quality [a well-
documented problem in EPIDs (4,17,19)] is no longer an issue, especially in
combination with AmSi detectors (4,41); (b) patient dose becomes less
important compared to daily megavoltage images acquired with EPIDs.
Dose measurements have been performed with an appropriate ionization
chamber (Dosimax, Welhofer Dosimetrie, Schwarzenbruck, Germany)
covering a range of 50-125kV, 50-160 mA, and 50-1250 mS, yielding values
between 22.9 uSv and 1.640 mSv per X-ray image. A typical clinical setting
of 100kV, 100 mA, and 100 mS resulted in 0.513 mSv per image. Based on
the work of Motz and Danos (42) and Rogers (43), Herman et al. (4) have
shown a strong link between signal-to-noise ratio (SNR), spatial resolution,
and patient dose. For the same dose to the patient, the SNR is much lower
at megavoltage energies than that at diagnostic energies. In the example of
a 78 Gy prostate treatment, some simple mathematics show that (assuming
3 MU—or 30mSv at depth of maximum dose—per EPI and requiring
minimal two images for 3D information) patient doses of 2340 versus
40 mSyv are delivered with electronic portal imaging and kilovoltage imaging,
respectively, i.e., a ratio of 58. Moreover, the combination with real-time
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monitoring of patient positioning is not limited to patient observation, but
also offers the possibility of controlling the treatment beam based on that
information (28,29,44,45). The feasibility of implanted radio-opaque mar-
kers has been investigated in this and other studies (6,29,46-50) and shows
promising results. It is evident, however, that a detailed clinical study must
be performed to investigate the influence of migration and possible varia-
tions in target shape on setup accuracy.

The prostate studies shown in the previous discussion made use of
immobilization devices only in the first study where a subset of patients were
treated supine with a vacuum cushion and another subset with the
conventional head-and-knee support. Although it was not the aim of that
study (32), there was no evidence that the immobilization devices altered
the positional accuracy, which is confirmed in other studies (51). The use of
implanted radio-opaque markers not only proved to be more accurate it also
allowed localization of the actual organ, and hence assessment of internal
organ movement. Observations from the AZ-VUB study showed average
deviations of 1.6 mm (latero-lateral), 2.8 mm (antero-posterior), and 2.3 mm
(cranio-caudal) between bony landmarks and implanted markers. These
results agree with observations made with consecutive CT measurements
(52,53) and assessments of intra-fractional movement based on MRI (54).
Ultrasound studies (55,56) show significantly larger (i.e., a factor 2) organ
motions, which may be attributed to the technique more than actual internal
organ movement (57,58). All studies show that organ movement is largest in
the antero-posterior and cranio-caudal directions. So far no marker migration
has been observed in the AZ-VUB studies (CT prior, during, and after termi-
nation of treatment). Yin et al. performed a similar study on the usefulness of
the ExacTrac 2.0/Novalis Body system for radiosurgery for spinal tumors
(59). This group did use the system in combination with a vacuum body-fixing
device (combining a vacuum bag and a piece of special plastic wrap from
Medical Intelligence) and an alpha cradle. A verification of positional accu-
racy obtained from comparison with orthogonal portal films and DRRs from
the planning CT data set yielded a 3D isocenter deviation of less than 2 mm.
The deviation was attributed by the authors to various sources such as CT
slice thickness (2 mm), patient breathing, and positioning system accuracy.
The system’s performance for other extracranial sites such as liver metastases
and lung tumors is currently under investigation. First results at the AZ-VUB
show promising results, yet one limitation of the Novalis Body system can
already be identified. Contrary to pelvic lesions where a suficient amount of
bony landmarks is present, abdominal or thoracic lesions that are located lat-
erally in the patient do not offer sufficient bony landmarks and failures of the
automated fusion algorithm occur more often. Implanted radio-opaque mar-
kers become a necessity in these cases. Moreover, lesions where the vertebrae
are the major bony landmarks the automated fusion algorithm might be off
by one vertebra due to the cylindric symmetry.
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TREATMENT PLANNING AND TREATMENT DELIVERY
Dynamic Arc

The accelerator is equipped with an integrated miniMLC consisting of two
banks with 26 leaves each. The leaf width varies at isocenter distance from
0.30cm for the 14 central pairs, 0.45 cm for the next three, and finally 0.55cm
for the outer three leaf pairs. A maximum field size of 9.80 x 10.00cm? can
be generated, again at isocenter distance. Each leaf can overtravel by 5.00 cm.
A central straight edge (the other two straight edges correspond to the field
divergence at full extension and full retraction) allows the leaves to touch when
closed and full inter-digitation is possible. A detailed description of the
miniMLC is given by Cosgrove et al. (60) and Xia et al. (61).

The dynamic conformal arc technique is a merging of traditional “arc-
ing” radiosurgery and conformal beam irradiation. Radiation is delivered
while the linac gantry rotates around the patient and the field shape is modified
dynamically by the Novalis multileaf collimator to conform to the target
shape for each gantry angle (37). The dynamic conformal arc concept is illu-
strated in Figure 7, which shows eight consecutive “beam’s eye views”” (BEVs)
from a 70° arc in 10° increments. The yellow line surrounding the target
(green) indicates the conformal field shape created by the multileaf collimator.
The spinal cord (magenta) is shown running vertically through each frame.
Parameters such as arc length, dose, and the margin between the field edge
and the tumor are specified by the user. Dose distributions may be customized

Figure 7 Beam’s eye views of a dynamic arc (10° gantry steps). The yellow line
surrounding the target (green) indicates the conformal field shape created by the mul-
tileaf collimator. The spinal cord (magenta) is shown running vertically through each
frame. Parameters such as arc length, dose, and the margin between the field edge
and the tumor are specified by the user. Dose distributions may be customized using
software tools that allow for preferential sparing of organs at risk (OARs) and for
graphical editing of field shapes in any BEV. (See color insert.)
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Figure 8 Beam’s eye view of a dynamic arc with an “organ at risk” (OAR). The
field shape (yellow) intentionally blocks part of the target (purple) in order to
minimize the dose to the OAR behind it. (See color insert.)

using software tools that allow for preferential sparing of organs at risk
(OARs) and for graphical editing of field shapes in any BEV. An arc that
incorporates OAR sparing is shown in Figure 8. The field shape (yellow) inten-
tionally blocks part of the target (purple) in order to minimize the dose to the
OAR behind it. The dynamic conformal arc combines the most advantageous
aspects of traditional radiosurgery and conformal beam irradiation by mini-
mizing the dose to surrounding structures by use of a large number of beam
angles and by effectively custom shielding healthy tissue in every beam. The
dynamic conformal arc is the most expedient delivery method because the
dose can be delivered to a large number of beam angles in one fluid motion.
The 9.8 x 10.0cm? maximum field size of the Novalis collimator obviates
the need for multiple isocenters in the case of larger lesions.

The TPS (BrainSCAN V 5.1: BrainLAB AG, Heimstetten, Germany)
comes with the shaped beam radiosurgery linac, which allows for both for-
ward and inverse planning. The former is used to calculate the dose resulting
from dynamic conformal arc treatments. The dose calculation is based on
the pencil beam algorithm; two different calculation grids are used: (a) an
adaptive grid (i.e., the grid size is locally reduced in high dose gradient areas)
that can be refined with the zoom function for 2D display of isodoses, and
(b) a fixed grid of 0.2 x 0.2 x 0.2 cm? for calculation of the CDVH.

IMRS

The Novalis system is able to generate intensity-modulated treatment fields
by means of SMLC and DMLC treatment delivery (again, a sliding window).
The latter was created with the interpreter developed by Agazaryan et al.



38 Medin and Verellen

(62), which corrects for transmission through MLC leaves by an iterative
method. Leakage between opposing and neighboring leaves is also mini-
mized and individual leaves are synchronized to reduce the tongue-and-
groove (TaG) effect. The inter-digitation and 5.00cm overtravel yield
maximum IMRT field sizes of 9.80 x 10.00 cm®. The resolution of the beam
elements (pixel) in the direction of leaf travel can be specified arbitrarily and
has been set to 0.20 cm for this study. The system guarantees that only bixels
smaller or equal to the set value will be used. Perpendicular to the direction
of leaf travel the resolution of the bixels is defined by the leaf width (i.e.,
0.30, 0.45, and 0.55 cm).

The TPS (BrainSCAN V 5.1: BrainLAB AG, Heimstetten, Germany),
used for the dynamic conformal arc in the previous section, yet in the inverse
mode, was also used but with using the so-called treatment constraints. The opti-
mization is based on the dynamically penalized likelihood method developed by
Llacer (63), which is a variation of the maximum likelihood estimator known
from inverse problems in positron emission tomography. A filtering term is
included in the optimization loop that also penalizes solutions that yield bixel
weights substantially different from their neighbors (64).

The Novalis approach to IMRS can be outlined as follows:

Planning targets and organ(s) at risk are identified.

An isocenter and beam angles are defined analogous to conformal
beam planning.

Various calculation parameters are prescribed.

Clinical dose-volume constraints are specified.

Multiple planning solutions are calculated with different priority
relationships between treatment volumes and OARs.

Planning solutions are compared and one is selected.

The treatment plan is verified and delivered.

Only objects with PTV, OAR, or Boost status are considered during
IMRS planning. All of these objects are contoured and defined on MR/
CT images with Novalis software tools. The IMRS treatment planning
process begins in the same way as conformal beam planning. An isocenter
is defined and beam angles are selected. A maximum of 24 beams may be
added to each isocenter but excellent dose distributions are usually achieved
using 6 to 8. Unlike standard conformal SRS/SRT planning, the distribu-
tion of beams around the isocenter is not necessarily driven by OAR con-
straints. Often the best plans result when beams are non-coplanar with
maximal geometric separation. One advantage of the Novalis system over
others is that a wide range of angles is available over which to spread beams
including the patient’s posterior. In most cases, a full 360° of gantry angle is
available for treatment in the axial plane and approximately 50° of anterior
gantry angle is available for nonaxial planes.
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Figure 9 Novalis inverse planning wizard.

Once the physical beam directions have been set, inverse planning
calculation parameters are specified using a planning wizard (Fig. 9). The five
major parameter groups include: leaf sequencing, calculation grid, normal
tissue restriction, sharp edge smoothing, and hot beamlet restriction.

A detailed description of all inverse planning parameters is beyond the
scope of this chapter but the following example from UCLA is typical for
prostate and spine treatments:

step-and-shoot, approximate 15 segments
closed gap position behind jaws = 5.0 mm
tongue-and-groove (TaG) optimization = ON
tag MU result above MU w/0 TaG =25%
sharp edge smoothing filter parameter = 5%
hot beamlet restriction maximum = 150-200%.

Dose-volume constraints are prescribed graphically for the PTV and
each OAR by dragging adjustment points to shape the desired dose—volume
histogram (DVH). The dose-volume constraint window for a prostate plan
is shown in Figure 10. Dose—volume constraints for individual objects can
be saved and recalled so that planning for a group of patients can be done
under the same criteria. The relative importance of critical objects can be
weighted for optimization using the “Guardian” slider.
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Figure 10 Clinical dose—volume constraints for a prostate plan.

Once constraints have been specified, Novalis software generates four
treatment plans with optimization based on differing priorities for the
OARs. The four results are called PTV only, OAR low, OAR normal, and
OAR high. Dose distributions and DVHs from the four plans are displayed
side by side for evaluation (Fig. 11). Forward calculations are processed for
whichever plan is selected.

TREATMENT VERIFICATION
The AZ-VUB Approach
Introduction

Intensity-modulated radiation therapy is now accepted by the radiotherapy
society as a feasible treatment technique and is gaining momentum in the
clinical environment. Indeed, with the clinical implementation of IMRT
the attention is shifting from feasibility studies toward patient-based
studies and the investigation of treatment efficiency. However, off-the-shelf
systems are still scarce and the clinical implementation of IMRT requires a
substantial effort from the individual centers. The technology has not yet
reached maturity and the step from phantom verification to patient treat-
ment is, in many respects, a jump in the dark. The clinical implementation
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Figure 11 Plan optimization window. (See color insert.)

of IMRT requires the establishment of a complete chain of processes,
starting with inverse planning and going right through to verification.
Analysis of the QA needs to include careful delineation of the planning and
delivery process, documenting where important decisions are made, how
information is transferred, what kind of errors are likely or possible, and
the sensitivity of various parts of the process to errors—in short “hazard
analysis.” It is important to understand what has not been verified with
the applied QA procedure. The QA program can be divided into three
classes: machine-related QA, pretreatment QA, and treatment QA. Only
the latter two, in principle, involve patient-based issues. Unfortunately,
the conventional methods are no longer valid and the intuition from conven-
tional radiotherapy is lost. In vivo dosimetry becomes difficult and hand
calculation is no longer feasible due to the complexity of the treatment.
Moreover, target localization and target volume motion become major
parameters in the delivered dose distribution, which is difficult to assess.
There is no ideal solution and some of the options are either to perform indi-
vidualized extensive verification tests prior to each treatment, or generalized
verification of the so-called class solutions. The verification procedure in
turn can be designed to analyze all variables of the treatment process in
detail or to be comprehensive. The machine-related QA can be seen as a
pyramid-shaped approach in that the upper level is build on the quality of
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the level underneath. The base level comprises basic QA of the linac and
MLC; level 2 covers small field dosimetry, small amounts of MUs, and
leaf-control properties; level 3, dosimetry of IM beams; and level 4, 3D
IMRT verification. In this chapter, treatment verification will be limited
to verification of dose delivery as target localization has been extensively
covered in elsewhere in this book. Moreover, special emphasis will be given
to verification of IMRT treatment delivery, which with its complexity
requires a more extensive evaluation. Verification of conventional CRT
and dynamic arc techniques can be considered special cases requiring some
of the tools described in this chapter.

The Novalis system (BrainLAB AG) offers a number of CRT
techniques such as IMRT by using Static MultiLeaf Collimation (SMLC)
or Dynamic MultiLeaf Collimation (DMLC) both based on the sliding
window technique. Studies have shown that DMLC is preferred over SMLC
for several MLCs (65,66). IMRT planning at the AZ-VUB has been limited
to DMLC only (again, the evaluation procedures shown here can equally be
applied to or easily adapted for SMLC techniques). The Novalis system
consists of a single energy (6 MV photons) linear accelerator (1) (Varian
Clinac 600) with the integrated mini-MultiLeaf Collimator (nMLC) m;™
(BrainLAB AG), which is described in detail by Cosgrove et al. and Xia
et al. (60,61), the Treatment Planning System (TPS) BrainSCAN (Brain-
SCAN V 5.1, BrainLAB AG, Heimstetten, Germany), and the automated
positioning tool Novalis Body as described in the previous chapter. The inter-
face between the linac and the TPS is realized with the VARIS record and ver-
ify system (Varian, Medical Systems, Milpitas, CA). The inverse planning
modality for IMRT has also been described earlier. After arranging the static
beam configuration in the conformal beam and preplanning and defining the
calculation parameters and constraints to be used, the inverse planning opti-
mizes four plans with different priorities to OARs using a dynamically pena-
lized likelihood algorithm (63). The calculated fluence maps are used in the
forward calculation of the dose distribution using the pencil beam dose calcu-
lation algorithm (67-69). The user can chose one of the four calculated plans
or change the calculation parameters and constraints to achieve the required
dose distribution.

The use of the mMLC enables a higher degree of conformity of the
dose distributions produced by the BrainSCAN IMRT planning system
(37,70). With the increasing degree of complexity 