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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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Dirk Verellen, Guy Soete, and Guy Storme
The TEKNON Experience . . . . 231
Introduction and Rationale . . . . 231
Hypofractionated Boost with Intensity Modulated X-Ray Beams

Under Stereotactic Conditions: A Pilot Study . . . . 233
Final Comments and Conclusions . . . . 244
The AZ-VUB Experience . . . . 246
Introduction and Rationale . . . . 246
Treatment Protocol and Irradiation Technique . . . . 246
Clinical Follow-Up . . . . 248
References . . . . 250

11. ECSRT for Spinal Tumors . . . . . . . . . . . . . . . . . . . . . . 257
Samuel Ryu and Fang-Fang Yin
Introduction and Clinical Indications . . . . 257
Techniques for Spinal Radiosurgery . . . . 260
Clinical Applications and Outcomes . . . . 275
References . . . . 280

12. Stereotactic Radiotherapy of Head and Neck Tumors . . . 285
Robert Smee and Reinhard Wu€rm
Introduction . . . . 285
Background . . . . 286
Technique and Indications . . . . 289
Incidence . . . . 308
Organ Site-Specific Difficulties . . . . 309
Fractionated Dose Selection . . . . 311
Treatment Delivery . . . . 313
Logistics . . . . 314
Future Use and Research . . . . 316
References . . . . 317

Index . . . . 321

viii Contents



Contributors

John R. Adler Stanford University Medical Center, Stanford,
California, U.S.A.
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Introduction

Ben J. Slotman

Department of Radiation Oncology, VU University Medical Center,
Amsterdam, The Netherlands

Timothy Solberg

Department of Radiation Oncology, University of Nebraska, Omaha,
Nebraska, U.S.A.

Reinhard Würm

Abteilung Strahlentherapie, Universität Klinikum, Charite, Berlin, Germany

Dirk Verellen

Department of Radiotherapy, AZ-VUB Brussels, Brussels, Belgium

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
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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.

4 Slotman et al.



2

The ELEKTA Stereotactic
Body Frame�

Jörn Wulf

Department of Radiotherapy, University of Würzburg, Würzburg, 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 thanmarks 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� l5 or 3�10Gy 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.
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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 40L 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 �0.5mm. The outer
dimensions of the SBF are 111 cm in length, 50 cm in width, and 40 cm in
height. The complete system including rulers, indicators, and a bottom plate
for level control has a weight of about 9 kg.

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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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

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.

ELEKTA Stereotactic Body Frame� 7



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 diaphragmmuscle. Instead of large breathing
motions up to 20mm, the patient breathes with many smaller motions of
about 5mm. 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

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 ¼ 500, distance to the oblique wire ¼70mm: longitudinal position
¼ 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.
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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 2mm
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.

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.
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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.
2. 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 1mm derived
from 10-mm CT slices. Our own evaluation revealed a standard deviation of
1.4mm derived from a 5mm slice thickness. Nevertheless, maximum devia-
tions of up to 3.9mm 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.

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.

10 Wulf



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 2.9mm
(SD 2mm) in longitudinal, 2.2mm (SD 1.8mm) in anterior–posterior, and
2mm (SD 1.9mm) in lateral directions. The mean 3D-vector was 4.7mm
(SD 2.6mm). 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 4.2mm) in longitudinal,
0.1mm (SD 2.3mm) in anterior–posterior, and 0.1mm (SD 2.5mm) in
lateral directions.

While repositioning accuracy in the SBF is about 2mm, 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 8mm and 100% within
10mm (3). Additionally, according to Lax, it was generally possible to keep
breathingmobility of mobile targets within 5mm using the diaphragm control
device. Based on these results, most groups use security margins for PTV-
definition to address target deviation of 5mm in transversal and 5–10mm
in longitudinal directions.

In our own analysis of 32 targets in the lung, liver, abdomen, pelvis,
and bones, the SD of all targets was 3.4mm in anterior–posterior (mean
1.1mm), 3.3mm in lateral (mean 0.7mm), and 4.4mm in longitudinal direc-
tions (mean 1.5mm), which corresponded well to the results of Lax. Never-
theless, we occasionally found maximum deviations of up to 12mm leading
to a proportion of targets reproducible within 5mm of 84% in anterior–
posterior, 88% in lateral, and 91% in longitudinal directions. About 98%
of targets deviated within 10mm 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 10mm 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 5mm 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 5mm
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 5mm in axial and 5–10mm 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>100 cm3.
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 40L 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 themattress can be deflatedmaximally 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., 6–15 sec
(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 coordinatorTM, 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 3–5mm 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 5–10mm to the GTV, 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 30–60min 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

ELEKTA Stereotactic Body Frame� 15



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

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 5mm cranial (SBF longitudinal position 610 vs. 605), 4mm
ventrally, and 4mm 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.
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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 10min.

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 5–8mm 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 5mm in axial and 5–10mm in longitudinal direction are chosen.
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Svanström R, Tilikidis A. Radiosurgery for tumors in the body: clinical experi-
ence using a new method. J Radiosurg 1998; 1(1):63–74.
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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

Novalis System, BrainLAB AG, Heimstetten, Germany.
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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

TheNovalis� system(BrainLABAG,Heimstetten,Germany)provides theuser
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 (basedonmultimodality 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� 3.0mm2 to 98.0� 100.0mm2 at isocenter distance with
inner leaves of 3.0mm (the mini-MLC features two banks with 26 leaves each,
with varying leaf width from 3.0mm for the 14 central pairs, to 4.5mm for the
next three, and finaly 5.5mm for the outer three leaf pairs). Each leaf can over
travel by 50mm, 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 themachine 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 beambased on infrared tracking of external IR/CTbodymarkers
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.

20 Medin and Verellen



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, (c) 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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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

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.)

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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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.

Figure 3 Illustration 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.)
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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 Röntgenwerk,
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 150 keV in exposure mode
and from 40 to 125 keV in fluoroscopic mode, and projects a field size of
approximately 20� 20 cm2 on the AmSi-detector. The detectors have an
active area of 22� 22 cm2. 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 (left) 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 (0.5mm precision) on film
with a magnification of 1.5 (focus–isocenter–distance¼100 cm; focus–film–
distance¼ 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: 0.8mm) and 0.4mm
(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 0.4mm (SD: 0.5mm) and 0.5mm (SD:
0.7mm). 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: 0.3mm) versus 0.9mm (SD: 0.4mm) 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 5mmCTdata set resulted in a 3D setup deviation vector of 2.0mm
(SD: 0.9mm). 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: 0.3mm) 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 5min and 3min 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� 1.0� 3.0mm3) (Fig. 5). These measure-
ments were repeated on the megavoltage film by a radiation oncologist using
a standard ruler (1mm 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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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 havebeenpooled into onedata base and re-analyzed yielding anoverall
3D residual error equal to 1.1mm (SD: 11.7mm), 1.4mm (SD: 7.1mm),

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
rotation Rotation All

No
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 10mm circular beam of the

isocenter represented by a 2mm bead, after automated positioning based on the corrected shift.

Figure 5 Illustration 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: 4.6mm), and 1.2mm (SD: 3.8mm) 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 organmovement.
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 1.6mm (latero-lateral),
2.8mm (antero-posterior), and 2.3mm (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

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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AZ-VUB: 6.0mm latero-lateral, and 10.0mm antero-posterior and cranio-
caudal when DRR-fusion is used for positioning; 5.0mm antero-posterior
and cranio-caudal, and 3.0mm 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 1405100 (SD: 401800). The X-ray-assisted patient positioning
required 705400 (SD: 304300) (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 110, the X-ray-assisted setup was
below 40.

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, Welhöfer Dosimetrie, Schwarzenbruck, Germany)
covering a range of 50–125 kV, 50–160mA, and 50–1250mS, yielding values
between 22.9 mSv and 1.640mSv per X-ray image. A typical clinical setting
of 100 kV, 100mA, and 100mS resulted in 0.513mSv 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 78Gy 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
40mSv are delivered with electronic portal imaging and kilovoltage imaging,
respectively, i.e., a ratio of 58. Moreover, the combination with real-time

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 (�10mm)

Conventional 41 12
IR 21 2
DRR fusion 8 1
Marker matching 3 0
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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 1.6mm (latero-lateral), 2.8mm (antero-posterior), and 2.3mm
(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 nomarker 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 2mm.
The deviation was attributed by the authors to various sources such as CT
slice thickness (2mm), 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
0.30 cm for the 14 central pairs, 0.45 cm for the next three, and finally 0.55 cm
for the outer three leaf pairs. A maximum field size of 9.80� 10.00 cm2 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 ismodified
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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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� 10.0 cm2 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� 0.2� 0.2 cm3 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.

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.)
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(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 5.00 cm overtravel yield
maximum IMRT field sizes of 9.80� 10.00 cm2. 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 butwith using the so-called treatment constraints.The opti-
mization is based on the dynamically penalized likelihoodmethod 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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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 jaws¼ 5.0mm
� tongue-and-groove (TaG) optimization¼ON
� tag MU result above MU w/o TaG¼ 25%
� sharp edge smoothing filter parameter¼ 5%
� hot beamlet restriction maximum¼ 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.

Figure 9 Novalis inverse planning wizard.
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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

Figure 10 Clinical dose–volume constraints for a prostate plan.
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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

Figure 11 Plan optimization window. (See color insert.)
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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 (6MV photons) linear accelerator (l) (Varian
Clinac 600) with the integrated mini-MultiLeaf Collimator (mMLC) m3

TM

(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 and sophistication of a
treatment technique such as the IMRT technique, the clinical implementa-
tion requires a more comprehensive QA procedure than conventional radia-
tion therapy. At the moment there is no general protocol established for the
QA procedure of IMRT, therefore each clinical site is forced to create an
individualized QA procedure to verify the correctness and accuracy of the
TPS calculations and treatment delivery. This chapter summarizes the pro-
cedure followed at the AZ-VUB for the QA of IMRT with the mMLC.
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The QA procedure for IMRT at the AZ-VUB is divided into the
following major parts:

Non-patient-related QA:

� Evaluate the overall functionality of the system (similar to accep-
tance testing).

� Analyze class solutions for different treatment sites (similar to
commissioning of the complete system).

Patient-related QA:

� Pretreatment tests of the confirmed plan for a patient prior to the
first fraction.

� Prefraction tests designed to eliminate the risk of mistreatment.

To ensure that the system is operating within specifications, general non-
patient-related tests are regularly performed as well as sample verifications of
actual patient treatments (e.g., once a month). The patient sample verification
consists of a comprehensive test that includes mapping of the treatment plan
into a cubic or anthropomorphic phantomwith absolute (TLD and ionization
chamber measurements) and relative (EDR-2, gamma evaluation of dose
distributions) dose verification. This procedure allows sufficient confidence
in the system’s performance and reducing the patient-specific QA. The latter
consists of verification of fluence maps and independent calculation of moni-
tor units (MU). The AZ-VUB policy is to perform a comprehensive QA
procedure of class solutions for the different treatment sites and to limit the
verification prior to each patient treatment.

Evaluation of Overall Functionality

In MLC-based IMRT, complex movement of the MLC leaves is used to
deliver the desired nonuniform dose distribution in the treatment field. This
complex leaf movement is controlled by the operating system of the linac
(Varis, Varian Medical Systems, Milpitas, CA, U.S.A. for the Novalis
system). Due to these complex leaf movements, the acceptance of the
mMLC requires additional tests compared to conventional acceptance tests
for the verification of the linac’s accuracy and reliability to ensure the accu-
racy of the mMLC when delivering intensity-modulated treatment fields.
The validation of the mMLC includes tests for: (a) leaf positioning accuracy,
(b) speed stability, (c) beam on/off stability, (d) gravity influence, and (e)
MLC reliability.

a. The calibration of an MLC to be used for the delivery of intensity
profiles needs special attention because the tolerances of the leaf
positioning accuracy used for conventional treatments (1–2mm)
are no longer stringent enough for IMRT treatments. The leaf
positioning is especially critical for the step-and-shoot technique.
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If the shaping of every segment is not accurate, the dose of the
total intensity map can be changed. The leaf position is checked
by static light field projection on graph paper ruled in millimeters
positioned at the couch top at isocenter distance, or with radio-
graphic film positioned at isocenter distance horizontally between
solid water phantom at the depth of maximum dose (dmax). The
positional accuracy of the leaves of the mMLC is smaller than
0.50mm, the acceptable accuracy for IMRT treatments.

b. The leaf speed stability is critical for the DMLC technique since
this parameter defines the formation of the segments for the
sliding window during the irradiation. The leaf speed test is
conducted by moving the leaves over a defined distance during
a specified time, or while irradiating a certain amount of monitor
units (MU) at a certain dose rate. Use the test files provided by
Varian Medical Systems for the ‘‘MLC dynamic treatment accep-
tance procedure’’ to perform this test. With the dynamic file
viewer application available from Varian, an error histogram
table is generated for the performed tests that allows one to read-
ily evaluate the tests.

c. To deliver intensity-modulated beams (IMBs) with either step-and-
shoot or dynamic multileaf collimation accurately, the beam hold-
off (i.e., the period where there is no irradiation because the leaves
are in motion) must be controlled correctly. The MLC dynamic
treatment acceptance procedure fromVarian also provides test files
to verify if the periods of beamhold-off appear at the planned times.

d. To ensure that the mMLC operates accurately under variable
influences of gravitation (variable gantry angles), a gravity test
must be performed. This can be done by verifying the leaf speed
with a maximum and minimum influence of gravitation. There-
fore, the leaf speed test is conducted at three different gantry
angles of 0�, 90�, and 270�.

e. The mMLC reliability or repositioning accuracy is verified by run-
ning an autocycle of a number of mMLC fields where the last field
setup is the same as the initial one. After about 50 cycles, the leaf
positions of the first field are compared with those of the last field.
The reposition accuracy of the leaves of the mMLC is within
0.50mm.

The accuracy must be verified on a regular (e.g., weekly) basis. There-
fore it is desirable to have a test for routine QA that is simple and quick to
give an overall assessment of the accuracy of all leaf pairs of the MLC simul-
taneously by visual inspection of the irradiated radiographic film.

During the installation of the BrainSCAN V5.1 software, an IMRT
phantom was copied to the TPS. On this phantom some fluence distributions
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are predefined to test the performance of the MLC in both step-and-shoot
IMRT and DMLC IMRT. The fluence distributions simulate a chessboard
pattern and a garden fence pattern as shown in Figure 12. The procedure
to deliver these fluence distributions is described in the ‘‘Acceptance Check-
list for BrainSCAN IMRS’’ working instruction provided by BrainLAB.

When these fluence distributions are delivered to radiographic film,
the resulting dose pattern will show whether or not there is a positional error
for a particular leaf or leaf pair. For instance, in the garden fence test a
positional error will result in either the location or the thickness of the dark line
that will be different from the lines generated by the other leaf pairs. To be able
to compare the performance of the mMLC in step-and-shoot IMRT with
DMLC IMRT, the same dose must be delivered to the radiographic film in
both delivery types to result in the same amount of blackening of the film.

Another QA pattern is created at the AZ-VUB based on patterns
already in use by other medical departments. Figure 13 displayes the daily
QA pattern that is delivered with the collimator rotated to 90� so that the
leaves move from left to right over the pattern. All profiles in the pattern
give an idea about the positional accuracy of the leaves. The wedge profiles
help to evaluate the leaf speed stability by measuring the relative doses of
the different steps of the profiles. Relative doses can also be verified with
the two black areas, the gray area, and the white circle that have a 100%,
50%, and 0% dose, respectively. The TaG underdosages will appear clearly
in the gray area and allow one to judge the influence of the TaG effect.

When the leaf patterns are evaluated, it is more important to look at
the resulting geometry than at absolute doses. Absolute doses are verified
during the acceptance of the pencil beam calculation algorithm, of the TPS.

For the acceptance of the pencil beam calculation algorithm, the beam
parameters of theNovalis linac aremeasured as prescribed in the ‘‘BeamMea-
surements for Pencil Beam’’ operating instruction provided by BrainLAB and

Figure 12 Chessboard and garden fence intensity map.
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defined in the BrainSCAN planning system. The beam data measurements
require accurate small field dosimetry with amicro-ionization chamber or dia-
mond detector to ensure that the TPS will accurately calculate the dose deliv-
ered by small segments often appearing in IMBs. At the AZ-VUB, the beam
data measurements were performed with the NAC007 micro-ionization
chamber (Wellhöfer Dosimetrie GmbH, Schwarzbruck, Germany), which is
a waterproof chamber with a high spatial resolution due to its small active
volume (0.007 cm3) that can be used for both relative and absolute dosimetry.
The small active volumemakes the chamber particularly suitable for measure-
ments of small fields and high-dose gradients.

The defined beam and the calculation algorithm are verified in
accordance with the AAPM TG23 report (71). 2D dose profiles are mea-
sured with the NAC007 chamber in a cubic water phantom and compared
with the distributions planned on a cubic phantom. Absolute doses were
also verified at several positions with respect to depth and off-axis position.
The agreement between the calculated and the delivered dose was within 2%
or 2mm in a water phantom, as recommended in the ICRU42 report (72).
In addition to verification in a water phantom, the algorithm was also ver-
ified for calculations for different locations on an anthropomorphic phan-
tom (Alderson Rando Phantom for Radiotherapy, Radiology Support
Devices, California, U.S.A.). Again the agreement between the calculated
and actual delivered dose was within 2% or 2mm.

Figure 13 Daily QA pattern used at the AZ-VUB to check the mMLC
performance.
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Analysis of Class Solutions

The verification of the quality of the resulting treatment plan can be performed
in two ways. A first possibility is to work top–down with an absolute and
relative verification of the complete plan (the comprehensive approach).
verification is broken into separate parts of the calculation and delivery
process if a discrepancy in the result of the comprehensive test has been
observed.A secondpossibility is toworkbottom–up,where all parts of theplan
are verified separately to achieve complete plan verification. Analysis of the
verification is straightforward with the latter approach but the procedure is
time consuming. The first approach requires less time, yet the discrepancy ana-
lysis is much more complicated; it has been adopted by the AZ-VUB.

Phantoms: Two types of phantoms are used at the AZ-VUB for the
verification of IMRT. The first is a homogeneous polystyrene cubic phantom
with external dimensions of 16.50� 16.50� 17.80 cm3 containing 20 polystyr-
ene spacers of 13.90� 12.70� 0.60 cm3 for inserting film sheets. The spacers
can be oriented according the three orthogonal directions allowing transversal,
coronal, and sagittal measurements of the relative dose distribution. In some
of the spacers, holes with a 0.50 cm diameter and 0.08 cm depth are drilled,
where TLDs can be placed in for absolute dosimetry. An adaptation
of the phantom allows insertion of the NAC007 micro-ionization chamber.
The second phantom is a humanoid phantom (Alderson Rando Phantom
for Radiotherapy) and is used to verify clinically relevant treatment plans
where tissue inhomogeneities can have a large influence on the resulting dose
distribution. Film sheets can be inserted between the slabs of this phantom
and, at specified locations in some of the slabs, holes are drilled to allow per-
formance of absolute dosimetry with TLDs. Sequential CT images with
0.20 cm slice width and 0.20 cm slice spacing were generated with both phan-
toms. The obtained sets of images were imported in the TPS for the calculation
of the verification plans. Target localization and phantom positioning for all
verification measurements were performed by ExacTrac3.0/Novalis Body
(BramLAB AG, Heimstetten, Germany) for both the homogeneous cubic
phantom and the humanoid phantom.

Dosimeters and calibration: Thedose distributionswere examined rela-
tively with radiographic film (X-OMAT V and EDR-2 ready pack; Kodak,
Rochester, New York, U.S.A.) and absolute dosimetry performed with
ThermoLuminescent Detectors (TLD) [LiF: 700 pellets (Vinten Instruments,
Surrey, U.K.)] with 0.50 cm diameter and 0.08 cm thickness and the NAC007
micro-ionization chamber (Wellhöfer Dosimetrie GmbH, Schwartzbruck,
Germany).

The prescribed dose of the verification plans was 0.50 or 2.00 Gy for the
irradiation of the X-OMAT V film and the EDR-2 film, respectively, resulting
in a net optical density within the approximate linear range of the response of
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the radiographic film. The original radiographic film was cut into smaller sheets
that fit into the phantom. To create a sensitometric curve allowing the conver-
sion of the optical densities into absorbed dose distributions, a calibration
procedure was developed and validated in our department yielding an accuracy
of 3% (1 SD). The film sheets used to calculate the sensitometric curve were
calibrated with 5.00� 5.00 cm2 fields against ionization chamber measure-
ments. The calibration film sheet was developed (Kodak X-Omat 3000RA
processor: Kodak, Rochester, New York, U.S.A.) simultaneously with the
measurement film sheets. The films were digitized using theWP102 film scanner
with an aperture of 0.08 cm and the WP700V3.51 software (Wellhöfer Dosime-
trie, Schwarzenbruck, Germany), and compared to calculated dose distribu-
tions using an in-house developed version of the gamma-method (4% dose
difference/4mm distance-to-agreement tolerances) (73), dose difference maps,
and cumulative dose histograms in a MATLAB environment (MATLAB� V5
Student Edition: The MathWorks Inc., Littlefield, Texas, U.S.A.).

For the absolute dosimetry with TLD, the prescribed dose was set to
1.00 or 2.00 Gy, the dose to which the TLDs were calibrated. The detectors
were individually calibrated with the 6 MV photon beam of the Novalis
linac, yielding a reproducibility of 3% (1 SD). The TLDs were positioned
in the transversal plane. Alternatively, the plan could be mapped into
the cubic phantom allowing insertion of the NAC007 micro-ionization
chamber.

Verification plans: Verification plans have been evaluated for differ-
ent treatment sites such as prostate, head and neck, and brain lesions, and
once a month a sample plan is run, selected from the patients under treat-
ment. These cases have been simulated on the anthropomorphic phantom
and/or mapped to the cubic phantom. The latter is a useful evaluation
feature of the TPS where the complete set of treatment parameters is super-
imposed on another image set, e.g., an anthropomorphic or a geometrical
phantom. In this case the isocenter of the patient’s plan is placed into an
appropriate place in the phantom to ensure a relevant verification measure-
ment of the treatment. The treatment plan (geometrical settings, beam
arrangement, leaf settings, MUs are used from the patient’s plan) is then
recalculated using the contours and densities of the phantom, allowing
relative and absolute dosimetry of the patient’s plan. Special care needs to
be given to the choice of the phantom; when important variations in tissue
density are present at the treatment site, the homogeneous phantom may not
be appropriate and offer a false sense of confidence as seen in Figure 14. The
‘‘dose export’’ tools of the BrainSCAN TPS allow the comparison of the
calculated with the measured doses and dose distributions. The dose distri-
butions of the overall plan as well as the fluence distributions of every treat-
ment beam used in the plan can be exported from the TPS. The
correspondence between the planned and the measured doses and dose
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distributions has then been analyzed using the gamma-method, dose
difference maps, and cumulative dose histograms (Fig. 15).

Pretreatment Verification

Once an acceptable confidence level with respect to the overall performance
of the entire system is achieved and maintained (test-pattern tests, class
solution verification, and regular sample tests), the individual patient QA
is reduced to verification of fluence patterns and absolute dose calculation.

The absolute dose check is performed prior to every patient treatment
by mapping the patient’s plan to a homogeneous polystyrene cubic phantom
(identical to the one used for commissioning) that is modified so that the
NAC007 micro-ionization chamber fits in the phantom. The patient’s plan
is recalculated and delivered to the phantom and the calculated dose to
the chamber is compared with the actual delivered dose measured by the
chamber. Care should be taken while positioning the dose distribution,
allowing an absolute dose measurement in a low-dose gradient region of
the dose distribution.

A second patient-specific test is an independent MU verification. A
simple spreadsheet-based program has been developed that uses as few
as possible parameters from the plan to re-calculate the dose given in the

Figure 14 The importance of the choice of an appropriate phantom when mapping
treatment parameters from a patient treatment to a phantom for verification of dose
distribution is illustrated here. The left-hand pane shows the result from mapping
into an anthropomorphic phantom; the white ‘‘erased’’ pixels indicate regions where
the gamma tolerance (4% DD, 4mm DTA) is not met between measured and calcu-
lated dose distributions. The right-hand pane shows the same treatment mapped into
a homogeneous cubic phantom; the ‘‘bold’’ pixels indicate regions where the gamma
tolerance is not met. The homogeneous mapping does not show possible errors due
to tissue heterogeneities and might give a false sense of confidence. (See color insert.)
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normalization point by the IMBs used in the treatment plan (65). The para-
meters imported in the program from the treatment plan are the MU per
IMB, shapes and relative weights for each segment (written in the beam
shape file that can be exported with the ‘‘Export Beam Data’’ tool from
the TPS), and the equivalent depth to the normalization point. The para-
meters used in the program that are not imported from the treatment plan
are the tissue maximum ratio (TMR) data, the output factors (OF), and the
off axis ratios (OR). These parameters are taken from the original measured
beam data.

First, the contribution of each segment of the IMB to the dose in the
normalization point is determined. Therefore the relative weight of that seg-
ment (wi) is defined by subtracting the indices from the successive segments
in the exported beam shape file. For each segment the contribution of the
segment (coni) to the normalization point dose is defined by determining
if it covers the normalization point fully or partially (e.g., if the normaliza-
tion point is located in the penumbra of the segment). For the segments that
block out the normalization point, the leakage contribution is calculated. By

Figure 15 Illustration of in-house developed tool for verification of dose distribu-
tion (measured and calculated) at the AZ-VUB showing percent difference, absolute
difference, and gamma map overlayed with both dose distributions and a cumulative
dose histogram. (See color insert.)
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multiplying the relative weight and the contribution with the total amount
of MU of the IMB, the amount of MU of the IMB is divided over the
contributing segments.

MUi ¼ MUIMB � wi � coni ð1Þ

where MUIMB is the total MU for IMB; MUi, MU for segment i; wi, relative
weight of segment i; and coni, contribution of segment i.

The dose that every segment delivers to the normalization point is
calculated with this formula:

Di ¼
MUi � TMRi � OFi � ORi

Dref � CFSAD
ð2Þ

where Di is the dose of segment i; MUi, MU for segment i; TMRi,
tissue maximum ratio for segment i; OFi, output factor for segment i;
ORi, off axis ratio for segment i; Dref, total dose in the normalization point;
and CFSAD, conversion factor for isocentric treatments.

CFSAD ¼ ððSSDnorm þ dnormÞ=SIDÞ2: ð3Þ

The OF of every segment is defined according the equivalent square
field that corresponds with the surface of every segment. The equivalent
square field of the segment and the equivalent depth are used for looking
up the TMR. To find the OR for every segment, the coordinates of the grav-
ity point of the segment are calculated with respect to the coordinates of the
normalization point. The OR for the segment is found in function of the
equivalent depth and the distance to the normalization point.

To define the dose delivered by that IMB in the normalization point,
the doses of all segments of the IMB are summed together.

This approach of recalculating the dose of an IMB in the normaliza-
tion point eliminates the use of some parameters calculated by the TPS, such
as the leaf sequencing factor (LSF), which is a parameter that is hard to ver-
ify, and any inaccuracy introduced by the recalculation of TMR data to
PDD data done by the TPS.

The verification of the fluence patterns of the IMBs used in a treatment
plan is the third part of the patient specific QA. With the use of the Varis
MLC Shaper application, every IMB can be delivered with the adjusted
amount of MU to result in a dose appropriate for the detector. The fluence
patterns are verified with radiographic film positioned horizontally between
solid water phantom at a depth of at least 5.0 cm. This depth is necessary
since the beam profile of the Novalis at depth of maximum dose (�1.6 cm)
shows a dip in the center of the field of about 5%, which can greatly
influence the measured fluence pattern. The measured pattern is compared
with the pattern exported from the TPS. This exported fluence pattern
is calculated at an entered equivalent depth (the depth used for the
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measurement) with a resolution of 0.5mm and saved in a file that is spread-
sheet compatible.

Figure 16 shows an example of one of the fluencemaps of a prostate trea-
ment. Figure 16A displays the exported fluence pattern; Figure 16B, the flu-
ence pattern obtained with film measurement. Based on a visual comparison
of both patterns, one can determine that the correct pattern is deliverd by that
specific treatment beam.

Prefraction Verification

The prefraction verification is performed by the radiation technologists by
comparing, during the creation of the chart, the shape of the first segment
of each treatment beam to the printout of the plan. The DMLC scheme of
that treatment beam is simulated with the Varis MLC shaper application
to ensure that there are no initial problems in the scheme. Another technol-
ogist reviews all chart components to discover possible errors. Prior to the
first fraction, a dry-run of the complete treatment is carried out to ensure that
there is no equipment collision during the treatment. After the first position-
ing of the patient (either with the Target Positioner Box for brain or with
ExacTrac 3.0/Novalis Body for extracranial treatments), the lasers are
defined on the patient’s mask or skin to create a visual reference for position-
ing of the patient during all following fractions of the patient’s treatment.

Figure 16 Comparison of fluence maps for a prostate treatment. (A) Fluence
pattern exported from treatment planning system. (B) Measured fluence pattern.
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The UCLA Approach

Rigorous QA measurements are performed to verify the accuracy of dose cal-
culations and radiation delivery of every IMRS computer plan. The Novalis
IMRS QA protocol at UCLA has been discussed in detail by Agazaryan et
al. (62). A combination of film and ionization chamber measurements is per-
formed to evaluate the absolute dose delivered at isocenter, the composite dose
distribution, and the fluence maps of individual fields. Absolute dose and
composite dose distributions are measured in one of two phantoms. The Bench-
mark IMRT PhantomTM (MED-TEC Inc., Orange City, Iowa, U.S.A.) is used
for targets that are surrounded by largely homogeneous tissue and the Thorax
IMRT Phantom (CIRS Inc., Norfolk, Virginia, U.S.A.) is used for targets that
require irradiation through lung. Both phantoms are constructed with multiple
axial planes for film measurements and multiple inserts for ionization cham-
bers. After a treatment plan has been completed, Novalis software is used to
map all planning parameters from the patient plan to a CT scan of the appro-
priate phantom. The treatment plan in Figure 17 is shown mapped to the
MED-TEC and CIRS phantoms in Figures 18 and 19, respectively. The dose
distributions in Figures 17 to 19 differ in appearance because identical treat-
ments are delivered to each object; therefore, the resulting distributions are fac-
tors of the object’s size, shape, and density. In-phantom dose distributions are
exported to a file for digital qualitative comparison with film measurements.
The dose to phantom isocenter is a standard printed plan parameter. Compo-
site dose distributions are measured in the axial plane at isocenter using EDR2
film (EastmanKodak Corp., Rochester, NewYork, U.S.A.). Exposed films are
digitized and compared to the calculated dose distributions with the aid of soft-
ware developed for this task. The measured and calculated dose distributions

Figure 17 Eight-field IMRS dose distribution for T1l metastasis on fused CT/MR.
The 30%, 50%, 80%, 90%, and 105% isodose lines are displayed. The maximum dose
is 105%. (See color insert.)
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are superimposed and positioned graphically using shift, rotate, and mirror
tools, or by specifying isocenter coordinates and using fiducial marks. Dose dif-
ference, distance-to-agreement, and the gamma index (73) (minimum scaled
multidimensional distance between a measurement and a calculation point
determined in combined dose and physical distance space) are calculated along
a specified isodose line. At UCLA, 3% dose difference and 3mm distance is
used as a scaling acceptability criterion. The results of an IMRT dose distribu-
tion analysis using the gamma index are shown in Figure 20. The solid black
lines represent the calculated 20%, 50%, and 80% isodose lines while colorwash
indicates the corresponding isodose lines from film. Dark green spots indicate
areas where the 3%/3mm criterion was exceeded. Absolute dosimetry for each

Figure 18 An eight-field
IMRT plan mapped to a
MED-TEC benchmark
phantom. The 30%, 50%,
80%, and 90% isodose lines
are displayed. (See color
insert.)

Figure 19 An eight-field
IMRT plan mapped to a
CIRS thorax phantom.
The 30%, 50%, 80%, 90%,
and 105% isodose lines
are displayed. (See color
insert.)
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composite plan is performed using a 0.015 cm3 ionization chamber inserted in
the appropriate phantom. Fluence maps of individual fields may be analyzed
either qualitatively or quantitatively.

Quantitative film dosimetry analysis was performed for the first 100
IMRT patients at UCLA using the same method described for composite
distributions but this was replaced by qualitative visual analysis. It was
decided that the information gained by quantitative analysis was not suffi-
cient to justify the significant additional expense in time and film. Currently,
individual fields are delivered to a sheet of XV2 film (Eastman Kodak Corp.,
Rochester, New York, U.S.A.) perpendicular to the beam for visual com-
parison with Novalis calculated fluence maps as shown in Figure 21.

Dynamic arc or static conformal fields are preferable for more
regularly shaped tumors that do not wrap around the cord. Both treatment
options are more expedient to deliver, require fewer MU, and require a les-
ser degree of QA than IMRS. IMRS delivery times are essentially twice as
long as dynamic arc and conformal fields because the number of MU is
approximately doubled and the beam is switched off between field segments.
An increase in delivery time also increases the risk that a patient may move
or become too uncomfortable to finish treatment. Additional monitor units
result in a proportionally higher whole-body leakage dose to the patient that
is considered undesirable. Patient-specific QA measurements are not gener-
ally performed for dynamic arc and static field therapy. Commissioning data
along with daily, monthly, and annual QA (American Association of Physi-
cists in Medicine, Task Group-40) (74) are considered adequate. The treat-
ment planning principles followed when using dynamic arcs or conformal

Figure 20 Comparison of a
filmmeasurement to calculation
using gamma-index analysis for
an IMRT dose distribution.
Solid black lines are the calcu-
lated isodose lines; colorwash
is the corresponding isodose
lines from film. Dark green are
the areawhere the dose criterian
was exceeded. (See color insert.)
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fields are the same as in intracranial SRS. Increasing the number of nonco-
planar arc degrees or fixed fields spreads the dose over healthy tissue and
provides tighter dose conformation to the target. Dynamic arc plans with
three arcs and a 13-field conformal beam plan are shown in Figures 22
and 23, respectively.

Once a treatment plan is finished and approved, it is transferred to
the ExacTrac computer in the linac control area. Practical information, such
as the height of the isocenter above the treatment table and the distance to

Figure 22 Dynamic arc dose distribution for L2 schwannoma on fused MR/CT.
The 10%, 30%, 50%, 80%, and 90% isodose lines are displayed. The maximum dose
is 100%. (See color insert.)

Figure 21 Calculated and measured fluence maps for an IMRT field. The unir-
radiated canal through the center of this fluence map corresponds to the position
of the spinal cord.
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ExacTrac reflectors, is recorded as an additional means of patient
positioning verification.

TREATMENT OF MOVING TARGETS

The characteristics of a novel, IR-based stereophotogrammetry system for
patient positioning (ExacTrac, BrainLAB AG, Heimstetten, Germany) have
been described previously (75). Subsequent investigations have been con-
ducted at UCLA to evaluate the capabilities of the Novalis ExacTrac sys-
tems for tracking motion in real time (76). For these studies, patients
were placed in a supine position and four to seven IR-reflecting markers
were attached at various locations on the anterior chest, abdomen, and
pelvis. Prior studies have shown that the ExacTrac system is capable of
reproducing the position of a point to within 0.2mm when the markers
are attached to a rigid object (75). On a nonrigid object, system accuracy
is clearly degraded. However, Wang et al. demonstrated that using an over-
determined set of markers (greater than 3) could improve localization
accuracy (75). Subjects were monitored for approximately 20min during
which time the three spatial coordinates of each marker were sampled at
a rate of 5Hz. Figure 24 shows the displacement in the vertical direction
of three markers affixed to a single volunteer as a function of time. For
clarity only the first 60 sec are shown, though the sinusoidal pattern
corresponding to respiratory motion, with a frequency of approximately
0.2–0.3Hz, can be observed for the entire 20-minute study duration.

Additional studies were performed to investigate patient motion
characteristics in 3D. In this case, the individual coordinates of the IR

Figure 23 Conformal field dose distribution for L5 metastasis on fused MR/CT.
The 30%, 50%, 85%, 90%, and 95%, isodose lines are displayed. The maximum dose
is 100%. (See color insert.)
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Figure 25 Marker displacement as a function of time for a single marker attached
to the anterior surface of one patient. The steresophotogrammetry system is capable
of reporting marker coordinates at a frequency of up to 10Hz. (See color insert.)

Figure 24 Vertical isocenter displacement as a function of time for three markers
attached to the anterior surface of one patient. Though data are shown only for
the first 60 sec, the pattern repeats over the entire 20min. (See color insert.)
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marker locations were recorded, again at a frequency of 5.0Hz. Not surpris-
ingly, the greatest motion was observed in the anterior–posterior (A/P) and
superior–inferior (S/I) directions; motion in the lateral direction was essen-
tially non-existent. Figure 25 shows an example of the real time, 3D motion
characteristics of one patient. Subsequent observations in many patients
indicated significant variation of the amplitudes of the A/P motion relative
to the S/I motion; that is, different patients breathe in different ways. Based
on this observation, the 3D motion function (Eq. 4) described by Baroni et
al. (77) was adopted for many subsequent interventions (including gating
studies).

F ¼
XN
j

Zjððx� xjÞ2 þ ðy� yjÞ2 þ ðz� zjÞ2Þ
1
2

h i2( )1
2

ð4Þ

To facilitate gated delivery using the Novalis, a software module designed
at UCLA was added to the ExacTrac control system (78). The module displays

Figure 26 The gating control software monitors respiration through the ExacTrac,
calculates and displays ths Baroni F-function, establishes gating windows or thresh-
olds, and triggers the Novalis via the MHOLDOFF/status bit. (See color insert.)
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the 1D or 3D position of any marker or combinations thereof as well as the
Baroni F-function calculated from the marker positions. Gating is facilitated
through the selection of an amplitude-based gating window measured in abso-
lute units of mm, as in percentage of respiratory amplitude, or as a percentage
of duty cycle (Fig. 26). The modified ExacTrac system was used to control the
gated operation through a commercial respiratory gating interface installed on
theNovalis. The gating interface consists of a 25-pin connector inserted between
the dynamicMLC (dMLC) cable and the console backplane. A 3-pin connector
provides access for a 12VDC signal to theMHOLDOFF/status bit on the con-
sole backplane. A beam inhibit is triggered whenever this bit is low. Gating is
controlled through a switching device connected between pins 1 and 2 of the
3-pin connector. An open switch generates an initial position (IPSN) interlock
on the accelerator controller. For dynamic treatments, the absence of an IPSN
interlock ensures that neither the dose nor the collimator position varies more
than 0.2 MU and 0.2 cm, respectively. Thus this interlock halts both radiation
and leaf motion and is cleared immediately upon closure of the switch. System
operation has been described in some detail previously (76,79).

Gated operation and dosimetry was initially investigated through the
use of a simple signal generator. For open fields, FWHM, flatness and

Figure 27 2D data were measured using the amorphous silicon device. Gating
frequencies of 0.2, 0.5, and 1.0Hz were used in addition to non-gated conditions.
Profiles are shown for an open 10� 10 cm2 square field (top left), a dynamic wedge
(top right), and arbitrary intensity map (bottom right). (See color insert.)
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symmetry as well as absolute dose were evaluated as a function of gating
frequency (76,79). Images were obtained using film and using an amor-
phous-silicon (a-Si:H) imaging system (Scanditronix Medical/Wellhöfer
Dosimetrie, Uppsala, Sweden). The a-Si:H system consists of a 256� 256
flat panel array coupled to a personal computer. The size of individual det-
ector elements is 0.8mm per pixel. Each image was corrected for pixel
sensitivity and the dark signal was removed appropriately based on the
number of acquired frames. Dosimetric properties of this device have been
described previously (80). Measurements were repeated for MU ranging
from 25 to 200 with no gating and at the gating frequencies between 0.2
and 1.0Hz. At each MU and gating frequency level, non-gated images were
subtracted from gated to facilitate analysis. Frames were acquired every
80msec and integrated to obtain an absolute dose map. Dynamic wedge
and IMRT delivery were evaluated in a similar manner. Profiles for an open
10� 10 cm2 field, a dynamic wedge, and an arbitrary IMRT intensity pro-
files are shown in Figure 27.

Figure 28 The gating stage was constructed to verify proper operation of the gating
system and to evaluate imaging and dosimetry characteristics. The stage accommodates
a variety of phantoms; note the infrared makers attached to the MedTec phantom. The
stage can be programmed to move in a periodic manner or can accommodate patient-
specific motion acquired with the ExacTrac system.
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Using the modified ExacTrac system interfaced to the Novalis,
Hugo et al. have subsequently studied gated IMRT dosimetry in a series
of extracranial sites (78). For this work, a gating stage (Fig. 28) was con-
structed to provide respiratory motion to phantoms of various designs.
Investigations were performed using several motion patterns including a
1D liver function described by Lujan et al. (81,82) and a 2D lung function.
Several treatment locations were considered, including IMRT delivery for a
liver target. Figure 29 shows one example of the resulting dosimetric char-
acteristics of gated delivery. This strongly supports the assertion that gated
delivery can significantly reduce the dosimetric errors associated with extra-
cranial radiosurgery and IMRT in anatomical sites that may be influenced
by respiratory motion. However, as pointed out subsequently by Hugo et
al., equal consideration must be given to imaging studies (e.g., gated CT
acquisition) if treatment planning is to be performed properly (83).

Figure 30 Example of target localization for a lung lesion using co-registration
information from PET and CT imaging, with cumulative dose–volume histogram
resulting from a coplanar dynamic conformal arc treatment. (See color insert.)
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CAPABILITIES AND LIMITATIONS OF THE TECHNIQUE

By far the largest limitation of the Novalis system with respect to SBRT is
its limited field size of 9.8� 10.0 cm2. Although arguments can be found to
dismiss tumors exceeding these dimensions for aggressive stereotactic
radiotherapy or radiosurgery, a work-around has been presented by
Linthout et al. (84). This study showed that using partially overlapping
intensity-modulated beams assigned to different isocenters to enlarge the
treatment region was indeed feasible, and introduced smaller dose inhomo-
geneities in the resultant dose distribution than in the case of abutting treat-
ment fields. The resultant dose distribution proved to be less sensitive to
positioning errors of the used treatment isocenters. Based on film and
TLD measurements, the magnitude of the maximum dose inhomogeneities
varied by �8% permm (for shifts ranging from �3 to þ3mm).

An interesting feature of the Novalis system is the dynamic conformal
arc technique, which is extremely efficient both in treatment planning (see the
section on ‘‘Treatment Planning and Treatment Delivery’’). The latter has
previously been shown by Verellen et al. (37) for prostate cases without
concavities in the target volume, where comparable dose distributions can
be achieved as with IMRT techniques, yet with considerably less beam-
on time and overall linac time. The technique also proved to be very useful

Figure 31 Illustration of a four non-coplanar
dynamic conformal arc technique for amenin-
gioma. The 30%, 50%, 90%, 98%, and 100%
isodose lines are shown. (See color insert.)
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for hypofractionated treatment of lung (Fig. 30) and liver metastasis in com-
bination with the high positional accuracy that can be obtained with the
ExacTrac 3.0/Novalis Body system. Due to possible collisions with non-zero
table angles, the dynamic conformal arc technique for abdominal and pelvic
regions is limited to coplanar arcs only. Therefore, the technique is limited in
its performance for target volumes that present large concavities. However,
for head-and-neck and cranial treatments the dynamic conformal arc techni-
que is capable of competing with most IMRT proposals. Figure 31 illustrates
a treatment of a meningioma using four non-coplanar beams, yielding high
conformality without compromising dose homogeneity.
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INTRODUCTION

In the 1950s, Professor Lars Leksell of the Karolinska Institute in Sweden
coined the term ‘‘radiosurgery’’ to define a neurosurgical procedure that
combined precision targeting with a large number of cross-fired beams of
ionizing radiation. By directing a very large dose of highly collimated radia-
tion at a discrete location in the brain, the objective of Leksell’s operation
was to make a lesion (ablate brain tissue) without ‘‘cutting,’’ arguably
thereby achieving the ultimate in minimally invasive surgery. At the time
(1950s and 1960s) the clinical motivation for such a procedure was a class
of operations broadly referred to as functional neurosurgery, which includes
thalamotomy for the tremor of Parkinson’s disease and anterior capsulot-
omy for treating obsessive–compulsive disorder.

Leksell investigated multiple irradiation technologies for fulfilling
his vision, including linear accelerator and heavy particle based concepts,
before focusing his development efforts on the radioactive cobalt-based

CyberKnife�, Accuray, Sunnyvale, California, U.S.A.
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GammaKnife�, (ELEKTA AB, Stockholm, Sweden). The eventual design
of this instrument was such that it could only be applied to the brain. The
first GammaKnife was built in the late 1970s, and has since undergone a ser-
ies of changes to accommodate a gradual evolution in usage. Leksell always
envisioned that his system would be used for non-invasive functional
neurosurgery. However, in the 1970s, computed tomography (CT) scanning
arrived and, with it, the opportunity to visualize mass lesions in the brain,
especially tumors. Quickly the role of the GammaKnife and the principles
of radiosurgery were redirected to facilitate the treatment of brain tumors
and vascular malformations. By incorporating the effectiveness and
minimally invasive nature of radiosurgery into the neurosurgical armamen-
tarium, the past 20 years have witnessed a revolution in the management
of many neurosurgical procedures. Over this period new radiosurgical
technologies evolved, including more spatially accurate linear accelerator-
based methods (compared to Leksell’s earliest experience) and heavy
particle beams. Furthermore, the influence of radiosurgery on neuro-
surgery continues to expand as indications and treatment parameters are
refined.

Technological Limitations

The near ubiquity of radiosurgery within modern neurosurgical practices,
there are inherent shortcomings to present-day technology that limit poten-
tial new applications. In particular, the GammaKnife and other related
linac-based technologies all require stereotactic frames for accurate beam
targeting. Such skeletal fixation causes enough pain to preclude flexible
treatment fractionation. Since the principle of administering a dose of radia-
tion over more than one session is an essential element of all modern
radiation oncology, this limitation is not trivial; basic radiobiology and clin-
ical experience have demonstrated the superiority of using fractionation to
treat most malignant tumors and/or lesions involving critical yet sensitive
anatomic structures, such as the optic apparatus. Furthermore, current
radiosurgical instruments are isocentric-based, constraining all beams to
converge on a common point. This design restricts some types of more flex-
ible and conformal treatment planning. While these limitations by them-
selves might not serve as an impetus for designing a new concept in
radiosurgery, an even greater rationale is provided by the opportunities to
perform radiosurgery outside the brain.

At its core, radiosurgery involves two elemental principles: (a) precision
targeting and (b) the application of ablative doses of radiation using limited
if any fractionation. From a biologic and therapeutic perspective such
principles could be of generic interest to all surgeons. Therefore, to address
the above limitations and meet the needs of potential new extracranial
therapies, a system for image-guided robotic radiosurgery was implemented.
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Why Image-Guided Robotic Radiosurgery?

In developing a system for extracranial targeting and treatment, it was critical
to begin by defining the specific clinical rationale for such a technology.
Not surprisingly it was decided that the specifications for an extracranial
radiosurgical system should be consistent with Leksell’s original definition
for ‘‘radiosurgery.’’ In particular, such an instrument should enable the
highest possible targeting accuracy (essentially near millimeter RMS errors)
and enable ablative doses of radiation to be administered with a maximal
use of solid angle. It is important to emphasize that the intent was to admin-
ister ablative doses of radiation and thereby enable surgeons to replace open
surgical resection or invasive tissue destruction with a non-invasive proce-
dure. This radiosurgical objective is to be distinguished from precision
radiation therapy and intensity-modulated therapy (IMRT), where accuracy
is less important, and the principles of conventional fractionation play a more
important role in clinical outcome. An instrument utilizing image-guided
robotics seemed uniquely able to achieve these objectives.

By extrapolating from the huge prior experience with brain radiosurgery,
various surgical specialists are finally in a position to develop new extracranial
radiosurgical applications for the CyberKnife (Accuray, Sunnyvale, Califor-
nia, U.S.A.). However, similar to other forms of surgery, the limits of human
operative capability are not defined by tools alone. The imagination and
diligence with which these instruments are directed towards relieving human
suffering remain critical aspects of improving patient outcome.

This chapter gives a brief overview of the CyberKnife technology, and
then presents two of the most innovative technical components of the
CyberKnife: the planning sub-system and the motion tracking system for
respiration compensation.

Related Work

Although radiosurgery is rapidly changing the scope of surgery, the vast
majority of therapeutic irradiation is administered as part of a regimen of
conventionally fractionated external beam radiotherapy. Medical linear
accelerators (linac systems), which use a gantry construction for moving
the linear accelerator, are the standard technology for delivering conven-
tional radiotherapy. However, this mechanical construction was designed
more than 40 years ago to deliver radiation from a limited number of direc-
tions during a single treatment. Meanwhile, its ability to compensate for
target motion during treatment is inherently very limited. Several additional
factors limit the accuracy of gantry-based systems, most notably mechanical
flex and lack of fully computerized position/motion control.

Conventional linac-systems have six motion axes, which are sufficient to
target any point within a given workspace from any angle. However, four of
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the six axes of the linac-gantry are built into the patient table. Compensating
for respiratory motion is difficult with this construction. Motions of the patient
table (especially lateral table tilting) are likely to cause involuntary counter-
motion of the patient. Such involuntary motions lead to muscle contraction,
changes in breathing patterns, andmay cause substantial additional inaccuracy.
Given the kinematic and size limitations of such systems, most researchers have
investigated methods for motion detection rather than active motion tracking.

Respiratory gating is a technique that attempts to address the problem
of breathing motion with conventional linac-based radiation therapy.
Gating techniques do not directly compensate for breathing motion; that
is, the therapeutic beam is not moved during activation. Instead the beam
is switched off whenever the target is outside a predefined window. One
of the disadvantages of gating techniques is the increase in treatment time.
A second problem is the inherent inaccuracy of such an approach. One must
ensure that the beam activation cycles are long enough to obtain a stable
therapeutic beam.

Kubo and Hill (1) compared various external sensors (breath tempera-
ture sensor, strain gauge, and spirometer) with respect to their suitability for
respiratory gating. By measuring breath temperature, it is possible to deter-
mine whether the patient is inhaling or exhaling. Kubo and Hill verified that
frequent activation/deactivation of the linear accelerator does not substan-
tially affect the resulting dose distribution. However, the application of such
a technique still requires a substantial safety margin for the following reason:
the sensor method only yields relative displacements during treatment, but
does not report and update the exact absolute position of the target during
treatment.

Tada et al. (2) report on the use an external laser range sensor in con-
nection with a linac-based system for respiratory gating. This device is
used to switch the beam off whenever the sensor reports that the respiratory
cycle is close to maximal inhalation or maximal exhalation. However, typi-
cal variations in the respiratory motion patterns of 1–2 cm for the same
patient (in pediatrics), and in the duration of a single respiratory cycle of
2–5 sec are reported in Ref. 3.

As noted above, respiratory motion is difficult to track with conven-
tional linac-based systems, and the accuracy of such an approach would
inherently be very limited. In contrast, modem robotic manufacturing relies
on highly accurate motion control and high unit numbers. In the CyberKnife
system, the radiation source (6MV linear accelerator) is mounted on a
robotic arm that can move with six degrees-of-freedom.

Recent research has extended CyberKnife brain and spine radiosur-
gery in such a way that respiratory motion can be compensated for by active
motion of the robot. The basic advantage of this approach is that it is now
possible for the robotic arm to track the motion of a lesion, and is therefore
not necessary to gate the treatment beam.
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To enable dynamic respiratory tracking, the stereo X-ray imaging
system of the CyberKnife is combined with infrared tracking. X-ray imaging
senses internal anatomy, while infrared tracking provides information on the
motion of the patient surface. While X-ray imaging gives very accurate infor-
mation about the internal location of a target, it is very difficult to obtain real-
time motion information from X-ray imaging alone. In contrast, the motion
of the patient surface can be tracked in real-time with commercial infrared
position sensors. The central idea of our approach is to use a series of images
from both sensors (infrared and X-ray), synchronizing one with the other.
Thus, both X-ray image pairs and infrared data have time stamps. From a
series of sensor readings and corresponding time-stamps, we can determine
a motion pattern. This pattern correlates external to internal motion, and is
both patient and site specific. A series of preclinical and clinical trials has since
verified that we can accurately infer the placement of an internal target from a
precalculated (and continuously updated) motion pattern.

SYSTEM OVERVIEW

Figure 1 shows the components of the CyberKnife. A robot arm moves a
linear accelerator generating a 6MV radiation beam. An X-ray camera
system (two X-ray cameras with nearly orthogonal visual axes) records
the position of natural or artificial markers (i.e., bony landmarks or
implanted gold fiducials). An infrared tracking system records the external
motion of the patient’s abdomen.

For treatments of brain or spinal lesions, no respiration compensation is
needed. In this case, infrared tracking is not active and the position of the target
is computed from the stereoX-ray images alone. Twonearly orthogonalX-ray
images show thepositionof thepatient’s skullwithina carefully calibrated ima-
ging space. Meanwhile, the position of the target is known with respect to the
skull from the tomographic images. To compute the exact intratreatment posi-
tion of the target, a registration step is necessary. This step spatially correlates
the intratreatment (live) X-ray images to the pretreatment three-dimensional
(3D) tomographic images. To this end, synthetic X-ray images are computed
from the CT scans, for a series of positions and angles. Live X-ray images
are then compared to synthetic images, to find the best matching pair of syn-
thetic images. Because each synthetic image pair has one and only one position
and angle associated with it, we can infer angular or positional displacement of
the patient’s skull, and hence perform the registration.

INVERSE PLANNING

During treatment the linear accelerator is moved in as step-and-shoot fash-
ion to a series of fixed points in space. At each such point (also called node),
the beam is activated for a certain duration. This duration determines the
weight of each beam. Notice that we assume each node to represent a fixed
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position in space. However, this position may be adjusted during the
respiration tracking process. Thus, at each node, the robotic arm performs
very small corrective motions to compensate for respiratory motion when
this compensatory system is activated.

Tomake full use of the kinematic flexibility of the six degree-of-freedom
robotic arm, an inverse planning system has been designed. The planning
process consists of two steps:

1. select nodes (beam configurations, positions, and orientations of
the beam source),

2. adjust beam weights (i.e., activation durations of the beam).

Figure 1 CyberKnife� system overview. (The arrows are pointing at the infrared
tracking system camera bar and the left X-ray camera detector). Infrared tracking
is used to record external motion of the patient’s abdominal and chest surface. Stereo
X-ray imaging is used to record the 3D position of internal markers (gold fiducials)
at fixed time intervals during treatment. A robotic arm moves the beam source to
actively compensate for respiratory motion.
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Phase 1: Node Selection

In phase 1, it is assumed that the tumor has been delineated previously in the
tomographic image series. This results in a series of polygonal contours,
where one contour corresponds to each tomographic slice. Furthermore,
a collimator size is selected. The beam is cylindrical with collimator sizes
ranging from 5 to 60mm (Fig. 2). After delineation of the tumor, the process
of beam selection is fully automatic. Up to 1200 beams are selected; greater
numbers of beams are used for more complex, non-convex tumor shapes,
or tumors near critical healthy structures. The rationale for the method
underlying beam selection for targets of arbitrary shape is a mathematical
extension of the (ideal) process that would be used if the tumor were strictly
spherical. After beam selection, the user can interactively modify selected
beam directions. For the principles underlying the automatic beam
selection, the reader is referred to Ref. 4.

Phase 2: Beam Weighting

In phase 2, it is assumed the beam selection process has been completed. As
noted above, this process is fully automatic once the tumor has been deli-
neated in the tomographic images. To compute the optimal weights of the
individual beams, it is necessary to delineate critical structures in the vicinity
of the tumor. Furthermore, it is necessary to specify dose constraints. To
this end, upper and lower threshold values for the target region are entered.
Furthermore, threshold values are also entered for the critical regions, and
for individual beams. After specifying the constraints, the process of com-
puting weights is fully automatic and based on linear programming. Linear
programming is a technique that has been proposed by several authors (5) in
the context of radiation therapy planning due to the completeness
properties of this method. ‘‘Completeness’’ in this context means that the

Figure 2 Collimator selection menu.
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algorithm is guaranteed to find appropriate weight distributions exactly ful-
filling the given constraints, if such a distribution exists. Extensions of this
method are described in Refs. 4 and 6.

An example for the planning process is given in Figure 3A–C.

RESPIRATION TRACKING

Tumors in the chest and the abdomen move during respiration. The ability of
conventional radiation therapy systems to compensate for respiratory motion
bymoving the radiation source is inherently limited. Because safetymargins cur-
rently used in radiation therapy increase the radiation dose by a very large
amount, an accurate tracking method for following the motion of the tumor is
of utmost clinical relevance. To track respiratory motion, the following basic
method is used (7). Prior to treatment, small goldmarkersvisible inX-ray images

Figure 3A–C Inverse planning for robotic radiosurgery. (A) (See color insert.) Man-
ual delineation of the target. Beam directions for optimized treatment of specific
tumor shape (up to 1200, lower left corner) are computed automatically by the
inverse planning system. (Continued)

78 Schweikard et al.



are anchored in proximity to the target organ. Stereo X-ray imaging is used
during treatment to determine the precise spatial location of the implanted gold
markers via automated image analysis. Using stereo X-ray imaging, precise
marker positions can be established once every 10 sec. This time interval is too
long to accurately follow respiratory motion.

In contrast, external markers (placed on the patient’s skin) can be
tracked automatically with optical methods at very high speed. Updated

Figure 3 (B) Computing beam weights with linear programming. Dose threshold
selection menu. (Continued)
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positions can be reported to the control computer more than 60 times per
second. As noted above, external markers alone cannot adequately reflect
internal displacements caused by breathing motion. Large external motion
may occur together with very small internal motion, and vice versa. In addi-
tion the direction of the visible external motion may deviate substantially
from the direction of the target motion (Fig. 4).

Because neither internal nor external markers alone are sufficient for
accurate tracking of lesions near the diaphragm, X-ray imaging is synchro-
nizedwith optical tracking of externalmarkers. The externalmarkers are small
active infrared emitters (IGT Flashpoint 5000, Boulder, Colorado, U.S.A.)
attached to a vest. Notice that the individual markers are allowed to change
their relative placement. The first step during treatment is to compute the exact
relationship between internal and external motion, using a series of time-
stamped snapshots showing external and internal markers simultaneously.

Although infrared tracking is combinedwithX-ray imaging, it isnotneces-
sary to detect the position of the infrared emitters in an X-ray image. Time

Figure 3 (C) (See color insert.) Both beam directions and beam weights are
computed automatically, once target and critical regions have been delineated, and
upper/lower dose thresholds have been entered.
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stamps permit the positions of both marker types to be established simulta-
neously, and can therefore be used to determine the pattern of respiratory
motion. Such patterns are patient specific and can be updated during treatment.

During the initialization stage of the procedure, a deformation model
is computed, which describes the correlation between internal and external
motion. To obtain the deformation model, we proceed as follows. A series
of (stereo) X-ray image pairs of the target region are taken while the patient
is breathing. When activating the X-ray sources, we record the point in time

Figure 4 Tracking of external markers/motion curves corresponding to inhalation
and exhalation. While external motion is in an anterior/posterior direction, the inter-
nal motion of the target may be in a left/right direction.

Figure 5 Infrared emitters attached to the patient’s chest.
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at which the sources were activated. We also record the current position of
the external sensors at the time of X-ray image acquisition.

Assume five X-ray image pairs have been taken in this way. These
images have a sequence order, namely the sequence in which they were
taken. In each image, we compute the absolute position of the gold internal
markers. Note that we obtain their exact spatial position, as the X-ray ima-
ging reports stereo images. Consider the first of the gold markers. By linear
interpolation, the positions of this marker determine a curve in space. We
compute such an interpolation curve for each of the gold markers.

There are six external markers and we compute the center of mass for
these markers. During a motion, the series of center points thus obtained
give rise to a single curve describing the motion of the external markers.
As the treatment proceeds the curves for internal and external markers

Figure 6 Dependency between number of model points in a correlation model and
tracking accuracy. Test data were taken with an infrared tracking system alone,
where a correlation model correlating external chest motion to external abdomen
motion was used. The experiment suggests that very few model points are necessary
to obtain an accurate model. The figure shows data for three different infrared emit-
ters placed on a test person’s chest, while inferring chest position from abdominal
position alone via correlation.
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are used in the following way. A new pair of X-ray images is acquired every
10 sec. Let there be a time point at which no X-ray image is taken. We must
then determine a predicted target placement based on the given deformation
model. At the given time point, we read the external sensor positions. After
computing the center of mass for the external markers, we can locate the
closest point on the curve for the external motion in our deformation model.
By linear interpolation this point determines corresponding points on the
curves for the internal markers.

Linear interpolation extends directly to the case, where one or both
curves are not line segments. In this case, points are connected by line
segments, and we determine the lengths of the line segments in each curve.
The parameter interval for each curve is then partitioned according to these
lengths and the interpolation proceeds as above. This interpolation is suffi-
ciently fast to update the given deformation model as the treatment
proceeds. Specifically, as new X-ray images and matching sensor readings
become available, the curves for the internal markers are updated. The
updating scheme will be described in more detail in subsequent sections.

A difficulty arising in this context is to distinguish between voluntary
patient movement and breathing motion. Clearly, the two types of motion
must be processed in different ways. Patient movement can occur, e.g., as
a result of muscle relaxation, sneezing, or voluntary movement. A patient
shift must cause a shift of the deformation model, i.e., each curve must be
shifted. In contrast, normal breathing should not shift these curves.

At first glance, distinguishing the two types of motion may seem diffi-
cult. However, the internal markers represent a ‘‘ground truth.’’ Thus, our
deformation model gives a predicted position for the internal markers,
based on the position of the external markers. The location of internal
markers can be predicted not only for time points in between X-ray imaging,
but also for the times at which images are taken. Any deviation (exceeding a
fixed threshold value d) between predicted and actual placement is thus
regarded as displacement caused by patient motion. Thus, the above linear
interpolation scheme yields a predicted placement for each internal marker
This predicted placement is a point in space. We compute the distance from
the actual placement of this point. If this distance is larger than d, the beam
is switched off. A new deformation model is computed after respiration has
stabilized.

Small values for d give better accuracy but enforce frequent re-computa-
tions of the deformation model. Given differences in patterns of breathing
between patients, it is reasonable to determine an appropriate value for during
initialization, when the patient is asked to breathe regularly. The deviations
observed during this interval of regular breathing (here for the external sensors
alone) are used to determine d.

A practical improvement of this technique for detecting patient
motion allows for updating the deformation model without interrupting

CyberKnife� 83



the treatment. Assume the deformation model consists of five X-ray image
pairs together with matching infrared position data. Because we take a new
pair of X-ray images at fixed time intervals during treatment (i.e., every
10 sec), the deformation model can be updated continuously in the following
way. A table of position data with five entries is maintained. Each entry has
a time stamp. In this table, we remove the earliest entry whenever a new set
of position data (image pair with matching infrared positions) becomes
available. The computation of the deformation model via linear interpola-
tion can be carried out in real time after each update of the table data. This
method can compensate both for systematic drift of the patient position and
for small changes in the pattern of respiration during treatment.

CLINICAL TRIALS

Figure 7 shows representative results for respiration tracking in a clinical
case. The figure shows the total correlation error. Thus, based on the

Figure 7 Total target excursion (top curve), and correlation error (bottom curve) in
millimeters for a clinical case. The x axis gives the treatment beam direction number
(X-ray live shot number); the y axis gives the error in millimeters.
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correlation model, we compute the current position of the target based on
the external infrared sensor signal alone. At this same time point, we also
acquire a pair of X-ray images. We then plot the distance in millimeters
from the placement inferred by the correlation model and the actual place-
ment determined from the implanted fiducial markers in the image. The top
curve in this figure shows the corresponding target excursion.

Figure 8 Treatment of a hepatocellular carcinoma (HCC) with fiducial-based
respiration compensation as described in the text. (A) Before treatment; (B) 3months
after treatment. Total treatment time was 40min per fraction for three fractions with
80 beam directions and 39Gy.

Figure 9 Treatment of an adenocarcinoma with fiducial-based respiration tracking
(Osaka University Hospital), three fractions at 39Gy.
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CONCLUSION

Experience reported in the literature (8) suggests that robotic radiosurgery
with cylinder collimators can achieve distributions with higher conformality
than conventional multileaf collimators or micro multileaf collimators.
There are two practical reasons for this: (a) Cylinder collimators have excel-
lent penumbra characteristics. In contrast, penumbra remains problematic
for multileaf collimators. (b) For spherical targets (a large percentage of
all tumors), cylinder collimators can achieve near optimal distributions.
The system selects beam configurations and beam weights automatically.
However, beam configurations and input thresholds may be adjusted in a
variety of ways. Selecting adequate parameters requires skill and thorough
understanding of the principles underlying the inverse planning process.

The clinical experience collected at several leading institutions world-
wide confirms our hypothesis that respiratory motion of internal organs
can be correlated to visible external motion. It is necessary that the correlation
model be updated automatically during treatment. To update the correlation
model we use intratreatment stereo X-ray images. The clinical experience
further suggests that any dose margin placed around a tumor to compensate
for respiratory motion can be reduced by a very substantial amount. Because
dose is directly proportional to volume, this could allow for higher doses in
the tumor, and much lower doses in surrounding healthy tissue. For a variety
of cancers with grim prognoses, this robotic technique could thus lead to
far-reaching improvements in clinical outcome.
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SYSTEM DESCRIPTION AND OPERATION

Serial tomotherapy represents an unusual delivery technique relative to the
more traditional approaches typically employed in radiation therapy. As a
result, the specifics of this approach are less familiar to many in our field.
Most notably, the system is unusual in that it uses a combination of a moving
gantry and intensity modulation. While many static-gantry systems are
capable of delivering intensity modulated treatments, tomotherapy takes
advantage of both the semi-infinite number of angles of approach afforded
by an arcing method of delivery, and the ability to create convex-shaped dis-
tributions of dose, which comes from modulation of intensity. The Peacock
system delivers its intensity modulated pencil beams through a binary
collimator called the MIMiC (NOMOS Corp., Crannberry Township,
Pennsylvania, U.S.A.) (Fig. 1A). The collimator is binary, i.e., each vane
of the collimator can assume one of only two states, either opened or closed.
Unlike so-called sliding leaf collimators, which can also be used to deliver
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intensity modulated treatments, the MIMiC’s leaves are pneumatically dri-
ven in very rapid fashion between these open and closed states, with typical
open/close times of less than 100ms. Figure 1B depicts a view of the
collimator looking into the mouth or opening from which radiation emerges.
The collimator consists of two rows of 20 tungsten vanes (40 total vanes)
which are 8 cm in thickness. The leaves are stair-stepped in design, creating
an interdigitation of adjacent vanes that allows for very low interleaf
leakage values. Leaf/pencil-beam widths are constant at 10mm and the pen-
cil beam length can be varied among three user-selected dimensions (4, 8.5,
and 17mm) by varying the physical or effective length of retraction of the
vane (1). During the treatment planning phase, pencil beam dimensions
are chosen appropriate to the treated lesion’s size and irregularity of shape.
Modulation of intensity is accomplished by varying the amount of time that
each pencil beam is open from a given gantry angle, and the fluence map for
all pencil beams may be updated as frequently as every 5� of gantry rotation.
Each of the 40 pencil beams are controlled independently from the others,

Figure 1 (A) Image depicting
MIMiC (A in figure) and con-
troller computer (B in figure).
(B) Image looking into mouth
or opening of MIMiC. Vanes
are arranged in a checkerboard
(opened and closed) pattern.
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thus allowing each arc of the gantry to deliver two completely different and
separate fluence maps, corresponding to each of the two rows of vanes, each
of which can be tailored to the unique shape of the target on that particular
treatment slice. For the 340� arcs (net 320�) of radiation delivery typically
used at our center, this allows for 128 different pencil beams for each deliv-
ered gantry arc, or 64 per treated slice of the target. This can be contrasted
with typical values for static gantry approaches of 5–7, equivalent to the
number of static gantry ports utilized. Because serial tomotherapy employs
an arcing rotation of the slit-like MIMiC collimator, each rotation of the
gantry treats a ‘‘slice’’ of the patient, much like axial computed tomography
(CT) images a slice of the patient. Because of this similarity, serial tomother-
apy has often been likened to CT image acquisition. A key difference
between the two approaches is that for CT acquisition the input beam flu-
ence is uniform, for the purpose of measuring the exiting non-uniformity
as an indication of the tissue density encountered by the beam, whereas
for intensity modulated radiation therapy (IMRT) the input beam fluence
is intentionally non-uniform, for the alternate purpose of producing a uni-
form and conformal buildup of dose within the target. Because each rota-
tion of the gantry typically treats a subsection of the target of thickness
equal to 2� 4mm¼ 8mm, 2� 8.5mm¼ 17mm, or 2� 17mm
¼ 34mm, depending on the selected pencil beam size, the treatment
table/patient must be sequentially, or serially, incremented following each
delivered arc. Such increments must be performed very precisely to ensure
an accurate abutment of each adjacent treatment slice to avoid the crea-
tion of hot or cold strips between the delivered slices. Gantry rotations
are performed and the table is subsequently incremented until the entire
target has been treated. Because current linear-accelerator-inherent couch
positioning systems are not typically capable of positioning the patient
to the precision required for serial tomotherapy (required accuracy
�0.1mm), the vendor supplies a system referred to as either the Crane�

or AutoCrane� (NOMOS Corp., Crannberry Township, Pennsylvania,
U.S.A.) (2) for performing this function (Fig. 2). The device performs
the precise indexing of the patient necessary for serial tomotherapy, and
is available in an automated version that can be controlled at the treat-
ment console, obviating the need to return to the treatment vault for
between-arc incrementing of the patient. The serial tomotherapeutic deliv-
ery approach has been shown to be capable of producing very conformal
dose distributions (1–4).

PATIENT IMMOBILIZATION AND ALIGNMENT

A prerequisite to the utilization of conformal distributions of dose is the use
of accurate patient fixation and alignment methods. The challenges of
patient fixation and alignment that are unique to extracranial applications
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have been discussed in previous chapters. The methods employed at our
particular institution for serial tomotherapeutic delivery of extracranial
stereotactic treatments will now be described.

Patient alignment and immobilization is facilitated through the use of
a stereotactic, whole-body, double-vacuum-assisted immobilization system
(BodyFIX, Medical intelligence, Schwabmünchen, Germany). Comprehen-
sive characterizations of the repositioning accuracy of the system have been
previously published (4,5).

In general, the system consists of a composite material base plate
(variably sized), sealed vacuum cushions, a clear plastic foil covering the
patient’s torso and lower extremities, and a vacuum pump (Fig. 3). Depend-
ing on the need for stereotactic localization and targeting, an arch-like
attachment can be affixed to the base plate, providing CT, magnetic reso-
nance (MR), and positron emission tomography (PET) visible fiducials, as
well as an integrated targeting system for stereotactic alignments in the
treatment vault.

For immobilization device implementation, in preparation for treat-
ment simulation, the patient is placed supine onto a vacuum cushion which
is registered to the base plate by machined, clear-plastic registration bars that

Figure 2 AutoCrane� mounted on linear accelerator table. The AutoCrane
performs remote incrementing of the treatment couch and the patient.
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insert onto protruding pins. The vacuum cushion, which is filled with small
styrofoam BBs and has a valve attachment, allows for evacuation of the
enclosed air space through a vacuum pump. A clear plastic cover sheet is
attached by a sticky rubber strip to the left, right, and bottom/inferior sides
of the vacuum cushion, covering the patient’s lower body like a blanket up to
the abdomen or thorax. The air between the clear plastic sheet, the patient,
and the base vacuum cushion is evacuated, while the base cushion retains
its enclosed air, causing the soft cushion to mold to the patient’s posterior
surface, providing a negative mold. Once the vacuum cushion is molded to
the patient’s back and sides, the enclosed air is evacuated from the cushion,
creating a rigid, semi-permanent body cast. The vacuum cushions are avail-
able in various sizes, typically ranging in dimension from 180� 65 to
220� 80 cm, with a constant Styrofoam-BB to air ratio maintained for all
cushion sizes. Cushions are selected according to the patient’s dimensions,
thus enabling immobilization of both slender and relatively large patients in
the same system. Once the full-body cast of the patient has been created, eva-
cuation of the air between the clear plastic sheet, the patient, and the full-body
cast creates a significant and valuable immobilization of the patient in the

Figure 3 BodyFIX� immobilization system with vacuum pump.
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mold. Vacuum pressure can be adjusted between 0 and 120Mbar to accom-
modate individual patient tolerance, and values most commonly used for
our patients range between 60 and 100Mbar. In addition to standard isocen-
ter cross hairs and BBs that might be placed on the mold system for facilita-
tion of treatment alignment, several other small BBs are typically placed onto
the mold system, on each side of the patient, at a cranio-caudal location near
the level of the tumor to facilitate CT/CT fusion for verification of treatment
position, as will be discussed in a later section on Treatment Verification.

At our institution, the patient’s BodyFIX mold system is often formed
in the PET imaging suite prior to acquisition of a PET image study which
can be utilized for fusion with the treatment-planning CT. Acquisition of
the PET image set with the patient in the precise position and orientation,
as will be used for the treatment planning CT, has proven to greatly facili-
tate the accurate registration of the two data sets, thus facilitating an accu-
rate delineation of the metabolically active target. Initial creation of the
mold system in the PET suite is necessitated by the smaller bore size of
the Siemens ECAT-HRþ PET scanner (Siemens Corp., Berlin, Germany)
(64 cm) versus the 70-cm aperture of the Philips PQ5000 CT scanner (Philips
Medical Systems, Andover, Maryland, U.S.A.) utilized at our facility. If the
mold is initially created in the CT suite, there is no guarantee that the device
and patient will fit through the smaller PET aperture later. Ironically, while
the PET aperture is smaller than the 70 cm CT aperture, the CT FOV of the
PQ5000 is only 48 cm, causing the CT-imaged FOV to be smaller than that
of the PET data set. This necessitates that special attention be paid to creat-
ing locations on the BodyFIX system for the placement of alignment and
registration markers that will be visible on the 48 cm FOV CT image set.

TREATMENT PLANNING

The widely recognized ability of intensity-modulating delivery approaches to
achieve conformality in even convex-shaped targets is achieved through an
exploitation of the increased degrees of freedom afforded by such delivery
schemes. Inherent to the increase in degrees of freedom is an enormous increase
in solution space and, thus, complexity. Fortunately, the computational power
ofmodern computing platforms has evolved to be capable of sufficiently addres-
sing such complex solutions. Most, if not all, vendors of intensity-modulation-
capable planning systems now employ so-called inverse planning approaches.
The NOMOS Peacock serial tomotherapy approach used at our institution is
supported by the Corvus Inverse Treatment Planning System (ITPS) Version
5.0 (NOMOS Corp., Crannberry Township, Pennsylvania, U.S.A.). The plan-
ning system employs a dose volume histogram (DVH)-based objective function
andoffers a choice between fast simulated annealing (FSA) and gradient descent
optimization approaches. Because the more computationally intense FSA
approach still progresses very quickly on modern hardware (as quickly as
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5–6min) and because FSA affords an optimization approach that can avoid
becoming trapped in the local minima normally associated with DVH-based
objective functions, we use the FSA approach for all clinical treatment plans.

Typical to all ITPSs, the Corvus objective function requires the entry of
optimization parameters that characterize the nature of the problem to be
solved by optimization. The Corvus system requires that the following para-
meters be entered for the target: (a) goal dose (the desired prescription dose
to the target), (b) % volume below (the percentage volume of target tissue
that can be below the goal value), (c) minimum dose (the minimum dose
to the target that can be tolerated), and (d) maximum dose (the maximum
target dose that can be tolerated). In addition to the previously listed para-
meters, the system also requires that a ‘‘target type’’ be selected. Inherent
to the DVH-based objective function employed by the software are weighting
arguments that assign importance to the previously listed user-supplied para-
meters. The importance of the maximum target dose, for instance, would be
greater for a fractionated case (for which large hot spots are not acceptable),
than for a radiosurgical application (for which hot spots inside the target
might even be seen as advantageous). The selection of target type allows
for a customized weighting of the importance arguments to the particular
clinical application at hand. Interestingly, the implementation of such custo-
mized target types into the Corvus software evolved from our recognition in
1998 that in order to achieve clinically acceptable intracranial IMRS plans,
such a customized approach would need to be implemented.

In addition to the target optimization parameters listed previously, the
Corvus ITPS also requires that parameters be entered for all critical struc-
tures. As a minimum, the system always requires parameters to be entered
for ‘‘healthy tissue,’’ which represents, as a critical structure, all non-specific
healthy tissue types. If other critical structures, which need to be individually
controlled below specific dose levels, are present, parameters must be entered
for them as well. These parameters include: (a) limit (the dose limit that the
structure should be held below), (b) % volume above (the percentage of the
structure that can be allowed to rise above the structure dose limit), (c)
minimum (the structure dose below which there is limited value to further
decrease of dose), and (d) maximum (the maximum tolerable structure dose).
As for the target, each critical structure must be assigned a structure type,
and multiple structure types are available, with each defining customized
importance arguments unique to various clinical applications.

For the serial tomotherapeutic treatment of extracranial lesions at our
institution, the following values for the previously described optimization
parameters are ‘‘typically’’ used:

Target goal¼ 36–60Gy in three fractions
Target % volume below¼ 3%
Target minimum dose¼ 95–97% of target goal
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Target maximum¼ 200% of target goal and target type) IMRS
Tissue limit¼Target goal
Tissue volume above¼ 0%
Tissue minimum¼ 0%
Tissue maximum¼Target goal and tissue type) IMRS

These values generally correspond to the vendor’s recommendation
for the IMRS target and tissue types, and may be set up one time in the soft-
ware as a user-named template that can be easily recalled by a click of the
mouse. Because conformality and homogeneity are known to be competing
factors, our utilization of the IMRS target and tissue types allows for the
creation of extremely conformal distributions of dose, with an associated
acceptance of increased hot spots inside the target. Interestingly, the large
number of angles of approach afforded by the tomotherapy approach leads
to what would still be considered by many to be relatively low-valued hot
spots for such conformal plans. Hot spots, defined as the highest dose to
any single dose voxel, are almost always less than 30% and are, most often,
on the order of 10–15% of the prescribed dose value.

Other relevant TPS parameters typically used include:

Heterogeneity correction¼ON during optimization and dose
calculation

Number of couch angles¼ 1 (up to 3 for upper lung lobe tumors)
Couch angle¼ 180� (Varian)
Gantry angles¼ 350–10� (Varian)
Pencil beam size¼ 1 cm
Leaf transmission¼ 0–100% in 10% steps
Gantry step (for fluence map update)¼ 5�

Cost function¼DVH
Optimizer¼Continuous annealer
Iterations¼More
Efficiency¼ 0
Benchmarks (i.e., relocation of isocenter))As necessary to achieve

target coverage from all gantry angles.

PTV margins are patient specific and evaluated based on full inhale
and exhale CT evaluation, as discussed in the section on Treatment of
Moving Targets. Typical values are 5mm anterior, posterior, left, and right,
with 10–15mm inferior and superior.

For purposes of illustration an example case will now be presented.

Case Report

A 66-year-old female with diagnosis of stage 1 (T1N0M0) non-small-cell lung
cancer (NSCLS), histopathologically confirmed in fine-needle aspiration. The
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patient was referred for SBRT due to medical inoperability second to severe
chronic obstructive pulmonary disease (COPD).

The patient was immobilized using the BodyFIX double-vacuum
whole body immobilization system for both CT simulation and FDG-PET
imaging. For treatment planning, target volume delineation, anatomical
tumor information derived from CT data, and metabolic tumor information
derived from PET imaging were co-registered using a mutual information
image-fusion software inherent to the AcQSim (Philips Medical Systems,
Andover, Maryland, U.S.A.) virtual simulation software. Following target
delineation, the CT data and the associated target volume were exported
to the Corvus inverse planning platform by DICOM RT data transfer.

Inverse treatment planning parameters utilized were as follows:

Target goal dose¼ 60Gy (3� 20Gy)
Target volume below¼ 3%
Target minimum dose¼ 96% of target goal (or 57.5Gy)
Target maximum¼ 200% of target goal

The target volume type was specified as ‘‘IMRS target,’’ emphasizing
dose conformality over in-target dose homogeneity. The target volume was
grown into a PTV by adding margins of 5mm transversally and 10 cranio-
caudally. Parameters for organs-at-risk (OAR) were set as follows:

Tissue limit¼Target goal (60Gy)
Tissue volume above¼ 0%
Tissue minimum¼ 0%
Tissue maximum¼Target goal (60Gy)
Tissue type) IMRS

Figure 4 depicts the Corvus prescription page with relevant critical
structure parameters.

The pencil beam dimension chosen was 8.5� 10mm (1-cm mode) and
the range of gantry rotation was 350–10�, with pencil beams delivered from
340� to 20�. While the presented treatment was delivered over a single,
straight couch angle (Varian 180�), upper lobe lesions are sometimes treated
using three couch angles (180�, 150�, and 210�, respectively).

The treatment plan was optimized utilizing typical ITPS parameters
described previously, with a benchmark move equal to �40mm (i.e., patient
lowered from isocenter mark by 4 cm to allow laterally delivered pencil
beams to have access to target). Figure 5 depicts the resulting dose distribu-
tion, with 100%, 90%, 70%, and 50% isodose lines displayed, and Figures 6
and 7 present the achieved/delivered structure statistics and DVHs. The dose
distribution was normalized so that 95% of the PTV received 100% of the
prescription dose. Thus, the GTV received no less than 61.4Gy, with mean
and maximum doses of 68.8 and 76.9Gy, respectively.
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OARs, namely the esophagus and the spinal cord, were predicted by
the TPS to receive average doses of 6.9 and 4.2Gy, with maximum doses
of 13.9 and 4.2Gy, respectively.

Following repeat control CT scanning in the immobilization system
immediately prior to treatment to confirm accuracy of patient and target
setup (as described in the following section of Treatment Verification), the
treatment was delivered in three fractions separated by 48 hr using a 6MV
linear accelerator with 600MU/min delivery capability. The number of couch
indices, or treatment slices, was four. Figure 8 depicts the pencil beams and
associated intensity levels utilized from a subset of five of the 64 actual arcing
segments used for treatment. Note that for table indices 1, 2, and 3 (numbered

Figure 4 Corvus prescription page for the case report example containing ITPS
input parameters.
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at the left of Fig. 8 in white), both banks of pencil beams are delivering radia-
tion and are modulated independently. At table index 4, only the cranially
oriented bank of pencil beams ‘‘sees’’ the target, and accordingly only these
pencil beams are utilized by the inverse planning system. As mentioned, the
five arc-segments depicted are a subset of a total of 64 segments delivered
for each gantry arc (each segment delivered over 5� gantry rotation). The
central portion of Figure 8 also displays all utilized pencil beams over the
entire gantry rotation, with each white dot on the patient surface representing
an actual pencil beam delivered with non-zero intensity.

Figure 5 Isodose distribution for the case report example. Shown are the CTV
(bright red), PTV (darker red), esophagus protection region (green), spinal cord pro-
tection region (blue), and isodose lines: 100% (dark blue) 90% (red), 70% (yellow),
and 50% (green). (See color insert.)
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Total monitor units delivered were 43,037 for a net radiation delivery
time of approximately 72min. Including patient setup, control CT/image ana-
lysis, and treatment delivery, each fraction was completed in less than 100min.

TREATMENT VERIFICATION

As mentioned previously, the effective and safe delivery of radioablative
doses to extracranial targets requires a precise placement of the delivered
high-dose region. While exhaustive efforts are undertaken at our institution
to assure an adequate alignment and immobilization of the patient, as
described previously, extensive experience gained from the greater than
200 SBRT treatments delivered at our facility (as of March 2004) have

Figure 6 Statistics page for the case report example.
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convinced us that such efforts must include a detailed verification of patient
treatment position immediately prior to administration of treatment. While
our previously published evaluation of the accuracy and reproducibility
of the BodyFIX immobilization system used here for such treatments
demonstrated mean target translations of 2.9, 2.3, and 3.2mm in the x, y,
and z directions, respectively, the occasional observance of larger values,
which are capable of compromising adequate coverage by the previously
stated PTV margins, is evidence of the need for pretreatment verification (4).

At our institution we have adopted a pretreatment verification
approach which utilizes a three-dimensional (3D) data set provided by a
repeat CT of the patient. Immediately prior to each day’s treatment, the

Figure 7 Cumulative dose volume histogram for the case report example. Shown
(from back to front) are the CTV, PTV, esophagus, and cord. (See color insert.)
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patient is returned to the CT simulation suite, placed into the BodyFIX
whole-body immobilization system, and re-imaged in the treatment posi-
tion. The resulting CT data set, referred to as the Control CT, is transferred
to the Corvus ITPS for fusion with the original treatment planning CT data
set. The fiducial point matching fusion algorithm inherent to the Corvus
ITPS is utilized to produce a registration of the two data sets relative to the
BodyFIX whole-body cast. For such an approach to be valid, we must
assume the BodyFIX cast to represent a rigid-body, which does not change
shape during the course of a typical three-fraction treatment course, and the
experience gained from 200þ such fusions has supported the validity of this
assumption within reasonable limits (4). The registration of images is per-
formed using the small BBs that were attached to the mold system during
the treatment planning simulation, as described in a previous section.
Fusion of the two CT data sets, based on the BodyFIX cast system, results
in a near-perfect registration of the BodyFIX cast system between the two
image sets, with any variation of patient position between the two imaging
sessions apparent as movement of the patient anatomy observed when
toggling between data sets. The Corvus ITPS allows for an overlay of the
planned isodose distribution to be displayed on the Control CT dataset for
that particular day’s imaging session. Assessment of the pretreatment align-
ment quality is a straightforward matter of evaluating the coverage of the
relevant isodose lines relative to the target and any other critical structures
of interest. Based on such analysis, x, y, and z direction shifts required to
correctly re-center the target in the high-dose region may be determined
using the measurement tool inherent to the Corvus software. In our previously
published report on the accuracy of the BodyFIX system, we observed that
PTV margins of 5mm transversally and 10mm cranio-caudally would have
provided adequate (i.e., target covered by at least the 90% isodose line) uncor-
rected target coverage in 87.1% of the 109 control CT data sets evaluated (4).
Following determination of the 3D shifts necessary to return the target to
the correct location within the delivered isodose distribution, all patients are
shifted accordingly in the treatment room.

The utilization of a pretreatment control CT has the advantage of
providing a high-resolution, high-contrast, 3D image set for precise evalua-
tion of target location relative to treatment isocenter. The method allows for
visualization of treatment isodose lines overlaid on the patient/target posi-
tion for that particular day’s CT control, thus providing reassurance of a
proper 3D target position prior to treatment. The method has as a disadvan-
tage the assumption of the validity of the CT control as a surrogate for the
patient position on the treatment table. This assumption is valid only if one
believes that the patient does not move within the BodyFIX cast between
the time of imaging and treatment delivery. Because we currently do not
have the ability to acquire a 3D image set in the treatment room, the CT
control must be performed in the virtual simulation CT suite, which is
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located down a long hall from the treatment vault. Following CT control
image acquisition, the patient is transferred to a transport-gurney by sliding
the BodyFIX treatment board assembly from the CT table onto the gurney.
The patient can then be wheeled down the hallway to the treatment vault
where a similar procedure can be used to transfer the patient from the gur-
ney to the linear accelerator treatment table. Ideally, the schedules of the CT
suite and treatment vault are coordinated such that the patient may be
transferred directly to the treatment vault. In reality this is often, but not
always, the case. In such instances the patient may need to wait in a patient
holding area, adjacent to a nurses station, for as much as 10–15min, thus
further testing the assumption of the CT control position as an acceptable
representation of patient position at treatment time. As a coarse evaluation
of this assumption, we also perform an assessment of patient position on the
treatment table by comparison of pretreatment port films and CT-simula-
tion-generated digitally reconstructed radiographs (DRRs). Any significant
patient movement within the BodyFIX mold between the time of CT control
and placement of the patient onto the treatment table is believed to be visi-
ble on such images. Ideally, of course, we would acquire the 3D CT data set
in the treatment room, on the treatment table, and linear accelerator-based
cone beam imaging and CT-on-rails approaches may hold promise for
such applications, as will be discussed in a later section entitled Future
Directions.

TREATMENT OF MOVING TARGETS

As discussed in previous chapters, the treatment of thoracic and upper
abdominal targets must necessarily address the problem of respiration
related motion, and numerous reports have characterized the nature and
magnitude of target motion due to respiration (5–8). Current approaches
aimed at addressing the treatment delivery aspects of such motion are seen
to center around three general philosophies. The first is that of attempting to
stop, or control, the motion to some degree by the application of breathing
control approaches. Such approaches may be as aggressive as physically lim-
iting when, and to what degree, the patient may breath; as moderate as redu-
cing respiratory amplitude through the use of abdominal pressure applied
via belts, plates or cushions; or as passive as coaching the patient to mini-
mize the depth and frequency of respiration. In any case, investigators have
reported an ability to effectively reduce the degree of target motion to accep-
table limits. Such motion controlling approaches have the advantage of
ensuring that the target remains in an acceptable treatment location, thus
maximizing the amount of time spent delivering dose to the target, and mini-
mizing dose delivered to healthy surrounding tissue. These approaches
suffer from the disadvantage that the majority of patients undergoing
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treatment for thoracic lesions are compromised, to some degree, in their
breathing efficiency. Many such patients are incapable of tolerating such
limitations to their breathing cycle.

A second approach to addressing respiration related target motion is
that of pulsing, or gating, the treatment beam. Such approaches may moni-
tor the respiratory cycle of the patient through the use of various respiration
sensors (e.g., belts, spirometers, and chest markers) and then quickly turn
the treatment beam off when the target has moved beyond tolerable limits.
Target position can also be ascertained through real-time tracking of
implanted markers. Such approaches have the advantage of gating the treat-
ment such that dose is not delivered when the target is out of position, but
suffer from the disadvantage of increased treatment time due to time spent
waiting for the target to return to an acceptable treatment position.
Additionally, methods which rely on the rise and fall of the chest wall as
an indication of target position must assume that the chest wall is a valid
indicator of target position, and this assumption may be challenged by such
factors as phase and amplitude differences between target and chest wall
motion. The third general approach to dealing with target motion is, argu-
ably, the least sophisticated. This approach addresses the problem of target
motion by simply increasing the PTV margin to sufficiently accommodate
the motion of the target. Numerous methods exist for defining the magni-
tude and nature of PTV increase, from sophisticated time, motion, and
probability-related definitions, to methods which define the PTV as the
physical intersection of the full inhale and full exhale PTV volumes, to even
simpler methods that measure the maximum extent of motion in the three
principle directions on the full inhale and exhale CTs. A so-called slow
CT scan is often performed to generate a treatment-planning CT data set
which represents the target as a larger ‘‘blurred’’ volume due to the slow
scan-time, relative to target motion frequency. Because we currently lack
technology necessary to support more sophisticated approaches, we are
employing a combination of the latter of the previously described PTV-
growth methodologies with abdominal pressure applied via the BodyFIX
immobilization system. PTV margins are designed, on a patient specific
basis, by the evaluation of full normal inhale and exhale maximum extent
of target motion while immobilized in the BodyFIX system, and treatment
planning CT data sets are acquired using slow CT scanning techniques.
Moderate abdominal pressure, applied by the vacuum cushions inherent
to the BodyFIX system, has been observed to provide a measure of respira-
tory amplitude reduction. While such an approach has proven clinically
effective, it is, admittedly, less than ideal, and we are currently budgeted
for and exploring the options for implementation of gating-related appro-
aches. Such approaches appear to be capable of allowing for reductions in
PTV margin and, therefore, subsequent reductions in volume of healthy
tissue treated to prescription dose levels.
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LOGISTICS OF THE METHOD

The method described here for stereotactic treatment of extracranial targets
by use of a serial tomotherapeutic approach has been successfully employed
at our institution since August of 2001 for the treatment of 82 patients by
260 delivered fractions. The tomotherapy approach utilized is, in all relevant
regards, identical to the treatment approach utilized for the 50þ convention-
ally fractionated IMRT patients we treat each day. As such, it represents a
proven delivery method which has been shown to present no significant
technological challenges. The use of an arc-based delivery approach does
require that consideration be given to linear accelerator/treatment-couch
clearance issues, and we currently utilize a Varian ETR-Exact couch combi-
nation that has not posed any significant challenges to such clearance for
treatment of lesions of the torso. The use of an intensity-modulating
approach allows for the creation of extremely conformal distributions of
dose, with the anticipated loss of treatment efficiency associated with such
approaches. Monitor units (MU) required for delivery of any intensity
modulated treatment may be increased by a factor of four to six times over
standard, unmodulated delivery schemes, due to dose wasted to modulation.
Serial tomotherapy’s slicewise delivery approach further increases inefficiency
by an additional factor approximately equal to the number of separate treat-
ment arcs, due to its separate treatment of each slice of target. As a result,
delivered monitor units for a 12-Gy fraction typically range from 15,000 to
25,000 MU, and beam-on times from 25 to 45min on the 600MU/min Var-
ian 600CD accelerator used for such treatments at our facility. The average
time from procedure start, defined as patient placed in the BodyFIX mold
for CT control, to procedure finished, defined as all dose delivered, is on
the order of 1 hr and 45min. As such, the beam on time represents roughly
24–43% of the entire procedure time. Any reduction of the treatment proce-
dure time is, of course, valuable in that it can allow for a reduction in the
probability of patient movement, and for greater patient comfort. We are
mindful, however, that a 25% reduction in beam-on time will still represent
only a 6–11min, or a 6–10%, reduction in procedure time. We are currently
exploring methods for reducing beam-on time, as will be discussed in the
Future Directions section, but such efforts must be weighed against improve-
ments in conformality which are achieved through the use of such sophisti-
cated, yet inefficient, delivery methods. Perhaps a more effective method
for a significant reduction of procedure time would entail elimination of the
need to perform two patient setups, with associated transport and wait time,
subsequent to performing the control CT in a separate suite. Acquisition of
the 3D positional data set on the treatment table could, theoretically, reduce
the procedure time by 20–30min, and such an approach is of significant
interest to us, as will be discussed in the following section.
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FUTURE DIRECTIONS

The Patient Immobilization and Alignment section alluded to logistical
challenges associated with limited aperture and FOV issues that necessitated
the creation of the BodyFIX mold in the smaller bore of the PET suite.
In the near future it is envisioned that our acquisition of a large bore and
extended FOV CT-PET combined unit will render such simulation arrange-
ments unnecessary, allowing for a single imaging session and patient posi-
tion for both the PET and CT planning data sets. For patients who do
not require a fused PET data set, acquisition of a large-bore CT unit with
80þ cm aperture and 65þ cm FOV is envisioned to eliminate current FOV
concerns, again, in the near future.

The section on Treatment Planning discussed the trade off between
improvements in conformality associated with intensity-modulating
approaches, such as Peacock approved, and the subsequent increases in treat-
ment andprocedure timesdue to reducedefficiencyand increased requiredMU
of such treatments. The Corvus ITPS possesses inherent capabilities which
allow for user selection of the ‘‘complexity’’ desired in the resulting intensity-
modulated treatment plan. The software accepts user input through the posi-
tioning of a slider bar, which ultimately affects the modulation frequency of
the developed plan. Greater complexity equates to greater variation in the flu-
ences of the delivered pencil beams used for treatment and, therefore, to larger
numbers of ‘‘wasted’’ monitor units.We are currently systematically exploring
the trade-offs between plan quality and increased efficiency. As mentioned in
the previous section, improvements in efficiency can equate to reduced treat-
ment time, which can subsequently result in reduced potential for patient
movement and discomfort. However, such improvements must not come at
the expense of clinically significant reductions in conformity.

The need for ascertaining the correct and accurate position of the patient
was discussed in the section on Treatment Verification. In this section we
presented our method for verifying pre-treatment patient position through
the use of a Control CT. The reliance of this approach on an assumed validity
of the CT Control as an acceptable surrogate for the position of the patient on
the treatment table, at treatment time, was described. In the near future we
anticipate the elimination of the need for such assumptions through the instal-
lation of a linear accelerator with in-room CT and/or on-board cone beam
capabilities. Such in-room, three-dimensional imaging capability holds the
promise of allowing us to explore the potential of these exciting new image gui-
dance approaches, and to provide nearly real-time verification of patient treat-
ment position, with associated reduction of total procedure time. Lastly, the
section on Treatment of Moving Targets characterized our currently less-
than-sophisticated approaches to addressing respiratory related target
motion. We are currently budgeted for, and anticipate the installation of,
respiratory-gated technology in the very near future. Such technology is
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believed to be capable of allowing for a clinically significant reduction in PTV
margin and, therefore, dose to healthy tissue. The obstacles to implementation
of gated technology in a tomotherapeutic environment are anticipated, and
alternative scenarios are currently being explored.
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INTRODUCTION

The growing clinical interest in extracranial stereotactic radiotherapy
(ECSRT) is a logical consequence of the high control rates observed with
hypofractionated intracranial stereotactic radiotherapy (SRT). In principle,
similar SRT fractionation schedules can also be applied to extracranial sites,
provided that treatment volumes are small and critical normal structures are
avoided. Knowledge of patient-setup errors and (residual) mobility of both
tumor and normal structures is essential in order to determine the smallest
possible treatment planning margins without losing adequate tumor cover-
age. However, organ motion remains a major problem for extracranial sites,
and methods to address this problem require considerable resources and are
the subject of ongoing research.

It will be evident that the consequences of errors in the definition of
target volumes and adjacent critical normal tissues will be far greater for
hypofractionated stereotactic treatments than for conventionally fraction-
ated treatments, and the characteristic steep dose-gradients obtained with
stereotactic irradiation will increase even further the clinical impact of such
geographical errors. In order to minimize the probability of such errors, two
important issues that are specific to implementing ECSRT have to be solved:
(1) the accuracy and reproducibility of patient positioning and (2) the
internal mobility of tumors and normal tissues.
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Optimal imaging techniques that precisely localize both the target
volume and adjacent critical structures are a prerequisite for ECSRT.
Although some form of image-based information has always been used to
guide the radiotherapy treatment process, the availability and improved
quality of digital data and the computerized 3D reconstruction of the
patient’s anatomy have permitted current ‘‘image-guided radiotherapy.’’
Image guidance can be performed not only for diagnosis and treatment
planning, but also for visualization during treatment delivery using either
external reference systems that are attached to the patient (frame-based
ECSRT) or using images that are registered relative to the patients anatomy
(frameless ECSRT).

The implementation of image-guided approaches has expanded from
using anatomical imaging techniques, such as computed tomography
(CT), magnetic resonance imaging (MRI), and ultrasound, to include sev-
eral biological imaging techniques, e.g., positron-emission tomography
(PET) or magnetic resonance spectroscopy (MRS). However, the exact role
of biological imaging in ECSRT planning is currently investigational, but
co-registration of images from different anatomical and/or biological tech-
niques can provide additional information in the determination of target
volumes and critical structures.

This review will address current and ongoing developments in the role
of image guidance in the phases of pretreatment selection, treatment plan-
ning, treatment delivery, and follow-up in ECSRT. As the topic of imaging
using all available techniques is extensive, and many tumor sites can be trea-
ted with stereotactic radiotherapy, this chapter will only focus on three key
target areas, i.e., lung, liver, and vertebral lesions, in order to highlight the
main principles.

APPROPRIATE SELECTION OF PATIENTS

ECSRT is a labor-intensive process and appropriate patient selection is
required in order to identify patients who are most likely to benefit from this
approach. Patients with small primary tumors or limited metastatic disease
are the key candidates for ECSRT, and an important aspect of imaging
studies for patient selection is the exclusion of patients who have more exten-
sive or rapidly progressing disease. In the absence of data from prospective
randomized clinical trials of ECSRT for metastatic disease, the surgical litera-
ture may offer useful pointers for patient selection criteria (1–6). In general,
patients who have controlled primary tumors with a limited number of metas-
tases (3 or less) that are restricted to a single organ system, and have a good
performance score, can be considered candidates for ECSRT.

Staging accuracy for patients with cancer has been improved substan-
tially by the availability of PET. PET has the ability to detect cancer on the
basis of biochemical and molecular processes within tumor tissues, and can
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provide quantitative information, not only on metabolic activity but also on
perfusion (7,8), oxygenation (9–11), and proliferation (12–14). A literature
review suggests that 18FDG-PET is between 10% and 20% more accurate
than conventional imaging for diagnosing, staging, and restaging of many
tumor types (15), including tumors of the lung (16–23), colorectal cancer
(24–26), head and neck cancer (27), breast cancer (28,29), and melanoma
(30,31).

In the following sections, the aspects of imaging in the patient selection
will be highlighted separately for three tumor sites, namely, lung cancer,
hepatic malignancies, and vertebral metastases.

The Role of Imaging in the Selection of Patients with Lung Cancer

Local control rates of only 30–55% have been reported for conventionally
fractionated radiotherapy for stage I non-small cell lung cancer (NSCLC)
(32,33). In contrast, local control rates as high as 80–90% have been
reported for hypofractionated ECSRT (34–37). However, accurate staging
is essential as ECSRT would be an inappropriate treatment if occult hilar
or mediastinal nodal metastases were present. After a clinical diagnosis of
stage I NSCLC using conventional staging procedures, only around 65–71%
of patients will have the same pathological stage, with upstaging to stage II
in 15%, stage III in 16%, and stage IV in 4% of patients (17,38).

18FDG-PET has been shown to be superior to conventional CT scans
in the staging of patients with NSCLC (16,18–23,39,40). However, as false-
positive findings may occur in granulomatous disease such as tuberculosis or
sarcoidosis (41,42), 18FDG-PET uptake alone is not a sufficient basis to
select patients with solitary pulmonary lesions. Similarly, false-negative find-
ings have been reported for broncho-alveolar carcinoma, carcinoid, and in
NSCLC measuring less than 1 cm (43), and histological or cytological
confirmation is advisable prior to ECSRT regardless of the findings on
18FDG-PET scans. As ECSRT is usually restricted to either medically
inoperable patients with early stage lung cancer or patients refusing surgery,
mediastinoscopy is rarely performed and staging is confined to non-invasive
methods. 18FDG-PET scans are more reliable than CT scans for the detec-
tion of mediastinal or hilar lymph node metastases, with a mean sensitivity
and specificity of 79%� 3% and 91%� 2% for PET and 60%� 2% and
77%� 2%, respectively, for CT (39). The accuracy of nodal staging can
be increased even further using co-registration of CT and PET scans, or
an integrated PET-CT (44–46).

In patients with early-stage NSCLC, endobronchial ultrasound
(EBUS) can be useful in excluding metastases to mediastinal and hilar nodes
(47). In addition, EBUS may also have a role in the assessment of patients
with peripheral nodules in whom no definite histological diagnosis is avail-
able (48). In such patients, EBUS permits the visualization of the internal
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structure of peripheral pulmonary lesions, information that appears to
correlate with histology of the lesion.

The Role of Imaging in the Selection of Patients
with Hepatic Malignancies

The suitability of local treatments for liver metastases has traditionally been
based upon their number, distribution, and size using anatomical imaging
studies such as contrast-enhanced CT scans, MRI, and ultrasonography.
The sensitivity of transabdominal ultrasonography is relatively poor in com-
parison to intraoperative ultrasonography, in particular due to the failure to
detect smaller metastases (49–51). In a series of 157 patients with liver
metastases, 247 out of a total of 290 lesions found with intraoperative ultra-
sound, intraoperative palpation, and histopathologic examination had been
correctly identified by helical CT, yielding an overall detection rate of 85%
(52). The high positive predictive value of 96% indicates that histological or
cytological confirmation prior to ECSRT is required only for equivocal
lesions on contrast-enhanced CT scans. 18FDG-PET scanning improves
the selection of candidates for local treatment of liver metastases from colo-
rectal cancer by identifying extrahepatic disease sites, (53) and in detecting
unresectable disease (54–57). However, anatomical imaging studies remain
superior for identifying small liver metastases, as the detection rate for
lesions of 1 cm or smaller was only 25% with FDG-PET scans, compared
to 85% for lesions larger than 1 cm (55,58). The low sensitivity for detection
of smaller liver metastases is partly a result of the high hepatic background
activity produced by the high metabolic activity of normal hepatocytes.

The Role of Imaging in the Selection of Patients
with Vertebral Metastases

The appropriateness of ECSRT for vertebral metastasis is determined by the
multiplicity of bone metastases. While determination of the number of
involved sites is usually based on conventional technetium-99m methylene
diophosphate (Tc-99m MDP) whole body bone scans, several authors have
reported a substantially higher sensitivity and a better accuracy of 18FDG-
PET scans in the detection of bone metastases (59–62). In addition,
18FDG-PET revealed more metastatic lesions than bone scanning, indepen-
dent of the type of cancer or location of bone involvement (63). Thin-section
CT scans can be used to determine the local extension of vertebral metas-
tases, and coronal and sagittal multiplanar reconstructions can assist in
determining the local extent of bony destruction and provide detailed infor-
mation about infiltration and potential spinal instability. The visualization
of the local extension of vertebral metastases, particularly with respect to
the epidural and paravertebral regions and the relation to the spinal cord,
is superior using gadolinium-enhanced multiplanar MRI scans (64).
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GENERAL PRINCIPLES OF TARGET DEFINITION

The steep dose-gradients, characteristic of ECSRT, imply that the accurate
definition of target volumes is of utmost importance in order to avoidmarginal
misses. To ensure that representative target volumes are generated for ECSRT
treatment planning, imaging techniques will have to be used that reflect the
method of treatment delivery. For instance, if treatment delivery is performed
during abdominal compression or respiratory gating, planning CT scans
should also be performed under identical conditions. In addition, an imaging
procedure of a lung tumor lasting a few minutes may not provide
representative target volumes if the lesion is treated with respiration-gated
single fraction SRT which may take up to 2 hours (65,66).

The small margins used for ECSRT dictate that careful attention
must be paid to limiting variations and inconsistencies in contouring GTVs.
Interobserver variability in contouring target volumes appears to be a major
factor contributing to geometric inaccuracy (67). In addition, with respect to
the critical dose distributions in ECSRT, variations in contouring adjacent
normal tissues, which can also be substantial (68,69), should be taken into
account. Although some residual interobserver variability remains inevita-
ble, measures to diminish such variations, including standard contouring
protocols, the use of standardized optimal window-level settings for con-
touring, thin slice planning CT scans, and multimodality image registration
techniques are of paramount importance (70,71). The development of reli-
able segmentation software tools may in the future also decrease the impact
of human error.

Although only minimal acute toxicity has been reported after ECSRT,
late toxicity may become important in patients who are treated with curative
intent. A significant risk of late radiation-induced Grade 3–5 complications
has been reported after high-dose irradiation or chemoradiotherapy of the
thorax (72). While these findings were reported after fractionated conven-
tional radiotherapy, it indicates that doses to normal tissues should be mini-
mized in ECSRT by using optimal techniques, and these doses should be
carefully documented. In view of the large fraction sizes used in ECSRT,
establishing the actual dose delivered to critical normal tissues is important
in order to derive normal tissue tolerance doses. The ICRU Report 62
recommends drawing margins around organs at risk to produce planning
organ at risk volumes (PRVs) to account for geometric uncertainty in the
radiotherapy treatment process (73). The use of such PRVs requires that
data on organ mobility and systematic uncertainties in patient setup are
available. However, this is generally not the case at present.

Occasionally, ECSRT is performed for residual disease after induction
chemotherapy, e.g., for metastatic disease or T2N0M0 primary NSCLC.
There are presently no recommendations available as to whether to irradiate
the pre- or postchemotherapy target volumes. Only a careful study of
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disease recurrence patterns will show if treatment of postchemotherapy
volumes is acceptable. Whenever the choice is made to irradiate the preche-
motherapy volume, the use of multimodality fusion can aid in an accurate
reconstruction of this volume (70).

GENERATING REPRESENTATIVE PLANNING CT SCANS

The challenge of generating representative target volumes for mobile organs
has most extensively been addressed for lung lesions. The following section
aims to describe potential solutions for this tumor site, although not all
solutions are suitable for other mobile tumor sites.

Individualized assessment of mobility, instead of using ‘‘standard’’
margins, is required for ECSRT, as an analysis of the mobility of peri-
pheral lung tumors has revealed that no clear correlation exists between
the anatomical location of lung tumors and the extent of mobility (74).

It is commonly assumed that the correct, or at least the mean, position
of a normal organ is captured by a single planning CT scan, and that this
position is reproduced throughout the treatment. However, planning CT
scans may show considerable artifacts due to internal mobility during the
generation of the scans (Fig. 1). In addition, fast spiral CT scans will gener-
ate a random ‘‘snapshot’’ position of both target volumes and normal tis-
sues, and dose distributions calculated in such a static model are unlikely
to represent the actual dose distribution (75). A study in which an abdom-
inal CT scan was performed in a patient who was breathing quietly and
freely, and was followed by a CT scan with breath-holding at normal inhala-
tion and normal exhalation, showed that the absolute volume of the liver
varied by as much as 12% between studies, due to sampling error. The

Figure 1 Movement of a solitary lung nodule during CT scanning (1 second/slice)
results in discontinuous imaging of the lesion, as seen on a digitally reconstructed
radiograph (left panel) and consecutive CT slices (right panel).
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normal tissue complication probabilities (NTCP) calculated from static
exhale and inhale studies in six patients varied randomly from 3% to 44%
for doses that resulted in a 15% NTCP on the free-breathing studies (76).

As standard imaging techniques are lacking in information on the time
factor, several approaches have been used to ensure adequate target
coverage, including:

1. a full characterization and incorporation of internal mobility,
2. restriction of respiration-induced mobility during both pretreat-

ment imaging and treatment delivery,
3. respiration-gated planning CT scan and gated treatment delivery,
4. real-time tumor tracking.

Full Characterization and Incorporation of Internal Mobility

Characterization and incorporation of all intrafractional tumor mobility,
although time consuming, represents the simplest of measures to deal with
the problem of internal mobility. An obvious disadvantage of this approach
is that an unnecessarily larger volume will be irradiated, particularly if
extremes of mobility are incorporated. For an adequate dosimetric analysis,
the full incorporation of internal mobility should not only include the target
volume, but also adjacent normal structures in order to integrate all time-
weighted changes in anatomy.

Fluoroscopy is not an appropriate method for characterizing mobility
in high precision radiotherapy, as only limited mobility data can be gener-
ated (if at all) on superior–inferior and medio-lateral movements (77,78).
More importantly, the observed mobility cannot be accurately linked to
the geometry of planning CT scans.

The fusion of target volumes generated on ‘‘two-phase’’ CT scans,
obtained at either deep or quiet inspiration and expiration, has also been used
to characterize internal mobility (78–81). However, summation of target
volumes generated at deep inspiration and deep expiration will not only lead
to an overestimation of the actual target volume (82), but the reproducibility
of such target volumes is questionable (66). However, it has been argued that
‘‘two-phase’’ planning, by removing the need for large symmetric, popula-
tion-based margins, allows for a reduction in the amount of irradiated normal
tissue, and could thereby improve the reliability of patient data for DVHmod-
eling (81). An alternative method of obtaining an individualized internal target
volume (ITV) is the summation of target volumes generated on multiple rapid
planningCTscans (Fig. 2).The exact numberofCTscansneeded for generating
an optimal ITV is unknown, and as the fusion ofmultiple ‘‘snapshot’’ positions
is unlikely to cover the full range of mobility, a small additional ‘‘internal’’ and
‘‘setup’’margin for generating planning target volumes (PTVs)will be required.

Another method that is restricted for use in lung tumors is the genera-
tion of ‘‘slow’’ CT scans that are performed with a CT revolution time of
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4 sec/slice (83,84). The GTVs generated from single slow CT scans are gener-
ally located in a central position relative to an ‘‘optimal CTV’’ generated using
six separate CT scans during quiet respiration. Being centrally located, GTVs
generated using slow CT scans can enclose the 6-scan volume by applying a
symmetrical 3D margin of 5mm (85). A complete breathing cycle in patients
with lung cancer has been reported to range between 1.5–3.5 sec and
3.6� 0.85 sec (86,87), and the need for an additional margin (of 5mm) may
reflect factors such as minor variations in mobility between respiratory cycles
and contouring variations. This 5mm margin reflects the ‘‘internal margin’’
only; additional margins to account for patient-setup are required as well. As
symptomatic radiation pneumonitis is very uncommon in patients irradiated
for stage I NSCLC (33), the modest increase in PTV for a plan based upon a
slow CT scan with an additional margin is not clinically relevant.

Minimizing Respiratory Motion

A simple and frequently used method for restricting respiration-induced
tumor mobility is the application of abdominal pressure, both during

Figure 2 Generating target volumes for a stage I lung tumor. The ITV (orange
contour on left panel) encompasses all GTVs contoured on six consecutive multi-slice
CT scans (light yellow contours on left and right panel). The ITV was expanded with
a 3mm margin to derive the PTV (red contour on right panel). (See color insert.)
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pretreatment imaging and treatment delivery, for decreasing the mobility of
both lung and liver lesions (88–91).

SRT during patient breath-holding, usually at end-inspiration, has
been used as a method for minimizing the mobility of targets in the lung
and liver (92,93). Although theoretically attractive, this method has a num-
ber of practical disadvantages. Cooperative patients have to be coached
thoroughly in order to generate reproducible results, and an individualized
assessment is required for each patient. In addition, a considerable number
of medically inoperable patients with compromised respiratory function
cannot tolerate breath-holding (65,92,94). When performing breath-holding,
some residual mobility persists due to variations in breath-holding and
cardiac action, and this movement must also be incorporated. In addition,
tumor drifts have been reported during treatment, which is particularly
relevant for SRT in view of the long fractional treatment time (95).

Recently, Onishi et al. (96) described a self-breath-holding system,
which is based on the control of the radiation beam by patients themselves.
Planning CT scans during patients’ self-breath-holding were repeated three
times, and the tumor positions on these scans showed that the technique was
reproducible within a 2mm distance. In addition to patient-controlled
breath-holding, several authors have reported minimizing mobility using
active breathing control (ABC) (97,98), or even using general anesthesia
and high-frequency ventilation (34).

Respiratory Gating

Respiratory gating constitutes an attractive alternative to the breath-holding
techniques, although advanced gating equipment at the CT scan and linear
accelerator is mandatory. The approach of ‘‘prospective gating,’’ i.e., per-
forming respiration-triggered CT scans for radiotherapy planning, has
major limitations (99). Firstly, CT sessions will have to be long, as only
one slice is acquired at each table position per breathing cycle, and multiple
scans of similar duration would be required if many respiratory phases are
to be imaged. The long image acquisition time for each CT set increases the
likelihood of patient movement during the scanning process. Another draw-
back is the fact that the respiratory phase at which the scan is to be
performed has to be predetermined before image acquisition.

A major recent advance in CT scanning technology has been the use of
multi-slice CT scans to characterize the 4D position, which includes the time
factor, of tumors or normal organs from co-registered respiratory signals.
This requires multiple CT slices to be performed at each relevant table posi-
tion (‘‘over-sampling’’) for at least the duration of one full respiratory cycle,
while simultaneously recording signals which are generated using a respira-
tory motion monitoring system (100). Each image from such a scan is sorted
into an image bin that corresponds with the phase of the respiratory cycle in
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which the image was acquired (‘‘retrospective gating’’). The complete set of
such image bins accumulated over a respiratory cycle constitutes a 4D data-
set (Fig. 3). Motion artifacts are significantly reduced in the 4D dataset com-
pared to 3D images, and reconstruction volumes match those expected on
basis of stationary-phantom scans to within 5% in all cases (101). The initial
reports concerning the use of 4D CT scanning for radiotherapy planning
described the use of a single-slice spiral CT and mainly phantom studies
(100,101), but clinical experience in a single patient with lung cancer was
also reported (112).

Tumor Tracking Radiotherapy

One of the most advanced methods for coping with the problem of mobile
target volumes is fluoroscopic real-time tumor-tracking radiation therapy
(RTRT). Prior to performing a planning CT scan, radio-opaque gold mar-
kers are inserted in or near the tumor. This is performed using broncho-
scopic insertion for peripheral lung lesions, transcutaneous insertion for
liver lesions, or cystoscopic or percutaneous insertion for the prostate. The
robustness of the treatment plan is dependent upon a constant relationship

Figure 3 A 4D CT dataset is derived by performing multiple CT slices at each table
position (‘‘over-sampling’’), while simultaneously recording respiratory signals. Each
image is then sorted into a bin that corresponds with the phase of the respiratory
cycle at which the image was acquired.
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between the fiducials and tumor isocentre. Using fluoroscopic tracking, the
system triggers the linear accelerator to commence and stop irradiation only
when the marker(s) are located within a predetermined coordinate-range.

The method has a number of limitations, however. The accurate inser-
tion of markers in tumors can be difficult or may be contraindicated.
Bronchoscopic implantation of markers in centrally located lung tumors
is often unsuccessful due to problems with early displacement (102,103),
and the insertion of markers is restricted into small peripheral bronchi in
or adjacent to the tumor (103). The difficulty in inserting any marker into
lung tumors was highlighted by a report in which it was only possible to insert
markers in the proximity of tumors in five (of seven) patients with T1 lung
tumors (87). Transthoracal insertion of markers for lung lesions is associated
with a substantial risk for pneumothorax (37), a complication that may be
life-threatening in patients with compromised pulmonary function.

Ideally, four fiducial markers are required in order to accurately detect
tumor rotation and volumetric changes during treatment (104). In patients
with prostate cancers, a reduction in the distance between markers that was
consistent with tumor regression has been observed during treatment
(103,105). Preliminary data suggests that marker migration does not appear
to be a major problem in lesions of the liver and prostate (106).

REPEATED TREATMENT PLANNING IN BETWEEN FRACTIONS

Interfractional variation in location of target volumes may play an impor-
tant role in hypofractionated SRT, in particular when the overall-treatment
time is longer than a few days, but may also be relevant for single fraction
treatment when the time between imaging and actual treatment delivery is
substantial. For hypofractionated SRT, the geometrical accuracy can be
improved by irradiating a ‘‘target of the day,’’ which relies on image gui-
dance that identifies the target volume position before each fraction. This
can be performed in instances when a change in size or position of the tumor
or normal tissues is anticipated during treatment, using ultrasound imaging,
radiographic imaging of implanted radio-opaque markers, or CT imaging.
The general principle of this approach is to adapt the treatment fields to
the daily position of the target as detected by each imaging procedure. While
attractive, the use of markers only accounts for variations in the spatial
position of the target volume and cannot correct for (radiation-induced)
changes in volume and shape of the target volume. Data on potential volu-
metric changes during the course of radiotherapy, including both radiation-
induced enlargement and tumor shrinkage, are required to assess the
importance of such volumetric changes on dosimetry. Volumetric measure-
ments and beam adjustments may become feasible with the implementation
of cone-beam CT scanners, which are linked to the linear accelerator.
In instances where volumetric changes can be expected to be present, or
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in situations where markers cannot be used, repeated imaging and treatment
planning in order to re-establish both the PTV and PRV before subsequent
fractions may be warranted.

The reproducibility of target volumes has been studied using repeated
CT scans prior to each of three fractions of SRT in 60 CT-simulations for
lung targets, and 58 CT-simulations for hepatic targets (91). This analysis
showed that had all treatments been based upon a plan derived from the
initial scan, an adequate (95% or greater coverage of the target volume by
the reference isodose) was only attained in 91% of lung tumors, and 81% of
liver tumors. The authors suggested that pulmonary targets with ‘‘increased
breathing mobility’’ and liver tumors exceeding 100 cm3 should undergo
repeated evaluation of sufficient margins

Preliminary data from our series in general showed stable ITVs during
the 3–5 weeks course of ECSRT; however, an occasional transient but
significant increase in ITV after the first fraction of ECSRT was observed
(Fig. 4). Additional investigations into the magnitude and impact of time-
trends during the course of hypofractionated SRT are awaited.

SITE SPECIFIC COMMENTS

Table: Site-Specific Aspects of Imaging for ECSRT

� Spiral CT-scanning (Fig. 5) should be performed during either the
late arterial or portal venous phase (scanning delay 45–80 sec) for
optimal visualization of both hypovascular and hypervascular liver
metastases (107,108).

Figure 4 Changes in ITVs seen on weekly CT scans in two patients with peripheral
lung tumors when five fractions of stereotactic radiotherapy were delivered in
5 weeks (12Gy/fraction). (See color insert.)
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� A trans-abdominal ultrasound-based stereotactic guidance system
that accurately localizes the prostate and hepatic lesions is a rapid
and direct method to correct for patient position and organ-
motion error (109,110).

� Magnetic resonance spectroscopy (MRS) has been used to identify
tumor-bearing regions on the basis of an elevated choline/citrate
ratio (111,112). Co-registration of this information may permit a
‘‘biological target volume’’ to be generated. However, the spatial
resolution of MRS is modest.

Figure 5 Four-phase hepatic CT scans showing a liver metastasis in the right lobe.
The hypodense region seen on the scan without contrast (upper left panel) shows dis-
tinct contrast enhancement in the late arterial phase (upper right panel) and to a lesser
degree in the portal venous phase (lower left panel). The contrast enhancement has
disappeared in the late venous phase (lower right panel).
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FOLLOW-UP IMAGING

Sequential posttreatment imaging is required in order to characterize the
sites of disease recurrence and to optimize the planning margins and dose-
fractionation schemes used for ECSRT. No elective irradiation is delivered
using ECSRT, and some centers omit using separate margins for potential
microscopic tumor extension in stereotactic radiotherapy, which could
increase the rate of marginal and regional failures.

Volumetric measurements using images after stereotactic radiotherapy
can be misleading, as early changes may arise from treatment-induced
edema. Transient increases in volume and/or changes in patterns of contrast
enhancement have been reported after SRT for brain metastases (113,114),
pituitary adenomas (115), vestibular schwannomas (116,117), gliomas (118),
and craniopharyngiomas (119). The radiological findings reported following
extracranial SRT range from local radiation pneumonitis to marked fibrosis
or atelectasis (36,120,121). Difficulties in differentiating between residual
tumor and radiation-induced changes mean that the absence of progression
on serial studies may be a better denominator of local control than the
disappearance of abnormalities on imaging (122).

There is currently limited data available on the indications and timing
of PET scans in assessing local control after ECSRT. However, 18FDG-PET
has been shown to be superior to using anatomic imaging during follow-up
after radiofrequency ablation of liver tumors (123,124).

CONCLUSIONS

ECSRT is a relatively new high-precision treatment modality, and optimal
imaging studies are essential for optimizing the technique and results.
Optimal imaging plays an important role in patient selection, treatment
planning, and verification and follow-up.
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INTRODUCTION: CLINICAL RADIOBIOLOGY AS
A FOUR-DIMENSIONAL PROBLEM

Cancer radiotherapy works via biological mechanisms rather than by
physically eradicating tumors as practiced by surgeons. That is, radiation
therapy is bona fide biological therapy—more akin to the craft practiced
by medical oncologists using systemic chemotherapy. Furthermore, radia-
tion therapy is done with precise quantification of dosage deposited at the
patient’s anatomic site of interest. This is feasible because ionizing radiation
particles are several orders of magnitude smaller than their subcellular
biological targets, so that the probability of such interaction is rare enough
to permit a straightforward, albeit simplified, biophysical interpretation.
Equipped with a consistent way of measuring the dose, one can analyze
the effect of radiation upon living cells after quantifying the resulting biolo-
gical changes, of which the end-point is often defined operationally as clono-
genic cell survival. Various quantitative models have been proposed to
explain the observed survival probability as a function of dose. Among
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these models, the linear-quadratic (LQ) theory has gained wide popularity
over the past few decades (1). In addition, a versatile theoretical framework
based on the LQ theory has been developed to correlate biological effects of
radiation treatments using a variable range of dose rates or fractionation
schemes (2,3). Perhaps it suffices to say that the problem of analyzing radio-
biology along the time domain, as specified by any ‘‘unconventional’’ frac-
tionation protocol, has been solved in its most general form. What is left is
the problem in the space domain, otherwise known as the ‘‘volume effect,’’
elicited due to heterogeneous dose distribution in three-dimensional space.
In real life, the complexity arising from combined temporal–spatial varia-
tion of radiation dose could significantly dictate the practical application
of radiation biology in the clinical setting.

The organization of this chapter is structured to follow a thread of
synthesis of central ideas rather than a verbatim literature survey. We will
first review the fundamental principles in clinical radiation biology along
the temporal domain. Specifically, utilization of the LQ theory to quantify
biological effects will be discussed. This will lead to the topic of the so-called
‘‘double-trouble’’ effect for which clinical application would call for biolo-
gical ‘‘correction’’ despite precise physical dosimetry in three-dimensional
space, representing an inevitable problem encountered in the spatial
domain. Then, when ultra precision oriented therapy such as stereotactic
irradiation (whether single-dose or fractionated) or intensity-modulated
radiation therapy (IMRT) is introduced, heterogeneous dose distribution
often surfaces to exacerbate the problem of the volume effect and must be
considered. This is currently still at the forefront of clinical radiobiological
research, but some relevant practical issues will be discussed to hopefully
help readers gain insight into what they might face in clinical practice using
high-tech driven treatment technologies. Interested readers outside the
radiation oncology specialty are urged to consult teaching texts such as Hall
(4) or Withers and Peters (5) for a detailed review of basic radiobiology prin-
ciples. For on-going research topics in quantitative radiation biology, there
are excellent collections of articles in Seminars in Radiation Oncology (issues
9:1, 11:3, 12:3, and 14:1) and other major radiation oncology or medical
physics journals.

The fact that clinically relevant radiobiology issues can be visualized as
a space–time problem should be distinguished from what medical physicists
currently describe as ‘‘four-dimensional’’ radiation therapy. The former will
be dealt with in detail in this chapter, while the latter pertains to dosimetric
problems arising from motion uncertainties due to intra-fractional as well
as inter-fractional movements of radiotherapy targets and normal tissues.
For extracranial stereotactic radiation treatments, all these issues are of
relevance and should be considered in order to devise rational treatment
strategy for each patient.
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RADIOBIOLOGY PROBLEM ALONG THE TEMPORAL DOMAIN:
TIME, DOSE, AND FRACTIONATION

A clinical phenomenon early radiotherapists observed was that the best
therapeutic result can be realized by fractionation rather than single-dose
treatment (6). However, the biological effect of radiation does not appear to
be linearly additive when a course of treatment is split into multiple fractions
of smaller doses, each given separately in time. That is, some biological pro-
cesses seem to occur during the time interval in-between the fractions, such
that the final biological effect of these fractions is not equivalent to that of a
treatment using the total sumof the doses in one single fraction.Wemight view
this phenomenon—that biological effect of radiation depends on dose fractio-
nation in time—as the problem of radiobiology along the temporal domain.

The 4 Rs of Fractionation Radiobiology

Over the past several decades, we have gained more insights into the biolo-
gical processes occurring in-between the treatment fractions. They have been
summarized by Withers (7) conveniently as the ‘‘4 Rs of fractionation radio-
biology’’: reoxygenation, repopulation, repair, and redistribution.

Reoxygenation

The damage of tissues by radiation depends largely on the formation of
hydroxyl radicals, which in turn depends on the availability of oxygen mole-
cules in close proximity. Fractionation allows oxygen to diffuse into the
usually hypoxic center of an expanding tumor during the interval between
fractions, and thus enables more tumor cell killing during the subsequent
treatment. This mechanism, first described by Thomlinson and Gray (8),
essentially equates fractionation as an effective hypoxic tumor radiation sen-
sitizer (like some chemicals designed for the similar purpose).

Repopulation

All living cells have the potential to repopulate in number by mitotic growth
of clonogens. During the time of a radiation treatment course, both normal
tissue progenitor cells and malignant cells may repopnlate, and the outcome
of such competing processes may influence the therapeutic efficacy signifi-
cantly. Moreover, Withers et al. have described a phenomenon of ‘‘acceler-
ated repopulation’’ for irradiated cells, which is stimulated by such
therapeutic intervention (9). This identifies the overall treatment time as
an important clinical variable affecting the chances of tumor control and
acute normal tissue reaction. As malignant cells quickly repopulate, pro-
traction of overall treatment time is therapeutically disadvantageous when
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the dose-limiting normal tissue is not rapidly repopulating. In order to
combat this potential bottleneck for tumor control, clinicians sometimes
employ the strategy of ‘‘accelerated fractionation,’’ i.e., delivering a conven-
tional level of total dose but shortening the overall treatment time with more
intensely fractionated patterns (10).

Repair

Cells can be equipped with repair machinery to reverse partial damage
caused by a small fraction of radiation dose. They would die if such damage
fails to be repaired sufficiently and is exacerbated by further radiation insults.
Elkind and Sutton in 1959 described one possible contributing mechanism
called ‘‘sublethal damage (SLD) repair’’ (11). By splitting a single dose into
two fractions, and observing the amount of dose required for the second frac-
tion to result in the same level of final cell survival as a function of the inter-
fractional time interval, they demonstrated the capability of cells to repair
such radiation injury. Furthermore, this repair process proceeds roughly
exponentially in time with a typical half-time of about 1–2 hr for clinically
relevant tissues. A corollary is that if the dose per fraction is decreased and
the interfractional time interval is long enough to allow for complete SLD
repair, the total dose required to achieve a fixed level of cell death would
be higher. Fractionation thus spares cells from radiation damage in compar-
ison with single-dose irradiation. If normal cells repair better than tumor
cells, there would be therapeutic gain by fractionation, and vice versa. Other
types of radiation damage repair mechanisms have been proposed (12).

Redistribution

Cells exhibit differential sensitivities towards radiation at different phases of
the cell cycle. Most mammalian cells are more sensitive at the junction
between G2 and M phases. After an initial fraction of dose, the cells at a
more resistant phase (e.g., late S) may survive but then proceed in time even-
tually to the sensitive phases, thus subjecting themselves to more efficient
killing during the next fraction. One can thus appreciate why fast cycling
cells like skin or mucosal cells are more prone to radiation killing than slow
or dormant ones such as muscle or skeletal cells, a phenomenon realized by
investigators in the first decade of radiation oncology history and enshrined
as the Law of Bergonie and Tribondéau (13).

Empirical Power–Laws

Once early investigators realized the significance of radiobiological effects
due to fractionation, some sort of quantitative guideline was clearly desirable.
Initially, however, clinicians have for a long while relied mainly on empirical
approaches. The first was published in 1944 by Strandqvist (14). In attempt-
ing to theorize a quantitative relationship between the total radiation dose
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needed to achieve a certain clinical effect (e.g., skin reaction) and the extent of
fractionation (in the early days often paraphrased as ‘‘protraction in time’’
resulting from the often ultra-low intensity of the radiation sources), Strandq-
vist borrowed rather empirically the popular Schwarzschild’s Law of Photo-
chemistry (15): Given that the intensity of light (i.e., dose per time), I,
should be inversely proportional to the time of exposure, T, for a certain
degree of photochemical exposure (i.e., isoeffect), one might express the fol-
lowing simple isoeffect relationship:

I � Tp ¼ C ð1Þ
whereC is a constant characterizing the desired effect, and the exponent p is a
parameter characterizing such a ‘‘power–law’’ relationship (0� p� 1).
Because the dose, D, is equivalent to I � T , then:

D � I � T ¼ C � T1�p ð2Þ
One can readily see that such an equation predicts a linear curve on a

log D versus log T displaya for the same effect C, with the slope of the line
dictated by the parameter p.

Although Strandqvist’s approach has been criticized mainly due to the
lack of reliable clinical data needed to construct his log–log graph, the meth-
odology was nevertheless a useful endeavor many found easy to emulate. The
empirical nature of such an approach necessitated constant revisions, depend-
ing on the particular clinical scenario or biological tissue from which useful
data were extracted to fit the curves. Various quantitative schemes were
invented over several decades to interpret complex clinical observations, yet
the approaches largely followed the original framework of Strandqvist, i.e.,
utilizing phenomenologically oriented entities with empirical assumption of
the power–laws. First, after laboratory and clinical investigations showed
the importance of the number of fractions, Ellis added a fractionation factor
to the power–law and created the nominal standard dose (NSD) (16). This
concept soon encountered a problem: the entity, NSD, was not linearly
additive. That is, there was no easy way to sum the effects of several partial
treatments to predict a net effect. To account for the effect at each ‘‘subtoler-
ance’’ dose level, Kirk et al. extended the concept ofNSDanddevised the term
cumulative radiation effect (CRE) (17). Orton and Ellis then developed, after
some cumbersome algebra, a linearly additive quantity called the time dose
fractionation (TDF) factor (18). Despite the mathematical obscurity, clini-
cians have generally welcomed the use of TDF in treatment planning, since
it and its power–law predecessors represented the only quantitative guidelines
available then, and because look-up tables or graphs were readily available.

aUnless specified otherwise, all logarithmic expressions used in this work (including formulas

and figures) pertain to the natural logarithm, for which both abbreviations, ‘‘log’’ and ‘‘ln,’’

are used interchangeably.
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For example, tissue-specific entities termed ‘‘Neuret’’ (19) and ‘‘Optic-neuret’’
(20) were proposed later for the treatment of central nervous system tumors.

As more is learned about the underlying mechanisms of radiation
effect on living cells and tissues, the phenomenological guidelines based
on power–laws have slowly been replaced by more mechanistically-sound
biological principles. More importantly, as wider variability is incorporated
into the worldwide practice of fractionation radiotherapy, it has become
quite difficult to gather universally applicable empirical guidelines based
solely on one’s preferred treatment regimens.

The power–laws have been given yet another chance for resurrection
when contemporary researchers use the similar phenomenologic approach
to model the biology of heterogeneous dose distribution in space, i.e., radio-
biology problem in the spatial domain, to be described later in the section on
Equivalent Uniform Dose (EUD).

Mechanistic Models and Cell Survival Curves

As implied earlier, a salient feature of radiobiology, in contrast to the phar-
macologic principle behind chemotherapy, is the relative ease of quantifying
biological effect as a function of radiation dose. This results primarily from
the feasibility of measuring the input (radiation dose) and output (cell sur-
vival fraction) of a biological process fairly accurately, with the intervening
mechanism interpreted readily using biophysical models. The basic assump-
tion is that there exist within each cell critical targets, which when hit by
ionizing radiation particles in a random fashion may lead to consequential
loss of cellular reproductive integrity. This is the essence of the so-called
‘‘target-cell hypothesis’’ or ‘‘hit theory’’ (21).

Desauer was perhaps the first to conceive a mechanistic interpretation
of radiation action, suggesting in 1923 a ‘‘point-heat’’ theory that describes
radiation effects as resulting from electron impact on protein molecules with
microscopic energy absorption and local temperature elevation (22). The
discovery of the nature of the generic material three decades later then led
to the identification of the most probable targets as chromosomes or DNA
molecules. Meanwhile, many experimentally obtained in vitro and in vivo cell
survival curves were published, the first ever mammalian survival curve being
reported by Puck and Marcus (23). When plotted as a semi-log graph of log
SF (survival fraction) versus radiation dose D, most revealed a very similar
shape with a ‘‘curvy shoulder’’ at the low-dose region in contiguity with a
relatively linear tail towards the high-dose region (Fig. 1A). Evidently, at least
two biophysical mechanisms seemed to be operating simultaneously to pro-
duce such a result. Various biophysical models have been proposed since,
and a clear champion is the LQ model (1). Before we embark on its detailed
description, it is perhaps pedagogically sound to introduce another less pop-
ular model: the single-hit, multitarget killing model.
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The Single–Hit, Multitarget Killing Model

Thismodel adequately describes the shape of a typical radiation survival curve
with the assumption of two independent components of cell killing (5,21). The
first, or single-hit, component comes from a straightforward theorization
based on a Poisson processb of radiation action on a critical target within each
cell, which after being hit by the ionizing particle alone will cause irreversible
cell death. A conceivable example might be double-strand break of a DNA
molecule. Interested readers may refer to the ‘‘raindrops in the bucket’’

b This is a ubiquitous stochastic process used by physical scientists to model many natural or

artificial phenomena, each with a probability of occurrence that is fundamentally rare.

Figure 1 (A) Typical radiation cell sur-
vival curve as logarithm of survival frac-
tion (SF) versus dose in linear scale.
It appears to have a curvy shoulder
and a linear tail, thus reflecting probably
two independent biophysical processes.
(B) Single-hit, multitarget model. The
‘‘extrapolation number,’’ n, corresponds
to the intercept on the vertical axis of a
straight line back-extrapolated from the
linear tail portion of the survival curve.
(C) Linear-quadratic model. In contrast
to (B), the tail portion is not linear, but
continuously bending as governed by
the quadratic term.
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analogy (5), and appreciate the expression for survival fraction due to this
process (SF1) as

SF1 ¼ e�D=1D0

whereD is the radiation dose, and 1D0 is the dose at which the survival fraction
becomes e�1 (�37%) of its original value (i.e., a parameter defining the intrinsic
radiation sensitivity) which translates on the average to one lethal hit per target.
On a survival curve presented as a semi-log plot of log SF versusD, the negative
reciprocal of 1D0 yields the slope of the expected straight line (Fig. 1B).

The second independent mode of cell killing by radiation is thought to
result from cell death due to cumulative (though not necessarily synchro-
nous) injuries elicited at all of several, say, n, multiple intracellular targets.
A good example might be repairable single-strand breaks of DNA which
would require repeated similar damages to consolidate into a permanent
chromosome aberration; in such case, n � 2. By repeated interpretations
using Poisson process for each of the n target-inactivations, one can derive
the following expression for the survival fraction (SFn):

SFn ¼ 1�
�
1� e�D=nD0

�n

where nD0 is another biological parameter characterizing the effectiveness of
the radiation particle to inactivate these targets. Thus, the combined effect
of radiation in this two-component model appears to be rather complicated
mathematically:

SF ¼ e�D=1D0 1�
�
1� e�D=nD0

�n� �
ð3Þ

The semi-log plot based on the above equation shows a survival curve
with an initially convex ‘‘shoulder’’ at low dose range, but eventually tends
to nearly a straight line as D increases (Fig. 1B).

The Linear-Quadratic (LQ) Model

Based on this model, the survival fraction after a single treatment of radia-
tion dose D can be characterized by the following equation (1,2,24):

SF ¼ e�aD�bD2 ð4Þ
where a and b are tissue-specific parameters governing intrinsic radiation
sensitivity. The survival curve takes on a continuously bending downward
trend rather than becoming nearly a straight line at high dose range (Fig. 1C).
The ratio, a/b, which has a dimension of dose (Gy), can be found algebraically
to correspond to the dose at which the linear (a-) and the quadratic (b-) compo-
nents contribute equally to cell killing. The linear component might be seen
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as result from the single-hit mechanism described above. While the mechanistic
origin of the quadratic component has been somewhat controversial (25,26)—
some may argue that the quadratic term is the consequence of fixation between
two otherwise repairableDNAsingle strand breaks or damaged chromatids into
permanent chromosome aberration—the LQ model is nevertheless useful
because of its simplicity and the fact that it does describe the shapeof the survival
curves adequately (at least from a/b values of about 1–10Gy).

One of the most attractive roles of the LQ model stems from its ability
to explain the differential sensitivities of the so-called acute- versus late-
responding tissues to fractionated radiotherapy (Fig. 2A), thus establishing
the theoretical rationale of fractionation when treating acutely-responding
malignant tumors embedded within late-responding normal tissues (27).

Figure 2 (A) Distinct shapes of survival
curves between acutely-responding and
late-responding tissues. The former is
characterized by larger a/b ratio and
dominated by the linear component, the
latter by a smaller a/b and dominated
by the quadratic component. (B) Fractio-
nation effect and survival curve. Here the
effects of three fractionation schemes are
shown, with respective dose per fraction
of d0, 2d0, and 3d0. Upon fractionation,
the initial portion of the single-dose curve
is repeated successively, provided that
near-completion of sublethal damage

repair occurs in-between the fractions. Clearly, the smaller the dose per fraction, the
less cell lethality, thus more sparing of the tissue. (C) Differential sparing effects of
fractionation upon acute- vs. late-responding tissues. Fractionation spares the late-
responding tissue more because of the ‘‘curvier’’ shape of its survival curve (Ls cf.
LF), while the acutely-responding tissue is spared relatively less (As cf. AF).
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Indeed, for a fractionated radiotherapy course with n fractions of dose per
fraction, d, the overall effect is given by

SF ¼ e�nðadþbd2Þ: ð5Þ

On the survival curve plot, this amounts to repeating by n times the
initial fractional amount of cell survival resulting from dose d, each picking
up successively where it ends from the previous treatment after complete
repair of SLD during the interfractional interval (Fig. 2B). The net result
is the sparing of the irradiated tissues, with an ‘‘effective slope’’ of an essen-
tially linear overall survival curve becoming less steep the more fractionated
the treatment is. Furthermore, it is seen that by fractionation the late-
responding tissue is spared relatively more than the acutely-responding
tissue due to its ‘‘curvier’’ shape (signifying higher capacity for SLD repair)
of its single-dose survival curve in the small-dose range of clinical interest
(Fig. 2C). The late-responding tissues are hence much more sensitive to
the variation in fractionation size than the acutely-responding tissues (24,27).

Equation (5) results from the assumption that SLD events are repaired
sufficiently in-between fractions.With a typical half-life of such repairmeasured
in hours, the condition is usually satisfied for a daily (24-hour) inter-fractional
interval.Auseful corollary canbederived from the considerationof incompletely
repaired events when the interfractional interval is shortened to a significant
degreeorduring continuous low-dose rate (LDR) irradiationviabrachytherapy.
Themathematical construct behind it will be discussedbelow, afterwe introduce
a useful concept of biologically effective dose (BED).We can see fromFigure 2B
that, as the dose per fraction (or dose rate) approaches zero, the progressively
more ‘‘spared’’ survival curve becomes less steep and ultimately has a limiting
effective slope characterized by the single-hit component only (a or 1D0), since
this is the component of damage that is not repairable in time (5).

Note that Eq. (5) only takes into account one R of the 4 Rs: i.e., repair.
To account for repopulation of cells which is especially relevant when the
tissue under consideration is an acutely-responding (i.e., rapidly proliferat-
ing) type, a treatment time factor is introduced (1,28):

SF ¼ e
�nðadþbd2Þþln2ðT�Tk Þ

Tp ð6Þ

where T is the overall treatment time, Tk is the ‘‘kick-off’’ time after the
treatment starts and before accelerated repopulation (9) to begin, and Tp

is the effective doubling time of the clonogenic cells.
Finally, since both redistribution and reoxygenation essentially result

in sensitizing cells for radiation killing upon fractionation, it is not surprising
that these two Rs have been grouped together and named ‘‘resensitization’’
for the purpose of conceptual simplification when using mathematical
models (29).
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Biologically Effective Dose (BED)

The negative of the exponent in the expression of Eq. (6), denoted E, where
SF � e�E , can be visualized as a quantitative measure of the ‘‘effectiveness’’
of radiation cell-killing, since it directly reflects how steep the effective slope
is on a semi-logarithmic survival curve. Thus,

E ¼ nðad þ bd2Þ � ln 2ðT � TkÞ
Tp

Based on the LQ model, Barendsen (30) and Fowler (1) have suggested
a quantity termed biologically effective dose (BED) (for Barendsen, it was
called extrapolated response dose, ERD) which proved to be very conveni-
ent in quantifying radiobiological effects and even enabled sensible compar-
isons among various clinical trials using different fractionation schemes (31).
With a dimension of dose (Gy), it is defined (1,30) as:

BED � E

a
¼ nd 1þ d

a=b

� �
� ln 2ðT � TkÞ

a � Tp
ð7Þ

For late responding tissues only, the treatment time factor (i.e., repo-
pulation) can be neglected, and

BED � E

a
¼ nd 1þ d

a=b

� �
ð8Þ

This abstract quantity can perhaps be conceptualized best by its repre-
sentation on the multi-fractionation survival curves (Fig. 3A). One can see
that the numerical value of BED for any fractionation scheme is equivalent
to the total physical dose needed to cause the same degree of biological
effect (cell survival) using an ‘‘ultrafractionated’’ regimen in which d
approaches zero and n approaches infinity (d ! 0, n ! 1 ) such that the
product, nd, equals the given total dose, D (30,32).

Using the single-hit, multitarget killing model, Withers and Peters (5)
have analyzed in detail the change in the effective slope of the multifraction
survival curve, D0(eff), as the size of dose per fraction changes. Such a cell
survival plot—although more complicated mathematically [Eq. (3)]—shows
a limiting maximal (least steep) slope characterized by the single-hit mechan-
ism only ð1D0Þ as the dose per fraction (or dose rate) approaches zero. It is
thus analogous to the ultrafractionation scheme of which the total dose is
equivalent to the BED for a given biological effect, using the LQ model
(Fig. 3A). This supports the notion that BED is indeed a mechanistically
sound quantity measuring the isoeffect dose for any fractionation scheme
with respect to a particular process of radiation killing (i.e., single-hit or
the linear component in the LQ theory), which represents the non-repairable
damage to the chromosome that results directly in cell lethality (25,33). Thus,
given any fractionation regimen delivering a total dose D, its corresponding
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BED is a unique entity quantifying the equivalent biological effect and free
from any arbitrarily chosen ‘‘reference’’ fractionation scheme.

To use BED for clinical application, we may intuitively correlate BED
at a given anatomical location with total physical dose deposited at that point,
because BED also has a unit of dose (Gy). Furthermore, since BED represents
the negative exponent of an exponential function governing the cell-survival
curve on a semi-log plot, the quantity is linearly additive for combination
of multiple independent treatment schemes. Because of the mathematical sim-
plicity, one might construct a computer algorithm enabling BED ‘‘isodose’’
(or iso-BED) display on commercial treatment planning system (34). How-
ever, one should remember that BED varies with the radiosensitivity para-
meters (i.e., a and b values) specific for the structure in question. Fowler (1)
advocated using a subscript to make such a distinction, e.g., Gy3 for BED
based on a/b of 3Gy, and Gy10 for BED with a/b equals 10Gy.

We can derive readily the isoeffect conversion relation for two fractio-
nation regimens with respective total doses, D1, D2; doses per fraction, d1,
d2; and overall treatment times, T1 T2. For isoeffect, BED1 � BED2; then,
from Eq. (7),

D1 ¼ D2
ðd2 þ a=bÞ
ðd1 þ a=bÞ �

ln 2ðT2 � T1Þ
bTpðd1 þ a=bÞ ð9Þ

Figure 3 (A) Concept of biologi-
cally effective dose (BED) as
depicted on survival curves. Only
late effects are considered. Each
line from the origin represents
the effective survival curve for a
multifraction regimen using dose
per fraction, d. For a given total
physical dose, D, a BED as a func-
tion of d, BED(d), can be visua-
lized as the isoeffective total
dose of a regimen in which d
approaches zero asymptotically.
(B) Concept of normalized isoef-
fective dose (NID) as depicted on
cell survival curves. As in (A),
except here NID(d) refers to the
isoeffective total dose of an arbi-
trarily chosen reference scheme in
which d is 2Gy. Source: Redrawn
from Ref. 34.

142 Lee et al.



Note that the second term involving the treatment time factor is no
longer dependent in Tk and can be ignored entirely when T1 equals T2 or
when considering late-responding tissues only (35):

D1 ¼ D2
ðd2 þ a=bÞ
ðd1 þ a=bÞ ð10Þ

To allow oncologists to relate observed radiation treatment effects
with their own clinical experiences, they may translate the BED value impli-
citly to an equivalent quantity based on an arbitrarily chosen fractionation
scheme. The resulting biologically oriented entity has been given many
names, such as Linear-Quadratic Equivalent Dose based on 2-Gy fraction
(LQED2) (36) or Normalized Isoeffective Dose (NID) (34). Figure 3B illus-
trates the concept of NID as depicted on cell survival curves, similar to
Figure 3A except that the reference scheme is now set arbitrarily at d equals
to 2Gy (thus numerically also equivalent to LQED2). We should emphasize
that these are derived merely through a process of normalization to the cho-
sen reference scheme, using the mathematical formula based on the general
isoeffect conversion relations [Eq. (9) or (10)]. Nevertheless, there seems to
be a general consensus among many radiotherapists that a conventional
scheme is about 1.8–2Gy per fraction, five fractions per week. The clinical
wisdom regarding tumor-cure dosage or normal-tissue tolerance levels has
commonly been based on experiences using such a regimen. On the other
hand, many ‘‘altered’’ fractionation schemes have appeared worldwide
(1,10,31), and new treatment techniques may also necessitate manipulation
of fractionation patterns such as stereotactic radiotherapy vs. radiosurgery
(which differ from each other depending on whether one fractionates the
treatment or not). Hence there is seldom a fractionation regimen now a days
which can qualify as the ‘‘standard,’’ and BED may prove to be a more
versatile clinical tool to be used as the lingua franca in the quantification
of biological effects for a given tissue in cancer therapy.

The Incomplete Repair Model

Some radiotherapy techniques may deviate from the conventional daily
fractionation scheme, such that the induced SLD may not have sufflciently
long (24-hr) inter-fractional interval for adequate repair. In addition, during
continuous LDR brachytherapy, there is concurrent competition between
repair and continuing radiation damage at a protracted pace. To account
for these complex effects in time, the incomplete repair (IR) model may
be utilized. It basically assumes that the efficiency of repair follows first-
order kinetics, i.e., exponential in time (37,38). The concept of BED (in
conjunction with the LQ theory) can then be applied for much generalized
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use. For example, for brachytherapy:

BED ¼ D 1þ gðtÞ �D
a=b

� �
ð11Þ

gðtÞ ¼ 2

mt
1� 1

mt
ð1� e�mtÞ

� �
ð12Þ

where m is the rate constant for SLD repair, and t is the time of continuous
irradiation (33,38,39). Repair kinetics for many tissues of clinical relevance
have been studied, e.g., by split-dose experiment using various range of
inter-fractional intervals, with the values m or g(t) inferred and tabulated
(40). Comparing with Eq. (8), the additional time-dependent factor, g(t),
is incorporated in Eq. (11) to modify the value of BED during continuous
irradiation, or as the inter-fractional interval is decreased such that the
repair becomes less complete. One can see that g(t) ! 1 for t ! 0 (i.e.,
almost instantaneous exposure of radiation such as treatment via daily frac-
tionation) and Eq. (11) reverts to Eq. (8).

With further extension of the IR model, a generalized theoretical frame-
work has been developed to determine equivalent biological effects of LDR or
high dose rate (HDR) brachytherapy (2,3). Indeed, with the property of
linear additivity, BED can be used to quantify the overall effects of frac-
tionated teletherapy, brachytherapy, and indeed any variable range of dose
rates or fractionation schemes (Fig. 4). In this sense, one might say that the
problem of analyzing radiobiology in the temporal domain (represented by het-
erogeneous distribution of dose rates along the time axis, with its area under
the curve yielding the radiation dose) has been solved in its most general form.

Figure 4 Heterogeneous spread of radiation dose rate along the time (t) axis, with each
ith episodeof irradiationcenteringuponbi, dose rateof ri, and treatment intervalof ci (thus
the dose is rici). Mathematical theory has been established to quantify this most general
form of radiation treatment scheme, whether by irregularly fractionated external beam
teletherapy or by brachytherapy of low or high dose rate. Source: Adapted from Ref. 2.
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TCP and NTCP

It is important to note that BED, despite its versatile theoretical use, does
not directly reflect clinical endpoints which can be measured readily in can-
cer medicine. Clinically, the terms tumor control probability (TCP) and nor-
mal tissue complication probability (NTCP) come closer in giving patients a
quantitative sense of radiobiological consequence. They are defined, accord-
ing to Poisson statistics, as:

TCP ¼ e�M�SFM ð13Þ

NTCP ¼ e�N�SFN ð14Þ
whereM is the number of clonogenic cells in the tumor (or ‘‘tumorlets’’),N is
the number of functional subunits (FSUs, at times called tissue rescue units,
TRUs) for normal tissue, and SFM and SFN are the respective surviving
fractions as functions of radiation dose and intrinsic radiation sensitivity
[per Eq. (5) or (6)] (5). When plotted against dose (thus termed dose–
response curves), both TCP and NTCP present as sigmoid curves. Further-
more, one can show that the number M or N would dictate primarily the
location of the curve along the abscissa (dose axis): the higher the number,
the more towards the right the steep portion of the curve is located. The
slope of either curve at its steepest portion can become ‘‘flattened’’ when
heterogeneous distribution of the radiation sensitivity parameters (a, b,
etc.) is introduced within a patient population.

It is perhaps worthwhile to discuss here the mathematical expression
of the ‘‘steepest slope’’ for these dose–response curves. For the sake of sim-
plicity, we assume that a predominates such that b can be ignored (especially
for acutely responding tissues like tumors, or in general by considering the
‘‘effective slope’’ of a multi-fractionation radiation survival curve). Without
considering the heterogeneity of a, one can show readily that the steepest
slope is given as ae�1 and is located at the ‘‘inflection point’’ of the curve
where the corresponding probability is e�1 or �37%, and the dose, D37, is
equal to ln M/a (for the TCP curve). A more popular entity to associate
with the slope of the response curve is the gamma factor, defined as the
product between dose and the slope (hence a dimensionless quantity)
(41,42). g-50 is thus related to the slope where the probability is 50%, with
the corresponding dose, D50. It is trivial to show that this slope is equal
to a � ln2/2, and

g50 ¼ D50 � a � ln2=2 ð15Þ

where

D50 ¼
� ln ðln 2=MÞ

a
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Clinicians often aim for maximum tumor cell killing while minimizing
damage to the adjacent normal tissues in order to achieve a better clinical
outcome by optimization of the therapeutic ratio, defined rather figuratively
as the benefit–risk ratio of TCP over NTCP. In fact, almost all innovative
ways to improve the outcome of radiation therapy to date has amounted
to widening the gap between TCP and NTCP dose–response curves. A
useful concept is the so-called uncomplicated TCP (UTCP), defined as (43):

UTCP ¼ TCP � ð1�NTCPÞ
It can be seen thatUTCPhas a shape of a bell curve, with its peak located

at an ideal dose where TCP is nearly maximized and NTCP minimized.
Clinically, the fact that the TCP dose–response curve is sigmoid sig-

nifies that dose escalation beyond the steepest portion of the curve rarely
pays off when the corresponding NTCP is significant. On the other hand,
for a malignancy with relatively high cure rate at a well-established conven-
tional level of dosage, any small amount of underdosage within the tumor
may compromise the TCP tremendously. These issues will be explored
further when the ‘‘volume effect’’ is also considered (see section on Hetero-
genous Dose Distribution and TCP).

FROM TEMPORAL PROBLEM TO SPATIAL CONSIDERATION:
THE ‘‘DOUBLE-TROUBLE’’ EFFECT

With the development of modern treatment planning systems, radiation
dose distributions within patients’ bodies are readily available and usually
displayed as two- or three-dimensional contour plots. These ‘‘isodose’’ plots
represent great assets to clinicians who often need to evaluate the actual
dosage deposited at a critical site. The value of dose at such point may be
drastically different from the dose prescribed originally at any particular site
(e.g., the isocenter or somewhere within the tumor target) or any isodose
level deemed appropriate by the clinician.

Nevertheless, taking care of the differences among physical dose
received at the point of prescription and those at various sites of interest
by isodose contour plots may not be sufficient for the clinicians to assess
the true biological effects at these points. As described above, the biological
effects will depend greatly on how the physical dosage is delivered in time,
namely, the fractionation scheme. Figure 5 illustrates a hypothetical case
of head and neck cancer from which one may appreciate the degree of
changes of biological effects on tumor target or normal tissues, depending
merely on the way clinicians choose to prescribe the treatment dose (34).
When physical doses are compared with what is deposited at the prescription
point, one should note that by fractionation, ‘‘what gets hot, gets hotter bio-
logically; and what gets cold, gets colder biologically.’’ (Fig. 5, 34). Above all,
the magnitude of the deviation between physical and biological doses is more
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pronounced for late-responding tissues than for acutely-responding ones due
to the different curvatures of their single-dose cell survival curves (Fig. 2C).

Radiation oncologists thus must consider the biological impact of
fractionation on any particular structure of interest, especially the late-
responding type. This is neglected on the conventional treatment plans
based on physical dosimetry alone. The added complexity due to radiobiol-
ogy consideration has been described as the ‘‘double-trouble’’ effect by
Withers (36): the first trouble comes from the difference between physical
dose prescribed and actual dose received at any point (spatial heterogeneity
of total dose), and the second trouble results from the variation of biological
effects with different dose per fraction (spatial heterogeneity of dose per
fraction). The distinction between these two troubles is a consequence of
fractionation (thus a temporal problem). The notion of the double-trouble
effect represents thus a prelude to treating clinical radiobiology issues as
problems existing within a space–time frame of reference, i.e., a four-dimen-
sional domain.

In dealing with the double-trouble effect, conscientious clinicians
armed with only physical dose dosimetry plans will often estimate biological
effects qualitatively and choose a particular treatment plan accordingly.

Figure 5 The ‘‘double-trouble’’ effect is illustrated here with a display for treatment
using an orthogonal pair of wedged photon beams for a hypothetical tumor in the
maxillary sinus. When the physical dose at the isocenter (tumor) is set at 100%,
the mandible is seen to receive 110%, and the spinal cord only 20%. The results of
biological correction using BED are tabulated, with the dose prescribed at the tumor
(top) and the minimal peripheral dose of 90% (bottom), respectively.
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‘‘Biological dosimetry,’’ such as the above-mentioned BED-based treatment
planning (34), represents a rudimentary attempt to deal with this commonly
encountered clinical issue. Nowadays, with inverse planning for IMRT and
other complex high-precision oriented treatment technologies, a more
sophisticated quantitative guideline based on ‘‘biological optimization’’ so
far has remained elusive at best, but continues to be a hotly pursued
research endeavor in radiation oncology.

RADIOBIOLOGY PROBLEM ALONG THE SPATIAL DOMAIN:
THE VOLUME EFFECT

The biological effect of radiation upon a particular normal organ at risk
(OAR) can vary significantly with the amount of volume as well as which
portion or region of the organ is treated. For example, by partial volume
irradiation of murine lungs, Travis et al. have shown that the degree of
lethal pneumonitis depends on both the percent of lung volume irradiated
as well as whether the irradiated region is the apex versus the base (44). This
is commonly termed the ‘‘volume effect’’ (45,46) and until recently has
largely been ignored during treatment planning because the complexity
involved would have been rather difficult to deal with. Instead, planning
physicists would strive to achieve uniform dose distribution as much as
possible. The first step would be to cover the entire target volume with
homogeneous dose, then an attempt is made to minimize the dose to the
OAR to be at least below the perceived tolerance level for the whole organ.
The cumulative clinical experiences throughout past decades have thus per-
tained mostly to uniform dose distribution over any structure of interest.

However, with the advancement in treatment technologies like IMRT,
one can now manipulate dose distribution relatively at ease, especially via
inverse planning algorithm. But such action often results in heterogeneous
dose distributions, whether within the tumor or the OARs. Even during
forward treatment planning for stereotactic or conformal radiotherapy,
while it is feasible to conform tightly the dose coverage for the target
tumor, one might wish to push the tolerance dose of the surrounding
OAR to the extreme by partial organ irradiation. Conversely, selectively
escalating dose within the tumor (i.e., dose painting), especially when direc-
ted by functional imaging showing metabolically hyperactive spots, might
be perceived to be beneficial. In all these cases, the volume effect may no
longer be negligible.

From Eqs. (13) and (14), we note that both TCP and NTCP depend on
size: i.e., the number of tumor cells or FSUs, respectively. First, assume
radiation dose is distributed heterogeneously within the tumor target or nor-
mal organ but the tumor cells or FSUs are organized isotropically uniformly
in space, what then might be the effect of partial volume irradiation? One
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could perhaps appreciate that the total sum of biological effects due to irra-
diation of a collection of partial volumes with heterogeneous doses may not
be equal to the effect of delivering the averaged dose to the whole volume
homogeneously. That is, the biological effect of partial volume irradiation
is not linearly additive. Second, the condition of isotropic organization for
tumor cells is perhaps easier to accept since a tumor is usually conceptualized
as containing millions to billions of closely packed tumor cells, like identical
marbles packed closely in a jar. But for normal tissues this is not a trivial mat-
ter since obviously FSUs can be distributed anisotropically for some OARs,
thus representing a complex issue to consider for the analysis of the volume
effect, namely, tissue organization (see section on Tissue Organization).

Partial Organ Irradiation and Heterogeneous Dose Distribution

Dose Volume Histogram (DVH)

To deal with the effect of partial normal organ irradiation quantitatively, a
seemingly straight-forward solution would be to use an empirical approach
like the power laws again. A typical example is stereotactic radiosurgery
(SRS) for brain tumors. Clinicians performing this technique have used
the so-called ‘‘Kjellberg’s Diagram,’’ which also follows the empirical con-
cept of power–laws (47). Here the amount of volume (related to proton
beam diameter) irradiated is assumed to be inversely proportional to the
radiation dose for a constant biological effect (e.g., 1% or 99% chance of
brain necrosis). It does not take into account dose distribution outside the
SRS treatment volume. Flickinger has suggested a more refined approach
using the ‘‘integrated logistic model’’ (48) to incorporate the effect of partial
brain irradiation (see next section), but it remains to be a variation of the
same theme as the power–law model, i.e., empirical approach with statistical
fitting of clinical data and applicable specifically for brain irradiation.

The FSUs in OARs like the brain can be considered more or less iso-
tropically organized (although not cranial nerves), and during SRS the
volume receiving high dose is typically small relative to the whole brain,
with rapid drop-off of dose outside the treatment volume. Thus, using the
simple power–law relationship to direct clinical practice is probably accep-
table. Having said that, we might point out that dose ‘‘homogeneity’’ is still
a debatable issue between specialists doing single dose SRS like Gamma
Knife (less homogeneity in general) and those preferring fractionated stereo-
tactic radiotherapy (SRT) (more homogeneity usually), especially when the
treatment volume contains fine structures like cranial nerves (49).

However, when dose distribution is grossly heterogeneous across a
significant portion of an OAR (relevant when doing extracranial SRS or
SRT), the degree of such heterogeneity might need to be addressed. A useful
quantitative tool is the dose–volume histogram (DVH). When shown in a
cumulative (integral) rather than a differential form, it reveals the cumulative
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volume of the structure receiving at least the corresponding dose on the
abscissa. It assumes a monotonically decreasing shape on a plot of fractional
volume versus dose. Clearly, for tumors the ultimate ideal situation would
be a DVH curve shaped like a rectangle, with 100% of the volume receiving
a certain prescribed dose or more. For OARs the ideal situation would be a
‘‘spike’’ at the origin (or ‘‘L-shape’’ with a tail of zero thickness extending
along the abscissa), i.e., 100% of the volume receiving no dose at all. The
real situation is of course somewhere in-between, since optimizing radiation
therapy is by nature a quid pro quo process: whatever one does to make the
tumor DVH as rectangular as possible, the corresponding DVH for OARs
would as a result deviate from the ‘‘L-shape’’ more, and vice versa. Keeping
the ‘‘ideal’’ shapes for both curves in mind can nevertheless help clinicians
evaluate treatment plans using DVH displays as criteria of selection.

Since the biological effect of partial volume irradiation is not linearly
additive, and clinicians are more familiar with uniformly irradiated whole-
organ tolerance dose, a natural question to ask is: given a structure of inter-
est with heterogeneous dose distribution, can one find an effectively uniform
dose, i.e., a hypothetical dose uniformly distributed over the entire organ,
which would result in equivalent biological effect? One possible way, at least
mathematically, based solely upon dosimetric measures, is to perform
‘‘DVH reduction.’’ For example, Lyman and Wolbarst (50,51) proposed
the following empirical recipe: by dividing the dose axis into tiny segments,
one can successively ‘‘reduce’’ the corresponding volume algebraically from
the extreme right end (maximum dose) of the DVH curve step by step until
the maximum (100%) volume is reached at a particular dose level, which
would essentially be the ‘‘effective dose’’ (Deff). Once the Deff obtained,
one can simply look up an available NTCP versus D curve for whole-organ
irradiation by assuming the dose to be at Deff. Several other mathematical
algorithms have been proposed for DVH reduction (52), depending on the
parameters (volume, dose, response, probability of complication, etc.) for
which the theorists chose to manipulate the algebra involved.

Even thoughDVHisapowerful tool to help clinicians handle theproblem
ofheterogeneousdosedistribution in space,onemust realize that it often cannot
be relied upon to reflect the clinical consequences completely. To use a very sim-
ple example: assume that the only dose heterogeneity in an otherwise uniformly
irradiated structure, say, rectum, arises from 5% of its volume receiving exces-
sive dose. Such a small ‘‘hot spot’’ may result in very distinct clinical sequalae:
inconsequential, if the 5% hot spot scatters rather widely within the rectal wall;
ulcer, if the hot spot is concentrated at a point; or stricture, if it is distributed
circumferentially around a segment of the rectum (53). Needless to men-
tion, the way FSUs are organized in each OAR may be critical.

Another potential problem with the use of DVH is the definition of the
baseline volume of the structure of interest, since ‘‘volume’’ as denoted in a
DVH is often a fractional (percent) rather than an absolute volume. Thus,
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different investigators reporting their clinical findings of ‘‘5% hot spot in the
rectum’’ may mean 5% of very different structures: rectal volume as defined
by multiplying the thickness of the rectal wall by the surface area (whole cir-
cumferential versus only the arc portion within the treated volume) cylind-
rical rectal volume with or without the bowel content, or rectum with a
longitudinal length defined differently, etc.

Heterogeneous Dose Distribution and NTCP

Investigators have long realized the importance of quantifying the depen-
dence of NTCP on the amount of partial volume irradiated. Knowing that
a NTCP versus D plot, like TCP, should approximate a rising sigmoid curve,
several have tackled the problem using the phenomenologic approach.
Schultheiss et al. (54) have proposed the logistic model (which gives rise to
a sigmoid curve) empirically to describe whole organ irradiation:

NTCPðn ¼ 1;DÞ ¼ 1

1þ ðD50=DÞk
ð16Þ

where k characterizes the slope of the sigmoid curve. For radiating only a
partial volume n:

NTCPðn;DÞ ¼ 1� ½1�NTCPð1;DÞ�n

This logistic model was also the basis upon which Flickinger (48)
constructed his ‘‘integrated logistic formula’’ to model the normal tissue
effect of brain radiosurgery.

A sigmoid curve can also be visualized as an integral of a bell curve
(i.e., normal or Gaussian function). Thus, Lyman (55) proposed the inte-
grated normal model:

NTCP ¼ 1ffiffiffiffiffiffi
2p

p
Z t

�1
e�x2=2dx ð17Þ

Where

t ¼ D�D50ðnÞ
mD50ðnÞ

D50ðnÞ ¼
D50ðn ¼ 1Þ

nn

D50 is the dose giving rise to 50% NTCP, and D50ðnÞ is the D50 for irradiat-
ing partial volume n. One can see that the parameter m would characterize
the slope of the NTCP curve, and n is an index (0 � n � 1) for an assumed
power–law relationship between dose and irradiated volume.
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For heterogeneous dose distribution, one may use the ‘‘effective volume
method’’ of Kutcher and Burman (56) to perform the DVH reduction first.
It differs from the Lyman and Wolbarst scheme of finding the Deff by
reducing the differential DVH sequentially to arrive at a single effective
volume, neff, which receives the maximum dose of D1 uniformly, according
to the following summing formula:

neff ¼
X
i¼1

ni
Di

D1

� �1=n

ð18Þ

where n is again the index for the power–law as defined above. The value of
veff can be used to substitute for v in the Lyman equation [Eq. (17)]. To
assess the corresponding NTCP, one would need to refer to a NTCP versus
D curve for the particular amount of volume, neff.

By differentiating Eqs. (16) and (17) to find the slope at D50, one can
show that the logistic model and the integrated normal model are equivalent
when

k ¼ 4ffiffiffiffiffiffi
2p

p
�m

ð19Þ

Furthermore, using the definition of the gamma factor [Eq. (15)], one
can find:

g50 � D50 �
@NTCP

@D

����
D¼D50

¼ 1ffiffiffiffiffiffi
2p

p
�m

¼ k

4
ð20Þ

The interplay among the three variables NTCP, dose, and volume can
best be represented as a three-dimensional plot (Fig. 6). Using Lyman’s
empirical model, Burman et al. (57) fit the data collected by clinicians (58)
and provided useful reference plots for assessing the effect of partial volume
irradiation for many critical organs. In particular, the empirical parameters,
D50, m, and n can be inferred from these data. One can also see that, among
several different normal tissues, the change in the NTCP curves as partial
volume changes can display distinct behavioral patterns. For example, as
the irradiated volume decreases, some organs show the NTCP curves to
become ‘‘flatter,’’ while those for others tend to shift to the right with rela-
tively the same slope. The reason for such a phenomenon may be attributed
to the different way various normal tissues are organized (to be discussed in
Section on Parallel vs. Series structures).

Heterogeneous Dose Distribution and TCP

In contrast to the empirical formulation of NTCP as a function of irradiated
volume and dose, TCP can be expressed in a more mechanistically oriented
fashion because Eq. (13) involves the term SFwhich can be formulated based
on the LQ theory, and tumors are inherently organized more or less
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isotropically such that the volume effect becomes easier to handle intuitively.
Thus, one may write:

TCP ¼ e�rV �SF ð21Þ
where r is the density of clonogenic cells (typically on the order of
108–109 per cm3), and V is the tumor volume. For the sake of simplicity,
tumors can be assumed to be spherical with diameter d; hence, V = pd3/6.

For the expression of SF, Brenner (59) used the LQ model with
an SLD repair function, g, as in Eq. (12) to handle possible variation in
fractionation scheme:

SF ¼ e�aD�gbD2

Four different malignancies were studied and the data were fitted
with the above equation to yield three-dimensional (TCP vs. biological dose
versus tumor diameter) surface plots.

Other investigators (60–62) examined in further detail the effects of
several realistic clinical factors: namely, heterogeneous distribution of
clonogenic cells within the volume, heterogeneous distribution of radiation
sensitivity among patient populations, as well as non-uniform or partial
volume irradiation for the tumor. This is feasible since the dose–response
relationship per Eq. (13) is a relatively simple yet mechanistically sound
formulation, especially if one uses only the a component for cell killing
(neglecting b for acutely responding tissue like tumors, or using an effective
slope for fractionated treatment). To analyze non-uniform irradiation, it is
proposed to divide a tumor into tiny ‘‘voxels’’ or ‘‘tumorlets’’ and assign
each ith element with its own dose–response function as:

TCP ¼
Y
i¼1

e�NiSFi ð22Þ

where

SFi ¼ e�aDi

Ni ¼ ri � Vi

The heterogeneities introduced in biological parameters like r and a
can be distinguished further as intra-tumor versus inter-tumor heterogeneity.
While the deterministic version of Eq. (13) can result in a sharply rising
sigmoid dose–response curve, it can be shown that in general heterogeneity
in the biological parameters would flatten its slope (i.e., decrease g50), espe-
cially for inter-tumor heterogeneity in the radiation sensitivity, a. The size
of the tumor as well as intra-tumor heterogeneity and non-uniform irradia-
tion can affect the position of the TCP curve on the dose axis (i.e., D50)
(61,62).
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To illustrate the effects of heterogeneous dose distribution on TCP at
least qualitatively, Withers discussed in detail the dependency of TCP on the
magnitude of tumor underdosage or overdosage, as well as the fractional
volume of the tumor affected (63,64). After comparing with the theoretical pre-
diction of the TCP for an otherwise uniformly irradiated tumor,Withers made
the following points regarding tumor underdosage (i.e., ‘‘cold spots’’) (Fig. 7):

1. The magnitude of the underdosage is the most powerful determi-
nant of TCP.

2. The fastest rate of decline in TCP occurs when the volume under-
dosed is still small.

Figure 7 The effect of tumor underdosage on TCP as discussed by Withers (63) and
Withers and Lee (64). The key points based on this graph are listed in the text.
Source: From Ref. 63.
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3. Significant inhomogeneity, especially to small volumes, is likely to
occur when high precision radiation treatment (e.g., IMRT) is
applied to mobile tumors.

4. Single dose treatment (e.g., SRS) can have a very tight margin of
error.

5. The rate of decline in TCP is greater in the midrange of the TCP
(i.e., the steep portion of the sigmoid curve, between 15 and 80%)
achieved with homogeneous irradiation.

6. The planning tumor volume (PTV) may contain lower densities of
clonogens, and while it may frequently be underdosed, there may
not be a rapid early decline in TCP with small volumes of
underdosage.

For tumor overdosage (i.e., ‘‘hot spots’’), Withers concluded the
following (Fig. 8):

1. Dose escalation is not very useful when TCP is already high.
2. Dose escalation to small volumes is essentially worthless.
3. TCP is mostly determined by the percentage of tumor in which the

dose is not escalated.
4. The gain in TCP increases steeply with dose escalation beyond

50% of tumor volume, especially when the baseline TCP is low.

Therefore, regarding dose painting, Withers concluded the following:

1. It is primarily aimed for areas of increased clonogen density or
decreased radiosensitivity within the tumor, which may correspond
to enhanced or hypodense spots on functional imaging studies.

2. It is subject to geographical uncertainty.
3. It has minimal gain if the dose painting is aimed only at a small

volume, even with huge dose escalation.
4. It is more important to cover the entire tumor volume.
5. The higher the TCP with the standard treatment, the lower the

gain from dose painting.
6. It needs expensive functional imaging techniques, but for minimal

clinical benefit.

It is important to note that the above analyses are mainly based on the
assumption that the biological parameters like radiation sensitivity (e.g., a)
or clonogenic density (r) are uniform. The introduction of heterogeneities
into these parameters is expected to alter the conclusions significantly. As
far as inter-tumor heterogeneity is concerned, it is conceivable that a para-
meter like a be subjected to a normally (Gaussian) distributed heterogene-
ity. Accordingly, whatWithers has described represents essentially themean, or
deterministic, behavior and thus remains clinically relevant. However, the
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possible existence of intra-tumor heterogeneity for parameters like r makes it
difficult for one to conjure up any a priori form of spatial distribution.c

When advocating dose painting guided by functional imaging, for example,
it might be prudent to know whether the metabolically or pharmacokinecti-
cally active spots within the target volume actually correspond to radio-
sensitive/resistant or highly clonogenic spots. In such a way, selective dose
escalation at these sites might be more meaningful beyond what Withers
has implied.

cA potentially even more complicated source of heterogeneity would be in time: that is, the

biological parameters such as a or r might fluctuate randomly in time during the course of

radiation treatment.

Figure 8 The effect of tumor overdosage on TCP as discussed by Withers (63) and
Withers and Lee (64). The key points based on this graph are listed in the text.
Source: From Ref. 63.
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Tome and Fowler (65,66) and Fowler (67) have presented a modeling
scheme to deal with issues related to heterogeneous dose distribution. For
hot spots, they found (65,67):

1. Boost doses up to 20% or 30% above the prescribed dose can
increase TCP significantly, but beyond that level (�30%–50%)
the effect saturates.

2. Peak or boost doses inside tumors are unlikely to be harmful, from
experience in brachytherapy and SRT, unless it falls on critical
normal structures, e.g., urethra in prostate.

3. Dose escalation can be helpful if there exists within tumors radio-
resistant (e.g., hypoxic or GO phase cells) subvolumes, but the
amount by which the dose should be escalated may vary.

For cold spots, especially tumor ‘‘edge misses,’’ Tome and Fowler
described (66,67):

1. A 10% dose deficit in 10% of target volume reduces TCP from 50%
to about 43%.

2. If the cold spot has a volume of 1%, a dose deficit of 20% also
would reduce TCP to 43%. Any larger dose deficits would reduce
TCP precipitously.

3. A 50% dose deficit in only 1% volume reduces TCP to zero. A
25% dose deficit in 2% of the volume reduces TCP to less
than 30%.

4. The gain in TCP increases steeply with dose escalation beyond
50% of tumor volume, especially when the baseline TCP is low.

Tissue Organization

Flexible vs. Hierarchical Structures

Factors relating to the variations in tissue organization play a significant
role in repair and repopulation, and may thus contribute to the observed
radiation effect, especially for normal tissues. Michalowski and Wheldon
first proposed the distinction between the so-called type-H (hierarchical)
and type-F (flexible) tissues (68,69). Type-H tissues (e.g., bone marrow, skin,
and gastrointestinal tract) contain stem cells which are destined to mature in
a stepwise fashion into functional cells. As they lose clonogenicity in the
process, these cells become radioresistant because only the rapidly prolifer-
ating stem cells are likely to be sensitive to radiation killing. In contrast,
type-F tissues (e.g., lung, liver, and kidney) contain cells which can simulta-
neously maintain their proliferation capacity (thus remaining radiosensitive)
as well as serve their normal physiological function. The mathematical
models used to analyze the behaviors of these two tissue types are based
on physiological and cellular kinetics reasoning, and aided by using
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time-dependent differential equations. The results predict that type-F tissues
can exhibit a dose-dependent kinetics-of-damage expression—the higher the
dose, the earlier the time of expression—while that of type-H tissues is rela-
tively independent of the dose. These predictions are in general agreement
with clinical observations. Even though this theory is not easily integrated
into clinical practice due to the mathematical complexity, it is somewhat
more mechanistically sound. Unfortunately, while the physiological and
radiobiological behaviors in time of critical cells under radiation exposure
are considered, no spatial variable is introduced to analyze the possible
effect of different tissue organization in three-dimensional space, i.e., the
volume effect. What may need to happen, if radiation oncologists wish to
stick with the flavor of following mechanistic principles, is to advocate quan-
titative research into the realm of radiation pathophysiology and integrate
such knowledge into clinical radiation treatment planning. Using the rectum
(a predominantly type-H structure) as an example again, one might wish to
know whether its FSUs (stem cells) are organized roughly radially or circum-
ferentially, or what a typical microscopic migratory distance and the asso-
ciated kinetics for these FSUs happen to be in order to repopulate in a
radiation denuded area.

Parallel vs. Series Structures

To take care of the spatial orientation of normal tissue organization,
Withers et al. (45) first suggested that a separation be made between parallel
and series structures. The former are typified by kidney, liver, and lung
(as well as tumors), while the later include nerves, spinal cord, and perito-
neal sheath. From modeling viewpoint, parallel tissues have been modeled
along the so-called ‘‘critical volume’’ argument (70), namely that the total
amount of volume irradiated has direct impact on the chance of complica-
tion. The smaller the degree of partial organ irradiated (or the more volume
spared within the organ as the functional reserve), the more the dose
response curve is shifted to the right, i.e., the higher the dose needed to result
in the same complication rate. However, the slopes of these sigmoid curves
may remain relatively unchanged. When NTCP is plotted against partial
volume irradiated at a constant dose, it is seen that there is a ‘‘threshold’’
volume above which the NTCP rises sharply (67). On the DVH, one sees
that irradiating a significant volume of such tissue, even if with moderate
doses, would be more detrimental than giving an extremely high dose but
to only a small volume of the organ (Fig. 9). Some would thus loosely state
that parallel structures demonstrate more significant ‘‘volume effect,’’ mean-
ing the bulk of the volume irradiated does matter significantly.

On the other hand, tissues in series have ‘‘critical elements’’ arranged in
chains upon which irradiating even a small volume of the structure to a suffi-
ciently high dose might incur a complication (71). The prime example would
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be spinal cord, which needs only a hot spot at a given segment to manifest
transverse myelitis. On the DVH, a long tail extending to the high dose region
might be relatively more serious than when most of the volume receives a
moderate dose, in contrast with parallel structures (Fig. 9). One can appreci-
ate that the incidence of a complication increases in proportion to the
volume of serially arranged FSUs irradiated. The dose–response curve
might shift to the left as more volume (the number of FSUs) is irradiated,
with the slope of the NTCP curve becoming steeper. On the NTCP versus
volume curve, however, no threshold volume is observed, while the rapidity
(slope) of the increase in NTCP as volume increases depends largely on
the initial level of response, i.e., intrinsic radiation sensitivity per volume
element (67).

Most normal tissues have mixed characteristics of both parallel and
series structures. Thus, a concept of relative seriality has been proposed
based on the perceived organization of FSUs (42). Figure 10 illustrates such
a concept and the corresponding values for various structures of interest
(72). The dose–response curves for several organs, each with different degree
of partial organ irradiation, are shown as well. It can be seen that tumors are
ideal parallel structures, and liver, kidney, and lung are organized in an ana-
logous fashion with relative seriality close to zero. The gastrointestinal tract
and the nervous tissues are organized more in series and thus have higher
values of relative seriality.

Using the rectum as an example, it might be seen that when a precision-
oriented radiotherapy such as IMRT is used for prostate cancer and only
treats the anterior wall of the rectum instead of treating the whole circum-
ference, it essentially converts a series type of injury to a parallel type (67).

Figure 9 Dose volume histogram (DVH) showing qualitative difference of risk
assessment based on whether the structure of the normal organ is parallel or in series.
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The NTCP models based on the consideration of tissue organization
are more mechanistically sound than empirical formulations like the Lyman
model. It can be shown, however, that the critical element scheme proposed
by Niemierko and Goitein (71) gives rise to the same prediction as the
Lyman and Wolbarst (LW; 52,53) model at low levels of NTCP (73), which
is applicable in usual clinical settings. It can predict Deff in the LW scheme
and veff in the Kutcher and Burman (KB; 56, 73) model.

Figure 10 NTCP curves for various structures, showing effects of partial organ
irradiation. The concept of relative seriality is shown, with the value tabulated for
tumor and various normal tissues. Source: From Ref. 72.
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RADIOBIOLOGY PROBLEM IN FOUR-DIMENSIONS

The concept of ‘‘effective dose,’’ Deff, was introduced earlier [see section
Dose Volume Histogram (DVH)] and ways to determine its value by
DVH reduction algorithms were discussed. This is an empirical entity cre-
ated mostly to satisfy the clinicians’ desire to find an effectively uniform
dose deposited within a normal organ, by mathematical manipulation of
the existing heterogeneous distribution of the dose. No underlying biological
mechanism is implied. Without sufficient knowledge of radiation pathophy-
siology, a more mechanistic approach is understandably difficult to pursue,
even if one has some rough idea about the structural organization (type-H
versus F or parallel vs. serial). Another important issue is the incorporation
of fractionation effect, i.e. radiobiological consideration along the time axis.
Inevitably, in order to devise rational therapeutic strategies, one needs to
consider biological effects within the combined spatial and temporal
domains—a four-dimensional framework.

Equivalent Uniform Dose (EUD)

Niemierko (74) first proposed injecting the consideration of fractionation
radiobiology into the volume effect by formulating the concept of equivalent
uniform dose (EUD), thus effectively linking the temporal problem with the
spatial issue of heterogeneous dose distribution. In his words: ‘‘For any dose
distribution, the corresponding EUD is the dose (in Gy), which, when dis-
tributed uniformly across the target volume, causes the survival of the same
number of clonogens.’’ Thus, if the surviving fraction, SF, is assumed to be
governed only by a single-hit component (or effective slope of a multi-
fractionated scheme): SF ¼ e�aD, then it is straightforward to show that,
in order to satisfy the definition of EUD as given above,

EUD ¼ � 1

a
ln

XN
i¼1

nie�aDi

 !
ð23Þ

or

EUD ¼ � 1

a
ln

1

N

XN
i¼1

e�aDi

 !
ð24Þ

where N is the number of volume elements (voxels) and vi is the volume of
the ith voxel with corresponding dose Di.

d

dNote that Niemierko (74) used the term SF2, the surviving fraction after 2 Gy, rather than the

parameter a as in Eqs. (23) and (24), to denote the factor pertaining to intrinsic radiosensitivity.

The expressions he wrote are algebraically equivalent to, but a bit more cumbersome than, what

are shown above. Furthermore, they are tied to a rather arbitrarily chosen reference fractiona-

tion regimen (by referring to a 2-Gy per fraction scheme).
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Niemierko proceeded to include the effects of variable tumor volumes,
non-uniform spatial distribution of clonogens (i.e., intra-tumor heterogene-
ity), unconventional fractionation schemes [by incorporating Eq. (10)], cell
repopulation [by incorporating treatment time factor similar to Eq. (9)],
and heterogeneous biological parameters in a patient population (i.e.,
inter-tumor heterogeneity).

Perhaps because of its mathematical complexity, EUD as depicted in
Eq. (23) or (24) has not gained enough popularity among clinicians.Niemierko
has thus advocated an alternative approach, though reverting back to the
paradigm of using power laws (75). In this version, EUD is defined as:

EUD ¼
 

1

N

XN
i¼1

Da
i

!1=a

ð25Þ

The parameter, a, is clearly an empirical parameter to be inferred from retro-
spective analysis of clinical data. Its values for various structures of interest,
including cancers, have been collected and tabulated (75). One might notice
that it has negative values for malignant tumors, smaller positive values
(�0.5–3) for commonly considered ‘‘parallel’’ organs like liver and lung,
and higher values (10–20) for ‘‘serial’’ structures like spinal cord and gastro-
intestinal tract. Thus, despite its phenomenological origin, EUD as formu-
lated in Eq. (25) may be linked with more mechanistically oriented
quantities as in Eqs. (23) and (24), perhaps by considering factors stemming
from structural organization or radiation pathophysiology.

It remains to be seen whether the phenomenological approach of
Eq. (25) would gain the attention of clinical practitioners readily. As with
all power laws seen in the history of the specialty, such an approach may stir
up future controversy, since it is not clear whether some of the major pitfalls
associated with empirical laws might surface eventually. Nevertheless, as
Niemierko and Mohan pointed out (75), the difficulty of applying a mechan-
istically oriented model is quite real. Since the development in high-precision
oriented treatment technique is here to stay and in fact is flourishing commer-
cially, there is a sense of urgency in trying to implement ‘‘biological’’ optimi-
zation. In this regard, empirical guidelines may represent a quick and easy
solution, just like what Strandqvist’s plot did for dose fractionation more than
half a century ago.

Equivalent Uniform Biologically Equivalent Dose (EUBED)

Based on Niemierko’s concept of EUD and Barendsen’s BED, Jones and
Hoban (76) introduced the equivalent uniform biologically effective dose
(EUBED), mainly for the need to incorporate a wide variety of fractiona-
tion schemes (much like what BED was designed for but EUBED adds
the consideration of the volume effect). This represents thus a rather bold
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step of combining the radiobiological problems in the four-dimensional
framework of time and space. Analogous to Eq. (23), and using the defini-
tion of BED as in Eq. (8), one can derive the following:

EUBED ¼ � 1

a
ln

XN
i¼1

nie�aBEDi

 !
ð26Þ

where BEDi denotes the value of BED at the ith volume element.
With fractionation, using the term eud to denote the equivalent uniform

dose per fraction, one can write

EUBED ¼ n � eud 1þ eud

a=b

� �
ð27Þ

which is seen to be entirely analogous to Eq. (8). Furthermore, EUBED is
related to EUD by the following:

EUBED ¼ EUD 1þ eud

a=b

� �
ð28Þ

The clinical applicability of the EUBED concept has been discussed in
detail by Jones and Hoban (76), especially with a comparison of the IMRT
optimization process between a physical dose-based and an EUBED-based
dosimetry (77). They also utilized the concept of integral biologically effec-
tive dose (IBED) advocated by Clark et al. (78). The latter group of inves-
tigators had used differential DVHs and the IBED concept to analyze the
toxicity of hypofractionated stereotactic radiotherapy to brain stem. Speci-
fically, IBED is defined as:

IBED ¼
X
i

DBEDi

¼
X
i

ndi

 
1þ di

a=b

!
Dni
V

ð29Þ

where the dose axis on the differential DVH is divided into i dose-bands, each
with width of 1% of the maximum dose, and di is the dose delivered to the ith
band. The volume within each dose-band is denoted as Dni and the total
volume isV. The fact that the total biological effect, IBED, can be determined
by summing up (integrating) individual BED elements (DBEDi) highlights
once again the versatility of BED as a linearly additive quantity.

SPECIFIC ISSUES REGARDING SRS AND SRT

Clinicians performing stereotactic radiation typically distinguish between
two types of approaches: single-dose (SRS) and fractionated (SRT)
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treatments. Equipped with the knowledge of the radiobiological principles
discussed so far, we might begin to address several issues specific to SRS
and SRT.

General Guidelines in Choosing SRS vs. SRT

Based on what we have discussed about the biology of fractionation, i.e.,
that fractionation spares better late-responding tissues than the acutely-
responding type (see section on Mechanistic Models and Cell Survival
Curves), certain general guidelines might be appropriate regarding selection
of SRS versus SRT. First, whenever an aggressive tumor (thus, acutely-
responding) is found located in close proximity to or enclosing a critical
late-responding normal tissue, SRT would probably be more beneficial than
SRS since the biological advantage of fractionation can be exploited. In this
scenario, the stereotactic treatment is truly a form of radiation therapy, i.e.,
biological therapy. On the other hand, if there is not much difference
between the tumor (e.g., a benign or low-grade lesion) and the surrounding
normal tissue as far as the shapes of their radiation survival curves (that is,
a/b) are concerned, it may be legitimate to offer patients SRS treatment,
especially when radical excision of the tumor is perceived to be useful but
contraindicated due to an unacceptably high operative risk. Stereotactic
irradiation used in this way—for a purely tumor-ablation purpose—serves
just like a surgical tool, hence the appropriate name of radio-surgery. We
should emphasize that, since fractionation always spares late-responding
tissues better than acute ones, and that tumors generally belong to a
more acutely-responding type—with the possible exception of prostate
cancer (79)—SRT will in general have a theoretical advantage over SRS.
SRS is often favored for logistic reasons rather than biological considera-
tions per se.

Tumor Debulking with SRS vs. Radical Field Coverage

Even though SRS can be used to substitute for real surgical resection, a fun-
damental tenet in surgical oncology still needs to be observed: that is, partial
tumor resection (tumor debulking, equivalent to partial SRS field coverage)
is rarely helpful. Accepting the common oncologic notion that a 1 cm
diameter of solid tumor nodule harbors about 109 cells, then a ‘‘90%’’
debulking still leaves 108 cells behind, a ‘‘99%’’ debulking leaves 107 cells,
etc. Thus, it is important to ensure that the SRS field coverage of the lesion
be as radical (complete, with adequate margins) as possible. Radiographic
imaging to help clinicians delineate precisely the extent of the tumor is thus
crucial. In fact, functional imaging studies like positron emission tomography
(PET) or magnetic resonance spectroscopy (MRS) could probably augment
the efficacy of high-precision radiation therapy better if they can help detect
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previously unseen tumor edges rather than, or in addition to, picking out
metabolically active spots within a tumor.

Treatment Field Margins

A radiation treatment plan requires judicious choice for margins of field
coverage, especially for SRS or SRT, where dose fall-off outside the treatment
volume is steep. This is based on the concern for undetectable tumor edge as
well as motion uncertainty. In modem treatment planning terminology, the
concepts of clinical target volume (CTV) and planning target volume (PTV)
are defined precisely for this purpose (80,81). For stereotactic treatment,
one of its most advertised virtues is its high precision and the extremely nar-
row margin achievable such that the surrounding normal tissue can be
spared to the fullest extent possible. However, one must be aware that the
tight field margin also means that it is much less forgiving if one makes a
mistake when delineating the gross tumor volume (GTV) and CTV for treat-
ment planning. A 5% shortage in diameter (e.g., by outlining a 9.5-mm
rather than a truly 10-mm diameter of a spherical tumor) at the periphery
would translate into about 14% of the volume at the outer ‘‘shell’’ being outside
the volume to which the tumor dose is prescribed (Fig. 11). Because SRS acts
like surgeon’s knife, the 1.4� 108 cells in the outer portion have a very good
chance to be underdosed and survive (in particular if this peripheral region is
hypoxic. Furthermore, if the dosimetry is normalized to a prescribed dosage
at the edge of the CTV, then, based on the principle of fractionation biology

Figure 11 The volume of the outer shell of a missed spherical tumor is plotted
against the percent fraction of the radius missed at the periphery, when the radiation
is aimed precisely at the inner sphere. For a 5% miss of the radius, the outer shell
occupies 14% volume of the original sphere. For a 10% miss of the radius, more than
a quarter of the spherical volume would be underdosed.
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described above (see the section entitled From Temporal Problem to Spatial
Consideration: The Double-Trouble Effect), the ‘‘biological’’ margin is even
tighter than what the physical margin would imply, because of the different
dose per fraction inside and outside the CTV. This augmentation of change
in biological dose in an inhomogeneously irradiated volume is not surprising
since inside the CTV the dose per fraction is higher than the prescribed level,
hence even higher after biological correction, and vice versa (much lower) for
dose outside the CTV (Fig. 12).

Unconventional Fractionation for SRT

The technology of SRT, often with removable body-fixation frames, has been
developed to overcome the biological disadvantages of single-dose treatment
as used in SRS. However, perhaps due to the wide acceptance of SRS, or
because SRT is simply a more laborious procedure, clinicians might have a lin-
gering desire to minimize the number of fractions for patient treatment. Thus,
rather than following the long-held practice of conventional fractionation by
using 1.8–2Gy per fraction, unconventional fractionation schemes using a
significantly higher fractional dose, i.e., hypofractionation, have been tried
for SRT (82,83). Brenner and Hall have supported the practice of accelerated
fractionation (with decreased overall treatment time) when using SRT, speci-
fically for intracranial lesions (84). They suggested that the spatial sparing of
the normal tissues by stereotactic technique alone may suffice to over-
come the radiobiological disadvantage of hypofractionation. Certainly, when

Figure 12 The dose profile across and outside a spherical tumor, with the prescribed
dose specified as 100% at the edge of the mass. The rapid drop-off of physical dose, so
characteristic for high-precision oriented radiation treatment, in fact translates to an even
sharper drop-off after biological correction using, say, biological effective dose (BED).
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applying SRT to extracranial disease sites, care must be taken to minimize the
toxicity to various acutely-responding normal tissues like skin and mucosa if
accelerated treatment is contemplated. For late-responding tissues, both the
dose per fraction and the total dose are key factors to consider. The guidelines
as outlined in the section on Biologically Effective Dose (BED), with the con-
cept of BED or the isoeffect conversion relations of Eqs. (9) and (10), can be
used to compare various fractionation schemes quantitatively (10,31) and pro-
vide a starting point for designing treatment protocols.

Coverage, Homogeneity, and Conformality

The effect of geographic miss (or, more correctly, underdosage) at the
peripheral edge of a spherical tumor is illustrated in Figure 11, showing
inadequate field ‘‘coverage.’’ There may also be problems of ‘‘conformality’’
or ‘‘conformity’’ between the intended target volume and the actual irra-
diated volume. Furthermore, ‘‘homogeneity’’ pertains to the issue of het-
erogeneous dose distribution, with the associated volume effect discussed
above (see section on Partial Organ Irradiation and Heterogeneous Dose
Distribution). These entities are well specified in the quality assurance
guidelines set forth by the Radiation Therapy Oncology Group (RTOG)
for SRS (85): Coverage is described as the percent of prescription isodose
completely encompassing the target. The conformity index is defined as the
ratio of the prescription isodose volume to the target volume, referred as
the ‘‘PITV’’ ratio. The homogeneity index is defined as the ratio of the
maximum dose to the prescription dose, referred to as the ‘‘MDPD’’ ratio.
Utilization of these concepts for dosimetric quality assurance of SRS is
discussed by authors elsewhere in this textbook, but it suffices to say that

Figure 13 Difference in homogeneity between SRT and SRS for a hypothetical
tumor such as acoustic neuroma, which may wrap around the eight cranial nerve.
The relatively higher degree of homogeneity achieved in SRT could possibly explain
the clinical observation of better hearing preservation. Source: From Ref. 49.
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the incorporation of radiobiological considerations (especially for SRT)
would certainly introduce a higher level of complexity. Hopefully, the the-
oretical considerations as discussed in this chapter would assist readers to
gain some qualitative appreciation of the issues involved. As an example,
Figure 13 depicts a clinical scenario regarding the use of SRS versus SRT
for an acoustic neuroma, which is hypothesized to contain within its CTV
the eighth cranial nerve as a late-responding normal tissue. Because of the
higher homogeneity generally achievable by SRT rather than by SRS (thus
less differential between the prescribed dose to the tumor and the dose to
the cranial nerve, in particular after biological correction using BED, for
example), it is anticipated that the patient’s sense of hearing might be pre-
served better by SRT. The preliminary report for a subsetof patients with
this disease seems to support such an assertion (49).

NOTE ADDED IN PROOF

Simultaneous Integrated Boost (SIB)

With the advent of IMRT and inverse planning, heterogeneous dose distribution
might be planned on purpose in an approach called ‘‘simultaneous integrated boost’’
(SIB) (75). The idea of SIB stems from one’s desire to simultaneously escalate the
dose to the primary tumor while maintaining approximately the same conventional
level of dose to the regional structures, e.g., lymphatics, which might harbor subcli-
nical metastases. This is in contrast to the traditional ‘‘shrinking-field’’ techniquee in
which the primary tumor ‘‘boost’’ is done sequentially in time after a bigger treat-
ment volume containing the tumor and the regional lymphatics has been given a
dose considered sufficient for the control of subclinical disease. The latter structure
might be described as CTV2, to be distinguished from CTV1 which is equivalent
to the earlier-defined CTV (see section on Treatment Field Margins) that repre-
sents the perceived direct microscopic extension of the malignant tumor beyond
the GTV. For example, the shrinking-field technique for most head and neck can-
cers usually involves a boost to the gross primary tumor and its edges
(GTVþCTV1) to about 70Gy total, after such volume and the regional lymphatic
(CTV2) have been given approximately 50Gy. With SIB, the treatment volume
would include both the primary and the cervical lymph nodes, each prescribed
with different dose level but for the entire time duration of the treatment course.
Clearly, this treatment volume can be quite extensive, a scenario not encountered
often by specialists using SRS or SRT for intracranial tumors. From the consid-
eration of both the double-trouble effect and the treatment time factor as dis-
cussed earlier, the application of biological dosimetry for SIB technique may
prove to be more complicated. Some empirical guidelines have been extracted
from a few clinical reportsf (75). Recommendation from RTOG seems to dwell
upon delivering the conventional 2Gy per fraction to the CTV1, higher (2.2Gy)

e Fletcher GH. Clinical radiation therapy. In: Fletcher GH, ed. Textbook of Radiotherapy.
3rd ed. Philadelphia: Lea and Febiger, 1980:228.
f Blanco AI, Chao C. Principles & Practice of Radiation Oncology Updates, 3(3). Philadelphia:
Lippincott, 2002.
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for the GTV (hence equivalent to a form of accelerated fractionation strategy), and
lower (1.8Gy) for CTV2 (75).

Dose Response for Subclinical Disease

Both CTV1 and CTV2, by definition, are perceived to harbor undetected—or sub-
clinical—tumor cells. However, they have quite distinctive bases for their dose–
response relationship. For CTV1, the importance to cover tumor edges with adequate
margins has been emphasized previously. Its dose-response depends directly on the
amount of malignant cells present within the irradiated field (Eq. 13), while the ulti-
mate chance of cure for the patient can also be hindered by those cells missed ‘‘geo-
graphically’’ during a planned precision-oriented treatment. On the contrary, the
subclinical disease confined within the CTV2 arises from the probabilistic dissemina-
tion and establishment of metastases. The dose-response curve for these subclinical
metastases has been reported to resemble a linear rather than a sharply rising sigmoid
shape as for bulky primary tumors.g A biophysical model based on the kinetics of
primary tumor growth and the probability of subsequent metastatic colony forma-
tion and growth has been proposedh in order to provide a more mechanistic way
of interpreting the clinical observations.

The Role of Ultra-Precision Oriented Radiation Therapy in
Cancer Medicine

With the advent of computer technology, ultra-precision oriented radiotherapy tech-
niques like SRS, SRT, or IMRT have certainly fulfilled the goal long-held by oncol-
ogists to deliver adequate dose for tumor control while minimize toxicity to the
normal tissues. Is this however equivalent to finding the ‘‘holy grail’’ in cancer med-
icine—as some enthusiastic technophiles so optimistically perceive? The answer is,
unfortunately, not quite. One needs to simply look at Table 1 to appreciate that
the bottleneck in cancer therapy lies largely in the control of metastatic disease rather
than primary tumor control. Clearly, when a malignancy is diagnosed relatively early
(i.e., localized), the cure rate (measured roughly as 5-year survival) has been rather
satisfactory for most common cancers even before the days of precision oriented radia-
tion therapy. In contrast, when a patient presents with metastatic disease, the survival
outcome is often dismal. This underlies the fundamental tenet of cancer ‘‘preven-
tion’’ and screening, that early diagnosis plus early treatment can translate into long
survival.

Nevertheless, from Table 1 one can also see that treatment results for some
malignancies remain poor despite the fact that the tumor is diagnosed at a localized
stage. While this may simply mean that the diagnostic resolution for micrometastases
is something to be improved, inadequate local control by curative surgery or radia-
tion therapy does represent a significant cause. This is highly conceivable especially
when one realizes that these malignancies are often gastrointestinal or pulmonary in
origin, for which radiation therapy is often limited in dose due to low tolerance of
the surrounding normal structures (small intestine or lungs, respectively) and

gWithers HR, Peters LJ, Taylor JMG. Dose-response relationship for radiation therapy of
subclinical disease. Int J Radiat Oncol Biol Phys 1995; 31:353–359.
h Lee S. Ph.D. dissertation, University of California, Los Angeles, 2001.
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its accuracy hindered by motion uncertainty introduced by breathing movement. The
corollary is, if one can introduce high dose to these tumors while minimizing normal
tissue damage, then enhancement of local control may translate into higher survival.
It may thus be highly productive to invest utilization of precision radiotherapy for
these particular cancers. The recent development in respiratory gating technique,
or broadly speaking image-guided radiation therapy (IGRT)—to handle what phy-
sicists describe as 4-dimensional treatment, may be justified further in this regard.

Even for prostate cancer, for example, which has enjoyed very high survival
rate when early-stage patients are treated with old-standard radiation therapy, dose
escalation using conformal or IMRT technique may translates into higher distant
metastasis control, at least in theory. This phenomenon, that successful local control
can impact on distant disease outcome and thus survival, has been reported in a
modeling study using Goldie-Codman mechanism to simulate metastatogenesis.i

In summary, dose escalation via ultra-precision oriented radiation therapy
may not necessarily be the key to solving the cancer problem, in view of the fact that
distant metastasis remains to be the bottleneck. We can kill what we can see, it is
often what we cannot see that kills the patient. In this regard, it is not difficult to
see that when the zenith is attained, precision radiotherapy is at most equivalent
to bloodless cancer surgery, along with all the oncologic constraints (uncertain
tumor margins, uncertain metastasis, etc.) faced by surgeons. However, while we
must continue to advocate the importance of early diagnosis and intervention for
most cancers, we may also receive great dividend to simultaneously invest efforts
in implementing precision radiotherapy techniques such as IGRT for those malig-
nancies which historically have not enjoyed adequate rates of local primary tumor
control.

Table 1 Comparison for Five-Year Survival Rates Between Local and Systemic
Stages for Some Common Cancers

Cancer Type Local (%) Systemic (%) All Stage (%)

Prostate 99 30 87
Breast 97 20 84
Uterus 95 26 84
Bladder 93 6 81
Cervix 91 9 69
Colorectum 91 7 61
Stomach 61 2 21
Lung 48 2 14
Esophagus 22 2 11
Liver 13 2 6
Pancreas 13 2 4

Source: U. S. NCI Surveillance, Epidemiology, and End Results Program, 1996

iYorke ED, Fuks Z, Norton L, Whitmore W, Ling CC. Modeling the development of
metastases from primary and locally recurrent tumors: comparison with a clinical data base
for prostatic cancer. Cancer Res 1993; 53:2987–2993.
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INTRODUCTION

The first reports of successful radiation treatment of liver tumors were
published 1954. Philipps et al. treated 36 patients with symptomatic liver
metastases with doses of 19–36Gy. The symptoms were reduced in more
than 50% of the cases (1). Since that time, the benefits of palliative whole
liver radiation have been confirmed in multiple studies (2–4). However, dose
escalation of whole liver radiation from 27 to 33Gy resulted in a significant
increase of liver toxicity (5). Treatment-associated radiation induced liver
damage (RILD) as a dose limiting toxicity appears 4–8weeks after radiation
therapy. Clinical symptoms include weight gain, increased abdominal girth,
ascites, and a substantial rise in alkaline phosphatase. Ingold et al. (6) first
described the clinical picture in 1965. The mortality rate of RILD is approxi-
mately 10–20%. The pathophysiological counterpart is veno-occlusive dis-
ease (VOD). Reed and Cox were the first to characterize the histological
changes of RILD as marked congestion, which involves mainly the central
portion of each lobule with atrophy of the inner liver plates (7). The wall of
the small veins reveals a large number of fine reticulin fibers that crisscross
the lumenof the vein and the adjacent afferent sinusoids (8). Chronic radiation
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liver damage is characterized by a distortion of the liver architecture: vari-
able distances between the central veins and portal areas, fibrosis of the
central veins, and concentric fibrosis of portal areas (9).

The occurrence of RILD is not only dependent on the dose, it is also
dependent on the irradiated volume (10,11). Emami et al. estimated a TD 5/
5 (tolerance dose with 5% complications in 5 years) of 30Gy for whole liver
radiation. If 1/3 or 2/3 of the liver could be spared, the TD 5/5 was estimated
to increase to 35 and 50Gy, respectively (12). Based onmore recent data by the
University of Michigan using three-dimensional treatment planning and con-
formal therapy, Dawson et al. estimated an even more pronounced volume
effectwith aTD5/5of 31, 47, and 90Gy forwhole liver, 2/3 liver, and 1/3 liver
radiation, respectively (13). The basis for this calculation was a hyperfractio-
nated (1.5Gy bid) conformal treatment in conjunction with an intra-arterial
FdUrd chemotherapy in 43 patients. The total doses reached 90Gy (14).

A stereotactic treatment approach for liver malignancies should
achieve better normal tissue sparing than conventional or conformal plan-
ning and delivery techniques. Therefore, a further dose escalation or hypo-
fractionated dose delivery should be possible. First steps of stereotactic
radiation therapy of liver malignancies were performed at the Karolinska
Institute in Stockholm, Sweden (15).

Potential targets for stereotactic radiation in the liver are primary and
secondary liver tumors. The incidence of these tumors, indications for
stereotactic radiotherapy, liver specific difficulties for the treatment, applied
doses, and current and future trials are described and discussed in the
following sections.

INCIDENCE

There are two major groups of liver tumors: primary liver tumors and
secondary liver tumors. Hepatocellular carcinoma (HCC) accounts for
about 80–90% of the primary liver tumors. The incidence of the disease is
currently approximately 1–3/100,000 in the United States and in Europe,
with a recently observed growth of the incidence. The incidence increases
with age and is associated with chronic liver damage (cirrhosis), often
related to hepatitis C virus infection. Regions with high levels of hepatitis
infections (countries in the Far East) have a 100–150 times higher incidence
of HCC. Other risk factors are aflatoxins produced by the fungi Aspergillus
flavus, which is a major cause of HCC in underdeveloped countries. HCCs
are oftenmultinodular andmultifocal tumors. About 30% of the patients with
HCC show distant metastases (mostly in the lungs, peritoneum, adrenal
glands, and bones) at the time of diagnosis.

Cholangiocellular carcinoma (CCC) has an incidence of 1–2/100,000.
This chapter focuses on the intrahepatic CCC only. CCC affecting the conflu-
ence of the right and left hepatic duct is also called a Klatskin tumor. Klatskin
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have a high tendency of perineural and subendothelial spread. This character-
istic makes it difficult to evaluate the whole tumor involvement using imaging
studies. About 30–50% of the patients show lymph node involvement at
the time of diagnosis. One-third show distant metastasis (liver, lung, and
peritoneum) at this time.

Livermetastases, or secondary liver tumors, show up in about 35% of all
patients with solid tumors during the course of disease. Even higher numbers
are published in organ specific section statistics: the highest incidence for 1008
patients was seen in patients with pancreatic cancer (86%), followed by breast
cancer (60%), colorectal cancer (42%), lung cancer (39%), and stomach cancer
(34%) (16). Due to the portal vein drainage, the liver is the first site of hema-
tological spread of colorectal cancers. Therefore, liver metastases can be seen
as a kind of advanced loco regional disease in patients with colorectal can-
cer. The median survival for patients with untreated liver metastases varies
between 5 and 19 months (17,18). Survival is dependent on the primary
tumor and the extent of extrahepatic tumor involvement.

THE ROLE OF STEREOTACTIC BODY RADIATION THERAPY
IN THE MULTI-DISCIPLINARY TREATMENT ARSENAL

The current therapeutic gold standard for primary and secondary hepatic
tumors is surgical resection. The type of resection varies between an atypical
resection, segment resection, hemihepatectomy, extended hemihepatectomy,
and liver transplantation.

The resectability rate of HCC depends on the site of the tumor and the
existence of accompanying liver cirrhosis. Resection is not recommended for
patients with advanced cirrhosis (Child classification B or C). Five-year sur-
vival rates of up to 76% have been reported for resected primary HCC in
selected studies (19). For large and/or not resectable HCC, locally ablative
therapies (e.g., percutaneous ethanol injection, radiofrequency ablation) and
also radiation therapy have been described (20–23). Radiation dose depends
on the volume of spared normal liver volume and is more limited for patients
with liver cirrhosis (see later this chapter). The sparing of normal liver tissue
favors a stereotactic approach of radiation therapy in these patients. Blomg-
ren et al. treated nine patients with primary HCC using a stereotactic hypo-
fractionated radiation approach. They reported no local failure with a
median follow-up time of 12 months. However, two patients with cirrhosis
developed RILD with non-tractable ascitic fluid and died 1.5 and 2.5 months
after therapy. In one of these patients, a very large volume of nearly 300 cm3

was treated (24). Sato et al. stereotactically treated 18 patients with primary
HCC. They combined the radiation treatment with local chemotherapy. No
local failure was observed with a median follow-up of 10 months after the
frameless hypofractionated stereotactic radiation therapy. Only one patient
showed definite deterioration of serum liver function tests (25). The available
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data on stereotactic radiation therapy of HCC is still very limited and
follow-up times are short. However, these limited data show promising
results in inoperable patients if enough functional liver tissue can be spared.

For intrahepatic cholangiocarcinomas, 5-year survival rates of up to
44% have been published after surgical resection (26). However, due to
the subepithelial spread, only about 50% of the intrahepatic cholangiocarci-
nomas are suitable for resection (26). Experiences with radiation therapy
have not been very promising in non-resectable cholangiocarcinomas (27).
Due to the patterns of local tumor spread, only large margins around the
gross tumor volume may ensure sufficient local control. Therefore, sufficient
sparing of functional normal liver tissue is difficult to achieve, even when a
stereotactic approach is used. The number of patients with CCC treated
with stereotactic irradiation is very low in published series and follow-up
times are typically limited (24,28,29). Therefore, any indication for stereo-
tactic radiation therapy of an intrahepatic primary cholangiocarcinoma
should be set on an individual basis.

Primary therapy for metastatic liver disease usually is systemic
chemotherapy.However, a local therapeutic approachmight also have a cura-
tive intention in cases of metastatic colorectal cancer. Surgical resection is the
standard therapy in case of solitary secondary liver lesions.Wilson andAdson
retrospectively analyzed patients with limited liver metastases of colorectal
cancers. About 25% of the resected patients survived 5 years while none of
the comparable patients with unresected liver metastases were alive after
5 years (30). Similar observations were made by Adson et al. (18), with 25%
5-year survival in the resected group and2.5%5-year survival in the unresected
group. Patients with resections of metachronous liver metastases of colorectal
cancers have similar 5-year survival rates of 20% after each resection (31–33).

Several minimal-invasive thermo-ablative approaches have been devel-
oped for inoperable metastases including radiofrequency ablation (34),
laser-induced thermotherapy (35), or cryotherapy (36). However, solitary
inoperable liver metastases are also the major indication for the only non-
invasive cancer treatment, stereotactic body radiation therapy. Local tumor
control rates of 80–100% have been published after stereotactic radiation
therapy of liver metastases with low treatment-associated morbidity
(24,28,29). Potential advantages compared with thermo-ablative procedures
include non-invasiveness, reduced risk of damaging of blood vessels (espe-
cially near the liver hilum), and lack of blood flow-mediated temperature
transport to distant liver regions. As of today, there are no definite indications
for stereotactic radiation therapy of liver metastases since the indications vary
between the published series. The major indication was inoperability due to
surgical or medical reasons. There is no established contraindication for cen-
trally located tumors, mostly due to the fact that data for high-dose radiation
damage to centrally located liver structures is unavailable. One contraindica-
tion, however, is close proximity to other organs of the gastro-intestinal tract,
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i.e., tumors located close to the surface of the liver. Blomgren et al. reported of
hemorrhagic gastritis or duodenal ulcers if the stomach or the duodenumwere
irradiated with more than three times 5Gy (24). The maximal tumor size
suitable for stereotactic body radiation therapy is controversial. While most
studies limit eligibility to metastases smaller than 5–6 cm in diameter, other
study groups have also successfully treated larger tumors (24,28). The indica-
tion for stereotactic body radiation therapy of larger liver tumors depends
mostly on the volume of the liver and the chances of sparing enough
functional liver tissue from the high dose area.

ORGAN-SPECIFIC DIFFICULTIES

Organ Motion

Liver radiation therapy and, even more so, conformal and stereotactic radia-
tion therapy to targets in the liver have to account for several organ-specific
challenges. Organ motion secondary to diaphragm motion with the breathing
cycle is obviously the most problematic challenge. Traditionally, planning tar-
get volume safety margins are assigned to account for both inter-fraction and
intra-fraction liver motion (37–39). While individually the range of liver
motion varies, appropriate safety margins range from about 10mm cranio-
caudally toasmuchas 3or4 cm.Theadditionof such significant safetymargins
leads to the inclusion of relevant anddose limiting amounts of normal liver and
other tissues-at-risk volumes to provide for a high probability of target volume
dose coverage during radiation fraction delivery.

Several more or less technologically advanced strategies may be applied
to reduce the respiration-dependent liver motion predominantly occurring
during fraction delivery. Instructed deep breath-holding, or shallow breath-
ing with support of oxygen via a mask may reduce diaphragm movement in
compliant patients (40–42). While the reported clinical experience of
instructed breathing relates predominantly to radiotherapy of thoracic
tumors (40–47), the resulting tumor immobilization can be directly translated
to abdominal targets since liver motion occurs as a function of diaphrag-
matic motion (13,48). Similar positive experiences have been reported by
use of a so-called Active Breathing Coordinator or institution-specific
breath-hold valve devices where the patient is coached to inhale to a prede-
termined depth and to hold this breathing volume for up to 20 sec, during
which time frame radiation delivery is enabled (13,49). Similar to shallow
breathing instructions, the use of such devices depends on patient compli-
ance, and careful patient monitoring during treatment delivery is required.

More mechanistic approaches to reduce liver motion with inhalation/
exhalation depend on abdominal pressure devices attached to the stereotactic
body frame (50–52). A plate, often triangular or trapezoid in shape, is pressed
onto the upper abdomen in an angle to constrain liver motion. While at least
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borderline-uncomfortable for the patient, these devices can effectively reduce
the respiration dependent liver motion and allow for reduction of PTV
margins to at or below 10mm in the cranio-caudal direction (50).

Most recently, respiratory gating using software-controlled assessment
of the anterior abdominal or chest wall breathing-related movement has
been implemented at selected centers (40). Typically, camera-based systems
track the breathing cycle-related anterior/posterior motion of a small
indicator positioned onto the chest or anterior abdominal wall (53–57).
The derived breathing amplitude can be used to determine the phases of
the breathing cycle, during which the least surface motion occurs, and sub-
sequently this subset of the breathing cycle is defined as the time window for
beam delivery. Such approaches may significantly reduce the impact of still-
existing organ motion but the associated cost is measured in the increase in
time to deliver the prescribed radiation dose. In clinical reality, up to 70% of
the breathing cycle has to be disabled for beam delivery, increasing the net
treatment delivery time by a factor of two or more. Since typical treatment
delivery times for stereotactic body radiation therapy already vary between
30min and up to 2 hr, such prolongation may become relevant, as treatment
delivery time and patient compliance (in terms of patient motion on the
table or in the immobilization device) are closely related.

Imaging for Treatment Planning and Setup Assessment
Prior to Treatment Delivery

Image data for SBRT planning of liver malignancies are typically based on
CT imaging with and/or without intravenous contrast. In order to use any
strategy to reduce safety margins for breathing-related motion, any device
used must be in place during simulation imaging. Occasionally, this require-
ment may cause problems with the limited opening diameter of the used CT
scanner. Breathing motion during image data acquisition may cause a
variety of well-characterized imaging artifacts, which in the best of scenarios
may render the target volume larger than its true anatomical size (58–60).
However, randomly, a liver lesion may be rendered smaller than its anatom-
ical size in the resulting treatment planning image dataset, with the inher-
ent risk for underestimation of the volume that needs to be treated. The
acquisition of a fast (spiral) breath hold scan in addition to slow helical
or sequential slice acquisition during free breathing may be helpful in
estimating the true target extent.

The use of intravenous contrast media should be mandatory in SBRT
treatment planning for liver lesions, although it needs to be appreciated that
especially liver metastases show a fill-in phenomenon that may suggest smal-
ler lesion size in post-contrast CT slices than in the corresponding native CT
slice. Thus, a combination of a native scan with at least one contrast phase
scan is recommended. The addition of a multi-phase liver contrast scan,
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such as a three-phase liver CT used typically for diagnostic purposes, may
further aid in the determination of lesion extent. If the patient setup is con-
trolled immediately before treatment delivery, with the patient repositioned
in the body immobilization device, additional application of intravenous
contrast may not be feasible due to the associated secondary risk with load-
ing excess contrast media and subsequent renal excretion. Thus, identifica-
tion of the liver lesions in such control CT data may be compromised,
especially when primary liver tumors are the target.

Few experiences have been made with implementingMRI and PET data
into the SBRTplanning process for liver tumors. The increasing availability of
fast abdominal imaging sequences for MRI may prove this imaging modality
to be of great aid in delineating the target volumes in the future. The superior
soft tissue contrast inherent toMRIoverCTmayprove especially helpful in the
delineation of HCC and CCC targets. The metabolic properties of most
primary and secondary liver tumors differ from the surrounding healthy tissue
of the liver and image data co-registration may not only aid in the process of
target delineation but also in the ultimate tumor response assessment in the
foreseeable future. New PET tracers based on amino-acid metabolism rather
than glucose consumption may prove to be more specific for proliferating
tumor tissues, enabling effective and appropriate biological tumor targeting.

DOSES AND CLINICAL OUTCOME

The development of dose escalation in conformal radiotherapy should be
highlighted first since definite conclusions for a hypofractionated stereo-
tactic approach can be drawn from these data, and the analysis of data
on partial liver irradiation gives more insight on the effects of dose escala-
tion as it is intended in stereotactic radiotherapy.

Dose Escalation in the Normal Liver

The most extensive experience of partial liver radiation together with or
without whole liver radiation and intra-arterial chemotherapy has been
achieved at the University of Michigan (14,60–62). A total of 203 inoperable
patients with normal liver function had been radiated for HCC (n¼ 58),
CCC (n¼ 47), and liver metastases (n¼ 98) from 1987 to 1999. Forty-one
patients were treated with whole liver radiation (24–36Gy), 20 patients were
treated with whole liver radiation followed by a boost to a partial liver
volume (to 45–66Gy) and 142 patients were treated with partial liver radia-
tion alone (48–90Gy) in doses of 1.5–1.65Gy delivered twice daily (bid).
The median dose was 52.5Gy (range 24–90Gy). Simultaneously, intra-
arterial chemotherapy with 5-FU (n¼ 169) or bromodesoxyuridine (BUdR,
n¼ 34) was administered. Treatment plans and total dose were adjusted
to an expected level of normal liver toxicity of 10% using a modified
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Lyman-NTCP-model (61,62). As predicted, in 19 patients (9%) RILD of
RTOG-grade �3 (treatment required) was observed. Six patients had
received whole liver radiation, six whole liver radiation plus local radiation
boost, and seven were treated by partial liver radiation alone. The strongest
parameter predicting liver toxicity was the mean liver dose. In patients with
hepatic toxicity, the mean liver dose was 37Gy (NTCP 0.17) compared to
31Gy in patients without RILD (NTCP 0.04), which is in accordance to
Emami et al.’s (12) previously published volume-related doses for the whole
liver of the TD5/5 at 30Gy and the TD50/5 at 40Gy. Using the adjusted
Lyman–Kutcher–Burman NTCP model, the risk for RILD increased by
4% for a Gy increase of mean liver dose exceeding 30Gy. The best fit to clin-
ical data was achieved using a TD50whole liver of 43.3Gy, n (volume effect) of
1.1, and m (steepness of the dose–response curve at TD50whole liver) of 0.18.
The volume effect (expressed by the term n) seems to be most important for
toxicity.According to theNTCPmodel n is close to 0 with low- and close to 1
with high-volume dependence. The authors have adjusted n from 0.32 to
0.69 (61) to now 1.1 as evaluations of a growing number of patients were
updated. Analyzing non-dosimetric prognostic factors by logistic regression,
Dawson et al. (62) found a significantly increased risk for RILD for hepato-
biliary carcinoma (compared to metastases), correlated with the use of
BUdR and male gender. In the group receiving 5-FU, male patients with
hepatobiliary cancer had thehighest risk forRILD. In these subgroups, signif-
icantly different parameters for TD50whole liver, n and m could be derived.
Additionally, the results were found to be consistent with the ‘‘threshold
hypothesis’’ of Jackson et al. (63), who assumed that the risk forRILD could
be kept near 0 if the partial liver irradiation volume could be kept below a
threshold volume, regardless of the dose. Dawson et al. discuss that doses
as high as 100Gy might be safely administered for small volumes of normal
liver tissue (approximately 1/3 of whole liver). This dose escalation might be
beneficial, because the clinical results of the Michigan patients revealed an
improved local tumor control with increased dose (14).

Care must be taken if cirrhotic liver is irradiated. All University of
Michigan data were collected on patients with a normal liver function. How-
ever, when the liver function is impaired, the risk of developing RILD
increases, and more liver tissue has to be spared than in healthy liver patients.
Seong et al. (64) combined focal liver irradiation in 50 patients with HCC
(Child A n¼ 38, Child B n¼ 12) with transarterial-chemo-embolization
(TACE). The total dose (30–60Gy) was determined by the fraction of the
non-tumor liver volume receiving more than 50% of the prescribed dose
given in 1.8Gy daily fractions. Six patients were observed with RILD, but
unfortunately were not analyzed concerning dose–volume relations. The
same group published an analysis of dose–response relation in local radio-
therapy for HCC in 158 patients (65). About 90% of patients had liver cirrho-
sis (Child A 74%, Child B 26%); patients with advanced liver cirrhosis Child C
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were excluded. The tumor size ranges were <5 cm (11%), 5–10 cm (54%),
and >10 cm (35%). The average 3D-conformal planned dose was 48.2
�7.9Gy (25.2–59.4Gy) in daily fractions of 1.8Gy. While statistic evaluation
revealed that the total radiation dosewas the only significant factor determining
tumor response, hepatic toxicity was also increased with dose. Eleven patients
showed RILD: 4.2% (n¼ l) of all patients in the category of <40Gy, 5.9%
(n– 3) from 40–50Gy and, 8.4% with doses >50Gy (n¼ 7). Liver cirrhosis of
Child B seemed to be a risk factor in development of RILD, but the number of
cases was small: 0/16 patients <40Gy, 2/13 patients 40–50Gy (15.4%), and 2/
20 patients >50Gy (10%). Nevertheless, the evaluation demonstrates that par-
tial liver irradiation can be performed in considerable large volumes even in
patients with impaired liver function. However, the liver function should be
evaluated first.

PARTIAL LIVER-RADIATION USING STEREOTACTIC SETUP

Hypofractionation

Blomgren and Lax were the first who published data about stereotactic radia-
tion of liver tumors. Their initial report from 1995 was followed by an update
in 1998 (24,50). After having had negative experiences with single-dose ther-
apy, which is discussed later, they mainly used hypofractionated radiother-
apy. The fractionation and the overall time of treatment varied greatly. The
dose ranged from 2�8 to 3�15Gy or 4�10Gy. The dose was prescribed
to the PTV encompassing 65% isodose, which resulted in maximal total
doses of 20–82Gy. The treatment time varied between 3 and 44 days (24).

The Swedish group treated 20 primary intrahepatic cancers in 11
patients. The median clinical target volume was 22 cm3 with a range of
3–622 cm3. With a mean follow-up of 12 months, no local failures were
observed. However, two fatal cases of RILD in patients with liver cirrhosis
were reported. The first patient presented with a 57 cm3 HCC nodule asso-
ciated with hepatitis C and liver cirrhosis. The tumor was treated with
3�15Gy to the periphery of the PTV. The patient developed ascites 20 days
after completion of the treatment and died the next month. The other patient
had a 293 cm3 large HCC treated with 3�10Gy to the periphery of the PTV.
Also, this patient developed nontractable ascites in the first 6weeks after
treatment and died shortly after that. Unfortunately, there is no detailed
information about the size of the liver, the degree of pretherapeutic liver
impairment, or the mean liver dose. Therefore, no definite conclusions about
the risk assessment can be drawn from this published data. Apart from these
fatal side effects, patients experienced nausea, fever, or chills for a few hours
after radiosurgery.

About 10 patients with 20 metastases were also treated at the
Karolinska Institute using the hypofractionated stereotactic regimen. The
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median CTV was 24 cm3 with a range of 2–263 cm3. Tumor response was
evaluated after a mean follow-up time of 9.6 months. All tumors showed
response to the therapy. One local recurrence was observed 6 months after
therapy. Again, patients experienced nausea, fever, and chill a few hours
after the procedure. These symptoms were assuaged with a prophylactic
treatment with acetaminophen (synonymous with paracetamol in Europe)
and anti-emetics later on. One patient suffered from a hemorrhagic gastritis
a fewweeks after treatment. One-third of the stomach wall had been exposed
to 7Gy for two treatment sessions. Parts of the duodenum were exposed to
4�5Gy in another patient. This patient developed a duodenal ulcer, which
was treated conservatively. These early Stockholm data indicated the feasi-
bility and the possible success rate of a hypofractionated stereotactic treat-
ment for liver tumors. Unfortunately, no dose–volume constrains can be
drawn from these data due to the wide range of the applied dose and different
fractionation schemes. The Stockholm group has continued to treat patients
with hepatic cancer with the stereotactic approach. However, new data have
not been published. Wulf et al., from the University of Würzburg in
Germany, adopted components of the Stockholm treatment approach (28).
They treated 24 patients with liver tumors (one CCC and 23 metastases).
The median clinical target volume was 50 cm3 with a minimum of 9 cm3

and a maximum of 512 cm3. All but one patient were treated with 3�10Gy
to the 65% isodose at the periphery of the PTV. One patient was treated
by 4�7Gy, also normalized to the periphery of the PTV. The reason for this
altered fractionation schedule was close proximity of the target to the eso-
phagus. The crude local control was 83% at a mean follow-up of 9 months.
The actuarial local control after 12 months was reported to be 76%, with a
median survival of 20 months. Recurrences occurred 3, 8, 9, and 17 months
after treatment. All recurrences were initially treated with 3�10Gy. Failure
of three of these targets occurred marginally. Treatment related morbidity
was low: 7/24 patients reported side effects of grade 1 or 2 according to
the WHO classification. Side effects were mostly observed following one
of three fractions and included fever, chills, and pain, with a typical onset
a few hours after irradiation. Additionally, nausea and/or vomiting might
occur at the same time. The symptoms ceased spontaneously or could
successfully be treated with acetaminophen or prednisolone. Only one
patient showed longer lasting fatigue, weakness, and loss of appetite.

Radiosurgery

The term radiosurgery implies a focused single-dose radiation therapy. Most
of the stereotactic treatments in the brain were successfully performed using
a radiosurgical approach (66,67). Blomgren and Lax also started with a
single dose therapy for liver tumors (50). Six tumors in five patients were treated
radiosurgically. The median prescribed dose to the periphery of the PTV was
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15.5Gy, ranging from 7.7 to 30Gy. No recurrences were observed during a
median follow-up of 5 months. However, one patient died 2 days after treat-
ment. This patient had a 229cm3 large HCC in a cirrhotic liver. The tumor
was treatedwith30Gyapplied to theperipheryof thePTV,withacorresponding
isocenter dose of 48Gy. The patient already was icteric and showed signs of
ascites at the time of treatment. The other four patients showed marginal recur-
rences during follow-up as it is mentioned in a later paper of the Stockholm
group (24). These two circumstances forced Blomgren and Lax to abandon
the radiosurgical approach for large liver tumors.

In 1997, a phase I/II trial was initiated at the German Cancer
Research Center in Heidelberg (Germany) proving the feasibility and the
clinical outcome of a single-dose radiation therapy of liver tumors (29).
The inclusion criteria for the study were non-resectable tumors in the liver.
The number of liver lesions should not exceed three tumors (four, if two
tumors with less than 3 cm are close together). The size of a single lesion
should not exceed 6 cm, and none of the tumors should be immediately
adjacent to parts of the gastro-intestinal tract (distance >6mm). The exclu-
sion criterion was insufficient liver function. Thirty-seven patients were
included. A total of 60 tumors were radiosurgically treated at 40 occasions.
The targets included four primary hepatic tumors and 56 metastases (mainly
colorectal cancer or breast cancer). The median target size was 10 cm3

(1–132 cm3). The dose was prescribed to the isocenter with the 80% isodose
encompassing the PTV. The dose was escalated from 14 to 26Gy based on
the liver dose in the dose–volume histogram. After initial dose escalation, an
actuarial local tumor control of 81% at 18 months could be achieved with a
mean follow-up of 9.5 months. All patients received a prophylactic dexa-
methasone medication before and after radiation therapy. The actuarial
2 years survival was 59%. Patients with curative treatment intention showed
a significant longer survival (actuarial 87% at 2 years) than patients with
additional extrahepatic tumor manifestations at the time of treatment
(median survival 12 months) (29). An update of these study patients with
a mean follow-up of 17 months was published in 2003 (68). Two patients
developed late local recurrences 4 years after therapy. The actuarial local
control remained unchanged with 81% after 18 months.

As described later in this chapter, a follow-up trial was initiated after
these promising initial results. More patients had been radiosurgically
treated according to the initial phase II protocol until recruitment of the
follow-up trial could be started. A combined total of 78 patients were
treated until spring 2003. The mean follow-up was 12 months and the
actuarial local tumor control dropped to 72% at 12 months. Analysis of
the increased failure rate revealed that patients with metastases of a colo-
rectal cancer showed a significant worse local tumor control than patients
with other histologies (68). Of special note, all 11 patients who already
had received chemotherapy using CPT-11 or oxaliplatine had shown local
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recurrences during the first 15 months after therapy. These recurrences were
infield and marginal recurrences. Therefore, higher doses and/or larger
safety margins should be used especially if colorectal cancer metastases
are treated.

Side effects of the treatment were minimal (29). They included mild
nausea or loss of appetite for 1–2weeks in about one-third of the patients.
A singultus was observed in two patients and one patient developed fever.
There were signs of radiation induced liver disease. All patients who were
followed using multiphasic CT scanning showed a sharply demarcated focal
radiation reaction. Tumor and radiation reaction could be well differen-
tiated in the portal-venous contrast-enhanced CT scans. Liver vessels ran
through the liver reaction and were not displaced, as is seen in case of an
expanding tumor. A detailed evaluation and characterization of this focal
radiation reaction in 36 of the Heidelberg patients was published in 2003
(69). The area of radiation reaction was hypodense in the majority of the
non-enhanced CT scans. Three different types of appearance of the reaction
could be defined based on the liver density in the portal-venous and the late
phase after contrast agent administration:

� Type 1 reaction: Hypodensity in portal-venous contrast phase,
isodensity in the late contrast phase.

� Type 2 reaction: Hypodensity in portal-venous contrast phase,
hyperdensity in the late contrast phase.

� Type 3 reaction: Isodensity/hyperdensity in portal-venous contrast
phase, hyperdensity in the late contrast phase.

The onset of the reaction was after a median of 1.8 months. While type
1 or 2 reactions were usually observed earlier, type 3 reactions appeared
later than the other types. It was also seen that there was a shift of the
appearance during follow-up toward type 3 appearances. In addition, the
volume of the radiation reaction decreased with follow-up time. The most
dramatic shrinkage was observed during the first months after appearance.
This lead to the speculation that the whole reaction goes through different
radiological stages (type 1, 2, and 3 appearances). The histological basis
of these stages was not determined since no biopsies were taken. However,
others had reported a type 2 appearance after single-dose radiation therapy
and it was histologically confirmed VOD (70).

Based on reconstruction of the dose–volume histograms, the mean
threshold dose was 13.7Gy with a wide range between 8.9 and 19.2Gy given
in a single fraction. One reason for this large variance might be the fact that
the volume decreased much between the initial detection and the further
follow-up examinations. The examination might have not detected larger
reaction volumes and, therefore, the calculated threshold doses might have
been overestimated. This was sustained by the significant correlation between
the threshold dose and the time of detection (correlation coefficient r¼ 0.709).

188 Herfarth and Fuss



Apart from the time factor, other factors that could influence the individual
radiation sensitivity (e.g., additional toxic liver agents like alcohol) might
have been another reason of the variance. More data are needed to strengthen
these threshold doses.

ONGOING STUDIES

As described earlier, there are two different strategies for stereotactic radia-
tion of liver tumors: on one side, a hypofractionated approach with a more
or less inhomogeneous dose distribution within the PTV with maximum
dose of up to 150% (corresponding to a prescription to the 65% encompass-
ing isodose). On the other side is the radiosurgical approach with a more
homogenous dose distribution within the PTV (80% isodose encompassing
PTV). The comparison of these two strategies has been the goal of a new
phase III trial that was initiated by the two major German groups engaged
in stereotactic body radiation therapy of liver targets. The StRaL-trial
(Stereotactic Radiation Therapy of Liver Metastases) is a prospective ran-
domized multicenter trial, which has started patient recruitment in March
2003 with a planned enrollment of 276 patients over 5 years. Inclusion cri-
teria are a maximum of three liver metastases, which are surgically inoper-
able. The maximal size of the tumors is dependent on the number of targets:
5 cm for one target, 4 cm for two targets, and 3 cm for three targets. The pri-
mary study goal is the comparison of the local tumor control. Secondary
goals are survival, morbidity, and quality of life. The study is designed to
prove the equivalence of both treatment arms. Patients in arm A receive a
single-dose radiation therapy of 28Gy normalized to the isocenter with
the 80% isodose (22.4Gy) encompassing the PTV. Patients in arm B receive
a hypofractionated therapy with 3�12.5Gy normalized to the 65% isodose
(encompassing the PTV) (Table 1). This increase in dose over published
experiences is based on the recent internal updates of the initial phase II
data.

In the United States, two active phase I/II multicenter studies are being
conducted to determine the optimal dose and the maximally tolerated dose
(MTD) for hypofractionated treatment of HCC and liver metastases (71).
Both protocols (initiated by investigators from the Universities of Colorado
and Indiana) have a similar study design but investigate the two tumor enti-
ties separately, secondary to the perceived increased risk of treatment-related
toxicity in patients with primary liver malignancies. The initial dose level was
12Gy delivered three times for a total minimal target dose of 36Gy in 5–10
days. Dose escalation will be performed in steps of 2Gy per fraction (6Gy
total dose) up to a total dose of 60Gy, or upon determination of an MTD.
The primary goal of both studies is the determination of the MTD by asses-
sing the dose limiting toxicity (DLT). Secondary endpoints are: 6-month in-
field tumor response, failure rate, disease free survival, and overall survival.
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Amaximum of 15 patients will be enrolled in the phase I portion of each trial
(a minimum of three at each dose level), and an additional 13–35 patients will
be enrolled in the phase II portion of the studies.

FUTURE RESEARCH

While the methodology and procedural conduct of SBRT for primary and
secondary liver malignancies have been well established, the clinical role
of or the distinct indications for SBRT in this disease context has not yet
been well established. Some of this current shortcoming is certainly related
to the fact that SBRT represents a competing treatment modality for local
treatment concepts such as RFA, LITT, and cryoablation, and potentially
for the present gold standard, surgical resection.

Pending the results of the currently ongoing clinical trials, which are
designed to assess the equivalency of single dose and hypofractionated dose
scheduling as well as the MTD for three fraction SBRT planning and deliv-
ery, the impact of SBRT on disease-specific and overall survival in combina-
tion with other established treatment modalities or in comparison with one
or more modalities has to be tested. However, in the opinion of the authors
it seems especially intriguing to evaluate if combining SBRT with either
curative attempt surgery or RFA/LITT can improve upon the local failure
rates associated with the use of these modalities and if better local tumor
control can result in improved survival rates. A model of combining SBRT
with one modality could be to employ SBRT in the waiting phase before liver
transplant in small HCC. Thus, SBRT can serve as a desirable bridge-to-trans-
plant, and, depending on the effective time window between SBRT and

Table 1 Target Doses and Normal Tissue Constraints for the German Prospective
Randomized Multicenter Trial StRaL

Arm A
1�28Gy/isocenter

Arm B
3�12.5Gy/65% isodose

Relative
dose/fx (%)

Absolute
dose/fx

Relative
dose/fx (%)

Absolute
dose/fx

Isocenter 100 28Gy 100 19.2Gy
Minimum PTV 80 22.4Gy 65 12.5Gy
Liver (30% vol.) 43 12Gy 36 7Gy
Liver (50% vol.) 25 7Gy 26 5Gy
Esophagus (max.) 43 12Gy 36 7Gy
Stomach (max.) 43 12Gy 36 7Gy
Duodenom (max.) 43 12Gy 36 7Gy
Colon (max.) 43 12Gy 36 7Gy
Myelon (max.) 43 12Gy 36 7Gy
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harvesting of the diseased liver, a histopathological examination can reveal
local treatment efficacy in addition to hard outcome endpoints such as disease
specific and overall survival rates.

In summary, SBRT has been shown to provide for a feasible and com-
pletely non-invasive treatment modality complementing the present arma-
mentarium in the fight against potentially curable localized primary and
secondary liver tumors. The acceptance and the ultimate success of this
new treatment modality will to a large extent depend upon our willingness
to prove its capabilities in the framework of multimodality treatment
approaches.
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an der Leber bei primären und sekundären Lebermalignomen. Chirurg 1995;
66(10):949–958.

34. Solbiati L, Goldberg SM, Ierace T, Livraghi T, Meloni F, Dellanoce M, et al.
Hepatic metastases: percutaneous radio-frequency ablation with cooled-tip
electrodes. Radiology 1997; 205:367–373.

35. Vogl TJ, Müller PK, Mack MG, Straub R, Engelmann K, Neuhaus P. Liver
metastases: interventional therapeutic techniques and results, state of the art.
Eur Radiol 1999; 9:675–684.

36. Onik GM, Atkinson D, Zemel R, Weaver ML. Cryosurgery of liver cancer.
Semin Surg Oncol 1993; 9(4):309–317.

37. Shirato H, Seppenwoolde Y, Kitamura K, Onimura R, Shimizu S. Intrafrac-
tional tumor motion: lung and liver. Semin Radiat Oncol 2004; 14(l):10–18.

38. Rosu M, Dawson LA, Baiter JM, McShan DL, Lawrence TS, Ten Haken RK.
Alterations in normal liver doses due to organ motion. Int J Radiat Oncol Biol
Phys 2003; 57(5):1472–1479.

39. Antolak JA, Rosen, II. Planning target volumes for radiotherapy: how much
margin is needed? Int J Radiat Oncol Biol Phys 1999; 44(5):1165–1170.

40. Mageras GS, Yorke E. Deep inspiration breath hold and respiratory gating
strategies for reducing organ motion in radiation treatment. Semin Radiat
Oncol 2004; 14(l):65–75.

41. Nakagawa K, Aoki Y, Tago M, Terahara A, Ohtomo K. Megavoltage
CT-assisted stereotactic radiosurgery for thoracic tumors: original research in
the treatment of thoracic neoplasms. Int J Radiat Oncol Biol Phys 2000;
48(2):449–457.

42. Uematsu M, Shioda A, Suda A, Tahara K, Kojima T, Hama Y, et al. Intrafrac-
tional tumor position stability during computed tomography (CT)-guided
frameless stereotactic radiation therapy for lung or liver cancers with a fusion
of CT and linear accelerator (FOCAL) unit. Int J Radiat Oncol Biol Phys
2000; 48(2):443–448.

43. Onishi H, Kuriyama K, Komiyama T, Tanaka S, Sano N, Aikawa Y, et al.
A new irradiation system for lung cancer combining linear accelerator, com-
puted tomography, patient self-breath-holding, and patient-directed beam-
control without respiratory monitoring devices. Int J Radiat Oncol Biol Phys
2003; 56(l):14–20.

Liver Tumors 193



44. Kim DJ, Murray BR, Halperin R, Roa WH. Held-breath self-gating technique
for radiotherapy of non-small-cell lung cancer: a feasibility study. Int J Radiat
Oncol Biol Phys 2001; 49(l):43–49.

45. Mah D, Hanley J, Rosenzweig KE, Yorke E, Braban L, Ling CC, et al.
Technical aspects of the deep inspiration breath-hold technique in the treatment
of thoracic cancer. Int J Radiat Oncol Biol Phys 2000; 48(4):1175–1185.

46. Rosenzweig KE, Hanley J, Mah D, Mageras G, Hunt M, Toner S, et al. The
deep inspiration breath-hold technique in the treatment of inoperable
non-small-cell lung cancer. Int J Radiat Oncol Biol Phys 2000; 48(l):81–87.

47. Hanley J, Debois MM, Mah D, Mageras GS, Raben A, Rosenzweig K, et al.
Deep inspiration breath-hold technique for lung tumors: the potential value
of target immobilization and reduced lung density in dose escalation. Int
J Radiat Oncol Biol Phys 1999; 45(3):603–611.

48. Murphy MJ, Martin D, Whyte R, Hai J, Ozhasoglu C, Le QT. The effectiveness
of breath-holding to stabilize lung and pancreas tumors during radiosurgery.
Int J Radiat Oncol Biol Phys 2002; 53(2):475–482.

49. Wong JW, Sharpe MB, Jaffray DA, Kini VR, Robertson JM, Stromberg JS,
et al. The use of active breathing control (ABC) to reduce margin for breathing
motion. Int J Radiat Oncol Biol Phys 1999; 44(4):911–919.

50. Blomgren H, Lax I, Naslund I, Svanstrom R. Stereotactic high dose fraction
radiation therapy of extracranial tumors using an accelerator. Clinical experi-
ence of the first thirty-one patients. Acta Oncol 1995; 34(6):861–870.

51. Wulf J, Hadinger U, Oppitz U, Olshausen B, Flentje M. Stereotactic radio-
therapy of extracranial targets: CT-simulation and accuracy of treatment in
the stereotactic body frame. Radiother Oncol 2000; 57(2):225–236.

52. Herfarth KK, Debus J, Lohr F, Bahner ML, Fritz P, Hoss A, et al. Extracranial
stereotactic radiation therapy: set-up accuracy of patients treated for liver
metastases. Int J Radiat Oncol Biol Phys 2000; 46(2):329–335.

53. Vedam SS, Kini VR, Keall PJ, Ramakrishnan V, Mostafavi H, Mohan R.
Quantifying the predictability of diaphragm motion during respiration with a
noninvasive external marker. Med Phys 2003; 30(4):505–513.

54. Wagman R, Yorke E, Ford E, Giraud P, Mageras G, Minsky B, et al. Respira-
tory gating for liver tumors: use in dose escalation. Int J Radiat Oncol Biol Phys
2003; 55(3):659–668.

55. Kubo HD, Hill BC. Respiration gated radiotherapy treatment: a technical
study. Phys Med Biol 1996; 41(l):83–91.

56. Keall P. 4-dimensional computed tomography imaging and treatment planning.
Semin Radiat Oncol 2004; 14(1):81–90.

57. Tada T, Minakuchi K, Fujioka T, Sakurai M, Koda M, Kawase I, et al. Lung
cancer: intermittent irradiation synchronized with respiratory motion—results
of a pilot study. Radiology 1998; 207(3):779–783.

58. Chen GT, Kung JH, Beaudette KP. Artifacts in computed tomography scan-
ning of moving objects. Semin Radiat Oncol 2004; 14(l):19–26.

59. Balter JM, Ten Haken RK, Lawrence TS, Lam KL, Robertson JM. Uncertain-
ties in CT-based radiation therapy treatment planning associated with patient
breathing. Int J Radiat Oncol Biol Phys 1996; 36(l):167–174.

194 Herfarth and Fuss



60. Balter JM, Lam KL, McGinn CJ, Lawrence TS, Ten Haken RK. Improvement
of CT-based treatment-planning models of abdominal targets using static
exhale imaging. Int J Radiat Oncol Biol Phys 1998; 41(4):939–943.

61. Lawrence TS, Ten Haken RK, Kessler ML, Robertson JM, Lyman JT,
Lavigne ML, et al. The use of 3-D dose volume analysis to predict radiation
hepatitis. Int J Radiat Oncol Biol Phys 1992; 23:781–788.

62. DawsonLA,NormolleD, Balter JM,McGinnCJ, Lawrence TS, TenHakenRK.
Analysis of radiation-induced liver disease using the lyman NTCP model. Int
J Radiat Oncol Biol Phys 2002; 53(4):810–821.

63. Jackson A, Ten Haken RK, Robertson JM, Kessler ML, Kutcher GJ,
Lawrence TS. Analysis of clinical complication data for radiation hepatitis
using a parallel architecture model. Int J Radiat Oncol Biol Phys 1995;
31(4):883–891.

64. Seong J, Park HC, Han KH, Chon CY. Clinical results and prognostic factors
in radiotherapy for unresectable hepatocellular carcinoma: a retrospective study
of 158 patients. Int J Radiat Oncol Biol Phys 2003; 55(2):329–336.

65. Park HC, Seong J, Han KH, Chon CY, Moon YM, Suh CO. Dose-response
relationship in local radiotherapy for hepatocellular carcinoma. Int J Radiat
Oncol Biol Phys 2002; 54(l):150–155.

66. Pirzkall A, Debus J, Lohr F, Fuss M, Rhein B, Engenhart-Cabillic R, et al.
Radiosurgery alone or in combination with whole-brain radiotherapy for brain
metastases. J Clin Oncol 1998; 16(11):3563–3569.

67. Chen JC, O’Day S, Morton D, Essner R, Cohen-Gadol A, MacPherson D,
et al. Stereotactic radiosurgery in the treatment of metastatic disease to the
brain. Stereotact Funct Neurosurg 1999; 73(l–4):60–63.

68. Herfarth KK, Debus J. Stereotactic radiation therapy of liver tumors. Radio-
ther Oncol 2003; 68(S1):S45.

69. Herfarth KK, Hof H, Bahner ML, Lohr F, Höss A, van Kaick G, Wannenma-
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INTRODUCTION

The purpose of stereotactic irradiation of tumors in the lung is improvement
of local tumor control by escalating the radiation dose. Simultaneously,
acute and late radiation toxicity must be kept to an acceptable level despite
the increased dose. These almost contradictory intentions are matched
together by decreasing the irradiated volume, which is achieved by maximi-
zing efforts to ensure precision of radiation delivery and minimizing breath-
ing mobility of the targets. Therefore, stereotactic irradiation of lung tumors
is best suited for patients who will benefit from increased local tumor
control probability achieved by dose escalation. These criteria are fulfilled
in patients with node negative non-small cell lung cancer (NSCLC) stage I
(cTl-2 cN0 cM0), and in selected cases of stage II (cT3 cN0 cM0 without
central disease but infiltration of a small part of the peripheral thoracic wall)
or patients with solitary or few lung metastases, who usually are selected for
surgical treatment.
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Nevertheless a significant number of patients will not be suited for
surgery due to confounding medical conditions, or will refuse surgery
because of its invasiveness. For these patients, a minimally invasive treat-
ment approach leading to similar local control rates by surgery is required.
Unfortunately doses of 60–70Gy, usually used in conventional fractionated
3D-conformal radiotherapy, lead to local control rates of only 30–50% for
stage I disease and therefore could not meet this demand. Retrospective ana-
lyses and early data from dose escalation studies support the evidence that
increasing the dose will lead to improved local control rates. Compared to
dose escalation by conventional 3D-conformal radiotherapy, stereotactic
irradiation is performed in one or few fractions, with the advantage that
the efforts to achieve maximal setup accuracy and decrease target (breathing)
mobility can be feasibly optimized. Furthermore problems such as tumor cell
repopulation during a prolonged treatment time, which is often associated
with escalating doses by increasing the number of fractions alone, are mini-
mized due to the hypofractionated concept.

Indications

The purpose of stereotactic irradiation of pulmonary targets is local control
of circumscribed tumors achieved by very high fraction doses of 20–30Gy
(single dose) or 8� 6Gy to 3� 20Gy (hypofractionation). These tumor
ablative doses are ideally restricted to the tumor itself (planning target
volume, PTV). Prophylactic or therapeutic irradiation of the loco-regional
lymph nodes is not feasible within the stereotactic approach. Due to these
methodical restrictions first choice-indications for stereotactic irradiation of
pulmonary targets are small primary NSCLC stage I (cTl/2 cN0 cM0) with
low risk for lymphatic spread and solitary (or very few) lung metastases
(Table 1). Additionally, cT3 cN0 cM0 (stage II) tumors can be considered
for stereotactic irradiation if the tumor is peripherally invading the pleura

Table 1 Suggested Indications for Stereotactic Irradiation of Pulmonary Tumors

� First choice:
NSCLC stage I cTl-2 cNO cMO
Solitary or <4 lung metastases (with controlled extrapulmonary disease)
� Second choice:
NSCLC stage II cT3 cNO cMO
(only cT3-tumors with infiltration of the peripheral pleura at the thoracic wall,
no central tumors)

Local recurrences of previous irradiated tumors
(target amenable for localized and volume restricted irradiation)

Stereotactic boost to intrapulmonary primary tumors
(during conventional RT/RChT of higher stage NSCLC)
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at the thoracic wall. Centrally growing cT3 tumors should be avoided due to
the adverse late radiation response of the mediastinal structures, as discussed
later. In general the practice of patient selection should follow the considera-
tions of thoracic surgeons to choose patients for treatment who will benefit
from local tumor control quo ad vitam or at least symptomatically (avoidance
of bleeding or treatment of pain due to infiltration of the thoracic wall).

In patients with pulmonary metastases, the benefit from local control
of a particular metastasis has to be balanced against the risk of further
dissemination. One of these beneficial situations in metastasized disease
might be observed in patients with isolated lung metastasis after pneumo-
nectomy. In these patients even growth of a single lung metastasis will
increase the risk for rapid impairment of lung function.

Second-choice indications might be stereotactic radiotherapy of locally
recurrent NSCLC in previously irradiated patients or stereotactic boost
irradiation to intrapulmonary tumors, e.g., during primary radio- or radio-
chemotherapy of advanced stage NSCLC. Under the precondition that
organs at risk, such as spinal cord, trachea, and main bronchi or esophagus,
can be spared from this additional dose according to the amount of the pre-
vious dose, these patients might have a second chance or an increased
chance for local tumor control due to a precise and volume sparing therapy.

Patients referred for stereotactic radiation may include individuals
with very poor pulmonary function. In these cases, the risk of tumor
progression must be carefully weighed against the risk of therapy related
pulmonary compromise. Up to now there are no consistent data available
on how much even stereotactic radiotherapy is limited by impaired lung
function. Theoretically the risk for damage of functional lung tissue should
be dependent on the size of the target, location of the tumor (central vs. peri-
pheral), and the assessment of the irradiated volume. In the authors’ experi-
ence, even patients with a FeV1 of less than 1L could be treated without
negative impact on lung function. This might be due to the fact that the irra-
diated volume is restricted to the tumor, which again is not contributing to
lung function anymore. Nevertheless there is a risk of about 4% of sympto-
matic pneumonitis (see below), which mainly affects the functional lung
tissue. Therefore some authors restrict stereotactic radiotherapy to patients
with a FeV1 of 1L and treat patients with a FeV1 of less than 1L only excep-
tionally for very small volumes.

Currently the published results of stereotactic radiotherapy of lung
tumors are still based on reports of single institutions with limited target
numbers (n¼ 17–66). Therefore at this time surgical treatment should be
considered as treatment of first choice in operable patients until larger
patient numbers and data from phase-III studies are available. But in
patients not amenable to or refusing standard therapy for medical or perso-
nal reasons, the stereotactic approach can be offered as a promising
treatment modality.
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Standard Treatment for Pulmonary Tumors Amenable
for Stereotactic Irradiation NSCLC Stage I/II

In most countries lung cancer is the leading cause of cancer deaths in males
and one of the leading causes of cancer deaths in females. About 80% of
lung cancer is NSCLC. While the mortality rate is slightly decreasing in
males, it is continuously increasing in females. In Germany the standardized
mortality rate is 42 per 100,000 in males, and 11 per 100,000 in females
(year 2000). In the United States the standardized mortality rate is even
higher (58/100,000 in males and 25/100,000 in females); in Japan it is lower
(30/100,000 in males and 8/100,000 in females). Comparing the incidence
rates of 67/100,000 (males) and 9/100,000 (females) reveals that most
patients with lung cancer will not be cured (1). A detailed description of
incidence and mortality rates and of treatment strategies for different tumor
stages in European countries over a period from 1978 to 1997 has recently
been published by Janssen-Heijnen and Coebergh (2).

The unfortunate prognosis of patients is mainly due to advanced
disease: Most tumors are diagnosed with loco-regional lymph node involve-
ment, infiltration of relevant structures (cT4) or already with distant metas-
tases. Only about 15–30% of tumors are diagnosed with limited disease
stage I (cT1-2, cN0, and cM0) or II (cTl-2, cN1 or cT3 cN0, and cM0) (3).
Nevertheless these early tumors are treated under curative intention by surgi-
cal resection leading to five-year overall survival of 65% for patients with stage
I and 41% for patients with stage II disease (4). Five-year overall survival with
this therapy ranges from 60% to 90%, with lower survival in the United States
and Europe and higher survival in Japan (5–7). Mountain (5) reported 5-year
survival rates of 67% for cTl cN0 cM0, 57% for cT2 cN0 cM0, and 38% for
cT3 cN0 cM0. But survival rates depend on the type of surgical resection.
In a study comparing limited (wedge or segmental) resection vs. lobectomy
or pneumonectomy the survival rates were 59% for limited but 77% for radi-
cal resection (8). A randomized trial performed by the Lung Cancer Study
Group (9) to compare lobectomy to limited wedge or segmental resection
in cTl cN0 cM0 patients revealed a significant increase of recurrence rate of
75% in the limited surgery group. The overall five-year survival dropped
from 65% to 45%. These differences appear to be related to resection line
recurrences from inadequate margins associated with less extensive and
non-anatomical resections. More recent reports of selected patients treated
with wedge resections from Japan, however, would indicate that with modern
techniques and staging, the likelihood of close margins is low even with a
wedge resection. Indeed, the event-free survival in modern series with wedge
resection appears to approach that of lobectomy (7).

Nevertheless in many patients with NSCLC of limited stage the treat-
ment decision will depend on the individual medical condition represented
by age, performance status, lung function, and other medical diseases.
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According to this assessment and the results of staging procedures including
history (weight loss is an important prognostic factor), physical examination,
a CT scan of the thorax, abdomen, brain, cardio-pulmonary function tests,
and (desirable) a PET scan to detect occult tumor spread, the most appropri-
ate treatment will be defined. If the patient is assumed to be medically inop-
erable, radiotherapy will be the treatment of choice.

Unfortunately conventional fractionated radiotherapy or 3D-conformal
radiotherapy of limited dose <70Gy has only reached local control and five-
year survival rates that are inferior to those achieved by surgery. The cause
of this might be partially due to a selection bias choosing the more favorable
patients for surgery, but there additionally is evidence that the radiation dose
might have been too low. Jeremic et al. (10) published an overview on results
achieved by conventionally fractionated radiotherapy: doses of 30–80Gy
to stage I/II NSCLC led to initial/isolated local failure rates of 11–55%.
Five-year overall survival ranged between 6% and 45%. The authors con-
cluded that normofractionated doses of at least 65Gy or equivalent doses of
other fractionations are needed to achieve improved local control. Locally
uncontrolled tumor was the predominant pattern of failure. A similar analysis
of Sibley et al. reviewing publications on tumors treated with a median dose of
60–66Gy revealed that on average only 15% of patients will be long-term
survivors. About 25% will die on intercurrent disease, 30% on distant metas-
tases, and another 30% on locally uncontrolled tumor alone (11,12). From
that data the authors derived the importance of dose escalation for further
improvement of local tumor control of stage I/II lung cancer in medically
inoperable patients. Despite clinical plausibility from these retrospective ana-
lyses no clear dose–volume relationship on local control could be derived.
Nevertheless there was a trend to superior local control rates for smaller
tumors (cT1 vs. cT2).

Starting from that insight several dose escalation protocols have been
inaugurated during the last few years. An overview on these studies can be
found at Belderbos et al. (13). Because overall treatment time may be a rele-
vant prognostic factor these studies try to increase fraction dose or the num-
ber of fractions per time (CHART) to achieve dose escalation up to
equivalent doses >80Gy. While long-term clinical results of these studies
are still pending, in all of these approaches volume restriction to achieve
an acceptable rate of toxicity is an issue. Therefore in small tumors (stage I)
elective irradiation of regional lymph nodes is omitted as supported by reports
of Slotman et al. (14), Krol et al. (15), and Bradley et al. (16).

Both strategies of these dose escalation studies—increase of fraction
dose to keep a short overall treatment time and decrease of the irradiated
volume—are inherent characteristics of the concept of stereotactic radio-
therapy. The only restriction of the stereotactic approach compared to nor-
mofractionated dose escalation studies is the exclusion of tumors close or
adjacent to mediastinal organs at risk due to the very high fraction doses.
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Therefore stereotactic irradiation of pulmonary targets is just another
concept of dose escalation including all tools available in modem radiother-
apy: patient support and external reference systems as stereotactic body
frames, 3D-conformal dose calculation and dose distributions achieved by
multiple fields shaped by multileaf collimators, breathing control devices
and CT verification prior to radiotherapy.

LUNG METASTASES

Oncologically, metastatic disease in the lung defines the systemic spread of
the disease and therefore limits the role of local treatment and local tumor
control. Nevertheless under certain circumstances patients will benefit even
from local control of single metastasis as surgical data show. The clinical
results of a large study of the International Registry of Lung Metastases
treating 5206 cases from 18 departments in Europe, United States, and
Canada with metastasectomy were reported (17). The primary tumor was
epithelial in 2260 cases, sarcoma in 2173 cases, germ cell in 363 cases, and
melanoma in 328 cases. In 2383 cases single and in 2726 cases multiple
metastases were resected, in 88% complete. After a median follow-up of
46 months the 5-, 10-, and 15-year survival was 36%, 26%, and 22% after
complete and 13%, 7%, and 0% after incomplete resection. The multivariate
analysis showed better prognosis for patients with germ cell tumors, disease-
free survival of >36 months after treatment and single metastasis. Neverthe-
less even in patients with >3 metastases five-year survival was 27% if
complete resection could be obtained (17). A recent overview of results of
different histologic subtypes is given by Davidson et al. (18), who also
describe the criteria for patient selection for metastasectomy:

1. the patient must be able to tolerate the planned procedure,
2. the patient’s pulmonary function tests indicate sufficient reserve to

compensate for resected lung tissue,
3. the site of the primary tumor must be controlled,
4. no evidence of extrapulmonary disease (or non-uncontrollable

extrapulmonary disease), and
5. no better therapy is available.

The last point is the rationale for stereotactic irradiation of lung metas-
tases. It might be superior to metastasectomy because of its non-invasive char-
acter and, depending on the size of the target, the sparing of functional lung
tissue allowing treatment of patients even with impaired lung function as, for
example patients, with lung metastasis after pneumonectomy. Nevertheless
stereotactic radiotherapy of pulmonary metastases first has to prove its
efficacy to achieve local control rates comparable to those of metastasectomy.

Appropriate thoracic targets are well demarcated and feasibly defined
on CT or MRI. Patients with malignant pleural or pericardial effusions or
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diffuse ‘‘miliary’’ involvement of the lung (e.g., in some disseminated
presentations of broncheoalveolar cancer) are not appropriate candidates.
There is a controversy over the number of lesions capable of being treated
based on both oncological and technical reasons. While treatments may
be technically possible, patients with multifocal disease are at greater risk
for occult dissemination appearing after treatment, obviating any benefit
of controlling existing lesions. Furthermore, dose fall-off from adjacent
lesions may overlap creating pockets of substantial unintended dose within
normal tissue. As such, treatment-related toxicity of multifocal disease may
be supra-additive as compared with toxicity associated with single lesion
treatments. With these limitations in mind, extracranial radiation treatment
seems best suited for solitary lesions, and few centers will treat more than
three to four lesions in total depending on the clinical circumstances.

In summary, as for lung metastases, surgical results for stage I NSCLC
underline the importance of local control for prognosis of these patients.
Local control can be achieved by sufficiently high radiation doses to the
complete tumor volume. The surgical results have important implications
toward stereotactic body radiation therapy since tissue destruction for that
therapy more closely resembles a wedge resection than a lobectomy. If
meaningful doses are delivered, recurrence will be dependent on whether
the entire extent of the disease is encompassed at time of treatment. There-
fore after careful selection of patients, hopefully the results from stereotactic
irradiation will reach equivalency to surgically treated patients.

RADIOBIOLOGY

Normal Tissue Considerations

The primary function of the lung is to exchange oxygen for carbon dioxide
between the terminal airways (alveoli) and the blood (respiration). The lung
serves to deliver the oxygen-rich air to the alveoli via a series of branching
airways. Airflow within these branching airways (bronchi and bronchioles)
is powered by pressure gradients generated by the diaphragm and chest wall
musculature that are transmitted throughout the lung via the elastic struc-
ture of the lung parenchyma. At the level of the alveoli, the lung has a tre-
mendous amount of inherent redundancy, with each neighboring alveoli/
blood capillary complex functioning independently and doing basically
the same activity (exchanging oxygen for carbon dioxide). The lung is a
large organ and most people have a great deal more respiratory capacity
than is actually required, constituting a reserve. Throughout life, this reserve
may be depleted especially by activities that diffusely damage the parench-
yma, like cigarette smoking. Surgeons contemplating a lung resection
first try to quantify the amount of reserve in a given patient by measuring
surrogate markers (e.g., pulmonary function tests). The surgeon will then
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determine whether removal of a certain fraction of lung will leave the patient
with enough respiratory function to carry on daily activities. All in all, these
considerations account for the inherent function of the lung (respiration), the
organizational structure of the lung (branching airways leading to terminal
alveoli), the redundancy of lung function (e.g., the left lung carries out the
same activity as the right lung), and appreciation and quantification of the
additional capability (reserve) inherent in the lung. These same considera-
tions are paramount to understanding normal tissue and host responses after
irradiation of the lung.

In describing normal tissue changes after therapeutic radiation,
Wolbarst et al. (19) described a model where tissue is broken down into rela-
tively small functional subunits (FSU). These FSUs are composed of an
organized population of differentiated cells and a smaller population of clo-
nagenic (stem) cells capable of replenishing the differentiated cells. Wolbarst
divided FSUs into two general groups: (1) structurally defined units with dis-
crete anatomical structure, and (2) structurally undefined units characterized
by a monotonous structure without anatomical boundaries. In this model,
damage from radiation was related to cumulative damage of constituent
FSUs. According to this model, each alveolus/capillary complex within
the lung constitutes a structurally defined FSU. It is presumed that after
delivery of radiation, both differentiated and clonagenic cells are damaged,
some lethally. In order for surviving clonagens to ‘‘rescue’’ the damaged tis-
sue, they must first migrate to the damaged area and then divide into differ-
entiated cells capable of performing the tissue’s function. The migration of
rescuing clonagens can occur within an alveolus but not between two adja-
cent alveoli, even though the two adjacent alveoli are in close proximity. As
such, if all clonagenic cells within a single alveolus are damaged, all func-
tional capability of that alveolus will be lost. This is in contrast to a structu-
rally undefined FSU, like the mucosa of the esophagus, where clonagens are
free to migrate long distances to rescue damaged epithelium.

Again considering theWolbarstmodel, one can identify a thresholddose
beyond which all clonagens within a particular structurally defined FSU are
incapable of rescue and theFSUwill become totally dysfunctional.Moreover,
delivering an additional dose beyond the threshold dose within a particular
volume containing a defined number ofFSUswill not increase the dysfunction
since all function is already lost at the threshold dose. For the lung, this thresh-
old dose is probably quite low, in the range of 15–20Gy given in 2Gy frac-
tions. The fact that fairly large volumes of lung can be irradiated by these
doses without untoward consequences attests by the large functional reserve
inherent in the lung.

Tissues that are made up predominantly of structurally defined FSUs
are called parallel functioning tissues (including peripheral lung, peripheral
kidney, peripheral liver, etc.) and occur within organs that are characterized
by redundancy of function and large inherent reserves. In contrast, tissues
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that are made up of predominantly structurally undefined FSUs are called
serially functioning tissues (including the gastrointestinal tract, large airways,
spinal cord, etc.) and occur within organs that involve a ‘‘chain’’ of function.
Certainly, some tissues do not fit well into either category (e.g., bone marrow).
In treating a lung cancer in the peripheral lung, a parallel functioning tissue,
high tumor doses are required to control the clonagenic capability inherent
to most lung cancers. Adjacent lung tissue will be exposed to relatively the
same dose as the tumor. According to the ‘‘critical volume model’’ proposed
by Yeas and Kalend (20), any dose beyond the threshold dose defined above
will not add additional toxicity to a given volume. For parallel functioning
tissues, the organ will become dysfunctional if a critical volume getting
the threshold dose is exceeded. Therefore, according to this model, organ
dysfunction is not avoided by limiting the magnitude of dose beyond the
threshold but rather by limiting the volume exposed to any dose beyond
the threshold. This critical importance of limiting volume, with more atten-
tion than limiting dose, in order to spare organ dysfunction is the hallmark
radiobiological principle of extracranial stereotactic radiation therapy.

The biggest shortcoming of both the Wolbarst and Yeas’ models
relates to the fact that an organ such as the lung is really composed of both
parallel and serial tissue entwined in proximity to each other. The actual
organization of the lung is similar to a tree or bush with a very large trunk
(trachea) branching into large main branches (mainstem bronchi), branch-
ing further into smaller branches and twigs (lobar bronchi and bronchioles),
and finally into terminal buds or leaves (alveoli/capillary complexes). All of
the airways described above are serially functioning tissues since air is being
directed along a single path as a chain of function and the clonagens within
the airways are situated in the epithelium without anatomical boundaries. In
contrast, the alveoli/capillary complexes are parallel functioning tissues
with basement membranes and septa separating one alveolus from another
limiting clonagen migration.

The type of anatomical arrangement seen in the lung may be referred to
as a branching tubular structure and is in contrast to organs of the GI tract in
which the lumen follows a single straight path known as linear tubular struc-
ture. An important consideration in relation to extracranial stereotactic
radiation therapy between these structures follows because if the dose is
intense enough to totally disrupt the function of the serial functioning com-
ponent (e.g., the bronchus or esophagus), then all downstream functioning
tissue will be lost as well (even if they were not irradiated) via collapse of
the lumen. In a branching tubular structures, such damage will result in a
collapse of the particular branch affected, not the entire organ. The same
damage to a linear tubular structure will obstruct all downstream function
of the organ (e.g., complete bowel obstruction), a more catastrophic problem
for the patient. In the case of lung treatment, with potent doses of radiation
delivered to a bronchus or bronchiole, distal collapse or atelectasis will occur
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which may likely be permanent. As long as the volume lost is less than the
organ reserve for the particular individual, no significant symptomatic
toxicity will result. If the lost volume is larger than the patient’s reserve,
the patient will have symptomatic respiratory decline. As such, with potent
treatment doses (e.g., ablative doses), the loss of functional lung tissue
may be larger than the actual volume irradiated beyond the threshold dose.
It may still be reasonable to use such a strategy in order to control tumor
proliferation; however, the treating physician must be aware of these two
components of lung dysfunction (direct radiation damage to the volume
irradiated and subsequent distal collapse of non-irradiated lung) when
formulating the treatment plan.

Tumor Control Considerations

According to the models of Douglas and Fowler (21), the logarithm of
tumor clonagenic survival as a function of dose may be approximated by
a truncated power series known as the linear–quadratic model. Various
physical explanations have been offered as to why the curve would not be
linear, including that double strand DNA damage constitutes an irreparable
defect while single strand breaks may be repaired. But, at any rate, with
rather low doses per fraction (i.e., up to 6Gy per fraction), tumors have
an enhanced ability to withstand the damaging effects of radiation. Beyond
this dose per fraction, tumor kill has an exponential relationship with dose,
implying that tumor repair mechanisms are overwhelmed.

In addition to DNA repair as a mechanism for poor local control,
radiobiologists have observed the ability of remaining viable tumor cells
to increase their rate of cell division after being exposed to radiation. This
accelerated repopulation is considered to be one of the most significant
factors resulting in failure of treatment. Since it takes the cell some time
to initiate this response (i.e., many days to weeks), the most viable therapeu-
tic counter to this inherent tumor defense is to deliver all of the radiation
very quickly before repopulation is initiated.

Inherent radioresistance is related to many factors. One of the most
difficult factors to overcome is tumor hypoxia. Oxygen is required to
‘‘fix’’ damage caused by especially photon radiation. In addition, poorly
oxygenated cells are probably not actively dividing, placing them in cell
cycle portions less sensitive to radiation. The general strategy in radiation
oncology for overcoming tumor hypoxia has been to protract the radiation
delivery. The basis for this was that tumors that have ‘‘out-grown’’ their
blood supply due to large size would shrink and effectively get closer to a
vascular supply. During the later portions of the protracted course, the
tumor would theoretically be well oxygenated. Certainly, regardless of the
theory behind this strategy, protracted fractionated radiation therapy has
not been particularly effective at controlling large necrotic epithelial tumors.
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Furthermore, experiments using miniature oxygen probes have indicated
that areas of significant tumor hypoxia are not necessarily in the central core
of the tumor and, in fact, migrate within the tumor as a result of dynamic
vascular changes (22). In this context, lengthy protraction of radiation
may not be a viable solution for hypoxia while still a detriment in over-
coming repopulation.

Cell cycle effects may also influence radiosensitivity. Certain portions
of the cell cycle, like mitosis and G2, are thought to be quite sensitive while
other portions, like late S-phase and G0, are considered radioresistant.
Again, the general response to overcoming cell cycle effects has been to
protract the fractionation of radiation therapy. It is assumed that cells will
be committed to moving through the cell cycle. Cells in resistant phases
will become sensitive later in the course of radiation according to this
theory. The optimal length of protraction of radiation is unclear. Cell cycle
times vary, even within a single tumor. At any rate, this feature of radio-
resistance has implications as to whether a stereotactic treatment regimen
should be single fraction vs. a few separated fractions. Further research is
needed to resolve this issue.

RADIATION TOLERANCE OF PULMONARY TISSUES

Within the lung itself, there are a variety of tissues that possess unique
radiation tolerance characteristics, namely, the airways (both large and
small functioning as serial structures), the alveoli/capillary complexes (func-
tioning as parallel structures), and the arterial and venous network (likely
functioning as serial structures).

The classic tolerance-defining toxicity for conventional radiation
delivery in most prospective trials has been pneumonitis. Radiation pneu-
monitis is a subacute (weeks to months from treatment) inflammation of
the end bronchioles and alveoli. The clinical picture may be very similar
to acute bacterial pneumonia with fatigue, fever, shortness of breath, non-
productive cough, and a pulmonary infiltrate on chest X-ray. The infiltrate
on chest X-ray should include the area treated to a high dose, but may
extend outside of these regions. The infiltrates may be characteristically
‘‘geometric’’ corresponding to the radiation portal, but may also be ill-
defined. Pneumonitis is generally treated with corticosteroids. It may resolve
over time, but many progress into fibrosis with linear opacities appearing
on imaging studies. Based on the pattern of infiltration during the initial
presentation of pneumonitis, it is most likely that pneumonitis is a toxicity
related to damage to end bronchioles and alveolar/capillary complexes. As
such, this damage is to parallel functioning tissue and is most likely more
volume dependent than dose dependent. Furthermore, the incidence of
pneumonitis likely occurs at a relatively low threshold dose, in the range
of the equivalent of 15–20Gy in conventional fractionation. As such, high
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dose per fraction stereotactic body radiation therapy likely causes pneumo-
nitis within the high dose rim surrounding the tumor target in most cases.
Whether pneumonitis becomes symptomatic depends on the volume of
tissue that exceeds this threshold dose. Because normal lung volume is
relatively small in stereotactic treatments with little or no prophylactic irra-
diation, it would be potentially a less likely outcome as compared to conven-
tional radiation therapy. Indeed, in the Indiana University phase I dose
escalation trial, symptomatic radiation pneumonitis occurred relatively
infrequently despite very potent effective dose delivery (23).

Conventional radiotherapy commonly causes large serially functioning
airway irritation, such as cough, but rarely dose limiting toxicity. In con-
trast, high dose stereotactic body radiation therapy treatment schemes
may cause significant large airway damage by both mucosal injury and ulti-
mate collapse of the airway. This loss of functional capacity results from
both mucosal sloughing, cartilage damage, and peribronchial fibrosis; all
effectively causing bronchial stenosis. In turn, bronchial stenosis will in
many cases lead to distal atelectasis of lung parenchyma downstream from
the obstruction. This loss of lung function appears to mostly affect oxygena-
tion parameters including diffusing capacity for carbon monoxide (DLCO),
arterial oxygen tension (pressure) on room air (PO2), and supplemental
oxygen requirements (FIO2) (23). Because the degree of this airway injury
toxicity is related to the proximity of the target to proximal trunks of the
branching tubular lung structure, great care should be taken when consider-
ing treatment to tumors near the hilum or central chest. More protracted
fractionation schedules for central tumors may facilitate treatments in these
locations at the expense of potentially less effective tumor control.

Unexpected toxicity may also occur when treating central chest target
relating to toxicity to mediastinal structures, including esophagus and heart.
While acute and sometimes severe esophageal toxicity is commonly seen
after conventionally fractionated radiation for lung cancer, most of the
injury is self-limiting and resolves after treatment. After high dose stereotac-
tic body radiation therapy, esophageal strictures may form as a late effect.
Another more unique toxicity from stereotactic body radiation therapy
relates to pericardial injury. In the Indiana University phase I study, several
patients with tumors adjacent to the heart had asymptomatic pericardial
effusions, while one patient treated at the highest dose level had a large
and symptomatic pericardial effusion that required surgical intervention
to resolve (unpublished data).

Most reports of stereotactic body radiation therapy do not include
long-term follow-up data. As such, there may be unexpected toxicities that
need to be recognized, monitored, and evaluated. Particularly with large
doses per fraction there may be unexpected injury related to nerve tissue
and vascular tissue. Ideally, the dose to brachial plexus, spinal cord,
phrenic nerves, and intercostal nerves will be kept low via prudent
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treatment planning. Furthermore, avoiding large blood vessels in the
central chest may be reasonable as well. While there have not been reports
of vascular wall damage including aneurysms and fistulas with hemoptysis
or internal bleeding, these events may only manifest after many years of
follow-up.

With a paucity of long-term data relating tissue effects after large dose
per fraction radiation, it is difficult and somewhat dangerous to identify
specific normal tissue tolerances. Nonetheless, in order for thoughtful inves-
tigation to proceed, a starting point must be established. The Radiation
Therapy Oncology Group in the United States has developed a protocol
for using stereotactic radiation to treat early stage lung cancer. The prescrip-
tion dose to the margin of the planning target volume (PTV) for this proto-
col that treats tumors up to 5 cm in dimension is 60Gy total over three
fractions (20Gy per fraction). A committee of experienced radiation oncol-
ogists, physicists, and biologists has established organ dose limits for this
protocol based on limited institutional follow-up and linear–quadratic
conversions of known dose tolerance parameters from conventional radia-
tion fractionation schemes. The tolerances for this protocol are shown in
Table 2 for several critical organs. These are absolute limits relating to a
point rather than a volume. Obviously, a goal of radiation dosimetry for plan-
ning stereotactic lung radiation therapy should be to minimize the volume of
normal tissue, even getting lower doses than those listed in Table 2. It must
be emphasized that these tolerances figures have not been validated with
long-term follow-up.

A proposed tolerance of the lung itself is not identified in Table 2.
Based on the critical volume model of Yeas described above, it is assumed
that the lung within the PTV exceeds tolerance and is no longer functional
after high dose per fraction stereotactic radiation therapy. A dose fall-off
region exists outside of the PTV, the volume of which depends on the size
of the PTV, the location of the PTV within the chest, the quality of the radia-
tion dosimetry (e.g., number of beams, beam arrangements, radiation
energy, etc.), and the type of radiation (e.g., photon vs. proton, etc.). This

Table 2 RTOG Proposed Radiation Tolerances of Thoracic Normal Tissue

Organ Volume Dose

Spinal cord Any point 18Gy total over three fractions
Esophagus Any point 27Gy total over three fractions
Ipsilateral brachial
plexus

Any point 24Gy total over three fractions

Heart Any point 30Gy total over three fractions
Trachea and ipsilateral
bronchus

Any point 30Gy total over three fractions
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dose fall-off region, also called the gradient region, constitutes unintended
radiation exposure and should be kept as small as possible. The lung toler-
ance criteria used in conventionally fractionated radiotherapy, such as the
percentage volume receiving 20Gy (V20), do not lend themselves to stereotac-
tic body radiation therapy since these volumes are already relatively small.
For the RTOG study, it is required that the ratio of the prescription isodose
to 50% of the prescription isodose (which occurs in normal tissue) be no
greater than 3.2. Considering then the maximum lesion size treated (5 cm),
these constraints would allow no more than 320 cc of normal lung (excluding
PTV) to exceed 30Gy total over three fractions (10Gy per fraction). It
should be possible to keep this volume of normal lung considerably less
for smaller lesions.

Treatment Delivery

Patient Immobilization and Target Reproducibility

The purpose of stereotactic radiotherapy of pulmonary targets is improved
local tumor control achieved by dose escalation and volume restriction.
Therefore setup inaccuracy and target mobility have to be minimized as
much as possible.

Several immobilization devices have been developed during the last
decade. All of them rely on a vacuum pillow, which is individually molded
to the patient’s body and fixed to a stereotactic frame. The frame itself is
not only an immobilization device but also an external reference system,
which allows identification of the isocenter by 3D-stereotactic coordinates.
Although a stereotactic treatment might be performed without a dedicated
immobilization device (24–28) the time for verification of the correct target
position and irradiation itself of fraction doses up to 30Gy often lasts for
30–60min. During that time sufficient immobilization has to be ensured if
the efforts for treatment precision should not be diminished by (uncon-
trolled) patient motion during treatment.

The other important factor which has to be addressed is breathing
mobility. Uncontrolled breathing mobility of pulmonary tumors ranges up
to more than 20mm (29,30). The amount of mobility is related to the target
location in the lung with larger mobility in the lower lobes. Breathing mobi-
lity can be evaluated by fluoroscopy or by CT scans. The CT-evaluation
relies on dynamic examination of the tumor at the same couch position
during some breathing cycles. The change of the axial tumor shape represents
the amount of mobility and can be measured directly by comparing
the different slices during the breathing phases. The longitudinal mobility
can be measured by multi-slice technique or estimated by comparison
of the evaluated slice level to slices cranio-caudal of that level. The CT
evaluation has the advantage that even small targets and targets covered by
other structures such as heart or diaphragm in fluoroscopy are clearly visible.
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If breathing mobility of the target exceeds 5mm in any direction
attempts to reduce these motions are performed. While some groups irradi-
ate patients just by shallow breathing with oxygen support (25,26), most
authors use a mechanical breathing control device. It is attached to the
immobilization frame and consists of a template pushed into the patient’s
epigastrium to a reproducible amount. By the use of this very easy-to-handle
system, abdominal pressure is increased leading to decreased mobility of
the diaphragm and secondary reduced target mobility. This technique
allows reduction of breathing mobility down to 5mm (31–36). Although
most patients tolerate this technique very well, in cases such as patients with
very poor lung function (e.g., after pneumonectomy), the effect is limited. In
these patients breathing mobility has to be evaluated carefully and taken
into account for PTV definition with enlarged margins.

Because increasing volume due to increased security margins is clearly
not desirable, especially in patients with poor lung function, more advanced
techniques have been developed. While jet ventilation under general anes-
thesia (37) needs high logistical efforts and to some extent contradicts the
non-invasive character of the stereotactic approach, other authors have
inaugurated active breathing control systems or breathing-triggered radio-
therapy. If performed properly, breathing mobility intrafractionally can be
reduced to almost zero (38,39). A still unresolved problem is inter-fractional
reproducibility, which can be again up to 5mm (39). To resolve this problem
further evaluation supported by technical improvements, such as CT verifica-
tion in the treatment room prior to irradiation or cone-beam CT, has to be
performed. Another disadvantage is prolongation of treatment time due to
restriction of irradiation to defined phases of the breathing cycle. An extreme
of this approach is irradiation of lung tumors by the CyberKnife. The tumor
is marked by intralesional gold seeds and irradiated by a robot-like accelera-
tor, which calculates the actual target position from real-time flat-panel
fluoroscopy. Nevertheless the pneumothorax-rate from gold seed implanta-
tion was 15% (3/21 patients) and an irradiation session of a single fraction
treatment lasted for four hours at mean (2–6 hr) (40).

The accuracy of target reproducibility in a stereotactic body frame
using oxygen supported shallow breathing (26,28) or mechanical breathing
control (33,35) ranges from 3.1 to<5mm in axial and 4.4–5.5mm in longi-
tudinal direction (median, for both 1 SD) evaluated by comparison of CT
data from treatment planning and CT verification prior to treatment.
According to these results most groups use security margins for PTV
definition of 5mm in axial and 5–10mm in the longitudinal direction added
to the CTV.

For definition of security margins the absolute target reproducibility
independent on its origin from setup-inaccuracy or breathing mobility
is the relevant parameter. Nevertheless for the process of minimizing
setup-inaccuracy and for improvement of skills, information on the
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contribution of both factors separately is necessary. Setup accuracy can be
measured by comparison of non-mobile bony structures relative to an exter-
nal reference system, such as the stereotactic frame. This can be evaluated
from the two different CT scans performed for treatment planning and for
CT verification prior to irradiation. According to our own analysis this setup
inaccuracy is about 2mm: SD in lateral direction was 1.9mm,AP 1.8mm, and
longitudinal 2.0mm leading to a 3D-vector of 2.6mm (35). These data were
confirmed byYenice et al. (41), who evaluated a self-constructed, non-invasive
frame for stereotactic irradiation of paraspinal tumors.

Isocenter and Target Verification

The described data on target reproducibility are numbers representing the
median or 1 SD; therefore it will be representative for the majority of cases.
Nevertheless there will also be extremes of deviation, which will not be
covered by the usual security margins of 5mm in axial and 5–10mm in longi-
tudinal direction. In our own analysis target deviation (including setup
inaccuracy and target mobility) exceeded 5mm in 16% (AP), 12% (lateral),
and 9% (longitudinal) of targets. A deviation of more than 10mm was
observed in 2% in the anteroposterior and lateral, respectively, and of 6%
in longitudinal direction (35). Target miss due to deviations of >5mmmight
not only lead to significant underdose of the tumor but also to eventually
dangerous overdose to organs at risk due to the very high fraction doses used
in stereotactic radiotherapy. Therefore major target deviations should be
recognized and corrected prior to irradiation.

For that purpose three different approaches are used:

1. isocenter verification relative to bony structures by comparison of
DRRs to beam views or portal images,

2. CT simulation prior to irradiation at the CT unit with subsequent
transport of the patient to the linac,

3. CT verification on the treatment couch at the linac.

Isocenter verification relative to bony landmarks is the easiest and most
widespreadmethod to control accuracy of radiotherapy.Nevertheless by using
this method it is assumed that the deviation of the (often invisible target) is
represented by deviation of bony reference structures. To analyze this assump-
tion we evaluated the congruence of deviation of bony reference structures to
different types of targets, such as soft tissue targets fixed to other structures or
mobile soft tissue targets, with orwithout use of the breathing control achieved
by abdominal pressure. Because the security margins used for PTV definition
were 5mm at least in axial direction, congruence of the target to bony struc-
tureswas assumed if the difference of deviation of both structures was less than
5mm. This was the case in 80% of fixed soft tissue targets but only in 33% of
mobile soft tissue targets (37.5% without breathing control and only 28.5%

212 Timmerman and Wulf



with breathing control) (35). From these results it was concluded that
bony reference structures are not reliable to control correct target repro-
ducibility within the security margins of 5mm. Therefore, many centers use
CT verification prior to irradiation to control the correct isocenter position
in the target as is common practice in intracranial stereotactic radiotherapy.

While CT verification would be most appropriate directly at the treat-
ment couch without subsequent transport of the patient from the CT unit
to the linac, this opportunity is not available at most institutions at this
time. Nevertheless even if it is performed outside the treatment room CT-
verification should allow for evaluation of target reproducibility.

To confirm target reproducibility after CT-simulation over the complete
target volume and the complete course of three treatment fractions we ana-
lyzed the data of 60 CT-verifications in 22 pulmonary targets (42). For that
purpose the anatomically corresponding isocenter slices of the planning-CT
and the three verification-CTs of each patient were matched to each other
using a digital matching tool of the 3D-treatment planning system. The
CTV segmented in each verification CT was matched into the planning study
and a DVH for this volume was calculated using the original treatment plan.
Major deviations at any position of the CTV from the verification study
should result in a decrease of dose coverage of the simulated CTV, if the
deviation exceeds beyond the PTV-related reference isodose. As a result, in
only three of 60 CT verifications (5%), the proportion to the CTV beyond
the reference isodose exceeded 5%. Two of these major deviations were
noticed in one patient treated for a lung metastasis in the left lower lobe after
pneumonectomy. It is concluded that target reproducibility confirmed and
eventually corrected due to CT-verification is accurate. Nevertheless for single
patients treated under difficult conditions eventually increased security mar-
gins or more advanced techniques for breathing control have to be used.

Target Definition

Most reports on clinical results of stereotactically irradiated lung tumors do
not focus on target definition in detail but give only information on security
margins for PTV definition added to either the GTV or CTV. Therefore the
practice of target definition might be potentially inhomogeneous among the
different groups working on stereotactic irradiation of lung tumors. From
surgical data on limited wedge or segmental resection it can be derived that
not only the macroscopic tumor should be treated to achieve high local con-
trol rates. Therefore the GTV should include the small spiculae often seen in
the periphery of the tumor and eventually the parts of infiltrated pleura. For
this purpose target definition in the lung window (e.g., 1600, �400 HU) is
preferred. In targets close to mediastinal or hilar structures, i.v. contrast
eases the differentiation of tumor to blood vessels. To this GTV 2–3mm
of potential microscopic disease may be added to achieve the CTV. Another
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5mm in axial and 5–10mm in longitudinal direction are added for PTV defi-
nition, depending on the results of individual evaluation, e.g., of breathing
mobility. An example for target definition with the consecutive 3D-dose dis-
tribution is shown in Figure 1.

Treatment Planning

For treatment planning usually CT slices of 3–5-mm thickness with or without
i.v. contrast medium are sufficient. In general and especially in patients with
impaired lung function the planning study should cover the complete lung
to allow for assessment of the amount of lung irradiated. The planning study
can be performed as an incremental or spiral scan, but it must be ensured that
the target is not randomly scanned in an extreme phase of the breathing cycle.
Therefore evaluation of breathing mobility and eventual use of breathing con-
trol techniques should be evaluated prior to the definite planning study.

The 3D-conformal treatment planning depends on dose prescription,
which differs considerably among the published results. Some groups
prescribe their dose to the isocenter (24,43–45), others to the PTV-enclosing
isodose (23,25,27,31,32,36,37,40,46). Some groups use homogeneous
dose distributions (44), some allow slight inhomogeneity with the 80%-
isodose encompassing the PTV (23,25,26,37,40,46), and others prefer

Figure 1 CTV-definition and conformal dose distribution in a 43-year-old male
with primary lung cancer cT2 cN0 cM0 (adenocarcinoma grade II) in the left upper
lobe medically inoperable due to severe heart disease. The CTV was 45 cm3, the PTV
was 100 cm3. The tumor was treated by 3� 10Gy to the PTV-enclosing 100%-isodose
(the inner orange isodose) with normalization to 150% at the isocenter. For CTV
definition not only the macroscopic tumor but also the small tumor extensions into
the periphery have to be included into the target volume (the numbers in the coronal
and sagittal reconstruction show the point dose in percent to the prescribed fraction
dose of l0Gy). (See color insert.)

214 Timmerman and Wulf



increased inhomogeneity such as prescribing the dose to the PTV-enclosing
65%-isodose (which is equivalent to dose prescription to the PTV-enclosing
100%-isodose with normalizing 150% at the isocenter) (31–36).

There are no detailed publications on treatment techniques and beam
arrangement. Most groups use 5–9 coplanar static fields to achieve a confor-
mal dose distribution encompassing the PTV. Especially in larger volumes
rotational beams with leaf adaptation every 20–40� are useful to avoid
triangulated high dose spikes from overlapping parts of static fields. Under
some circumstances non-coplanar beams or the use of wedges have to be
considered, but the benefit of optimized dose distribution has to be balanced
against prolongation of irradiation time.

The quality of a dose distribution can be evaluated by comparison of
the volume of the reference isodose to the volume of the PTV (conformity
index ¼ 1, if these volumes are identical). Because the volume of the refer-
ence isodose does not necessarily cover the PTV but also potentially normal
tissue outside the PTV, the conformity index has to be related to the target
coverage (TC) of the PTV. The TC represents the amount of the PTV cov-
ered by the reference isodose. According to Van’t Riet et al. (47), the pro-
duct of TC and conformity index results in a conformation number (CN),
which optimally is one if both parameters are one. The evaluation of our
own treatment plans for 22 lung tumors achieved by static or rotational
beams revealed a TC of the PTV by the reference isodose of at mean
96%� 2.3% (SD) and a conformity index of at mean 0.51� 0.13 (SD).
The resulting CN was at mean 0.73� 0.09 (SD) (48).

Tissue Heterogeneity Issues

Important for the quality and reliability of treatment plans is the dose
calculation algorithm. Recent studies revealed an energy dependent poten-
tial dose decrease at the tumor margin of up to 10–20% if simple dose
calculation algorithms such as the widespread pencil-beam algorithm are
used instead of more sophisticated models such as the point kernel-based
collapsed cone algorithm (49,50,55).

The most obviously unique aspect of lung tissues vs. tissues elsewhere
in the body in regard to photon dosimetry is the spectrum of densities across
the organ. Within the lung and chest are areas of air density (large airways),
water density (mediastinum and tumor bearing tissue), bone density (chest
wall), and intermediate density (lung parenchyma). The density of the lung
parenchyma may vary between patients from 0.15 to 0.35 g/cm3, depending
on host factors like history of emphysema, etc. This heterogeneity of density
has significant implications toward dose deposition, especially in areas of
inherent electronic dysequilibrium like the edge of a tumor.

As a beam of photon radiation passes through a patient toward a
tumor target, it first is attenuated by the chest wall or perhaps mediastinum.
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The physics of this interaction are well described. However, once the beam
passes into lung parenchyma, there is considerably less energy loss through
attenuation. Effectively, more photon fluence will be delivered to the edge
of the tumor resulting in higher central tumor doses than predicted by
algorithms considering all tissues to have water density (1.0 g/cm3). At the
edge of the tumor, a secondary buildup will occur resulting in relative under-
dosing as compared to what would be predicted by algorithms considering
all tissues to have water density. These effects have implications both to
tumor control and toxicity.

Beam energy also dramatically influences the dose buildup characteristics
at the edge of a tumor. While higher energy beams will deliver more radiation
fluence to the core of a tumor target relative to the skin dose compared to low
energy beams, the deeper location of achieving equilibrium (Dmax) may result
in significant underdosing of the tumor margin. Rather than use high energy
beams to overcome problems with skin toxicity, it is probably more prudent
to add additional lower energy beams, thereby spreading out the entrance dose
among all beams.

Stereotactic body radiation therapy typically involves the use of many
beams with relatively small apertures. Heterogeneity effects are magnified by
such arrangements in that field edges are very close to target edges. Strikingly
steep dose gradients result in the region, where accurate prescription dosemust
be appreciated. The edge of a tumor can be effectively ‘‘missed’’ or underdosed
if these effects are improperly characterized. With stereotactic radiation,
greater care must be taken to commission beams with small apertures, espe-
cially toward the edge of the fields. Otherwise theminimum tumor dose, which
will nearly always occur at the edge of the tumor, will be mischaracterized.

Historically, treatment planning software systems did not account for
these heterogeneity effects. As such, knowledge of radiation response reflects
an inaccurate characterization of dose both in terms of tumor control and
toxicity. Newer generation planning software makes approximations for
both attenuation and scatter effects in heterogeneous tissues. The attenua-
tion algorithms from vendor to vendor consistently account for this effect.
However, the scattering corrections are not consistent and may lead again
to significant differences in reported tumor doses from center to center,
especially at the edge of the target. Monte Carlo dosimetry will likely over-
come these difficulties, but is generally not available for treatment planning.
Until these obstacles are overcome, it is important that investigators report
the nature of their institution’s calculation, including algorithms used for
calculating dose to the target margin.

TREATMENT OUTCOME

More published outcomes have been available for treating lung tumors with
stereotactic body radiation therapy than any other site. To the credit of the
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investigators, much of this work describes prospective trials. The first
authors inaugurating the stereotactic method for irradiation of extracranial
targets were Blomgren and Lax from Karolinska Hospital, Stockholm,
Sweden. They started with a hypofractionated treatment approach in the early
1990s irradiating pulmonary, liver, and abdominal targets with 2�15Gy or
3�10Gy, prescribed to the PTV-enclosing 65%-isodose and normalizing
the 100% dose to the isocenter (31–34). While almost all groups treat
NSCLC of stage I/II and lung metastases, up to now no homogeneous
treatment concept has been established. The published data show a wide
variety of doses, fractionation, dose prescription, and normalization. In
general there are three groups of fractionation: single dose treatment
(37,40,43,46), hypofractionated treatment with 3–4 fractions (23,31,32,36,
44,51), and hypofractionated treatment in 5–15 fractions (24,25,27,45). An
overview on treatment concepts, tumor volumes and diameter, follow-
up, and local control rates is given in Table 3.

Single Dose Irradiation

The prescribed dose ranges from 15 to 30Gy. Some groups started with
lower doses and increased the dose over time in a dose escalation study
and some groups adapted to the tumor size and location. Dose prescription
varies from ‘‘peripheral’’ dose� conventional fractionated irradiation (46),
prescription to the PTV-enclosing 80%-isodose (40) or the isocenter with
having the 80%-isodose enclosing the PTV (37), or as ‘‘minimal dose to the
GTV’’ (43).

Hypofractionation with 3–4 Fractions

In this group the Swedish concept of an inhomaogeneous dose distributionwas
mainly used with 2�15Gy or 3�10Gy, prescribed to the PTV-enclosing 65%-
isodose and normalization to 100% at the isocenter (31–36). This prescription
results in a peripheral fractiondose at thePTVof 15Gy, respectively, l0Gyand
isocenter doses of 22.5Gy/15Gy. (In terms of doses the prescription to
thePTV-enclosing 65%-isodose is identical to the otherwise used nomenclature
of prescribing the dose to the PTV-enclosing 100%-isodose with normalization
to 150% at the isocenter.) Nagata et al. (44) reported on 4�10–12Gy, pres-
cribed to the isocenter.Lee et al. (51) prescribed3–4�10Gy to the90%-isodose.
Timmerman et al. (23) performed a phase I dose escalation study in patients
with medically inoperable NSCLCwith three fractions using dose per fraction
ranging from 8 up to 20Gy to generally the 80% isodose.

Hypofractionation with 5–15 Fractions

Uematsu et al. (25) treated their patients with more fractions ranging from
5 to 15 and doses ranging from 30 to 76Gy prescribed to the 80%-isodose,
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respectively, 50–60Gy in 5–10 fractions with the 80%-isodose enclosing the
tumor. Within the latter concept stereotactic irradiation was given as
boost after conventional fractionated radiotherapy (CFRT; n ¼ 18) (27).
Fukumoto et al. (45) and Onimaru et al. (24) reported on eight fractions of
6Gy with dose prescription to the 80%-isodose in peripheral and 6Gy to
the isocenter in targets close to the mediastinum.

Target Volume

The reported target volumes again show a large variety. Some authors
report the tumor diameter; others the GTV, CTV, or the PTV. The tumor
diameters range from 0.6 to 6 cm. The CTV ranges from a minimum of
0.5 cm3 to a maximum of 277 cm3 (median 4–40 cm3) (Table 3).

LOCAL CONTROL AND SURVIVAL

Unfortunately, as expected for an emerging technology, follow-up on
most of these reports is relatively short. Median follow-up ranged from
7 to 19 months [36 months of surviving patients by Uematsu et al. (27)]
the reported maximum follow-up was 82 months (46). An overview on treat-
ment parameter and results is given in Table 3, which encompasses 12
studies (23–25,27,31,36,37,43,44,46,51). (The treatment results of two addi-
tional studies—Blomgren et al. (32) and Fukumoto et al. (45)—were

Figure 2 (Caption on facing page)
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included in later publications by Blomgren et al. (31) and Onimaru et al.
(24). Only the data from the most recent papers appear in this overview.)
Most authors define local control as complete or partial remission or stable
disease. Local failure is defined as progressive disease or regrowth after
initial response. A clinical example of a locally controlled tumor and
changes during follow-up is shown in Figure 2.

Summarizing the published data from the 12 studies, a total of 206
patients (ranging from 1 to 50 per study) with primary lung cancer have
been treated by stereotactic irradiation. Crude local control rates ranged
from 80% to 100%.

The largest cohort consisting of 50 patients with NSCLC stage I has
been published by Uematsu et al. (27). They reached a crude local control
rate of 96% with only three local failures. The actuarial cause specific survival
(overall survival) was 98% (98%) after six months, 96% (90%) after one year,
91% (77%) after two years, 88% (66%) after three years, and 81% (55%)

Figure 2 CT follow-up over 61 months in a 62-year-old male with a medically
inoperable squamous cell lung cancer cT3 cN0 cM0 in the right lower lobe treated
by stereotactic irradiation of 3� 10 Gy/PTV-enclosing 100%-isodose, normalization
to 150% with a CTV of 91 cm3 and a PTV of 174 cm3. After initial tumor regression
progressive fibrosis occurred with continuous changes of CT morphology during
follow-up. At 15 months a CT-assisted biopsy of the suspicious mass at the thoracic
wall revealed fibrous tissue and no evidence of malignant tumor. Typically the
appearance of the irradiated lung tissue changes rapidly over time without tumor
recurrence or clinical symptoms reported by the patient.
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after four years. These results are clearly superior to these achieved by CFRT
and reach equivalency to surgical results. Evaluating the overall survival of
29 patients with operable tumors, who had refused surgery and therefore
are comparable to surgically treated patients, the four-years OS of these
patients was 77%. Similar results with actuarial local control rates of
90–100% after two to three years have been achieved by other groups
(36,44,51). Nevertheless DFS and OS differed considerably from only 11%/
27% to 73%/100% after two to three years, indicating the importance of
patient selection. While the groups treating patients with stage I disease only
achieve superior results, the authors also treating patients of stage II or even
initially metastasized patients (stage IV) report on inferior disease-free and
overall survival. A comparison of published treatment results on primary lung
cancer according to tumor stage is shown in Table 4.

Unfortunately, in most studies, no time-event analyses have been per-
formed to describe treatment results of primary lung cancer and metastases
separately. Nine of the 12 papers presented in Table 3 report on treatment
results for pulmonary metastases. According to these publications a total of
169 lung metastases have been treated by stereotactic irradiation. The crude
local control rate ranged from 66% to 98% and was somewhat inferior to the
local control rates achieved for primary lung cancer (Table 4). Because of
the small number of local failures (a total of 30, ranging from 1 to 7 local
failures for the individual studies) no reliable evaluation of factors asso-
ciated with locally uncontrolled failure could be performed up to now.
Additionally the treated patient groups, especially for metastases from dif-
ferent primaries, are inhomogeneous and therefore the role of tumor size
or histology on treatment results could not be evaluated sufficiently.

Nevertheless some authors observed a dose dependence of local tumor
control without respect to differentiation in primary lung cancer or meta-
stases. Hara et al. (43) reported an actuarial local control rate after 13 months
of 88% for tumors receiving a single dose �30Gy, but only of 63% for dose
<30Gy (p¼ 0.102). Onimaru et al. (24) evaluated a three years’ local control
rate for pulmonary tumors (NSCLC and metastases) of 100% for doses
of 60Gy compared to 70% for 48Gy, both given in eight fractions
(p¼ 0.0435). In our own data from Wuerzburg 65 lung tumors (24 primary
lung cancer and 41 metastases) were treated either by 3�10 Gy/PTV-
enclosing 100%-isodose, normalization 150% at the isocenter (n¼ 27) or
3�12–12.5Gy (same dose prescription, n¼ 19) and single dose irradiation
of 26 Gy/PTV-enclosing 80%-isodose (n¼ 19). After a median follow-up of
10 months (2–61 months) the actuarial local control after one year and later
was 72% for the patients treated with 3�l0Gy compared to 100% for those
treated by 3�12–12.5Gy or single dose irradiation (log-rank test: 0.026; 56).
Evidence of a dose response relationship for primary lung cancer was also
observed in the Indiana University phase I dose escalation study. Although
this study was primarily a toxicity evaluation, six patients had local failure
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at dose of 3� 16Gy or below while no patient had local failure at 3� 18Gy or
higher (23).

Toxicity

Published reports of stereotactic irradiation of pulmonary targets describe a
very low acute and late toxicity rate compared to conventional radiation
techniques to high dose used in medically impaired patients. Acutely, some
hours after irradiation, about 10–22% of patients will exhibit pain, fever,
chills, nausea, or vomiting, which lasts for a few hours with spontaneous
remission and only rarely requires treatment by antipyretic pain killers
(31,32,36). The reported rate of radiation pneumonitis is low. It is diagnosed
without clinical symptoms by CT-scans during follow-up in 5–9% (27,36,46).
Symptomatic pneumonitis requiring steroid treatment is observed with a rate
of about 4% (24,43). Only two cases have been reported with impairment of
lung function due to stereotactic irradiation (40,43). Three cases of pneu-
mothorax occurred due to seed insertion into the tumor for preparation of
CyberKnife-treatment, two of them requiring a chest tube (40).

The most obvious late toxicity is fibrosis of the lung in the high dose
area, potentially associated with atelectasis distantly. This fibrosis occurs in
almost every patient after stereotactic irradiation. Severe late complications
are very rare. Two cases of esophageal ulceration have been reported, one of
these with consecutive fatal bleeding (24,36). Another patient suffered from
grade 3 chronic cough after irradiation of a target close to the trachea by
2�10Gy (31,32). At this time there are no data on radiosensitivity of the
wall of large vessels. One fatal bleeding from the pulmonary artery was
reported nine months after stereotactic treatment with 3�10Gy to a tumor
recurrence progressively compressing the artery after preirradiation with
66Gy a year before (36). Uematsu et al. (27) reported on two patients with
bones within the 80%-isodose, who suffered from a rib fracture or a verteb-
ral compression fracture after irradiation.

The potential for dose escalation by stereotactic irradiation related to
toxicity has been evaluated in a phase I dose escalation toxicity study from
Timmerman et al. (23) in patients with medically inoperable early stage lung
cancer. The treatment population generally had very poor pulmonary func-
tion at the outset with mean FEV1 1.24 (46% predicted) and range 0.4–2.5
(19–94% predicted). Despite their general frailty, dose escalation to drama-
tically high doses was accomplished from 3� 8Gy to 3� 20Gy prescribed
to the PTV-enclosing 80%-isodose in steps of 2Gy per fraction. Sporadic
pneumonitis and hypoxia was observed irrespective of dose level. At the
higher doses, fibrosis in the treatment area with distal collapse of airway
was observed in all patients although rarely symptomatic. Pulmonary
function testing after treatment showed trends toward worsening of diffus-
ing capacity and arterial oxygen tension. Spirometry indices showed no
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significant decline after treatment; indeed, in many patients FEV1 and FVC
improved for unknown reasons. Overall, this study demonstrated that very
high biologically potent dose levels could be reached in a frail population
using stereotactic techniques likely owing to the care taken to exclude
uninvolved lung volume.

Summarizing these data, no relevant toxicity has been reported due to
stereotactic irradiation of peripheral lung tumors. Only targets close or
adjacent to the mediastinum with high dose spots to the organs at risk, such
as trachea, major bronchi, or esophagus, are associated with increased risk
toxicity.

CONCLUSION AND FUTURE DIRECTIONS

Summarizing the clinical data achieved by stereotactic irradiation of lung
tumors it can be concluded that high actuarial local control rates of
80–100% after three years can be achieved for primary lung cancer and some-
what lower for pulmonary metastases. At the same time the treatment is asso-
ciated with very low acute and late toxicity if high doses to organs at risk at the
mediastinum are avoided. The results of disease-free survival and overall
survival may reflect the practice of patient selection for a new treatment
approach. Most authors report on case numbers of less than 30 targets, indi-
cating publication of the treatment results of the very first patients. Neverthe-
less the published results support the concept of dose escalation and volume
restriction due to the stereotactic approach with minimizing setup-inaccuracy
and target (breathing) mobility to achieve local tumor control. Therefore,
from the published data it seems justified to consider stereotactic irradiation
of lung tumors even for curative treatment. Despite the heterogeneity of treat-
ment concepts all approaches seem to lead to very promising treatment results.
Nevertheless there is evidence on dose dependency of local control rates so
that doses that have been reported with inferior results should be avoided.

Stereotactic body radiotherapy will likely play an increasing role in
lung cancer treatment, particularly early stage NSCLC. Treatment toxicity
is related to the volume of normal tissue treated at or near the target dose.
The main challenge will be to better account for target motion and other
uncertainties allowing further field reductions without missing the targets.
This will be of particular importance when treating larger tumors and
tumors closer to the central chest.

The Radiation Therapy Oncology Group in the United States is about
to embark on a phase II trial of stereotactic body radiation therapy in early
stage NSCLC using the Indiana University phase I study as the basis for
dose selection. This will be a multi-institutional trial assessing not only
patient outcome, but also feasibility of these treatments on a wider scale.
Comprehensive central review and quality assurance are incorporated into
this pilot trial. Eventually, it is envisioned that this therapy will be tested

226 Timmerman and Wulf



against other therapies, including surgical resection, in a phase III trial.
Several institutions are studying the implementation of stereotactic body
radiation therapy as a boost only with more conventionally fractionated
radiation in locally advanced lung cancer. This approach is being used in
both initial treatment regimens as well as for patients with recurrent tumors.
Many of these types of patients also get chemotherapy as part of their treat-
ment. Whether higher than conventional dose per fractions will alter the
chemotherapy response in tumor or normal tissues remains to be evaluated.

In future efforts to reduce the irradiated volume by further decrease of
security margins to compensate for target mobility and setup-inaccuracy
will be undertaken. In this direction ‘‘4D’’-image-guided radiotherapy,
e.g., by implementation of CT verification in the treatment room (‘‘cone
beam CT’’) or chased beam irradiation with the beam or treatment couch
following a moving target will be introduced (45). Other approaches will
focus on further reduction of breathing mobility by, e.g., breathing-
triggered irradiation (52–54).
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THE TEKNON EXPERIENCE

INTRODUCTION AND RATIONALE

Rationale for Dose Escalation in Curative Treatment of Localized
Prostate Cancer

Dose escalation above 70Gy may prove beneficial in prostate cancer
radiotherapy (RT) (1–3). The results of curative RT performed in the 1970s
and 1980s, assessed with sequential PSA tests, have shown a higher than
previously expected treatment failure rate (40–50%) when delivering a dose
below 70Gy (the recommended dose at that time) (1). Dose escalation stu-
dies performed at Memorial Sloan Kettering Cancer Center (2) and at M.D.
Anderson Hospital (3) have shown an improved outcome with doses 78Gy
and above. Patients with poorly differentiated tumors (i.e., Gleason scores
7–10) and/or perineural invasion in the biopsy specimen are at higher than
average risk for local failure and may benefit most from the administration
of a high dose to the tumor (4–6).
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Optimization of Target Repositioning Reproducibility May Lead to
Treatment Volume Reduction

In order to deliver high doses to the prostate, tight margins around the
target are necessary to spare critical organs such as the rectum and the
bladder. The urethra, though contained within the target volume, may also
be a dose-limiting organ if postirradiation stricture is to be considered (7).
A significant reduction of the irradiated target volume may facilitate deli-
very of a higher, more effective dose, while at the same time reducing treat-
ment side effects. However, suboptimal reproducibility of daily treatment
setup and random internal organ motion (8–11) may defeat any attempt
to reduce the usually generous safety margins around the clinical target
volume (CTV) (12). Improving patient repositioning and reducing random
prostate shifts, largely due to rectal volume changes, may help to tighten
the margins around the CTV enough to allow further dose reduction to
critical structures.

Non-Uniform Tumor Cell Distribution Within the Prostate

Largest tumor clonogen clusters are preferentially located in the peripheral
zone or in the central zone (base) of the prostate, especially in more advan-
ced local tumor stages and/or in high (i.e., 7–10) Gleason scores (13). Thus,
a heterogeneous density distribution of tumor cells within the prostate sup-
ports the notion of an intentionally inhomogeneous dose distribution to
deliver a relatively higher dose to the high-density tumor bearing areas
and relatively lower doses to areas with smaller tumor foci (e.g., transitional
zone). Progress in imaging (e.g., endorectal spectroscopic magnetic reso-
nance, 11C-choline or -acetate positron emission tomography) may help to
further improve definition of local tumor extent within the prostate (14–16).

Radiobiology of Prostate Cancer: Hypofractionation

In RT, one of the main arguments for delivering a treatment in many
fractions is that late sequelae are generally more sensitive than tumor con-
trol to changes in fractionation. Thus, delivering the treatment in a large
number of small daily fractions (e.g., 1.8–2Gy/fraction) generally spares
late-responding tissue (able to repair sublethal damage between fractions)
more than the tumor (unable to repair sublethal damage between fractions).
The a/b ratio is a parameter that purportedly defines the sensitivity of each
tissue (normal or tumoral) to changes in treatment fractionation (17). A low
a/b ratio (2–4Gy) implies a high sensitivity to changes in fractionation. In
general, tumors are characterized by large a/b ratios (>8Gy).

Prostate tumors, however, can be considered relatively exceptional
with regard to their fractionation sensitivity. Prostate cancer cells have a long
doubling time (42 days median potential doubling time, range 15–170 days)
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and an effective repair of sublethal radiation damage at low dose per fraction
(18). Indeed, combined analysis of patient outcome after external beam
radiotherapy or brachytherapy has recently led to the conclusion that pro-
state cancer is characterized by a low a/b ratio (i.e., 1.5Gy and 0.8–2.2Gy
confidence interval), lower than that of most tumors or even of the late-
responding normal tissues surrounding the tumor: the rectum and the
bladder (i.e., a/b ratio¼ 4Gy) (18–20). Thus, large treatment fractions
(hypofractionation) may increase the tumor cell killing effect. Several auth-
ors have reported their respective experiences with doses per fraction above
2Gy (2.5, 2.75, and 3.13Gy) in prostate cancer. They all found the treatment
to be efficient and well tolerated (21–23).

In summary, if the above observations are substantiated, hypofraction-
ated treatments may have the potential to either increase tumor control for a
given level of late complications or decrease normal tissue complications for
a given level of tumor control. Hypofractionation in radiotherapy may not
only be biologically sound, but also economically advantageous (by increa-
sing availability of treatment slots in each department) and may also improve
patient convenience (by reducing the number of treatment sessions).

HYPOFRACTIONATED BOOST WITH INTENSITY MODULATED
X-RAY BEAMS UNDER STEREOTACTIC CONDITIONS: A
PILOT STUDY

Preliminary Considerations

Clinical data suggest that 64Gy in 32 daily ‘‘standard’’ 2Gy fractions can
cure residual or relapsing microscopic local disease after postprostatectomy
biochemical failure (24). This notion can be extrapolated to the curative
treatment of gross disease, by prescribing a similar dose level (i.e., 64Gy) to
areas of potentially microscopic foci in the transitional zone (near the ure-
thra), while reserving higher dose levels to boost gross tumor-bearing regi-
ons (peripheral and/or central zones, and/or seminal vesicles) with >80Gy
total dose to reach the desired local cure. Indeed, two fractions of 5, 6, 7, or
8Gy to the tumor-bearing region in addition to 64Gy in 2Gy daily fractions
of standard RT to the whole prostate and seminal vesicles are equivalent to
82, 88, 96, and 104Gy of standard fractionated RT, respectively (a/b for
prostate cancer ¼ 2Gy). Thus, a local control probability well above 80%
might be expected (18).

Such a hypofractionated treatment approach has been applied since
June 2000 at the University Hospital of Geneva to treat patients with
non-metastatic, high-risk (e.g., perineural invasion and/or Gleason 8–10)
tumors. High dose rate (HDR) brachytherapy with temporary open MRI-
guided iridium implants have been used to escalate the dose in the boost
region. Through March 2004, 64 such patients have been implanted with
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a low incidence of moderate acute toxicity and no significant severe late side
effects (25). About 19, 21, and 24 patients were treated with two fractions of
6, 7, and 8Gy, respectively, to the boost volume. Unfortunately, the coverage
of the prostatic primary tumor volume with brachytherapy needles has not
been always optimal in the Geneva series, especially in very large prostates
or when the tumor infiltrated the base of the gland or the seminal vesicles.

Intensity modulated radiotherapy (IMRT) under stereotactic condi-
tions to boost exclusively the tumor-bearing region, as defined by endorectal
MRI, may be an interesting alternative to the above brachytherapy tech-
nique. Hypofractionated IMRT has the additional advantage of improving
tumor coverage and reducing costs, pain, and time compared with HDR
brachytherapy. Indeed, neither anesthesia, hospitalization, nor major pain
relievers (morphine) are necessary with IMRT.

We performed a study aiming to assess feasibility, tolerance, and
outcome of patients (with non-metastatic prostate cancer) treated according
to a dose escalation protocol to the boost region with IMRT under stereo-
tactic conditions. The preliminary results of this study are presented
below.

Clinical Material

From June 2001 through May 2003, a dose escalation pilot study for
prostate cancer with high-precision RT was undertaken at Centro Médico
Teknon (CMT), Barcelona. Treatment was delivered with a commercially
available extracranial stereotactic repositioning system (ExacTrac, Brain-
LAB A.G., Heimstetten, Germany) and 6MV X-ray beams IMRT with a
micromultileaf collimator-based linear accelerator (Novalis, BrainLAB
A.G., Heimstetten, Germany). Forty-three patients were included in the
study. The distribution of patients according to clinical stage, Gleason score,
and blood PSA level at diagnosis are presented in Table 1. The patients
have been followed for a median time of 19months (range, 9–34months).

Table 1 Patient Distribution According to Clinical Stage,
Gleason Score, and PSA at Diagnosis

Stage T1c 15 pts
T2a–c 11 pts
T3a,b 17 pts

Gleason 4–6 21 pts
7–10 22 pts

PSA at diagnosis <10 ng/mL 22 pts
10–20 ng/mL 14 pts
>20 ng/mL 07 pts
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Treatment Description

Neoadjuvant full androgen deprivation with leuprolide and bicalutamide
was given to 26 patients (those with a PSA at diagnosis >15 ng/mL and/or
those with a total Gleason score >7) for a duration of 6–24months, with
radiotherapy starting one to three months after the first day of hormonal
blockade. Three patients were referred for RT after orchidectomy.

The first part of the radiation treatment included conventional frac-
tionated 3D conformal external RT or IMRT (Fig. 1). The prostate and
seminal vesicles (CTV1) were to receive 64Gy in 2Gy daily fractions if the
risk of nodal involvement (according to Ref. 26) was <15% (22 patients).
If nodal risk was >15%, pelvic nodes, in addition to the prostate and seminal
vesicles, were treated with 50.4Gy (in 1.8Gy daily fractions) followed by a
volume reduction up to a total tumor dose of 64.4Gy to CTV1 (21 patients).
Thirty-two patients were treated with 15MV X-rays from a Clinac 23-EX
(Varian, Associates, Palo Alto, California, U.S.A.) in the supine position
without special immobilization devices. Eleven patients, all presenting with
low-risk disease, were treated to CTV1 with 6MV X-rays from the Novalis
linear accelerator using IMRT or dynamic arc techniques. These patients
were immobilized in a customized vacuum body cast and repositioned with
ExacTrac as described below.

All patients received a final boost to a reduced prostate volume using
IMRT under stereotactic conditions (Fig. 1). The reduced prostate boost

Figure 1 Dose distribution of an intensity modulation radiotherapy plan in the axial
central plane of the planning target volume (PTV). (A) 64–64.4Gy delivered to
the prostate and seminal vesicles (PTV1); (B) 10–16Gy boost delivered to a reduced
horseshoe-shaped volume (the prostate peripheral zone) (PTV2). Dose distribution
is given in percent values and is displayed in color bands. The yellow crosses in the figures
represent the treatment isocenters for PTV1 and PTV2, respectively. (See color insert.)
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volume (CTV2) included the peripheral and central zone tumor-bearing
regions, together with the seminal vesicles if involved (or the prostate
excluding the urethra if massive involvement of the gland). The CTV2
was expanded with a surrounding margin of 3mm in order to define a
PTV2. Two fractions of 5, 6, 7, and 8Gy each were delivered with a time
interval of 3 to 7 days between fractions to 6, 7, 7, and 23 patients, respec-
tively. This represents a biological equivalent tumor dose (in 2Gy fractions
and a/b ratio¼ 2Gy) of 82, 88, 96, and 104Gy, respectively.

Boost (PTV2) Treatment Planning

A standard single-isocenter seven-field coplanar technique was most
frequently selected. This was the optimal technique for achieving the
‘‘doughnut’’ or ‘‘horseshoe’’ shaped dose distributions around the ure-
thra (localized with a urinary catheter at simulation) needed to correctly treat
the relatively complex PTV2 (Fig. 1). In order to reduce the overall treatment
time a dynamic MLC IMRT technique was preferred, rather than a static
‘‘step and shoot’’ IMRT technique.

Dose constraints were established to optimize the dose distribution for
the PTV2 and the organs at risk (i.e., bladder, rectum, femoral heads, peri-
prostatic neurovascular bundles, and, most of all, the urethra). The rectum
was set to receive a maximum dose of 80% of the prescribed dose but to no
more than 20–50% of the volume. The urethra was set to receive a maximum
dose of 10%. Priority factors for all organs at risk, except for the urethra,
were set to 50%. The priority factor for the urethra was set to 100%. These
values were used as a starting point but often had to be modified accor-
ding to the results of the calculation cycles in order to optimize the dose
distribution.

The femoral heads were distant from the PTV2 and did not present a
major dosimetric problem. Dose–volume histograms (DVHs) requirements
were thus easily met. Nor were bladder and rectum problematical, as only
small portions of their volumes received the highest doses (those lying close
to the PTV2). Both periprostatic neurovascular bundles and the urethra,
however, are so small that their volumes were included in the penumbra
surrounding PTV2. Hence, uncertainties in target repositioning might
have strongly influenced overall dose distribution, potentially resulting in
a significant overdosage to some organs at risk.

Furthermore, a volume within the prostate and around the urethra
was defined (the transition zone) in order to establish further dose con-
straints that could help to improve the dose gradient between the PTV2
and the urethra. Frequently, the size of the transition zone was so reduced
that such an optimal dose gradient was not obtained. In these cases a trade-
off between PTV2 dose distribution homogeneity and the dose to the
urethra had to be found.
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Treatment Planning Quality Assurance Procedure

After physician approval, treatment plans were transferred to the treatment
network in order to test the procedure on a plastic stacked slab phantom
(PMMA) with the selected beam fluences, gantry angles, collimator angles,
and monitor units. Only the position of the isocenter and the monitor unit
scaling were modified. The aim was to compare dosimetric measurements
with calculations obtained by the treatment planning with the same phantom
system. The agreement between in-phantom measurement and calculation
was assumed to be applicable to patient treatment.

Two types of measurements were performed: a film (Kodak EDR)
dose distribution on a coronal plane and a point dose measurement with
a small volume (0.125 cc) ionization chamber at a defined depth in the beam
central axis. In both scenarios, only the composite plan corresponding to the
sum of all the fields was checked.

The film dose distribution was compared with the corresponding dose
distribution obtained with the treatment planning system and analyzed with
an in-house computer program. After automatic registration of both dose
distributions, isodose curves and dose profiles were plotted and compared.
A ‘‘gamma index’’ was calculated according to Low et al. (27) and Depuydt
et al. (28) helping to standardize comparison criteria based on ‘‘dose differ-
ences’’ in low-dose gradient areas and ‘‘distance to agreement’’ (DTA) in
high-dose gradient regions. Tolerance values were established to 3% for
the dose difference and 2mm for the DTA. For the point dose measure-
ments the tolerance was set to �4%.

In an earlier phase of our prostate treatment program, the individual
fields at 0� incidence angle were also checked and measured. This helped
us to gain an insight into the dynamic behavior of the MLC measurements
of individual beams impinging perpendicularly on a flat surface of an
homogeneous medium (less dependent on the patient or phantom-geometry).

Patient Immobilization

ExacTrac was used to reposition all patients for the final high-dose boost
(CTV2) and 11 low-risk patients treated with Novalis to CTV1. The repo-
sitioning procedure with ExacTrac starts with immobilizing the patient in
a customized vacuum body cast. Five to seven metallic infrared (IR) reflect-
ing markers are asymmetrically taped to the skin of the abdomen (Fig. 2).
Starting from the planning CT, the position of the isocenter with regard
to the IR markers is calculated by the planning system. Before each treat-
ment session the markers are placed back on the patient. Their spatial
arrangement is detected by a pair of IR cameras mounted to the treatment
room’s ceiling to reproduce the same coordinates when repositioning the
patients for daily treatment.
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In our study, patients were requested to void their bladders immedi-
ately before simulation and before each treatment fraction. To further limit
target motion and to help to improve file target defining process in the simu-
lation CT, a magnetic resonance (MR)-based endorectal probe was used for
the CTV2 simulation and treatment (Figs. 3 and 4). Sodium phosphate ene-
mas were used to evacuate the rectum the night before and again one to two
hours before each procedure. In order to reduce anxiety and prevent or alle-
viate potential painful rectal spasms during the simulation or treatment
intervals, alprazolam 0.5mg per os was prescribed in later patients. After
introducing the probe in the rectum, 60 cc were introduced with a syringe.
The inflated probe was then gently pulled toward the anus. Patients were
then fitted in their immobilization casts, skin metallic markers were fixed
on their respective spots, and the IR guided setup was undertaken.

Preliminary Results: Feasibility, Treatment Tolerance,
and Outcome

Patient compliance with treatment was optimal. All 43 patients completed
treatment as planned. Few patients complained of anal–rectal pain or
spasms while on treatment with the inflated rectal balloon.

Urinary and lower gastro-intestinal (GI) acute effects were scored
according to the RTOG/EORTC scoring system (Table 2) (29). Tables 3
and 4 show the observed urinary and lower GI acute toxicity scores for

Figure 2 Immobilization and stereotactic repositioning system (ExacTrac). The
patient is immobilized with a customized vacuum body cast and is repositioned with
several infrared reflecting metallic markers taped to the skin of the abdomen.
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all patients according to the delivered boost dose. Acute toxicity was scored
every week during treatment and five to six weeks and again threemonths
after treatment completion.

Acute urinary toxicity was minimal (grade 1) to moderate (grade 2) for
most patients. A correlation between acute urinary toxicity score and dose
escalation was not observed. Acute lower GI toxicity was minimal (grade 1)
or moderate (grade 2) in more than one-third of patients with no relation
to dose escalation. It is noteworthy that no acute lower GI toxicity was
observed among the 11 patients treated with Novalis-IMRT to CTV1 and
receiving the highest boost dose (2�8Gy) to CTV2. This compared favorably
with patients receiving the same 2�8 Gy-boost after being treated to CTV1
with a non-IMRT technique. Almost half of them presented grade 1 or 2 acute
lower GI toxicity.

Late urinary and lower GI toxicities were scored after a minimum
six-month post-treatment follow-up interval. Scoring was done according
to the SOMA and to the EORTC/RTOG systems (Table 5) in order to
grade urinary and lower GI toxicities, respectively (29,30). So far only mod-
erate late toxicity scores have been obtained for both urinary and lower GI
morbidities. Five patients (12%) presented with late urinary grades 1–2 toxi-
city (Table 6) while 13 (30%) presented with late lower GI grades 1–2 toxi-
city (Table 7).

A systematic assessment of lower GI toxicity was designed as part of
the study protocol. At 18–24months postradiotherapy (the peak risk for late

Figure 3 MR endorectal probe used to reduce the internal organ motion of the
prostate during extracranial stereotactic radiotherapy and to help to optimize image
registration between the endorectal MR at diagnosis and the simulation CT.
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rectal toxicity), patients are requested to undergo recto-sigmoidoscopy with
an assessment of the rectal mucosa and scoring of erythema and/or of tel-
angiectasia. In addition, random biopsies of the normal rectal mucosa, or of
suspected areas of proctitis are undertaken. Functional testing with an
endorectal barostat is also performed in order to assess for potential passive
mechanical changes due to fibrosis and to evaluate changes in sensitivity to
rectal wall distension.

So far, 16 patients have undergone a rectosygmoidoscopy with 10
grade 0, three grade 1, and three grade 2 RTOG clinical toxicity scores
(see above). Rectal mucosa was normal in five patients without late rectal
toxicity (grade 0). Erythema was observed in three and two patients with
grade 1 and grade 2 late rectal RTOG toxicity, respectively. Grade 1 telan-
giectasia (focal and isolated) was observed in five patients with no clinical
late rectal toxicity. Grade 2 telangiectasia was observed in one patient
suffering from grade 2 (2�8Gy boost) late rectal RTOG toxicity.

Figure 4 Dose distribution overlying the axial central plane of an endorectal MR
image of the prostate containing the PTV2 (bilateral prostatic peripheral zone).
Isodose bands of 100% or above (red), 90–100% (yellow), and 80–90% (green) are
displayed. (See color insert.)

240 Miralbell et al.



Although biochemical relapse has not yet been observed in any of our
patients, much longer follow-up will be required before conclusions can be
drawn regarding the potential value of IMRT dose escalation in the curative
treatment for prostate cancer.

Quality Assessment on Patient and Target Repositioning
Reproducibility

In order to simulate repositioning reproducibility a second pelvic CT, under
simulation conditions, was performed before the last boost fraction (usually
10–15days after the first CT used for boost simulation). Prostate repositioning

Table 2 RTOG/EORTC Acute Radiation Morbidity Scoring System

Urinary
Grade 1 – Frequency of urination twice pretreatment habit

– Dysuria, urgency not requiring medication
– Incontinence not requiring sanitary pads

Grade 2 – Frequency of urination less frequent than every hour
– Dysuria, urgency, bladder spasms requiring
non-narcotic medication

– Incontinence requiring medication or pads
Grade 3 – Frequency of urination hourly or more frequently

– Dysuria, pain or spasms requiring narcotics
– Gross hematuria

Lower GI
Grade 1 – Increased frequency or change in quality of bowel

habits not requiring medication
– Rectal or anal discomfort not requiring medication
– Urgency not requiring medication

Grade 2 – Diarrhea requiring medication
– Mucous or blood discharge or soiling not
necessitating sanitary pads

– Rectal or anal pain, urgency, requiring medication

Source: From Ref. 29.

Table 3 Acute Urinary Toxicity According to Boost Dose (EORTC Score)

Dose (Gy) G-0 G-1 G-2 G-3

5 0 4 2 0
6 2 2 3 0
7 1 2 4 0
8a 5(3) 7(3) 10(4) 1(1)

a11/22 patients, in brackets, treated with IMRT.
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was assessed, first, after CT-to-CT registration of the stereotaxic IR reflecting
metallic body markers (to simulate the setup reproducibility with ExacTrac)
(Fig. 5) and, second, after CT-to-CT registration of the pelvic bony structures
(to simulate for potential further improvement of patient repositioning with
pelvic bone registration as it is performed by the Novalis Body system from
BrainLAB, not used for patient treatment in our study). A study has been
recently reported assessing prostate and rectal probe repositioning in 22

Table 5 Late Radiation Morbidity Scoring System

Urinary (SOMA):
Grade 1 – Occasional dysuria

– Occasional hematuria
– Microscopic hematuria
– Occasional use of incontinence pads
– Occasional medication for dysuria

Grade 2 – Intermittent dysuria
– Intermittent macroscopic hematuria
– Intermittent use of incontinence pads
– Regular non-narcotic medication for dysuria

Grade 3 – Persistent or intense dysuria
– Incomplete obstruction
– Persistent macroscopic hematuria with clots
– Regular use of incontinence pads
– Regular narcotic medication for dysuria

Lower GI (RTOG/EORTC):
Grade 1 – Slight rectal discharge or bleeding

– Urgency, anal pain, soiling
Grade 2 – Excessive rectal mucus or bleeding requiring

medical treatment
– Urgency, anal pain, or soiling requiring
medication

Grade 3 – Bleeding requiring surgery or formolinization
– Obstruction

Source: From Refs. 29, 30.

Table 4 Acute Rectal Toxicity According to Boost Dose (EORTC Score)

Dose (Gy) G-0 G-1 G-2

5 2 2 2
6 4 2 1
7 3 2 2
8a 17(11) 4(0) 2(0)

a11/22 patients, in brackets, treated with IMRT to CTV1.
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patients treated under optimal immobilization conditions according to the
present protocol (31).

The shifts between the center of mass of the prostate in the first CT and
the center of mass of the prostate in the second CT were measured in the three
axes: latero-lateral (X), antero-posterior (Y), and cranio-caudal (Z). The
mean and standard deviation (SD) of the displacements in the three axes of
the prostate’s center of mass were calculated for all patients. This measure-
ments helped to estimate margins around the CTV2 to define an ideal PTV
using the model described byMcKenzie et al. (32) with the following formula:

CTV ! PTV margin width ¼ 2:5
X

þ b s� sr
� �

in which ‘‘S’’ is the SD of the individual displacements of the prostate center
of mass; ‘‘s’’ the random error (takes in account organ motion and penum-
bra) and ‘‘sp’’ the SD describing the width of the beam penumbra (3.2mm);
‘‘b’’ is the penumbra correction coefficient that depends on the number of
beams used to treat a spherical volume in order to deliver at least 95% of
the dose to the CTV (0.52 for the transverse plane, and 1.64 in the cranio-cau-
dal direction for a six non-parallel and opposed field arrangement).

As mentioned above, 11 patients were also treated with Novalis for the
first part of the treatment (64Gy in 2Gy daily fractions to CTV1). They
underwent weekly resimulation CT scans on treatment position (average,
six CTs for each patient). All of these patients were treated without an endor-
ectal balloon during the first treatment phase. Assessing the displacements of
the CTV1 center of mass with CT-to-CT fusion of the stereotaxic IR reflect-
ing metallic body markers and with a CT-to-CT registration of the pelvic
bony structures, allowed to assess the weekly repositioning reproducibility

Table 7 Late Rectal Toxicity According to Boost Dose (RTOG Score)

Dose (Gy) G-0 G-1 G-2

5 5 1 0
6 5 1 1
7 4 3 0
8 16 5 2

Table 6 Late Urinary Toxicity According to Boost Dose (SOMA)

Dose (Gy) G-0 G-1 G-2

5 6 0 0
6 7 0 0
7 6 1 0
8 19 2 2
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and to estimate the PTV1 margin width for these 11 patients. These results
were compared with the repositioning reproducibility and the estimated
PTV2 margin width for the 22 patients assessed during the CTV2 treatment
period (boost), treated with identical immobilization conditions but with an
endorectal balloon to optimally reduce the internal organ motion.

The estimated PTV margins around the prostate, for the 22 patients
evaluated under optimal setup conditions (i.e., bone registration and endorec-
tal balloon), were 2.4, 4.3, and 6.4mm in the latero-lateral, antero-posterior,
and cranio-caudal dimensions, respectively. According to the same model, the
estimated PTV1 margins around de CTV1 for the 11 patients evaluated under
setup conditions involving exclusively bone registration, but not a rectal
balloon, were 1.9, 7.6, and 7.4mm in the latero-lateral, antero-posterior,
and cranio-caudal dimensions, respectively. Thus, an optimally positioned
rectal balloon significantly reduced the estimated antero-posterior PTV
margins around the target from 7.6mm (without balloon) to 4.3mm (with
balloon), an improvement factor of 1.77.

FINAL COMMENTS AND CONCLUSIONS

Dose escalation above 70Gy is necessary to improve curative treatment of
localized prostate cancer with RT. This is a challenge for radiation

Figure 5 Digital volumetric reconstruction to simulate the setup reproducibility
with ExacTrac. Infrared marker based registration between the CT at simulation
(red) and the CT while on treatment (green) performed to assess target repositioning
quality. (See color insert.)
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oncologists in their search for an optimal treatment of a movable, centrally
located, almost spherical target surrounded by dose-limiting critical organs
(the rectum, the bladder, and the femoral heads).

Optimal repositioning reproducibility is crucial if the goal is to deliver,
via external RT, the highest dose to the tumor while optimally decreasing
the treatment volume (i.e., reducing the safety margins around the target).
This may reduce the dose to the organs at risk and improve normal tissue
tolerance. In the present study, under optimal setup conditions (i.e., bone
registration and rectal balloon), estimated PTV safety margins around the
CTV were roughly 2, 4, and 6mm in the latero-lateral, antero-posterior,
and cranio-caudal directions, respectively. This is a significant reduction
compared to the usually recommended margins of >10mm, with standard
immobilization approaches based on skin markers or tattoos. Furthermore,
even after optimal setup with bone registration, the use of a rectal balloon
improved repositioning in the antero-posterior axis by a factor of 1.77.

Significant treatment volume reduction in the present study (compared
to more standard radiotherapy approaches for prostate cancer) may explain
the relative low incidence of acute or late toxicity at the urinary and/or
lower GI levels. Among the 43 patients fully evaluable for late lower GI
tolerance, 13 patients (30%) presented moderate grades 1–2 late toxicity.
This contrasts with a worse tolerance among 175 patients treated in Geneva
since 1999 with 74–78.4Gy standard fractionated conformal external RT
and with a minimum of eight-month follow-up. A 45% incidence of grades
1–2 late rectal toxicity was observed among those patients (unpublished
data).

The highest dose may be preferentially delivered in areas of the pros-
tate with the largest number of tumor cells (e.g., the prostatic peripheral
zone). Thus, a non-uniform dose distribution within the prostate may well
be a treatment optimization tool if the highest dose is delivered to areas
at highest risk for failure. Progress in imaging (e.g., endorectal MRI with
or without spectroscopy and PET with C11 acetate or F18 choline) may help
to better define these areas at risk within the prostate and improve targeting
strategies in the future. Furthermore, reducing the prostatic treatment
volume by purposely underdosing areas of potentially lower tumor burden
(e.g., transitional zone of the prostate) allows the risk of potential urethral
damage to be kept to a minimum level during the delivery of the hypofrac-
tionated boost.

Prostate cancer cells may have more chance of surviving low-dose
fractions (i.e., 2Gy or less) than high-dose fractions (i.e., 4Gy or more).
Thus, if fractionation schedules in prostate cancer are to be adapted to take
into account radiobiological considerations, large fractions are likely to play
a role in more effective curative strategies. Some, however, cautiously ques-
tion this approach by suggesting that the benefit derived from reoxygenation
of hypoxic cancer foci between fractions may be lost if few large-dose
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fractions are used (33). In the present study, the administration of the first
64–64.4Gy in 32–35 daily fractions of 1.8–2Gy, preceded in the less favor-
able cases with androgen blockade, might have helped to decrease the
problem of hypoxia by reducing significantly the tumor volume before the
delivery of the final hypofractionated boost.

Although all patients in the present study have their disease under
biochemical control, longer follow-up will be required before cure rates can
be evaluated. Caution is called for, especially considering the tight PTV
boost margins used, that may have underdosed part of the CTV2 volume.
Only time will tell whether or not this underdosage has a negative influence
on local control. The choice of the tight 3mm margins, however, was based
on the need to protect the urethra, which might not have always been
possible with larger margins. The present quality assessment indicates that
margins of 4mm minimum in the transverse plane are needed under optimal
setup conditions.

THE AZ-VUB EXPERIENCE

INTRODUCTION AND RATIONALE

Radiotherapy is one of the major treatment modalities for cancer of the
prostate. Increased dose levels are known to significantly improve treatment
outcome but require specialized techniques to avoid important and some-
times permanent side effects to bladder and rectum. The AZ-VUB has
adopted three distinctive measures to avoid these complications with
the introduction of the Novalis system (BrainLAB, A.G., Heimstetten,
Germany) for stereotactic body radiation therapy (SBRT). Application of
laparoscopic lymphadenectomy allows for omission of prophylactic irradia-
tion of the pelvic nodes for the majority of cases. Application of conformal
radiation therapy (CRT) techniques, such as dynamic field shaping arc or
IMRT and accurate target positioning by image-guided radiation therapy
(IGRT) techniques, allow for a dose delivery with the highest possible
precision (34–37). A preliminary follow-up based on the first 100 patients
treated showed an almost complete absence of acute digestive complica-
tions. The use of reduced treatment volumes does not seem to compromise
outcome as illustrated by the two-year biochemical control rate of 96%.

TREATMENT PROTOCOL AND IRRADIATION TECHNIQUE

The current protocol is limited to patients that present with a localized
curative disease (T1-3N0M0) (38). For this patient cohort three prognostic
factors are important for the appropriate choice of treatment modality:
T-stage, PSA, and Gleason score (39–42). Based on these criteria a classifica-
tion into three groups is possible. Based on somewhat differing data from
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literature (2,3,7,43,44), these classes have been defined as follows at the AZ-
VUB: good prognosis (combination of PSA� 10 ng/mL, stage T1-2 and
Gleason score 2-6), bad prognosis (PSA� 20 ng/mL combined with stage
T3-4 or Gleason score� 7), and intermediate prognosis (all other cases).
For the cohort with good prognosis, local treatment, or in case of elderly
patients, a wait-and-see approach are considered adequate after discussion
with the patient provided a close follow-up schedule is applied. Those
patients from the intermediate cohort (in particular those with life expec-
tancy of 10 years or more) will be proposed for a local treatment with cura-
tive intent. Patients with bad prognosis are treated with loco-regional RT.
T3-4 patients from the intermediate and bad prognosis groups will addition-
ally receive hormone therapy (45–47). Local treatment usually consists of
surgery or (external) RT at the AZ-VUB. Surgery has the psychological
advantage of removal of the tumor, but a recent meta-analysis showed
75% occurrence of impotence (50). Radiotherapy has the advantage of being
non-invasive, yet suffers from other disadvantages. Acute complications
might occur such as irritation of bladder, and (depending on the irradiate
bowel volume) abdominal cramps and diarrhea. In the long term, RT might
be the cause of chronic radiocystitis, erectile disfunction, and chronic radio-
rectitis. In recent years it has been shown that with radiation doses of up to
78Gy a higher biochemical control can be achieved compared to conven-
tional dose levels of 70Gy, especially for the intermediate prognosis cohort
(3,43,48–50). Needless to say that with these higher doses limitation of the
irradiated volume of healthy tissue becomes more important (3,51–53).

With the introduction of CRT, and IGRT, the AZ-VUB has
attempted to optimize the irradiation technique for a complication-free
prostate treatment with curative intent. Based on the above rationale the
low-risk (PSA� 10 and T1-2 and Gleason 2–6) and high–risk (PSA> 20
and T3-4 or Gleason 7–10) patients will be treated with 70Gy, whereas
the intermediate cohort receives 78Gy. Three distinctive measures can be
identified: limitation of the irradiated volume, application of CRT or
IMRT, and high accurate target positioning or IGRT.

a. Limitation of the irradiated volume. Previously, most patients
received a 50Gy prophylactic irradiation of the pelvic nodes,
with known problems such as abdominal pain and diarrhea.
Additionally, a 20Gy boost was administered to the prostate
and seminal vesicles. Currently, based on the threefold classifica-
tion T-PSA-Gleason, the probability of microscopic disease of pel-
vic nodes and seminal vesicles can be assessed (54,55). For those
patients that present a low risk (i.e., �10% for the AZ-VUB) pro-
phylactic irradiation will be omitted. A laparoscopic lymphade-
nectomy will be suggested for those patients with a risk that
exceeds 10%. When the ‘‘No’’ status is confirmed, the prophylactic

Prostate Tumors 247



pelvic irradiation is omitted and the seminal vesicles are not
included in the irradiated volume when the risk of microscopic
involvement is lower than 10%. When the latter is not the case,
only the proximal half of the seminal vesicles will be included in
the CTV most patients present with T1-2 tumors of which is
known that the possible involvement is limited to this area (56).

b. IGRT. Based on a three-step positioning study with the Exac-
Trac/Novalis BODY system (see previous chapter), the PTV
margins have been adapted to the precision that can be realized
with the different positioning techniques. All prostate patients
are positioned with the stereoscopic X-ray system and based on
the previous studies (34,35,37) the following margins are being
applied: (1) For patient positioning on bony structures (fusion
of X-ray images and DRRs) a 6mm margin latero-lateral, and
10mm antero-posterior and cranio-caudal. (2) For patients with
implanted radio-opaque markers a 5mm margin is applied in the
antero-posterior and cranio-caudal direction, whereas a 3mm
margin in left–right direction is used. Again, the IGRT will help
to reduce the irradiated volume.

c. Irradiation technique. To obtain a dose distribution true to the
shape of the PTV, two techniques possible with the Novalis
system are applied at the AZ-VUB. Depending on the absence
or presence of concavities, respectively, dynamic field shaping
arc or IMRT are used (37). The former consists of one coplanar
arc of which the leaves dynamically adapt to the shape of the PTV
during rotation of the arc. In many cases the leaves showing over-
lap with the rectum at gantry position 90� and 270� are manually
retracted to the border of the rectum using beams-eye-view to fulfill
the dose limitations to the rectum. The IMRT technique consisting
of five non-opposing beams is explained in more detail in a previous
chapter on Novalis. In the AZ-VUB experience (actual 180 patients
treated, October 2003) only five required IMRT to meet the
requirements with respect to toxic rectum dose. The rectal dose
constraints are a maximum of 74Gy to the entire volume of the
rectum, less than 70Gy to one-quarter and less than 65Gy to half
of the rectum.

CLINICAL FOLLOW-UP

Presented are preliminary data on the first 100 patients treated with dynamic
field shaping arc and IGRT (based on fusion of bony structures, ExacTrac
2.0/Novalis BODY) from May 2000 to October 2002. Follow-up is still
short: median follow-up of 12months (3–29months). The patient cohort
consisted of patients with relative good prognosis (90% T1-2, 73% Gleason
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2–6) (Table 8). Thirty-four patients underwent lymphadenectomy prior to
treatment. For 69 patients, radiotherapy was the unique treatment modality
and the 31 remaining cases received (neo-)adjuvant hormonal therapy (27)
or presented local recurrence after prostatectomy (4). Sixty-five patients
received a 70Gy total dose, whereas 35 patients (intermediate prognosis)
were treated with a 78Gy total dose. Acute toxicity (occurring the first three
months from the treatment start with radiotherapy) was scored using the
RTOG/EORTC classification (57). The questionnaire was presented to the
patient on the last treatment day, one and four months after treatment. Even
unique intake of symptomatic medication was classified as being grade 2.
The biochemical control was based on the ASTRO (American Association
for Therapeutic Radiology and Oncology) consensus panel (58), which
classifies recurrence after three consecutive PSA rises. Due to applicability of
this definition for RT patients only, the biochemical analysis was limited to this
cohort only (69 patients), whereas the entire group was analyzed for toxicity.

A biochemical control of disease was observed for 96% of the patients
treated with radiotherapy alone for two years. PSA dropped from
8.9� 4.8 ng/mL (1 SD) preradiotherapy to 1.0� 0.5 ng/mL (1 SD) 18months
after finalizing RT. Only a low number of acute digestive complications
have been observed and the 12 grade 1 toxicities observed might have been
attributed to other causes such as a period of enteritis in the family of the
patient or simultaneous use of potential diarrhea stimulating medicaments
(Table 9). Three cases of anal pain were observed in this group of 12
patients (a side effect that is not included explicitly in the RTOG.EORTC
scoring system). Acute urinary complaints have been reported by 54% of
the patients, yet medication was needed for a minority only. All acute side
effects had disappeared at control consult fourmonths after termination
of RT. No causal relationship has been found between acute side effects
and treatment dose. The preliminary nature of the present data does not
allow for late side effects and a long-term follow-up is needed. So far,
one patient developed a chronic side effect: radiocystitis with macros-
copic hematuria. This patient received coagulation and is currently free
of complaints.

Table 8 Characteristics of the First 100 Patients Treated on the Novalis System at
the AZ-VUB

T-stage Gleason score PSA (ng/mL)

1 46 2–6 73 0–4 10
2 44 7 16 >4–10 51
3 8 8–10 6 >10–20 29
4 0 >20 9
Unknown 2 Unknown 5 Unknown 1
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Although currently no clear causal relationship between biochemical
control and survival has been proven the predictive value with respect to
local control and metastasis has been shown (22,59), and PSA allows for
an early predictive evaluation of treatment for prostate carcinoma. The
96% biochemical control obtained in this study has to be interpreted as a
preliminary result and indeed it has been shown that with increasing fol-
low-up time these figures have a tendency to decrease (60). Typically a slow
decreasing progression of the PSA is observed where the nadir is reached
after one year or later (61). No consensus has been reached as to which nadir
corresponds to disease-free status and values between 0.6 and 1.4 ng/mL
have been suggested (62). Nonetheless, a PSA value < 0.5 ng/mL five-year
postradiotherapy may not warrant absolute cure (63). Concerning late side
effects follow-up is again too short to allow for valid conclusions. Side
effects in radiotherapy are generally related to dose and irradiate volume
of healthy tissue (64), comorbidity, and an increased risk seems to occur
after surgery for diabetics (65,66). Grade 2 acute toxicity (i.e., in need of
medication) has been observed in 45–60% of the patients treated conven-
tionally with prophylactic pelvic irradiation, whereas this fraction decreases
to 25–30% with conformal irradiation techniques (48,67). Patients at the
AZ-VUB have not only been irradiated using CRT techniques but also
IGRT has been routinely applied on all patients, which might explain the
reported low figure of 15% acute grade 2 side effects. The use of implanted
radio-opaque markers for increased image-guided target localization (inclu-
ding internal organ movement) is being investigated at the AZ-VUB of
which clinical follow-up is currently on-going.
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INTRODUCTION AND CLINICAL INDICATIONS

Tumors of the Spine and the Spinal Cord

Primary tumors of the spine and the spinal cord are rare, and these include
the tumors arising from the vertebral bone, hematopoietic tumors like mye-
loma, or tumors arising from the cord itself. Metastatic tumors are the most
common involving the spine or spinal cord. Metastatic disease is a common
complication of cancer during the course of the disease in the majority of
cancer patients. Among these, the vertebral bones are the most common site
and may be involved in about 40% of the cancer patients (1). Up to 20% of
patients with neoplastic involvement of the vertebral column develop spinal
cord compression (2). It is estimated that more than 20,000 cancer patients
per year in the United States develop spinal cord or root compression as a
manifestation of their metastatic disease (3–5). Compression of the spinal
cord or nerve roots is second only to brain metastasis as the most frequent
neurologic complication of cancer (6,7). Usually, vertebral bone metastasis
occurs prior to developing compression to the spinal cord. The estimated
number of patients diagnosed with spinal metastases has increased with
the use of CT and MRI scans (3,4). The common presenting symptoms of
spine metastasis are back pain and spinal cord compression with weakness
and numbness below the level of spinal involvement. Many patients, if not
treated, become paraplegic or lose control of bowel and bladder, which
results in significant morbidity and poor quality of life. Early treatment
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prior to the development of significant neurologic deficits improves the
chance for patients to remain ambulatory (8). Because cancer patients are
now experiencing longer survival, quality of life has become an important
factor in making the treatment decision and offering palliative treatment.
This is particularly true in the treatment of spine metastasis since pain
and neurologic symptoms further reduce the quality of life.

Treatment for spinal metastasis and/or cord compression has been
external beam radiotherapy and/or decompressive surgery. External beam
radiation therapy is offered, initially combined with steroids, in the vast
majority of patients. The effectiveness of external beam radiotherapy has
been well established. Varying degrees of pain relief were seen in two-thirds
of patients by three months after radiation (9,10). Surgery is usually offered
for a rapid neurologic change, spinal instability, or for tissue diagnosis
(11,12). Surgery has also been used for more aggressive and radioresistant
tumors, combined with radiation. Chemotherapy is offered for chemosensi-
tive tumors such as small cell carcinomas or lymphomas. Whatever treat-
ment is chosen, the intent of treatment for spine metastasis or cord
compression has been palliative. The main goals of the treatment are relief
or reduction of pain, improvement of neurological function, or to limit
tumor progression, if possible. Although there have been many efforts to
improve the treatment of these tumors by using multimodality treatments,
the clinical outcome of the available treatment for spinal tumors is still lim-
ited compared to the progress of treatments for the other tumor sites.

Radiosurgery of the Spine

Radiosurgery delivers a highly conformal large radiation dose to a localized
tumor by a stereotactic approach. This requires accurate targeting and
immobilization of the target organ during irradiation. The difficulty of
applying radiosurgery to the extracranial site is mainly due to organ motion
associated with breathing and/or lack of immobilization techniques. Among
the extracranial organs, the spinal cord and vertebrae are the organs with
the least breathing-related organ movement. This makes the spinal cord
and vertebrae particularly suitable for stereotactic radiosurgery.

Stereotaxis has been used exclusively for cranial applications for sev-
eral decades. However, interestingly, the first attempt of stereotactic locali-
zation began, long before brain stereotaxy, with experimental sites of the
spinal cord by Dittmar and Worosciloff in the late 19th century, although
these systems were not based on a true coordinate system (13). The history of
the spinal stereotaxy is summarized in Table 1. The first stereotactic instru-
ment using Cartesian coordinate system for the spinal cord was reported
by Clarke in 1920 (14). Rand et al. performed the first stereotactic procedure
on the human spinal cord for percutaneous cordotomy and cryosurgery in
1965 (15). All the spinal stereotaxy was limited to the cervicomedullary
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region because the device was fixed to the skull and open surgery was needed
to anchor the cradles to the bony structures of the spine. In 1972, Nadvornik
et al. expanded its clinical usefulness with an apparatus designed for lumbar
region (16). It also required fixation to the vertebral arch in an open laminect-
omy wound. Since then, spinal radiosurgery has been used in limited num-
bers of cancer patients (17). The method used by Takacs and Hamilton
(18) and Hamilton et al. (19) was also an invasive procedure that required
anchoring of the stereotactic frame to the spinous process under general
anesthesia. Despite its invasiveness, the clinical outcome was encouraging.

More recently, image-guided frameless stereotactic technology of the
spine has been developed and used in the clinic to treat the patients with
spinal tumors. There are basically two different methods to achieve stereo-
taxy without frames by using the implanted seed as a point fiducial, or using
the internal rigid bony structure (such as vertebral bone or target tumor
itself) as a volume fiducial. The former system is used in CyberKnife� unit
(Accuray, Sunnyvale, California, U.S.A.), in which mean total radial error
was 1.6mm and the positioning error along each axis was �0.9mm in the
phantom (20). This also has an invasive component with implantation of
a few metal markers in the patient to help determine the target. The later
system of frameless stereotaxy is the Novalis� shaped beam radiosurgery
unit (BrainLAB, AG, Heimstetten, Germany). This system utilizes image
fusion of anatomical structures such as vertebral bone and infrared marker
technology for tumor localization and patient positioning. This procedure is
entirely non-invasive.The volumeof the fixedbony structure is registered at the

Table 1 History of Spine Stereotaxy

1873 Dittmar Device for directing probes to the spinal cord
1874 Woroschiloff Myelotome using clamps for skeletal fixation in

animal
1920 Clarke First spinal stereotactic device using Cartesian

coordinate system
1947 Spiegel First cranial stereotactic frame
1951 Leksell First stereotactic radiosurgery for brain
1965 Rand First clinical stereotactic cryosurgery of

cervical cord
1972 Nadvornik First spinal radiosurgery for lumbar vertebrae with

skeletal fixation
1982 Betti Linear accelerator modified for radiosurgery of brain
1994 Lax Body frame with contour mold fixation
1995 Hamilton Skeletal fixation frame with bone-screw fixation
2000 Frameless spinal radiosurgery
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time of simulation and used for image fusion. The precision of this system was
reported with less than 2mm of isocenter variation for intensity-modulated
spinal radiosurgery (21). This radiosurgery procedure and clinical experience
with encouraging clinical results will be discussed in this chapter.

TECHNIQUES FOR SPINAL RADIOSURGERY

The challenge for spinal radiosurgery is how to accurately localize the
treatment target and deliver the prescribed dose to the treatment target
while keeping the dose to the normal tissues within the tolerances. The suc-
cess of stereotactic radiosurgery for brain tumors is mainly attributed to its
precision in patient immobilization, target localization, and conformal dose
delivery. Less than 1mm positioning error for the head fixation is techni-
cally achievable because the head could be treated as a quasi-rigid body with
negligible organ motion (22). However, some of techniques used for the
brain radiosurgery will not be feasible for spinal tumors due to difficulties
in immobilizing non-rigid patient body, localizing targets associated with
organ motion, and mechanical limits associated with allowable gantry and
couch rotations. Traditional arc techniques used for brain radiosurgery
may not be suitable to spinal radiosurgery. For spinal tumors, critical
organs such as spinal cord, kidney, and lung are always adjacent to the tar-
gets and present technical challenges for protection. Therefore, different
techniques should be adopted for spinal radiosurgery, including new
approaches for patient immobilization, target localization, and treatment
planning and delivery. The procedures developed at Henry Ford Hospital
are schematically illustrated in Figure 1.

Figure 1 Schematic illustration of clinical procedures for spinal radiosurgery.
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Immobilization and Simulation

Immobilization involves patient immobilization and organ/structure immo-
bilization. Patient immobilization during spinal radiosurgery is the first but
critical step, because a single or a few fractional high doses of radiation will
be delivered to spinal or para-spinal tumors surrounded by critical normal
organs such as the spine. Radiosurgery typically takes more time than con-
ventional treatment and therefore requires the patient to be rigid and stable
throughout the treatment. Any patient movement during the treatment
could lead to the failure of the radiosurgery. Traditional immobilization
devices, such as alpha cradle and vacuum bags, may not be sufficient for
patient immobilization because they do not have constraints to limit patient
movement. The ideal immobilization devices should be able to provide some
type of constraints to the patient but also be feasible for all kinds of patients
to stay at the same position for a period of time up to 1 hr. Several approaches
have been used for immobilization during spinal radiosurgery. The early
approach used a metal frame to fix the vertebral bodies because of the rela-
tively fixed relationship among spinal tumors, spinal cord, and vertebral
bodies (19). Therefore, accurate localization of vertebral bodies is equivalent
to the accurate localization of the target region. Although reasonable accu-
racy is achievable in terms of patient immobilization, it is an invasive surgical
procedure with anesthetic involvement. Several alternative non-invasive
immobilization devices are now available such as BodyFIX� (Medical Intelli-
gence, Schwabmünchen, Germany) and Stereotactic Body Frame (ELEKTA
AB, Stockholm, Sweden). The BodyFIX device combines a vacuum cushion
and a piece of special plastic foil (21,23). The vacuum cushion is used to sta-
bilize the patient in a comfortable position while the plastic foil is used to con-
strain the patient by evacuating the region between the patient and plastic foil
so that the patient is constrained between the vacuum cushion and plastic foil.
The Body Frame uses a vacuum cushion to stabilize the patient in the supine
position inside a body frame and adds a diaphragm control to the patient’s
chest to minimize respiratory movement (24). Figure 2 illustrates immobiliza-
tion setups using the BodyFIX and Body Frame devices.

The effect of organ motion is relatively minimal for spinal radio-
surgery because the spinal tumors are typically located very close to vertebral
bodies. When the patient is in the supine position, the vertebral body motion
is limited to within 1mm (21). This effect could be documented by fluoro-
scopic imaging using a conventional simulator. However, if the patient is in
the prone position, the vertebral body motion could be more than 5mm
due to breathing. Therefore, it is ideal to position the patient supinely for
spinal radiosurgery.

CT simulation has been the gold standard for conventional radiosur-
gery for brain tumors. It provides not only accurate patient geometry
but also three-dimensional (3D) anatomical information for dose calculation.
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Figure 2 Illustration of (A) BodyFIX� and (B) Body Frame� immobilization
devices.
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Similarly, CT simulation should be used for spinal radiosurgery. To accom-
modate complicated immobilization devices and variety of patient sizes, a
large bore CT simulator as supplied by both Philips Medical Systems (And-
over, Maryland U.S.A.) and GE Healthcare Technologies (Waukesha, Wes-
conius, U.S.A.) would be preferable. Any localization markers should be
placed on or implanted in the patient prior to CT imaging. For example, if
infrared markers are used for patient setup and localization, infrared sensi-
tive radiopaque markers should be placed on the patient skin so that they
are shown in the CT images for patient localization in the process of treat-
ment planning (21). The relative location between the localization markers
and the planned isocenter could be established in the treatment planning
system using this technique.

Contrast agents such as Optiray 200mg/mL organically bound iodine
are typically used to enhance tumors in the CT images. Enough patient body
portions should be scanned in simulation to assist accurate identification of
vertebral bodies and to provide sufficient anatomy for the use of non-coplanar
planning beams. A slice thickness of 3mm or less without spacing should be
selected for scanning. When slice thickness is larger than 5mm, the quality of
digitally reconstructed image (DRR) as calculated fromCT images is shown to
be not good enough for accurate image fusion between DRRs and kV X-ray
images which are taken for the localization of isocenter in the treatment room
(25). Tominimize the data transfer burden and potential errors, the simulation
DICOM 3.0 CT images should be electronically sent to the dedicated
treatment planning system through the internal network (26).

Treatment Planning

Treatment prescription involves both volume and dose. In addition to the
gross target volume (GTV), critical organs such as the spinal cord, kidneys,
and lungs are identified in CT images so that the radiation dose to these
organs can be minimized. The majority of GTVs involved one or two seg-
ments of the vertebral column. To accurately delineate the GTV for each
disease site, multiple imaging information is often referenced, especially con-
trast-enhanced MR images. Image fusion between CT and MR images needs
special caution and is often done manually to ensure the accurate anatomical
matching. Depending on the immobilization device used, proper margin
should be added to the GTV to generate the planning target volume (PTV).
When a BodyFIX device is used for immobilization, a margin of 2–3mm
would be sufficient to accommodate patient positioning and target localiza-
tion variations (21). Typically, this expansion is not extended into the critical
organs, especially not the spinal cord. Note that the dose distributions at the
joints between the target and the critical organs in an inverse plan are deter-
mined by their relative beam weights given in the prescription. Radiosurgery
dose is usually prescribed to the isodose line that encompasses the PTV.
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Treatment planning involves the construction of radiation beams to
deliver a conformal dose distribution. The treatment planning method is
influenced by the delivery technique used. Non-coplanar beams are usually
used for treatment planning when a CyberKnife� unit (Accuray, Sunnyvale,
California,U.S.A.) isappliedfortreatment.Coplanarbeamsareusuallyapplied
for any tomotherapy treatment devices (NOMOS Corporation Chatsworth,
California, U.S.A., and TomoTherapy Inc., Madison, Wisconsin, U.S.A.).
When a conventional linac-based treatment unit such as Novalis Shaped
Beamunit (BrainLAB Inc.,Westchester, Illinois, AG,Heimstetten, Germany)
or Varian Trilogy (Varian Medical Systems, Palo Alto, California, U.S.A.) is
used, the majority of treatment plans for the spinal radiosurgery use multiple
intensity-modulated beams to minimize the dose to critical organs. Some-
times, dynamic shaped conformal arcs may be used when the avoidance of
critical organs is not a high priority, such as intra-spinal tumors and tumors
involving the sacral portion of the vertebral column. Both coplanar and
non-coplanar intensity-modulated beams are used for spinal radiosurgery.
Typically, coplanar beams are used for tumors located close to the thoracic,
lumbar, and sacral sections of the vertebral columnwhile non-coplanar beams
are sometime used for tumors near the cervical vertebral bodies.

Intensity-modulated beams are commonly used for spinal radiosur-
gery and are generated using an inverse treatment-planning algorithm, such
as the dynamically penalized likelihood method and a pencil beam dose cal-
culation algorithm by BrainLAB (27,28). Dose–volume histograms (DVHs)
are traditionally used to specify the dose constraints for both target volumes
and critical organs.The DVH is also used to evaluate treatment plans. For a
given set of dose constraints specified by DVHs, the outcome of the plan-
ning results is influenced by the setting of priority weights for both the target
and the critical organs. Typically, the higher the priority weight, the better
the dose coverage to each structure. An additional parameter, the confor-
mity index (C), may be used to evaluate treatment plans. Here, the confor-
mity index could be defined as C¼ 1þ(Vn/Vt). Vn is the volume of the
normal tissue and Vt is the volume of the target receiving the indicated dose
(21,29). An acceptable plan is judged by the reasonable compromise
between the doses to the target and critical organs. This compromise is
determined by the setting of DVH constraints and priority weights.

When an inverse treatment plan is delivered using a multileaf collima-
tor (MLC) during intensity-modulated radiosurgery (IMRS), the beam
number ranges from 5 to 9, with the majority being seven beams. The beam
orientation of a typical seven-coplanar intensity-modulated beam arrange-
ment involves nearly equal gantry angles such as 150�, 100�, 50�, 0�, 310�,
260�, and 210� with 0� at the anterior direction. Sometime, when the target
is not located too deeply, 5 to 6 IMRS beams could be set within a fan range
between 120� and 150� to avoid excessive dose to normal tissues. An example of
an intensity-modulated treatment plan with seven equally spaced beams is
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shown in Figure 3A and its corresponding dose–volume histogram is shown
in Figure 3B. An example of an intensity-modulated treatment plan with
six equally spaced fan beams is shown in Figure 4A and its corresponding
dose–volume histogram is shown in Figure 4B, where the dose is normalized

Figure 3 (A) An inverse plan using equally distributed seven beams and (B) corre-
sponding DVHs. (See color insert.)
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Figure 4 (A) An inverse plan using five beams and (B) corresponding DVHs.
(See color insert.)
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to the isocenter and the dose is prescribed to the volume included by the 90%
isodose line. The inhomogeneity corrections are included in dose calculation for
all treatment plans using IMRT.Thenumberof the IMRTbeams ina treatment
plan affects the dose distribution to the target as well as to the normal tissues.
Typically, dose distribution improves as beamnumber increases. However, this
trend becomes less obvious when the beam number is greater than nine.

After the radiation oncologist selects a suitable inverse treatment plan,
all treatment data should be electronically transferred to the treatment unit.
An electronic verification system, such as Varis, record-and-verify system
(Varian Oncology Systems) in the treatment unit will help to secure the
delivery accuracy. Similarly, when an image–guided system is used for
patient localization, such as Novalis Body system, the patient positioning
information could be electronically exported to the controlling system for
patient setup and target (or isocenter) localization (21,26).

Patient Setup and Target Localization

Accurate patient positioning and target localizationare the keys for the success
of spinal radiosurgery. After the treatment plan is completed, the next step for
spinal radiosurgery is to reposition the patient in the treatment room as in the
simulation room and to align the planned isocenter to the treatment machine
isocenter. Since traditional methods such as skin marks are not quite capable
of providing high precision patient setup and target localization, various
image-guided techniques have been developed for patient setup, target locali-
zation, treatment monitoring, and verification. Among them are ultrasound
guided techniques, infrared camera imaging techniques, and kV X-ray ima-
ging techniques (30,21,31). In-room kV X-ray imaging appears to be a very
promising approach for spinal radiosurgery. Some of the image-guided loca-
lization devices are the use of orthogonal dual kV imaging technique in the
CyberKnife unit (31) and a dual kV X-ray imaging system which is called
Novalis Body system in the Novalis unit (21). Differing from the
CyberKnife unit (as shown inFig. 5A) inwhich the radiation beamorientation
as controlled by the robotic armmodifies as the isocenter shifts as detected by
kVX-ray imaging, theNovalis unit (as shown inFig. 5B) uses an image-guided
system to adjust patient positioning by moving the treatment couch.

TheNovalis Body system as shown in Figure 5B consists of infrared and
video cameras and kVX-ray imaging system. Themajor functions for infrared
cameras are to detect infrared sensitive markers placed on the patient skin, to
automatically compare marker locations to the stored reference information,
and to instruct the treatment machine to move the patient to the preplanned
position by moving the treatment couch. A dedicated video camera system
is coupled to the infrared camera system to provide a visual check of
patient positioning. The two kV X-ray tubes and two amorphous silicon
(aSi) flat panel digital detectors are controlled by an integrated computer
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Figure 5 Image-guided target localization systems in (A) CyberKnife� system and
in (B) Novalis� treatment unit.
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system with some image analysis software. Two digitally reconstructed
radiographs (DRRs) could be generated from the planning CT images at the
sameorientations atwhich twokVX-ray images are taken.The systemautoma-
tically compares internal structures such as vertebral bodies or implanted mar-
kers, in the kV X-ray images to those in the DRR images and indicates the
potential isocenter deviations between the DRRs and the X-ray images for
the patient setup. The deviations are evaluated by the radiation oncologist
and forwarded to the computer control system for recommended adjustment
of the isocenter position. It is an automated process because the Novalis Body
system is integrated with the treatment machine. This procedure could be
repeated during the treatment. Both anatomical structures and implanted
markers could be used for image fusion using either a manual or an automated
image fusion algorithm. Patient shift and rotational information could be
identified using a rigid body 3D to 2D image fusion technique in which DRRs
are generated iteratively with different angulations to simulate potential
patient deviations in all directions (32). Note that the accuracy of image fusion
based on anatomical markers using a rigid body 3D to 2D image fusion tech-
nique depends on liability of those structures used for matching in both types
of images. Regarding contrast, the image fusion based on the implanted mar-
kers is often more accurate and reliable (25,32). A cone-beam technology (33)
will allow three-dimensional comparison of treatment anatomy and should be
a very promising method for patient localization and treatment verification.

After the patient is immobilized on the treatment couch, the infrared
camera system guides the patient’s setup to the initial treatment position
based on the localization infrared sensitive markers placed on the patient
skin. Since the infrared markers only reflect the patient surface information
and do not guarantee the accuracy of the planned isocenter, two kV X-ray
images are required to check the isocenter position. The internal structures
such as the vertebral bodies displayed in two X-ray images and those dis-
played in two corresponding DRRs are compared to indicate the relative
isocenter deviations from the planned isocenter position. After reviewing
the comparison result, the radiation oncologist decides whether an adjust-
ment of the isocenter position is necessary. If so, the infrared camera system
will guide the patient to the adjusted position. With this image-guided
patient localization technique, accuracy of 1mm is achievable as shown in
a study using a rigid-body phantom (25). However, depending on the immo-
bilization technique used for the actual patient treatment, the localization
accuracy of 3mm or less isocenter deviation is achievable. This accuracy
is considered to be acceptable if proper margin can be added.

Treatment Delivery

Accurate delivery of conformal dose as planned is another challenging step
for spinal radiosurgery. Traditional devices and arc techniques used
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for brain radiosurgery are not quite feasible for the majority of spinal
radiosurgeries. Various new delivery techniques are now available for
stereotactic radiosurgery of localized spinal tumors such as the use of a
CyberKnife technology (31), the use of a Novalis shaped beam surgery unit
(21), and the use of a linac with fine MLC (23). Other technologies such as
tomotherapy units may also be used for such treatment (34,35). The Cyber-
Knife unit uses multiple circular cone beams and others use fine MLCs to
deliver intensity-modulated beams. For inverse plans delivered using differ-
ent MLCs, the leaf width may potentially affect the dosimetry. However, the
dosimetric difference of intensity-modulated beams delivered using the
MLC leaf width of 5mm or less is negligible (29).

The Novalis shaped beam unit is used for spinal radiosurgery at Henry
Ford Hospital and it is equipped with a built-in micromultileaf collimator
(mMLC) with a single 6MV photon energy (36,37). There are 26 pairs of
leaves (14 pairs with a leaf width of 3mm, six pairs with a leaf width of
4.5mm, and six pairs with a leaf width of 5.5mm) which form a maximum
field size of 10� 10 cm. It is capable of delivering radiation through circular
cone arcs, fixed-shape conformal beams using mMLC, fixed-shape confor-
mal arcs using mMLC, dynamic shape conformal arcs using mMLC, and
fixed-gantry with static and dynamic intensity-modulation beams. The dosi-
metric characteristics of this treatment unit are discussed in a separate
report (36). Intensity-modulated radiosurgery is capable of delivering con-
formal dose distribution to minimize radiation damage to the critical
organs. Typically, only a single isocenter is required for any kind of target
shape. Multiple isocenters may be required if the target size is larger than
the maximal field size (for example, 10 cm� 10 cm in the Novalis unit). Since
the entire process could be completed within a few hours, the procedure is
non-invasive, frameless, accurate, and efficient.

Either a sliding window (or dynamicMLC) or step-and-shoot technique
is used to deliver the intensity-modulated beams through the mMLC. Typi-
cally, there is no substantial difference between these two techniques if the
number of segments using the step-and-shoot technique is over 20 (21). Typi-
cally, a dose rate of 480 MU/min is used for delivery. The overall root-mean
square (RMS) of the leaf traveling accuracy by the use of this dose rate is
relatively, but not substantially, smaller than that by use of a dose rate of
800MU/min. The analysis of RMS values in the MLC log files recorded in
the MLC workstation for a few typical IMRS plans shows this trend.

Precision delivery of high-dose radiation could be also achieved by
other means. The earlier reported spinal radiosurgery procedure combined
the surgical fixation of patients with high-dose irradiation (19). In that
study, the procedure of surgically implanting the stereotactic fixation device
to the vertebral body was necessary for both patient immobilization and
localization because the patient was positioned in the prone position.
High-dose radiation was planned and delivered based on the conventional
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techniques instead of IMRT. In an attempt to reduce the invasiveness of
spinal radiosurgery, the CyberKnife unit (31,38) uses a robotic arm to deli-
ver 6MV photon beam in a wide range of beam orientations, except at the
posterior region where the two X-ray detectors are located. The use of a dif-
ferent acceleration technique makes its treatment head much smaller than
the conventional accelerator gantry and, therefore, its head movement is
much more feasible using a robotic arm. The beam orientation is modified
and guided by two real-time imaging systems and the isocenter is modified
at any time when the imaging system indicates a deviation from the planned
isocenter. Therefore, delivery accuracy is largely dependent on the accuracy
of the detected signals and the accuracy of robotic arm movements. To
improve the accuracy, a few metal markers are implanted in the patient
so that the treatment target can be easily determined based on the markers
in X-ray images. This, however, adds an invasion component to this proce-
dure. Since the treatment unit delivers radiation through various circular
cones, multiple isocenters and/or cones with different diameters have to
be used for irregular target volumes in a single treatment. Instead of using
intensity-modulated beams, the conformal dose distribution is delivered by
the use of numerous circular beams with variable isocenters.

Treatment Verification and Quality Assurance

Treatment verification involves verification of treatment plan, patient setup,
treatment isocenter, and dose calculation and delivery. Quality assurance
(QA) involves machine specific-QA and patient-specific QA. In the case
of intensity-modulated radiosurgery using MLCs, machine-specific QA
involves examination of MLC leaf sequence, leaf position, dosimetry, etc.
Patient-specific QA involves isodose measurement, intensity spectrum distri-
bution, etc. The detail procedures of these methods are described in several
previous publications (39,40) and chapter 3. The imaging devices used for
patient setup and target localization should be properly calibrated based
on the requirements specified by the manufacturers (25,41).

Careful verification of the treatment plan involves verification of treat-
ment parameters, such as isocenter position, beam geometry, monitor unit
calculation, beam intensity spectrum, and dose measurements. An indepen-
dent dose calculation algorithm, based on traditional dose calculation meth-
ods such as modified Clarkson method (42) orMonte Carlo method (43), may
be used to calculate the isocenter dose contributed by each mMLC seg-
ment and its corresponding MUs for all segments of each intensity-
modulated beam given by the planning system. Independent patient positioning
verification could be achieved by taking orthogonal images and compareing
them to simulation images. A pair of orthogonal portal films could also be
used to document the final patient positioning accuracy. Alternatively,
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this documentation could also be accomplished by comparing the two kV
X-ray images to the corresponding DRRs.

The intensity-modulated beams are delivered through the complicated
precalculated leaf sequences. Each intensity map needs to be checked by
delivering a given amount of radiation to a film such as Kodak EDR2 (44),
an electronic imaging device such as Varian aSi500 portal imager (45),
and a gantry mounted device (46). The resulting intensity distribution
should be compared to the planned intensity map. To verify the absolute
point dose, the planned intensity maps are usually exported to a verification
phantom and the isocenter or any other point dose in the phantom is calcu-
lated. The phantom is then irradiated with all planned intensity-modulated
beams. The point dose in the phantom is measured using a micro ion-cham-
ber such as Exradin� T14 by Standard Imaging, Inc. (Middleton, Wiscon-
sin, U.S.A.) and is compared to the planned point dose. Under normal
conditions, the deviation between two is less than 3%. Sometimes, the detec-
tor may not be able to accurately measure the dose when the field is very
small due to the partial volume effect of the detector.

The accuracy of dose delivery could be examined by a phantom
study (21). An example of such procedure is described below. A hypothe-
tical spinal tumor, a section of vertebral column, and the corresponding
critical structure, spinal cord, in the Rando phantom are identified as
the PTV and critical organ for treatment planning. To verify the dose dis-
tribution, a special film dosimeter (for example, GAFCHROMIC2 Dosi-
metry Type MD 55) is placed at the isocenter slice and a 12 Gy dose is
delivered to the isocenter. For the purpose of calibration, a range of doses
from 2 to 14Gy is delivered to a set of films at the calibration distance. To
minimize the effect of non-uniform dispersal of the sensor medium of the
films, a double-exposure measurement technique proposed by Zhu et al.
(47) can be used for this experiment. All films are digitized using a micro-
densitometer so that the film density could be converted to the dose. The
resulting dose image is compared to the planned isodose distributions. The
original CT image is shown in Figure 6A (the target and the spinal cord
are shown with solid contours) and the planned dose distributions (90%,
50%, and 30% normalized to the isocenter) are shown in Figure 6B. Figure
7A illustrates the planned isodose distributions in the region where the film
is inserted. Solid curves represent planned isodose lines labeled 90%, 50%,
and 30% relative to the isocenter. Figure 7B shows the original film dose
image with three corresponding isodose curves. The planned and the cor-
responding measured isodose distributions are then overlaid on the origi-
nal CT image as shown in Figure 7C. Results indicate that isodoses
between the calculated and measured results match well up to the 50% iso-
dose line. The discrepancies between two 90% isodose lines are negligible.
The majority of 50% isodose lines are matched within 1mm discrepancy,
except some portions between the lung/soft tissue interfaces where the
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Figure 6 Phantom study images. (A) The original CT image with target and spinal
cord indicated. (B) The planned dose distributions for 90%, 50%, and 30% isodose
curves normalized to the isocenter. (See color insert.)
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Figure 7 Phantom study results. (A) The planned isodose distributions in the region
where the film was inserted. Solid curves represent planned isodose lines labeled 90%,
50%, and 30% relative to the isocenter. (B) The original film dose image with three
corresponding isodose curves. (C) Both planned and corresponding measured iso-
dose distributions are overlaid on the original CT image. (See color insert.)
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discrepancy is up to 5%. This discrepancy is mainly related to the dose
calculation and display accuracy.

CLINICAL APPLICATIONS AND OUTCOMES

Clinical Feasibility Study

The first clinical study was carried out to determine the precision and
accuracy of the spinal radiosurgery. This is particularly important because
the spinal cord is always the critical organ that is located in close contact with
the vertebral column. Ten patients were enrolled at Henry Ford Hospital
between April 2001 and December 2001. All patients had pathologically
proven primary malignant neoplasm and had single or two contiguous
vertebral metastasis with or without spinal cord compression that was seen
on CT or MRI. To test the accuracy of radiosurgery and to achieve the
desired palliation, standard external beam radiation therapy (25Gy in 10
fractions) was given first and then radiosurgery boost (6–8Gy single dose)
to the site of the spine involvement or spinal cord compression. External
beam radiotherapy was given based on conventional method including
two vertebral bodies above and below the radiographic lesion. Following
the external beam radiotherapy, the patients received intensity-modulated
radiosurgery boost to the most involved site. During radiosurgery, orthogo-
nal portal films were obtained for the final verification and to determine the
accuracy of the isocenter. The endpoint of the study was to measure the
isocenter variation in order to determine the accuracy and precision of the
spinal radiosurgery. It was measured by image fusion of simulation and
orthogonal portal films taken during radiosurgery.

The accuracy of the spinal radiosurgery was defined as the degree of
variation (by distance) between the isocenters of the CT simulation and of
the portal films at the time of radiation delivery. The deviation between
the simulation and actual treatment isocenter was 1.36� 0.11mm (48).
We also measured the radiation dose at the isocenter using the same posi-
tioning parameters of the individual patients in a phantom with a micro
ionization-chamber. The average deviation of the measured dose from the
estimated dose was 2%. This level of precision of the isocenter obtained in
this study was clinically acceptable for spinal radiosurgery.

Dosimetric Consideration of Spinal Cord Dose

The radiosurgery dose was invariably prescribed to the periphery of target
tumor volume encompassed by the 90% isodose line. The radiation dose
to the adjacent normal spinal cord was calculated using the computerized
isodose calculation program. Average distance between the 90% and 50%
isodose line at the spinal cord is 5.2� 0.9mm (as shown in Figs. 3A
and 4A). This represents the rapid dose fall-off of spinal radiosurgery. In a
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transverse section at the isocenter level, 20% of the spinal cord volume
immediately adjacent to the diseased vertebra received higher than 50% of
the prescribed radiation dose (48). Figure 8 illustrates the average DVH
for spinal cord dose in 50 cases. In this figure, only the portion of the spinal
cord closer to the GTV is used for calculation. Also plotted in the figure is
the average maximum cord dose DVH in which only two slices with the
maximal cord dose were used for DVH calculation. The insert illustrated
the types of cord anatomy.

To determine the factors that may affect the dose to the spinal cord,
correlative analyses were performed from the dosimetry of 51 patients
who received 10–16Gy radiosurgery. The factors tested were target volume,
length and width of target, spinal cord volume, and the number of the inten-
sity-modulated beams. Average tumor volume was 57.0� 34.1 cc (range
3.4–217.0 cc). Average tumor length was 49.1� 15.3mm (range 16.1–
85.1mm), and average tumor width was 45.5� 10.7mm (range 12.9–
89.5mm). Average spinal cord volume at the corresponding level of the
treatment was 5.9� 2.2 cc (range 2.4–14.7 cc). In the lumbar and sacral
treatment, the vertebral canal was considered as spinal cord for volume ana-
lysis purpose. Dose–volume histograms were plotted and also the spinal
cord volumes that received 20%, 40%, 60%, 80%, and 100% of the prescribed
dose. Then, the best-fit correlation curves were obtained. From this analysis,
total dose (above 14Gy) and the number of intensity-modulated beams (less
than seven beams) appear to be the most important factors affecting the
spinal cord dose. The tumor volume and length did not affect the higher
(>60%) isodose regions of the spinal cord. However, the dose to peripheral

Figure 8 Dose–volume histograms (DVHs) for cord doses. (See color insert.)

276 Ryu and Yin



regions (lower than 60% isodose lines) was influenced by target volume
greater than 100 cc and tumor length greater than 6 cm (49). This is in contrast
to the experience of brain radiosurgery where the target volume is a major
determinant for radiosurgery dose selection.We believe that the independence
of the cord dose from the target volume or length is mainly due to the use of
intensity modulation that limited the dose to the critical organ at risk.

Clinical Outcome in Single Spinal Metastasis

Encouraged by the level of accuracy for spinal radiosurgery and the accep-
table spinal cord dose, a subsequent study was carried out to determine
the dose and the clinical efficacy of radiosurgery for spine metastasis with
or without cord compression. A total of 49 patients (24 males and 25
females) with 61 lesions were treated with radiosurgery alone from May
2002 to May 2003. All patients had diagnosis of pathologically confirmed
malignant neoplasm and had either synchronous or metachronous metas-
tasis to a single spine. Spinal metastases were diagnosed by radiologic stu-
dies with CT or MRI scans. Primary tumor sites were: breast 29.5%, lung
19.7%, prostate 9.8%, kidney 8.2%, and others 32.8%. The involved spines
were: cervical 13.1%, thoracic 54.1%, lumbar 29.5%, and sacral 3.3%
lesions. Patients had no previous radiotherapy to the involved spinal
lesion. Radiosurgery dose was a single dose in the range of 10–16Gy to
the involved spine. The dose was prescribed to the periphery of target
tumor volume encompassed by the 90% isodose line. The majority of
patients (70% of the lesions) experienced moderate to severe pain. Kar-
nofsky’s status was above 70 in 75%. Since the goals of treatment for
spinal metastasis are pain control and preservation of neurologic function,
the endpoints of evaluation were the assessment of pain, neurologic status,
and radiologic studies for tumor control.

Pain Control

Pain was scored by using verbal/visual analogue scale; from 0 (no pain) to
10 (the worst imaginable pain). The scoring was performed before radiosur-
gery, four weeks, and eight weeks following radiosurgery. During the first
four weeks the patients were evaluated by telephone for assessment of pain
status. Complete relief was defined as a complete absence of pain and no
need of analgesics. Partial relief was defined as a decrease of at least three
levels of the pain score or significant reduction of analgesic medication such
as elimination of narcotics or breakthrough medication. The time to achieve
pain relief was recorded as the time span of pain relief/reduction from the
day of radiosurgery. The duration of pain relief was measured as lack of
progression of pain or without an increase in analgesic medication. Pain
progression was defined as an increase in the pain score by three levels
and/or increased pain medication.
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Rapid pain relief was achieved with the median time of 14 days (range
1–69 days). The earliest pain relief was seen within 24 hr. The change of
pain scores before and after radiosurgery showed a clear shift toward lower
pain scale following radiosurgery treatment. Four weeks after radiosurgery,
complete pain relief was achieved in 37.7% of cases involving pain, and par-
tial pain relief in 47.6% of cases. At 8 weeks, complete relief was seen in 46%,
partial relief in 18.9%, and stable levels in 16.2% of cases. The estimated
median duration of pain relief was 16.6 months. Overall pain control rate
for one year was 84% (50).

Factors that may affect the pain relief were analyzed. Uni- and multi-
variate analyses did not reach statistical significance with age, Karnofsky’s
performance status, primary tumor type, presence of neurologic symptoms
systemic metastases other than the spine, number of spinal lesions, dose of
radiosurgery, and chemotherapy. However, there was a strong trend of
increased pain control with higher radiation dose �14 Gy (50).

Neurological Improvement

There were 18 patients who presented either neurologic signs of motor
weakness and sensory changes of the extremities or radiologic epidural cord
compression. Twelve patients were treated with decompression surgery fol-
lowed by postoperative radiosurgery. There were six patients with spinal
cord compression that were treated by radiosurgery alone. Follow-up
clinical and radiological examination was performed before radiosurgery,
one month, and then every 2–3 months following radiosurgery in patients
who were able to make the follow-up visits. Five of these patients continued
to be ambulatory or to have the full range of arm and finger motion (50).
Due to the small number of patients treated so far, dose response analysis
could not be established for neurologic and radiologic tumor control.

Treatment Failure and Complications

Four lesions (6.5%) had progressive pain at the treated site and required
stronger analgesic medication. All these patients had progressive systemic
metastases. Radiologic progression to the immediately adjacent vertebral
bodies was seen in three patients (4.9%) at six and nine months after radio-
surgery. The status of the treated spine were stable (51). These patients had
progressive paraspinal soft tissue mass along the vertebral involvement.

Overall one-year survival rate was 74.3%. During this period, there
were no clinically detectable neurological signs that could be attributable
to the acute or subacute radiation-induced cord damage for a maximum fol-
low-up of 24 months. The radiologic studies of six patients who have been
followed up for more than one year did not reveal any sign that was sugges-
tive of spinal cord injury. No patient was admitted to the hospital as a result
of complications due to the radiosurgery treatment.
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Treatment of Recurrent Spinal Metastasis

The outcome of the radiosurgery for recurrent spinal metastasis that was
previously treated with external beam radiotherapy was similar to the new
spinal metastasis as described above. The radiosurgery dose was somewhat
limited due to the previous radiotherapy. Dose selection was individualized
based on the previous radiation dose, interval between the treatments, and
the patient’s general condition. In the interim analysis, complete pain relief
was also achieved in 40% of the patients and partial relief in 26%. The rapidity
of the pain relief was also rapid within two weeks from radiosurgery. Complete
and partial neurological recovery was also noted in six out of eight patients

Radiosurgery of Primary Spinal Tumors

Stereotactic radiosurgery is effective in the treatment of benign lesions of the
brain and the head and neck, as well as malignant tumors (52,53). The role
of radiosurgery for the treatment of benign and malignant spinal tumors has
been also defined (51,54). Spinal radiosurgery allows the use of a higher dose
needed to destroy the neoplastic tissue. Benign and malignant primary
spinal tumors were treated with a single dose or fractionated radiosurgery.
The primary spinal cord tumors include glioblastoma, anaplastic ependy-
moma, gliomas, chordoma, neurofibroma, etc. The results show excellent
tumor response and these results are being analyzed. The primary osseous
tumors arising from the spine were also treated successfully (55).

Current Practice at Henry Ford Hospital

The spinal radiosurgery program at Henry Ford Hospital (HFH) is being car-
ried out in a multi-disciplinary effort for spinal metastasis and primary spinal
tumors at the weekly spine tumor board. For metastatic disease, patients are

Table 2 HFH Spinal Radiosurgery for Spinal Metastasis

Group 1 Focal disease with minimal neurologic deficit
Radiosurgery alone to the involved spine

Group 2 Focal disease with significant neurologic deficit
and spinal cord compression

Surgical decompression/stabilization followed by
radiosurgery

Group 3 Diffuse metastatic disease with minimal neurologic deficit
or symptoms

Radiosurgery alone to the most symptomatic site
Group 4 Widespread metastatic disease

External beam radiation therapy � boost radiosurgery
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placed into one of four cohorts as shown in Table 2. All patients are pre-
screened for evidence of spinal instability. Following treatment, the follow-
up program includes questionnaires and clinical and radiologic tests. Fol-
low-up clinical evaluation and neurologic examination are performed every
two months. A baseline MRI prior to radiosurgical treatment is followed
by repeat MRI examination at 2, 6, and 12 months. Patient questionnaires
consist of entry demographic information and monthly quality of life assess-
ments (completed by the patient or a family member). The endpoints for clin-
ical investigation are patient quality of life, neurologic and pain status, and
radiographic spinal cord abnormality and tumor control.

The use of spinal radiosurgery is not limited as a single modality to
new or recurrent lesions. It is also effective as an adjuvant to decompression
surgery, or in combination with vertebroplasty, or as the boost treatment to
external beam radiotherapy, or in combination with ongoing chemotherapy.
Multidisciplinary treatment efforts can improve the patient’s quality of life
and are, therefore, a significant addition to the armamentarium for the man-
agement of spinal tumors. Our extracranial radiosurgery program was also
extended to other organ sites such as head and neck cancers with excellent
tumor control (56).
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INTRODUCTION

Highly conformal radiotherapy is now becoming the norm for treatment
delivery. This principle has added significance for head and neck (HN) sites
because more typically we are dealing with malignancies (typically carcinomas)
that require higher doses for control in the context of nearby dose-sensitive
normal structures. The latter ranges from critical structures, such as the ocular
apparatus and the spinal cord, to dose important organs such as the major sali-
vary glands. The latter structures impact very much upon the quality of life of
those treated, importantly the long-term survivors. The three-dimensional (3D)
conformal treatment approach including intensity modulated radiotherapy
(IMRT) is able to set particular structures as a dose-defining structure, and
using either forward or inverse planning to limit the dose to these structures.
It is important obviously that the adequate dose be given to the tumor being
treated. This can create a circumstance of competing priorities, with concern
that the large areas of intervening normal tissue may receive a higher dose.
In the above example of sparing normal tissues, the major salivary glands
may receive an acceptable dose for maintenance of salivary function, but
the minor salivary glands more typically excluded in the parallel-opposed
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technique may receive a high dose that could significantly impair their func-
tion. The end result may thus be that the patient experiences the same side
effect but caused by a different end organ.

Stereotactic irradiation offers many possibilities for HN tumors. This
may be used as definitive treatment for the primary lesion, as a boost after
prior wide field treatment, or for recurrence. These listed situations apply
equally to stereotactic radiosurgery (SRS), as well as to fractionated stereo-
tactic treatment. The impetus for this consideration relates to the necessity
to give higher doses for local control in a circumstance of adjacent dose
critical structures. The concept of making this dose delivery stereotactic
relates to an extra dimension of treatment delivery accuracy over and above
that achievable by some form of conventional setup.

Broadly, stereotactic irradiation is divided into two: single-dose SRS
and stereotactic fractionated treatment. Machine limitations and tumor
location will influence the treatment method chosen for those with available
technology. The literature, however, supports both methods with acceptable
outcomes in disease-specific circumstances. The aim of this chapter is thus to
bring to reader’s attention the techniques available, how they have been
used, their value, and thus whether the results justify continuing with this
approach. In addition, the treatment approach utilized at Prince of Wales
Hospital will be demonstrated; a number of case histories are used to
demonstrate the capabilities of these treatment methods.

BACKGROUND

Stereotactic Radiosurgery

This approach was the genesis of all stereotactic irradiation procedures. It
involves the fixed attachment of a head ring device for coordinate localiza-
tion purposes and delivery of the irradiation on the same day. Given that a
high single dose is delivered, there is a limit on the size of the lesion that can
be treated. As the head ring is typically attached to the frontal bone (some
publications have raised the concept of the needle insertion into the maxilla
for lower ring placement) the conditions treated are limited to those at the
base of skull or nasopharynx.

Three methods available are:

� GammaKnife
� Linear accelerator (linac)
� Charged particles

The radiobiological effect in tissue of each of these methods is very
similar. Typically, a high dose is given to a small target using the conform-
ality of the treatment approach to limit the dose to adjacent structures. It
was first used in recurrent malignancies and as its value was demonstrated,
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an expanded role saw SRS being used as boost treatment in primary
management of malignancies, and for more localized relatively radioresis-
tant tumors. Table 1A (1–7) demonstrates the role that this approach has
had for nasopharyngeal carcinomas in the context of recurrent disease.
Although the patient numbers are small, a reasonably consistent local control
figure of 50–70% is apparent, where radiosurgery is given either alone or com-
bined with fractionated radiotherapy, for recurrent malignancies. This is for a
low overall complication rate. It is recognized that this is a highly select group
with relatively short follow-up. However, for patients who do receive this
approach, it is likely that an improved and meaningful survival is obtained.

Chordoma is another skull base tumor treated by SRS. While
histologically benign, this tumor assumes a locally progressive nature, which
would limit responsiveness to conventional radiotherapy. Its typical site
involves the clivus, which makes it surgically irresectable. Conventional dose
radiotherapy with up to 60Gy being delivered reports low local control
rates of 20–30% (8). Hence, a reasonable approach was to consider giving
a high single dose. Muthukumar published the University of Pittsburgh (9)
experience of 15 patients (13 of whom had SRS plus surgery, two SRS alone).
A mean marginal dose of 18Gy was given, with only one patient having an
in-field failure. Two patients progressed outside the treatment volume with a
mean follow-up of four-year post-SRS. Whilst this is relatively short follow-
up for this tumor, high local control rates are apparent for a single-dose
procedure. It is sufficient that such treatment should be considered for loca-
lized tumors postsurgery, or indeed even de novo for small tumors.

Chemodectomas, principally, are a benign tumor arising from neu-
roendocrine tissue in the HN area, in the temporal bone, and in the carotid
artery wall. This rare tumor is a slowly growing lesion with its presentation
relating to its proximity to the neurovascular bundle. Pulsatile tinnitus is a
common presenting event for temporal bone lesions, and a palpable mass
being apparent for carotid lesions. A number of the lower cranial nerves
(including the vagus) are adjacent to these tumors, hence surgical resection
of these tumors places these nerves at high risk of being resected with
subsequent deficit. As can be seen in Table 2 (10–16), with moderate
single-dose radiosurgery very high local control rates can be achieved,
within six of seven series there were no long-term complications. Patients
rarely die from these tumors although their site can cause significant mor-
bidity. Thus, the treatment that has high local control, low morbidity,
and can be done on an outpatient basis should be regarded as a treatment
of choice. It should be noted that these lesions need to be of a size suitable
for SRS and it may thus be a selection criterion for these lesions. A fractio-
nated radiotherapy approach needs to be considered for the larger lesions.

Only one other HN site has been reported for SRS with Habermann
noting its use as a boost after surgical resection of nasal cavity and/or
paranasal sinus carcinomas (17). Eight patients were so treated with the
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GammaKnife, with seven patients being locally controlled with no adverse
effects attributable to the SRS. Given that, this was combination treatment,
it is difficult to define the true impact of the SRS in achieving local control.
Its use, however, indicates that it can be considered for small volume
residual macroscopic or microscopic disease.

Stereotactic Radiotherapy—Fractionated

While smaller tumors may be suitable for SRS, within the HN area there are
a number of tumors, which either on the basis of the size of the macroscopic
component or the necessity to include a significant volume of normal tissue
for microscopic disease, dictate that if the treatment is to be delivered stereo-
tactically, it has to be fractionated. This behooves the use of some form of
relocatable fixation device. This device should allow extension of the treat-
ment volume down into the neck. The GammaKnife would be excluded in
this treatment device (on the basis of being a single-dose procedure, plus
the inability to extend the treated area well down into the neck), and the com-
mon approach would be with a linear accelerator (Linac), although some
centers have used charged particles particularly for skull base chordomas.

Whilst re-irradiation is an accepted method of managing locally recur-
rent nasopharyngeal carcinoma (18–21), only two centers have reported any
results for fractionated stereotactic radiotherapy in this setting. Ahn
reported 19 patients (4) utilizing the Gill Thomas Cosman (GTC) relocata-
ble head ring, delivering 45–50 Gy in 18–20 fractions, to the radiologically
abnormal area—Table 1B (4,22,23). Three patients died soon after, of
distant disease with no local recurrence. Follow-up time was too short fol-
lowing this treatment to know whether long-term benefit would have been
achieved, or indeed to report any complication. Dhanachai reported on 19
patients (22), using a similar approach, treated over a 30-month time frame.
For 11 patients, this was for persistent/recurrent disease, for eight it was a
boost. Doses delivered varied between the two situations, with the boost
patients typically receiving only 4–6 fractions of 4–7Gy each, whereas the
retreated patients received up to 55Gy in up to 28 fractions. In terms of
results, only 5 of 11 retreated patients are alive with local control at the time
of reporting, while all eight boost patients are alive, median follow-up of
eight months, with local control. No complications were reported.

For both series, follow-up is short; however, it would be reasonable to
consider SRT as a means of safe dose escalation in definitive management.
Recurrent malignancy is still a major challenge for any treatment approach.

Irresectable chordomas have long been a radiotherapy challenge,
predominantly because of the necessity to give higher doses with radiotherapy
sensitive normal structures adjacent. Hence, charged particles have been used
with the Bragg peak effect giving a dose distribution advantage. Utilizing
either carbon ions or protons, local control rates at five years are a very
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respectable 70–90% (24,25). However, from the Harvard experience (26), it
would seem that these results drop off to provide only 44% non-progression
at 10 years. Against this background, Debus (27) reported on 45 patients
treated postoperatively with median doses at the isocenter of 66Gy for both
chordomas and chondrosarcomas, with stereotactically delivered photons,
and a local control of 82% at two years. However, similar to the Harvard
experience this dropped to 50% at five years. The greatest success rate with
SRS was almost certainly a reflection of the size factor, with much better local
control (90%) in the proton series for smaller tumors.

Conventional radiotherapy has been used as part of the treatment
approach for paranasal sinus carcinomas for many years. Treatment results
with radiotherapy alone have been disappointing, but given postsurgery,
high local control rates are evident (28). However, there has been no series
reporting this approach with a stereotactic methodology.

Similarly with chemodectomas, despite the very good local control
figures reported for the use of conventional radiotherapy alone with Hinerman
(29) reporting 94% local control rate with many years of follow-up, there are no
series reporting the use of fractionated stereotactic radiotherapy. It should be
noted that the dose initially used (45–50Gy) is the one tolerated by surrounding
structures with low likelihood of morbidity (30), thus there may be less need for
a highly conformal approach. It is the tumor, however, that does lend itself to
this method, being usually well defined on imaging, without a need to consider
covering microscopic disease.

The Prince of Wales Hospital approach has been to consider a stereo-
tactic technique for appropriate situations. This has been to include both
benign and malignant lesions, with the necessary volume expansion to
encompass both macroscopic andmicroscopic components for the malignant
lesions. Conditions treated are listed in Table 3. Fractionated stereotactic
treatment became available in 1995, with, up to mid-2003, 380 patients
treated, 51 being for extracranial or extra-intracranial location.

TECHNIQUE AND INDICATIONS

Fractionated Stereotactic Radiotherapy

All treatments have been with the LINC (Siemens MD2, and Primus; See-
mens AE, Berlen, Germany) with a couch-mounted attachment. From
1995 to mid-2000, all treatments were delivered with cone-type collimation.
The cone size and number of isocenters used were heavily dependent upon
the lesions size. The largest cone has a 4.5 cm diameter with gradations of
cone size of 0.25 cm down to 0.5 cm in diameter. Thus, the shape of the
lesion to be treated was covered by:

� varying the size of the cone,
� using multiple isocenters,
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� preferential weighting of any of the arcs to give a more elliptical
shape,

� using the primary jaws of the linac collimator system from either
(or both) sides for a large lesion to ‘‘flatten’’ the spherical dose
shape of the cone.

Once the 4-mm leaf width Radionics (Burlington, Massachetts, U.S.A.)
MMLC became available, this became the main means of beam shaping. This
is an add-on device to our linac fitting into the shadow-tray position. Attach-
ment takes 15–20min, which needs to be programmed into the machine time-
table each day, with removal taking 10min. Consequently, all patients are
treated in one time block, usually the middle of the day, the start time being
dependent upon whether there are any children having general anesthetics
for this treatment. At any one time, there are 8–10 patients having this ther-
apy. Thus, the dominant lesion for this technique remains intracranial tumors.

TheMMLCweighs 20kg and the attachment to the head of the machine
needs to be considered in terms of gantry movement. Counterbalancing this
weight was considered but after considerable testing, since the machine is
not used in arc mode, this was not felt necessary. After three years of use,
the linac gantry remains quite stable for stereotactic and non-stereotactic
use. The field size of the MMLC is 10 � 12 cm; thus no stereotactic treatment
is possible to lesions larger than this. Clearance of theMMLC from the patient
is 45 cm, with the collimator set at 90� to avoid collisions. Thus, gantry angles
of 0–360% are possible for beam entry.

Planning for all fractionated stereotactic treatments is done on the
Radionics X-Plan Planning System (Version 4). The process involves, as
with any 3D conformal technique critical structure outlining (both volumes
to be treated, and avoided or minimized), evaluation of which beam entry
portals are to be used and beam’s eye view (BEV) used to select the beam
portals with consideration given to target coverage for the coverage of
critical structures. For fixed field treatment, evaluation of dose–volume
histogram (DVH) is used to make the final assessment of the volume to
be covered and structures to be avoided. A plan is then generated, printed,
and evaluated. If accepted, as part of the QA process, the physics staff
verifies all beam and dose parameters, and treatment characteristics are
incorporated into the linac Record and Verify System (RVS).

For the IMRT patients, the inverse planning system (Konrad) requires
particular dose characteristics to be set including maximum and minimum
dose for the tumor to be treated as well as for any nominated critical struc-
ture. Priorities and penalties are set for exceeding the specified dose for any
of these structures. Thus, after the outlining component and nomination of
beam numbers and entry direction, as for the fixed field treatment, all the
material is imported into Konrad and the IMRT planning begins. Genera-
tion of DVHs require export back into XPlan where the fluence maps are
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generated. This process takes only a few minutes and thus any change can be
incorporated and evaluated quickly. Prior to the actual treatment, the whole
treatment process is delivered to X-ray film, and the developed fluence maps
are compared qualitatively and quantitatively with the planned fluence
maps.

Head and neck fixation was done initially by the Radionics GTC
fixation device for awake patients and the Radionics TLC device for
anesthetized children. The GTC fixation is a bite block-based device using
maxillary dental attachment, to which is then attached the stereotactic ring,
which also serves for attachment and fixation, to the couch mount system.
Edentulous patients can be accommodated by adding more bulk to the den-
tal plate. Velcro-backed strips are then pulled upwards across the side of the
head applying upward pressure against the gum margins. A depth helmet is
then attached to the ring, and initially 20 depth measurements were taken
for each treatment with a variation of no greater than 2mm allowed before
continuing with treatment. After thousands of measurements were taken
it was apparent that the only variation was in six of the sites, and thus
measuring all sites was unnecessary. The QA process could thus be shor-
tened without reducing its effect, by dispensing with redundant parts of
the process. A similar concept is used for the HN localizer (HNL). The base
board is attached at fixed points to the treatment couch, and to this is then
attached the stereotactic localizer, and depth readings are done to make sure
the patient is being setup in the same position. Skin marks are used as a final
verification process for patient setup.

Prior to the first treatment, the actual treatment process is simulated
with the gantry and couch position for each treatment position verified to
ensure no potential collision. An isocenter phantom is used for GTC setup.
The treatment sequence is then delivered, with the head ring or HNL fixed in
position on to the couch, to ensure that all leaf sequences proceed as deter-
mined by the planning computer and loaded into the R and V system. For
the actual treatment, the patient is lying on the couch with the head ring
attached, which is then ‘‘docked’’ to the fixation device on the couch. The
patient is made comfortable, and a final QA process begins. With a clear
Perspex box attached to the head ring, and clear paper sheets placed on each
of three surfaces (anterior and two laterals) the machine laser lights are used
to verify centering of the head ring or HNL, and the entry portal for each
beam direction is set accurately. Once all these steps are complete, treatment
can take place. All gantry positions can be set at the linac console, and
movement of the gantry takes place from there. Couch movements are done
inside the room. The total treatment time each day, including the QA steps
for the first session is less than the time it takes to treat a 4-field breast
patient. For the IMRT procedures, treatment time is about 30min, this
however being dependent upon the number of segments treated. This
includes head ring application, with QA about 5min longer than for
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multiple fixed fields with the MMLC. No treatments are done with the
native 1-cm leaf width MLC.

The advantage of this is that a better-collimated treatment is delivered
but the disadvantage is the limited field size (10 � 12 cm).

The practice for HN cancers requiring large field irradiation has been
to use conventional wide field coverage, to say 50–56Gy. The stereotactic
approach can then be used to take the primary up to the specified dose
(70–74Gy) with any neck nodes boosted to the required doses. Those malig-
nancies in which the pattern of failure is more predominantly local have all
their treatment delivered stereotactically.

For the benign tumors (e.g., chemodectoma), all treatment is delivered
stereotactically.

Nasopharyngeal Carcinoma

Ample evidence now exists to indicate that to achieve optimum local control
for T2-4 carcinomas, doses of 70–80Gy are required, even with concurrent
chemotherapy. These doses are beyond the tolerance of adjacent mandible,
temporal lobes, and brain stem, if delivered with conventional radiotherapy.
For this treatment, a typical 3-field non-salivary gland sparing approach was
given to 50–56Gy, with electrons to the posterior neck after the spinal cord
received 40Gy. The neck was boosted with electrons as required, dependent
upon the bulk of the nodal disease. The primary site, typically all of the naso-
pharynx and adjacent paranasopharyngeal area, was then boosted stereotac-
tically with a minimum of 20Gy. The contralateral paranasopharyngeal was
excluded if the carcinoma was lateralized. Throughout the treatment 2Gy
fractions were used. Limits on the dose to the temporal lobes and mandible
were set at a maximum of 10Gy over that given by phase 1 treatment.

Three case histories represent the capabilities of this approach.
Patient 1—A 14-year-old teenager, who presented with left neck dis-

ease with presumed nasopharyngeal primary, was given conventional field
treatment to 26Gy, and then stereotactic IMRT with the 1-cm leaf width
MLC to 66Gy with major salivary gland sparing (Fig. 1). This particular
patient, whilst satisfactorily treated, raised concern regarding our QA pro-
cess for the larger width MLC to such an extent that we did not continue
with that approach. All this treatment was thus done as one field with the
primary site receiving a dose of 1.8Gy per fraction, while the neck was
treated bilaterally at 1.4Gy per fraction over the same number of fractions
using the intensity-modulated component to decrease the dose per fraction
to areas of lower risk disease.

Patient 2—An Asian male aged 45 years presented a 12-month history
of intermittent epistaxis and neck pain. As Figure 2A indicates, there was
extensive spread of his carcinoma through the base of skull into sphenoid
sinus and clivus, resulting in a significant parasellar and prepontine mass,
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the latter encircling the basal artery and displacing the pons posteriorly. In
addition, there was a dural plaque of carcinoma extending along the clival
surface to the foramen magnum. Superiorly, its extension was up toward
the optic chiasm although there was 3mm separation between these two
structures. Thus, in this situation the dose-limiting structures were: temporal
lobes, optic chiasm, and brain stem, with the maximum of 50 Gy set for both
phases 1 and 2. Despite the bulk of the primary there was no nodal disease,
and thus phase 1 with a conventional 3-field technique went to 46Gy, the
remainder was taken to 70Gy, this being the extensive primary site and bilat-
eral nasopharyngeal areas, delivered with concurrent cis-platinum and 5FU.
The stereotactic component of his treatment was given with multiple fixed
fields using the MLC for beam shaping. The pituitary was enveloped by
the primary mass and could not be spared receiving full dose.

In terms of outcome, two-year post-treatment, this patient remains
disease free with a normal functioning pituitary, mild xerostomia, and

Figure 1 Fourteen-year-old teenager with nasopharyngeal carcinoma and involved
left neck nodes. Stereotactic MLC treatment. DVHs demonstrate dose separation
between malignancy and adjacent critical structures.
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normal taste (Fig. 2C). The only area of fibrosis is in the left neck, where he
received 46Gy the right neck, which received the same dose, has minimal
long-term effect.

Patient 3—A 65-year-old male presented a right nasopharyngeal pri-
mary on a background of 10 years previously having had a laryngectomy
and postoperative radiotherapy to bilateral neck and pharyngeal areas to
50Gy for an advanced larynx cancer. This new primary was thus his second
significant cancer. His neck had considerable fibrosis and thus would not
tolerate any significant extra dose. The primary site (whole nasopharynx

Figure 2 (A) MRI: Extensive nasopharyngeal carcinoma extending through the
sphenoid sinus and clivus to pre-pontine location with dural plaque of malignancy
extending to foramen magnum. (B) MRI 18-months post-treatment: No evident
malignancy.
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and right paranasopharyngeal area up to and including the base of skull)
was thus treated with stereotactic IMRT abutting up to the top edge of
the previous treatment field. The typical dose-limiting structures within
the field such as brain stem and chiasm could be regarded as untreated
structures. Total dose was 66Gy in 33 fractions at 2Gy per fraction. In this
circumstance, however, the intensity modulation was used to increase the
dose per fraction to the radiologically evident abnormality (GTV) such that
this area was receiving 2.4Gy per fraction as a concurrent relative hypofrac-
tionated boost. There was significant acute mucositis associated with this.
Unfortunately, this patient had two adverse outcomes. First, he failed in
the contralateral neck with nodal disease, and second he developed a radio-
necrotic ulcer at the site of the boost area. Subsequent investigations
indicated markedly abnormal bilateral carotid vasculature, probably subse-
quent to his initial radiotherapy plus the predisposing history of cigarette
smoking prior to his laryngectomy. In this circumstance presumably
the mucosa could not cope with the further radiotherapy from a vascular
healing effect. The increased dose per fraction, be it to malignancy, resulted
in a non-healing situation. Thus, this patient’s subsequent quality and quan-
tity of life was mainly influenced by the constraints of his previous disease
and treatment. Hyperbaric oxygen, the appropriate treatment for his radio-
necrotic ulcer, would have been inappropriate in the circumstance of
progressive malignancy.

Chemodectoma

This is a benign lesion readily identifiable on imaging (best with MRI—not all
patients today would have angiography) either at the skull base or projecting
into the neck. The significance of it being benign is that there is no necessity
to add amargin formicroscopic disease. Thuswhat is definedon scans is all that
needs to be treated.Given that there can be significant cranial/caudal growth, it
is unlikely that a head base fixation and the stereotactic coordinate system
would suffice for the majority of lesions. The smaller glomus tympanicum
lesions canbe adequately treatedbySRSby ensuring that thehead ring is placed
as low as possible with marginal doses of 14–16Gy sufficing.

With the larger glomus tympanicum, and certainly all of the glomus
jugulare lesions a fractionated approach is more reasonable, the standard
being 1.8–2.0Gy fractions to 45–50Gy. This follows the outstanding results
so far demonstrated for conventional radiotherapy. The purpose in delivering
this treatment stereotactically is the ability to mainly lower the dose to
surrounding normal structures.

The neck fixation system is either by bite block or customized mask
attachment to a carbon fiber backboard around which fits the stereotactic
coordinate system. Both components fit on to a diagnostic CT couch top
and the treatment couch. Accurate positioning of this board in relationship
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Figure 3 Chemodectoma—glomus tympanicum. (A) Volume rendered structures—
treatment options. (B) Field arrangement—14 fixed beams simulating three confor-
mal arcs. (C) Isodose display demonstrating conformality of various options, with
IMRT as the best option.
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to the isocenter is important to ensure the day-to-day reproducibility of the
stereotactic reference system. This component of each patient’s treatment is
longer, although the treatment times with multiple fixed fields may not vary,
compared to the GTC head fixation system. In addition adjacent normal
structures, although important, are less critical, particularly given the doses
being used so there is little advantage to using IMRT. Multiple fixed fields
usually give adequate coverage. Entry and exit directions can be defined
using BEV, with MMLC leaf placement used to shape the field to the lesion
margins allowing a 3-mm expansion around the tumor as a PTV (Fig. 3A).
Although there can be some organ movement within the pharynx and larynx
(with swallowing and breathing, respectively), given the lateral location for
these lesions this is unlikely to have much effect. Hypofractionating the
dose has the advantage of convenience, but with an uncertain track record.
Conventional fractionation for the larger lesions would seem to be the
current standard of care.

Figure 3B demonstrates the dose shell display, field arrangement, and
DVH for a large glomus jugulare tumor with multiple static fields using the
MMLC. The criteria of benefit, as with most benign tumors, are lack of
progression (achieved in about 90% of cases) with most patients enjoying
considerable improvement in symptoms.

Paranasal Sinus Carcinomas

Although a number of centers have reported the use of radiotherapy alone
for these malignancies, this is also usually inferior to the figures generated
where major surgical resection and postoperative radiotherapy are deliv-
ered. Nodal spread is uncommon unless there is local extension through
the anterior wall of the maxilla into the skin of the cheek. Thus, for the
majority of patients, local control relates very much to the cancer-specific
survival. In the postoperative setting, it is typically microscopic disease that
is being addressed. Adjacent critical structures include bilateral globes (uni-
lateral if an orbital exenteration has been performed), optic nerves, optic
chiasm, frontal lobes, and brain stem. Typical postoperative doses of
56Gy plus are required, this being above the tolerance of these structures
even with the conventional fractionation. Published series report significant
ocular and neurological morbidity rates using these types of doses. Two of
the cases treated with chondrosarcomas required higher doses (70Gy).
There are a number of unique circumstances with these types of cancers:

� Use of the GTC head ring needs modification to allow most if
not all of the maxilla to be included in the CTV. A spacer can
be added to the dental plate to allow for an extra margin of inferior
extension.

� In the postoperative setting (except where orbital exenteration is
done in combination with a craniofacial resection and a large
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microvascular free flap is used to fill in the defect), a large air cavity is
created leading to some dose uncertainty due to the ‘‘build up’’ and
‘‘build down’’ effect on the residual sinus walls. It is important that
the dose algorithm in the planning system be able to cope with this.

Given the above critical structures, malignancies in this site lend them-
selves appropriately to the use of IMRT. Figure 4 depicts the dose display,

Figure 4 (A) Paranasal chondrosarcoma demonstrating postsurgical air cavity.
Field arrangement and dose display on axial MRI. (B) DVH display of comparative
dose to tumor and adjacent structures.
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and DVH for a patient treated postoperatively for a chondrosarcoma where
the mean dose delivered was 70Gy at 2Gy per fraction. Head fixation was
via the GTC head ring.

Skin Carcinoma—Perineural Spread

Skin carcinomas are the commonest malignancy affecting the Australian
population. A small proportion has perineural spread (this can occur with
both basal and squamous cell carcinomas), more typically this is evident his-
tologically and is usually an indication for postoperative radiotherapy.
Some patients present overt features of perineural spread, typically as a con-
sequence of involvement of nerves within the cavernous sinus. Thus, diplo-
pia or altered facial sensation is a typical presenting feature. Figure 5A
demonstrates the extent of spread for one patient there was extension back
along the maxillary branch of the trigeminal nerve centripetally to involve
the nerve within the cavernous sinus, trigeminal ganglion, and then along
the main trunk toward the brain stem (MRI was not possible as this patient
had a cardiac pacemaker in situ).

In this situation, a high dose of 60–66Gy at 2Gy fractions is necessary
to provide reasonable chance of control of the macroscopic component (sur-
gery and/or chemotherapy are not viable options) with brain stem being the
dose critical structure. This dose has significant risk of damage to those
areas within the cavernous sinus, as well as to the carotid artery. However,
with informed consent this risk is acceptable as the alternative of giving a
lower (and safer) dose would be a far higher risk of failure. Microscopic

Figure 5 (A) Axial CT indicates enlarged right cavernous sinus and enhancing mass
with central necrosis adjacent to brainstem. (B) Axial CT two-years post-treatment
indicating complete resolution of disease.
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extension into the brain stem toward the trigeminal nerve nucleus cannot be
excluded.

Thus, a dose limit of 50Gy was set on the brain stem for the treatment
given viamultiple fixed fields. Although IMRTwas considered, the alternative
plan is quite acceptable. Eighteen months after treatment, while the patient
still had altered facial sensation a subsequent CT scan (Fig. 5B) indicates com-
plete clearance of macroscopic tumor, without any additional neurological
deficit.

For all the situations an IMRT plan has to be clearly superior to a fixed
field plan to be preferred; for this patient there was no added advantage.

Chordomas

These are regarded as being radioresistant, although some conventionally
fractionated series do report reasonable results, be it with short-term fol-
low-up. The charged particle series, however, demonstrate that at least
5–10-year post-treatment control rates of 50%canbe achieved. The advantage
of charged particles is the Bragg–Peek effect whereby the dose to adjacent
structures can be significantly reduced allowing dose escalation to the
tumor, in this situation delivering 70Gy. There is no major radiobiological
advantage to protons versus photons.

A 45-year-old male, engaged in active sport, had presented three years
prior to his stereotactic treatment a 3 to 4-month history of altered sensation
down both arms and bilateral shoulder weakness. Investigations indicated
the presence of a C3 chordoma. Debulking surgery was done and he was
given postoperative radiotherapy via a parallel-opposed technique receiving
45Gy in 25 fractions. He progressed 12 months later, and thus had three
further surgical procedures and was subsequently referred (Fig. 6A). Stereo-
tactic IMRT using the MMLC was delivered; the dose given was a mean
dose of 69Gy in 35 fractions. His spinal cord was set as a dose-limiting
structure as it had already received 45Gy. Figure 6B demonstrates the
DVH for the dose-defining structures noting that the curve for the spinal
cord is shifted well to the left, with only a small volume of cord receiving
a higher dose. The fluence map demonstrates that all field angles were cho-
sen to avoid chord. In follow-up, he remained well for 21 months with no
treatment-related abnormality, but unfortunately his MRI at that time indi-
cated further disease progression. This outcome demonstrates that high-
dose treatment can be given, even as a retreatment, although it does not
ensure success.

Retinoblastoma

Retinoblastoma is an uncommon pediatric tumor, which in a majority of
circumstances is a local disease. It, typically manifests in infants, is usually
sporadic and it unilateral, but in at least 30% of cases there is a family
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history and it is bilateral. Enucleation is the preferred method of addressing
the unilateral case, and it is appropriate for the bilateral cases to the worse
affected eye. For many years, radiotherapy to the affected eye was a fre-
quent event with high local control rates; however, its effect upon normal

Figure 6 (A) Volume display of target volume wrapping around dose critical
structure, the spinal cord. (B) Dose display, DVH, and fluence maps indicating the
sparing of the spinal cord and high dose to chordoma.
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tissue (including the globe and surrounding orbital bone) and the risk of sig-
nificant induction of malignancy prompted consideration of other options
to control the local disease. This is a chemotherapy-sensitive malignancy
demonstrating benefit in the advanced and metastatic situation. Thus, it
has been utilized in infants for local disease along with laser ablation of
more discrete foci of malignancy. Radioactive plaques, as for melanoma,
can also be used for localized disease.

When, however, the malignancy becomes more extensive within the
globe, such as the presence of vitreous seeding, whole globe treatment
becomes a necessity. Published treatment methods include a single direct
lateral field for unilateral disease (directed away from the contralateral globe
if this is unaffected) or parallel opposed for bilateral affected eyes. Some
published series have also looked at specialized electron treatments. How-
ever, in all these situations a major part of the orbit is still treated. Typical
doses used are 40–45Gy at 1.5–1.8 Gy fractions—a dose that would mainly
retard bone development in young children.

Since the globe is spherical and stationary (all affected children are
treated under general anesthetic), a stereotactic approach is appropriate.
Head fixation and stereotactic localization is via the TLC head ring, allow-
ing free access to the anesthetist for all anesthetic procedures. All treatment
methods can be considered (arcing with cones, fixed MMLC shape field, and
IMRT with an MMLC), depending upon dose coverage of all relevant struc-
tures. In this circumstance, adjacent bone becomes a dose-defining structure.
These children are at increased genetic risk of developing a second malig-
nancy, with sarcomas in adjacent bone being a reported event occurring
because of the susceptibility plus the known long-term effects of radiother-
apy. Sparing of the lens would be a desired goal; however, since the cases
now treated have extensive local disease this is usually not possible.

Our treatment approach has evolved with initially only cones available.
Figure 7A demonstrates a 15-month-old female with bilateral disease in
which the malignancy was progressing in one eye only, thus unilateral treat-
ment was given, the contralateral orbit and globe dose being kept very low (as
a principle in a young child, plus also in case contralateral treatment was
required). This treatment cleared the vitreous component and most of the
retinal disease, although laser oblation was required to a small residual focus;
functioning vision remained. Eighteen months later, malignancy progressed
in the opposite globe by which stage the MMLC was being used for routine
treatment. While a comparable dose was given to the globe, a lower dose was
possible on adjacent bone. Similarly, good tumor control was achieved with
seemingly good vision initially. In the second eye, there was more extensive
anterior globe disease and thus the lens dose was higher resulting in cataract
formation at two-year post-treatment. Intra-ocular lens replacement signifi-
cantly improved vision. Both eyes and the child remained well controlled of
malignancy with adequate vision preservation.
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Figure 7 (A) MRI: Axial, coronal, and sagittal display of dose distribution using
cones for conformality. (B) MRI: Axial display of three different treatment methods:
(i) arcs with cones, (ii) multiple fixed with MMLC, and (iii) IMRT with MMLC, the
last one giving lower dose to adjacent bone.
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Subsequently, a 15-month-old boy with bilateral disease was referred
having had enucleation of the worst affected eye, and progressive disease
in the remaining eye. IMRT was now an option, thus all three treatment
methods were compared to evaluate dose on adjacent bone, with IMRT the
preferred option, although the difference between each of the three methods
was not great (Fig. 7B). For an anesthetized child, the treatment time may be
a significant factor. Fortunately, all three methods are relatively short, and
thus the final decision rests on the therapeutic advantage of one method over
another. Unfortunately for this young boy, despite the advantage of IMRT
progressive intra-ocular disease occurred because of prolonged treatment
time due to social circumstances.

Currently, IMRT is the preferred option for locally progressive retino-
blastoma. Formore bulky disease, localized dose escalation is always possible.

HN Tumors

Most HN cancers require high dose (66–70Gy) for the best chance of local
control as well as coverage of adjacent lymph nodes to moderate doses if
uninvolved for best regional control. There can also be considerable organ
movement with swallowing during the time frame of each individual treat-
ment. It is an option for more localized cancers such as a unilateral glottic
carcinoma although not an appropriate choice. It could be considered as a
boost for a small volume supraglottic carcinoma or tongue base carcinoma
to try to avoid high dose to the arytenoids for voice maintenance. Although
the stereotactic localization becomes less critical (given the organ move-
ment) as a means of lateralizing treatment and compensating for organ
movement within the CTV for infratemporal fossa diseases, a viable treat-
ment approach thus becomes available. Figure 8 demonstrates such an
approach.

For any malignancy involving the infratemporal fossa, stereotactic irra-
diation could be considered. A 65-year-old female presented an adenocarci-
noma ex pleomorphic adenoma arising 20 years after initial superficial
parotidectomy for a pleomorphic adenoma. Twelve months after the initial
surgery, recurrence occurred secondary to capsule rupture at initial surgery.
This was treated by further surgery and postoperative radiotherapy. The
carcinoma arose from the deep lobe of the parotid, and thus presented a bulky
local disease not surgically resectable. The laterally placed mandible thus
became the dose-defining structure having already received a significant dose
from the previous radiotherapy. The aim in this situation was to give 66Gy at
2-Gy fractions. Very little morbidity was experienced in this situation. Nodal
volumes were not included as the pattern of failure is either local or distant for
adenocarcinoma. Perhaps a higher dose should have been given, for despite
seemingly good initial control and radiological improvement, ultimately, local
progression occurred.
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Stereotactic Radiosurgery

For smaller lesions (maximum diameter less than 3.5 cm) situated at the
skull base, single-dose SRS is an appropriate treatment method. All
treatments were delivered with head fixation and stereotactic localization
via a BRW head ring. Frontal bone pin insertion was as low as possible
to allow the ring to be placed below the defined lesion. Planning took place
with XKnife� with the common theme being to individualize each patient’s
treatment. Cones were used with the linac in arc mode to deliver the
treatment. Over a 12-year time frame, nine patients were treated, three with
recurrent nasopharyngeal carcinoma, four glomus tympanicum as primary
treatment, and two chordomas also as primary treatment. One of the
patients with nasopharyngeal carcinoma demonstrates the utility of stereo-
tactic treatment. He presented in June 1994 a T2N3 nasopharyngeal carci-
noma and received conventional radiotherapy (prior to the availability of
fractionated stereotactic treatment) to a dose of 68Gy in 34 fractions
obtaining a complete remission. Fifteen months later, he recurred on the
right lateral nasopharyngeal wall as a localized area. This was treated
with SRS receiving a dose of 20 Gy to the 100% isodose curve within the
lesion. Once again, there was complete clearance of tumor only to recur
at the same site 3.5 years later. Since this was still a localized disease, he
had nasopharyngeal resection with microvascular free flap reconstruction.
There were no untoward healing problems with this, given the vascularized
graft. Surgical margins were very close, and thus he went on to have fractio-
nated stereotactic radiotherapy receiving via a cone and arc technique a

Figure 8 MRI: Axial slices demonstrating volume to be treated.
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further 60Gy in 30 fractions utilizing the relocatable head ring. Unfortu-
nately, two years later he recurred laterally out in the ipsilateral infratem-
poral fossa and was given via a stereotactic fractionated approach 35Gy
in 15 fractions as a palliative procedure. At no stage was there any evidence
of bone or soft tissue necrosis attributable to his treatment. Also, he did not
develop recurrent nodal disease despite having at presentation bulky nodal
malignancy. While not advocating this approach for all recurrent nasophar-
yngeal cases, it demonstrates that with small volume disease retreatments
are possible with normal tissue tolerance expectation. All three patients ulti-
mately failed locally however, prolonged local control was achieved for a
day-only-procedure with no significant morbidity.

For the chemodectoma patients, the diameter range of the tumors was
1.8–3.2 cm with dose varying according to the size. For the two larger
tumors (3.1 and 3.2 cm in diameter), a dose of 20Gy was given, whereas
for the two smaller lesions it was 14Gy as the marginal dose. This differen-
tial was on the premise that a higher dose may be required to control a
larger tumor. There was no significant morbidity associated with treatment,
and all four patients had controlled tumor with the pulsatile tinnitus
decreased in all four.

The two chordoma patients had relatively localized tumor (maximum
diameter being 2.5 and 3.2 cm). Cones and arcs were used to deliver 20 and
18Gy, respectively. The smaller lesion slightly increased in size, while the
larger lesion that received a slightly lower dose remains controlled eight
years after treatment.

The decision to use a stereotactic fractionated procedure is very much
based on the clinical circumstances, age, and the proximity of dose-limiting
structures. In a pediatric setting, there is an almost universal use of this
approach provided it fits into a field size determinant. The necessity to limit
the dose to adjacent growing normal brain with an anticipated many years
of life is the driver for this approach. Although dose-escalation studies and
thus dose–response relationships have not been done in many of the suitable
pediatric tumors, intuitively, a safe increase of dose, particularly if there is
macroscopic disease being treated, would seem to provide a greater likeli-
hood of local control. It is worth noting that previous attempts at dose
increase would have been mainly limited by the inability to deliver high
doses with conventional treatment approaches safely. More wide field treat-
ment, such as paranasal sinus malignancy or nasopharyngeal carcinoma in a
child or teenager, can be performed using the stereotactic approach by using
the native 1-cm leaf width MLC for the linac, or by abutting the fields—a
traditional concept in conventional radiotherapy. In this approach, say to
treat the neck, conventional radiotherapy can be used for this component
and then the stereotactic approach for the local site (e.g., the sinus
or nasopharynx). The limiting feature is going to be not having the neck
treatment influenced by the stereotactic localizing device. The GTC head
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ring typically fits around the chin using a dental plate device for head
ring application; this may then influence treatment of the neck disease.
The alternative is the use of a plastic mask device through which treatment
can be delivered although this may slightly compromise the precision of the
stereotactic approach. The reproducible accuracy for the bite block fixation
device is 1–2mm (of error), with a mask device having an error rate of
2–3mm. The planning approach has to be with co-planer fields for the
stereotactic approach, thus placing some limitation upon beam direction
and normal organ avoidance. Scatter off the leaves needs to be considered
as a contributor to the abutted neck fields. The dosimetric aspects of this
would need to be tested in a phantom situation during the QA process for
dose verification.

Clinical circumstances dictating the stereotactic approach include those
tumors for which there is a readily defined tumor, well demonstrated on
imaging procedures, in which there is no necessity to encompass microscopic
disease. Chemodectomas fit into this circumstance, although it could be
argued, however, that since moderate dose treatment (50Gy) provides 90%
or greater chance of local control, conventional or even non-stereotactic
3D conformal approaches could be used. Other clinical circumstances
include the requirements to dose escalation, such as for nasopharyngeal
and paranasal sinus carcinomas. For nasopharyngeal carcinomas, numerous
studies demonstrate a benefit in terms of local control with dose escalation.
Shrinking fields provides the opportunity to encompass microscopic
disease with sequential dose escalation. IMRT approaches allow the opportu-
nity to simultaneously dose escalate, although the effect of a higher dose
per fraction upon normal tissue contained within the malignancy needs to
be considered.

Different normal tissues have varying tolerance levels. The most
sensitive structure is hair, although this is not typically regarded as a
dose-determining structure for treatment. A stereotactic approach even in
this situation may provide an advantage. Multiple fields (even 6–10) can
be used and thus the entry (and to lesser extent exit) dose for each beam
portal will consequently be less. Thus patchy alopecia, rather than large
volume hair loss may occur. More importantly, however, it is internal struc-
tures that define sensitivity. The optic structures, starting with the lens
through to retina, optic nerve, and chiasm, are the dominant organs, pro-
gressing through to the brain stem, and increasingly the temporal lobe.
These can be regarded as absolute determinants of dose and dose per frac-
tion. The relative determinants are now salivary glands, with preservation of
function impacting upon quality of life. Long-term follow-up has now
demonstrated that cranial nerve dysfunction (e.g., hypoglossal) can develop
even 10–15 years following treatment. As local control becomes a more
achievable aim, factors such as this may influence how we address the
neurovascular structures within or adjacent to treated tumors.
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For SRS, given that a high single dose is used, the indications are more
specific. Size is by far the greatest determinant, with this approach unable to
deliver meaningful doses to lesions larger than 3.5 cm maximum diameter,
even with multiple isocenters. This would exclude the opportunity to encom-
pass microscopic disease around any malignancy. Organ movement can be
important, and thus make this approach difficult to extend below the skull
base even if a suitable stereotactic device were developed. Thus, the effect of
laryngeal movement with breathing and swallowing would make it such that
the high dose given as a single fraction with SRS would create significant
risk of damage to normal tissues during the time frame the tumor moves
out of the treatment beam and normal tissue into it. For skull base tumors,
this is less of a problem as there is little to no organ movement at this site.
There are few dose-limiting structures at this level other than the spinal
cord. Most centers will use a separation of 3mm from the optic chiasm
for the treatment of suprasellar tumors, and it would seem reasonable to
use the same approach for spinal cord, e.g., for foramen magnum lesions.
Whilst frameless stereotactic systems are being developed that can be
used for SRS, their definition of accuracy is of the order of 2–4mm ‘‘error’’
allowable, compared to less than 1mm for a fixed stereotactic system.
Specific tumors that are likely to be treated include: meningiomas (more
typically extending from intra to extracranial), chemodectomas, schwanno-
mas, nasopharyngeal carcinomas (as a boost at primary presentation or a
relapse), or other localized carcinomas (including in the pediatric age group).

INCIDENCE

The number and types of tumors that will be treated are very much
influenced by the referral pattern for the particular department. Obviously,
where a department has a relatively large referral practice for, say, naso-
pharyngeal carcinomas, this malignancy will feature prominently in the
number of patients treated. Although infrequent, pediatric tumors typically
require very conformal treatment approaches including dose escalation for
optimum local control whilst limiting dose to adjacent structures. Thus,
normal tissue sparing has an added dimension, given the impact of
chemotherapy (typically used in all pediatric malignancies), and for the
survivors the longevity of life that they are exposed to after their cure.

The type of tumors treated is reflected by a co-operative multi-
disciplinary interaction with HN surgeons, neurosurgeons, and pediatricians.
The typical HN cancers are unlikely to be treated in this fashion, except as a
boost to macroscopic disease. With these cases excluded, it is the infrequent
benign tumors that would be more likely appropriate for this approach as
a definitive treatment. The number of these tumor types referred to any
HN unit is always going to be few; hence, the tumor experience would be
small.
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Neurosurgical tumors may indeed constitute the majority of lesions
treated in this region. The types of tumors treated by this approach could
include:

� schwannomas
� neurofibromas
� cervical metastases
� chordomas
� hemangioblastomas

There is certainly evidence in the intracranial tumor population that
stereotactic approaches (specifically SRS) have a track record of benefit for
these types of lesions. While some altered movement would occur in the neck
region, the proximity of these lesions to the vertebral bodies is going to limit
that as a variable. Thus, a hypofractionated or even single-dose approach
could be considered. There is evidence for intracranial vestibular schwanno-
mas that hypofractionated methods have high control rates, and authors
stated benefit in terms of hearing preservation. Although there is no literature
evidence to support it, this philosophy could be applied in the cervical verteb-
ral region where the dose-limiting structure, the spinal cord, is crucial. While
conventional wisdom would see the use of 1.8–2.0-Gy fractions, the parallel
of the vestibular schwannoma in apposition to the brain stem, in tolerating
the hypofractionated approach, would make this method worth considering.
This approach has certainly been used with the CyberKnife� and could be
used for other systems that have an extracranial technique.

ORGAN SITE-SPECIFIC DIFFICULTIES

Recognition of the dose-limiting structures in any region of the body is the
beginning to determining which tumor types can be treated in that region.
Moving outside the head and considering relatively small volumes, the domi-
nant structure in the neck is going to be the cervical spinal cord. This struc-
ture is going to have varying sensitivities depending upon whether single
dose, hypofractionated, or conventionally fractionated approaches are used.
From the experience of vertebral metastases, it is known that at least 2–3
vertebral segments of the cervical cord will tolerate a single dose of 8Gy,
20Gy in five fractions, and 30Gy in 10 fractions. The limiting feature to carté
blanche use of these doses is that the majority of so-treated patients do not
survive many years after treatment. Thus, our current statement of tolerance
may be an over statement. Certainly, the large worldwide experience with
HN cancers would have 50Gy conventionally fractionated as well tolerated
by the spinal cord. The tolerance of laryngeal cartilages to large single doses
or hypofractionated doses is not well known in the long-term situation. This
should be considered cautiously, particularly if large volumes of the cartilage
are to be included in the treatment fields.
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The main sites of specific difficulty would then relate to specific tumors
and their shape. Foramen magnum meningiomas adopting a ‘‘horse-shoe
shape’’ that have intra- and extracranial components represent a specific
challenge. At the beginning of this process, the fixation has to allow
treatment across the skull base boundaries. This would exclude any head-
orientated fixation device, since the ring-base system would not be able to
be extended sufficiently down into the neck while maintaining the head
attachment. The HNL fixation device copes with this application being able
to be applied for coordinate referencing in the head and neck without alter-
ing patient position. This can be used with a bite block chin positioning
system or thermoplastic mask. It must be recognized that both devices have
reproducible ‘‘errors’’ of setup at best 1–2mm, worst 2–4mm.

For any fixation device in the neck to work well, a patient with a long
neck is ideal. The patient of stocky build with very short neck can be taxing
for any device. Tolerance of an extended neck posture for longer time can be
difficult in this circumstance. This is obviously exacerbated for all patients
by any degree of kyphosis. Providing extended support for the head may
allow too much movement within the stereotactic fixation device such as
to negate this as a treatment approach.

Those tumors adjacent to the spinal cord provide some challenge in
terms of dose delivery. Fortunately, most of the benign tumors (e.g., menin-
giomas, schwannomas, etc.) have dose-control parameters that fit within
tolerance levels of the spinal cord. As indicated above, however, for those
tumors that abut up to the cord on multiple surfaces (such as a horse-shoe
type shape), respecting cord tolerance in this situation is difficult. It is for
this reason that parallel-opposed field arrangements are frequently used.
This, however, regards the spinal cord as a target structure to the same
extent as the tumor. This circumstance is handled well with stereotactic
IMRT using the MMLC. Figure 9A demonstrates such a case with a fora-
men magnum meningioma, the DVH contrasting the dose received by the
cord for 1-cm leaf width MLC (Fig. 9B) versus the 4-mm leaf width with
MMLC (Fig. 9C). Although the differences are not large, the concept of
lowering normal tissue dose is paramount.

There are malignancies arising within the cervical region for which
control with radiotherapy can be expected; however, the doses required
are those that would ordinarily exceed spinal cord tolerance. Cervical cord
chordomas and neurofibrosarcomas (malignant schwannomas) are two such
malignancies, fortunately quite rare. Doses of the order of 70Gy are required
for control. Conventionally planned treatment cannot provide this.

There are also situations in which retreatment is considered. This
could apply to both benign and malignant lesions, provided reasonable ben-
efit had been gained from the initial treatment. Any distance away from the
cord makes sparing this structure easier. However, proximity to the cord
does not exclude this option, particularly where there is no other treatment
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method available. The cervical chordoma patient detailed above demon-
strates that retreatment is still possible even for a relatively radio-resistant
malignancy.

FRACTIONATED DOSE SELECTION

Results with conventional radiotherapy give us a background for determining
appropriate doses. For most of the benign tumors (e.g., schwannomas, chemo-
dectomas, etc.), doses of 45–50Gy provide local control rates of 85–95%.
A more sophisticated approach is unlikely to improve on this. Even for

Figure 9 Foramen magnum meningeoma. (A) Volume ‘‘shell’’ demonstrating proxi-
mity of structures. (B) DVH for 1-cm leaf width MLC. (C) DVH for 4-mm leaf width
MMLC.
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retinoblastomas, high local control rates have been recorded with these doses.
Thus, initial consideration is going to be to avoid adjacent structures.

Malignancies require higher doses, macroscopic disease typically
requiring doses of 60–70Gy in 2-Gy fractions, microscopic disease greater
than 55Gy. Lower doses can be considered where the treatment is hypofrac-
tionated; however, dose-limiting structures such as the spinal cord need then
to be duly considered. Simultaneous dose escalation within the malignancy
is feasible with IMRT using comparative hypofractionation while normally
treating a large area.

For benign tumor control such as with vestibular schwannomas, there
is ample evidence supporting SRS, with that marginal doses of 12–14Gy
sufficing, with follow-up for many series up to about five years. A similar
dose could be used for the same tumor in other sites. Chemodectomas would
have a comparable dose response profile, given that moderate doses control
these tumors in a conventionally fractionated series.

It is with malignancies that higher doses are required, particularly
where this is given as a sole treatment. Where this treatment is given as a
boost, the delivered dose would be influenced by the initial wide field treat-
ment plan. The volume to be treated is also obviously going to be a determi-
nant. Thus, marginal doses of 18–24Gy are appropriate in these situations
for nasopharyngeal carcinomas, infratemporal fossa malignancies, and
chordoma/chondrosarcomas.

Within the tumor dose, heterogeneity has been previously considered
to be a significant feature, a reflection of the different dosing practices for
GammaKnife versus linac treatment. The 50–60% isodose is typically used
as a dose parameter for a GammaKnife procedure, hence, part of the tumor
volume would be receiving up to double the prescribed dose. The concern
with this approach is that if a critical structure such as a cranial nerve is
at the site of dose maximum, then this would increase the risk of treatment
related side effects. This does not appear to be a problem with currently used
doses for benign tumors as the cranial nerve deficit rate, say in treating
vestibular schwannomas, is low. However, when higher marginal doses,
18–20Gy, were used to treat these tumors, cranial nerve palsy rates of the
order of 10–20% were encountered. There is no reason to believe that the
same effect would not happen in the extracranial situation. The high local
control rates of nasopharyngeal carcinoma with low morbidity indicates
that these doses can be tolerated provided what is treated is the macrosco-
pically evident malignancy, without allowing for microscopic extension.
Unless some form of control can be achieved obviously, progressive malig-
nancy will cause the same deficit with certainty.

There is less heterogeneity with the linac and charged particle
treatment methods as the dosing is to the 80–100% isodose. Hence, the dose
maximum is fortunately not that much greater than the prescribed dose.
Although there are fewer published linac series, comparable results are
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reported suggesting that dose inhomogeneity may not be a fact or in achiev-
ing tumor control. As indicated above, it may have an impact, however, on
complication rates.

TREATMENT DELIVERY

Stereotactic Radiosurgery

These patients are treated similar to any patient with an intracranial lesion
who is having SRS. An MRI is performed on the day, or within a few days
prior to the procedure, the BRW headring is applied, and then the non-con-
trast CT scan is performed. The two images sets are fused, and all outlining is
performed on the MR images, and in whatever planes that are necessary—
axial, coronal, or sagittal. Utilizing BEV various beam directions are chosen,
and a beam shaping method selected. If the lesion is spherical/elliptical then
cones are used; thus the planning process will require selection of appropriate
arc start and stop points, each patient’s treatment being individualized. There
is no formal library of plans. An isocenter is thus determined. The dose con-
tribution from each arc is evaluated with the accompanying number of moni-
tor units for each arc. After approval of the best plan, a paper printout is then
generated with all dose parameters being verified by an independent physicist.
Once this step has been accepted, all treatment parameters are delivered to the
linac control and Record and Verify System (RVS). The phantom base is
attached to the couch mount system, and the isocenter location is further ver-
ified, and all arcs go through a dummy run to ensure there is no collision pro-
spect. The patient is then placed on the couch, and the head ring ‘‘docked’’ to
the couch mount system. A simple verification is then performed to ensure
that there has been no movement of the head ring during the day, as all mea-
surements are in relationship to the head ring, not the patient’s head. A port
film, AP and lateral, is taken with the angiogram localizer box attached. Sub-
sequently, the fiducial points on this are digitized and a coordinate deter-
mined. This is a verification that the intended isocenter is in fact the point
treated. The localizer box is removed and treatment proceeds. Gantry move-
ments are directed from outside the room at the console, couch movements
are done inside the room. Following this the head ring is removed and the
patient goes home, all these treatment being done as an outpatient. For irre-
gular shaped lesions, not suitable for treatment via cones, the MMLC can be
used for field shaping, but the dose is delivered as a single fraction. In this
situation, 10–15 different beam directions are usually used as static fields. This
enables slightly larger lesions to be treated. The same planning process takes
place with static field directions being the only differential. The MMLC is
directly linked to the linac RVS and control system. Isocenter verification is
performed in the same manner.

For neck lesions, a different fixation system is used with depth readings
replacing the phantom localizer. Although single-dose treatments could be
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performed, the slightly greater ‘‘error’’ (2–3mm) on setup would create
concern about their use.

Fractionated Stereotactic

Irrespective of how many fractions are being used, a relocatable device is
still required. The planning process is essentially the same, the same treat-
ment being delivered each day, same amount of monitoring, same verifica-
tion process, and input to the RVS. For all patients an isocenter verification
port film is done with the localizer box, the fiducial points being digitized,
and compared to the intended isocenter. For the patients having only a
few treatments, only one port film (AP and lateral) is taken, but for those
patients having many weeks of treatment this is done once per week.

For the first five years, this treatment was done with cones (if necessary
multiple isocenters, and arcs, using the same fixation and setup devices).
There were more restrictions on the amount of arc travel possible because
of the shoulders compared to intracranial lesions. Hence to begin with, there
were few patients treated for extracranial HN lesions during this time frame.
However, with the MMLC multiple fixed fields became possible. Treatment
planning was the same, as was delivery. In terms of scheduling, all MMLC
patients were grouped together for convenience. Given the long background
with fractionated stereotactic treatments, there is no real difference in
delivery process for cone versus MMLC.

LOGISTICS

In terms of treatment delivery devices, this can be divided into dedicated and
semidedicated. It can be argued that a cyclotron delivering charged particles
is a dedicated device. Other than chordomas, there are few reports of extra-
cranial tumors in the HN region being treated by protons. Thus, for the
dedicated facilities, this can be further divided into GammaKnife and linac.
Because of the limitation of extending the GammaKnife into the neck, its
role is always going to be limited to the tumors at the immediate skull base
and only to radiosurgery. Whilst a linac can be designed to function as a
dedicated machine for stereotactic treatment, in most facilities it would
work as a semidedicated device. BrainLAB has developed the Novalis� as
a designated device capable of providing: single-dose and fractionated treat-
ment, multiple fixed fields or arcing, and dynamic or segmental IMRT.

For the semidedicated facilities, many of the reported series have used
1-cm leaf width MLC for beam shaping for their treatment. Any of the three
major manufacturers (Varian, Siemens, and ELEKTA) can provide this
method. For smaller irregular field treatment, the smaller leaf width MMLC
can provide greater dose conformality (Fig. 10). Varian has an accelerator
model with a smaller leaf width capability at the middle of its MLC that
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is capable of providing small and large field capability. Virtual MMLC
treatment may be possible with MLC devices by rotating the gantry head
through 90� for part of the treatment, and thus delivering the divided
dose from 0� to 180� and 90� to 270� angulation. True MMLC treatment
typically requires an ‘‘add-on’’ device, and in this situation the weight of
the MMLC and its effect upon gantry rotation needs to be considered.
BrainLAB has their own MMLC as an integral part of the Novalis.
The Radionics MMLC can be added to both Varian and Siemens linac. Col-
limator clearance from the patient with Varian-may place some limitation
with an add-on MMLC for particular gantry positions.

Helical tomotherapy using a small linac imbedded in a CT gantry can
also be considered a dedicated facility although there are no reports of this
being used stereotactically.

Treatment and planning systems require a suitable planning platform
that provides both hardware and software. Usually a workstation is required
for the former with the software having full 3D visualization processing,
image fusion, and a fast inverse planning algorithm to allow for IMRT. Many
of the commercially available planning systems that incorporate an IMRT
component can be utilized in a stereotactic mode although not specifically
designed for it. More dedicated software approaches exist with BRAINLAB
and Radionics for stereotactic treatment. These modules also allow for
SRS. There are also non-commercial packages developed by individual

Figure 10 Fluence maps generated as part of IMRT quality assurance indicating
better target shaping with the smaller leaf width MMLC. MLC: 1-cm leaf width;
MMLC: 4-mm leaf width.
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institutions of high quality. The GammaKnife has its own planning system,
Gamma Plan.

In terms of localization devices for SRS, the GammaKnife centers use
the Leksell� headframe. The majority of linac centers whose results are
reported here will use the RadionicsBRW headframe. For the fractionated
series various commercial models are now available. For the patients
reported in this article, the authors have used the Radionics GTC, and
HNL fixation and localizing systems.

FUTURE USE AND RESEARCH

Given the relative ease that treatments can be delivered stereotactically in the
HN region, its use can be extended to greater patient numbers. Certainly,
any department that has a large number of patients with nasopharyngeal
carcinoma to treat should have fractionated stereotactic approaches avail-
able as a routine to boost the primary site to doses of 70–80Gy. This dose
may need to be adjusted if given with concurrent chemotherapy. For small
primaries, or where significant regression of the primary has occurred dur-
ing treatment, SRS may be an appropriate boost method. Stereotactic
IMRT may become a preferred method for the total duration of the radio-
therapy in the same context that many centers will now use IMRT as their
standard approach for nasopharyngeal carcinoma. Retreat situations
require high doses to be given to imaging evident lesions, an ideal situation
for stereotactic treatment.

Other malignancies that can be considered for stereotactic approach
are paranasal sinus carcinomas and chordomas. There would seem to be
little role for SRS in the primary situation except as a boost. With the
appropriate head fixation device this site lends itself to this approach with
high doses required and critical normal structures immediately adjacent to
at risk areas. Given the ability to dose escalate, it may be possible to con-
sider definitive radiotherapy as an alternative to major surgery and post-
operative radiotherapy. As there would not be an option for surgical
salvage, this would require truly informed consent to have this as a stan-
dard method. An appropriate circumstance is obviously the patient with
surgically resectable disease who has a medical contraindication to such a
procedure.

Gating techniques are now being developed to enable higher dose delivery
for lung cancers. A similar approach could be applied to laryngealmalignancies
that are localized in nature. The clinical circumstance, however, is going to be
limited, as it will only relate to those malignancies that have low likelihood of
developing nodal disease. This relates to the fact that while the central larynx
may move vertically with swallowing, the adjacent nodal areas remain station-
ary. There would have to be differential allowance for movement in larynx
structure while another target remained stationary.
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Salivary gland sparing is now a major challenge for radiotherapy tech-
niques to improve the quality of life for the survivors. This has spawned the
use of IMRT in the HN region particularly for nasopharyngeal carcinomas.
Greater use of this approach is now possible with stereotactic fixation.
A comparison of this method with non-stereotactic delivery is a worthy
research project. It may come down to a difference only in the ease of repro-
ducibility of patient setup.

The number of benign tumors available to be treated in this region is
always going to be small, and since the doses required for control are usually
well tolerated, demonstrating a clear advantage for a stereotactic approach
may be difficult. There could be an advantage in hypofractionating the treat-
ment, delivering the radiotherapy over 5–10 fractions. This would lead to less
disruption to the patient in terms of treatment visits. For the larger lesions, a
negative to this approach would be the length of the cranial nerve (usually the
vagus) that would be exposed to the hypofractionated dose (e.g., 5 � 4Gy).

A crucial aspect of the process that makes all of this possible is the
quality assurance program. For SRS, doses are being used that aim to
damage the tissue being treated. It is the small size of the lesion being treated
and the accuracy of delivery that makes this approach safe. While not com-
promising this aspect, streamlining the process may shorten overall treat-
ment time, thus making it more comfortable for the patient. Similarly,
with fractionated treatments evaluating the extent of the QA process may
enable better use of departmental, including staff, resources.
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Figure 3-2 Left: Patient with IR reflective marker. (Note that the camera system has iden-
tified the markers indicated by the circles, and the coincidence with the planned position
indicated by the small crosses.) Right: CT-image showing IR marker (localized by
software), contours of CT, PTV, and rectum, and position of the treatment isocenter. 

Figure 3-3 Illustration 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 transver-
sal 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.
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Figure 3-4 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) Calcul-
ation of 3D correction vector based on either automated fusion of X-ray images with
DRRs representing the ideal position (left) or matching of implanted radio-opaque
markers (right). (E) Automated patient positioning.
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Figure 3-5 Illustration 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.

Figure 3-7 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 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 using software tools that
allow for preferential sparing of organs at risk (OARs) and for graphical editing of field
shapes in any BEV.
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Figure 3-8 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.

Figure 3-11 Plan optimization window.
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Figure 3-14 The importance of the choice of an appropriate phantom when mapping
treatment parameters from a patient treatment to a phantom for verification of dose distri-
bution is illustrated here. The left-hand pane shows the result from mapping into an anthro-
pomorphic phantom; the white ‘‘erased’’ pixels indicate regions where the gamma toler-
ance (4% DD, 4mm DTA) is not met between measured and calculated dose distributions.
The right-hand pane shows the same treatment mapped into a homogeneous cubic phan-
tom; the ‘‘bold’’ pixels indicate regions where the gamma tolerance is not met. The homo-
geneous mapping does not show possible errors due to tissue heterogeneities and might
give a false sense of confidence.

Figure 3-15 Illustration of in-house developed tool for verification of dose distribution
(measured and calculated) at the AZ-VUB showing percent difference, absolute differ-
ence, and gamma map overlayed with both dose distributions and a cumulative dose
histogram. 
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Figure 3-17 Eight-field IMRS dose distribution for T1l metastasis on fused CT/MR. The
30%, 50%, 80%, 90%, and 105% isodose lines are displayed. The maximum dose is 105%.

Figure 3-18 Eight-field IMRT plan mapped to a MEDTEC benchmark phantom. The
30%, 50%, 80%, and 90% isodose lines are displayed.
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Figure 3-19 Eight-field IMRT plan mapped to a CIRS thorax phantom. The 30%, 50%,
80%, 90%, and 105% isodose lines are displayed.

Figure 3-20 Comparison of a film measurement to calculation using gamma-index
analysis for an IMRT dose distribution. Solid black lines are the calculated isodose lines;
colorwash is the corresponding isodose lines from film. Dark green are the area where the
dose criterian was exceeded. 



8

Figure 3-22 Dynamic arc dose distribution for L2 schwannoma on fused MR/CT. The
10%, 30%, 50%, 80%, and 90% isodose lines are displayed. The maximum dose is 100%.

Figure 3-23 Conformal field dose distribution for L5 metastasis on fused MR/CT. The
30%, 50%, 85%, 90%, and 95% isodose lines are displayed. The maximum dose is 100%.
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Figure 3-24 Vertical isocenter displacement as a function of time for three markers
attached to the anterior surface of one patient. Though data are shown only for the first
60 sec, the pattern repeats over the entire 20 min.

Figure 3-25 Marker displacement as a function of time for a single marker attached to
the anterior surface of one patient. The stereophotogrammetry system is capable of report-
ing marker coordinates at a frequency of up to 10 Hz.
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Figure 3-26 The gating control software monitors respiration through the ExacTrac,
calculates and displays the Baroni F-function, establishes gating windows or thresholds,
and triggers the NOVALIS via the MHOLDOFF/status bit.

Figure 3-27 2D data were measured using the amorphous silicon device. Gating frequen-
cies of 0.2, 0.5, and 1.0 Hz were used in addition to non-gated conditions. Profiles are
shown for an open 10 × 10 cm2 square field (top left), a dynamic wedge (top right), and
arbitrary intensity map (bottom right).
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Figure 3-30 Example of target localization for a lung lesion using co-registration infor-
mation from PET and CT imaging, with cumulative dose–volume histogram resulting
from a coplanar dynamic conformal arc treatment.
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Figure 3-31 Illustration of a four noncoplanar dynamic conformal arc technique for a
meningioma. The 30%, 50%, 90%, 98%, and 100% isodose lines are shown.
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Figure 4-3 (A) Manual delineation of the target. Beam directions for optimized treatment
of specific tumor shape (up to 1200, lower left corner) are computed automatically by the
inverse planning system. (C) Both beam directions and beam weights are computed auto-
matically, once target and critical regions have been delineated, and upper/lower dose
thresholds have been entered.
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Figure 5-5 Isodose distribution for the case report example. Shown are the CTV (bright
red), PTV (darker red), esophagus protection region (green), spinal cord protection region
(blue), and isodose lines: 100% (dark blue) 90% (red), 70% (yellow), and 50% (green).
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Figure 5-7 Cumulative dose volume histogram for the case report example. Shown (from
back to front) are the CTV, PTV, esophagus, and cord.
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Figure 6-2 Generating target volumes for a stage I lung tumor. The ITV (orange contour
on left panel) encompasses all GTVs contoured on six consecutive multi-slice CT scans
(light yellow contours on left and right panel). The ITV was expanded with a 3 mm
margin to derive the PTV (red contour on right panel).

Figure 6-4 Changes in ITVs seen on weekly CT scans in two patients with peripheral
lung tumors when five fractions of stereotactic radiotherapy were delivered in 5 weeks
(12 Gy/fraction).
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Figure 9-1 CTV-definition and conformal dose distribution in a 43-year-old male with
primary lung cancer cT2 cN0 cM0 (adenocarcinoma grade II) in the left upper lobe
medically inoperable due to severe heart disease. The CTV was 45 cm3, the PTV was 100
cm3. The tumor was treated by 3 × 10 Gy to the PTV-enclosing 100%-isodose (the inner
orange isodose) with normalization to 150% at the isocenter. For CTV definition not only
the macroscopic tumor but also the small tumor extensions into the periphery have to be
included into the target volume (the numbers in the coronal and sagittal reconstruction
show the point dose in percent to the prescribed fraction dose of l0 Gy).

Figure 10-1 Dose distribution of an intensity modulation radiotherapy plan in the axial
central plane of the planning target volume (PTV). (A) 64–64.4 Gy delivered to
the prostate and seminal vesicles (PTV1); (B) 10–16 Gy boost delivered to a reduced
horseshoe-shaped volume (the prostate peripheral zone) (PTV2). Dose distribution is
given in percent values and is displayed in color bands. The yellow crosses in the figures
represent the treatment isocenters for PTV1 and PTV2, respectively.
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Figure 10-4 Dose distribution overlying the axial central plane of an endorectal MR
image of the prostate containing the PTV2 (bilateral prostatic peripheral zone). Isodose
bands of 100% or above (red), 90–100% (yellow), and 80–90% (green) are displayed. 

Figure 10-5 Digital volumetric reconstruction to simulate the setup reproducibility with
ExacTrac. Infrared marker based registration between the CT at simulation (red) and the
CT while on treatment (green) performed to assess target repositioning quality.
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Figure 11-3 (A) An inverse plan using equally distributed seven beams and (B)
corresponding DVHs.
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Figure 11-4 (A) An inverse plan using five beams and (B) corresponding DVHs.
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Figure 11-6 Phantom study images. (A) The original CT image with target and spinal
cord indicated. (B) The planned dose distributions for 90%, 50%, and 30% isodose curves
normalized to the isocenter.



23

Figure 11-7 Phantom study results. (A) The planned isodose distributions in the region
where the film was inserted. Solid curves represent planned isodose lines labeled 90%,
50%, and 30% relative to the isocenter. (B) The original film dose image with three corre-
sponding isodose curves. (C) Both planned and corresponding measured isodose distribu-
tions are overlaid on the original CT image.
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Figure 11-8 Dose–volume histograms (DVHs) for cord doses.
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