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Foreword

Tracking the Moving Target:
The Heart of the CyberKnife Robotic Radiosurgery System

From its inception, when the CyberKnife® Robotic Radiosurgery System (Accuray Incorpo-
rated, Sunnyvale, CA) was used to treat only intracranial lesions, the fundamental problem
that had to be solved to make frameless stereotactic radiosurgery a reality was how to hit a
moving target. If the painful, cumbersome stereotactic head frame was to be eliminated, a
new method for targeting brain tumors would have to be devised. Use of a stereotactic frame
for radiosurgery treatments reflects the recognition that radiosurgery must be supremely
accurate. Unlike radiation therapy, little or no fractionation is used for radiosurgery treat-
ments. This means that any tissue enclosed in the high-dose region will be ablated. High-
dose radiation must be delivered precisely to the targeted tissue and only the targeted tissue;
generally a total clinical accuracy less than 1 mm is accepted for intracranial applications.
The stereotactic frame has become the accepted route to achieving such accuracy. Use of a
stereotactic frame is based on two assumptions. The first is that the target tissue will remain
in a fixed position relative to the skull. If this is not true, the coordinates of the frame system
are irrelevant. The second assumption is that the frame will not move relative to the skull
for the duration of treatment planning and delivery. Although questionable, this assumption
is generally accepted among practitioners of frame-based radiosurgery.

When an image-guided approach to radiosurgery was developed it was widely assumed
that doing away with stereotactic frames would compromise accuracy. In reality, even greater
accuracy is possible. CyberKnife image guidance allows direct targeting based on the skull
itself, without an intermediary frame. As a result, only the first assumption above is made;
target tissue will remain in a constant spatial relationship to the skull. Recognition of this
aspect of targeting is the key to understanding how the CyberKnife can potentially achieve
greater “end-to-end” clinical accuracy than frame-based systems. It is also the key to under-
standing the potential for CyberKnife radiosurgery at other body sites, including sites where
tumors move with respiration.

The adaptation of other technologies for application to extracranial radiosurgery was
based on the assumption that lesions could be targeted based on an external coordinate
system, such as a “body frame”, in the same way as intracranial tissues could be targeted via
a stereotactic frame. This is an error; neither of the key assumptions for intracranial radio-
surgery using stereotactic frames applies to extracranial targets. First, extracranial targets do
not, in most cases, remain in a fixed relation to skeletal or other body landmarks. CyberKnife
treatments have demonstrated that even spine tumors move during treatment. Certainly tar-
gets in the lung, liver, prostate and pancreas cannot be fixed relative to an external reference
frame. Second, a frame system cannot be fixed to the body in the same way that a cranial
stereotactic frame can be fixed to the skull.
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These are not problems for the CyberKnife System. The beam alignment strategy for the
CyberKnife System is based on direct, image-guided tracking of the targeted tissue or radio-
graphically visible landmarks that are in a fixed relationship to the targeted tissue (such as
implanted fiducials). This concept builds on the initial approach to intracranial radiosurgery
by eliminating external frames of reference and rigid immobilization of the patient. It is the
enabling approach for radiosurgery at almost any body site, and it is unique to the CyberKnife
System. CyberKnife treatments never require clinicians to assume that a patient or targeted
tissue inside a patient will remain static throughout the treatment process. The CyberKnife
assumption is, instead, that patients are living, breathing, moving beings, and this movement
must be taken into account if ultimate treatment accuracy is to be achieved. Constant imaging
and a robotic system that automatically responds to motion of the target have evolved as the
core fundamentals of the CyberKnife; hence our consistent message that the CyberKnife System
“tracks, detects and corrects” for patient and tumor motion.

At the heart of all of the innovations to the CyberKnife System is the concept that patients
should be unrestrained, comfortable, and free to breathe naturally. Tumor motion, whether it
results from patient motion or natural motion of the tumor within the patient is accounted
for not by fixing the tumor in space, but by continuously finding the tumor in space. Other less
sophisticated systems will attempt to mold the patient to fixed coordinates. Our approach is to
adjust our system to the living, breathing patient.

As we present the second volume in the Robotic Radiosurgery series, a compelling medical
story is unfolding. In this story the substantial risks of surgical resection of tumors in the lungs,
liver, and pancreas, and the fact that a tragically large percentage of patients are not surgical
candidates because their disease is too far advanced or their health is poor, inspire the search
for an effective and safe alternative to surgery [1-3]. A flurry of dose escalation studies show the
benefits of treatment with higher radiation doses, but the risk of complications to tissue outside
the tumor volume is significant and targeting accuracy is of paramount importance [4-7]. True
radiosurgery requires delivery of a high dose of radiation that conforms precisely to the tumor
volume in just a few fractions with the objective of tumor ablation. CyberKnife researchers are
active in this movement [8-12], bringing radiosurgical accuracy to the treatment of moving
lesions throughout the body. In this volume, subtitled “Treating Tumors that Move with Res-
piration”, is described the Synchrony® Respiratory Tracking System (Accuray Incorporated,
Sunnyvale, CA), a continuous tumor tracking technology that allows highly conformal delivery
of radiation to planning target volumes (PTVs) with the smallest possible margins. Patients lie
comfortably and breathe freely as the treatment beam is moved in “synchrony” with respiration.
This clearly represents the state of the art in extracranial tumor treatment.

A second key feature of the CyberKnife treatment system is the delivery of hundreds of
radiation beams to the tumor from almost any angle, rather than attempting to pick up the
shape of a target structure from a small number of coplanar beams. Treatments delivered by the
CyberKnife System are demonstrably more conformal and able to minimize radiation outside
the PTV [13], thus sparing critical structures near the tumor, than those generated by other
systems. This is another highly desirable feature of a radiosurgery system since, as stated above,
the objective is ablation of tissue enclosed by the high dose region. As an example, Figure 1 shows
dose plans for a lesion in the left mid-lung constructed for image-guided radiotherapy (IGRT), a
tomographic approach (Tomo), and the CyberKnife. For each plan the same image set was used to
construct treatment plans that covered 100% of the gross tumor volume to the 80% isodose line.
Beyond these requirements the plans were not extensively optimized. The figure in the lower right
corner shows the ratio of lung volumes covered by IGRT (blue line) and a Tomographic delivery
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Fig. 1 Dose plans for a lesion in the left mid-lung constructed for IGRT, a tomographic approach, and
CyberKnife System. The same image set was used to construct each plan. Plans covered 100% of the gross
tumor volume to the 80% isodose line. The lower right panel shows the ratio of lung volumes covered by
IGRT (blue line) and tomography (red line) to volumes covered by CyberKnife (CK). (Figure courtesy of
John Kresl, MD, PhD, Co-Director of the Stereotactic Radiosurgery Center, Barrow Neurological Institute
and St. Joseph’s Hospital & Medical Center, Phoenix, AZ).

system (red line) to volumes covered by CyberKnife (CK). Values above 1.0 indicate that,along
a wide range of isodoses, IGRT and the Tomographic approach irradiate larger portions of
lung (as much as 5 times larger at the 30% isodose with IGRT) than CyberKnife System.

It is apparent that even the static plan generated for the CyberKnife System conforms more
closely to the treated volume than the plans generated for the other platforms. What is not
apparent is that, because this lung lesion will move with respiration, only the CyberKnife can
actually deliver the plan that is pictured. With respiratory gating or abdominal compression,
processes used by radiation therapy devices, tumor motion cannot be compensated for to the
extent that is possible when the treatment beam moves with the tumor, as it does when the
CyberKnife is used. The combined advantage of the CyberKnife System is therefore extreme
conformality and the ability to track tumors that move with respiration. Since the key to suc-
cessful radiosurgery is to treat the tumor and only the tumor to a high dose of radiation in
a single fraction, or a small number of fractions, both of these characteristics combine to
make the CyberKnife System highly appropriate for extracranial radiosurgery applications
and using this approach, it is increasingly clear that many solid tumors can be ablated.

The field of CyberKnife radiosurgery is evolving rapidly and the clinical and technical
studies presented in this volume are representative of a huge worldwide effort. However,
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inherent in this clinical paradigm shift are both opportunity and risk. The opportunity is to
change the standard of care for solid tumors throughout the body. As described, the accu-
racy and conformality of the radiation dose delivered by the CyberKnife are unprecedented
and cannot be matched by less sophisticated systems; the clinical successes recorded in this
volume and elsewhere simply may not apply to any other technology. Use of systems based
on body frames or reliance on set-up images and patient immobilization will not produce
the same accuracy as is found with the continuous “track, detect and correct” approach of
the CyberKnife. Nowhere is this more apparent than with treatment of tumors that move
with respiration. To observe the CyberKnife tracking a tumor in the lung, for example, is to
observe a fusion of science and art. The result of that treatment may well be unique.

I would like to take this opportunity to congratulate all the contributors to Robotic Radio-
surgery: Treating Tumors that Move with Respiration, and to thank them for their belief in
and support of this unique technology.

Sunnyvale, California EuaN THOMSON, PhD

President and Chief Executive Officer
Accuray Incorporated
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Introduction

Treating Tumors that Move with Respiration:
Thoughts of a Surgeon

The constant challenge facing those who develop and apply new medical technology is well
articulated by Hippocrates in his aphorism, which is as pertinent today as it was when he

wrote it.
“Life is short,

The art long,
The occasion instant,
The experiment perilous and
The decision difficult”

This is certainly true for the CyberKnife® (Accuray Incorporated, Sunnyvale, CA), as this
volume and a growing number of articles in peer-reviewed journals make clear. In building
on 30 years of experience using the Gamma Knife to the present day, when CyberKnife radio-
surgery for extracranial targets that move with respiration is a reality, not only is a creative
approach essential, but acceptance of the principle implied by Hippocrates’aphorism is criti-
cal. Hippocrates intended it to promote open-mindedness, with the second line emphasizing
continuity and the first and the last lines signaling change. Those of us pushing the bound-
aries of stereotactic radiosurgery (SRS) appreciate its continuity with the technology and
principles of both radiotherapy and surgery, but to maximize the potential of SRS to treat
patients, change is necessary. Still, “the experiment is perilous and the decision difficult.”

The CyberKnife is cutting-edge radiosurgery technology which targets a restricted, local-
ized area for ablation while causing minimal damage to adjacent normal tissue. Because it
is a frameless radiosurgical system it is able to destroy target lesions anywhere in the body,
and with the recent introduction of the Synchrony® Respiratory Tracking System (Accuray
Incorporated, Sunnyvale, CA), an increasing number of treated lesions are extracranial
lesions that move as the patient breathes.

It is certainly the right time to ask, “Where do we go from here?” Asking the right ques-
tions is crucial for success. The “right” questions asked at the beginning of the 20th century
by mathematicians led Einstein to develop the theory of relativity, leading to the atomic and
hydrogen bombs, and all the changes, beneficial and disastrous, that have resulted. Currently
a committee assembled by Bill Gates and led by Nobel Prize winner Harold Varmus is trying
to design the “right” questions to move medicine toward a comparable level of success over
the next several decades. This “Grand Challenges in Global Health” initiative is intended to
devise strategies for removing roadblocks to solving major public health problems [1]. The
committee evaluates solutions based not only on their immediate health impact, but on the
short- and long-term consequences of the solutions for societies and the environment. This
is a perspective from which the right questions may be asked.
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The Right Questions

Perhaps we have begun with the most obvious questions. Having shown that the
CyberKnife can do what the Gamma Knife can do in the brain [2], the frameless
nature of the CyberKnife naturally suggested its use in the spine, where lesions
are relatively stationary [3-6] (but not entirely [7]). Its safety and efficacy in these
applications led to the use of the CyberKnife for other extracranial lesions, such as
pancreas [8,9] and lung [10-12]. In Section I of this volume the nature and extent of
the problem of targeting, tracking, and treating moving tumors is described, as are
methods for dealing with the problem, including Synchrony respiratory tracking.

The chapters in this book attest to the feasibility of CyberKnife treatment through-
out the body, and the extension of this technology to other extracranial sites is under-
way. In this effort CyberKnife investigators have benefited greatly from the findings
reported in the broader field commonly known as stereotactic body radiotherapy
(SBRT). To place work with the CyberKnife in historical context, we have asked lead-
ing researchers in SBRT to review clinical findings and technical concerns in deliver-
ing high-dose, hypofractionated radiation to lung, liver, and pancreas (see Sections IV
and V). These reviews are accompanied by commentaries on multidisciplinary treat-
ment of cancer; multidisciplinary approaches are critical to patient care and, I would
argue, to asking the right questions (see my commentary below). Sections IV and V
also present the latest clinical outcomes data from CyberKnife users. These results
remain promising and begin to help us establish optimal treatment parameters that
will maximize clinical efficacy while minimizing risk of toxicity. Sections II and III
highlight science, methodology, and technology that help us understand how high-
dose hypofractionated radiation works and how to improve the treatment of patients.
Section VI describes how the CyberKnife is evolving and what further investigations
are needed to establish the relative value of this technology. Altogether, the question,
“Can the CyberKnife be used to treat extracranial lesions, even ones that move with
respiration,” has been answered with a resounding yes.

As a cardiothoracic surgeon there are several other, less obvious questions that
I might ask. Currently, the CyberKnife supplements or replaces standard therapies
for carcinoma, such as radiation, chemotherapy, and surgery, all of which have the
disadvantage of reducing host resistance while they attack the cancer. Far greater
potential may lie in forging a synergistic union between the CyberKnife and current
investigative techniques to eradicate cancer which do not reduce host resistance.
These new therapies include vaccines, gene therapy and angiogenesis blockade.
Combining vaccines with CyberKnife SRS may lead to a truly non-surgical approach
to cancer treatment. Cancer could be cured by techniques that minimize the damage
to the host’s resistance. Angiogenesis blockade prevents the tumor from growing by
interrupting development of the tumor’s vasculature, thus depriving the tumor of
blood. This could eliminate the tumor without damaging the immediate surround-
ing normal tissue. By combining the CyberKnife with gene therapy, the same syner-
gistic result could possibly be achieved.

Employing the CyberKnife for preoperative radiation therapy, an approach that has
been widely successful with conventional radiation techniques, may be explored more
fully. That has been beneficial for carcinomas of the superior pulmonary sulcus. One of
my associates, Dr Robert Shaw, while treating a Pancoast Tumor patient with conven-
tional irradiation, was confronted by the patient halfway through his treatment who
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felt that his pain was beyond his ability to bear [13]. He talked Dr Shaw into surgically removing
the cancer after only one half of the irradiation treatment (3000 cGy). This tumor was resected
along with the lower trunk of the brachial plexus, chest wall, and part of the lung. The patient
subsequently lived longer than Dr. Shaw (well over 40 years). This set the stage for a large series
of patients (the largest in the world) who had preoperative radiation followed by an interval
phase to allow the tumor to shrink, the lymphatics to be blocked and tumor cells that might
fall into the wound at surgery weakened [14, 15]. Previously, radiation therapy alone was the
treatment of choice (6-8 weeks). The addition of surgery shortened this period to two weeks of
irradiation preoperatively plus the operative and post-operative time of one week. Pre-opera-
tive use of the CyberKnife will reduce the irradiation time even further by at least one week or
more and may provide a similar or possibly even better results.

Similarly, conventional pre-operative irradiation has been effective in tumors requiring
bronchoplastic resection to preserve lung tissue and avoid pneumonectomy [16]. The “lower
dose” conventional preoperative irradiation reduces the size of the tumor, blocks lymphatics,
and weakens any cells that might be left in the wound at surgery without jeopardizing heal-
ing. This allows a bronchoplastic procedure to be performed, removing only the proximal
lobe with a bronchial resection followed by a re-anastomosis, thus preserving the distal lobe
of the same lung. Lung tissue is conserved and the deleterious effects of total pneumonec-
tomy eliminated. The success of preoperative irradiation is similar to that used in a superior
pulmonary sulcus area, and should be even better with the CyberKnife. Pneumonectomy has
been relegated to a very small role in the surgical armamentarium; in fact, pneumonectomy
is considered by some to be more like a “disease” than a therapeutic procedure.

Postoperative CyberKnife SRS for lung, liver and pancreas tumors is also feasible. With
further study it may be that, for certain tumors, CyberKnife monotherapy will be shown
to result in clinical outcomes comparable to that obtained with surgery. Totally replacing
interventional surgery with a non-invasive procedure - this is an audacious dream. Time and
good research will determine if it will become a reality.

Thoughts on the Evolution of our Discipline in the Age of CyberKnife

Optimal extracranial SRS requires a multi-disciplinary team of radiation therapists, oncolo-
gists, surgeons and other organ-specific specialists. The team approach improves the commu-
nication of these professionals so necessary in the advancement of tumor management. The
combination of CyberKnife SRS with other conventional therapies, such as radiation therapy;,
surgery and chemotherapy, should improve current results. In particular, specialists in the use
of cancer vaccines, gene therapy, and angiogenesis blockade, included in the multi-disciplinary
team, may offer further synergistic benefit as the technology and its applications evolve.

Conclusions

I have been asked by colleagues what it is about the CyberKnife that I find exciting, speaking
as a cardiothoracic surgeon. The CyberKnife is one of the most extraordinary adjuncts to sur-
gery that has come along in many years. It markedly shortens the time for radiation therapy
from six weeks to one week or less. It is much more accurate than any other kind of radiation,
and thereby minimizes damage to the surrounding sensitive tissue. Thus, it has the potential
to be far more synergistic with surgery, markedly increasing its efficiency. I have considered
possible analogies — to what is the technological achievement of the CyberKnife comparable?
The CyberKanife is analogous to a Lugar pistol compared to other handguns of the late 1800s.
The best previous handgun had six shots, which were individually and awkwardly loaded and
were fired separately, requiring the hammer to be cocked prior to each shot. In contrast, the
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Lugar has eight shots in a clip, which could be loaded expeditiously and fired in a few seconds
- clearly a tremendous advance over previous handguns. My colleagues have suggested that
comparing a medical instrument to a weapon may not be entirely appropriate, but they also see
the point of the analogy - and after all, do we not commonly refer to medical tools as part of an
“armamentarium”™? From a surgeon’s perspective the technological advance of the CyberKnife
may be more like the marked difference between closed heart operations performed with fin-
gers and instruments versus open-heart procedures where everything can be visualized and
managed much more expeditiously. Better for the surgeon, better for the patient.

Some see things as they are and say “why”?
CyberKnife clinicians dream things that never were and say “why not”?

The chapters in this book document some of the areas where the CyberKnife is being
utilized currently. With “CyberKnife Vision” we will contemplate possibilities for the future
in the treatment of cancers that move with respiration.

Dallas, Texas HaroLD C. URSCHEL Jr. MD
Chair of Cardiovascular & Thoracic Surgical Research
Education & Clinical Excellence
Baylor University Medical Center

References

1. Varmus H, Klausner R, Zerhouni E, et al. Public health. Grand Challenges in Global Health. Science 2003;
302:398-399.

2. Chang SD. The CyberKnife: potential in patients with cranial and spinal tumors. American Journal of
Cancer 2005; 4:383-393.

3.Degen JW, Gagnon GJ, Voyadzis JM, et al. CyberKnife stereotactic radiosurgical treatment of spinal
tumors for pain control and quality of life. ] Neurosurg Spine 2005; 2:540-549.

4. Gerszten PC, Burton SA, Ozhasoglu C, et al. Stereotactic radiosurgery for spinal metastases from renal
cell carcinoma. ] Neurosurg Spine 2005; 3:288-295.

5. Gerszten PC, Burton SA, Welch WC, et al. Single-fraction radiosurgery for the treatment of spinal breast
metastases. Cancer 2005; 104:2244-2254.

6. Ryu SI, Chang SD, Kim DH, et al. Image-guided hypo-fractionated stereotactic radiosurgery to spinal
lesions. Neurosurgery 2001; 49:838-846.

7. Murphy M]J, Chang SD, Gibbs IC, et al. Patterns of patient movement during frameless image-guided
radiosurgery. Int ] Radiat Oncol Biol Phys 2003; 55:1400-1408.

8. Koong AC, Christofferson E, Le QT, et al. Phase II study to assess the efficacy of conventionally frac-
tionated radiotherapy followed by a stereotactic radiosurgery boost in patients with locally advanced
pancreatic cancer. Int ] Radiat Oncol Biol Phys 2005; 63:320-323.

9. Koong AC, Le QT, Ho A, et al. Phase I study of stereotactic radiosurgery in patients with locally advanced
pancreatic cancer. Int ] Radiat Oncol Biol Phys 2004; 58:1017-1021.

10. Le QT, Loo BW, Ho A, et al. Results of a phase I dose-escalation study using single-fraction stereotactic
radiotherapy for lung tumors. Journal of Thoracic Oncology 2006; 1:802-809.

11. Nuyttens JJ, Prevost JB, Praag J, et al. Lung tumor tracking during stereotactic radiotherapy treatment
with the CyberKnife: Marker placement and early results. Acta Oncol 2006; 45:961-965.

12. Whyte RI, Crownover R, Murphy MJ, et al. Stereotactic radiosurgery for lung tumors: preliminary report
of a phase I trial. Ann Thorac Surg 2003; 75:1097-1101.

13. Shaw RR. Pancoast’s tumor. Ann Thorac Surg 1984; 37:343-345.

14. Urschel HC, Jr. Superior pulmonary sulcus carcinoma. Surg Clin North Am 1988; 68:497-509.

15. Urschel HC, Jr. New approaches to Pancoast and chest wall tumors. Chest 1993; 103:360S-361.

16. Paulson DL, Urschel HC, Jr., McNamara JJ, et al. Bronchoplastic procedures for bronchogenic carcinoma.
] Thorac Cardiovasc Surg 1970; 59:38-48.

Acknowledgement

The Editors and I extend our deep appreciation to everyone who contributed to this book, including authors,
reviewers, and the staff at Springer Publishing. Thanks especially to Robert Morton and Dr. Chad Lee for
reviewing chapters, and to Dr. Pam Thuman-Commike for editing and final formatting. I personally wish
to thank Mrs. Rachel Montano and Mrs. Brenda Knee, whose contributions were of immeasurable value in

the pursuit of excellence during the editing of this book. HAROLD C. URSCHEL Jr.




Contents

Section 1
Respiratory Motion and Tumor Tracking Techniques....................... 1

1 Tumor Motion Ranges Due to Respiration and Respiratory Motion Characteristics
SONJA DIETERICH aNd YELIN SUH &+ ottt ittt ittt ittt ittt it eteienennenes 3

2 Respiratory Motion Tracking for Robotic Radiosurgery
SOHAIL SAYEH, JAMES WANG, WiLLIAM T. MAIN, WARREN KiILBY, and
CALVIN R M AURER, Tt ittt ittt ittt it ettt ettt et ettt et i teeenanaanns 15

3 Patient Alignment and Target Tracking in Radiosurgery of Soft-Tissue Tumors
Using Combined Fiducial and Skeletal Structures Tracking Techniques
X1A0DONG WU, DONGSHAN FU, ALBERTO DE LA ZERDA, ELIZABETH BOSSART,
Hua SHAO, JosEPH BoTH, WALTER NIKESCH, ZHICONG HUANG,

ARNOLD M. MARKOE, and JAMES G. SCHWADE .+« ottt vvtieeiiieeenneennnnnnns 31
Section 2
Thoraco-Abdominal Dosimetry, Radiobiology, and Imaging............... 37

4 The Radiobiological Rationale for Hypofractionation of Lung and Liver Tumors
ALAN ALFIERIL JILL ROSSINOW, MADHUR GARG, SHALOM KALNICKI, and
CHANDAN GUHA oottt ittt it et it et aieaaans 39

5 8FDG-PET/CT for Treatment Planning and Follow-Up
MEDHAT M. OSMAN, ALLISON WALL, MATTHEW D. MILLER, NGHI NGUYEN,
DANA A. OLIVER, RICHARD D. BucHOLZ,and BRUCE.WALZ .................... 55

6 Treatment Planning of Abdominal Lesions
CHARLES L.LEE . ..ot e 63

7 Use of a Target Complexity Index in Radiosurgical Plan Evaluation
GREGORY J. GAGNON, WALTER JEAN, SONJA DIETERICH, HUAYING J1,and
DONALD ALMCRAE . ..o i s 75

8 Dose Escalation with the Frameless Respiratory Tumor Tracking System
of the CyberKnife for Early Stage Non-Small-Cell Lung Cancer
JoosT JAN NUYTTENS, JEAN-BRIAC PREVOST, MiscHA S. HOOGEMAN, and
PETER C.LEVENDAG ..ttt tiittt ittt ittt et aiie e aaie e 81




Xiv

Contents

Section 3
Thoraco-Abdominal Fiducial Placement Strategies........................

9

10

11

12

Percutaneous Placement of Fiducial Markers for Thoracic Malignancies
FiLip BANovAac, DONALD A. MCRAE, SONJA DIETERICH, KENNETH WONG,
L1SA DIAS,aNd THOMAS CHANG . « « vt ottt ettt ettt ettt te ettt et eteeneneenns

Use of a Blood Patch Technique to Prevent Pneumothorax

During Insertion of Lung Fiducials

JAMES W. BLALOCK, CLINTON A. MEDBERY, ASTRID E. MORRISON,

MARIANNE M. YOUNG, JULIE HENSLEY, and VIKKI HARRIET . ........ovvvneenn...

Thoracic Fiducial Placement via Flexible Bronchoscopy

ERric D. ANDERSON, BRIAN T. COLLINS, GREGORY J. GAGNON, SEAN P. COLLINS,
TIMOTHY MAHONEY, FILIP BANOVAC, CARLOS JAMIS-Dow, SHAKUN MALIK, and
CRISTINA AL REICHNER & vttt ttetteeeeetneeneeeneeneeeneeneeeneenneennennns

Endoscopic Ultrasound-Guided Fiducial Placement for CyberKnife Radiosurgery
ALINE CHARABATY-PISHVAIAN, RICHARD DEsI, and NADIM HADDAD ............

Section 4
Lung Tumor Treatment - Techniques and Experience ......................

13

14

15

16

17

Stereotactic Body Radiation Therapy in the Treatment of Early Stage
Non-Small Cell Lung Cancer
RONALD C.MCGARRY « ittt ettt et enaiiiinnaaess

Dosimetric Considerations for Stereotactic Body Radiotherapy Delivery in the Lung
LECH PAPIEZ. ..\ttt i e it e

Selection of Treatment for Patients with Early Stage Non-Small Cell

Lung Cancer in a Multidisciplinary Thoracic Oncology Program

STUART M. BERMAN, MARK HUBERMAN, ARMIN ERNST, DAVID FELLER-KOPMAN,
DAvip H. ROBERTS, PHILLIP BOISELLE, ]. ANTHONY PARKER, DANIELLE MCDONALD,
NANCY RUMPLIK, ELENA A. NEDEA, SIMON ASHIKU, SIDHU P. GANGADHARAN,
MICHAEL GOLDSTEIN, SUSAN SCHUMER, SANJAY R. JAIN, DARREN BRENNAN,
MiIcHAEL S. BUFF, ROBERT L. THURER, and MALCOLM DECAMP.........covvvunen..

CyberKnife Frameless Image-Guided High-Dose Fractionated Stereotactic
Radiosurgery with the Synchrony Motion Tracking Module in the Treatment of
Single Small Peripheral Lung Tumors

Br1aN T. CoLLiNS, KELLY ERICKSON, SEAN P. COLLINS, GREGORY J. GAGNON,
SoNjA DIETERICH, DONALD A. MCRAE, CRISTINA REICHNER, THOMAS CHANG,
CARLOS JAMIS-Dow, FILIP BANOVAC, SHAKUN MALIK, and ER1c D. ANDERSON ....

Initial Experience Treating Lung Tumors with the CyberKnife

WiLLiAM T. BROWN, X1A0DONG WU, BEATRIZ E. AMENDOLA, MARK PERMAN,
FAHED FAYAD, S1Lvio GARCIA, HOKE T. HAN, MARKO AMENDOLA,

ALBERTO DE LA ZERDA,and JAMES G. SCHWADE . . ot vttie ittt iieeiinennennnens

145




Contents

Xv

18 Stereotactic Radiosurgery for Early Stage Non-Small Cell Lung Cancer:
Rationale, Patient Selection, Results and Complications
NEIL A. CHRISTIE, STEVEN BURTON, ARJUN PENNATHUR, and JAMES D. LUKETICH. . 165

19 Toxicity and Efficacy of Treating Mediastinal and Hilar Lesions
ANDREW S. FINK, JUNE A. KiM, D. Ross MCBRIDE, MICHEAL J. HERVEY II,

PENNY J. SINNER, JoDI L. MAMMENGA, GUY R. SHERWOOD, and Lor1 COPSEY ...... 177
Section 5
Liver and Pancreas Treatment - Techniques and Experiment .............. 193

20 A Review of Stereotactic Body Radiotherapy for Liver and Pancreas
Kraus K.HERFARTH and MARCW. MUNTER . ..o oottt viinie i e, 195

21 Multidisciplinary Overview of Local-Regional Therapies for Liver Malignancies
ROBERT M. GOLDSTEIN, BRIAN D. BERGER, and JOoHN K. O’CONNOR .............. 205

22 Stereotactic Radiosurgery for Liver Malignancies Using the CyberKnife
KARYN AL GOODMAN. ..ottt et it et aii e 217

23 CyberKnife Radiosurgery for Pancreatic Cancer
ScoTT G. SoLTYS, KARYN A. GooODMAN, and ALBERT C.KOONG ... ..ovvvvnenn.. 227

24 Stereotactic Radiosurgery for Unresectable Adenocarcinoma of the Pancreas:
Initial Experience at Sinai Hospital of Baltimore

CHRISTOPHER HOFFELT and MUKUND DIDOLKAR .« vvvvttvnnnniiiinnnneeeen.. 241
Section 6
Emerging Thoraco-Abdominal Radiosurgery Concepts.................... 247

25 4D Treatment Optimization and Planning for Radiosurgery with
Respiratory Motion Tracking
JAY B. WEST, JONG PARK, JOHN ROBINSON DOOLEY, and CALVIN R. MAURER, Jr...... 249

26 Xsight Lung Tracking System: A Fiducial-Less Method for Respiratory
Motion Tracking
DoNGsHAN Fu, RoBERT KAHN, BA1 WANG, HONGWU WANG, ZHIPING MU,
JoNG PARK, GOPINATH KUDUVALLIL, and CALVIN R. MAURER, Je. v vvvieeeennnn.. 265

27 CyberKnife Radiosurgery: Quality of Life and Cost Considerations

DONALD B FULLER ¢ ottt ittt ittt it et ittt ittt et it e neanananenns 283
ADDTEVIAtIONS v\ vttt ettt e 295
SubjectIndex. . ..ot e 297

List 0f ContribDULOTS oo v ittt ettt et ettt et e e 309




Author Index

A

Alfieri A 39
Amendola BE 155
Amendola M 155
Anderson ED 105, 145
Ashiku § 133

B

Banovac F 91, 105, 145
Berger BD 205
Berman SM 133
Blalock JW 101
Boiselle P 133
Bossart E 31
Both] 31
Brennan D 133
Brown WT 155
Bucholz RD 55
Buff MS 133
Burton SA 165

C
Chang TC 91, 145

Charabaty-Pishvaian A 111

Christie NA 165
Collins BT 105, 145
Collins SP 105, 145
Copsey L 177

D

DeCamp M 133

dela Zerda A 31,155
DesiR 111

Dias L 91

Didolkar M 241
Dieterich S 3, 75,91, 145
Dooley JR 249

E
Erickson K 145
Ernst A 133

F

Fayad F 155
Feller-Kopman D 133
Fink AS 177

FuD 31,265

Fuller DB 283

G

Gagnon GJ 75,105, 145
Gangadharan SP 133
Garcia S 155

GargM 39

Goldstein M 133
Goldstein RM 205
Goodman KA 217,227
Guha C 39

H

Haddad NG 111
Han HT 155
Harriet V. 101
Hensley ] 101
Herfarth KK 195
Hervey II M] 177
Hoffelt C 241
Hoogeman MS 81
Huang Z 31
Huberman M 133

J

Jain SR 133
Jamis-Dow C 105, 145
Jean W 75

JiH 75

K

Kahn R 265
Kalnicki S 39
Kilby W 15
KimJA 177
Koong AC 227
Kuduvalli G 265
L

Lee CL 63,267
Levendag PC 81
Luketich JD 165

M

Mahoney T 105
Main W 15

Malik S 105, 145
Mammenga JL 177
Markoe AM 31

Maurer, Jr. CR 15, 249, 265

McBride DR 177
McDonald D 133
McGarry RC 117
McRae DA 75,91, 145
Medbery, III CA 101
Miller MD 55
Morrison AE 101

Mu Z 265

Miinter MW 195

N

Nedea EA 133
Nguyen N 55
Nikesch W 31
Nuyttens JJ 81

(o]

O’Connor JK 205
Oliver DA 55
Osman MM 55

P
Papiez L 125
Park ] 249,265
Parker JA 133
Pennathur A 165
Perman M 155
Prévost JB 81

R

Reichner CA 105, 145
Roberts DH 133
Rossinow ] 39
Rumplik N 133

S

Sayeh S 15
Schumer S 133
Schwade JG 31,155
Shao H 31
Sherwood GR 177
Sinner P] 177
Soltys SG 227

SuhY 3

T

Thomson E V
Thurer RL 133
V)

Urschel HC XII
w

Wall A 55
Walz B] 55
Wang B 265
Wang H 265
Wang] 15
West JB 249
Wong KH 91
WuX 31,155
Y

Young MM 101




Section 1

Respiration Motion
and Tumor Tracking Techniques



Tumor Motion Ranges Due to Respiration and

Respiratory Motion Characteristics

SoNJA DIETERICH and YELIN SUH

CONTENTS
—

1.1  Abstract 3

1.2 Introduction 4

1.2.1 Extra-Cranial SRS and the Problem of
Tumor Motion 4

Methods to Observe Directly Respiratory
Motion, Advantages and Disadvantages 4
Respiratory Motion Compensation 4
Adaptive SRS as Solution 5

1.2.2

1.2.3
1.2.4

1.3  Methods and Materials 5
1.3.1 CyberKnife - Synchrony Technology 5
1.3.2 Treatment Procedure 6

14 Results 7
14.1 Lung 7
1.4.2 Pancreas 10

1.5 Discussion 1]
1.6  Conclusion 12

References 12

Abstract

Many soft-tissue tumors targeted with extracra-
nial SRS move during respiration. New imaging
technologies, motion compensation strategies, and
treatment planningalgorithms are being developed
which enable tracking and treatment of moving tu-
mors in real-time. For this chapter we reviewed the
literature to determine known tumor motion am-
plitudes for lung, liver, and pancreas. Then we ana-
lyzed predicted tumor motion for 36 patients and
117 treatment fractions that were previously saved

in CyberKnife® (Accuray Incorporated, Sunnyvale,
CA) treatment logfiles. These represent 27 tumors
in the lung (16 upper lung, 4 middle lung, 7 lower
lung) and 9 pancreas patients. For each treatment,
thelocation of the target at end inspiration and end
expiration was determined in the patient coordi-
nate system. The origin of the patient coordinate
system is at the center of mass of the fiducials as
marked on the simulation CT, +x is patient inferior,
+y patient left, and +z anterior in a right-handed
coordinate system. The mean and variance of re-
spiratory cycle extrema positions were calculated
using a program written in MatLab code. Observed
motion ranges for all sites except pancreas agree
very well with the literature. The largest motion
amplitudes of up to 38.7 mm were observed in the
lower lung. Twenty-five percent of tumors in the
upper lung could have been treated without Syn-
chrony® (Accuray Incorporated, Sunnyvale, CA)
with a PTV margin of 2 mm, because the uncer-
tainty is in the range of the technical tracking ac-
curacy of Synchrony of 1.5 mm. Possible causes of
large fluctuations around the mean motion could
be fiducial tracking errors or irregular breathing.
We concluded that a subset of all patients could
have been treated using skeletal structure track-
ing, rather than implanted fiducials, and a PTV
margin in the range of the stated tracking accuracy
for Synchrony. Defining meaningful parameters to
characterize the effects of free breathing is part
of ongoing research, since published data from
non-dynamic SBRT is limited to short fluoroscopic
studies or Cine-CT. The results can be transferred
to other treatment modalities to determine PTV
margins in standard external beam treatments as
well as defining the PTV in the third dimension for
2D motion compensation [1].
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Introduction

1.2.1
Extra-Cranial SRS and the Problem of
Tumor Motion

Soon after stereotactic radiosurgery (SRS) applica-
tions expanded from brain to extra-cranial targets
such as the spine, there was an interest in treating
soft-tissue tumors within the lung and pancreas.
The challenge was that SRS technologies were ini-
tially designed to deliver very precise treatments for
non-moving targets, but soft tissue tumors can move
considerably during respiration. Therefore, meth-
ods to compensate for respiratory motion needed to
be developed. But before a tumor motion compensa-
tion method can be employed, the extent of respira-
tory motion for tumors in various organs needs to
be observed. Technologies such as fluoroscopy, sur-
rogate markers (spirometry, fiducials), 4D-CT and
dynamic MRI are used to achieve that goal.

1.2.2
Methods to Observe Directly Respiratory
Motion, Advantages and Disadvantages

The most straightforward imaging tool to study
respiratory motion is fluoroscopy. Fluoroscopy ac-
quisition, however, is time-limited to avoid excess
exposure to ionizing radiation. In addition, many
tumors cannot be directly observed by fluoroscopy,
but require surrogate markers such as implanted
fiducials. The accuracy of fiducial markers as tumor
surrogates is still being investigated [2, 3].

In recent years, 4D-CT imaging has moved into
clinical applications, and several 4D-CT models are
commercially available. Contrary to breath-hold CT
acquisition, the image acquisition occurs during
free breathing and data are sorted into bins accord-
ing to position within the respiratory cycle based on
anatomical information (e.g., diaphragm position) or
surrogate data (e.g., spirometry or optical skin mark-
ers). In this way a series of 3D-CT datasets are ob-
tained, each corresponding to a different part of the
respiratory cycle. Also, 4D-CT imaging is very use-
ful to observe the motion amplitude of lung tumors

and to determine margins based on motion ampli-
tude, target deformation, and motion compensation
method chosen for the radiation treatment [4, 5]. The
disadvantage of 4D-CT lies in the fact that it will show
tumor motion averaged over multiple respiratory cy-
cles. For patients with irregular breathing patterns, or
patients for which correlation of tumor position and
surrogate marker may vary [6], averaging respiratory
cycles introduces a potential source of error.

A moredirect observation of respiratory motion is
4D-MR [7]. The advantage is the use of non-ionizing
radiation for multiple image acquisition compared
to 4D-CT, and better image contrast for soft tissue.
However, the technology is still under investigation.
Current pulse sequences are not yet fast enough to
collect data in real-time. A conventional treatment
planning CT still needs to be obtained. In addition,
radiation therapy departments usually do not have
MR scanners in their department, which causes a
significant logistical overhead and also makes the
use of this technology expensive.

An interesting combination of fiducial-based
and non-ionizing radiation tracking of tumors is
a technology which employs implantable, wireless
electromagnetic markers for tumor tracking [8].
These markers were recently FDA-cleared for use in
the prostate. Approval for use in other organs is ex-
pected in the future.

1.2.3
Respiratory Motion Compensation

Methods to compensate for respiratory motion fall
into two categories: real-time adaptive motion com-
pensation and non-adaptive methods. The latter in-
clude techniques such as using large PTV margins,
abdominal compression, treating during breath-
hold, or respiratory gating. Large PTV margins are
the method of choice if more advanced technology
is not available in a clinic.

The advent of modern feedback devices for breath-
hold aids the patient to hold his breath more repro-
ducibly at the predefined respiratory phase. Breath-
hold techniques have the advantage that the treatment
respiratory motion phase matches the breath-hold
treatment planning CT very well. PTV margins can
be reduced by 7-12 mm compared to treatments with
free breathing [9]. A summary of intrafraction repro-
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ducibility studies is provided in a study by Sarrut et
al. [10], where residual uncertainties of up to 6 mm
were reported. Other than this uncertainty in the
breath-hold position, the breath-hold method has
two additional disadvantages. First, elderly patients
or patients with advanced disease may not be able to
tolerate the breath-hold procedure or may not be able
to comply with instructions. Therefore, careful pa-
tient selection is required for this treatment method.
Second, breath-hold may prolong treatment times de-
pending on the treatment delivery technique, moni-
tor units per treatment, and dose rate of the treatment
machine. A German group recently reported a frame-
less, stereotactic treatment delivery to a liver tumor in
about 30 minutes using breath-hold [11].

In gating, an external marker or other secondary
respiratory indicator is used to determine the phase
of respiration, based on the assumption that the re-
spiratory indicator has the same correlation to the
tumor position as during simulation. In some cen-
ters, X-ray or on-board imagers can be used to verify
this assumption before the start of the treatment, as-
suming that the tumor or a suitable surrogate can be
visualized [12]. The user defines the gating window
starting point, typically shortly before the maximum
exhale, and the percentage of the respiratory cycle,
with typical ranges from 10% to 40%. Depending on
the range of the gating window, the treatment time
is prolonged and residual motion is always present.
The advantage of gating over breath-hold is the abil-
ity of the patient to breathe freely. Further improve-
ments can be made using visual feedback to the pa-
tient to improve regular breathing [13].

Real-time methods include approaches us-
ing dynamic multileaf collimators [14], a moving
couch [15], or real-time respiratory motion track-
ing using a robot-mounted linac [16]. Of these
three methods, only the latter with adaptive SRS
using the CyberKnife Synchrony system has been
widely established in clinical use since 2004.

1.2.4
Adaptive SRS as Solution

With Synchrony, tumors are tracked based on the cor-
relation model between surrogate respiratory mark-
ers and the tumor motion. This correlation model is
updated throughout the treatment using orthogonal
X-rays to verify the actual tumor position to the pre-

dicted position, and measure the correlation error.
Because the tumor cannot be directly and continu-
ously visualized, the clinical accuracy of the delivered
treatment is hard to assess. Respiratory motion phan-
toms [17] can replay patient data and simulate the
treatment, but these rely on known internal motion
input to reflect true anatomical motion. Such con-
tinuous motion data does not exist for time intervals
long enough to deliver an adaptive SRS treatment. It
is conceivable that in the near future, tumors could be
directly and continuously tracked using non-ionizing
radiation to follow electromagnetic fiducial markers
[8]. Shorter observed intervals of tumor motion could
provide an approximation, but do not reflect changes
in patient status during the treatment duration, e.g.,
relaxation. A first-order approach to estimate the ac-
curacy and safety of the treatment delivery is to study
the tumor motion range as predicted by the adaptive
SRS delivery system and compare the motion range to
published literature to see if those motions are within
similar ranges. The results are indicative of the qual-
ity of the correlation model, if it predicts clinically
reasonable motion amplitudes compared to what has
been observed during shorter time intervals using
continuous direct visualization techniques such as
fluoroscopy.

Methods and Materials

1.3.1
CyberKnife — Synchrony Technology

Synchrony [16] is, at this time, the only FDA-cleared
dynamic SRS device in the US. Its technology is based
on the CyberKnife SRS technology [18-20]. The Cy-
berKnife SRS system consists of a 6 MV X-band linear
accelerator mounted on a robotic arm (KUKA, Augs-
burg, Germany). The patient is placed on a treatment
couch. Images from two orthogonal X-ray cameras
with amorphous silicon detectors are compared to
digitally reconstructed radiographs (DRRs) from the
treatment planning CT. Internal gold fiducial markers
or bony landmarks can be used for co-registration.
During the treatment, images can be taken be-
fore every treatment beam. The robot will correct
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(mm)

for patient motions of up to 10 mm in each transla-
tional direction, 1 degree of roll and pitch rotation,
and 3 degrees of yaw. The relevant clinical accuracy
combines the robot pointing accuracy, camera im-
age tracking system and target localization accu-
racy, and DRR generation accuracy. For fiducial
tracking and CT slice thickness between 0.625 mm
and 1.25 mm, the system accuracy has been shown
to be 0.7 +/- 0.3 mm [21].

To perform respiratory tracking the Synchrony
system builds a correlation model between external
optical marker locations, visualized continuously
using a camera array, and internal fiducial marker
locations placed within the tumor, visualized in-
termittently using the X-ray cameras (Fig. 1.1). The
optical markers and the model are then used to cal-
culate the tumor location continuously throughout
treatment. X-ray images acquired between treatment
beams during treatment allow the model to adapt to
intra-fraction changes in external-internal marker
correlation. This system is described in greater de-
tail in the following chapter.

1.3.2
Treatment Procedure

All patients were placed on the treatment table in
supine position. The predicted tumor location was
analyzed for 36 patients utilizing the data saved in
the Synchrony file “Modeler.log” throughout treat-
ment. They represent 27 tumors in the lung (16 upper
lung, 4 middle lung, 7 lower lung) and 9 pancreas
patients. Each lesion contained 2-4 gold fiducials

to mark the tumor location. The skin motion was
tracked with visible light-emitting beacons placed
on the patient’s abdomen in the area of largest mo-
tion amplitude. During the treatment, X-rays of the
fiducial positions were taken to update the correla-
tion model between skin and tumor motion.

The predicted internal tumor motion from the
skin-tumor correlation model was analyzed. These
log files, however, also contain data that might be
from sources other than tumor motion, and include
data calculated during periods when the treatment de-
livery is suspended. Examples of data due to sources
other than tumor motion are time intervals when the
treatment may have been interrupted due to patient
intervention, a misidentified fiducial, or skin marker-
camera line of sight interruptions. Therefore, the pre-
dicted internal tumor motion data set was extracted
manually for each fraction, removing time intervals
with obvious outside interference according to a set of
predefined rules. This ensured that the motion analy-
sis was based only on predictions made when a valid
model was constructed, and treatment was enabled.

Data points excluded from the study data set
were those (1) showing no motion (noise only), dur-
ing which the treatment could have been stopped or
the correlation model reset, (2) at the beginning of
the treatment showing significantly larger motions,
which correspond to the predictions of an incom-
plete correlation model made during its construc-
tion, (3) showing large time intervals (more than
5sec) between model predictions, during which
treatment could have been stopped, typically be-
cause there could have been problems tracking the
optical markers (note that usually the prediction

[
)
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Raw data
— Baseline
—— Smoothed data
\ -
i A

Fig. 1.1 To calculate the
peak-trough ranges of pa-
tient respiratory tumor mo-
tion (black curve), a moving
average of 25 points (blue
curve) was used for filtering
high-frequency noise and a
moving average of 100 points

was used for establishing the
i baseline (red curve).
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time intervals were around 0.04 sec), and (4) show-
ing a large motion change in only one direction out
ofthree, potentially corresponding to incorrectiden-
tification of internal fiducial or large changes in the
patient’s respiratory pattern, such as coughing fits
during which time the treatment was paused (note
that data points showing the large motion changes
in two directions simultaneously while keeping the
motion in the third direction were included).

As shown in Figure 1.1, in order to calculate the
peak-trough ranges of patient respiratory tumor mo-
tion (black curve), a moving average of 25 points (blue
curve) was used for filtering high-frequency noise and
a moving average of 100 points was used for establish-
ing the baseline (red curve). This baseline was used to
divide each breathing cycle into the peak part (mid-
inspiration to mid-expiration) and trough part (mid-
expiration to mid-inspiration). The peak and trough
parts were identified by finding the intersections of
the filtered motion curve (blue) and baseline (red),
and then maxima and minima in the peak and trough
part, respectively, were calculated as described below.
The peak-trough ranges were determined by the dif-
ferences between the adjacent maxima and minima.

Figure 1.2 shows the predicted internal tumor
motion for a different patient. At 1.3 minutes an X-
ray was taken in which one fiducial was misidenti-
fied by the software. The error was not caught by the
treatment team. This misidentified fiducial caused
a sharp spike in the predicted tumor motion paths.
With our method to determine motion amplitudes,
these spikes have been removed in the analysis.

20

1.4
Results

1.4.1
Lung

Many studies using a variety of imaging modalities
to quantify motion amplitudes for lung tumors have
been published in the last decade (e.g., see Chen et
al. [22], Mageras et al. [23], and Shirato et al. [24]). In
addition, tumor motion has been observed in various
patient treatment modes ranging from free breath-
ing to breath-hold studies. The number of patients
observed spans the range from fewer than ten to sev-
eral dozen. No comprehensive conclusions have been
reached, but general patterns have been observed:

e Respiratory motion patterns and amplitudes
cannot be predicted by subject age, gender, weight,
height, and other conditions [24].

e Motion ranges tend to increase from upper lung
(smallest) to lower lung (largest), although tumor
location alone is not a reliable indicator of mobil-
ity [25].

e Motion patterns are less linear closer to the bron-
chi [24].

The data for lower lung (Table 1.1), middle lung
(Table 1.2), and upper lung (Table 1.3) follow these
general trends. We listed the mean motion for each
direction, fraction, and patient. Unlike in other
studies, we think that calculating the mean of the

Fig. 1.2 Problematic tumor motion pattern for
patient #2 caused by fiducial mistracking in the -20f
X-ray image taken 1.4 minutes into the treat-
ment.
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Table 1.1 Extent of motion for lower lung.

Superior-Inferior [mm] Left-Right [mm] Anterior-Posterior [mm]

mean max min mean max min mean max min stdev
5 2 10.1 21.6 2.0 2.4 2.4 6.2 0.3 0.8 3.2 6.2 0.0 1.3
5 4 8.4 11.8 0.6 1.5 2.0 2.8 0.1 0.4 3.4 4.7 0.2 0.7
5 5 4.3 7.4 0.5 1.4 0.4 0.9 0.0 0.2 0.7 1.2 0.1 0.2
5 7 9.0 15.6 0.8 2.1 207 4.1 0.1 0.6 2.0 4.1 0.0 0.8
15 1 0.9 1.4 0.0 0.3 12.6 19.6 0.9 2.2 3.7 5.8 0.0 0.9
15 2 9.8 14.2 0.4 1.6 0.6 1.3 0.0 0.3 3.3 69 0.8 1.2
15 3 14.0 18.8 2.5 2.1 1.3 3.0 0.0 0.7 5.2 7.6 1.0 1.0
20 1 124 38.7 5.6 3.0 0.5 1.2 0.0 0.3 2.0 7.4 0.6 0.7
20 2 11.5 37.3 1.9 2.2 1.0 2.7 0.5 0.3 1,11 2.6 0.5 0.3
20 3 10.6 35.4 4.7 2.1 1.3 4.7 0.6 0.4 12 3.1 0.4 0.4
27 1 6.2 13.3 1.1 2.0 0.2 0.9 0.0 0.1 0.5 1.8 0.0 0.3
27 2 9.8 16.1 0.4 1.6 0.7 1.6 0.0 0.2 0.7 1.3 0.0 0.2
27 3 10.1 18.6 3.2 1.4 0.1 0.6 0.0 0.1 0.6 0.9 0.0 0.2
32 1 1.6 4.7 0.0 0.6 3.5 7.5 0.0 1.2 1.1 3.5 0.0 0.6
32 2 1.5 4.8 0.0 0.9 2.1 5.9 0.0 1.1 0.6 1.6 0.0 0.3
32 3 1.6 13.5 0.0 1.2 2.5 10.7 0.0 14 1.2 5.5 0.0 0.7
33 1 5.1 16.2 0.5 1.7 7.1 21.6 0.0 1.9 6.1 18.3 0.2 1.8
33 2 5.7 13.5 2.2 1.5 1.1 2.3 0.0 0.4 4.7 1.0 0.3 1.3
33 3 3.1 6.3 0.1 1.3 7.6 253 0.6 2.6 4.3 8.3 0.0 1.2
33 4 8.8 32.1 1.6 2.8 B 10.4 0.0 1.1 4.8 21.7 0.0 14
33 5 5.4 12.2 0.6 14 6.4 18.3 0.1 2.1 5.8 17.0 1.8 1.6
43 1 6.1 18.6 0.3 1.5 1.4 4.0 0.0 0.5 2.8 6.0 0.1 1.0
43 2 6.2 20.1 0.9 2.1 1.1 4.8 0.1 0.5 7.0 17.8 1.2 2.6
43 3 6.0 13.6 1.1 1.9 1.0 3.2 0.0 0.7 3.6 7.7 0.4 1.8
43 4 4.9 19.3 2.4 1.6 1.1 5.3 0.1 0.5 34 11.3 1.5 1.0
43 5 6.1 34.1 0.0 2.9 0.5 5.8 0.0 0.5 4.3 21.2 0.2 1.8
Range of means 1.5 mm - 14.0 mm 0.1 mm - 12.6 mm 0.6 mm - 7.0 mm

Table 1.2 Extent of motion for middle lung.

Superior-Inferior [mm] Left-Right [mm] Anterior-Posterior [mm]

mean mex min  sdev | mean max min ey mean max min stdev
3 1 3.1 8.9 1.0 0.5 1.0 2.5 0.1 0.4 1.4 2.5 0.0 0.3
3 2 1.8 4.3 0.1 0.5 1.1 2.8 0.0 0.7 0.7 2.0 0.0 0.6
3 3 3.9 11.4 1.8 0.7 1.1 2.8 0.2 0.3 0.8 3.5 0.4 0.2
3 4 3.3 8.9 1.4 1.3 2.5 10.5 0.0 2.0 2.0 8.4 0.0 1.3
11 1 3.5 26.1 0.0 2.0 0.5 4.8 0.0 0.4 1.7 13.0 0.0 1.0
11 2 7.4 25.9 0.0 2.5 1.3 4.9 0.0 0.7 34 16.4 0.0 1.3
11 3 5.7 19.9 0.0 2.2 0.9 4.1 0.0 0.4 2.1 6.4 0.0 0.7
12 1 0.6 1.6 0.0 0.3 1.0 3.5 0.1 0.5 1.9 8.8 0.0 1.2
12 2 0.7 1.6 0.0 0.4 0.8 1.9 0.0 0.4 222 5.6 0.0 1.1
12 3 0.8 2.8 0.0 0.4 0.9 2.3 0.0 0.3 2.3 6.6 0.2 1.0
13 1 3.2 10.1 0.5 1.0 0.7 3.8 0.0 0.5 0.7 3.3 0.0 0.4
13 2 3.2 14.3 0.2 1.2 0.9 3.4 0.0 0.4 0.6 3.0 0.0 0.3
13 3 4.0 15.8 0.4 1.3 0.9 5.5 0.0 0.5 2 5.6 0.0 0.6

Range of means 0.7 mm - 7.4 mm 0.5mm - 2.5 mm 0.6 mm - 3.4 mm
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Table 1.3 Extent of motion for upper lung.

Superior-Inferior [mm] Left-Right [mm] Anterior-Posterior [mm]

mean max min stdev mean max min stdev mean max min stdev
5 1 2.9 5.7 0.6 1.4 2373 4.2 0.4 0.7 4.4 8.4 1.6 1.0
5 3 3.2 5.5 0.4 0.8 1.9 3.1 0.2 0.5 3.0 4.9 0.0 0.8
5 6 2.9 5.5 0.8 1.1 1.1 2.4 0.2 0.5 1.9 3.0 0.0 0.7
6 1 3.8 8.2 0.4 1.1 0.3 1.1 0.0 0.2 4.2 9.8 0.5 2.0
6 2 4.7 17.8 0.1 1.9 0.6 1.3 0.0 0.3 257/ 11.9 0.0 1.2
8 1 1.8 4.2 0.0 0.5 1.5 3.4 0.0 0.9 2.0 5.1 0.3 0.6
8 2 0.8 2.7 0.0 0.4 0.4 1.1 0.0 0.2 1.3 5.2 0.0 0.6
8 3 0.7 2.6 0.0 0.3 0.5 1.4 0.0 0.2 1.3 4.3 0.0 0.6
9 1 4.1 189 0.1 1.5 1.1 2.4 0.0 0.5 1.7 6.3 0.0 0.8
9 2 3.9 8.8 0.0 2.0 1.6 3.4 0.0 0.5 1.3 3.0 0.0 0.6
9 3 3.9 7.4 0.0 1.6 0.7 2.2 0.0 0.5 1.4 2.7 0.0 0.6
10 1 0.5 3.0 0.1 0.4 3.8 11.2 0.0 1.1 233 5.0 0.0 0.7
10 2 3.6 7.3 0.0 0.9 2.6 4.7 0.0 0.7 2.7 5.1 0.1 0.9
10 3 2.1 3.7 0.3 0.7 6.3 12.5 0.7 1.8 6.2 11.8 0.9 1.8
14 1 3.1 7.6 1.2 0.6 0.9 2.2 0.0 0.5 1.2 2.5 0.3 0.2
14 2 A9 6.2 0.1 0.7 1.0 2.5 0.0 0.5 1.6 3.0 0.0 0.3
14 3 3.1 4.2 0.5 0.5 0.7 1.4 0.2 0.3 1.2 1.8 0.1 0.3
14 4 3.7 5.6 2.8 0.3 1.5 3.0 0.2 1.0 2.3 4.1 0.2 1.2
14 5 3.0 5.6 1.2 0.5 0.5 1.4 0.1 0.3 0.6 1.1 0.2 0.1
21 1 0.4 1.3 0.0 0.3 0.6 1.3 0.0 0.2 0.5 1.6 0.0 0.3
21 2 0.3 1.0 0.0 0.2 0.6 1.7 0.0 0.3 0.7 N 0.0 0.4
21 3 0.2 1.3 0.0 0.2 0.4 1.3 0.1 0.2 0.9 3.5 0.0 0.4
22 1 8.1 41.5 0.1 4.8 1.4 8.5 0.0 1.1 1.7 5.6 0.1 1.0
22 2 7.4 48.2 0.4 4.3 1.8 14.5 0.1 1.5 1.3 8.5 0.1 1.0
22 3 9.1 26.2 0.3 4.6 4.8 12.0 0.0 2.7 3.1 8.9 0.1 1.7
25 1 2.5 7.6 0.8 0.6 28 4.8 0.0 0.8 4.4 6.8 0.0 1.2
25 2 2.9 6.4 0.1 0.6 2555 7.2 0.1 0.6 3.0 6.7 0.0 1.3
25 3 2.9 6.7 1.1 0.6 285 4.8 0.0 0.9 4.0 9.8 0.0 2.3
28 1 5.6 16.1 0.1 2.0 2.9 6.1 0.0 1.1 1.9 3.3 0.0 1.0
28 2 4.2 9.8 0.0 2.0 2.3 4.7 0.0 1.1 1.7 6.9 0.0 1.3
28 3 6.6 12.6 0.1 2.2 259 7.6 0.1 1.4 1.6 4.4 0.0 1.0
31 1 0.3 0.8 0.0 0.2 0.3 1.0 0.0 0.2 0.4 0.9 0.0 0.2
31 2 0.1 0.4 0.0 0.1 0.1 0.9 0.0 0.1 0.3 0.7 0.0 0.1
31 3 0.4 0.7 0.1 0.1 0.3 0.7 0.0 0.1 0.2 0.7 0.0 0.2
34 1 1.3 3.1 0.4 0.5 0.9 2.5 0.0 0.3 2.6 8.0 0.7 1.0
34 2 1.3 3.6 0.3 0.5 1.5 5.2 0.2 0.5 283 14.2 04 1.3
34 3 1.7 3.5 0.0 0.6 0.7 2.2 0.1 0.4 233 7.5 0.3 0.7
35 1 259, 9.1 0.6 0.6 0.6 1.4 0.1 0.3 1.3 3.6 0.2 0.2
35 2 0.9 2.5 0.3 0.4 3.3 8.3 1.9 0.8 1.0 3.8 0.0 0.5
35 3 3.8 5.5 1.7 0.7 0.4 0.7 0.0 0.2 0.8 1.4 0.0 0.2
37 1 2.6 18.7 0.0 2.5 1.1 8.3 0.0 0.8 0.5 3.6 0.0 0.6
37 2 4.2 9.3 1.7 0.8 0.5 1.1 0.0 0.3 0.6 1.3 0.2 0.2
37 3 5.6 10.3 1.1 1.5 12 1.8 0.0 0.3 1.5 2.5 0.3 0.4
40 1 211 7.1 0.0 1.4 1.1 3.3 0.0 0.7 4.7 15.0 0.1 3.2
40 2 0.9 3.1 0.0 0.7 0.8 3.7 0.0 0.5 1.1 4.4 0.0 1.0
40 3 1.2 3.3 0.0 0.7 1.8 7.7 0.0 0.9 1.5 3.5 0.0 0.8
42 1 7.0 31.6 0.2 6.1 1.0 5.0 0.1 0.8 5.1 20.5 0.1 3.5
42 2 3.6 30.3 0.0 2.6 0.5 5.4 0.0 0.6 4.2 37.0 0.0 3.6
42 3 1.3 8.0 0.0 0.8 1.3 6.0 0.0 0.8 25 174 0.0 1.4
42 4 3.7 12.5 0.0 1.4 0.8 3.0 0.0 0.7 2.6 8.2 0.0 1.9

Range of means 0.2mm - 8.1 mm 0.1 mm - 6.3 mm 0.2 mm - 6.2 mm
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mean motion amplitudes does not provide any valu-
able information. The variance in the mean motion
range between patients is quite large, and therefore
we want to emphasize that even though tumor lo-
cations may be similar between the patients, mean
tumor motion ranges may be quite different.

1.4.2
Pancreas

The literature on respiratory motion of the pan-
creas is sparse. Two older publications by Suramo
et al., who studied 50 patients [26] and Bryan et

al. in 36 patients [27], reported average motions of
20 mm and 18 mm for free breathing, respectively.
A newer study by Gierga et al. on 7 patients found
much smaller motion amplitudes with averages in
cranio-caudal direction ranging from 4.4-9.6 mm
[28].

An analysis of 9 pancreas patients treated at
Georgetown University Hospital with a total of 28
fractions resulted in predicted tumor motions that
agreed with the study by Gierga et al. (Table 1.4).
The mean motion ranged from 0.2 to 9.4 mm in su-
perior/inferior (SI), 0.3-4.8 mm in left/right (LR),
and 0.9-4.8 mm in anterior/posterior (AP). Again,
we did not list the average of the mean motion,

Table 1.4 Data from 9 pancreas patients treated with Synchrony at GUH.

Superior-Inferior [mm]

Left-Right [mm]

Anterior-Posterior [mm)]

mean max min stdev mean max min stdev mean max min stdev
2 1 8.6 13.3 2.2 1.4 2.2 5.0 0.1 1.2 1.9 4.1 0.4 0.5
2 2 5.1 8.3 3.3 0.6 1.0 1.4 0.1 0.2 1.6 3.6 0.1 0.6
2 3 6.8 8.9 4.7 0.6 0.7 0.9 0.4 0.1 2.0 2.5 1.3 0.2
4 1 0.2 0.7 0.0 0.1 3.2 7.8 0.3 0.8 0.9 3.0 0.1 0.3
4 2 1.4 4.0 0.0 0.6 4.8 17.5 0.2 2.2 1.4 5.8 0.0 1.0
4 3 3.7 10.1 0.0 1.7 1.0 2.4 0.0 0.5 1.3 3.5 0.3 0.5
4 4 4.3 17.7 0.5 1.2 0.9 4.9 0.0 0.4 1.1 6.4 0.0 0.4
4 5 2.2 7.0 0.3 0.6 0.6 1.6 0.1 0.3 1.3 4.1 0.6 0.4
4 6 4.0 10.3 0.2 1.1 1.0 3.0 0.0 0.3 1.5 3.5 0.1 0.5
17 1 6.3 15.2 0.0 3.3 2.9 6.4 0.0 1.5 4.8 9.8 0.0 2.2
17 2 7.8 194 0.1 4.2 2.5 9.1 0.1 14 4.2 1.3 0.0 2.5
17 3 7.4 28.8 0.1 4.3 1.0 3.1 0.0 0.5 2.6 9.8 0.0 1.4
18 1 5.7 16.5 0.1 2.6 1.4 5.5 0.0 1.0 2.2 7.8 0.0 1.0
26 1 3.3 194 0.2 2.1 14 104 0.0 1.0 1.7 13.1 0.0 1.5
26 2 3.9 11.3 0.8 1.2 0.8 5.1 0.0 0.4 3.4 9.6 1.0 0.8
26 3 3.3 10.7 1.1 1.2 0.8 2.6 0.1 0.6 3.2 8.9 0.6 1.2
39 2 5.2 144 0.1 2.1 0.7 2.4 0.0 0.5 14 4.5 0.1 0.8
39 3 4.7 357 0.0 5.0 0.8 9.3 0.0 1.2 1.7 17.3 0.0 2.0
39 4 0.9 2.1 0.0 0.3 2.1 3.9 1.0 0.7 1.9 3.7 0.5 0.6
41 1 2.1 124 0.5 0.9 0.9 1.7 0.0 0.3 1.1 6.8 0.1 0.6
41 2 2.4 104 0.1 0.6 0.3 1.0 0.0 0.2 1.4 6.3 0.1 0.5
41 3 3.6 17.6 0.9 1.1 0.7 4.3 0.1 0.3 1.9 6.6 0.3 0.5
45 1 9.3 234 0.7 2.3 1.6 4.6 0.1 0.5 2.7 8.0 0.1 0.8
45 2 9.4 18.2 2.9 1.9 1.2 2.3 0.3 0.3 3.2 5.4 0.9 0.7
45 3 7.9 13.1 1.9 1.7 1.3 3.1 0.1 0.6 2.4 4.9 0.9 0.7
46 1 3.5 13.9 0.0 2.9 0.4 2.0 0.0 0.4 1.4 5.0 0.0 1.1
46 2 2.4 7.7 0.0 1.9 1.5 5.1 0.0 1.3 1.2 4.1 0.0 1.1
46 3 4.6 8.6 0.0 2.3 1.0 2.6 0.0 0.7 1.2 3.0 0.0 0.8

Range of means 0.2mm - 9.4 mm

0.3 mm - 4.8 mm

0.9 mm - 4.8 mm
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because the variance between individual patients
is quite large. One should notice that the maxi-
mum observed motion range was quite large, par-
ticularly in the superior/inferior direction, which
can most likely be attributed to occasional deep
breaths.

1.5
Discussion

We studied the extent of tumor motion as predicted
by the correlation model in CyberKnife Synchrony
treatments. For lung patients, the predicted tumor
motions compare very well with motion ranges cited
in previously published data. Even though the mo-
tion patterns varied significantly from patient to
patient in the lung, the variability within a patient
was usually small.

For lower lung (Table 1.1), the mean motion was
largest in the SI direction. The maximum motion
amplitude in SI can be as much as eight times larger
than the mean amplitude for an individual patient.
As a next analytical step, we plan to analyze the dis-
tribution of motion amplitudes to determine if these
large SI amplitudes can be attributed to occasional
deep breaths or if they are an indicator of large-
amplitude fluctuations within the patients’ actual
breathing pattern. If the former is true, care should
be taken to exclude these unusual breathing patterns
for an individual patient when a 4D imaging study
is done for treatment planning purposes. If the lat-
ter is the case, these patterns need to be included in
the study. The LR motion in the lower lung is gen-
erally smaller than 2 mm. The mean AP motion
amplitudes fluctuate between 0.5 mm and 5 mm be-
tween patients. While 6 of the 7 patients in the study
showed the expected pattern of a large range of SI
motion, smaller AP motion range, and almost neg-
ligible LR motion, Patient 33 was the notable excep-
tion. The tumor motion range in this patient was of
the same order of magnitude in all directions, and
the maximum range was three times as large as the
mean. So far, we have found no indicators in tumor
size, location, medical history or fiducial placement
for this patient that could explain the unusual mo-
tion pattern.

Our data for middle lung patients is limited to 3
patients. The extent of motion and the fluctuation
in each direction for patients 11 and 13 most re-
semble the patterns seen in the lower lung patients,
although with a slightly smaller motion range. Pa-
tient 12, on the other hand, could be grouped with
the upper lung patients.

As expected, motion ranges in the upper lung
were much smaller than in the lower lung. Patients
9, 22, 28, 37, and 43, however, showed large fluctua-
tions. In 2 of our 16 upper lung patients, the motion
ranges in all directions were smaller than the stated
accuracy for Synchrony motion tracking. For those
patients, a non-Synchrony, non-fiducial stereotactic
body radiosurgery treatment would have resulted in
a similar quality treatment with no risk from fidu-
cial placement. Therefore, 4D imaging studies such
as 4D-CT or fluoroscopy should be performed on
upper lung patients to determine if fiducial place-
ment is necessary.

For pancreas patients, our data presents one of
the largest samples of pancreas motion studied un-
der free breathing. The observed tumor motion was
significantly smaller than in the cases presented by
Suramo et al. [26] and Bryan et al. [27], while they
agree with measurements of Gierga et al. [28]. The
reason for the discrepancies between the older and
newer studies could not be determined. The mo-
tion was most significant in the superior-inferior
direction, with the mean motion range being below
10 mm for all cases. Nevertheless, the motion fluc-
tuations in this direction were quite large, in one
case reaching 35 mm. The mean motion amplitude
in the LR direction exceeded the stated 1.5 mm ac-
curacy of Synchrony in only 7 of the 28 fractions
analyzed. In the AP direction, 6 of the 9 patients
had a mean motion range exceeding the 1.5 mm
tracking accuracy.

There are artifacts in the log file data that had to
be manually removed. One of the factors causing
these artifacts is misidentification of fiducials in
the X-ray images. If a misidentified fiducial can-
not be properly localized by changing the imaging
parameters and re-analyzing the X-ray, the skin-
tumor correlation model has to be reset. Devel-
opment of direct, continuous, non-ionizing elec-
tromagnetic tracking techniques or fiducial-less
tumor tracking could potentially alleviate this
problem.
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Conclusion

In Radiation Oncology, parameters that character-
ize patterns of free breathing have not yet been well
defined. Our first attempt to define “motion am-
plitude” for a quasi-periodic signal rests on very
simple mathematical principles and will be refined.
As we learn more about complex, quasi-periodical
patterns, signal-processing methods developed in
other fields such as electrical engineering will be
integrated in our mathematical toolset.

Our data analysis on the first FDA-cleared tech-
nology for real-time respiratory motion tracking
shows that the predicted tumor motion, as verified
by X-ray images throughout the treatment, agrees
well with independently published data in peer-re-
viewed publications. In addition, we have reported
the first large set of observed pancreas respiratory
tumor motions for a treatment-equivalent time in-
terval. We have confirmed that the influence of dia-
phragmatic motion on lower lung and pancreatic
tumors creates a dominant SI motion component
for these tumors.

In the absence of imaging modalities that can
study respiratory tumor motion under comparable
patient settings for an extended time period, the
method presented is an independent crosscheck
of the technology. We therefore conclude that the
Synchrony real-time adaptive motion compensa-
tion technology is an efficient way to treat moving
tumors.
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Abstract

Tumors in the thorax and abdomen move during
respiration. One way to manage respiratory mo-
tion is to move or shape the radiation beam to
dynamically follow the tumor’s changing position,
an approach that is often referred to as real-time
tracking. The Synchrony® Respiratory Tracking
System, which is an integrated subsystem of the
CyberKnife® Robotic Radiosurgery System (Ac-
curay, Incorporated, Sunnyvale, CA) is a realiza-

tion of real-time tracking for tumors that move
with respiration. Alignment of each treatment
beam with the moving target is maintained in real
time by moving the beam dynamically with the
target. An advantage of the Synchrony system is
that patients can breathe normally during treat-
ment while the robotic manipulator moves the lin-
ear accelerator dynamically. The primary concept
in the Synchrony system is a correlation model be-
tween internal tumor position and external marker
position. The position of external optical markers,
which are attached with Velcro to a snugly fitting
vest that the patient wears during treatment, are
measured continuously with a stereo camera sys-
tem. At the start of treatment, the internal tumor
position is measured at multiple discrete time
points by acquiring orthogonal X-ray images. A lin-
ear or quadratic correlation model is generated by
fitting the 3D internal tumor positions at different
phases of the breathing cycle to the simultaneous
external marker positions. An important feature
of this method is its ability to fit different models
to the inhalation and exhalation breathing phases,
which enables accurate tracking even when the tu-
mor or external marker motions exhibit hysteresis.
During treatment, the internal tumor position is
estimated from the external marker positions us-
ing the correlation model, and this information is
used to move the linear accelerator dynamically
with the target. The model is checked and updated
regularly during treatment by acquiring additional
X-ray images. This chapter presents the concepts
and methods of the Synchrony Respiratory Track-
ing System. Experimental measurements and ret-
rospective analysis of clinical data show that the
accuracy of the Synchrony System is approximately
1.5 mm.
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2.2
Introduction

Tumors in the thorax and abdomen, including in
particular the lung, liver, pancreas, and kidneys,
move up to several centimeters during respiration
[1-4]. This intrafraction motion impacts all forms
of external beam radiation therapy and is an is-
sue that is becoming increasingly important in the
era of image-guided radiotherapy [1]. For example,
the European Organization for the Research and
Treatment of Cancer (EORTC) guidelines recom-
mend that “an assessment of 3D tumor mobility is
essential for treatment planning and deliveryin lung
cancer” [5]. The recent report of the American As-
sociation of Physicists in Medicine (AAPM) Task
Group 76 on the management of respiratory motion
in radiation oncology recommends that “respira-
tory management techniques be considered if either
of the following conditions occur: a greater than
5 mm range of motion is observed in any direction,
or significant normal tissue sparing (as determined
by your clinic) can be gained through the use of a
respiration management technique” [1]. The report
further notes that the 5 mm motion-limit criterion
value may be reduced for special procedures such as
stereotactic body radiotherapy.

Several approaches have been developed to
manage the effect of respiratory motion in radia-
tion oncology [1, 4, 6]. One common approach is to
enlarge the clinical target volume (CTV) by add-
ing an internal margin to account for the range of
tumor positions during respiration. In addition to
the set-up margin which accounts for static exter-
nal beam alignment uncertainty, this method gives
a planning target volume (PTV) for which a treat-
ment plan can be designed [7]. The variation in
target position associated with breathing can be de-
termined by examining the range of target motion
with fluoroscopy. A related motion-encompassing
approach is the slow-scanning method, in which the
CT scanner is operated very slowly, or multiple CT
scans are averaged such that multiple respiration
phases are recorded per slice [8]. The image of the
tumor should show the full extent of the respiratory
motion that occurred during the scanning process,
provided the acquisition time at each couch position
is longer than the breathing cycle. The disadvan-

tage of slow-scan methods is the loss of resolution
due to motion blurring, which potentially leads to
larger observer errors in tumor and normal organ
delineation, as well as estimated dose delivered to
the patient. Another disadvantage is the increased
dose from slow CT scanning compared with conven-
tional CT scanning. Another solution to obtaining a
tumor-encompassing volume is to acquire CT im-
ages during the end-exhale and end-inhale phases of
abreathing cycle [9]. The resulting pair of CT images
provides information about the lower and upper
limits of target position, which is used to produce
an anisotropic enlargement of the target volume. Fi-
nally, the tumor range of motion and a motion-en-
compassing PTV can be determined using a 4D-CT
image study [10]. Although compensating for respi-
ratory motion by increasing target volume margins
can ensure that tumor motion during breathing will
not affect the dose delivered to the target, it will also
lead to increased dose delivered to normal tissues,
which can be a particular problem when the lesion
is located close to organs at risk.

Another set of approaches attempt to minimize
the margin by delivering radiation when the tu-
mor is at a relatively fixed and reproducible posi-
tion. Breath-hold methods minimize the effects of
breathing motion on radiation treatment by means
of tumor immobilization [1]. Breath holding has
long been used in diagnostic radiology to reduce the
blurring of images. For radiation therapy, the goal
is to attain the same breath-hold position between
beams delivered during a single treatment fraction,
and also between treatment fractions. Treatment is
delivered during the breath-hold period. Because
various ventilation muscles may or may not be in-
volved in normal breathing, and because the tidal
volumes between breaths are variable, it is difficult
for the patient to achieve a reproducible breath-hold
position during normal ventilation. Thus breath-
hold methods are typically applied at normal end-
exhalation [11, 12] or deep inhalation [13, 14]. Deep
inspiration actively recruits all ventilation muscles
to expand the lungs, whereas the lung volume is at
its most neutral state at the end of normal exhala-
tion [15]. More sophisticated methods such as active
breathing control facilitate a reproducible breath-
hold position at a phase of the normal breathing
cycle [16, 17]. These methods provide higher accu-
racy of dose delivery than motion-encompassing
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methods, but breath holding is physically demand-
ing and uncomfortable, and breath-hold repeatabil-
ity and patient compliance are challenges, especially
for elderly patients or patients with compromised
pulmonary capacity, which is often the case for pa-
tients with lung cancer or other pulmonary disease
[1]. Thus breath-hold methods may not be applica-
ble to a significant population of patients (one study
reported that a pre-selection process was required
even with active breathing control, resulting in a
33% rejection rate [11]). For respiratory gating ap-
proaches, the patient continues breathing normally.
The radiation beam is turned on only within a speci-
fied portion of the patient’s breathing cycle, which
is commonly referred to as the “gate.” The position
and width of the gate are determined by monitor-
ing the patient’s respiratory motion using either an
external respiration signal or internal fiducial mark-
ers. Both displacement-based and phased-based ap-
proaches are used [18]. Typically the gate is chosen
over a range of the breathing cycle during which the
tumor motion is minimal (such as at exhale) or the
lung volume is maximal (such as at inhale). The de-
livery of radiation during a limited portion of the
breathing cycle can substantially reduce the duty
cycle (the ratio of the gate width to the respiratory
cycle period) and thus increase the treatment time.
The duty cycle is typically about 25%. Lesion mo-
tion and gating model stability, which can adversely
impact the planned dose distribution, are also chal-
lenges for gating methods [19].

2.3
Respiratory Motion Tracking

Another way to manage respiratory motion is to
move or shape the radiation beam dynamically to
follow the tumor’s changing position, an approach
that is often referred to as real-time tracking [1].
Continuous real-time tracking can potentially
eliminate the need for or substantially reduce the
size of the tumor-motion margin added to the CTV
while maintaining a 100% duty cycle for efficient
dose delivery.

Real-time tracking requires a method to move
or shape the radiation beam relative to the mov-
ing target. For photon beams there are three main
ways to achieve this: move the patient using the
treatment couch, change the aperture of the col-
limator, and move the beam by physically reposi-
tioning the radiation source (e.g., linear accelera-
tor (LINAC)) [1, 6]. For charged-particle beams, the
beam can also be redirected electromagnetically.
Treatment couch-based motion compensation has
been studied and shown to be feasible for making
intermittent adjustments to the patient’s position
[20]. More recently, robotic couch-based motion
tracking has been shown to be technically feasible
for real-time compensation of intra-fraction re-
spiratory motion [21]. However, continuous couch
motion associated with real-time respiratory mo-
tion tracking has the practical issues of patient
comfort and treatment tolerance. Alternatively,
the beam can be effectively moved by changing the
aperture of the collimator. The technical feasibility
of this approach has been demonstrated for a mul-
tileaf collimator (MLC) [22-24]. However, there
are several potential limitations to this approach.
The constant motion for real-time tumor tracking
causes additional wear-and-tear on the MLC hard-
ware. For intensity-modulated radiation therapy
(IMRT), the MLC motion required for target track-
ing superimposes on that required for intensity
modulation, increasing the chances of exceeding
the physical speed limitations of the MLC. If the
MLC is part of a conventional gantry-based LINAC
system, beam alignment with the moving target
can be maintained only in the plane of the treat-
ment field. Finally, MLC-based tracking is limited
in resolution in one direction by the leaf width, and
there may be a trade-off between setting the MLC
orientation to obtain the maximum conformality
to the target volume and setting the orientation
to align the direction of greatest MLC resolution
along the primary axis of motion.

The other approach is to physically reposition
the radiation source to follow the tumor’s changing
position. The remainder of this chapter discusses a
realization of this approach by describing the con-
cepts and methods of the Synchrony Respiratory
Tracking System.
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Synchrony Respiratory Tracking System

2.4.1
Overview

The CyberKnife Robotic Radiosurgery System moves
the radiation beam by physically repositioning the
radiation source [25]. A miniature lightweight 6 MV
X-band LINAC is mounted to an industrial multi-
jointed robotic manipulator that can move freely
and accurately aim the radiation beam with six de-
grees of freedom. Two digital X-ray imaging systems
are orthogonally configured. The X-ray generators
and amorphous silicon X-ray detectors are rigidly
fixed so that their projection camera geometry is
calibrated and known with high accuracy. Computer
algorithms automatically compare the projection
images of the target region with the patient’s treat-
ment planning CT image.

Using image registration methods, the target po-
sition is computed and sent to the robotic manipu-
lator, which maintains the alignment of each treat-
ment beam with the moving target by moving the
beam dynamically with the target. The Synchrony
Respiratory Tracking System is an integrated sub-
system of the CyberKnife System that allows irradia-
tion of extracranial tumors that move due to respi-
ration. An advantage of the Synchrony system is that
patients can breathe normally during treatment and
there is no reduction in the duty cycle as there is for
gated approaches.

Detecting the tumor position is one of the most
important and challenging tasks in real-time respi-
ratory motion tracking. The relatively high speed
of breathing-induced target motion requires near-
continuous target position information. Ideally,
the tumor itself can be tracked directly and con-
tinuously. This can be accomplished by implanting
gold fiducial markers in or around the tumor and
tracking the fiducials using multiple fluoroscopes
[19, 26]. This approach has provided detailed in-
formation about the motion trajectories of lung
tumors [2, 3]. However, although the high radio-
opacity of gold fiducials makes them detectable at
relatively low exposures, continuous imaging deliv-
ers a skin dose of up to 2 cGy/min of tracking [26].
For lengthier treatments such as hypofractionated

stereotactic body radiotherapy and radiosurgery,
the additional radiation dose from direct and con-
tinuous tracking with fluoroscopy is an issue that
needs to be considered.

In order to reduce radiographic imaging expo-
sure, hybrid techniques have been proposed that
combine episodic radiographic imaging with con-
tinuous measurement of an external breathing sig-
nal [6, 27-30]. The Synchrony Respiratory Tracking
System uses such an approach. Respiratory motion
tracking is based on a correlation model between
internal tumor position and external marker posi-
tion. At the start of treatment, the internal tumor
position is measured at multiple discrete time points
by acquiring orthogonal X-ray images. A linear or
quadratic correlation model is generated by fitting
the 3D internal tumor positions at different phases
of the breathing cycle to the simultaneous external
marker positions. During treatment, the internal tu-
mor position is estimated from the external marker
positions using the correlation model, and this in-
formation is used to move the linear accelerator dy-
namically with the target. This concept is illustrated
in Fig. 2.1. The model is checked and updated regu-
larly during treatment by acquiring additional X-ray
images.

A schematic block diagram of respiratory mo-
tion tracking in the Synchrony system is shown in
Fig. 2.2. There is a separate correlation model for
each external marker. The external marker posi-
tions are measured continuously and input to the
corresponding correlation models. Each model
provides an estimate of the target position from the
external marker variable. The individual estimates
are averaged to get the final estimate of the target
position. This value represents the position of the
target at the present time. Ideally, this value can be
sent to the robotic manipulator as a position com-
mand without any delay. However, communication
latencies and robotic manipulator and LINAC iner-
tia cause delays; if the present time estimate of target
position is sent to the robot, there will be a lag in the
robot manipulator’s motion. A predictor is used that
will, using the history of the target movement, com-
pensate for the delays in the system. The predictor is
adaptive and is designed to have a quick response to
changes in the breathing pattern and target move-
ment. Finally, the output of the motion predictor is
passed through a smoothing filter before it is sent to
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Fig.2.1 Ilustration of the Synchrony Respiratory
Tracking System. Respiratory motion tracking is
based on a correlation model between internal tumor
position and external marker position. During treat-
ment, the internal tumor position is estimated from
the external marker positions using the correlation
model. This information is used to move the linear
accelerator dynamically with the target.

Marker1 X Model 1

M1

Marker2 X, Model 2

Model 3

Marker 3 X,

Predictor

Robot

Fig. 2.2 Schematic block diagram of the Synchrony Respiratory Tracking System. For each external marker, there
is a correlation model between the position of the internal target and the position of the external marker. The
outputs of the individual models are averaged to obtain the present time estimate of the target position. A predictor
is used to compensate for communication latencies and robotic manipulator inertia. Finally, the predicted position
is filtered and sent to the robotic manipulator as a position command.

the robot as a position command. Each one of the
blocks depicted in Fig. 2.2 will be explained in more
detail in the following sections.

2.4.2
External Markers

The Synchrony system uses external optical markers
to provide a breathing signal. Three markers are at-
tached to a snugly fitting vest that the patient wears

during treatment (Fig.2.3). The marker positions
reflect the chest wall position. Light-emitting diodes
(LEDs) transmit light through optical fibers that ter-
minate at the cylindrical optical marker. This ap-
proach was chosen over directly attaching LEDs to
the vest to avoid the presence of copper wire in the
tracking X-ray images. The markers are sequentially
strobed and a stereo camera system, which consists
of three linear charge-coupled device (CCD) detec-
tor arrays, measures the 3D marker positions con-
tinuously at a frequency of approximately 30 Hz.
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Fig. 2.3 External optical markers used by the Synchrony system to provide a breathing signal. Three markers whose positions
reflect the chest wall position are attached with Velcro to a snugly fitting vest that the patient wears during treatment.

2.5
Correlation Model

There is a separate correlation model for each exter-
nal marker. Each model provides an estimate of the
internal target position from the external marker
position:

i = fi Xwmi) 1)

where X,; is the position vector of the ith marker
and X, is the position vector of the target esti-
mated from the ith marker. Each marker has an
independent function f; that maps the marker’s po-
sition to the target position. When more than one
marker is used, which is almost always the case, the
Synchrony system averages the individual target po-
sition estimates from all active and visible markers
to obtain the final estimate of the target position.
Each point on the chest wall moves on an approx-
imately linear trajectory (Fig. 2.4). Because of this,
the 3D vector position of each external marker X,,;
can be replaced by the distance along the marker’s
principal axis of motion. This distance is the projec-
tion of the position vector on the principal axis of
motion. This simplification reduces the complexity
of the correlation function f; and reduces correlation

32

31
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Fig. 2.4 Typical external marker motion for a Synchrony
patient. The red curves in this plot show the positions of
an external optical marker placed on the chest of a patient
during eight breathing cycles. The 3D vector positions have
been projected onto a plane. The vertical graph direction
(y-axis) corresponds to the anterior-posterior direction of
the patient. The horizontal direction (x-axis) corresponds to
the left-right direction. The black line is the principal axis
of motion. Because the external markers move on approxi-
mately linear trajectories, the 3D vector position is replaced
by a scalar value that is the projection of the position vector
on the principal axis.
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model noise. Using this simplification, the correla-
tion model can be written as:

Xy; = fi(r) ()

where r; represents the distance traveled along each
marker’s principal axis of motion.

The initial release of the Synchrony system used
only a linear function for f;:

X =Ar;+B (3)

The linear coeficients A and B are vector-valued
quantities. The correlation function f; is effectively
three correlation models, one for each component of
motion. The linear correlation model is easy to build
and robust. Though it is a relatively simple model,
it provides accurate tracking results for many pa-
tients.

During normal breathing, the deflating lung vol-
ume is larger than the inflating volume at the same
transpulmonary pressure [15]. This is called hyster-
esis and is attributable to the complex respiratory
pressure-volume relationship of the lung and chest
wall. Hysteresis in 3D tumor trajectories was ob-
served in half of the patients in one study [2]. The
hysteresis was a 1-5 mm separation of the trajecto-
ries during inhalation and exhalation. Hysteresis
is one source of nonlinearity in the correlation be-
tween external markers and an internal target. Even

Position (mm)

0 1 2 3 4 5 6 7 8
Time (s)

if the motions of the markers and target follow lin-
ear trajectories, the correlation between the marker
and target positions will be nonlinear if there is a
phase difference (time delay) between their motions
(Fig. 2.5). Phase differences up to 30 degrees have
been observed in several studies [3, 31-33]. To ad-
dress the cases where the linear correlation model is
not adequate, two nonlinear forms of the model were
introduced in 2005. One is a simple curvilinear form
that introduces higher order terms in Eq. (3). This
form of the model allows for nonlinear correlation
of the external marker and tumor that is the same
for inhalation and exhalation. The most general cor-
relation model available in the Synchrony system is
a dual-curvilinear form where two polynomials are
used to separately model the inhalation and exhala-
tion phases of the breathing cycle:

@

The phase of the breathing cycle can be determined
from the external marker velocityr. The current ver-
sion of the Synchrony System allows N = 1, which
is the linear model in Eq. (3), and N = 2, which is

&
i |

o

w
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Internal Target Position (mm)
o

External Marker Position (mm)

Fig. 2.5 Illustration of phase difference and its effect on correlation between external marker and target positions. The left
graph shows sinusoidal motions of an external marker (black) and internal target (red). There is a 30 degree phase difference
(time delay) between their motions. The right graph shows the nonlinear correlation between the external marker and target
positions for multiple phase differences between their motions. The marker and target each move on a linear trajectory. If
the phase difference is zero, the correlation between the marker and target positions is linear (black). As the phase difference
between their motions increases, the correlation between their positions becomes increasingly nonlinear (blue, green, red).
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a quadratic model. The nonlinear models provide
flexibility and potentially more accurate represen-
tation of the internal movement. These models can
model hysteresis as well as nonlinear correlation
due to phase differences between external marker
and target motion. However, relative to the linear
correlation model, these models require additional
data points to be defined, and due to their nonlinear
form they are more sensitive to the distribution of
the data points.

2,51
Building the Correlation Model

At the start of treatment, the internal tumor posi-
tion is measured at multiple discrete time points by
acquiring orthogonal X-ray images. The correlation
model is generated by fitting the 3D internal tumor
position at different phases of the breathing cycle to
the simultaneous external marker position (the dis-
tance along the marker’s principal axis of motion).
The target position is determined by automatically
detecting fiducial markers, which are implanted in
or near the tumor, in orthogonal X-ray images. Al-
ternatively, for some lung tumors that are visible in
the X-ray images, the target position can be deter-
mined by direct tumor tracking using the Xsight' "
Lung Tracking System, which recently became avail-
able for the CyberKnife system.

Each successful image acquisition yields a set of
spatial coordinates for the target. The target position
plus the time at which the image pair was acquired
is sent to the Synchrony system computer. The con-
tinuously measured external marker positions are
stored in a buffer. The image acquisition time is used
to find the corresponding position and speed of all
the markers. For each marker, a data point consist-
ing of the marker position, marker velocity, and tar-
get position is added to its data set.

As each new data point is added, the parameters
for each correlation model type are computed us-
ing a least-squares fit of all available data points.
The three models considered are linear, single qua-
dratic, and dual quadratic. Since the linear model
requires the fewest data points, is less sensitive to
the distribution of data points, and is generally more
robust than the other model types, it is favored over

the other types if the standard error of the model
is small enough. If the standard error for the linear
model is less than 1 mm, the other model types are
not evaluated. If the error is larger than 1 mm, pa-
rameters for all other model types are determined
and the model errors computed. The modified stan-
dard error of the model can be written as:

S B (5)
emmp—n_m kz::,ek

where e, is the distance between the model and
data point k, n is the total number of data points,
and m is the minimum number of data points
needed to define the particular model mathemati-
cally. This error value is sometimes referred to
as the degrees-of-freedom adjusted standard er-
ror because m is the degrees of freedom of the
model. For the linear model, m = 2. For the dual
quadratic model, m =2 x 3 = 6. The Synchrony sys-
tem requires more data points than the theoretical
minimum: a model type is a candidate only if n
> m. Thus the minimum number of data points
required to be a candidate model is 3 for a linear
model and 2 x (3+1) = 8 for a dual quadratic model.
In practice, 5-6 data points are typically used to
build a linear model and 10-12 points to build a
dual quadratic model. The model with the smallest
modified standard error is generally chosen. How-
ever, sometimes the linear model is chosen over a
nonlinear model even though the linear model has
a slightly larger error. This is due to the fact that
the errors are weighted before they are compared,
which is done to slightly favor the linear model in
the selection process.

Each component of motion has its own correla-
tion model. The motion component models are de-
termined independently. It is not uncommon for one
component (e.g., anterior-posterior or left-right) to
have a linear model while another component (e.g.,
superior-inferior) has a dual quadratic model.

The parameters for the linear model are always
saved, even if a different model was chosen. The lin-
ear model is used for blending the two curves for
the dual quadratic model as well as estimating tar-
get positions for values of r that are slightly outside
the range of the data points. Blending of the curves
and handling of out-of-range values of r will be dis-
cussed in the next section.
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2.5.2
Using the Correlation Model

The primary use of the correlation model is to es-
timate the real-time target position from the con-
tinuously measured external marker positions. This
information is used to move the linear accelerator dy-
namically with the target (Fig. 2.2). The details of the
process are slightly different depending on the type of
correlation model used. For each of the markers:

o If the marker is visible, its 3D vector position X,;
is acquired.

e If the marker is enabled, its scalar position r; along
its principal axis of motion is computed by pro-
jecting the vector position on the principal axis.
The velocity 7; of the marker is also calculated.

e If r; is within the range of the data points used
to build the correlation model, the target position
Xp; is computed from the equation of the model.
If the model is linear, the rest of this section is
skipped and the calculated position X, is the final
estimate of the target position for this marker.

e If r; is outside the range of the data points used
to build the correlation model, the linear model
is used to compute X, and the rest of the section
is skipped.

e If the model is dual quadratic and the external
marker velocity 7, has a very small value, this indi-
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cates that the target position is near end-inspira-
tion or end-exhalation, which corresponds to the
boundary between the two branches of the model
function. At these points in the respiratory cycle
the two branches of the function are evaluated
and averaged. This provides a blending mecha-
nism for the ends of the two branches that may not
necessarily meet at the same point in space.

e Additional blending is performed if the value of r;
is very close to the boundaries of model. This is
accomplished by blending the value obtained from
the previous step with the output of a linear model.
This step ensures a smooth transition from a linear
to a dual quadratic model. The handling of out-of-
range values of r and the blending of curves for the
dual quadratic model is illustrated in Fig. 2.6.

The above steps are repeated continuously for all ac-
tive external markers. A marker is considered active ifit
is visible to the Synchrony system camera and enabled.
Markers are enabled by default and must be explicitly
disabled by the user. Markers should be disabled for
a variety of reasons, including small marker motion
compared to the internal target motion, high noise level
of the marker position signal (small signal-to-noise
ratio), and incomplete visibility during the respiration
cycle. The individual marker estimates are averaged to
provide the final estimate for the target position Xr.

Internal Target Position (mm)
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Fig. 2.6 Estimation of target position using the dual quadratic correlation model. The left graph shows the individual qua-
dratic models for the inhalation and exhalation phases (blue and red) as well as the linear model (green). If the external
marker position is outside of the range captured during the building of the correlation model, the target position is estimated
using the linear model to prevent large extrapolation error that is possible with a quadratic fit. If the marker position is near
the boundary between the two branches of the correlation model, the two branches are evaluated and averaged. The right

graph shows the overall correlation model (black).
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2.5.3
Checking and Updating the Correlation Model

Inter- and intra-fraction changes in position and
motion are common and well known [1-3]. A cor-
relation model is generated at the beginning of ev-
ery treatment, which addresses the issue of inter-
fraction variability. However, the target position
and motion typically changes during the treatment.
This could be caused by gradual patient relaxation
throughout the treatment period. In the lung, this
could be attributed to gravity action on compliant
lung tissue. Thus it is important to regularly check
and update the correlation model during treatment.
This is accomplished in the Synchrony system by
acquiring additional X-ray images. In practice, ad-
ditional X-ray images are typically acquired every
1-5 min.

When a new X-ray image pair is acquired, the
time of the image acquisition is used to find the
corresponding position of the external markers.
The marker positions are used to compute the pre-
dicted target position from the correlation model.
This information is first used by the target localiza-
tion software to provide a better initial estimate for
the automatic detection of the target position in the
X-ray images. This step reduces the number of un-
successful target detections. If the target position
in the X-ray images is successfully determined, the
model-based estimated target position is compared
with the image-based actual position. The corre-
lation model error, which is the distance between
the estimated and actual positions, is computed
and displayed in a graph including the previ-
ous prediction errors. If the error is larger than a
predefined value, the treatment is paused and the
user is informed about the discrepancy; the model
can then be checked with additional X-ray image
acquisitions or completely regenerated. If the cor-
relation model accuracy is adequate, the newly ac-
quired data point is used to update the model as
described in the previous section. Thus the corre-
lation model adapts to gradual changes in target
position and motion during the treatment. The
maximum number of data points for a model is 15.
If there are already 15 data points when a model is
updated, the most recently acquired data point is
added and the oldest data point is deleted (a first-
in, first-out strategy).

2.6
Target Motion Prediction

The correlation model provides a spatial model be-
tween external marker and internal target positions.
It estimates the current position of the target. Posi-
tioning the radiation source at this position cannot
happen instantly. The time between acquisitions of
the external markers is 35 ms. Error in the surrogate
breathing signal (external marker positions) intro-
duces error in the estimated target position. Thus
the correlation model output needs to be passed
through a filter to smooth out uncertainty in the
estimated target position. Communicating the posi-
tion data to the robot controller introduces a delay.
The robot controller performs its own filtering of
the position commands. Robotic manipulator and
LINAC inertia introduce further delays. The total
time delay of the current version of the Synchrony
system is approximately 115 ms. For a target that is
moving at 2 cm/s, this time delay will cause a lag in
the robotic manipulator’s position of up to 2 mm
behind the actual target position.

Target motion prediction is used to compensate
for this time delay and thereby minimize lag in the
robot manipulator’s motion. Although the breath-
ing cycle is nominally periodic, the motion predic-
tion problem is complicated by the fact that a typical
breathing cycle varies in amplitude and frequency
from one cycle to the next [34]. An example of this
cycle-to-cycle variation is illustrated in Fig. 2.7.
However, the variations are not purely random,
which means that in principle it should be possible to
predict future respiratory motion from past motion.
Both model-based [2, 23] and adaptive filter [35, 36]
approaches have been used. Adaptive filters, which
are commonly used in control processes where the
input signals are complex and variable, predict the
next value of a signal based on a running sample of
past values.

The Synchrony system compensates for time de-
lays in the system by using an adaptive predictor
that provides an estimate of future target position
given the past patterns of target motion. The pre-
dictor is designed to respond quickly to changes in
the breathing pattern and target motion. It relies on
heuristic rules and tuned parameters to accomplish
its task. The current implementation uses a window
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Fig. 2.7 Illustration of the adaptive
predictor used by the Synchrony sys-
tem to compensate for time delays in
the system. The predictor provides 10
an estimate of future target position
given the past patterns of target mo-
tion. An explanation of the window
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cycles is taken as the reference data (W, rrence)- A
small window that contains part of the last breath-
ing cycle is considered as the current data (W, en,)-
For every sample, a small window with identical size
to Wy rent €alled W, | 4idate 1S moved across the larger
window (from the newest data to the oldest). Error
metrics are used to assess how well the contents of
W_andidate match with W .. When the best match
is found, the pattern following that window is used
to predict the future target position after the current
window W_,, ... This matching process is repeated
at every sampling time.

2.7
Treatment Delivery Accuracy

The first reported study of the Synchrony Respi-
ratory Tracking System was performed in 2004 by
physicists at three CyberKnife centers [37]. They con-
ducted an “end-to-end” test procedure in whicha CT
scan was acquired of a test object, a treatment plan
was designed to deliver a spherical dose distribution
to a target within the object, the treatment was de-
livered, and the dose distribution centroid was mea-
sured on radiochromic dosimetry film placed inside

6930 6940 6950

External Marker Position (mm)

6960

the object. The total system error was computed as
the distance between the centroids of the planned
and delivered dose distributions and thus repre-
sents all possible errors in the treatment planning
and delivery process including error in the track-
ing system, the CT scanner, the treatment planning
software, the robot, and the LINAC. Programmable
motion tables were used to simulate respiratory mo-
tion of the object and the external optical markers.
The motion patterns reproduced extreme examples
of the motion measured by real-time fluoroscopic
examination of lung tumors with implanted fiducial
markers [2, 3]. Specifically, the amplitude of motion
was 25, 8, and 3 mm for superior-inferior, anterior-
posterior, and left-right directions, respectively; the
motion pattern was a sin*(wT/2) waveform; the pe-
riod was 3.6 s; and the phase difference between the
object and marker motions was 0, 15, and 30 degrees
for different experiments. Relative to a static treat-
ment case, the mean error observed during treat-
ment with the Synchrony system across all motion
patterns was 0.7 = 0.3 mm.

System improvements have been made since this
study was conducted, including the introduction of
nonlinear correlation models which improve the
tracking accuracy for motions involving non-zero
phase differences. A more recent study performed
using nearly identical motion amplitudes, wave-
forms, and phase differences but with an improved
version of the Synchrony system reported total sys-
tem errors less than 1 mm for all measurements

6970
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made using respiratory motion tracking [38]. Ac-
curay recently released the Synchrony motion table,
which was developed for performing quality assur-
ance of Synchrony respiratory motion tracking. The
waveform is approximately |sin®(wT/2)| with a single
linear axis target platform excursion of 25 mmand a
platform for the external optical markers that moves
orthogonal to the target motion through a distance
of about 10 mm. The phase difference between the
target and marker motions may be adjusted zero to
180 degrees. Preliminary results from three of six
centers participating in a multi-institutional study
of Synchrony respiratory motion tracking accuracy
using this quality assurance motion table show a to-
tal system error (distance between the centroids of
the planned and delivered dose distributions) of less
than 0.5 mm for phase differences of 0, 10, and 20
degrees and less than 1 mm for 30 degrees [39].

3500 T T T T

In addition to causing a shift in the centroid of the
dose distribution, respiratory motion may blur the
dose distribution (i.e., reduce the steepness of the dose
gradient around the target). This effect was studied
using the technique described above. The distance
between the 20% and 80% isodose lines (normalized
to maximum dose) was measured in the superior-
inferior direction (the axis of greatest motion) at the
edges of the target [38]. Motion-induced blurring was
quantified by the change in the 20-80% distance for
treatments with and without motion. When using
the Synchrony system to track a target and correct a
target with linear motion, no additional blurring re-
sulted; tracking and correcting a target with extreme
nonlinear correlation (30 degree phase difference be-
tween object and external optical marker motions)
resulted in 1 mm blurring (Fig. 2.8). This compares to
dose blurring of more than 8 mm when no respiratory
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Fig. 2.8 Dose profiles for simulated respiratory motion with and without using the Synchrony System [38]. A programmable
motion table was used to simulate respiratory motion of a test object and external optical markers. The motion patterns
reproduced extreme examples of the motion measured by real-time fluoroscopic examination of lung tumors with implanted
fiducial markers [2, 3]. The amplitude of motion was 25, 8, and 3 mm for superior-inferior, anterior-posterior, and left-right
directions, respectively; the motion pattern was a sin*(wT/2) waveform; the period was 3.6 s; and the phase difference be-
tween the object and marker motions was 0 (linear correlation between object and marker motion) or 30 degrees (nonlinear
correlation) for different experiments. The total system error (distance between the centroids of the planned and delivered
dose distributions) was less than 1 mm for all measurements made using respiratory motion tracking. Dose profiles were
measured in the superior-inferior direction (the axis of greatest motion). Relative to the static treatment case (black line),
motion without using tracking causes very substantial blurring (blue dotted line, the 20-80% width is not measurable). The
dose profiles show that the linear correlation model works well for linear motion without a phase difference between object
and marker motions (red line, 20-80% width is same as for static case) and the nonlinear (dual quadratic) correlation model
works well with a phase difference of 30 degrees (red dotted line, 20-80% width is 1 mm greater than static case). The dose
profile is relatively more blurred using linear correlation model with a phase difference of 30 degrees (blue line, 20-80%
width is 6 mm larger than static case).
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tracking was used. The CyberKnife team at Erasmus
Medical Center-Daniel den Hoed Center, Rotterdam,
The Netherlands, conducted a similar experiment
using a treatment plan with far greater isodose line
complexity than typically encountered clinically.
Treatment was delivered using simulated respira-
tory motion with and without Synchrony respiratory
tracking; the amplitude of motion was 20 mm, the
motion pattern was a sin?(wT/2) waveform, and the
period was 7 s. The results show isodose line agree-
ment to be generally better than 1 mm, with a maxi-
mum displacement of 2 mm (Fig. 2.9).

Most of the reported testing of the Synchrony
system has been performed using motion phan-
toms. There has also been some retrospective analy-
sis of clinical data. As mentioned previously, dur-
ing a CyberKnife radiosurgery treatment with the
Synchrony system, the correlation model is checked
and updated regularly by acquiring additional
X-ray images. The correlation model error, which
is the distance between the model-based estimated
and image-based actual positions, is computed, dis-
played, and stored in a log file. This error is a mea-
sure of the accuracy of Synchrony tracking in actual
clinical application. The log files from 14 treatments
delivered at three CyberKnife centers using the ini-
tial release of Synchrony, in which only the linear

correlation model was available, were collected and
analyzed [40]. The average of 510 correlation model
error values contained in these log files was 1.4 +
1.0 mm (mean + standard deviation). More recently,
Seppenwoolde et al. [41] examined the correlation
model error for eight lung cancer patients treated
with respiratory gating [19]. All of these patients had
simultaneous and continuous recordings of internal
tumor and external marker positions. This data
was used to simulate a CyberKnife treatment with
Synchrony tracking. The continuous internal tumor
position data was used to compute the continuous
correlation model error. Although the published ab-
stract does not include quantitative results, the au-
thors concluded that the Synchrony system reduced
errors due to breathing motion “largely and consis-
tently over treatment time for all studied patients.”

Conclusion

The CyberKnife Robotic Radiosurgery System with
the integrated Synchrony Respiratory Tracking Sys-
tem is the only currently available radiation delivery

Fig. 2.9 Dose distributions for simulated respiratory motion with (right) and without (left) using the Synchrony System.
The underlying black curves are isodose lines generated by the treatment planning system. The colored curves are the
same isodose lines measured after treatment delivery with respiratory motion. The isodose lines are displayed in 0.5 Gy
increments, with the highest being 4.0 Gy. The scale is defined by the length of a side of the square dosimetry film, which
is 6.3 cm. The amplitude of motion was 20 mm, the motion pattern was a sin?(wT/2) waveform, and the period was 7 s. The
results show isodose line distance to agreement to be generally better than 1 mm, with a maximum displacement of 2 mm.
(Images courtesy of Drs. J. P. A. Marijnissen and Y. Seppenwoolde, Erasmus Medical Center-Daniel den Hoed Center, Rot-

terdam, The Netherlands.)
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platform that offers real-time tracking for tumors
that move with respiration. Alignment of each treat-
ment beam with the moving target is maintained
in real time by physically repositioning the radia-
tion source, which is a LINAC mounted on a multi-
jointed robotic manipulator, to follow the target.
Respiratory motion tracking combines episodic
radiographic imaging with continuous measure-
ment of external optical markers; it is based on a
correlation model between internal tumor position
and external marker position that is generated by fit-
ting the internal tumor positions at different phases
of the breathing cycle to the simultaneous external
marker positions. Inter-fraction variability in tumor
position and motion is addressed by building the
model at the start of every treatment. The model is
checked and updated regularly during treatment by
acquiring additional X-ray images, thereby adapting
to intra-fraction changes in respiratory motion. Re-
ported experimental measurements and retrospec-
tive analysis of clinical data demonstrate that the
accuracy of Synchrony tracking is approximately
1.5 mm. The Synchrony system is a convenient and
practical alternative to other methods for managing
respiratory motion. Continuous real-time tracking
and treatment maintains a 100% duty cycle for ef-
ficient dose delivery. The patient breathes normally
throughout the treatment without the need for
breath holding, which can be physically demanding
and uncomfortable for elderly patients or patients
with compromised pulmonary capacity as is often
the case for patients with lung cancer. As of April
2007, the Synchrony system is installed on more
than 80 CyberKnife systems worldwide and has been
used to treat more than 2000 patients with tumors in
the lung, liver, pancreas, and kidney. Several other
chapters in this volume discuss the clinical experi-
ence with this technology.
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Introduction

When using the CyberKnife® (Accuray Incorporated,
Sunnyvale, CA) Image-Guided Stereotactic Radio-
surgery (SRS) System to treat soft-tissue tumors in
anatomic sites other than intracranial or spinal lo-
cations - such as in the lung, liver, kidney, prostate,
and pancreas - fiducial placement in or close to the
tumors is necessary to assist patient alignment and
target tracking for precise treatment delivery. Under
the assumption of rigid transformation, atleast three
fiducial markers are required to obtain six-degrees-
of-freedom transformation parameters, i.e., three
translations and three rotations. However, in most
cases, soft tissue is highly deformable and non-rigid.
This results in three possible scenarios: 1) the rigid
body criteria fail and the rotational transformation
cannot be obtained, 2) the tumor deformation results
in unreliable computed rotational information, and
3) even when the fiducial array meets the rigid body

criteria, the orientation of the tumor often has poor
correlation with the global body orientation and thus
results in dosimetric deviation. In these cases, the
rigid rotations computed by fiducial tracking have no
clear meaning and it is questionable if the rotation
corrections by the robot would contribute to target-
ing precision. We present a solution that balances
the requirement of minimal target geometric miss
and the consistency of global body orientation by
combining both spinal alignment and tumor fiducial
tracking techniques.

Material and Methods

3.2.1
Fiducial Tracking and Tumor Orientation

The use of fiducial markers with CyberKnife was
originally introduced for spinal radiosurgery [1]. Its
application was successful; the system’s precision is
widely acknowledged [2, 3]. The fiducial tracking al-
gorithm has demonstrated its accuracy and precision
throughout the early experience of CyberKnife spinal
radiosurgery. This method was naturally adopted
when the application of CyberKnife was extended to
body radiosurgery for soft tissue tumors. One should
remember that the success of fiducial-based spinal
radiosurgeryliesin the fact thatfiducialarrays deform
very little because they are implanted into the rather
rigid spinal bony structures; thus, the geometry of the
fiducial array reconstructed by the imaging system
can be reliably and accurately correlated to the tumor
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orientation. The same, however, does not hold true
for soft-tissue tumors, for which fiducials are placed
directly inside or adjacent to the tumor. Studies have
shown that soft-tissue tumors in anatomic sites like
the lung, liver or pancreas can easily deform. This
deformation can range from a few millimeters up
to 1cm [4-6]. A fiducial array will inevitably be
deformed when implanted in such an environment.
This naturally means the movement of the implanted
fiducials may not be coherent. Under such conditions,
the orientations (translation and rotation) derived
from the reconstructed geometry of the fiducial array
will not be the complete representation of the tumor
spatial orientation. This can be demonstrated by the
following example.

Three fiducials were implanted in a tumor, form-
ing an equilateral triangle with a distance of 2 cm
between any two fiducials. The fiducial array was
used to define the treatment geometry. The fiducial
tracking procedure was then carried out and the fi-
ducial array was aligned to minimize the offsets in
all six degrees of freedom to < 0.2 (mm or degrees).
One of the three fiducials was then offset by 2 mm
in the direction shown in Figure 3.1. The image
tracking following this modification failed, giving
a message of “Rigid body constraint failure”. Upon
increasing the “Rigid Body Tolerance” to 2.5 mm,
the tracking was processed and 5 degrees of rotation

Deformed -~
tumor /
contour

Fig. 3.1 A fiducial array in an equilateral triangle formation
(not to scale). A local tumor deformation causes the top fi-
ducial to shift by 2 mm. The CyberKnife tracking algorithm
would report 5 degrees of rotation.

were reported. Here, the 2-mm offset of one fiducial
represents a local deformation. Under such condi-
tions, the calculated rotations do not reflect real-
ity, and the corrections based on such information
would have caused a geometric miss.

Furthermore, changes of tumor position, caused
either by local displacement or deformation, are of-
ten inconsistent with global body movement. When
the tracking module returns three rotational param-
eters, the system assumes the patient’s whole body
has rotated by those values. This can fail to reflect
physical reality. A correction of beam geometry fol-
lowing such instruction would cause dosimetric er-
ror, since the source-to-surface distance (SSD) and
the depth of calculation would vary. Such a situa-
tion is illustrated in Figure 3.2. Although the use of
a large number of non-coplanar beams may “wash
out” such an effect from each individual beam, the
overall effect should still be carefully examined.

Inlight of the above, it should be acknowledged that
increasing the number of fiducial markers may not
always be advantageous in cases of easily deformed
tumors. When multiple fiducials are used for these
tumors, the rotational parameters generated by the
tracking system should be interpreted with caution.

3.2.2
Global Alignment and Local Tumor Tracking

Since a deformed fiducial array can offer little mean-
ingful rotational information, there is no obvious
need to meet the theoretical requirement of at least
three fiducials for 6D tracking when deciding the
number of fiducials to be used. Moreover, fiducials
implanted in distal surrounding deformable tissue
(such as normal lung tissue) may result in additional
error in projecting the “CT center” (the center of im-
age tracking), and therefore the targetlocation itself.
This leads to a new strategy of implanting a minimal
number of fiducials (often one) in deformable soft-
tissue tumors, and using only the translational pa-
rameters for tracking. When a single fiducial is used,
it should always be implanted at or near the center of
the tumor mass. Placing fiducials in adjacent normal
lung tissue should be avoided whenever possible.
However, if rotational information from fiducial(s)
is to be discarded, global patient alignment would be-
come indispensable to ensure accurate treatment de-
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Fig. 3.2 Incoherent tumor-body movement/orientation causes variation in dosimetric parameters such as SSD and depth.

livery. This is apparent especially when a single fiducial
is used for target tracking, since the tracking algorithm
would not distinguish one position from another, not
even between supine and prone patient positioning.
Using spinal bony structure for global patient align-
ment is a natural choice. A new methodology was thus
formulated for tracking soft-tissue tumors: achieving
global patient alignment followed by translational lo-
cal tumor tracking using a reduced number (one or
two) of fiducials implanted within the tumor mass [7].

In our early implementation of this methodology,
global alignment was achieved by implanting three
or four fiducials in the spinal processes at appro-
priately selected levels. This was later replaced by a
newly-developed technology, called skeletal struc-
ture tracking (SST) or Xsight™ (Accuray Incorpo-
rated, Sunnyvale, CA) Spine Tracking System [8, 9].
Xsight, using a unique non-rigid image registration
algorithm, was designed for SRS of spinal tumors.
It provides accurate spinal orientation information
with six degrees of freedom, and thus eliminates the
use of fiducials for spinal tracking.

3.2.3
Treatment Margin Determination

If the rotational parameters are to be excluded in
tumor tracking, the possibility of geometric miss

needs to be addressed. The problem can be reduced
to the issue of determining an additional treatment
margin. The following analysis provides a general
guideline.

Assume a fiducial is implanted inside the tumor
and is set as the image tracking center or CT Cen-
ter C, as shown in Figure 3.3. Consider a point P at
the edge of the tumor. A rotation of 0 degrees would
result in a linear displacement of As, which can be
determined by the following simple relation (for a
small value of 0):

As =R.0

where Ris the distance from P to C, and 0 is in the unit
of radians. Table 3.1 presents linear displacements for
a range of values of R and 6.

Since the direction of the displacement As is al-
ways tangential to R, a sharp contour would be sub-
jected to a greater degree of spatial displacement.
On the other extreme, a spherical tumor with the
CT center located at the center of the tumor would
suffer no such spatial offset. This implies that the
location of the fiducial has an effect on the rotation-
induced spatial displacement, and that such dis-
placement would not be uniform around the tumor
boundary. However, with a well-centered fiducial
placement, an outward expansion by the projected
maximum value of As would suffice to account for
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Rotated tumor contour
Added margin for rotational uncertainty

Fig. 3.3 Linear displacement caused by rotational movement.

Table 3.1 Linear Displacement As (mm) vs Rotation 0 &
Radius R

Rotation 0
(degree)

0.5 1.0
5 0.04 0.09 0.13 0.17 0.22 0.26 0.31 0.35 0.39 0.44
10 0.09 0.17 0.26 0.35 0.44 0.52 0.61 0.70 0.79 0.87
15 0.13 0.26 0.39 0.52 0.65 0.79 0.92 1.05 1.18 1.31
20 0.17 0.35 0.52 0.70 0.87 1.05 1.22 1.40 1.57 1.74
25 0.22 0.44 0.65 0.87 1.09 1.31 1.53 1.74 1.96 2.18
30 0.26 0.52 0.79 1.05 1.31 1.57 1.83 2.09 2.36 2.62
35 0.31 0.61 0.92 1.22 1.53 1.83 2.14 2.44 2.75 3.05
40 0.35 0.70 1.05 1.40 1.75 2.09 2.44 2.79 3.14 3.49
45 0.39 0.79 1.18 1.57 1.96 2.36 2.75 3.14 3.53 3.93
50 044 087 1.31 1.75 2.18 2.62 3.05 3.49 3.93 4.36

1.5 2.0 2.5 3.0 3.5

the geometric uncertainty due to rotational move-
ment. Our experience indicates that after global pa-
tient alignment, the detectable local tumor rotations
are usually within 3 degrees, and unlikely to exceed
5 degrees. Using this as a guideline and taking into
consideration fiducial location and tumor shape, an
additional margin beyond the usual tumor margin
(for microscopic disease and systemic uncertainty)
can be determined to account for the rotational er-
ror. Using lung tumor SRS as an example, we are now
typically using a total of 8-mm expansion around
the gross tumor volume (GTV) as the planning tar-
get volume (PTV) for primary lung tumors, and a 5-
mm expansion around the GTV for metastatic lung

tumors. It is worth noting that very often after 3D
expansion sharp edges of the GTV are significantly
smoothed, thus making tumor rotation less critical
in affecting the accuracy of dose delivery.

The determination of PTV in radiotherapy is a
well-recognized decisive factor directly affecting
treatment outcomes. The methodology of defining
PTV in radiotherapy has been systemically studied
[10, 11]. The principles behind the definition of the
PTV in radiosurgery depend heavily on the charac-
teristics of each individual SRS delivery system. A
thoughtful scrutiny of the issue is naturally called
for.

3.2.4
Treatment Planning and the CT Center Selection

For all image tracking modes, the greatest accuracy
can be achieved when the region of tracking is near
the center of the imaging system, because the central
region of the imaging system is the primary focus of
the system calibration.

Following this logic, a separate alignment plan
is generated using either the fiducial mode or the
Xsight mode. When the fiducial mode is used for the
alignment plan, only the spinal fiducials are defined,
and the CT center falls on the center of the spinal
fiducial array. When Xsight is used, the CT center
is customarily defined at the anterior aspect of the
spinal canal.

The actual dose delivery plan is done with only
the tumor fiducial(s) being defined and with the CT
center at the center of the tumor fiducial(s). To mini-
mize dosimetric errors caused by the inevitable vari-
ation in the SSD and the depth of calculation during
treatment delivery (Fig. 3.2), special effort is made
to maximize the isotropic beam configuration. To
ensure a good conformal plan with satisfactory dose
fall-off, the total number of beams used is usually
around 100.

3.2.5
Treatment Delivery

With the alignment plan and the dose delivery plan
at hand, the translational shifts in x,y,z directions
from the setup position to the treatment position




Patient Alignment and Target Tracking in Radiosurgery of Soft Tissue Tumors Using Combined Fiducial and Skeletal Structures. ..

35

can be calculated by subtracting the coordinates of
the CT centers of the two plans.

Treatment deliveryis carried outin two steps. The
alignment plan for the global setup is first loaded.
The patient is then aligned to the spinal bony struc-
tures, either with the spinal fiducials or Xsight. Fol-
lowing a satisfactory global alignment, the dose de-
livery plan is then loaded. The pre-calculated shifts
between the alignment CT center and the treatment
CT center are entered to drive the automatic couch to
the treatment position. Treatment is then carried out
with fiducial/Synchrony® (Accuray Incorporated,
Sunnyvale, CA) tracking. As explained, rotational
corrections are omitted during treatment delivery.
Figure 3.4 illustrates this two-step process in a case
of primary lung tumor treatment. For that case, the
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Xsight tracking mode was used for the global patient
alignment.

Results and Discussion

Since 2004, more than 250 patients with soft-tissue
tumors have been treated at the CyberKnife Center of
Miami using the target-tracking strategy described
here, with favorable clinical outcome [12, 13]. For the
first 100 patients, spinal fiducials were used for the
spinal-global alignment before the Xsight tracking
system was introduced. For most of the approxi-
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Fig. 3.4a,b. Global alignment and local tumor tracking for a primary lung tumor (shown in red). a Global alignment using
Xsight spinal tracking. b Treatment with the new CT center on the tumor fiducial
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mately 250 patients, a single fiducial was used for
tumor tracking.

It is important to realize that the use of the mul-
tiple-fiducial tracking technique for soft-tissue tu-
mors presents a different scope of challenges than
the spinal application. When tracking a soft-tissue
tumor with multiple fiducials, the operators often
need to relax the tracking parameters, such as the
rigidbody tolerance, in order to make the orientation
parameters obtainable. One should be conscious of
the fact that when these conditions are changed, the
margin of tracking error increases, and the inter-
pretation of the rotational parameters becomes dif-
ficult. Multiple fiducials may be necessary for some
larger target volumes, such as the prostate gland.
Caution should be exercised in such situations while
interpreting reported orientation parameters.

The method described here requires a minimal
number of fiducials (often one). This is advanta-
geous both because complications due to fiducial
placement can be reduced and because the tracking
process during treatment is significantly eased. For
our lung patients, we have experienced a much lower
rate of pneumothorax caused by fiducial implanta-
tion.

When a single fiducial is used, local fiducial mi-
gration is a potentially serious problem. An interval
of 5-7 days between the time of fiducial placement
and the time of treatment CT acquisition is our stan-
dard protocol. This allows the fiducial time to settle
into a fixed tissue location, typically within scar tis-
sue. During planning CT acquisition, if the fiducial
were found to be outside the tumor mass, the fidu-
cial would have to be re-implanted. Post-treatment
CT showed no sign of local migration for any of our
patients with a single fiducial implanted inside the
tumor mass.

We believe that real-time tumor tracking is im-
portant in treating tumors that move with respira-
tion. However, 6D tracking may not be advantageous
at the present time for the reasons we have dis-
cussed. The ultimate solution of soft-tissue tumor
SRS would involve the implementation of 4D CT-ac-
quisition with an adaptive dose calculation method,
and a real-time target tracking technique capable of
synchronizing the real-time patient position and the
4D planning image set. In the absence of a true 4D
planning and treatment delivery system, a combined
global patient alignment and translational local tu-

mor tracking technique is a practical solution for
minimizing both geometric and dosimetric misses.

The current two-step/two-CT center procedure
might be further simplified by integrating the pro-
cess into the existing planning and treatment deliv-
ery software.
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As far as the laws of mathematics refer to reality,

they are not certain;
and as far as they are certain,
they do not refer to reality.

Albert Einstein,
“Geometry and Experience”, January 27, 1921

Introduction

The radiobiological concepts of intrinsic radiation
sensitivity, oxygenation, and dose-volume effects
have been reasonably delineated in the context of
conventional radiotherapy (RT). Yet, for circum-
stances in which large doses are delivered in sin-
gle-fraction or hypofractionated regimens, these
intrinsic radiobiological concepts are relatively
poorly understood. Stereotactic radiosurgery (SRS)
is aradical departure from the current RT approach
in which large fields, cone downs, and protracted
therapies are used for normal tissue preservation
and to maximize the therapeutic ratio. SRS is the
precise, highly focused delivery of radiation beams
to lesions whereby only a fraction of the total dose is
received by surrounding normal tissues. The usage
of SRS is currently expanding well beyond its roots
as an ablative tool for thalamotomies, arteriovenous
malformations, and cranial vault tumors. Hence,
widely believed dogmas concerning the tolerance
of critical structures to conventionally fractionated
doses, such as the dose-volume effect, total dose, and
time (latency) dependency, have to be reevaluated
for hypofractionated radiation therapy.

Do improvements in therapeutic ratio with hy-
pofractionated radiation require changing radio-
biological paradigms? The answer to this question
must reflect a convergence of rationales from con-
ventional therapeutic approaches combined with
the realization that optimal therapeutic strategies
will be based on delivering the maximum dose tol-
erated by late-responding normal tissue volumes,
while reducing the treatment time compatible with
tissue tolerance of acutely reacting tissues.
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4.2
Therapeutic Ratio: Tumor Control
Probability versus Normal Tissue Sequelae

The basic tenet of radiation oncology is to eradicate
tumor cells while minimizing radiation-induced late
tissue toxicities. Ideally, all tumor cells are rendered
nonviable, and toxicities are nonexistent. In the worst
case scenario, many dividing tumor cells survive
and long-lasting side effects are severe or even fatal.
Clearly, thislatter scenario is unacceptable. In reality,
outcomes fall along this spectrum, and variations in
treatment planning (including total delivered dose,
dose per fraction, and volume of tissue treated) are
carefully evaluated to achieve an acceptable balance.
This balance can be graphically expressed by plot-
ting the Tumor Control Probability (TCP) and the
Normal Tissue Complication Probability (NTCP) asa
function of dose (Fig. 4.1). Mathematically, the ratio
of the TCP and the NTCP is known as the Therapeutic
Ratio (TR). For the TCP to be clinically meaning-
ful (i.e., to attain local tumor control), there should
be no viable tumor cells remaining, which requires
that the volume of tissue treated include all tumor
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Fig. 4.1 Therapeutic Ratio. Curve T represents the probabil-
ity of tumor control and curve C represents the probability
of normal tissue complications. In ideal conditions, T is to
the left of C such that the RT dose with 100% tumor control
probability results in 0% complications. If the tumor is ra-
dioresistant (curve T shifts to the right) or if normal tissue
is radiosensitive and complication arises after exposure to
lower doses of RT (curve C shifts to the left) then the TR is
lowered. Examples of the latter include high radiosensitiv-
ity of normal organs, such as, the liver, lung, intestine, and
kidney. Since the tumor does not contribute to normal tissue
physiological function, SRS promises to increase the TR by
sculpting high RT dose to the tumor with very little exposure
of the normal tissue.

cells and that the effective dose be high enough to
overcome the capacity of tumor cells to repair ra-
diation-induced DNA damage. The NTCP, however,
tends to increase with increasing dose and treatment
volume, making preservation of the TR a challenge.
It is important to note that this conundrum exists,
especially when treating lesions near critical struc-
tures where achieving a therapeutic effect is likely to
result in normal tissue toxicity. Thus, if the tumor is
relatively radioresistant, or if the surrounding nor-
mal tissues are sensitive to radiation, then the TCP
and NTCP (curves T and C, respectively, in Figure
4.1) will be very close to one another and could even
overlap, yielding a TR ~ 1. Historically, in the treat-
ment of cancer, the clinical objective has been to
separate the TCP and NTCP by exploiting biological
differences between normal and malignant cells such
that the probability of damage to the tumor is greater
than the probability of damage to normal tissue at
an isoeffective dose. SRS promises to achieve a high
TR by sculpting the radiation dose to the tumor and
limiting the dose to surrounding critical structures.
This is accomplished through dose delivery using
multiple coplanar or non-coplanar beams and pos-
sibly intensity modulation.

4.3
Evolution of Dose Fractionation

The evolution of dose fractionation for normal tis-
sue preservation and reduced NTCP was pioneered
in the early part of last century by Coutard [1], Re-
gaud [2], Baclesse [3], and Miescher [4]. It was not
until Strandquist compiled data on recurrences of
skin cancer and normal tissue (skin) complications
that isoeffective doses could be estimated for com-
paring tumor control with skin reactions following
different regimens of radiotherapy [5]. Thus, frac-
tionation evolved as an effort to minimize acute
and late normal tissue reactions without affecting
tumor control. Dose fractionation within limits was
completely dependent upon total dose and overall
treatment time, unknowingly (at the time) allowing
the physician to exploit the physiological processes
of tumor reoxygenation, redistribution, reassort-
ment, repopulation, and damage repair.
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The Linear-Quadratic Model

The relationship between mammalian cell survival
and radiation dose can be described by a “survival
curve” which is plotted as the surviving fraction (SF)
on a logarithmic scale and radiation dose (D) on the
linear axis. This survival curve is most usually ap-
proximated by the Linear Quadratic (LQ) model, SF
= exp (-aD-BD?), in which o and B are parameters
which describe the radiosensitivity of the cells.

The ratio o/f3 describes the non-linearity of the
curve when plotted on a log-normal scale. This ratio
(0/B) is typically larger for early responding normal
tissues and many tumors, and is typically smaller for
late responding normal tissues. The o/f ratios ob-
tained from multifraction preclinical and clinical data
for early and late responding tissues and tumors have
been compiled over the last decade by numerous in-
vestigators. The resulting efforts have been transposed
by Withers et al. [7] into a functional mathematical ex-
pression of the LQ model that accounts only for the re-
pair capacity of the tissue treated. The LQ model of cell
survival can be used to calculate ‘iso-effective’ dose
regimens such that multiple combinations of dose per
fraction, d, and number of fractions, n, give a constant
surviving fraction of cells for a specific a./f ratio. Per-
haps the most commonly used iso-effect calculation
method is Biologically Effective Dose (BED), which is
defined as BED = nd [1+d/(c./B)] and has the unit Gy.

BED has become a useful tool for many clinicians
employing both dose modifications and changes in
fractionation patterns when comparing alternative
treatment protocols. The LQ model and the estima-
tions of o/ ratio of normal tissues have given us a
strong radiobiological rationale for predictions con-
cerning early and late radiation-induced sequelae
with conventional therapy. A fundamental change
in the radiation approach, using technologies such
as SRS and conformal techniques should effectively
change the current LQ modeling concept for normal
tissue damage as an “overestimate” of the biological
response. This may be explained by inhomogene-
ities in dose distribution and the complexities of tis-
sue architecture in situ (serially versus non-serially
arranged), where the stromal-epithelial and cell-to-
cell interactions are also known to affect radiation
responsiveness.

Biologically Effective Dose of Radiation
for a Tumor is Substantially Increased with
Hypofractionation

Although large fraction sizes will effectively kill tu-
mor cells, they also overwhelm normal tissue repair
mechanisms, resulting in severe late adverse effects.
It has been well established, initially by empirical
evaluation and later by clinical and experimental
data, that damage to late-responding tissues in-
creases with increasing fraction size. The conven-
tional solution has been to reduce fraction size and
deliver a biologically effective total radiation dose in
a more protracted regimen. This dose must account
not only for fraction size and number of fractions
(total dose), but it must also account for the inherent
sensitivity of the cell type to a specific fraction size,
and the cell type’s ability to repair sublethal damage
between fractions, as well as other radiobiological
parameters, such as repopulation, reoxygenation,
and redistribution. From the BED equation, it can
be seen that for the same total dose, as schedules
become more protracted, the BED decreases, requir-
ing additional fractions to be delivered to maintain
the BED. For example, the same total dose of 40 Gy
delivered as 20 fractions of 2 Gy, 10 fractions of 4 Gy,
or 4 fractions of 10 Gy will have corresponding BEDs
of 48 Gy, 56 Gy and 80 Gy, respectively (Fig. 4.2). The
highest dose/fraction (4 fractions of 10 Gy) would ef-
fectively be a “67% more effective” dose than 20 frac-
tions of 2 Gy. It can also be seen that the sensitivity of
BED to change in fraction size is determined by the
‘fractionation factor’ F, given by F=[1+d/(a/B)],
and therefore the effect is greater for tissues with low
o/ P ratios, i.e., late-responding tissues. The same
40 Gy delivered in 20, 2-Gy fractions to a tissue with
an o/ ratio of 3 results in a BED of 67 Gy, as op-
posed to 48 Gy for an early-responding tissue with
an o/ B ratio of 10. Therefore, reducing the fractional
dose will reduce the BED for normal late-responding
tissues, allowing for the repair of sublethal damage
between fractions and reduction of late toxicities.
Smaller fractions permit the surviving tumor cells,
which are typically less sensitive to changes in frac-
tionation (assuming they are associated with a large
o/f ratio), to be maintained with only a modest
increase in the total dose. Furthermore, protraction
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2 Gy x 20 f = 40 Gy total dose = BED 48 Gy
4 Gy x 10 f = 40 Gy total dose = BED 56 Gy
8Gy x 5f=40Gy total dose = BED 72 Gy
(50% “more effective” than 2 Gy/f regimen)
10 Gy x 4 f = 40 Gy total dose = BED 80 Gy
(67% “more effective” than 2 Gy/f regimen)

Fig. 4.2 Biological Effective Dose (BED) of tumor is
subtantially increased with hypofractionation. BED =
nd [1+d/(B/a)], where “n” is the number of fractions, “d” is
the dose per fraction, and [1+d/(p/a)] is “f,” the fraction-
ation factor. The same total dose of 40 Gy will have very dif-
ferent BED values based upon dose per fraction. BED dose
calculations for 2 Gy x 20 f = 48 Gy, 4 Gy X 10 fractions =
56 Gy and 10 Gy x 4 f = 80 Gy for the tumor with a/b esti-
mated as 10. This demonstrates that 8 Gy X 5 f has higher
BED dose.

may also allow for reoxygenation and reassortment
of the SF of cancer cells to occur between fractions,
increasing the potential for cell kill during the next
RT fraction. Thus, the probability of normal late tis-
sue complications is decreased, while the probabil-
ity of tumor control is preserved, which ultimately
increases the TR. This exploitation of the differences
in early- and late-responding tissues forms the ba-
sis for mainstream clinical RT, and its delivery of
multiple, small fractions to large treatment fields.
The protracted therapy time, however, might en-
able tumor cells that are intrinsically radioresistant
to repair radiation-induced damage and undergo

accelerated repopulation, resulting in recurrence of
the primary tumor.

Protracted fractionation is diametrically opposed
to the hypofractionation approach of SRS. In order
for SRS to be applied safely and effectively in cancer
treatment, the tolerance of normal tissues must be
respected. Little is known, however, about the true
tolerance of critical normal structures with SRS
and to what extent the existing body of data gener-
ated from fractionated treatment can be applied to
SRS. Much of what we do know about the tolerance
of normal structures to SRS comes from animal
studies, which show that the histologic response of
central nervous system (CNS) tissues depends upon
the radiation dose, the time elapsed after treatment,
and the treatment volume. As dose increases, the la-
tency period for both radiological and histological
changes shortens. As treatment volume increases,
the sensitivity of tissues to radiation-induced dam-
age increases. In addition, changes in different tis-
sues become evident at different doses, with vascular
damage occurring at lower doses, and with a shorter
latency period, than most late reacting tissues.

4.6
Normal Tissue Response to Irradiation

Normal tissue response to ionizing radiation is cat-
egorized as either early or late. These very differ-
ent responses to the same radiation exposure result
from inherent differences in cell cycle kinetics and
DNA repair capacities within these tissues. Early
responding tissues exhibit their response to radia-
tion relatively soon after exposure, because their cell
cycle times are shorter. Conversely, cells which have
alonger cycle time, or which have a small percentage
of cells in the DNA-synthesis phase, will manifest
damage much later, often long after treatment is
completed. Normal tissues of the spinal cord, brain,
kidney, lung, pancreas and liver, which cycle slowly
(unless these tissues are surgically compromised),
fall into the late-responding category. Certain tumor
types, such as prostate adenocarcinoma, malignant
melanoma, and meningioma also behave like late-
responding tissues. Late toxicities associated with
fibrosis in the lung, pancreas, and veno-occlusive
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disease in the liver that contribute to loss of func-
tion, may not be observed for several months after
treatment. Early-responding normal tissues, how-
ever, which normally include skin, jejunum, colon
and testes, and for the most part, tumors will gen-
erally manifest radiation-induced damage well be-
fore conventional fractionation is completed. Most
tumors also manifest radiation damage like an early
responding normal tissue. Hence, the early onset
tissue reactions associated with desquamation,
mucositis, pancreatitis and pneumonitis, which are
often observed as interstitial fluid loss, sloughing,
microvascular damage and regenerative replace-
ment, can also be noted in the pancreas and lung.
The early radiation-induced reactions observed in
these organs indicate that a distinct cellular popula-
tion is the target of acute response to radiation via
direct effects of irradiation on cell cycling and early
loss of clonogens or the indirect effects via cytokine
release.

In addition to differences in cell cycle kinet-
ics, the repair of sublethal injury continues for a
longer time in late-responding tissues [10-12]. For
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late-responding tissues, the contribution of single
event killing is minor compared to early respond-
ing tissues for the same dose. For early responding
tissues, the SF a component shoulder is sharper
and the dose range is larger, when compared to late
responding tissues, reflecting the ability to repair
damage over a wide range of doses. Here, the con-
tribution of multiple killing events does not fully
occur until higher doses are reached. For example,
the percentage of cells surviving a single dose of
2 Gy (if =0.3 Gy! and B=0.03 Gy!) would cal-
culate as 49% (SE= e~(0-3-2) - (0.03-4)) The survival
curves that are representative of these tissues are
less smooth than the acutely responding tissues,
indicating that the survival rate decreases rapidly
with increasing dose per fraction in late-respond-
ing tissues (Fig. 4.3). Such repairable damage is re-
ferred to as “sublethal cell damage.” As indicated
earlier, SRS could reduce these normal tissue com-
plications by limiting the dose to surrounding crit-
ical structures of early- and late-responding tissues
and sculpting the radiation dose to the tumor using
multiple beams and intensity modulation.

Acute

Late

Complication

RT Dose
A. Effect of single dose

Complication

IRT Dose
B. Effect of fractionated RT

Fig. 4.3 Basis of Fractionation. Acute effects of radiation occur relatively soon after exposure because the cell cycle times are
shorter for early responding tissues. Acute effects depend upon fraction size and overall treatment time. While prolonging
treatment time spares acute effects, little sparing occurs for late effects. Late effects depend upon fraction size and total
dose. The dose response curves that are representative of these tissues are less smooth than the acutely responding tissues,
indicating that the survival rate decreases rapidly with increasing dose per fraction in late-responding tissues. Fractionation

has a large impact on late effects.




44

A. Alfieri et al.

Dose-Response Relationships of Normal
Tissues: Volume Effect in RT

The tolerance dose (TDn/y) that results in an n per-
centincidence of complications after y years depends
on the cell’s clonogenic ability to maintain a suffi-
cient number of mature cells for tissue organization
and organ function. In this regard, the response of
a tissue or organ to radiation depends on the orga-
nizational capacity of the tissue, the kinetics of the
cell population that is the principle component of
the tissue, and the inherent sensitivities of the indi-
vidual cells making up the tissue. This is referred to
as the Functional Sub-Units (FSU) of an organ/tis-
sue, which contains a relatively constant number of
clonogens and which can be repopulated by as little
as a single surviving clonogen. FSUs are discrete,
anatomically delineated cells whose relationship to
tissue function is obvious because they represent
the “critical and functional volume” of organs with
an organizational and spatial arrangement that is
well delineated. Therefore, the survival of structur-
ally defined FSUs depends on the survival of one or
more clonogenic cells within them, and tissue/organ
survival in turn depends on the number and radio-
sensitivity of these clonogens. To fully assess the
response of varying tissues to ionizing radiation,
it is equally important to fully understand and ap-
preciate tissue organization. Most normal tissues
are non-serially arranged with regards to radiation-
induced damage as they demonstrate a graded dose
response with respect to the irradiated volumes. Ex-
amples of such organs include liver, kidney and lung.
The large reserve capacity and increased tolerance
to partial volume irradiation are due to the parallel
organization of the FSU of these organs, e.g., liver
acini, lung aveoli or the glomeruli and nephrons.
Small volumes of these organs can be treated to very
high doses without compromising the functional ca-
pacity of the respective organs. The apparent lack
of a volume effect at lower volumes of radiation
coverage is because of proliferative repair and re-
generation that occurs from surviving FSUs scat-
tered throughout the treatment volume and from
the nonirradiated volume. Serially arranged FSUs,
however, are arranged like the “links of a chain”
and, therefore, the elimination of any one results

in the measurable probability of a complication. A
typical example of this volume effect, for example,
is the spinal cord, in which the loss of any one FSU
subunit will impact on the conduction of the nerve
signals and thereby affect the entirety of the organ,
resulting in myelopathy, independent of the status of
other subunits within the same tissue. Interestingly,
stem cells and surviving clonogens both have been
found to migrate from one FSU to another, allowing
repopulation of a depleted FSU. An example of this
is the epidermal layer of skin or the crypts of the
jejunum, from which cells can migrate to repopulate
radiation-depleted neighboring crypts.

Thus, early and late radiation-induced tissue ef-
fects depend on the organization of the particular
organs FSUs, the treatment volume of the FSU, the
total dose, and the dose/fraction. In addition, the
functional reserve of an organ will also depend upon
its basal physiological state. In many cancers, such
as lung and hepatocellular carcinomas, the organ is
diseased and has poor physiological reserve. Since
primary liver cancer usually arises in cirrhotic liver
infected with viral hepatitis, the anatomical volume
of the liver will underestimate the functional reserve
of the organ and therefore, the dose-volume histo-
gram would underestimate the functional reserve of
the liver. A similar situation may be encountered in
a patient with primary lung cancer who is a chronic
smoker and has underlying lung disease, such as
chronic obstructive pulmonary disease.

Heterogeneity of Radiation Response in
Normal and Tumor Tissues:
A Role for Hypofractionation

Tissues are a mixture of a primary functional cell
type, the parenchymal cell type, and the stroma,
which consists of various nonparenchymal cell
types, such as the endothelial cells, macrophages,
fibroblasts, and resident lymphocytes. The capac-
ity to repair radiation damage in normal tissues,
such as muscle, liver, neurons, bone and cartilage,
depends upon the extent of radiation-induced deple-
tion of parenchymal cells, regeneration or repopula-
tion of parenchymal and microvascular cells after
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radiation injury, and the modulatory effects of cy-
tokines released after exposure to irradiation. Tis-
sue regeneration may involve the proliferation and
differentiation of stem cells that reside in or migrate
to injured tissue in response to radiation-induced
damage and stress signals. The severity of radiation-
induced microvascular damage may promote focal
regions of ischemia, which in turn may increase the
depletion of parenchymal cells and tissue stem/pro-
genitors. Thus, the effect of radiation depends upon
the heterogeneity of response to various target cells
in the normal tissues.

Similarly, tumor tissues are not just a clonal pop-
ulation of tumor cells, but they consist of complex
multicellular elements that comprise the tumor mi-
croenvironment. The progression of a tumor and
the ability of a treatment modality to cure the tu-
mor depends upon the genetic signature of the tu-
mor cells, the response of those cells to intercellular
signals from the stroma, and the stromal response to
therapy. Although tumors arise initially as a mono-
clonal population, the inherent genetic instability of
tumor cells during tumor progression results in a
heterogeneous mixture of tumor cells with varying
levels of radiation sensitivity. Thus, the existence of
tumor progenitor clonogens or stem cells, which are
postulated to be inherently more resistant to chemo-
therapy and RT, points towards mechanisms of local
and systemic recurrence of tumor after therapy. The
classical model of tumor radiobiology assumes that
the success of RT depends upon the ability of radia-
tion to deplete the number of tumor stem cells and
progenitor clonogens. Nevertheless, it is becoming
clear that the tumor-stromal interactions modu-
late the curative effects of radiation. For example,
Dewhirst and colleagues have demonstrated that
bursts of reactive oxygen species generated from
the waves of hypoxia/reoxygenation during daily
fractions of conventional fractionated RT, increase
the translation of HIF-1 mRNA transcripts stored
in specialized cytosolic stress granules of hypoxic
tumor cells [13]. HIF-1 is a transcription factor that
augments the expression of vascular endothelial
growth factor (VEGF) and other angiogenic factors
which protect the tumor microvasculature from le-
thal effects of radiation and promote angiogenesis.
While HIF-1 confers radioresistance to the tumor
endothelium, it regulates the expression of genes
that enhance tumor cell radiosensitivity by increas-

ing the apoptotic potential, proliferation rates, and
ATP metabolism of tumor cells [14]. Interestingly,
inhibition of HIF-1 results in regression of tumor
microvasculature and significant enhancement of
tumor growth delay [14].

The interaction of the tumor microvasculature
with tumor cells modulates the repair of radiation-
induced damage and determines the probability
of tumor control by RT. Recent studies by Garcia-
Varros et al. revealed the earliest tissue damage in-
dicator was a rapid wave of endothelial apoptosis at
1-6 hours when murine tumors were exposed to a
single dose of 15-20 Gy [15]. Furthermore, endothe-
lial cell apoptosis and microvascular dysfunction
contributed significantly to the tumoricidal effects
of RT. These studies suggest that a large single frac-
tion of RT would bypass the effects of radiation-
induced, HIF-1-mediated release of VEGF and its
protective effects on tumor vasculature seen during
conventional fractionated RT. The lethal effects of
a large, single fraction of RT, however, also applies
to radiation damage in normal tissues. For example,
radiation has been postulated to target intestinal
stem cells within the crypts of Lieberkuhn to initi-
ate the lethal GI syndrome. Paris et al. demonstrated
that microvascular endothelial apoptosis is the pri-
mary lesion leading to stem cell dysfunction at doses
between 12-16 Gy [16]. These investigators further
demonstrated that the inhibition of endothelial cell
apoptosis pharmacologically by intravenous basic
fibroblast growth factor (bFGF) or genetically by de-
letion of the acid sphingomyelinase gene, prevented
radiation-induced crypt damage, organ failure, and
death from the GI syndrome. As the dose per frac-
tion increased to 18 Gy, however, radioresistance in
the jejunal endothelial cells could not protect crypt
damage and organ failure [17], indicating a radiation
dose response that switched the primary target from
the GI endothelium cells to intestinal stem cells. The
authors demonstrate that in normal intestine, ATM,
a serine-threonine kinase that is activated follow-
ing exposure to radiation, prevents the activation
of ceramide synthase in intestinal crypt cells [17].
ATM is the apical kinase that plays a central role in
the DNA damage surveillance pathway triggered by
radiation injury [18, 19]. As such, ATM promotes
cell cycle arrest, activates proteins that participate
in DNA repair, and induces or suppresses apopto-
sis in a tissue-specific manner. Depending upon
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cell type, ATM deficiency can result in exquisite
enhancement of radiosensitivity, while other tissues
are unaffected or even protected from irradiation
[20-23]. Thus, in intestinal crypt cells, ATM confers
radioprotection by inhibiting the ceramide synthase
that catalyzes the synthesis of ceramide, a second
messenger that induces apoptotic cell death after
a variety of stresses, including radiation [24, 25].
At higher doses of radiation (>18 Gy), the defense
mechanism initiated by ATM is overwhelmed and
ceramide-induced apoptosis occurs in the crypt
progenitor cells (Fig. 4.4). The switching/reordering
of molecular targets with a radiation dose threshold
could be exploited to increase the therapeutic ratio
of RT [26]. For example, inhibition of ATM protein
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expression by antisense ATM gene therapy resulted
in enhancement of the intrinsic tumor radiosensi-
tivity in glioblastomas [27] and prostate tumor cells
[28]. Similarly, exposure of cells to KU-55933, a small
molecule inhibitor of the ATM kinase, resulted in a
significant sensitization to both the cytotoxic effects
of ionizing radiation and to the DNA double-strand
break-inducing chemotherapeutic agents etoposide,
doxorubicin, and camptothecin [29]. Conversely,
administration of growth factors and cytokines,
such as, bFGF [30, 31], keratinocyte growth factor
(KGF) [32], or interleukin-11 (IL-11) [33] could pre-
vent radiation-induced target cell loss in normal tis-
sues, such as intestinal endothelial cells and crypt
clonogens.
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Fig. 4.4 Rationale for Hypofractionation. Conventional fractions of RT induce the DNA damage surveillance pathway by
activating ATM. ATM, a serine-threonine kinase, phosphorylates a battery of proteins, some of which are shown. ATM-medi-
ated phosphorylation events induce cell cycle arrest, inhibition of DNA synthesis, induce DNA repair, and promote survival
of irradiated cells. Large single-fraction RT (>18 Gy) appears to overwhelm the radioprotective functions of ATM and induce
cell death in stem cells. Thus, large single fractions of RT delivered by SRS may bypass the ATM protective functions and

be more effective in killing tumor cells.
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4.9
Clinical Aspects of Hypofractionation

4.9.1
Liver

The liver is usually regarded as a prototypical ex-
ample of a parallel FSU organ. The major limitation
of whole liver irradiation is induction of potentially
lethal radiation-induced liver disease (RILD), which
may develop when more than 30-35 Gy radiation is
administered in conventional daily fractionations of
1.8-2 Gy [34, 35]. RILD is a clinical syndrome of an-
icteric hepatomegaly, ascites, and elevation of alka-
line phosphatase more than the transaminases [35].
In patients with underlying cirrhosis, viral hepatitis,
and primary liver cancer, however, transaminases
may be elevated along with induction of reactive vi-
ral hepatitis with 2 weeks of initiation of RT [36]. The
histological hallmark of RILD is veno-occlusive dis-
ease (VOD) and the formation of platelet lakes in the
hepatic central veins, marked venous congestion of
the central portion of the liver lobule, and eventual
atrophy of hepatocytes and fibrosis/sclerosis in the
pericentral region of the liver lobule. Although the
underlying mechanism of the radiation injury is not
clearly understood, the postulated central dogma
has been injury to hepatic sinusoidal endothelial
cells as the primary event in RILD. Interestingly,
although hepatic VOD is not induced in irradiated
rodent livers, perivenous atrophy of hepatocytes
has been noted in rodent models of RILD [37]. Fur-
ther investigations have demonstrated that similar
to humans, the murine and rodent microvascular
endothelial cells are sensitive to radiation injury
[31, 38]. Thus, we postulate that RILD is induced
by a combination of radiation injury to the hepatic
parenchymal cells and nonparenchymal cells, such
as sinusoidal endothelial cells. The constellation
of RILD symptoms are then modulated by activa-
tion of the stellate cells and immune effector cells
that secrete cytokines, such as transforming growth
factor-f1 and B3 [39]. In support of our hypothesis,
we have demonstrated that transplantation of he-
patocytes following high-dose liver irradiation and
hepatic resection ameliorates the histopathological
manifestation of RILD and improves survival in rats
[37]. This is the first description of parenchymal cell

replacement modulating the late effects of RT in ro-
dent livers. Furthermore, our experiments demon-
strated that the irradiated host hepatocytes could be
completely replaced by the donor cells, suggesting a
role for hepatic irradiation as a preparative regimen
for liver repopulation by transplanted hepatocytes
[37,40-42]. This might open new avenues for the
application of hypofractionated SRS in preparative
regimens of liver cell transplantation as an alterna-
tive to orthotopic organ transplantation [43].
Recently, advances in 3D conformal RT planning
using non-axial beams and normal tissue compli-
cation probability (NTCP) modeling have allowed
researchers to escalate RT doses in patients with un-
resectable hepatobiliary cancers, after exclusion of
radiographically “normal” liver from the treatment
field. [44, 45] Radiation doses to parts of the liver
were escalated to levels as high as 90 Gy (median
58.5 Gy, range 28.5-90 Gy), in combination with con-
current chemotherapy, to obtain local tumor control
in patients with unresectable hepatobiliary cancers
[46, 47]. The Lyman NTCP model has been used to
estimate the volume effect of normal tissue toxicity
to radiation [48, 49]. This model predicts a sigmoid
relationship of dose-volume effect to the probability
of a normal tissue complication. The Lyman model
is dependent upon three parameters: TD50, the ra-
diation dose associated with a 50% probability of
toxicity; m, the slope of the dose response curve at
TD50; and n, a volume effect parameter (range 0-1).
Based on a review by Emami et al. [50], Burman and
colleagues estimated the Lyman parameters of liver
RT: TD50 - 45 Gy; m = 0.15; and n = 0.32 [51]. The
volume effect was underestimated in this report. In-
vestigators at the University of Michigan calculated
the Lyman parameters based upon data from 204
patients and estimated the volume effect to be much
higher with n = 0.97 [52, 53]. Based upon this study,
the tolerance dose of partially irradiating one-third
and two-thirds of liver with a 5% risk of develop-
ing RILD is >100 Gy and 54 Gy, respectively, for pa-
tients with metastatic disease and 93 Gy and 47 Gy,
respectively, for patients with primary liver cancer
(Fig. 4.5). Mean liver dose, primary liver cancers,
bromodeoxyuridine (BudR) chemotherapy, and
male sex were statistically significant factors in the
induction of RILD [52]. There are no data regarding
what the optimal o/ for the liver is. Since RILD is a
late effect of RT, the a/f is assumed to be between 2
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Fig.4.5 Analysis of radiation-induced liver disease using the Lyman NTCP model [52]. Top row, NTCP versus radiation
dose as a function of the volume irradiated uniformly (V). Bottom row, NTCP versus V¢ as a function of reference dose

(prescribed dose normalized to 1.5 Gy bid).

and 3 and has been used as such in the NTCP model
corrections for dose per fraction for liver RT. The
Michigan model appears to underestimate the dose
threshold and the volume effect in patients with pri-
mary liver cancer with underlying cirrhosis. A recent
report estimated the hepatic tolerance dose with 5%
risk of RILD in patients with primary liver cancer
to be 21 Gy and 6 Gy, for Child-Pugh A and B pa-
tients, respectively [54]. Hypofractionated SRS has
also been used to treat focal liver cancers [55-57].
The fractionation schemes varied from 7.7 to 45 Gy
per fraction, for 1 to 4 fractions to a total dose of 7.7
to 45 Gy. Herfarth et al. reported no RILD in patients
treated with one radiation fraction of 14 to 26 Gy
[56]. In patients with metastatic liver cancer, RILD
never developed when they received SRS using dose
constraints whereby 50% of the liver did not receive
more than 15 Gy in 3 fractions (or 7 Gy in 1 fraction)
and 30% of the liver did not receive more than 21 Gy

in 3 fractions (or 12 Gy in 1 fraction) [53]. Thus, the
NTCP models can describe the partial liver volume
tolerance to radiation and prospectively assign the
prescribed radiation dose to tumor, while maintain-
ing the same risk of RILD. The current NTCP models
for RILD do not allow for spatial dose-volume data.
In patients with lung and liver tumors associated
with underlying pathology, such as viral hepatitis,
diffuse cirrhosis or obstructive pulmonary dys-
function, the probability of normal tissue toxicity
is higher after radiation than the NTCP predictive
risk, although the curve fits could be matched to
these physiological variables. Prospective imaging
studies with MRI or MR spectroscopy has to be con-
ducted to determine whether these imaging modali-
ties can estimate and detect the functional liver vol-
ume spatially for use in the NTCP-based treatment
planning during SRS. In the Michigan studies, serial
CT scans demonstrated atrophy in the irradiated
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liver lobes and hypertrophy of the untreated liver
with maximal effect seen 2-3 months after RT [58].
More recently, a function has been defined as the
“mean fraction-size equivalent dose” which can be
adjusted to the volume treated with a normal tissue
complication probability (NTCP) and has similarity
to the BED model adjusted to radiation dose/frac-
tion as:

I J
MeanFED]; ;=Y [FED} 1V,

n=1

While these models will clearly have to be vali-
dated with carefully designed clinical trials, it has
now become abundantly clear that if the effective ir-
radiated liver volume is very low (<25%), then very
high-doses in the 70-80 Gy range using conformal
techniques could be used to safely treat liver tumors,
provided liver function is intact.

4.9.2
Lung

Similar to the liver, the lung is a tissue with a parallel
ESU architecture affected by the volume and dose/
fraction of RT. There are two distinct syndromes
induced by RT: pneumonitis and lung fibrosis. Ra-
diation-induced pneumonitis is an early response
that develops within 12 weeks of RT. Radiation-
induced lung fibrosis, on the other hand, is a late
response that develops slowly over several months
or years. The lung is among the most sensitive of
late-responding organs, although because of the
structural organization of the FSU (the alveoli), the
toxicity is dose-limiting only when a large volume is
irradiated. The development of radiation pneumo-
nitis depends upon treatment-related factors, such
as total radiation dose, dose per fraction, volume
of lung irradiated, and use of concurrent chemo-
therapy [59, 60]. Other patient-related pre-existing
conditions, such as history of smoking, chronic ob-
structive pulmonary disease, poor lung function,
and certain genetic signatures, such as loss of het-
erozygosity at the mannose 6-phosphate insulin-
like growth factor 2 receptor [61], predisposes pa-
tients to the development of pneumonitis. The early
syndrome of radiation pneumonitis consists of mild
dry cough, progressive dyspnea, and low-grade fever
which usually resolve after common doses of antibi-

otics and steroids. Abnormality in pulmonary func-
tion tests is seen more frequently than symptoms.
Radiological changes in computerized tomography
(CT) or single-photon-emission computed tomog-
raphy (SPECT) are seen essentially in all patients.
“Late” pulmonary toxicity occurs several months
to years after RT as progressive chronic dyspnea
associated with fibrosis of the irradiated lung which
is unresponsive to steroids (mechanisms of radia-
tion-induced fibrosis are reviewed in [62, 63]). Both
acute and late effects appear to be a result of paren-
chymal cell loss, damage to lung microvasculature,
and the modulatory effects of a cascade of inflam-
matory cytokines that are released in response to
the radiation injury (detailed mechanisms of radia-
tion-induced lung injury are reviewed in Marks et
al. [59] and Tsoutsou et al. [60]). The plasma level
of transforming growth factor beta (TGFf) has been
used as a predictor of radiation-induced lung injury
[64, 65]. Several dosimetric parameters have also
been developed to predict radiation-induced lung
injury (reviewed in Marks et al. [66] and Miller et
al. [67]). As expected, higher dose/fraction size and
total dose were shown to be associated with symp-
tomatic toxicity. Parameters such as the percent of
lung volume receiving greater than 20 Gy (V,), the
mean lung dose, and the NTCP have been related to
the incidence of clinically significant radiation lung
damage [68-70]. Another study reported the effect
of radiation dose on the risk of postoperative lung
injury in esophageal cancer patients [71]. In that
study, DVH and dose-mass histograms (DMHs) for
the whole lung were used to fit Lyman NTCP mod-
els with the following estimated values (with 95%
confidence intervals in parentheses): n = 1.85 (0.04,
infinity), m = 0.55 (0.22, 1.02), and TD50 = 17.5 Gy
(9.4 Gy, 102 Gy). Interestingly, the absolute volume
of lung receiving <5 Gy, along with mean lung dose
and effective dose were predictive of the radiation-
induced lung injury risk. These parameters are most
useful in comparing competing treatment plans for
assessing relative risk of lung injury. It is believed,
however, that the spatial configuration of the irradi-
ated volume may also have functional significance.
Thus, in some studies treatment of the lung lower
lobe has been suggested to contribute to pulmonary
dysfunction more than the upper lobe [72]. This
could be secondary to the presence of a greater pul-
monary reserve, underlying lung pathology, or pref-
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erential perfusion in the lower lobe of the lung. An
imaging modality to define functional lung volume
is required. Preliminary reports suggest that the
dose distribution within perfusion-SPECT-defined
lung volume is more predictive for lung injury than
CT volumes [73, 74]. The diffusion capacity of car-
bon monoxide decreases when the radiation dose to
the lung volume exceeds 13 Gy, indicating that lung
tissue is exquisitely sensitive to radiation damage
[75]. Since the lung FSU is dead and nonfunctional
with a very low threshold of RT dose (13 Gy), it is
preferred to treat a minimal lung volume with high
doses than it is to treat a large lung volume with a
low dose.

The dose-volume relationship for radiation-in-
duced lung injury has low a/p ratios (<3 Gy), with
data compiled for conventional fractionation. Con-
ventional fractionated therapies (2 Gy/daily fraction
for 5 weeks with boost/cone down for 1-2 additional
weeks to a 70 Gy total dose) have normal tissue BED
doses and tumor BEDs of 116 Gy and 84 Gy, respec-
tively. While such treatment is intended to be cura-
tive, this BED dose is substantially lower than the
BED doses currently being reported [76] in patients
treated with three-dimensional conformal hypo-
fractionated high-dose radiotherapy for small pul-
monary lesions at 10 Gy/fraction to 50 and 70 Gy
total dose (100 Gy and 140 Gy, tumor BED’s respec-
tively). Wada et al. reported the treatment of primary
non-small-cell lung cancers (NSCLC) using high
single doses (20-30 Gy) with excellent 3-year tumor
control probability and less than 3% of the patients
developing Grade 3 pneumonitis [55]. Of consider-
able interest in these early hypofractionation stud-
ies were the normal tissue responses demonstrating
that the diaphragmatic lobes of the lung appeared
to be more sensitive to radiation-induced damage
than the apical lobes [77]. Furthermore, these inves-
tigators used mean lung dose, V, and V, as predic-
tors for lung injury. Since there is a dose-response
relationship for NSCLC, dose escalation studies are
warranted. Timmerman et al. performed a dose es-
calation study starting at a three-fraction regimen
of 8 Gy per fraction and escalated it to 20 Gy per
fraction (total dose = 60 Gy; BED = 180 Gy) without
achieving maximal tolerated dose [78]. While these
preliminary studies are promising, one word of cau-
tion is to not use large single fractions of SRS for the
treatment of tumors near large airways [79]. The

airway behaves as a serially functioning tissue, and
acute hemorrhage or late fibrosis and collapse of the
airway leads to downstream atelectasis and fibrosis.
Since the V,, values for SRS treatment of small lung
tumors are usually between 3-10%, the incidence of
pneumonitis is low for such treatments.

Summary and Conclusions

Many of the contemporary clinical procedures used
in radiation therapy are based on earlier clinical prac-
tices and empirical observations. At present, the cure
rate for many cancers leaves an inordinate amount
of room for improvement in standard therapies and
opens the possibility for changes to the central dog-
mas for therapeutic techniques and technologies. In
the past, modifications in fractionation regimens and
concerns for therapeutic ratios between normal and
malignancy were a dominant focus for designing new
treatment regimens. SRS is a radical departure from
the strategy of using large fields and protracted thera-
pies for normal tissue preservation; only a fraction of
the total (high, hypofractionated) dosage is received
by the surrounding normal tissues. If a tumoricidal
dose of radiation can be fully circumscribed to the
gross tumor volume with only nominal radiation
dose delivered to neighboring normal tissue volumes,
then SRS could rival surgical excision for the control
of primary tumors.
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Introduction

Stereotactic radiosurgery is well-established in the
treatment of intracranial lesions, but its use in extra-
cranial lesions is relatively new. Stereotactic radiation
delivery technologies such as the CyberKnife® (Ac-
curay Incorporated, Sunnyvale, CA) are being used
with increasing frequency to treat lesions outside the
cranium, such as in the spine, thorax, and abdomen;
lesions that were not previously amenable to radio-
surgical treatment due to inherent motion. The criti-
cal role of imaging technologies in radiosurgery, both
for planning treatments and assessing their effects,
makes an understanding of developments in these
technologies imperative for radiosurgery profession-
als. In this chapter, we review how positron emission
tomography (PET) is combined with computed to-
mography (CT) to enhance disease staging, radiosur-
gery and radiotherapy planning, and follow-up.

Cancer Imaging

Modern imaging technologies visualize various
aspects of cancer in a non-invasive way by taking
advantage of different anatomic, molecular, and
functional attributes common to malignant cells.
In the last few years, we witnessed a great deal of ad-
vancements in anatomic imaging modalities such as
CT and magnetic resonance imaging (MRI). Based
on its fast image acquisition and high spatial resolu-
tion, CT is particularly well suited for use in daily
management of cancer patients. CT, however, has
its limitations including difficulty diagnosing ma-
lignancy in a normal-sized lymph node, difficulty
distinguishing between an enlarged lymph node
due to malignancy or benign disease, and difficulty
differentiating disease recurrence from post-thera-
peutic changes.

Whole-body (WB) PET imaging with [**F]2-flu-
oro-2-deoxy-D-glucose (FDG) is a functional imag-
ing modality that addresses many of the limitations
of CT. FDG-PET detects the accelerated glucose me-
tabolism common in malignancy. ¥F-FDG PET im-
aging is used in the diagnosis, staging, and follow-up
of many cancers with accuracies ranging from 80%
to 90% [1]. Because of the high accuracy of FDG-PET
for molecular imaging of disease biology, the U.S.
Food and Drug Administration (FDA) has approved
FDG-PET for all cancers. In addition, the Centers
for Medicare and Medicaid Services (CMS) have ap-
proved Medicare reimbursement of FDG-PET imag-
ing for different types of cancer. FDG-PET, however,
has limitations. Increased FDG-avidity is not limited
to malignancy, which can result in false positives.




56

M. Osman et al.

On the other hand not all malignancies are FDG-
avid, which can produce false negatives. In addition,
whole-body FDG-PET is a slow imaging technique,
requiring two hours for a whole body (WB) field of
view (FOV) as compared to less than a minute for the
same FOV using a multi-slice CT scanner. Further-
more, while FDG-PET facilitates lesion identifica-
tion, localization of such lesions can be complicated
due to the lack of anatomical landmarks.

PET/CT Image Fusion

Fusion of PET and CT images enhances the inherent
clinical potential of both techniques and provides
knowledge that is greater than the sum of informa-
tion provided by each modality alone. Fusion of PET
and CT images can be performed at three levels:
visual, software, and hardware fusion. In traditional
visual fusion, a physician compares separate PET
and CT images viewed next to each other when avail-
able, i.e., fusion takes place in the physician’s head.
Visual fusion has often been considered sufficient,
however, clinical practice proved this technique to
be sub-optimal and often unsuccessful, underscor-
ing the need for a formal fusion mechanism. The
concept of “anatometabolic” software fusion of

N
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PET and CT studies using fiducial and anatomical
landmarks, was first introduced over 15 years ago
[2]. Since then, several sophisticated software fu-
sion algorithms have been developed and validated,
particularly in the brain. Software fusion is often
logistically challenging owing to differences in the
patient’s positioning when imaged by two different
modalities on two different occasions. The align-
ment process is labor intensive and far from routine
at most medical centers. This situation changed dra-
matically with the recent introduction of hardware
fusion in 1998 using the combined PET/CT scan-
ner. PET/CT systems can acquire anatomical and
functional information in the same examination at
nearly the same time [3]. In such systems, CT data
can be used for PET attenuation correction (AC)
instead of the traditionally used germanium-68 [4].
It is safe to say that the most exciting development
in PET is the emergence of combined PET/CT imag-
ing devices (Fig. 5.1). The combination of form (CT)
and function (PET) has several advantages [5]. First,
biological and anatomical WB can be performed in
one examination. Second, because of limited patient
motion, due to the almost simultaneous acquisition
of PET and CT images, optimal fusion of biologi-
cal and anatomical images can be achieved. Finally,
the combination of anatomical landmarks provided
by CT greatly facilitates the assignment of PET de-
picted biological abnormalities to specific anatomi-
cal structures.

A

Fig. 5.1 GEMINI TF at Saint Louis University Hospital; a 64-slice PET/CT scanner with TruFlight technology from Philips

Medical Systems.
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Clinical Data Supporting PET/CT

PET/CT is still in its infancy; however, several stud-
ies published over the last few years demonstrated
that PET/CT transforms image fusion from primar-
ily a research tool to everyday clinical practice. In
addition, these studies proved that PET/CT has a
higher diagnostic accuracy than PET or CT alone
or visually correlated PET and CT. There are more
important data on the use of PET/CT in lung cancer
than any other type of malignancy. One study evalu-
ated the impact of PET/CT over PET in the localiza-
tion and the confidence of diagnosis in patients with
non-small cell lung cancer (NSCLC) [5]. PET/CT led
to a 32% reduction in the number of “probable and
equivocal” lesions and a 41% increase in the num-
ber of “definite” localizations. Another prospective
study assessed the diagnostic accuracy of PET/CT in
50 patients with NSCLC [6]. Integrated PET/CT pro-
vided information beyond that provided by conven-
tional visual correlation of PET and CT in 41% of the
patients. Additional information included precise
localization of lymph nodes, identification of chest
wall infiltration, correct differentiation between
inflammation and malignancy, and localization of
distant metastases. Integrated PET/CT had better
diagnostic accuracy than PET alone, CT alone, or
visual correlation of PET and CT. A more recent
prospective study assessed the value of PET/CT in
the diagnosis and clinical management of suspected
recurrent NSCLC in 42 patients [7]. The sensitiv-
ity, specificity, and positive and negative predictive
values of PET/CT for diagnosis of recurrence were
96%, 82%, 89%, and 93% compared with 96%, 53%,
75%, and 90%, respectively, for PET. Furthermore,
PET/CT changed the PET lesion classification in 52%
of patients, by determining the precise localization
of sites with increased FDG uptake. In addition, PET/
CT changed the management of 29% of patients by
eliminating previously planned diagnostic proce-
dures, by initiating a previously unplanned treat-
ment option, or by inducing a change in the planned
therapeutic approach.

The added value of PET/CT over PET alone and CT
alone is not limited to NSCLC. A recent prospective
study assessed the clinical performance of a com-
bined PET/CT system in patients with various types

of cancers [8]. In 204 patients with 586 suspicious le-
sions, PET/CT provided additional information over
the separate interpretation of PET and CT in 99 pa-
tients (49%) with 178 sites (30%). As expected, PET/
CT precisely defined the anatomic location of malig-
nant FDG uptake in 6%, and it lead to retrospective
lesion detection on PET or CT in 8%. Moreover, PET/
CT improved characterization of equivocal lesions as
definitely benign in 10% of sites and as definitely ma-
lignant in 5% of sites. The results of PET/CT had an
impact on the management of 28 patients (14%), ob-
viated the need for further evaluations in 5 patients,
guided further diagnostic procedures in 7 patients,
and assisted in planning therapy for 16 patients.

Data comparing PET/CT to other imaging modali-
ties are not limited to PET and/or CT. One prospective
study compared the staging accuracies of both WB
PET/CT and WB MRI for different malignant dis-
eases [9]. In 98 patients, the TNM stage was correctly
determined in 77% with PET/CT and in 54% with
MRI. Moreover, 12% of patients scanned with PET/
CT resulted in management changes as compared to
2% with MRI. Authors of this work advocated the use
of PET/CT as a first-line imaging modality for WB
tumor staging, restaging, and post therapy response
assessment in different types of cancer.

PET and PET/CT in Radiation Therapy

Conventional staging of patients scheduled to receive
radiation therapy (RT) is typically based on anatomic
imaging modalities such as CT or MRI. Such anatomic
staging, however, may be inadequate and/or inaccu-
rate, resulting into several problems. First, inaccurate
identification of macroscopic tumors may result in
suboptimal treatment volumes in some patients and
unnecessarily large volumes in others. Second, in-
terobserver variability may be caused by difficulty
identifying tumor boundaries due to atelectasis or
pleural effusion. Similar problems exist in using ana-
tomic imaging modalities in assessing the response to
RT. Many centers are beginning to adopt '*F-FDG PET
before RT, for more accurate staging, and after RT, for
better assessment of response to RT. Incorporating
PET in RT planning typically has an impact in the
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decision-making process prior to RT, and results in
changes in therapy in about 25% of patients.

Initial data suggest that PET imaging is useful in
RT planning (RTP) based on the concept of biologic
tumor volume (BTV) as opposed to gross tumor vol-
ume (GTV) determined by traditional CT planning.
The planning target volume can be altered in one of
two ways. First, the PET images may show more ex-
tensive local disease or distant metastases which ne-
cessitate enlargement of the planned radiation field
or, in extreme cases, termination of radiotherapy.
Second, the PET scan may identify a smaller volume
of viable tumor than suspected by CT planning thus
demanding a reduction in the size of the radiation
field so that nearby normal tissue is spared. Studies
incorporating PET data using '8F-FDG images have
shown significant alteration in tumor volume cover-
age in approximately 30-60% of the cases [10-13]. A
recent study evaluated the delineation of GTV and
clinical target volume (CTV) in patients with extra-
cranial malignancies [14]. In this study, PET altered
the GTV or CTV in 44% of studied patients. Methods
for incorporating PET into the RTP include visual,
side-by-side comparisons, image overlays, direct fu-
sion of PET and CT images, and PET/CT simulation.
In PET/CT, in addition to other staging information
performed prior to the initiation of RT, the CT data
from the PET/CT exam can be used for RTP, provided
the CT data are properly acquired. Moreover, when
PET data are used in addition to CT data for planning,
there is more consistent agreement among observers
on how to delineate GTV [15]. PET/CT has also dem-
onstrated usefulness in post-treatment restaging since
clinically relevant treatment responses are often not
apparent on morphological imaging studies [16, 17].

Nevertheless, controversies still remain in the
PET literature regarding how to define the region of
interest (ROI) needed for tumor volume delineation
as well as response assessment [18].

5.6
Added Value of PET/CT in CyberKnife Ste-
reotactic Radiosurgery: Initial Experience

Our university was one of few academic institutions in
the country to procure a state-of-the-art CyberKnife

frameless stereotactic radiosurgery delivery system.
In addition, we had a 16-slice PET/CT scanner, which
has recently been replaced by the nation’s first 64-
slice PET/CT scanner with True Flight technology.
Although PET/CT is in rapid dissemination and plays
a growing role in radiation therapy, there is a gap in
the literature regarding the added value of PET/CT
in CyberKnife treatment. The presence of both de-
vices in the same facility at our institution gave us a
unique opportunity to address this gap by systemati-
cally studying the added value of PET/CT in patients
undergoing CyberKnife therapy [19].

Our initial experience with PET/CT scanning
prior to CyberKnife therapy in 24 patients showed
that value was added by providing clinically useful
staging and treatment response data. Approximately
60% of patients studied had no change to known sites
of disease when the PET/CT was compared to other
imaging modalities previously employed. In the last
group, confirmation of local disease was useful as
it indicated that treatment with CyberKnife, a local
treatment, was appropriate. The remaining 40% of
the patients had a change of stage when the PET/CT
was compared to other imaging studies. See Fig-
ure 5.2 for an instance in which upstaging occurred
and Figure 5.3 for an example of downstaging.

This is similar to recently published literature in
which PET/CT frequently provided statistically signif-
icant improvements over PET or CT alone in staging
and restaging of different cancers [20]. In our study,
however, far more of our patients were downstaged
instead of upstaged, likely reflecting physician patient
selection and extensive workup before CyberKnife
evaluation of this heavily pretreated population. More
accurate staging can influence the decision to proceed
with CyberKnife by improving patient selection.

Of the 24 treated patients, 16 (67%) patients with
20 lesions had PET/CT scans before and after the Cy-
berKnife treatment. For these patients, we compared
the volume (in cm?®) and mean standardized uptake
value (SUV) max before and after CyberKnife treat-
ment. There was a statistically significant difference
in the mean pre-treatment volume (17.5 cm®) com-
pared to the mean post-treatment volume (8.7 cm?),
p=0.003. Additionally, a statistically significant
difference in metabolic response was found when
pre-treatment max SUV (5.9) was compared to post-
treatment max SUV (3.0; p=0.001). After CyberKnife
therapy, nine patients (56%) had continued response
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Fig. 5.2 These images are from a 70-year-old male with recurrent small-cell lung cancer evaluated for CyberKnife treatment
of an isolated right adrenal lesion. PET/CT showed previously unsuspected mediastinal, left adrenal, and retroperitoneal

disease.

Fig. 5.3 A 73-year-old female with a new lower left lobe lesion and enlarged left adrenal gland on CT scan. PET/CT showed

the enlarged adrenal gland to be non-FDG avid, thus benign.
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at last imaging. Seven patients (44%) had failed
therapy based on post-treatment imaging (2 local
failures, 2 with distant metastases, and 3 failed both
locally and with distant metastases).

Inflammatory changes can persist for several
months after radiation therapy; inflammatory
changes can cause false positives in imaging and
be mistaken for progressive disease. Therefore, a

m SUV:3.29

SUV:1.39

0 deg

3-6 month wait is typically recommended before
using PET/CT imaging in assessing response to RT.
The proper timing of post-CyberKnife PET/CT im-
aging, however, is not known at this point. One of
our patients (Fig. 5.4) had a prior left pneumonec-
tomy, CyberKnife to a solitary lesion in the right
upper lobe, and four post-treatment PET/CT scans
from day 46 to day 251. After an initial response,

Fig. 5.4 These images are from a 67-year-old male with history of left lung squamous cell carcinoma, status post left pneu-
monectomy in 2001. In April 2005 he was diagnosed with the same cancer in the right lung and was treated with CyberKnife.
Post-therapy PET/CT scan in June 2005 showed decrease in metabolic activity consistent with good response to therapy.
Follow-up scans in August 2005 and January 2006 revealed increased metabolic activity which it was thought may have
represented disease progression; however, a subsequent scan in April 2006 showed decrease in metabolic activity without
any interval therapy, which is consistent with improving post-radiation changes.
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measured by volume and mean SUV decrease, the
lesion grew larger and more intensely FDG-avid in
the setting of pneumonitis peaking at day 186 post-
treatment. Surprisingly, the lesion began to regress
in size and FDG-avidity by day 251 with no further
therapy. This suggests that a delayed period of in-
flammation could be mistaken for failure unless fol-
lowed closely with serial PET/CT scans. The optimal
way to answer the question of when this phenom-
enon peaks after CyberKnife radiotherapy should
be determined by a PET/CT scan at approximately
30 days post-treatment and at regular intervals in
multiple patients. The ongoing prospective study, at
our institution, will attempt to answer this interest-
ing question by requiring a PET/CT 30-60 days after
completion of CyberKnife and monthly thereafter.
The change in volume and mean SUV over time and
incorporation of PET/CT imaging data in radiation
treatment planning for CyberKnife also are planned
in subsequent prospective analyses.

Conclusion

The migration from PET to PET/CT is inevitable
and the combined PET/CT designs will continue to
benefit from recent advancements in instrumenta-
tion and protocol development. PET/CT continues to
play an evolving role in the management of patients
undergoing stereotactic radiosurgery by providing
more accurate staging, precise tumor volume defini-
tion, and earlier assessment of response to therapy.
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Introduction

The CyberKnife® (Accuray Incorporated, Sunny-
vale, CA) was initially used to treat lesions of the
central nervous system (CNS), butin recent years the
most rapid increases in utilization have been in the
treatment of soft tissue lesions outside the skull and
spine. Soft tissue tumors may be broadly classified
as lung, abdominal, or pelvic tumors. Like lung tu-
mors, abdominal tumors are sufficiently close to the
diaphragm that they normally require correction
for motion due to breathing, but the large number
of critical organs in the abdomen raises treatment

issues that are common to pelvic lesions that move
little with respiration, such as prostate adenocar-
cinoma.

The combination of breathing motion and high
organ density has limited the development of stereo-
tactic radiosurgery and hypofractionated radiother-
apy for abdominal tumors. Large planning target
volumes (PTVs) are a consequence of the apprecia-
ble tumor margins needed to account for breathing
using either breath holding or gating techniques.
The size of these targets restricts the prescription
dose for lesions close to high-risk organs, such as the
duodenum and kidneys. CyberKnife fiducial track-
ing throughout treatment, in combination with
Synchrony® (Accuray Incorporated, Sunnyvale, CA)
continuous breathing motion tracking, reduces PTV
volumes [1]. In addition, non-isocentric beam deliv-
ery and inverse treatment planning limits hot spots
so that abdominal radiosurgery and hypofraction-
ated radiotherapy are readily achievable.

The range of tumor locations that have been
treated with CyberKnife in the abdomen is impres-
sive and continues to expand. Metastases from other
primary cancers are treated in the liver, as well as
primary hepatocellular carcinoma. CyberKnife treat-
ment of late stage pancreatic adenocarcinoma in
conjunction with chemotherapeutic agents has been
described using both single-fraction and hypofrac-
tionated approaches [2-4]. The improved radiosen-
sitivity of renal cell carcinoma to hypofractionated
radiation delivery in spinal metastases has been de-
scribed [5, 6], but only recently have primary renal
cell treatments in the kidneys been reported [7]. Sev-
eral sites have described the treatment of very large
(greater than 500 cc) soft tissue sarcomas, many of
retroperitoneal origin, and anecdotal evidence sug-
gests similar increases in radiosensitivity for these
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tumors [8, 9]. Metastases may arise in many other
parts of the abdomen, including gall bladder, duode-
num, spleen, stomach, and lymph nodes; these may
also be amenable to CyberKnife treatment.

These abdominal targets raise a number of issues
concerning treatment planning and delivery that
must be addressed before a safe and efficacious Cy-
berKnife treatment can be offered. In this chapter
I describe some of these issues and suggest means
of dealing with them based on my experience with
the CyberKnife system. Some of these suggestions
are based on features found in Multiplan® (Accuray
Incorporated, Sunnyvale, CA) version 1.5.2 and may
need to be altered for future versions of the software.
Note that, although many of the clinical concerns
that are outlined below are common to all technolo-
gies used for stereotactic hypofractionated delivery
of radiation to moving targets, the methods used to
address them are specific to the CyberKnife. More
general information on this topic may be found in
other published sources [10].

6.2
Pre-Treatment Planning Considerations

6.2.1
Imaging and Fusion

Contouring and treatment planning for abdominal
CyberKnife cases may be enhanced by fusing ad-
ditional imaging studies to the main CT image set
and through judicious choices during the CT scan-
ning process. Blurring will arise in abdominal MRI
scans unless breath holding is employed. While this
approach may yield useful information, several ef-
fective alternatives have achieved more widespread
use.

In recent years, positron emission tomography
(PET) has become a standard clinical tool for iden-
tifying metabolically active regions of the body and
consequently helping to distinguish regions of rapid
cell growth from surrounding structures that are
radiographically similar. All locations within the
abdomen are amenable to PET imaging for fusion to
CT, and while breath holding is not normally used
for PET scans, their limited resolution (generally no

better than 3 mm slice thickness) means that this is
generally not a problem.

The automatic image registration tool in Multi-
Plan works well when fusing CT and PET scans, es-
pecially when these images are obtained as part of a
single study. Starting points for automatic registra-
tion are best seen in the sagittal and coronal views
on the PET scan, rather than the default 3D views.
Careful examination of CT/PET registration is cru-
cial to contouring, and in some cases, manual reg-
istration at a specific anatomic location is preferable
to the automated global registration that does not
account for soft tissue deformations. The colorwash
overlay mode available in MultiPlan is excellent for
CT and PET displays, both when checking the qual-
ity of registration and when contouring. Switching to
the PET-only display and adjusting the window and
level to display only extremely hot regions before us-
ing the colorwash overlay mode will maximize the
effectiveness of this modality for image registration
(Fig. 6.1). Care must be taken to avoid mistaking
common areas of high radiopharmaceutical uptake
for active tumor, especially near the heart, kidneys,
and major vessels.

Intravenous (IV) iodine contrast is highly desir-
able in abdominal CT scans for differentiating the
array of critical soft tissues. For patients with an
iodine allergy, a PET scan becomes more impor-
tant. The timing between the IV injection and CT
acquisition is crucial to maximizing uptake in the
abdomen, especially if a PET scan is not used for
contouring. Oral contrast administered just before
imaging is also helpful to distinguish stomach and
duodenum from surrounding tissues, and ingest-
ing additional contrast several hours prior to the
CT study can opacify the lower gastrointestinal (GI)
tract if desired. Treatment planning should use a
homogeneous electron density model (chosen in the
Setup page of the Plan tab in MultiPlan) when oral
contrast is present in the CT scan.

Breath holding during the CT study will remove
the motion blurring that will occur if the scan is ob-
tained using normal respiration. The patient’s breath
may be held at maximum inhalation, exhalation, or
a midpoint between these extremes; patient training
will maximize the reproducibility of this technique.
Fusing a breathing-blurred PET scan to a CT scan
taken during breath holding will lead to mismatch
that must be carefully evaluated through manual
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registration of the images. It may also be useful to
fuse two CT studies together in order to evaluate any
changes to the tumor shape at different parts of the
breathing cycle and construct a patient-specific PTV
to account for this deformation.

For lesions in the upper abdomen, arms placed
across the chest may interfere with certain oblique
beams, while keeping the arms above the patient’s
head may be difficult to maintain during the length
of time necessary for a typical CyberKnife treatment.
Many centers treat abdominal CyberKnife patients
with arms at their side, but care must be exercised
to minimize the use of treatment beams passing
through them. In addition, the CT scanner’s field of
view (FOV) can cut through the patient’s body on

Fig. 6.1a-c. Target delineation with CT/PET fusion. With CT
only (a), the melanoma metastasis to the patient’s pancre-
atic head is difficult to distinguish from surrounding soft
tissues. A colorwash overlay of the PET image (b) clearly
identifies the region of hypermetabolic activity. This aids in
contouring both target and adjacent duodenum (c).

one or more slices. The planning software disables
beams that enter through portions of the body cut
off by the top and bottom slices of the CT scan, but
beams entering through the regions attenuated by
the FOV are turned off inconsistently (Fig. 6.2). Un-
der no circumstances should treatment beams pass
through any part of the body cut off by the scan-
ner FOV; this may be accomplished by contouring a
structure that outlines the cut-off portion of the scan
and disabling beams passing through this structure.
If the patient’s size requires that part of the body will
be cut off by the FOV, adjust the patient position so
that beams will not be turned off on the same side of
the body as the tumor. For example, the entire right
side of the patient should be intact for liver lesions;
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this may require the FOV to attenuate the left side of
larger patients’ bodies.

6.2.2
Fiducial Placement

While CyberKnife treatments for skull, spine, and
even lung are progressing towards sub-millimeter
targeting accuracy using anatomical landmarks, ab-
dominal targets are still targeted and tracked using
implanted fiducials. Gold fiducials are used instead

Fig. 6.2 Body cut off by CT scanner field of
view. The right arm placed by the patient’s
side for simulation (and subsequent treat-
ment) is cut off by the FOV (top image). As
shown in the 3D image on the bottom, the
isocentric treatment of this posterior liver
metastasis will include two beams passing
through this region (in which tissue depth
is incorrect). Contouring the intersection
of the FOV with tissue and disabling beams
passing through this structure will elimi-
nate this problem.

of stainless steel screws, and the number of fidu-
cials depends on the number of lesions, lesion size,
and tracking goals. In determining the appropri-
ate number of fiducials to use for a given patient, a
balance must be struck between the advantages of
fewer fiducials (greater distance between fiducials
and easier to distinguish fiducials) and the disad-
vantages (less accuracy and less stability). Adding
more and more fiducials will not automatically im-
prove tracking; in fact, placing fiducials in extremely
close proximity may make it impossible to lock onto
any of them. If surgical clips are also present, dif-
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ferentiating between fiducials and clips is challeng-
ing and may work better if the patient is placed on
the CyberKnife couch prior to treatment planning
and diagnostic set-up X-ray images are obtained for
comparison to MultiPlan-generated digitally recon-
structed radiographs (DRRs).

Translations and rotations determined from fi-
ducial tracking are susceptible to small positional
variations in individual markers, e.g., organ de-
formation, and large variations, e.g. migration.
Deformation is a significant concern in the liver,
for which the extremely elastic tissue and position
directly below the diaphragm are likely to lead to
significant difficulties in tracking. Multiple le-
sions in the liver, treated in a single plan, present
a particular challenge with no ideal solution. The
physicians and physicist must anticipate this diffi-
culty during the treatment planning stage by either
increasing PTV sizes to account for this inherent
uncertainty or making the plan less sensitive to
extreme rotational changes, e.g., using isocentric
beams.

Ithas been pointed out (Wu et al. [11]) that signifi-
cant patient rotations (greater than a few degrees)
can lead to large changes in the source-to-surface
distance (SSD) for treatment beams when compared
to the CT image used for planning. For this reason,
some CyberKnife sites have decided to use fiducial
or Xsight™ (Accuray Incorporated, Sunnyvale, CA)
plans at the beginning of treatment for global rota-
tional positioning of the patient, followed by trans-
lation-only tracking during the actual treatment de-
livery, using the fiducials in or near the tumor [12].
This is the same approach used by the new Xsight
Lung™ tumor tracking method, but with the Xsight
and tumor tracking portions of treatment separated
into two separate plans. The tumor, and fiducials,
may be rotated relative to its position in the CT, so
appropriate margins are added to generate a PTV
that is expected to provide full tumor coverage
throughout treatment. For abdominal cases, this
approach facilitates treatment and Synchrony mod-
eling which may reduce a patient’s total treatment
time. It is also expected that the SSD for each treat-
ment beam will closely match the treatment plan.
The loss of information about the tumor’s rotational
behavior, however, makes this approach less stereo-
tactic and closer to a variation of intensity modu-
lated radiotherapy (IMRT).

6.2.3
Contouring

Careful contouring techniques are essential to as-
suring high target conformality in all dimensions.
Because all contouring is performed in a single slice
direction (usually on axial slices), it is easy to con-
tour carefully on a slice-by-slice basis and neglect the
overall three-dimensional shapes that are formed.
The physician or physicist contouring for CyberKnife
should always be mindful of the axial, sagittal and
coronal views of the contoured structures. The au-
tomatic interpolation tool in MultiPlan provides an
effective way to assure three-dimensional smooth-
ness. An effective contouring approach will choose
a contouring interval and initially draw structures
only on those slices, e.g., contour the tumor only on
even slice numbers, or contour the spinal canal on
every fifth slice. The interpolated slices then have a
starting point for contouring that is likely to need
little or no adjustment.

Margins for creating PTVs are at the planner’s
discretion, and while many CNS CyberKnife treat-
ments target the gross tumor volume (GTV) without
the addition of a margin, it is recommended that
at least 3-5 mm margins be used in the abdomen.
The additional targeting inaccuracy that arises
from Synchrony tracking accounts for most of the
margin, and soft tissue deformability requires a
few more millimeters. Recall that fused CT scans at
maximum inhalation and exhalation may be used to
create anisotropic margins that account for patient-
specific tumor deformation.

The contour dilation tool in MultiPlan can create
jagged contours, so that any PTV created by dilat-
ing the GTV will be less smooth and resulting plans
may be less conformal. The PTV may be smoothed
using the contour interpolation tool. Following PTV
generation, move slice-by-slice through the struc-
ture and delete contours on even slices only. Note
that with interpolation turned on, the deleted con-
tours will be replaced by interpolated slices that are
smoother. Once all even-slice contours are deleted,
pass back through the structure and solidify each
interpolated contour. Repeat the process but delete
only odd-numbered slices. For complex shapes, this
approach changes the PTV shape and is ineffective,
but a large class of PTVs (and other structures cre-
ated by dilation of another structure) will benefit
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from this technique. This approach adds to the time
for contouring, but the potential improvement in
plan quality makes it worthwhile.

The critical structures that need to be con-
toured differ from case-to-case, but most abdomi-
nal CyberKnife treatments will consider the liver,
stomach, duodenum, spinal cord, and both kidneys
as critical structures. Other potential structures to
consider: adrenal glands, gall bladder (if not in-
cluded with liver), colon, small bowel, and major
vessels like the aorta, vena cava, or mesenteric ar-
tery. A distinction should be made between con-
touring the spinal cord, the spinal canal, or dural
sac. Contouring the canal is fast and straightfor-
ward, but it may overestimate the dose to the spinal
cord. It is also extremely important to contour any
structures that will either be damaged by radiation
(pacemakers and defibrillators for upper abdomen)
or interfere with beam delivery (prostheses or pain

pumps).

Treatment Planning Considerations

6.3.1
Tuning Structures

As with IMRT, inverse planning is based only on
weighted constraints specified in certain volumes
of interest (VOIs). For regions without constraints,
the optimization algorithm accepts any dose lev-
els without penalty. Very low maximum dose con-
straints with a high weight in one part of the body
can lead to dose “streaking” away from this area,
usually in unpredictable ways. Tuning structures
provide a mechanism to control these effects, but
different geometric forms provide different types of
control over dose delivery.

A tuningstructure may simplybea polygon drawn
on one side of the tumor. For example, pushing dose
posteriorly away from the anterior small bowel when
treating the pancreas. Alternatively, another tuning
structure may trace the outer edge of the patient. For
example, pushing dose away from the skin for lat-
eral liver metastases. While these tuning structures
are useful, they can suffer from the same problem as

critical structures and push dose in unanticipated
directions.

One solution to this dilemmais to create anewshell
structure in another VOI by specifying the inner gap
and shell thickness in millimeters. If no inner gap
is specified, the entire region surrounding the target
is restricted isotropically, and a series of these shells
may be specified, each with a progressively smaller
maximum dose, to control dose conformality and
limit dose streaking. One limitation of this method
is that hard constraints will generally prevent sim-
plex optimization from achieving solutions, but soft
constraints will allow some dose to exceed the dose
specification (with a penalty that is minimized). If
the inner gap is nonzero and the shell thickness is
small, the shell may be used as a near-absolute limit
on dose. This approach can effectively force the sys-
tem to create plans with high conformality. That is,
by surrounding a target with a thin shell (inner gap
and thickness of 2 mm) and specifying a hard-weight
constraint with maximum dose equal to the mini-
mum target dose, the resulting prescription isodose
line should be highly conformal. This approach of
creating thin shells with large inner gaps can also be
used to constrain low isodose lines, whose distribu-
tions are often unpredictable.

Point constraints are useful when the overall di-
rection of optimization is acceptable but a handful
of specific locations are not behaving as desired.
This may be due to the absence of dose grid calcula-
tion points at these locations. Another cause may be
beam targeting entirely towards the periphery of the
lesion, leading to a cold spot in the center. Point con-
straints are ideal for resolving these issues. Using
point constraints as the primary method to shape
isodoses, however, is inefficient because repairing
hot or cold spots in this manner often produces new
defects, which in turn require new constraints that
create still more areas of concern.

The lack of dose volume histogram (DVH) con-
straints may require creativity on the part of the
treatment planner to achieve certain dose distribu-
tions in critical structures. For example, the physi-
cian may be willing to accept a maximum dose of
15 Gy to one of the kidneys provided no more than
20% receives in excess of 8 Gy. Specifying a maxi-
mum kidney dose of 15 Gy may result in most of the
organ receiving dose near this limit; on the other
hand, specifying a dose closer to 8 Gy is overly re-
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strictive and may limit some of the optimization
algorithm’s options. As another example, the physi-
cian may be willing to sacrifice coverage of a tumor
in the pancreatic head in order to keep the maximum
dose to the adjacent duodenum below 50% of the
prescription dose. Specifying the prescribed doses
to tumor and duodenum, along with giving the duo-
denum a high weight compared to tumor, will push
dose away from duodenum but may reduce coverage
on the other side of the tumor as well.

Both of these examples may be solved by divid-
ing structures into smaller parts, each with differ-
ent constraints. In particular, the duodenum may be
copied into a dummy critical structure which is di-
lated by 5 to 10 mm. The tumor may then be divided
into two sub-structures, near-duodenum tumor and

bulk tumor; the former is defined as the intersection
of the expanded duodenum and tumor, while the
bulk tumor is the remainder (Fig. 6.3). Near-duo-
denal tumor can have a low weight to allow dose to
push away from the duodenum while the bulk tumor
uses high weights on the minimum dose to ensure
good coverage of the majority of the tumor.

6.3.2
Dose Grid

Plan optimization is considered “low resolution”
and occurs on a grid uniformly distributed along
each axis of the calculation box. Resizing the box
adjusts the density of calculation points in each

Fig. 6.3 Dividing the target into
two regions. The pancreatic lesion
shown here has been divided into
two regions, the bulk tumor (in
red) and near-tumor (in purple).
The near-tumor is that part of the
lesion located within a 10-mm ra-
dius of the duodenum (in orange).
The duodenum was anisotropically
expanded in the left, right, anterior,
and posterior directions by 10 mm.
The intersection of the target con-
tour with this expanded contour
formed the near-tumor, and the
bulk tumor was created by copying
all near-tumor contours as cavities
into a new contour set for the orig-
inal lesion. Different constraints
may be applied to each target dur-
ing optimization, and beams may
be directed to only one of the two
structures.
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dimension, but the number of points does not
change. Shrinking the box to just cover the tumor
will provide many calculation points within the
tumor and adjacent critical surfaces and encourage
high conformality, but the lack of information out-
side the grid can produce unanticipated hot spots
away from the tumor. Expanding the box to fill the
entire abdomen allows the planner to prevent hot
spots at the expense of too few calculation points
within the tumor and consequentially poor confor-
mality. The planner must strike a balance between
these extremes when producing a treatment plan.
Regardless of the grid size used for optimization,
after saving the final plan the grid should be ex-
panded to include the entire abdomen and a high
resolution calculation used to check for hot spots
away from the target.

Isocentric Treatment Planning

In isocentric CyberKnife treatments, all beams are
directed towards a location within the patient to
create an ellipsoidal volume of high dose. The op-
erator specifies this location, as well as the size of
the collimator. By default, all beams are of equal
weight. Isocentric treatments deliver all dose to the
same geometric point, so that many fewer monitor
units (MU) are necessary to achieve a given pre-
scription dose than with non-isocentric beams. This
will significantly reduce the patient’s time on the
treatment couch, which in some instances may be
of high clinical importance. Unfortunately, there is
little user control over the shape of isocentric dose
distributions, so that only spherical or ellipsoidal
targets may be treated in this manner and the dose
distributions will be less conformal. MultiPlan
has two tools to increase the range of tumors that
may be treated isocentrically: conformal isocentric
planning and dose re-targeting. Multiple isocenters
would also be an option to control the shape of iso-
centric distributions.

Once the location of an isocenter has been chosen,
the user has the option to adjust the individual beam
weights by specifying dose constraints for iterative
or simplex optimization similar to non-isocentric

inverse planning. MultiPlan will keep the beams
isocentric but attempt to meet the constraints by
adjusting each beam weight, effectively stretching
the dose distribution. For nearly spherical lesions
this approach can be highly effective, but the iso-
dose curves are limited to convex shapes. Figure 6.4
shows isodose distributions for two colorectal me-
tastases to the liver treated in a single plan, one le-
sion treated isocentrically and the other non-isocen-
trically.

On the Physics page under the Settings tab, a tool
has been created to optimally center isocentric dis-
tributions on a target. This tool was designed for
ball-cube end-to-end tests for CyberKnife quality
assurance, but it can be used in patient treatment
planning to increase the percentage of tumor cov-
ered by a dose distribution through iteratively re-
targeting the treatment isocenter.

While many early-stage peripheral lung tumors
lend themselves to isocentric treatments, appropri-
ate cases in the abdomen will generally be limited
to certain liver metastases. However, some tumors
in the pancreatic head may be sufficiently distant
from the duodenum to permit isocentric delivery,
and small round tumors may be amenable to this
method. Because dose calculations for isocentric
treatments are rapid compared to non-isocentric
treatments, it is worthwhile to initially consider this
possibility before considering the more complex
task of non-isocentric inverse planning.

Non-Isocentric Treatment Planning

Unlike conventional IMRT, in which the planner
chooses gantry angles and the number of beams but
does not directly adjust the pencil beam intensities,
CyberKnife inverse planning uses fixed paths and
node positions but requires the user to choose the
size of the one or more collimators for the treat-
ment. Choosing the appropriate collimator (or col-
limators) for each plan becomes easier with experi-
ence, but the unique aspects of each target shape and
prescription requirements for surrounding critical
structures make the adoption of any hard-and-fast
rules impossible.
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Fig. 6.4 A combined treatment using both isocentric and non-isocentric beams. Here, two symptomatic colorectal liver me-
tastases were treated in a single plan. The anterior lesion is nearly spherical and was treated with isocentric beams, indicated
by its uniform isodose distribution. The posterior lesion is concave and therefore not amenable to isocentric treatment.
CyberKnife treatment planning is clearly capable of mixing these targeting methodologies within a single plan.

In general, the collimator should be small enough
to shape the prescription isodose conformally around
the target contours, but large enough that the number
of nonzero beams and monitor units is not excessive
and treatment delivery times are reasonable. A com-
mon rule of thumb suggests this balance is possible
using a collimator diameter 2/3 to 3/4 of the target di-
ameter. If the target is elongated or very concave, this
rule will not apply and the user is limited to a collima-
tor no larger than the target’s smallest dimension. It is
recommended that once an acceptable treatment plan
has been generated using a given collimator, the plan
should be re-optimized using the same constraints
with the next-largest collimator; often, this second
plan will also be acceptable but with fewer nonzero
beams and monitor units.

Directing multiple collimators at a target can pro-
vide the advantages of both large and small collima-
tors, but the planner should beware that the monitor
units required for these plans are normally domi-
nated by the smallest collimator, and indiscriminate
use of very small collimators can lead to excessive
treatment times. If multiple collimators are used

for generation three (G3) CyberKnife systems, each
component of the three-path sets should use only a
single collimator. If all collimators are applied to the
entire path — which is the only option for generation
four (G4) models - the increase in robot travel time
may extend the length of treatment more than the
total monitor units implies.

For plans treating more than one lesion, the plan-
ner can use a different collimator for each target or
direct more than one collimator to each. This pro-
vides a wide range of options for planning, but the
user should remember that the longer treatment
time needed to treat multiple lesions may be further
extended by using more than one collimator. For
multiple liver lesions, it is recommended that each
path is only directed at a single lesion. This is due to
the extreme elasticity of the organ, which makes it
difficult to track all implanted fiducials at the same
time. If all beams for a path are directed at one le-
sion, only the nearest fiducials may be used to gen-
erate the Synchrony tracking model. The model can
then be re-generated for the next path, i.e., the next
lesion.
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The large number of critical structures in any
abdominal radiosurgery plan makes it imperative
that the surgeon and radiation oncologist prioritize
their treatment goals and communicate them to the
physicist. These goals may include, but are not lim-
ited to the following:

e The patient’s condition may necessitate a short
treatment time, even at the expense of conformal-
ity or critical structure sparing

e Concerns about vessels passing through the tumor
may require high dose homogeneity to minimize
hot spots

e Near-perfect prescription dose conformality
along the border between the target and a critical
structure, such as a pancreatic tumor adhered to
the duodenal wall, may be the physician’s primary
concern (and consequently limit the prescription
dose)

e Prior external beam radiotherapy may limit the
volume of soft tissue (including small bowel)
able to receive 20% to 40% of prescription
dose

e A prior nephrectomy could make the dose dis-
tribution in the remaining kidney the dominant
concern of the planner

Translating these clinical concerns into appropri-
ate inverse planning constraints involves many dif-
ferent adjustable parameters and hence the solution
space is enormous. This makes a systematic approach
to planning essential, but trial and error are almost
always needed to assure all clinical requirements are
met. Initially employing iterative optimization per-
mits the user to observe the step-by-step adjustment
of the isodose curves and dose volume histograms
(DVHs), pause the algorithm if it is not converging
towards a workable solution, change constraints and
resume calculations. In most cases, this algorithm
rapidly creates a dose distribution close to the final
result, but many iterations may be required to reduce
the number of nonzero beams and monitor units to
a workable level.

If the constraints determined with this approach
are applied to a simplex optimization, a solution is
possible in less time using fewer beams and monitor
units. The simplex algorithm, however, is not guar-
anteed to produce a solution and may fail if the con-
straints are too rigid, while the iterative algorithm
will always produce some solution. Another ap-

proach begins with a simplex optimization followed
by an iterative adjustment.

At this time, no large-scale clinical studies of
acute and long-term side effects from radiosurgery
and hypofractionated radiotherapy are found in the
literature, so the clinical team is restricted to ex-
trapolations from traditional fractionation sched-
ules and experience. The linear-quadratic (LQ) cell
survival model provides a starting point for these
extrapolations until clinical data are available.
Table 6.1 presents normal tissue tolerances for key
abdominal structures, in terms of TD 5/5 volumes,
based on the analysis of Emami et al. [13]. It must
be emphasized that this table is not based on clini-
cal data for radiosurgery or hypofractionated radio-
therapy of abdominal tissues, but it may provide the
clinical team with a starting point for evaluating
CyberKnife dose distributions and DVHs.

Additional Considerations

Creating a treatment plan for the CyberKnife is
only the first step prior to setting up the patient
for treatment and delivering the radiation. Patient
comfort is more important for CyberKnife treat-
ments than for conventional radiotherapy treat-
ments due to the extended treatment times - a com-
fortable patient will remain still for a longer period
and reduce unexpected emergency stops (ESTOPs)
and losses of the Synchrony model. Clearance of
the robot is also of prime importance, since treat-
ments of the lower abdomen may leave the patient’s
head extended closer to the robot than normal and
require the radiation therapist’s attention for safe
dose delivery.

Identifying fiducials implanted in soft tissue tu-
mors of the abdomen may be difficult without ad-
justing tracking parameters. For example, patients
with prior surgery may have clips in or near the field
of fiducials, requiring an increase of the contrast
thresholds to prevent the tracking algorithm from
choosing them over the real fiducials. In addition,
the fiducials may be difficult to identify in large pa-
tients, even by visual inspection, without increasing
the voltage, current and exposure times of the di-
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Table 6.1 LQ model extrapolation of critical structure dose limits. Structures of interest to abdominal radiosurgery are listed
along with damage endpoint and partial volume restrictions for radiotherapy limits based on conventional daily doses. Both
conventional and hypofractionated limits are total doses. Radiotherapy limits are taken from Emami et al. [13].

Structure Volume/Point Radiotherapy = Hypofractionated limits (Gy)* Endpoint

limits (Gy)

1 fraction 3 fractions 5 fractions

Spinal cord Diax 45 13.3 21.4 26.2 Myelitis necrosis
Liver Highest 1/3 50 14.4 23.3 28.6 Liver failure
Highest 2/3 35 11 17.5 212
Total volume 30 9.8 15.5 18.7
Kidney Highest 2/3 30 9.8 15.5 18.7 Clinical nephritis
Total volume 23 8.1 12.6 15
Small bowel Total volume 40 12.1 19.4 23.7 Obstruction/
Large bowel Highest 1/3 55 15.5 25.1 311 gztrlfl‘;:%‘lzgr/ Jtion
Total volume 45 13.3 21.4 26.2
Stomach Highest 1/3 60 16.6 27 33.4
Highest 2/3 55 15.5 25.1 31.1
Total volume 50 14.4 23.3 28.6
Heart Highest 1/3 60 16.6 27 334 Pericarditis
Highest 2/3 45 13.3 21.4 26.2
Total volume 40 12.1 19.4 23.7
Cauda equina Dax 60 16.6 27 33.4 Nerve damage

*Assumes o/ = 3 Gy and 25 fraction radiotherapy course; neglects repair time

agnostic X-ray sources. In general, the physicist or
therapist must change the tracking parameters to
either encourage the algorithm to look in the cor-
rect location for the fiducials, or discourage it from
considering other objects that may be mistaken for
fiducials. The treatment team must also balance the
need for translational and rotational targeting accu-
racy with the needs of the patient; constant interrup-
tion of the treatment when tracking five implanted
fiducials may not be justifiable if uninterrupted
treatment occurs when only three fiducials are fol-
lowed.

The remarkable targeting accuracy that may be
achieved with Synchrony tracking makes it pos-
sible to create smaller PTVs than with other radio-
therapy systems, but this advantage to CyberKnife
radiosurgery evaporates if the quality of the Syn-
chrony model is poor. Throughout the course of
treatment, the therapist must carefully examine
both diagnostic images immediately after they are
acquired in order to assure that the tracking al-
gorithm has correctly identified the fiducials. It is

also critical that all portions of the breathing cycle
are sampled prior to the start of treatment, includ-
ing narrow peaks in the cycle that may be difficult
to incorporate.

It is also possible to treat without Synchrony in
two important but common situations. If the Syn-
chrony model shows a flat response for all three
translational directions, the fiducials in the tumor
are not appreciably moving with respiration and
Synchrony is unnecessary; if there is no problem
tracking the patient’s breathing, it may remain on,
but for patients with chronic cough, sleep apnea, or
other breathing irregularities, disabling Synchrony
may greatly accelerate treatment. Another possible
difficulty may arise if the Synchrony model is lost
while one or both diagnostic cameras are blocked by
the linear accelerator or robot; in this case, continu-
ation of the treatment with Synchrony will require
aborting the treatment, returning the robot to perch,
re-establishing the fiducial tracking and Synchrony
models, and following the treatment path around
the patient to the original stopping point. When
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this happens near the end of the path, this process
may add up to 30 minutes to the patient’s treatment.
However, the treatment may be continued from the
point of interruption with Synchrony disabled if
minimal dose delivery is required before the cam-
eras are unblocked. A small portion of the treatment
will inadequately target the moving tumor, but the
physician may decide that adding 30 minutes to the
treatment may be a worse option.

Future Directions

The observations and suggestions in the previous
sections should give the new user a strong basis
for an abdominal CyberKnife program and provide
experienced users with another perspective and per-
haps some useful new techniques for their own pro-
grams. This field will continue to grow, ever more
rapidly, and involve newer techniques for improved
treatments and clinical outcomes.

At press time, in fact, a new version of MultiPlan
(2.0) has been unveiled that improves significantly
on the already impressive capabilities of the current
release. The new tools that will impact abdominal
CyberKnife treatments include, but are not limited
to, treatment planning using time-averaged con-
tours from four-dimensional (4D) CT scans; a fine
tune menu that gives the user greater control over
individual treatment beams; the ability to limit the
total monitor units delivered per node; and im-
proved fusion tools. The user will have the ability to
fuse up to three moving images to a single fixed im-
age, and fusion of coronal and sagittal MRI images
sets will be possible.
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Introduction

There is a great need for reliable tools for radiosur-
gery plan evaluation. With the increasing sophisti-
cation of radiosurgical treatment planning systems,
the radiosurgeon finds a more challenging treatment
environment and feels the need to utilize more so-
phisticated methods of plan evaluation. Ultimately,
these methods carry the promise of assisting treat-
ment decisions, or even replacing some of them with
consistent, reliable, and verifiable measures of prob-
able treatment success. Among the most common
are indices of homogeneity, dose uniformity across

the target area, and conformity, the shaping of the
radiation dose to the target area. These can often be
expressed as simple ratios of treatment target and
normal tissue volumes receiving certain radiation
doses, although more complicated forms exist. The
importance of these tools lies in their rendering of
complex concepts into simple values, allowing either
more sophisticated additions to multiple clinical
treatment parameters, or more simplification of a
limited treatment parameter set to a limited met-
ric. These numeric simplifications can assist in plan
evaluation or be used as a basis for optimization
algorithms. They may also be useful for predicting
local control and complications from radiotherapy
or radiosurgery treatment. Reliable measures of ho-
mogeneity and conformity of dose distribution in
relation to the target can also allow comparison of
results between medical centers or between different
radiosurgical technologies.

Although complex syntheses of the pertinent treat-
ment parameters into evaluation measures are pos-
sible, it is desirable to have measures that are both
easily calculable and generalizable across various
treatment techniques and plans. Several measures
of conformity, for example, have been described in
the literature. An incomplete list is seen in Table 7.1.
These are generally ratios of simple volumes. They
are useful measures but may not include enough in-
formation to be broadly applicable or reliable.

Ideally, these measures should be immune to tar-
get size and target shape considerations. The mea-
sures in Table 7.1 are not immune from target size
- smaller targets are typically associated with larger
indices of conformity. This is seen in simplified
form in Figure 7.1. This is explained by the fact that
the proportional increase in volume associated with
a fixed margin becomes greater as the target volume
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Table 7.1 Commonly Used Conformity Indices [4-12]. An
incomplete listing of commonly used conformity indices.
For these indices, DTV, ;, is the minimum isodose covering
the target volume, RI is the reference isodose, Vy; is the pre-
scription isodose volume, or the volume encompassed in the
prescription isodose surface, TV is the target volume, TV
is the target volume covered by the reference isodose, Vy; is
the volume of the reference isodose, PITV is the prescription
isodose surface and is identical to Vg, CTV is clinical target
volume, V is the volume that receives a dose higher than or
equal to the minimum tumor dose, V is the tumor volume,
PTC is the percentage of tumor covered, V, is X Gray volume,
Tpyy is the target volume within the planning isodose volume
(PIV), LV is the lesion volume, HTV is the healthy tissue
volume, LV is the lesion volume covered by the prescription
isodose, HTVy; is the healthy tissue volume covered by the
prescription isodose, and TIV is the target isodose volume.

RIEE Coverage = DTV
(Nedzi et al. 1993) [11] g Rl
RTOG W,
(Nedzi et al. 1993) [11] Conformity = TV
Lomax Cl - TV

(Lomax et al. 2001) [9] Vir

van’,t Rigt CN= /%

(van’t Riet et al. 1997) [12] TV -Vy

Kubo _PITV
(Kubo et al.1999) [8] PITV iy = CTV

Ma _ K

(Ma et al. 1999) [10] Iae= 4

Borden OF — PTC-TV
(Borden et al. 2000) [5] o v

Paddick TV’
(Paddick et al. 2000) [4] e TV - PIV
Dejean Cl.. — LVy +HTVR1
(Dejean et al. 2001) [6] s iy LV
Gibbs TIV - PIV
(Gibbs et al. 2002) [7] ACT = T2

decreases. Dependence of conformity measures on
target size is a significant limitation that can be cor-
rected by considering target size as an independent
variable.

Target shape is another variable that affects con-
formity measures. This variable is more difficult to
assess and to correct for, mainly because we have

ryr =2.5mm fyr = 7.5 mm
V; =654 mm’ V; =1767.1 mm3
oy =3.5mm oy = 8.5 mm

Py =179.6 mm?
a =Py/Vy=275

Py =2572.4 mm3
Cl =Py/NT =146

Fig. 7.1 A simplified case: Two spherical targets (VT, in red)
and two spherical planning isodose volumes (PIV, in blue)
which encompass the targets evenly with a 1 mm margin.
Despite having similar treatment margins, there is a large
difference in the RTOG conformity index (CI).

Fig. 7.2 A solitary brain metastasis.

no measures of shape complexity. Figures 7.2 and
7.3 show typical radiosurgery cases. We believe that
most radiosurgeons would consider the target in Fig-
ure 7.2, a spherical brain metastasis, to be less com-
plex than the target shown in Figure 7.3 which has
a more complex shape and has surrounding dose-
limiting structures. Therefore, it would be easier to
achieve a good conformity measure for the target in
Figure 7.2 than the target in Figure 7.3.

Another important variable affecting the confor-
mity index is the prescription isodose line. In many
measures of conformity, an isodose can be selected
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Fig. 7.3 A large vestibular schwannoma.

to give any conformity value within a broad range,
although often at the expense of target coverage.
Clearly, conformity measures may vary widely de-
pending on target volume, target shape, proximal
critical structures, or prescription isodose. In ad-
dition, intuitively, it seems reasonable to believe
that prescription isodose conformity with simple
target shapes is easier to achieve than with complex
shapes.

A measure of shape complexity is desirable and
could extend the applicability of these measures of
conformity. Such a complexity measure should be

idealized case. We describe a simple measure of
shape complexity (CpI) based on the ratio of surface
area to volume. Our idealized case is the sphere.
The sphere is intuitively the simplest target volume
and has the quality of minimizing the surface area
to volume ratio. Any deviation from sphericity will
increase this ratio. It is this ratio, the surface area to
volume ratio, which we will use as our measure of
complexity (Fig. 7.4).

7.2
Derivation of the
Shape Complexity Parameter

A reasonable shape complexity parameter should
be size invariant as well as rotationally invariant.
We begin with the ratio S/V, where S is surface area
and V is volume of the target. Starting from the
sphere:

2
SSphere _ 47[ r
I/Sphere % T r3

In order to accomplish size invariance, it is nec-
essary to remove the contribution of the radius r to
the ratio. This can be accomplished by squaring the
denominator and cubing the numerator, effectively
canceling-out r. This gives:

3
easy to calculate, should be rotationally and size (SSPL“) =361
. . . . 2
invariant, and should be normalized to 1.0 in the (VSphere)
= i — | —— — —
0 5 10 150 5 10 15 0 5 10 15

Fig. 7.4 An oblate spheroid, a sphere, and a prolate spheroid. The Cpl is displayed for each shape in the bar graph under

the shape.
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We can now define the shape complexity measure
for the sphere as:

S ] 3
Cp[ _ ( Sphere) . :1
3 6 7 (VSphere)

This generalizes to:
S3
36x?

Cpl

which is our measure of complexity for an arbitrary
shape of volume V and surface area S.

7.2.1
Dose-Planning Studies with the Complexity Index

We considered the simplified case of spheroids, ob-
jects similar in shape to spheres but the radius along
one axis is either larger than along the other axes
(a prolate spheroid), or shorter than along the other
two axes (an oblate spheroid). We chose these shapes
because simple formulas for calculating surface area
and volume are available, and because we can adjust
one variable, the unequal radius, to get a variety of
shapes to assess.

A dose planning study was completed to explore the
utility of this measure in a phantom. A series of pro-
late spheroids was constructed within a CT-scanned
head phantom with axes of 1:1:1, 1:1:2, 1:1:4, 1:1:6 and
1:1:8. These were scaled such that the volume included
in all spheroids was equal and they were aligned along
the y-axis (toward the cranial vertex). Planning was
performed with the SGI-based CyberKnife® (Accuray
Incorporated, Sunnyvale, CA) treatment planning
system using 5 mm collimators. The planning system
uses a non-coplanar, non-isocentric geometry, and op-
timizes the weights of over 1200 beams using a linear-
programming (Simplex) algorithm. Ten inverse plans
were created by adjusting the maximal beam weight
for each spheroid and the best plan was chosen. The
isodose covering 100% of the target volume was used
for calculation of the RTOG conformity Index (CI)
and this was the determinant of the best plans. A clear
relationship between CI and the complexity measure,
CpI, was observed as seen in Figure 7.5.

7.2.2
Clinical Evaluation of the Complexity Index

Before considering clinical data, it is necessary to
clarify one important point. While the volume of
a target is relatively insensitive to the scale used
to measure it, the same cannot be said of the sur-
face area. Small perturbations of surface area will
add to the variability already present in confor-
mity indices, which is undesirable. For example,
by contouring the target volume on axial slices and
recreating the volume as a stack of axial contours,
differencesin slice thickness or in contouring slice-
by-slice will cause a variable surface area for simi-
lar shapes. This is similar to the question asked in
fractal mathematics of “How long is the coast of
Britain?” [1]. It is clear that the length of the coast
increases as the scale to measure it decreases be-
coming, in theory, infinite at infinitely small scales.
To correct for this effect, it is necessary to smooth
or standardize the surface area calculation. In this
study, this is accomplished by mapping 362 near
equally-spaced vectors of a unit sphere to the target
surfaces. Each surface is simplified in this man-
ner to a 362 vertex shape and triangulation of this
surface yields a consistent surface area calculation
method.

Cl by Shape Complexity

a
%

1.4 T T T T
Cpl

Fig. 7.5 The RTOG conformity index (CI) as a function of the
complexity Index (Cpl). A linear fit is seen in red.
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7.3
Patient Data

A total of 374 Cpl values were calculated for a variety
of intracranial and extracranial targets, all treated
at Georgetown University Hospital’s Radiosurgery
Center. A mean value of 2.037 and a median of 1.705
were found (range 1.09-8.50). Univariate analysis
showed that CI inversely correlated with tumor vol-
ume, Vq (p = 0.049). The New Conformity Index
(NCI) by Paddick et al. [2-4] inversely correlated
with V., (p = 0.008). The CpI correlated with CI (p
= 0.001) but not with NCI (p = 0.566). The inverse
correlation between target volume and conformity
is expected, but it also dilutes the apparent strength
of the association between Cpl and conformity. One
attempt to control for the effect of target size is to
group the results by target size. Figure 7.6 shows
such a group, body targets larger than 4 cm? in size.
A regression line and equation are also provided.
Multiple regressions were also performed as an
alternate method to control for target size. With the
multiple regressions, CI was significantly predicted
by CpI (p <0.001) and VT (p = 0.046). The derived
regression equation, CI = 1.532 + 0.113CpI - 0.0103VT
was significant with an F-Ratio of 9.377 (p < 0.001).
The NCI was not predicted by CpI (p = 0.408) or VT
(p=0.272) and the regression equation had an F-Ra-
tio 0.809 (p = 0.446). Interestingly, the linear regres-
sion equation from the phantom study of spheroids
mentioned earlier, CI = 1.5534 + 0.1092Cpl], is very

Body Tumors > 4 cc

y=0.3867x + 0.8326

Conformity Index (Cl)

1 1.5 2 2.5 3 3.5
Complexity Index (Cpl)

Fig.7.6 The conformity index as a function of complexity
index for treated patients with targets larger than 4 cm3. A
fitted regression line and regression equation are shown.

similar to that of the clinical data on the 374 patient
targets, giving some confidence that the measure is
robust.

Another interesting result of these regressions is
that the Cpl correlates well with the CI but poorly
with the NCI of Paddick [2-4]. The reasons for these
results are not entirely clear.

It is possible to use these regressions to account
for the effects of target volume and shape complex-
ity on CI, reducing the variability in this measure.
Determination of a reference CI for a given target
volume and CpI will also allow a determination of
whether the CI obtained in a plan is in fact ade-
quate. In addition, determination of the regression
equations of CpI on CI for different radiosurgery
systems will allow a more accurate determination
of conformal capabilities of these systems, as some
systems might outperform others only at high com-
plexitylevels. A better system would be expected to
have a shallower slope on the regression equation.
We are attempting such a project but currently
have no results.

7.4
Conclusions

A simple complexity index was derived for a more
accurate assessment of radiosurgical or radiother-
apy plan evaluation. This measure could improve
the use of conformity indices by decreasing their
variability. An assessment of the target complex-
ity, before treatment and planning decisions are
made, may also guide these decisions and improve
workflow by proper allocation of planning resources
based on complexity. Finally, comparisons between
different radiosurgical devices may be enhanced by
the use of this measure.

References

1. Mandelbrot B. How Long Is the Coast of Britain? Statisti-
cal Self-Similarity and Fractional. Science 1967; 156:636—
638.

2. Nakamura JL, Pirzkall A, Carol MP, et al. Comparison of
intensity-modulated radiosurgery with gamma knife ra-
diosurgery for challenging skull base lesions. Int ] Radiat
Oncol Biol Phys 2003; 55:99-109.




80

G. Gagnon et al.

. Nakamura JL, Verhey L], Smith V, et al. Dose conformity

of gamma knife radiosurgery and risk factors for com-
plications. Int ] Radiat Oncol Biol Phys 2001;51:1313—
1319.

. Paddick I. A simple scoring ratio to index the conformity

of radiosurgical treatment plans. Technical note. ] Neuro-
surg 20005 93 Suppl 3:219-222.

. Borden JA, Mahajan A, Tsai JS. A quality factor to com-

pare the dosimetry of gamma knife radiosurgery and
intensity-modulated radiation therapy quantitatively as
a function of target volume and shape. Technical note. J
Neurosurg 20005 93 Suppl 3:228-232.

. Dejean C, Lefkopoulos D, Nataf F, et al. [Radiosurgery of

cerebral arteriovenous malformations: methodology of
the dose prescription and its implications for dosimetric
results. Retrospective study of 408 cases]. Neurochirurgie
2001; 47:239-245.

. Gibbs IC. Frameless image-guided intracranial and ex-

tracranial radiosurgery using the Cyberknife robotic sys-
tem. Cancer Radiother 2006; 10:283-287.

10.

1

—

12.

Kubo HD, Wilder RB, Pappas CT. Impact of collimator
leaf width on stereotactic radiosurgery and 3D confor-
mal radiotherapy treatment plans. Int ] Radiat Oncol Biol
Phys 1999; 44:937-945.

Lomax NJ, Scheib SG. Quantifying the degree of confor-
mity in radiosurgery treatment planning. Int J Radiat
Oncol Biol Phys 2003; 55:1409-1419.

Ma L, Xia P, Verhey L], et al. A dosimetric comparison of
fan-beam intensity modulated radiotherapy with Gamma
Knife stereotactic radiosurgery for treating intermediate
intracranial lesions. Int ] Radiat Oncol Biol Phys 1999;
45:1325-1330.

.Nedzi LA, Kooy HM, Alexander E, 3rd, et al. Dynamic

field shaping for stereotactic radiosurgery: a modeling
study. Int ] Radiat Oncol Biol Phys 1993; 25:859-869.
van’t Riet A, Mak AC, Moerland MA, et al. A conforma-
tion number to quantify the degree of conformality in
brachytherapy and external beam irradiation: applica-
tion to the prostate. Int ] Radiat Oncol Biol Phys 1997,
37:731-736.




Dose Escalation with the Frameless Respiratory

Tumor Tracking System of the CyberKnife for Early
Stage Non-Small-Cell Lung Cancer

JoosT JAN NUYTTENS, JEAN-BRIAC PREVOST, MISCHA S. HOOGEMAN,

and PETER C. LEVENDAG

CONTENTS
—

8.1  Abstract 8I

8.2 Introduction 8I

8.3  Dose Escalation 82

8.4  Margin Reduction with the CyberKnife 82
8.5  Dose Escalation with the CyberKnife 83
8.6  Discussion 85

8.7  Conclusion 86

References 86

Abstract

We used the respiratory movement tracking system
of the CyberKnife®, called Synchrony® (Accuray In-
corporated, Sunnyvale, CA), to develop dose plans
delivering 45 Gy (3 times 15 Gy) for the treatment
of early stage non-small cell lung cancer (NSCLC).
Characteristics of those plans were compared
with plans developed for 3-Dimensional confor-
mal radiotherapy (3D-CRT) administering 60 Gy
(20 times 3 Gy) based on a slow CT. Ten patients
with StageI NSCLC previously treated with 3D-
CRT were replanned with the CyberKnife treatment
planning system. In the 3D-CRT plan, the planning
target volume (PTV) equaled the gross tumor vol-
ume (GTV)y,,, +15mm. In the CyberKnife plan,
the PTV equaled the GTV +8 mm. The physical
dose of both treatment plans was converted into

the normalized total dose using the linear qua-
dratic model with an o/ po, = 10 Gy and o/Bggqns
at risk(0AR) = 3 Gy. The mean doses administered to
the PTV with the CyberKnife and 3D-CRT were
115.8 Gy and 66 Gy, respectively (p<0.0001). The
mean V,, of the CyberKnife and 3D-CRT plan was
8.2% and 6.8%, respectively (p=0.124). Both plans
respected the constraints of the other organs at risk
(OAR). In this context the CyberKnife can admin-
ister a much higher biological dose than 3D-CRT
without increasing the dose (V,,) to the lungs.

Introduction

Medically inoperable patients with non-small cell
lung cancer (NSCLC) are often treated by con-
ventional radiotherapy with doses of 60-66 Gy.
This treatment yields 5-year survival rates of 6-
30%, with local control rates of 40-70% [1-6]. The
poor local control rates could be a consequence
of insufficient dose administration [7-11] and/or
a geographical miss due to variable target motion
[12, 13]. Attempts have been made to escalate this
dose, but the motion of lung tumors necessitated
the use of large treatment fields resulting in high
overall doses to the lungs. For that reason, several
techniques, such as immobilizing the patient [14]
or respiratory gating [15], were developed to reduce
the field size. In this chapter we briefly review dose
escalation in 3D-CRT and describe a comparison
of characteristics of treatment plans from 3D-CRT
and CyberKnife to determine the viability of dose
escalation with the CyberKnife.




82

J. J. Nuyttens et al.

Dose Escalation

Dose escalation has been proven to result in better
local control. A Radiation Therapy Oncology Group
(RTOG) study [16] randomized patients into 4 treat-
ment arms receiving total doses of 40 Gy in 20 frac-
tions, 50 Gy in 25 fractions, 60 Gy in 30 fractions, or
a split course consisting of 4 Gy per day for 5 days
followed by a 3-week interruption before a second
course of 20 Gy in 5 fractions. Improved local con-
trol on chest X-ray was seen with increased dose.
Nevertheless, the dose needed to achieve a high
level of local control and survival was substantial
[17]: A “standard” total dose of 60 Gy, administered
in 30 fractions of 2 Gy, yields an estimated pro-
gression-free survival after 30 months of 16%. Us-
ing stereotactic radiotherapy a total dose of 60 Gy,
delivered in 3 fractions of 20 Gy, is estimated to
achieve a progression-free survival after 30 months
of > 99%. Three fractions of 20 Gy is equivalent to
a total dose of 150 Gy given in 2 Gy per fraction
(a/ﬁtumorzlo GY)

Higher doses, however, resulted in an increase
in toxicity. To predict radiation pneumonitis, dose
volume histograms were used. Graham et al. [18]
found that the V,, (the volume of normal lung that
received a total dose of 20 Gy or more) with daily
standard fractionation was related to severe or life-
threatening pulmonary toxicity. The results of the
RTOG 9311 indicated that radiation doses with frac-
tions of 2.15 Gy could safely be escalated using 3D
conformal techniques to 83.8 Gy for patients with
V,, values of < 25% and to 77.4 Gy for patients with
V,, values between 25% and 36%. The 90.3-Gy dose
level was too toxic, resulting in dose-related deaths
in 2 patients [19]. Other researchers found that a
mean lung dose (MLD) of 19 Gy predicts a 20% risk
of developing radiation pneumonitis [20]. A dose
escalation study using MLD reported that the ra-
diation dose could safely be escalated to 87.8 Gy if
MLD was below 12 Gy and to 81.0 Gy if MLD was be-
low 24 Gy [21]. Another dose escalation study found
symptomatic bronchial stenosis occurred at a rate
of 4% at a dose of approximately 74 Gy and 25% at
a dose of 86 Gy [22]. These dose escalation studies
included mainly larger tumors (Stage II and III), re-
sulting in irradiation of a large amount of the lungs

and a higher probability of toxicity. The treatment of
smaller tumors is feasible if the MLD is below 24 Gy,
and recent studies with conventional fractionation
were able to increase the dose up to 92-103 Gy with
5-year local control of 50% [23].

New techniques such as intensity-modulated
radiotherapy (IMRT) and stereotactic body radio-
therapy (SBRT) have been tested in NSCLC. IMRT,
however, was found not to offer additional benefits
over 3D-CRT in node-negative patients [24]. SBRT
with a reduction of the margin around the tumor is
now the main tool for dose escalation in early-stage
NSCLC [25-27].

Margin Reduction with the CyberKnife

According to the ICRU 50 and 62 report recommen-
dations [28], extra margins to the target volume are
added because the tumor and patient move during
treatment. An internal margin is added to account
for all variations in size, shape, and position of the
target in reference to the patient’s coordinate system
using anatomic reference points. A set-up margin is
added to account for all uncertainties in patient-beam
positioning in reference to the treatment machine’s
coordinate system. To deliver high doses with SBRT,
however, a reduction of the margin around the tumor
is necessary. Several methods have been developed
to reduce the set-up margin, the internal margin, or
both. Areductionin the set-up margin canbeachieved
by immobilizing the patient with a non-invasive body
frame [14, 29] or by image-guided positioning [30-32].
A reduction of the internal margin can be realized
with the use of a4-Dimensional CT scan. The use of an
abdominal pressure belt [33] minimizes respiratory
motion and allows the internal margin to be reduced.
Other methods to reduce the respiratory motion are
deep inspiration breath hold [34-36] and gating [15].
Synchrony, the respiratory tumor tracking system of
CyberKnife, automatically compensates for the tumor
motion by continuously adjusting the position of the
beam [37]. Therefore, this system reduces the set-up
as well as the internal margin.

At the Erasmus Medical Center, the planning tar-
get volume (PTV) for CyberKnife treatment plans
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was compared with the PTV of 3D-CRT plans in 10
patients with Stage I NSCLC. For the 3D-CRT plan, a
breath hold CT of the entire thorax was used to define
the GTV,,,. A slow CT scan [38] was performed to
capture the tumor motion. The breath hold and slow
CT scan were matched on bony anatomy. A GTV,,,
was defined by the delineation of the tumor on the
slow CT scan and was expanded by 5 mm (residual
motion) to create the internal target volume (ITV). If
the GTV,,,,, was positioned outside the ITV then the
ITV was adapted to fully encompass the GTV,,. The
PTV was created by adding 5 mm (microscopic exten-
sion) and 5 mm (set-up margin) to the ITV (Fig. 8.1a).
For the CyberKnife plan, the GTV,,,
3D-CRT plan, was expanded by 5 mm (microscopic
extension) to define the CTV. For the PTV, 3 millime-
ters were symmetrically added to the CTV to take the
inaccuracy of the linear model of the Synchrony into
account (Fig. 8.1b) [39]. The motion information from
the slow CT was not used in the CyberKnife plan con-
sidering the system’s ability to track the lung tumor
after the insertion of markers. The mean PTV in the
CyberKnife planand 3D-CRT was 53.7 ccand 132.7 cc,
respectively (Table 8.1). Due to the Synchrony system
of the CyberKnife, a safe volume reduction of approx-

imately 60% was feasible.

as used for the

8.5
Dose Escalation with the CyberKnife

Ten consecutive patients with Stage I NSCLC, who
had been previously treated with 3D-CRT incor-

Table 8.1 The volume of the PTV for 3D-CRT and
CyberKnife.

Patient 3D-CRT

CyberKnife %

(co) (cc) (CyberKnife/3D-CRT)
1 258.2 50.6 19.6
2 107.6 43.2 40.1
3 136.4 58.7 43.0
4 115.1 46.9 40.8
5 228.5 111.8 48.9
6 91.4 70.2 76.9
7 90.4 46.2 51.1
8 75.8 30.8 40.6
9 94.2 32.8 34.8
10 129.1 46.2 35.7
Mean 132.7 53.7 43.2 p=0.0009

porating tumor motion with a slow CT, were re-
planned with the CyberKnife treatment planning.
The 3D-CRT technique involved a three-dimen-
sional, coplanar isocentric technique. A dose of
60 Gy (3 Gy/fraction) was prescribed according to
ICRU 50 recommendations. The dose to the spi-
nal cord was limited to a maximum of 50 Gy for
all patients. All patients were planned on a lin-
ear accelerator using a 6 MV photon beam. The
3D beam angles, weights, and wedge angles were
determined to ensure adequate protection of nor-
mal tissues and homogeneous coverage of the PTV.
The CyberKnife plan was done with the On-Target
treatment planning system allowing inverse plan-
ning, non-isocentric and non-coplanar radiation
delivery. The total dose of 45 Gy (15 Gy/fraction)

Fig. 8.1a,b. An example of the GTV and PTV definition in one patient for 3D-CRT (a) and CyberKnife planning (b).
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was always prescribed to the 80% isodose line. An
example of the dose distribution for one patient
with 3D-CRT and CyberKnife planning is given in
Figure 8.2a and 8.2b.

To enable comparison of the treatment plans,
the dose volume histograms (DVHs) of the physical
dose distribution were converted to the normalized
total dose (NTD) using the linear quadratic model
with an a/By, g of 3 Gy and an o/Byymo, of 10 Gy [40].
In the remainder of this chapter all the doses are
reported in NTD. To assess the radiobiologic im-
plications of normal lung irradiation, the mean
normalized total lung dose [41] (MNTLD, the mean
lung dose normalized in 2 Gy fractions) and the
Vo ntp (Volume of lung irradiated to doses above
20 Gy, normalized in 2 Gy fractions) [18], were
computed. The lung volume was defined based on
the CT, excluding the PTV [42]. The MNTLD and
the mean dose to organs at risk were approximated
by the area under the cumulative DVH (converted
to NTD). The PTVs for both techniques were de-
rived as described above.

The mean minimal dose, 93 Gy, administered to
the PTV with the CyberKnife plan was statistically
significantly higher than the dose of 61 Gy deliv-
ered by the 3D-CRT plan (p< 0.0001, Table 8.2). The
average mean dose delivered to the PTV with the
CyberKnife plan and 3D-CRT treatment plan was
115.8 Gy and 66.0 Gy, respectively (Table 8.2). The
CyberKnife plan administered a 75.3% higher mean
dose to the PTV than the 3D-CRT plan. The maxi-
mum dose administered by both plans is shown in
Table 8.2. The DVH of the lungs showed a similar
low-dose region of the CyberKnife plan and the

Table 8.2 Dose to the PTV for 3D-CRT and CyberKnife

Percent Dose
(CyberKnife/
3D-CRT)

3D-CRT CyberKnife P-value
(range)

(range)

Mean of 61 93 < 0.0001 151
the min (60-62) (88-96)

dose (Gy)

Mean of 68 135 < 0.0001 198
the max  (67-71)

dose (Gy)

Mean of  66.0 115.8 < 0.0001 175
the dose  (65.6-  (112.9-

(Gy) 67.9) 117.7)

3D-CRT plan (Fig. 8.3). The mean V, yrp, of the Cy-
berKnife plan, 8.2%, was not statistically different
from the 6.8% of the 3D-CRT (p=0.124). The mean
lung dose (MLD) delivered by the CyberKnife plan
and 3D-CRT treatment plan was on average 9.8 Gy
and 6.5 Gy, respectively.

The doses administered to the other organs at risk
were below tolerance levels for both techniques. The
mean of the maximum dose delivered to the spinal
cord by the 3D-CRT and CyberKnife plan was 8.6 Gy
and 9.9 Gy, respectively (p=0.615). The mean of the
maximum dose administered to the esophagus by
the 3D-CRT was 10.5 Gy, which is statistically sig-
nificantly higher than the 5.9 Gy delivered with the
CyberKnife plan (p=0.028). There was no statistical
difference between the dose of 19.8 Gy administered
to the heart by the CyberKnife and the 26.6 Gy deliv-
ered with the 3D-CRT (p=0.32).

Fig. 8.2a,b. An example of the 3D-CRT (a) and CyberKnife (b) dose distribution for the same patient.
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Discussion

In this planning study, we converted the physical
dose to normalized dose, an estimate of the bio-
logical dose delivered under altered fractionation
schemes, in order to compare the dosimetric pa-
rameters of both plans. The CyberKnife plan ad-
ministered a mean dose to the PTV of 116 Gy, 75%
higher than the mean dose administered with the
3D-CRT plan. The CyberKnife plan administered on
average a minimal dose (93 Gy) that was 51% higher
than the dose (61 Gy) delivered by the 3D-CRT plan.
Despite these large differences, the overall dose to
the lung did not differ between the two treatment
modalities. These outcomes could be achieved by
using the tumor tracking system (Synchrony) of
the CyberKnife. With this tumor tracking system
we are able to reduce the required safety margin
and consequently the volume of the PTV. In the
CyberKnife plan, the mean PTV was 53.74 cc, sig-
nificantly smaller than the mean PTV of the 3D-CRT
plan of 132.7 cc, defined on a slow CT. The 56.8%
reduction of the PTV demonstrates the superiority
of the Synchrony system in comparison to the 3D-
CRT using a slow CT and an off-line set-up protocol
to reduce the systematic set-up error.

160 180 200 22 240

Fig. 8.3 The DVH of the
lung for 3D-CRT and
CyberKnife planning.

The ability to track the moving tumor makes it
safe to use an internal margin of only 3 mm, which
contributes to the key advantage of this system; the
ability to administer higher biological doses com-
pared to conventional methods. The 3-mm margin
takes into account the inaccuracy of the linear treat-
ment model of the Synchrony, which was derived
from a study performed by Accuray in collaboration
with several CyberKnife clinical users [39]. They
analyzed the data files of 14 Synchrony treatments
containing 510 intra-treatment model errors. The
overall mean errors were 1.4 mm with a standard
deviation of 1.0 mm; 90% of all errors were less than
3.0 mm. The linear model, describing the relation-
ship between internal fiducial and external opti-
cal marker positions, is accurate for most patient
breathing patterns. At present, the Synchrony sys-
tem also uses non-linear models to model the tumor
trajectory.

As normal lung is the major organ at risk in ra-
diotherapy for NSCLC, dose escalation to the tumor
isrestricted by the tolerance of the surrounding nor-
mal lung tissue. Graham et al. reported the risk for
radiation pneumonitis to be zero when the V,,was
less than 22% [18]. With CyberKnife treatment plan-
ning, a V,, of 8.2% was obtained, indicating that risk
for radiation pneumonitis is very low. The MLD is
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another parameter to predict the risk of radiation
pneumonitis. An MLD of 19 Gy predicts 20% risk
of developing radiation pneumonitis [20]. All the
patients planned with the CyberKnife treatment
planning system had an MLD ranging from 5.6 Gy
to 15.8 Gy, indicating that their risk of developing
radiation pneumonitis is lower than 10%.

Conclusion

The tumor tracking system of the CyberKnife en-
ables the administration of a 75% higher mean dose
than the dose delivered by the 3D-CRT plan incorpo-
rating tumor motion based on a slow CT. The dose to
thelungs or other organs at risk with the CyberKnife
treatment planning was not increased compared to
the 3D-CRT. Based on the correlation between dose,
local control and overall survival in radiation treat-
ment for NSCLC [1, 2, 4, 6, 8] the poor outcomes of
conventional radiotherapy treatment schedules are
expected to be improved upon by the administration
of higher biological doses with the CyberKnife. This
will be investigated in a prospective trial in which
a dose of 3 times 20 Gy will be delivered to Stage I
NSCLC patients when achievable by the parameters
of the organs at risk.
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Abstract

Image-guided placement of fiducial markers is in
some ways an extension of percutaneous procedures
such as needle biopsy of lung pathology, which are
native to most interventional radiology practices.
To that extent, learning the procedure is not diffi-

cult for those who are familiar with the basic prin-
ciples of image-guided lung nodule biopsy. However,
there are significant modifications in the procedure
that are necessary in order to ensure appropriate
placement and distribution of the fiducial markers.
Proper positioning of fiducial markers in specific
geometric configurations is essential for accurate
targeting of the nodule. This chapter focuses on the
principles of CT-guided percutaneous placement of
fiducial markers. For the most part, this procedure
is performed on a consultative basis by interven-
tional radiologists, physicians who specialize in
minimally invasive image-guided therapy. Special
considerations for patient selection, pre-procedural
preparation, techniques, and post-procedural care
are explained.

Introduction

The insertion of fiducial markers into and around
thoracic pathology has become increasingly impor-
tant as the uses of CyberKnife® (Accuray Incorpo-
rated, Sunnyvale, CA) technology have expanded to
treat lung neoplasms. Initially, the CyberKnife was
used for stereotactic radiosurgery of intracranial tu-
mors and spine [1-3]. Clinical applications evolved
once the algorithms for tracking targets subject to
respiratory-induced motion became more robust
[4, 5]. CyberKnife radiosurgery based on implant-
able fiducial targeting in extracranial sites became
more common, including treatment of neoplasms
in the prostate [6], kidney [7], and thorax [8]. This
necessitated development of new techniques that al-
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low reliable implantation of fiducial markers in or
near tumors. For tumors within the thorax, more
specifically the lung, CT-guided percutaneous place-
ment was adopted for more peripheral lesions [8],
and bronchoscopic approaches [9] were utilized for
more central lesions.

Proper distribution of fiducial markers is im-
portant for two reasons. First, the CyberKnife has
to identify the fiducial markers as separate and dis-
tinct points in the 45-degree orthogonal treatment
imaging planes. Second, the aggregate of fiducial
marker distribution has to define a volume of tis-
sue. If the fiducial markers overlap or are too close
together, CyberKnife treatment planning and treat-
ment execution become a challenge. Basic principles
and techniques applied to CT-guided fiducial inser-
tion described here are based on the experience in
our institution. Although we find these techniques
to be clinically acceptable, they are probably not all-
encompassing and new methods will be evolving as
the aggregate experience in this field expands.

9.3
Principles of Fiducial Placement from the
Tracking Perspective

There are two separate issues that must be addressed
to successfully track tumors moving with respira-
tion. These are the general alignment of the patient
into the desired treatment position and the real-
time motion tracking of the tumor with Synchrony®
(Accuray Incorporated, Sunnyvale, CA) while the
radiation beam is on.

It is difficult to obtain reliable translational and
rotational information if only a single fiducial is
placed in soft tissue because of its mutability and
movement with respiration. Further, with only one
fiducial it can be difficult to determine whether fi-
ducial migration has occurred between the plan-
ning CT and CyberKnife treatment. One fiducial,
however, is better than two or more poorly placed,
closely spaced fiducials because they are hard to dis-
tinguish as separate points on the planning CT and
by the targeting system. A well-placed and spaced
geometric array of fiducials alleviates these con-
cerns and allows the CyberKnife planning and treat-

ment system to work with Synchrony to track tumor
volume movement in all directions and accurately
account for respiratory movement as well as small
movements of the patient.

It has become apparent over our four year expe-
rience of delivering CyberKnife treatments to soft
tissues that fiducial placement is the most impor-
tant part of achieving accurate targeting with the
CyberKnife.

9.3.1
Fiducial Distribution

Fiducials should be placed in or near the lesion in
such a way that they move with the target. Ideally,
they should all be at least 2 cm apart, with no more
than two fiducials in a co-linear relationship to one
another. In small lesions, this interfiducial distance
can be reduced to 1 cm. When implanting fiducials
for tumors of larger volumes, all fiducials should
be within 12 cm of each other in any dimension
(preferably <10 cm). When technically feasible, it
is generally preferred not to place fiducials in an
axial plane containing materials that cause large
CT artifacts.

9.3.2
45-Degree Lateral Oblique Projections

Figure 9.1 shows the geometry of the X-ray projec-
tions for fiducial tracking. It is of primary impor-

Anterior

Posterior

Fig.9.1 The angles used for imaging of the fiducials on
the CyberKnife are + 45-degrees Right and Left Lateral
Obliques.
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Camera lmage A

(57948, 62583)

Camera lmage B

(39363, 64480)

Synthetic Image A

11.0,2.0) 428290

Synthetic Image B

(16.4, 19.6) 34278.0

Fig.9.2a,b. Orthogonal 45 degree views as seen during treatment tracking of a 4 well-placed gold seed fiducials in soft
tissue; b 3 trackable fiducials where #2 and #3 in the lower image are pushing the limit of appearing too close together in

that projection.

tance to recognize that the aim of proper fiducial
placement is to ensure that the fiducial array is vis-
ible in both of these 45-degree projections. Utilizing
the CT scout views at the 45-degree oblique angles
or being able to mentally re-construct these views
by the clinician from observation of the CT slice
during implantation is valuable for envisioning the
evolving fiducial array. Fiducials must not appear to

overlap when viewed at these 45-degree angles and
preferably should appear at least 1 cm apart. If two
fiducials must be placed in or near the same axial
plane, one must place them at different left-right
or superior-inferior positions to separate them in
space in the 45-degree views. Two good examples
of tracking images with these desired angles are
shown (Fig. 9.2). If there is metallic hardware, place
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the fiducials so that they are not obstructed while
also maintaining the desired angles.

Insome cases, full 6D localization and/or tracking
(3 translational directions and 3 rotational angles) is
desired. If so, a minimum of three properly-placed
fiducials is required. To achieve this, we recommend
implanting at least four fiducials. The rules for 45-
degree visualization above must be followed.

Patient Selection

Appropriate selection of patients for CyberKnife treat-
ment of lung nodules and masses is complex. Given
the availability of surgical options, radiation therapy
options, and chemotherapeutic options [10-13], all
backed by years of experience and sound data on
efficacy and outcomes, the role of CyberKnife in the
treatment of lung neoplasms is still evolving. Studies
are emerging, however, showing the benefits of ste-
reotactic radiosurgery for the thoracic malignancies
[8, 14, 15], and without a doubt, the role of CyberKnife
in this realm will expand in the coming years.

For intended fiducial placement, most patients
are referred to interventional radiology by their
medical oncologists, radiation oncologists, or tho-
racic surgeons after a thorough evaluation of avail-
able treatment options for the given patient’s spe-
cific disease and stage. The majority of patients with
lung nodules will undergo an evaluation for primary
resection, appropriate chemotherapy, and/or con-
ventional radiation therapy. In cases where surgery
is not an option due to expected morbidity or ex-
tent of disease, CyberKnife and other local ablative
techniques [16] are emerging as viable options for
treatment. Occasionally, patients also do not wish
to undergo more invasive therapeutic options, and
choose CyberKnife as a less invasive alternative.

9.4.1
Indications

The invariable indication for placement of fiducial
markers for CyberKnife therapy of lung neoplasms
is the presence of a neoplastic mass in the lung or

thorax. It is essential to either have a cytopathologic
confirmation of the malignancy or a very strong
clinical suspicion of disease. There are many situ-
ations where a moderate clinical suspicion exists
and interventional radiologists are consulted for a
biopsy of a suspected target prior to placement of fi-
ducial markers. Later in this chapter we elaborate on
some of the practical approaches that allow both the
biopsy and the fiducial marker placement to be per-
formed simultaneously or as separate procedures.

9.4.2
Contraindications

There are relatively few absolute contraindications to
percutaneous placement of fiducial markers. There are
many clinical situations, however, where relative con-
traindications exist, and additional precautions and
pre-procedural steps have to be taken to reduce the in-
cidence of complications. Absolute contraindications
include uncorrectable coagulopathy and severe respi-
ratory compromise that would endanger the life of the
patient if an additional superimposed procedure-re-
lated complication occurred (e.g., pneumothorax).

Most coagulopathies are correctable by discontin-
uation of anti-coagulant medications or transfusion
of fresh frozen plasma or platelets. In our practice,
serologic confirmation of prothrombin time (PT),
activated partial thromboplastin time (aPTT), and
international normalized ratio (INR) are deemed ac-
ceptable if the patient has obtained a serologic con-
firmation within three weeks prior to the planned
procedure date. If these patients are not on chronic
anticoagulant therapy, we have little reason to believe
that a severe coagulopathy would develop in the in-
terim period. Unless there are other confounding fac-
tors, we use PT of 16 seconds, aPTT of 40 seconds, and
INR of 1.6 as the upper limits of acceptable values for
the fiducial placement procedure to proceed. We pre-
fer that the platelet count be at least 50,000/uL.

The presence of severe respiratory compromise
as an absolute contraindication poses a more for-
midable challenge. At baseline, many of the patients
who have lung nodules also have poor respiratory
function. Many are or have been tobacco smokers,
and many have concomitant chronic pulmonary
lung disease. In our center, severe respiratory com-
promise is a common comorbid condition in pa-
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tients referred for CyberKnife fiducial placement.
We evaluate the risks of potential complication for
each individual case. Certainly, pneumothorax or
minor to moderate pulmonary hemorrhage is not
an insurmountable problem in most cases. Patients
with poor pulmonary function, however, could have
catastrophic consequences because of their reduced
tolerance for additional pulmonary insults.

Relative contraindications to the procedure include
the need for positive pressure ventilation, lack of pa-
tient cooperation, uncontrollable cough in the patient,
pulmonary hypertension, local bullous disease near
the intended site, and presence of highly vascular le-
sions. Itis probably best to consider the risk to potential
benefit in each individual case with relative contrain-
dications. In most cases, these patients are not surgical
candidates and have no realistic chance for cure unless
some therapy is initiated. For patients with a solitary
lesion with potentially curative radiosurgery, the ben-
efit of fiducial marker placement is far greater than in
a patient with multifocal metastatic disease where ra-
diosurgery is being considered as a palliative measure.
In our center we do not have absolute cut-off values for
pulmonary function testing that would exclude the
patient from candidacy for fiducial marker placement.

9.4.3
Pre-Procedure Evaluation

The evaluation starts with the initial consultation to
interventional radiology for CT-guided percutane-
ous fiducial marker placement. The referring physi-
cian supplies the demographic information along
with imaging illustrating the mass or nodule to be
treated. The consulting interventional radiologist
examines all the available imaging information,
most commonly CT scans of the thorax, or occa-
sionally PET-CT scans or magnetic resonance im-
ages, to determine the size, position, and imaging
characteristics of the mass in question.

The location of the mass or nodule, the proximity
of the nodule to critical organs and vascular struc-
tures, and the interposition of organs or ribs, are
all considered when determining the feasibility of
the procedure. All of these factors, plus theoretical
modeling of ideal patient positioning for the proce-
dure, are considered to allow for the safest approach
to the nodule or mass in question. If the procedure is

considered technically feasible, the patient is sched-
uled for fiducial marker placement.

Virtually all fiducial marker placement proce-
dures are performed on an outpatient basis. In our
practice, the patient is called several days in advance
by our nursing staff in order to give general pre-pro-
cedural instructions. These include discontinuation
of anticoagulant therapy at least 48-72 hours prior
to the procedure if this is clinically allowable. Some
examples of medications that we routinely screen for
in our pretreatment history and discontinue include
anticoagulants such as Warfarin and enoxaparin
(Lovenox), and drugs that interfere with platelet
function such as clopidogrel (Plavix) and aspirin.
Patients are also instructed not to eat after midnight
the day before the procedure.

The patient is evaluated in an interventional radiol-
ogy examination room where a detailed and complete
historyof presentillnessis obtained and a physical exam
is performed. This history is focused on assessing in-
formation regarding all known allergies, past surgeries,
previous lung biopsies, and any ensuing complications
of past procedures. Baseline oxygen requirements are
noted and any need for supplemental oxygen therapy
is assessed at this time. Baseline vital signs and pulse
oximetry are routinely obtained and recorded.

9.4.4
Informed Consent

Informed written consent is obtained prior to ev-
ery procedure. If a concomitant biopsy is planned,
consent for the biopsy is also obtained. The risks of
the procedure are reviewed, particularly the risk of
pneumothorax, pulmonary hemorrhage, and proce-
dure related infection.

Techniques

9.5.1
Patient Positioning

Patients are positioned on a CT scanner with CT-
fluoroscopy capability in either supine or prone
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position, or less commonly in a lateral decubitus
position. The positioning is based on the location of
the tumor and the interposition of organs or struc-
tures in the projected needle path. The availability
of CT-fluoroscopy in the scanner adds substantial
flexibility during this procedure, allowing for fre-
quent manipulations of and small adjustments to
the needle trajectory.

9.5.2
Conscious Sedation and Monitoring

We achieve conscious sedation of the patient by
using a combination of fentanyl and midazolam
(Versed). We give 50 micrograms of intravenous fen-
tanyl and 1 mg of intravenous midazolam initially,
and titrate as appropriate throughout the procedure.
The patient’s pulse oximetry and blood pressure are
monitored continuously.

9.5.3
Tools for Fiducial Placement

There are several manufacturers of the gold fidu-
cial markers that are suitable for CyberKnife radio-
surgery. In our practice, we find that gold fiducial
markers (Alpha-Omega Services, Inc., Bellflower,
CA) are well suited for lung and thoracic applica-
tions. Their small outer diameter is ideal for place-
ment through the shaft of the needle trocar. Other
fiducial markers may also be used, but pre-loaded
systems are generally avoided in the lung because
they would require multiple transgressions of the
pleura. With a coaxial system, the pleura is typi-
cally only crossed once.

The needle systems that have alarge enough chan-
nel to allow fiducial marker delivery include most 18
gauge needles such as the Chiba needle (Cook Inc.,
Bloomington, IN), or the needle preferred in our
practice, the 19 gauge Bard TruGuide coaxial biopsy
needle (Bard Peripheral Vascular, Inc., Tempe, AZ).
The Bard TruGuide needle comes in three lengths:
19.8 cm, 13.8 cm, and 8 cm. The 19 gauge needle has
a theoretical advantage over the 18 gauge systems
because pneumothorax rates were reported to be
lower with 19 gauge systems during lung biopsy [17].
Certainly, there are other needles on the market that

would be suitable for this purpose. Any needle that
is to be used should be tested before the procedure in
order to ensure that the fiducial markers can easily
pass through the trocar shaft.

9.5.4
Pre-Procedural Imaging

After the patient is adequately sedated and comfort-
able, initial localizing scans are performed. Selective
portions of the thorax are imaged to allow clear
and unobstructed visualization of the target lesion.
Volumetric acquisition with image reconstruction
to 5-mm slices is the preferred method in our center.
The path for needle insertion is then chosen and the
initial skin entry point is determined and marked.

9.5.5
Sterile Field Preparation

The skin is cleaned with chlorhexidine gluconate (or
another appropriate antiseptic solution), and then
draped with a sterile cover. The radiologist wears
a lead apron, covered by a sterile gown and gloves,
mask, and a protective hat. The skin entry point is
anesthetized with Lidocaine 1% through a 21 gauge
hypodermic needle. The skin tract is then anesthe-
tized to the level of the pleura with a longer needle.
Care is taken not to transgress the pleura with the
hypodermic needle as this carries a separate risk of
pneumothorax.

9.5.6
Fiducial Insertion Technique

The 19 gauge needle is inserted while the trajectory
and depth are frequently checked with CT-fluoros-
copy. Small adjustments in needle trajectory can be
achieved by applying appropriate torque to the shaft
of the needle.

We generally deliver a total of four gold fiducials
for any given lesion. As explained above, four well-
placed fiducial markers provide an optimal target for
the treatment planning system. The fiducial markers
do not necessarily have to be in the lesion of inter-
est. In fact, it is completely appropriate to place the
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fiducial markers around the lesion of interest. Not
touching the tumor directly has a theoretical advan-
tage in preventing any possible seeding of malignant
cells in the tract of the needle.

After CT-fluoroscopy confirms the desired loca-
tion of the needle tip, the needle stylette is removed
and a single gold fiducial marker is deposited
through the hub into the shaft of the needle (Fig. 9.3).

The stylette is then used to push the fiducial marker
through the shaft of the needle and introduce it into
the lung parenchyma. The needle is then withdrawn
a few centimeters and a new trajectory is chosen. Af-
ter redirecting the needle four times and delivering
four fiducial markers, the needle is removed.

As a matter of practice, we avoid pulling the
needle completely out of the lung. This would neces-

10.00 mm

——

Fig.9.3. a Axial CT image shows the 19 gauge delivery needle in the distal edge of the tumor. A single gold fiducial is de-
posited in this location. b The first two fiducials are placed more than 2 cm apart to optimize their discrete visualization
during respiratory tracking. The best approach would have been to place these fiducials at slightly different axial slice levels.
¢ An axial CT image shows a different pass of the needle after depositing two fiducials. The needle was retracted before

reinsertion but the pleura was not crossed. d Three-dimensional reconstruction of the final fiducial distribution of four

fiducials deposited around this lung nodule.
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sitate crossing the pleura with a separate puncture,
with an accompanying increased risk of complica-
tions. It is believed that factors associated with an
increased risk of pneumothorax during lung biopsy
include depth of lesion and presence of emphysema
[18, 19]. Although we have no formal study to con-
firm the same for the fiducial placement procedure,
we routinely chose shortest trajectories to the target.
We also avoid patient positions that would necessi-
tate crossing more than one lung fissure whenever
possible.

9.5.7
Concomitant Biopsy and Fiducial Placement

Occasionally, cytopathologic confirmation is needed
to establish that the given lesion is malignant. Cer-
tainly, one approach is to perform the biopsy in one
visit and fiducial placement on a separate occasion
but this would expose the patient to two separate
procedures, each with their own set of risks. We
established that our pneumothorax rate of 33%
for fiducial placement alone [20] is similar to the
pneumothorax rate during lung biopsy established
by a very large multicenter study that included 124
centers in Japan. In that study, data were collected
from 9783 biopsies, with a pneumothorax rate of
35% [21].

The preferred approach at our institution is to do
the biopsy and fiducial placement at the same time.
The biopsy is performed first. We use a 19 gauge
Temno Coaxial Biopsy System (Allegiance Health-
care, McGraw Park, IL). The guiding 19 gauge trocar
is inserted just proximal to the lesion using CT-fluo-
roscopic guidance. At this point, a fine needle aspi-
ration is usually performed coaxially usinga 21 or 22
gauge Chiba needle and the specimen is given to the
cytopathologist who is present in the exam area. If
presence of malignant cells is established, the same
19 gauge guiding trocar can be used to deliver the
fiducials in and around the lesion. We have found
that this combined method of biopsy and fiducial
placement has a higher chance of pneumothorax
[20] than performing fiducial placement alone. Our
study was retrospective, however, and we did not
prospectively establish the pneumothorax rate if
the two procedures were to be done in sequence on
separate visits.

Post-Procedure Care

A CT scan of the thorax is obtained immediately
after fiducial marker placement, while the patient is
stillin the scanner. If the patient has a large or symp-
tomatic pneumothorax, a chest tube is inserted. If
the patient has a small pneumothorax, a chest ra-
diograph is obtained (to be used as a baseline for
comparison to a later chest radiograph). If there is
no pneumothorax, a chest radiograph is generally
not needed at that time.

The patient is observed for approximately three
to four hours after fiducial marker placement, with
the vital signs and oxygen saturations monitored
periodically. A chest radiograph is obtained at the
end of this period to rule out a new (or expanding)
pneumothorax. If the patient complains of shortness
of breath or chest pain, a chest radiograph should be
obtained sooner. The patient should have minimal
discomfort after fiducial placement, and any pain
that is experienced should be adequately treated
with acetaminophen or a non-steroidal anti-inflam-
matory drug. If the pain is more severe, particularly
if it is pleuritic in nature, a pneumothorax should
be suspected as a possible underlying etiology. It is
advisable to keep the patient fasting during the ob-
servation period, in case the patient requires chest
tube placement.

If the patient’s follow-up chest radiograph reveals
no pneumothorax, the patient can be discharged.
The patient should be advised to go to the nearest
emergency room if he or she becomes short of breath
or experiences pleuritic chest pain. On rare occa-
sions a pneumothorax can develop even after the
4 hour observation period.

If the chest radiograph reveals a small, stable
pneumothorax and the patient is asymptomatic, the
patient can generally be discharged, with a repeat
chest radiograph obtained the next day on an out-
patient basis. Alternatively, if the patient lives alone
or lives far away from any medical facility, it is safer
to observe the patient overnight.

If the chest radiograph reveals a large pneumo-
thorax, an expanding pneumothorax, or a pneumo-
thorax of any size in a symptomatic patient, a chest
tube should be inserted. We place most of our chest
tubes with image guidance, using either fluoroscopy
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(for large pneumothoraces) or computed tomog-
raphy (for small pneumothoraces). We generally
use a modification of the Seldinger technique [22],
with an introducer needle inserted into the pleural
cavity under image guidance, placing a guide wire
through the needle into the pleural cavity, followed
by serial dilatations over the wire, and finally inser-
tion of a drainage catheter over the wire. The chest
tube should be positioned anteriorly if possible be-
cause air will tend to redistribute to this location.
We place our chest tubes to low wall suction using a
Pleur-Evac in order to facilitate lung re-expansion.
In certain clinical scenarios, however, it is also ap-
propriate to attach the chest tube to a Heimlich
valve.

If a chest tube is placed, we will admit the patient
for overnight observation. A repeat chest radio-
graph will be obtained the following morning, and
if the results are satisfactory, we will clamp the chest
tube and obtain a repeat chest radiograph in 1 hour.
If the patient develops any symptoms with the chest
tube clamped, it should be connected to low wall
suction. If the repeat chest radiograph demonstrates
no pneumothorax or a small stable pneumothorax
in an asymptomatic patient, then the chest tube can
be removed. The patient can be observed for one to
two hours after chest tube removal for development
of symptoms. If the patient remains asymptomatic,
he/she is discharged with instructions to return to
the emergency room with development of any new
symptoms.

9.6.1
Considerations after Implantation

For soft tissue implantations, a minimum of one
week should be allowed to permit the fiducials to
become fixed in the tissue and to ensure that the
post-treatment edema has resolved completely.
Shortening this time interval may result in fidu-
cial migration and/or position changes between
the planning CT and treatment. If this occurs, a
new planning CT must be obtained. Another con-
sideration is that the patient must be comfortable
enough after implantation to be able to remain in
a still position during the CT planning session (up
to 1 hour), because this position must be replicated
during treatment.

Conclusion

Fiducial placement is an essential step in CyberKnife
treatment of lung neoplasms. Our experience thus
far indicates that it is a clinically feasible procedure.
Pneumothorax and to a lesser extent, pulmonary
hemorrhage are the most common complications of
transthoracic fiducial placement. Our experience on
complications in 48 patients that were a part of the
recent study suggests a pneumothorax rate of 33%;
however, thoracostomy placement was only needed
in 6 out of 48 patients (12.5%) [20]. Misplacement of
fiducials can severely compromise treatment plan-
ning and accuracy of CyberKnife beam delivery. The
technical principles of transthoracic fiducial place-
ment are still evolving and the approach may still
be modified in the future.
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Introduction

The use of the CyberKnife® (Accuray Incorporated,
Sunnyvale, CA) for radiosurgical treatment of lung
tumors [1] typically requires placement of one or
more gold fiducials for tracking during treatment.
Possible exceptions to this requirement are tumors
involving the posterior chest wall, which may be
localized with Xsight™ (Accuray Incorporated,
Sunnyvale, CA) based on spinal anatomy. Place-
ment of gold fiducial seeds has been associated with
post-placement pneumothorax at rates of 25-40%
[1]. Some of these patients will require treatment by
chest tube placement, and all of them will require
repeated physician exams and radiological follow-
up. In addition, some patients are refused consider-
ation for radiosurgery for fear they will be unable to
tolerate a potential pneumothorax. Pneumothorax
prevention, therefore, has become a major priority
in CyberKnife radiosurgery for lung cancer.

Methods

Two major methods have been developed to ad-
dress this problem. The first method, described by
the group at Georgetown University, uses a coaxial
needle system to allow bronchoscopic placement
[2]. This method is optimally employed for more
centrally located tumors, and becomes somewhat
cumbersome for placement of 3-4 fiducials. It has
been reported to result in no pneumothorax risk but
some risk of vascular embolization, thus far with-
out serious consequences. The second method is the
use of a blood patch technique during percutane-
ous seed placement. This technique is most suitable
for peripherally placed lesions and can result in the
placement of 4 fiducials with two needle sticks. It is
this latter technique that will be described here.

In the blood patch technique (Table 10.1), the pa-
tient is generally sedated prior to the procedure, and
is then positioned on the CT couch as if for a biopsy.
A 10-cc syringe of the patient’s blood is obtained
from their IV site and set aside on a sterile field. A CT
scan is obtained and used to plan the entrance point

Table 10.1 Key Points of Blood Patch Technique

1. CT is performed and lesion location is noted
2. Seed placement is planned

3. Needle with seeds placed and position confirmed
using CT

4. Fiducials deployed, needle left in lung parenchyma

5. Syringe of patient’s clotted blood attached to fiducial
needle
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(marked on the skin), the angle of approach, and the
depth to which the needle should be inserted. Once
the entry has been planned, the needle is inserted,
using markers on the needle to gauge depth. With
the needle in its initial position, another CT scan
(Fig. 10.1) is obtained through the area of interest to
verify needle position.

Needle placement is confirmed and, if correct,
the fiducials are deployed (Figs. 10.2 and 10.3). We
generally place two fiducials above and two below
the tumor. With large tumors, placement within
the tumor may be possible, but such placement
within small tumors often results in obscured
tumor borders from the CT artifact produced by
the gold seeds. The fiducials are deployed by with-
drawing the needle while holding the stylet stable,
in a fashion similar to that used for prostate seed
implants. Once the second seed is deployed, and
before the needle is withdrawn, the syringe con-
taining the patient’s clotted blood is attached to the

Fig. 10.2 Fiducials deployed. Needle is left in lung paren-
chyma.

needle (Fig. 10.4). The hub does not accommodate
direct attachment to the needle, so a blunt needle of
the type usually used for withdrawing fluids from
vials is used as an intermediary connection. The
patient’s blood is then injected while the fiducial
needle is withdrawn. This sterile “blood patch”
with the patient’s blood provides a barrier by which
pneumothorax complications are substantially
minimized.

We have worked with Med-Tec (Orange City, IA)
to design shorter needles (Figs. 10.4 and 10.5) to hold
the gold seeds, thus making it possible to have the
needle go through the CT scanner with less risk of
hitting the gantry, causing possible displacement or
lung injury. With large bore CT scanners, this may
be unnecessary.

It is important to note that the blood can cause
an artifact possibly resembling tumor on CT scans,
so caution should be taken when contouring tumor
volumes.

Fig. 10.3 Long and short needle; seeds with spacers.

s

Fig. 10.4 Injecting blood while withdrawing fiducial needle.
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Fig. 10.5 Close-up of seeds with spacers and needle showing
centimeter markings.

Discussion

In our study of 21 patients (22 fiducial placements
consisting of 4 seeds each), use of a blood patch
technique resulted in a substantial reduction in the
incidence of pneumothorax. In a group of 12 patients
for which the blood patch technique was not used,
we performed a total of 13 seed placement proce-
dures (one patient had bilateral tumors). Of these
13 fiducial placements, 4 (31%) resulted in pneumo-
thorax large enough to require treatment. Two of
these were delayed by one or more days. Once the
blood patch technique was instituted, there were no
pneumothoraces in the next 9 patients. This reduc-
tion in risk translates into considerable improve-
ment in cost and safety of CyberKnife radiosurgery
for lung cancers.

Conclusion

While no method of fiducial placement can be con-
sidered absolutely safe, use of a blood patch tech-
nique allows placement of fiducials in peripheral
lung locations with greatly reduced risk. Use of a

bronchoscopic technique can do the same for more
centrally located tumors [2]. Evidence continues to
mount showing the efficacy of stereotactic hypofrac-
tionated radiation delivery for lung tumors, with
tumor control rates that exceed 70% in some stud-
ies [3-6]. In this setting CyberKnife radiosurgery
stands poised to play a major role in lung cancer
treatment, perhaps even becoming an alternative to
surgery for early stage lung cancers. With continued
positive experience, we may be able to start offering
this treatment even to very high-risk patients, such
as those who have previously undergone a contra-
lateral pneumonectomy. When the International As-
sociation for the Study of Lung Cancer institutes its
randomized trial between surgery and radiosurgery
next year, CyberKnife will be uniquely positioned
to participate.
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Abstract

CyberKnife® (Accuray Incorporated, Sunnyvale,
CA) Frameless Image-Guided Radiosurgery [1, 2]
with the Synchrony® Motion Tracking Module
(Accuray Incorporated) [3,4] is now available for
the treatment of thoracic malignancies. Gold fidu-
cial markers are required for the treatment planning
and tracking of the tumor during each treatment.
Fiducials have traditionally been placed percutane-
ously under CT-guidance. This chapter describes
our center’s experience placing fiducials using flex-
ible bronchoscopy with a transbronchial aspiration
needle (TBNA).

Introduction

The Synchrony Motion Tracking Module provides
accurate and effective tracking of tumor movement
throughout the respiratory cycle and provides com-
pensation for the observed movement. To optimize
tumor identification, the Synchrony module cur-
rently requires the placement of radio-opaque mark-
ers called fiducials, which can be visualized on plain
film radiographs acquired during CyberKnife treat-
ment. Traditionally, thoracic fiducial placement has
been performed percutaneously under computed to-
mography (CT) guidance and has been associated
with a 20-40% incidence of pneumothorax. Efforts
to overcome this risk have led to increased adoption
of alternative techniques, such as bronchoscopic
methods of fiducial placement.

Fiducial markers are typically composed of gold
and measure 3 mm in diameter (Fig. 11.1). Gold fidu-
cials are placed either within the tumor or in close
approximation to the tumor. Optimal treatment
requires 3 to 5 well-placed fiducials to allow for as-
sessment of both directional and rotational tumor
movement.

Thoracic fiducial placement requires the place-
ment of fiducial markers within the lung and thus
poses significant risks to patients, such as pneumo-
thorax, hemorrhage, hemoptysis, and migration of
the markers. Patients undergoing CyberKnife ste-
reotactic radiosurgery for thoracic malignancies
are usually high-risk patients with multiple comor-
bidities that may exclude them from conventional
therapy. Often they are not surgical candidates due
to severe chronic obstructive pulmonary disease
(COPD), coronary artery disease, or prior surgery
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and thus are more likely to experience deleterious
effects from additional risks posed to them.

At our institution the risk of pneumothorax af-
ter percutaneous CT-guided fiducial placement has
been 35%. This risk is increased if a biopsy is ob-
tained at the time of fiducial placement. Twenty-four
percent of the patients who developed a pneumotho-
rax required thoracostomy tube insertion. In addi-
tion, 24% of patients have developed hemorrhage
seen on CT images, 4% have developed hemoptysis,
and 5% had fiducials dropped into the pleural space
during insertion [5].

Flexible bronchoscopy may be performed under
conscious sedation or general anesthesia and is a
common, safe, and accurate technique used to bi-
opsy peripheral lung masses as well as mediastinal
lymphadenopathy. The risks of flexible bronchos-
copy include: reaction to the anesthetics, hypox-
emia, bronchospasm, and bleeding (1-4%) after
transbronchial biopsy. The incidence of pneumo-
thorax with a transbronchial biopsy is 1-4%. No
cases of pneumothorax following transbronchial
needle aspiration (TBNA) of the mediastinum have
been reported in the literature [6]. Single cases of
hemomediastinum and pneumomediastinum have
been reported with TBNA [7, 8].

We hypothesized that placing fiducials through
flexible bronchoscopy using a modified transbron-
chial needle aspiration technique would be a safe,
accurate, and lasting method for marking tumors
in the mediastinum and larger masses in the paren-
chyma of the lung.

Fig. 11.1 Gold fiducials.

Methods

All patients referred to Georgetown University Hos-
pital for CyberKnife stereotactic radiosurgery treat-
ment of thoracic malignancies, were reviewed by a
multidisciplinary thoracic oncology team. Patients
were evaluated by a radiation oncologist, pulmon-
ologist, and radiologist to determine if the intra-
thoracic tumor would be more amenable to fiducial
placement via flexible bronchoscopy or CT-guided
percutaneous techniques. Patients with centrally
located or larger peripheral tumors (>5cm) were
selected for fiducial placement via flexible bron-
choscopy. Informed consent was obtained from all
patients and collection of data was approved by the
Institutional Review Board.

Video flexible bronchoscopy (Pentax Medical
Company, Montvale, NJ) was performed under con-
scious sedation (fentanyl/midazolam or propofol) or
general anesthesia at the discretion of the anesthesi-
ologist. Patients who underwent general anesthesia
were intubated with an endotracheal tube or alaryn-
geal mask airway. Two percent lidocaine was used
for topical anesthesia of the airways.

Each sterilized gold fiducial (item no. 351-1; Best
Medical International, Inc., Springfield, VA) was
placed in the 19-gauge needle of a 19/21-gauge Wang
transbronchial needle (C. R. Bard Inc., Billerica,
MA) with the 21-gauge needle retracted (Fig. 11.2).
The needle tip was then dipped in sterile surgical

Fig. 11.2 Loading of gold fiducials into a 19/21 gauge TBNA needle.
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lubricant (Surgilube; Fougera, Melville, NY) to im-
prove the fiducial’s adherence to the needle. Keeping
the 21-gauge needle retracted, the 19-gauge fiducial-
loaded needle was then retracted into the sheath
and the sheath passed through a flexible broncho-
scope. At the desired location, the 19-gauge needle
was extended and inserted into the tumor through
a jabbing method [7] using fluoroscopic guidance.
The 21-gauge needle was tightened, deploying the
fiducial (Fig. 11.3). Leaving the 21-gauge needle ex-
tended, the needle was then withdrawn from the tis-
sue. The technique was repeated until all markers
were placed.

Fiducials were positioned into or near the lung
tumor. Careful planning was performed with the
assistance of the radiation oncologist. Three to four
markers were placed approximately 2 cm apart from

Fig. 11.3a,b. The TBNA needle is extended into the target
and fluoroscopy is used to visualize deployment of the fi-
ducial.

Fig. 11.4 Post procedure chest X-ray demonstrating medias-
tinal fiducial placement.

each other and mindful of the 45 degree angle of the
fluoroscopy units used in the CyberKnife suite. Care
was taken to avoid great vessels in the mediastinum
and hilum during placement. Portable chest radio-
graphs were obtained after all procedures to rule
out pneumothorax and confirm the position of the
fiducials (Fig. 11.4) [9].

Patients underwent planning CT scan 7-10 days
after fiducial placement to allow for fixation of fidu-
cials. Data collected included patient demographics,
number and location of fiducials placed, and com-
plications associated with their placement.

Results

Between July 2004 and August 2006 a total of 32 pa-
tients underwent fiducial placement via flexible
bronchoscopy. One patient underwent a second
procedure to obtain additional tissue for pathology
and because one fiducial had migrated out from a
paratracheal location. Sixty-seven percent of pa-
tients were female and 87% were Caucasian. The
age range was 35-81 years (mean age 59 years).
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The most common diagnosis was non-small cell
lung cancer (58%). Other diagnoses included met-
astatic disease to chest (38%) and one patient was
diagnosed with small cell lung cancer at the time
of bronchoscopy. The main reason for choosing
CyberKnife therapywas previous radiotherapy to the
chest. Other reasons included: suboptimal anatomic
location of tumor for treatment by conventional ir-
radiation because of adjacent critical structures,
lack of response to prior conventional irradiation,
severe COPD or coronary artery disease, and prior
lung resection.

A total of 124 fiducials were successfully inserted
(average of 3.9 fiducials per target lesion). Fifty-two
were placed in the mediastinum, 19 in the hila, and
53 in the lung parenchyma (Table 11.1). Sixty-nine
percent of patients underwent general anesthesia
and 31% conscious sedation.

During the bronchoscopies 25 fiducials were
dropped in the airways prior to insertion, 18 were
removed with bronchopulmonary-coated dispos-
able biopsy forceps (C. R. Bard Inc., Billerica, MA),
two were suctioned, three were coughed out, and
two were not retrieved. The latter were not seen on
post-procedure chest X-rays (Fig. 11.5a and b).

Complications included one fiducial migration
after insertion as noted above. One patient with
severe COPD, who underwent endotracheal intuba-
tion, developed bronchospasm requiring mechani-
cal ventilation for 48 hours. There were no pneumo-
thoraces or significant bleeding.

Table 11.1 Location of Fiducials Placed via Bronchoscopy

32 Patients 124 Fiducials placed
Average fiducials per tumor 3.9

Locations

Paratracheal area 15 (station 2 and 4)

Subcarinal 21 (station 7)
Left mainstem 5

Left hilum 12 (station 11L)
Right mainstem 2

Right hilum 7

Right bronchus intermedius 9 (station 11R)
Right upper lobe (RUL) 6

Right middle lobe (RML) 4

Right lower lobe (RLL) 7

Left upper lobe (LUL) 20

Left lower lobe (LLL) 16

Three fiducials in two patients embolized during
insertion via the pulmonary artery without adverse
clinical consequence. The embolizations were im-
mediately visible under fluoroscopy. The first oc-
curred during placement of a fiducial in a subcarinal
location. The other two occurred in a single patient
in whom fiducials were placed in a left parahilar
mass (Fig. 11.6).

11.5
Discussion

CyberKnife frameless image-guided radiosurgery
with the Synchrony motion tracking module is now
available for the treatment of thoracic malignancies.
Gold fiducial markers are required for the treatment
planning and tracking of the tumor during each
treatment. Fiducials have traditionally been placed
percutaneously under CT-guidance. Flexible bron-
choscopy may be used to safely and accurately place
fiducials for centrally located and larger peripheral
tumors in the chest.

Tumors in the periphery should be greater than
1 cmin order to be visible under fluoroscopy. Periph-
eral lesions not visible under fluoroscopy should be
considered for CT-guidance. At least three fiducials
were placed in close proximity to each target lesion.
Additional markers were often placed to account for
any poorly positioned markers and to assure that
tracking could be performed accurately. Mindful of
the 45 degree orthogonal plain film imaging used in
the CyberKnife suite to avoid overlap of the markers,
fiducials were placed 2 cm apart from each other.

The complications of bronchoscopic fiducial
placement include the risks inherent to bronchos-
copy such as bronchospasm and respiratory failure.
This patient population will be particularly at risk
as many have severe lung disease already. Pneu-
mothorax and hemorrhage have not occurred and
should be a rare complication of bronchoscopic in-
sertion. Placement in more peripheral locations may
increase the likelihood of pneumothorax.

Fiducials dropped during the bronchoscopy may
easily be removed with biopsy forceps. If not able to
be located, dropped fiducials are usually coughed
out immediately after the procedure. The develop-
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Fig. 11.5. a Dropped fiducial in left mainstem bronchus. b Retrieval of fiducial using biopsy forceps

R
MT

Fig. 11.6 Chest X-ray demonstrating left hilar nodule with
fiducial placement. Two fiducials were observed in left lower
lobe after embolization via left pulmonary artery (white ar-
rows).

ment of a transbronchial needle deployment device
might help decrease the incidence of this minor
complication. Only a single fiducial, placed early in
our experience, migrated out into the airway and
was expectorated prior to treatment. It is possible
that fiducials may migrate after implantation. Nev-
ertheless, this has been infrequent and has not been
a clinical problem secondary to the placement of

multiple fiducials and the ability of the CyberKnife
system to recognize fiducial migration.

The most important complication of broncho-
scopic fiducial placement was embolization into
the pulmonary artery. Unlike traditional TBNA, no
blood return can be seen in the catheter if inadver-
tent puncture of a vessel occurs during insertion.
Careful planning is essential to avoid puncture of
great vessels in the mediastinum, especially those
of the systemic circulation where systemic embo-
lization could result in a cerebrovascular accident
or peripheral emboli. Endobronchial ultrasound,
which allows for visualization of the major vascular
structures in the mediastinum at the time of bron-
choscopy, may be utilized in the future to reduce the
risk of such an occurrence.

Insertion of fiducials into parenchymal tumors
may result in embolization as the airways run ad-
jacent to the pulmonary vasculature. This compli-
cation has not yet been reported after CT-guided
placement of fiducials, but seems possible. Emboli-
zation into the pulmonary artery, however, appears
to be of low risk. Neither of our patients in whom this
occurred developed late sequelae of fiducial emboli-
zation. Radioactive seeds of similar dimensions are
commonly used to treat early stage prostate cancer
and have been known to embolize to the pulmonary
arteries. It is estimated that 1% of prostate seeds
migrate to the lungs and have not been associated
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with clinical symptoms. These patients did not re-
quire systemic anticoagulation and were not found
to have an increased incidence of thromboembolic
disease [10, 11].

An alternative method of bronchoscopic fiducial
placement has been described [12-14], using a wire
to push the fiducial through a plastic catheter ex-
tended through the bronchoscope working channel.
In this method, however, markers were pushed into
the distal airways, but not implanted into tissue. Asa
result, a large number (25-35%) of fiducials became
dislodged prior to the planning CT scan and treat-
ment. This complication was more common when
placing fiducials in upper lobe tumors and centrally
located tumors.

The use of electromagnetic guidance and virtual
bronchoscopy may allow for more accurate place-
ment of fiducials in smaller peripheral tumors. These
techniques allow for CT reconstruction to plan a
guided passage of the fiducial into a more precise lo-
cation in the lung. Registration between the virtual
bronchoscope and the video bronchoscope is accom-
plished and then a sheath is extended through the
bronchoscope channel and positioned using a track-
able probe under electromagnetic guidance. The fi-
ducial needle may then be placed through the sheath.
This technology may improve accuracy of broncho-
scopic fiducial placement, especially for those lesions
located in the periphery of the lung [15].

Conclusion

Flexible bronchoscopy using a modified transbron-
chial aspiration needle technique appears to be a
safe method for placement of fiducials for medi-
astinal and centrally located thoracic tumors as a
precursor to CyberKnife stereotactic radiosurgery.
At our institution, flexible bronchoscopy is the pre-
ferred method for insertion of fiducials in mediasti-
nal, hilar, and larger peripheral tumors. Percutane-
ous CT-guidance remains the preferred method of
insertion for smaller peripheral nodules.
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Introduction

The Synchrony® (Accuray Incorporated, Sunny-
vale, CA) Respiratory Tracking System allows the
CyberKnife® (Accuray Incorporated, Sunnyvale,
CA) to deliver precisely high-dose radiation to tar-
gets that move with respiration. Tracking of mov-
ing tumors currently requires the use of implanted
radiographic markers (or fiducials) as reference
points [1,7]. Several reports describe the place-
ment of fiducials through surgical or percutaneous
methods under image guidance (ultrasonography or
computed tomography) in the prostate, spine, and
lungs [2, 3, 6-8]. Fiducial implantation surgery can

be invasive, and the percutaneous approach carries
risks and limitations, especially when the lesions
are in a deep location such as the posterior medias-
tinum or the abdomen. Innovations in the fiducial
implantation procedure may improve its accuracy
and reduce its risks, ultimately enhancing comfort
for the patient. We recently described a new ap-
proach to placing fiducials in these deep structures
using endoscopic ultrasound (EUS) [9]. This chapter
briefly describes this approach.

EUS employs an endoscope with an ultrasound
and a Doppler function incorporated into its tip.
The ultrasound allows precise imaging of the differ-
ent layers of the GI tract and beyond, into regions
such as the posterior mediastinum and celiac area,
and imaging of neighboring structures such as the
pancreas, the gallbladder, and the left lobe of the
liver [10, 11]. The Doppler function allows the visu-
alization of vessels and helps differentiate venous
from arterial vessels. Hence, EUS has been used as
an imaging modality in the diagnosis and staging of
tumors in this region. Linear-array endoscopes can
also be used for invasive diagnostic and therapeutic
procedures whereby a needle is introduced in the
endoscope working channel and advanced into the
area of interest under ultrasound visualization [10].
Fine needle aspiration of the tumor or injection of
therapeutic substances into a lesion can then be per-
formed [12-14]. The Doppler function verifies that
there are no intervening vessels between the tumor
and the needle. Real-time sonographic visualization
of the needle being introduced into the lesion and
the Doppler function both enhance the safety and
accuracy of EUS-guided procedures. These same
properties make placement of fiducial markers by
EUS guidance an attractive approach for tumors in
the posterior mediastinum and the abdomen.
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12.2
Methods

12.2.1
Patient Selection

CyberKnife radiosurgery outside of the central ner-
vous system is typically used in patients for whom
conventional radiation therapy is contraindicated.
Patients with a tumor located in the same field of a
prior radiation treatment cannot undergo further
conventional radiation therapy because of the po-
tential for serious injury to the area. CyberKnife
treatment is also indicated for intra-abdominal le-
sions because of the concern for radiation injury to
the surrounding organs such as the bowel and the
liver. Finally, CyberKnife is of particular interest in
radiating intrathoracic lesions in patients with lim-
ited lung capacity (patients with COPD, emphysema,
or with previous radiation injury to the lungs) who
would not tolerate further damage to their lungs.
EUS-guided placement of fiducials should be con-
sidered in patients with a radiosensitive tumor located
within the scanning field of the EUS probe, i.e., within
5 cm of the GI tract. Contraindications to EUS-guided
fiducial placement include the inability of the patient to
tolerate sedation for the procedure, coagulopathy (INR
> 1.5 or platelet count < 50,000/cmm), and pregnancy.

12.2.2
Equipment and Procedure

The procedure is performed on an outpatient basis,
in the endoscopy suite in a room where fluoroscopy
is available. The patient is kept NPO after midnight
the day before the procedure. For the procedure,
the patient receives intravenous sedation, typically
midazolam and fentanyl, or propofol. It is also rec-
ommended that patients receive prophylactic an-
tibiotics, such as ciprofloxacin, on the day of the
procedure and for three days afterward. A linear-
array echoendoscope (Pentax, Orangeburg, NY) is
introduced into the patient’s mouth and advanced
into the upper GI tract under direct endoscopic vi-
sualization. Using the ultrasound function of the
echoendoscope, the intestinal or extraintestinal
tumor is localized. The Doppler function is then

used to verify that no vessel is present between the
needle and the target. The tip of a 19-gauge needle
(MEDI-Globe, Achenmuhle, Germany, or Sonotip
II, Wilson-Cook, Winston-Salem, NC) is inserted
into the lesion under EUS guidance (Fig. 12.1). The
stylet inside the needle channel is removed and a
fiducial is manually inserted into the needle lumen.
The stylet is then reintroduced in the needle chan-
nel to push the fiducial through the channel until it
enters the target tissue. The position of the fiducial
should be verified by EUS (where it appears as a
bright hyperechoic linear structure) and by fluoros-
copy (Figs. 12.2 and 12.3).

This should be repeated to place 3 to 6 fiducials
around the target area. The optimum angle and
distance between the fiducials should also be moni-
tored under real-time ultrasonography and fluo-
roscopy. The goal is to keep a minimum distance of
2 cm and an angle of at least 15 degrees between two
fiducials in order to get accurate fiducial tracking by
the CyberKnife system [15]. The size of the fiducials
needs to fulfill two requirements: the fiducial should
fit in the needle channel and it should be detectable
by the CyberKnife system. We find that fiducials from
Best Medical International (Springfield, VA) with a
length of 3 or 5 mm and a diameter of 0.8 mm best
fulfill these criteria (Fig. 12.4). An initial attempt to

Fig. 12.1 Linear-array echoendoscope with 19-gauge needle.
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Fig. 12.2 EUS image with placement of gold fiducial.

Fig. 12.3 Appearance of fiducials as seen with fluoroscopy.

place 5 mm fiducials should be made because this is
the size approved for use with the CyberKnife sys-
tem. However, in instances where the 5 mm fiducial
cannot be passed into the needle for technical rea-
sons, then a 3-mm fiducial can be used. For example,
the tip of the EUS scope may be acutely bent in order
to visualize a tumor, making the insertion of a long
5 mm fiducial beyond the bending point difficult to
do. A smaller, 3-mm-long fiducial can be easier to
use in these cases.

12.2.3
Technical Issues

Every attempt should be made to keep the EUS scope
straight, to facilitate the passage of 5 mm fiducials;

Fig. 12.4 A 5-mm and 3-mm gold fiducial.

as mentioned above, if necessary a 3-mm fiducial
may be used. Another potential difficulty is the use
of a 19-gauge needle. This is a large needle that can
be difficult to penetrate hard tissue, such as pancre-
atic tumors. Finally, when marking lesions in the
mediastinum, it can be difficult to achieve the op-
timal angle and distance between fiducials because
of the nature of the mediastinal space.

12.3
Results

Pishvaian et al. reported that fiducials were suc-
cessfully implanted near tumors throughout the ab-
domen and mediastinum in 11 of 13 patients. The
procedure failed in 2 patients, in one because the
progress and alignment of the endoscope was im-
peded by a pancreatic tumor obstructing the gastric
outlet, and in the other because the aorta was in
the path of the needle. The authors reported one
infectious complication out of the 13 patients in
the study [9]. The infection resolved with antibiotic
treatment. Potential complications of the procedure
not observed by Pishvaian et al. include the risks
of sedation on the cardiovascular and respiratory
systems, and the risk of infection, bleeding, and per-
foration of the GI tract.
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Conclusion

Endoscopic ultrasound allows the visualization of
lesions and structures within and around the GI
tract. Compared to surgical and the percutaneous
approaches, EUS-guided placement of fiducials is
a minimally invasive and safe technique to mark
tumors. Real-time imaging and the Doppler func-
tion minimize the risks of bleeding and perforation
during fiducial placement. EUS has the great advan-
tage of accessing lesions located deep in the poste-
rior mediastinum and in the abdomen that would
otherwise be difficult to reach. Hence, EUS-guided
fiducial placement gives patients the possibility of
undergoing CyberKnife treatment when conven-
tional radiation therapy is not a good option.
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Introduction

Lung cancer is a significant cause of morbidity and
mortality in the United States, with an estimated
173,000 new lung cancer cases and 156,300 deaths
due to lung cancer in 2003 [1]. Eighty-five percent
of these patients are diagnosed with non-small cell
lung cancer (NSCLC), of which 15-20% will have
early stage disease [2]. Treatment options for early
stage NSCLC depend on patient factors, such as pul-
monary reserve, to determine if a patient is a surgi-
cal candidate or not. Typically, standard “cut-off”
medical guidelines for surgical resection of NSCLC
include the following: baseline forced expiratory vol-
umein1 s (FEV,) < 40% of predicted, post-operative
predicted FEV, < 30%, severely reduced diffusion
capacity, baseline hypoxemia and/or hypercapnia,

and exercise oxygen consumption < 50% predicted.
For the relatively healthy patient, the traditional
treatment of choice for Stage I (T1-2, N0, M0) NSCLC
usually consists of radical surgery (lobectomy,
pneumonectomy) resulting in an approximate 60%
to 80% 5-year overall survival [3-5].

For patients who are considered high risk for
surgery, treatment options include limited or sub-
lobar resection, conventionally fractionated local
radiation therapy, radiofrequency ablation, and ste-
reotactic body radiation therapy (SBRT). Here we
briefly review the indications, goals, and outcomes
of surgery and conventional radiation therapy fol-
lowed by a detailed review of the literature and tech-
nical challenges of SBRT.

Surgery

The goal of surgical resection is to obtain a complete
resection of the primary tumor. For those patients
with NSCLC who are considered surgical candi-
dates, surgery with either lobectomy or pneumo-
nectomy, leaving clear margins, is considered the
gold standard. Although mediastinal lymph node
dissection at the time of surgery is mandatory, the
degree of dissection is controversial. Lymph node
dissection plays a role in staging of patients, but
its therapeutic role is uncertain. In most surgi-
cal series, pathological staging of clinically staged
patients results in upstaging of Stage I patients in
approximately 20-30% of cases, although positron
emitted tomography (PET) scanning is helping iden-
tify those patients with nodal and other metastatic
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disease prior to surgery [6, 7]. In an analysis of 598
surgical patients, 560 of whom received mediastinal
lymph node dissection, 5-year survival was 82% for
pTINOMO patients and 68% for pT2NOMO patients.
Local or regional recurrence was low (7%), but sys-
temic relapse was much more common, occurring
in up to 20% of patients [6].

For patients with lesser pulmonary reserve,
limited resection (commonly known as wedge or
segmental resection) may be considered a substi-
tute for lobectomy, but local failure with this pro-
cedure is considered suboptimal by the Lung Can-
cer Study Group [7]. Few randomized studies have
examined the role of limited surgery. The Lung
Cancer Study Group examined 276 patients with
early stage (TINOMO) NSCLC randomly assigned
to limited-resection vs. lobectomy groups. There
were no significant differences for all stratifica-
tion variables, selected prognostic factors, peri-
operative morbidity, mortality, or late pulmonary
function. There was a 75% increase in overall re-
currence rates in patients who underwent limited
resection, including a tripling of local recurrence
rate. Overall death rate increased by 30% and the
rate of death with cancer rate increased by 50% rel-
ative to patients undergoing lobectomy. The Group
concluded that limited pulmonary resection does
not improve perioperative morbidity, mortality, or
late postoperative pulmonary function. Because of
the higher death rate and locoregional recurrence
rate after limited resection, lobectomy is the pre-
ferred procedure for patients with peripheral TINO
NSCLC.

Radiation Therapy for
Medically Inoperable Stage | NSCLC

The alternative treatment for medically inoperable
patients with Stage I NSCLC has been radiation ther-
apy, typically delivered with standard fractionation
(180-200 cGy per day, five days per week, to a total of
approximately 6000 cGy) to a relatively small volume
of lung. While this approach is reasonably well toler-
ated, the 5-year overall survival is 30%, only half of
that for patients receiving surgical resection [8, 9].

As several studies seemed to show a dose-re-
sponse relationship [10-14], it was hypothesized
that greater local control could be gained if higher
doses of radiation were given. SBRT, or extracranial
stereotactic radiation therapy, is rapidly becoming
the method of choice for dose escalation of early
stage NSCLC. The goal of SBRT is to deliver hypo-
fractionated radiation therapy in several large doses
via multiple beam geometries to the defined target
volume, with a rapid dose fall-off to minimize the
amounts of normal tissue receiving significant in-
tegral radiation dose. Challenges to achieving these
treatment goals and gaining good local tumor con-
trol include dealing with the respiratory motion of
the tumor, assuring conformality of the dose to the
target volume along with rapid fall-off of dose out-
side the target volume, and defining of the target
volume to encompass gross and microscopic dis-
ease. An important secondary challenge concerns
the issue of monitoring tumor response and detect-
ing treatment failure.

Management of Respiratory Movement

Several techniques for targeting lung cancers and
controlling respiration are being investigated. With
each technique some degree of patient immobiliza-
tion is necessary to ensure reproducible target local-
ization. Active breathing control couples the patient
to a spirometer-like device used in several different
ways. The patient can be coached, receive verbal cues
through headphones, or watch a monitor display-
ing the respiratory cycle to control their respiration.
Most commonly, during deep inspiration, a form of
“beam-on” gating can be used, either electronically
by the LINAC software or manually, as the therapist
watches the breath hold on a monitor. Four-dimen-
sional radiation therapy uses prospective collection
of CT slices during various phases of respiration for
treatment and gating of the linear accelerator beam-
on time to treat only during a defined portion of the
respiratory cycle. Chasing techniques, described at
recent meetings by Uematsu’s group, use a multileaf
collimator to “track” the cancer and move the field
as defined by the multileaves with respiration. A
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commercially available approach to chasing the tu-
mor with respiration is the Synchrony® Respiratory
Tracking System developed for the CyberKnife® (Ac-
curay Incorporated, Sunnyvale, CA). This system is
described more completely in several of the chapters
in this volume.

The development of frame-based treatments of
intra-thoracic and intra-abdominal lesions is gen-
erally attributed to researchers at the Karolinska
Hospital in Stockholm, Sweden [15, 16]. In 1994, Lax
et al. [16] described an extracranial frame that in-
corporated a fiducial stereotactic coordinate system
along its side panels. To decrease respiratory excur-
sion, an abdominal press was employed that forced
the patient to perform relatively more chest wall
breathing than diaphragmatic breathing. A formal
verification of reproducibility showed that target
motion was reduced to within 0.5 cm in the axial
plane and 1.0 cm in the caudal/cephalad direction.
At the time of simulation, the degree of abdominal
compression is determined by watching the tumor
under fluoroscopy and compressing to patient tol-
erance or until respiratory tumor movement is at a
minimum.

Target Definition for SBRT

The object of SBRT is to define closely the tumor
target so that the volume of normal lung that is irradi-
ated is minimized. Prophylactic coverage of nodal re-
gions has not been attempted in most studies because
tissue/volume constraints limit dose that can be de-
livered without undue toxicity. Nevertheless, caution
must be exercised to avoid a geographic miss. Giraud
et al. [17] examined 70 primary NSCLC surgical re-
section specimens and marked the apparent border
between the tumor and adjacent lung parenchyma
by naked eye. Careful histopathologic examination
for microscopic extension (ME) was performed. They
concluded that ME of lung cancers averaged 2.69 mm
for adenocarcinomas and 1.48 mm for squamous cell
carcinomas. From these data it was reasoned that to
cover 95% of ME, 8 mm margins are needed for ad-
enocarcinomas and 6 mm margins are required for
squamous cell tumors. It is apparent that one must

take into account ME extension to limit the risk of a
geographic miss in SBRT.

As performed in the Indiana University setting
[18, 19], all patients with histologically proven lung
cancers have a high-quality PET-CT to confirm as
much as possible that their cancers are truly early
stage. Following CT-simulation with contrast in the
Elekta stereotactic body frame (Elekta Oncology,
Norcross, GA), targets are defined. The selection of
CT contrast level is important, and contouring of
lung tumors should always be done in typical lung
windows. The gross tumor volume (GTV) is outlined
and ground glass opacities/atelectasis in the vicinity
of the tumor are not included. No specific clinical
target volume is defined, so margins are added to
the GTV to create the planning target volume (PTV).
Margins of 0.5 cm in the axial plane and 1.0 cm in
the superior/inferior plane are added to allow for
some degree of target motion.

Selection of Dose/Fractionation

Conventionally fractionated radiation has been the
standard of care for Stage I medically inoperable
patients for many years. Stage I lung cancer masses
are commonly treated to doses of 66-70 Gy in the ab-
sence of chemotherapy. High local recurrence rates
prompted studies of dose escalation in an attempt
to improve results. Thus, the rationale for SBRT is to
escalate dose to cancers while maintaining toxicity
at acceptable levels.

Studies of outcomes following definitive ra-
diotherapy for medically inoperable NSCLC have
shown that outcomes depend critically on both tu-
mor size and radiation dose. For example, Sandler
et al. [20] reviewed 77 patients with Stage I lung
cancer treated to a median dose of 60 Gy. They re-
ported a 22% actuarial disease-free survival. The
3-year disease-free survival for patients with tu-
mors less than 3 cm, 3-6 cm, and greater than 6 cm
was 30%, 17%, and 0%, respectively. Patients in this
study were treated from 1970 through 1987, an era
that spanned the development of CT and PET scan-
ning. Nevertheless, the survival differences related
to tumor size are striking.
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A dose response was detected by Sibley et al. [14],
who reviewed the results of 10 studies on treating
medically inoperable early stage NSCLC with ra-
diotherapy. All patients received megavoltage ra-
diotherapy to doses >55 Gy and median doses of
60-66 Gy. Grade 3-5 complications occurred in
fewer than 2% of patients. Patients in these studies
generally had a 15% median 5-year survival with
25% dying of intercurrent disease and 30% dying
of metastatic disease. The 5-year cause-specific sur-
vival was 32%. A pattern-of-failure analysis showed
that 42% of failures were local-only and 38% were
distant-only. Improved survival correlated with lo-
cal control and approached significance for higher
radiotherapy dose (p=0.07) and larger treated fields
(p=0.08).

Most studies of dose escalation have included pa-
tients with higher stage disease. Due to the high risk
of local recurrence, several studies have undertaken
dose escalation using different strategies to main-
tain toxicity at acceptable levels. Most strategies try
to equate dose/fractionation schemes by employing
linear quadratic normalization (biological effec-
tive dose, or BED). This is somewhat difficult since
it does not take into account the duration of treat-
ment in hypofractionated schemes. Applying the
linear quadratic equation (BED=nd(1+d/o/B) where
n=the number of fractions, d=the dose/fraction and
o/P ratio of 10 for acute reacting tissue and tumor
cells), 70 Gy will have a BED of approximately 84 Gy.
Using a mathematical model, Martel et al. [21] pre-
dicted that for NSCLC patients, the dose to achieve
significant probability of tumor control may be at
least 84 Gy for longer (>30 months) local progres-
sion-free survival. RTOG 9311 was a multi-institu-
tional, dose-escalation trial in which 179 patients
were treated with 3D radiotherapy [22]. At each dose,
patients were stratified depending on the percentage
of the total lung volume that received greater than
20 Gy (V,, an indicator of risk for pneumonitis; see
below). Patients with a V,; <25% (Group 1) received
70.9 Gyin 33 fractions, 77.4 Gyin 36 fractions, 83.8 Gy
in 39 fractions, or 90.3 Gy in 42 fractions. Patients
with a V,; of 25-36% (Group 2) received doses of
70.9 Gy and 77.4 Gy, successively. The radiation dose
was safely escalated using 3D conformal techniques
and fraction sizes of 2.15 Gy to 83.8 Gy for patients in
Group 1 and to 77.4 Gy for patients in Group 2. The
90.3-Gy dose level was too toxic, resulting in dose-

related deaths in 2 patients. Local nodal failure oc-
curred in <10% of patients. This study showed that
for patients receiving 3D conformal radiation ther-
apy (3D-CRT) alone, doses of 83.8 Gy were tolerable,
with excess mortality observed at 90.3 Gy. When
concurrent chemotherapy and 3D-CRT are used, the
maximum tolerated dose is reduced to about 70 to
74 Gy [23]. Nonetheless, it has not been prospectively
demonstrated that dose escalation produces superior
outcomes, and careful planning is needed to avoid
toxicities such as pneumonitis, esophagitis and stric-
ture, in addition to compromise of other dose limit-
ing organs in the field.

Willner et al. [24] retrospectively examined the
influence of total dose and tumor volumes on lo-
cal control and survival in primary radiotherapy of
NSCLC. They concluded that there is a dose effect on
local control and survival with doses of at least 70 Gy
(standard fractionation), and that tumors with vol-
umes greater than or equal to 100 cc may require
higher doses.

It stands to reason and evidence suggests that im-
proved local control may result from higher local ra-
diation doses. Dose escalation may be accomplished
by delivering higher doses to restricted volumes in
fewer fractions, i.e., hypofractionated stereotactic
radiation therapy. Inananalysis of various hypofrac-
tionated stereotactic radiation schemes, Wulf et al.
[25] reported that for optimal control of Stage I lung
cancer, a BED of > 100 Gy is required. It is apparent
that our current conventional treatment regimens
may be responsible for the high local recurrence
rates, but when one considers the dose-limiting or-
gans in the chest, dose escalation becomes difficult.

13.7
Stereotactic Body Radiation Therapy:
Clinical Trials

In a pioneering study of patients with Stage Ia/Ib
(NSCLC), Uematsu et al. [26] treated 50 patients (21
medically inoperable, the rest refused surgery) to
tumor doses of 50-60 Gy in 5-10 fractions using
a frameless stereotactic technique (SRT). Tumor
sizes ranged from 0.8 to 5.0 cm and were treated
with 2.0 cm margins. Eighteen patients had received
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40-60 Gy in 20-33 fractions before SRT. At a median
follow-up of 36 months, 94% showed no local pro-
gression, the 3-year overall survival rate was 66%,
and survival in the medically fit patients (those who
refused surgery) was 86%. The 3-year cause-specific
survival was 88%. Two minor bone fractures oc-
curred and 6 patients reported pleural pain.

In another report [27], 22 patients with Stage I
NSCLC (13 Stage Ia, 9 Stage Ib) were treated with
SBRT. Patients were not immobilized in specific de-
vices, but coverage of the tumors was evaluated by CT
scan at full inspiration, expiration, and free breath-
ing to ensure the GTV was covered in all phases of
the respiratory cycle. Treatment volumes were de-
fined as CTV +1.0 cm for a PTV that encompassed
the average respiratory movement observed under
fluoroscopy. Dose to the CTV was prescribed to the
80% line and patients received 60 Gy in 8 fractions.
After a patient experienced a tracheobronchial ul-
cer, the dose was reduced to 48 Gy in 8 fractions for
target volumes involving the lobar or more central
bronchus. Median follow-up was 24 months. The
rate of local control at 2-6 months was 94%. Can-
cer-specific and relapse-free survival was reported
at 94% and 71% at 12 months and 73% and 67% at 24
months, respectively. No other clinically significant
toxicities and no significant decline in pulmonary
function tests (PFTs) were reported.

Cheung et al. [28] treated 33 medically inoperable
patients with Stage Ia/Ib NSCLC with SBRT without
prophylactic nodal irradiation. Standard radiother-
apy planning was utilized without specific immobi-
lization. Tumor extent and position was determined
using conventional planning with a 1.5 cm margin
around the GTV symmetrically. Patients received
a total of 48 Gy in 12 Gy fractions. Overall survival
was 80% at one year and 46% at 2 years with a me-
dian survival of 22.6 months. Cause-specific sur-
vival was 89.8% at one year and 54.1% at 2 years.
Recurrence-free survival was 66.4% at one year and
40% at 2 years. Reported toxicities included der-
matitis (30.3%) and late cutaneous/subcutaneous
fibrosis (24.2%). Significantly poorer outcomes were
obtained when tumors were treated with margins of
less than 2.0 cm.

Hiraoka et al. [29] reported a retrospective analy-
sis of 241 patients from 13 Japanese institutions.
This report focused on solitary NSCLC tumors less
than 4 cm. Primary lung cancers were eligible if they

were solitary, histologically confirmed tumors less
than 4 cm that were inoperable (or the patient re-
fused surgery) and not near the spinal cord, patients
did not require oxygen support, and patient ECOG
performance status was equal to or less than 2. A
total dose of 48 Gy was delivered in four fractions
over 2 weeks in most patients. No Grade II toxicities
were observed in the spinal cord, bronchus, pulmo-
nary artery, or esophagus. Overall 3-year survival
for patients with Stage IA and IB disease was 87%
and 80%, respectively. No cancers recurred during
the 3-50 month follow-up. Regional lymph node re-
currence developed in 1 patient and distant metas-
tases developed in 4 patients. The local recurrence
rate was 20% when the BED was less than 100 Gy and
6.5% when the BED was over 100 Gy. Overall sur-
vival at 3-years was 42% at BED <100 Gy and 46%
at BED >100 Gy. A high 3-year survival rate (91%)
was obtained in operable patients that refused sur-
gery. This fractionation regimen is currently being
used in a Japan-wide protocol to assess outcomes in
a multi-institutional trial.

A Phase I dose escalation trial was undertaken
at Indiana University [18, 19]. Patients with Stage
IA and IB (up to 7.0 cm) NSCLC who were declared
medically inoperable were treated. Eligible patients
had clinically Staged T1 or T2 (<7 cm), NO, and MO
biopsy-confirmed NSCLC. All patients had co-mor-
bid medical problems that precluded lobectomy and
Karnofsky performance status from 60-100. Based
on the early Karolinska data, total dose was given in
three fractions, with escalation beginning at 800 cGy
per fraction prescribed to the 80% line covering a
minimum of 95% of the PTV. All treatments used
a minimum of 7 non-coplanar beams. Dose limit-
ing toxicity was not reached, but dose escalation was
stopped for Stage IA tumors at 2000 cGy per frac-
tion (6000 cGy total dose, given in three fractions).
For the Stage IB cancers (3.0-7.0 cm), a separate
dose escalation was continued to 2400 cGy/fraction
(7200 cGy), which was felt to be limiting based on
appearance of pneumonitis. In a follow-up report
from the Indiana University Phase I study [18] pat-
terns of failure were evaluated. It was found that 9
local failures occurred at doses less than 1600 cGy
per fraction, while only 1 patient recurred locally at
higher doses. For all Stage I patients (N=47), 4 had
recurrence distally, 3 had recurrence regionally,
and 7 had both regional and distant recurrence. The
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conclusion was that SBRT is a well tolerated and safe
treatment option for early stage lung cancers.

A prospective Phase II trial of this treatment
at Indiana University has completed accrual with
Stage IA receiving 6000 cGy and Stage IB receiving
6600 cGy delivered in three fractions [30]. Eligibil-
ity was the same as the completed Phase I trial. All
70 patients completed all three fractions of SBRT.
Preliminary results [30] show the three-month ma-
jor response rate (complete and partial) was 60%.
Fibrotic changes and atelectasis occurred com-
monly after 6 months making local assessment dif-
ficult. Seventeen patients had local enlargement of
radiographic changes in the vicinity of the treated
tumor prompting a PET scan. After a median follow-
up of 17.5 months (range 0.6-44.2 months), a total
of three patients experienced a local recurrence of
cancer. Actuarial local control at two years is 95%.
Altogether, 28 patients died of cancer or co-morbid
illnesses; 6/70 patients were deemed by the Data
Monitoring committee to have “possibly” died due
to treatment with causes of death including pneu-
monia, respiratory decline (questionable in already
compromised patient), hemoptysis (one patient with
local recurrence), and pericardial effusion. Kaplan-
Meier estimates indicate a median overall survival
of 32.6 months and actuarial 2-year overall survival
of 54.7%. Grade 3-4 toxicity occurred in a total of 14
patients including pneumonia in 4 patients, pulmo-
nary function test (PFT) decline in 3 patients, pleural
effusion in 2 patients, and apnea, vocal cord palsy,
skin burn, esophagitis, and hemoptysis each in one
patient at a median of 7.5 months post-therapy.

Patients treated for tumors in the peripheral lung
had 2-year freedom from severe toxicity of 83%
compared to only 54% for patients with perihilar/
central tumors. We have concluded that very high
rates of local control are achieved with this SBRT
regimen in this population of medically inoperable
patients with Stage I NSCLC. Local tumor recur-
rence and toxicity occur late after this treatment.
Concern has been expressed regarding higher in-
cidence of toxicity for tumors near central airways
and caution should be exercised with these patients.
Based on this trial, a multi-institution Phase II trial
conducted by the RTOG (Radiation Therapy Oncol-
ogy Group 0236) has completed accrual. While the
stereotactic radiation was well tolerated, a minority
of patients had what appears to be partial lung atel-

ectasis downstream from the treated areas. Most of
the atelectasis has been clinically insignificant; nev-
ertheless, a decision was made in the development of
the RTOG trial to designate a “safety zone” of 2 cm
around the major airways which the primary tumor
cannot encroach upon.

In summary, the data to support SBRT as an
option in the curative management of early stage
NSCLC is mounting. Further studies including
healthy patients with early stage NSCLC are needed
to assess properly not only long-term survival, but
also long-term toxicities. At this point, toxicities in
very frail patients seem to be minimal and SBRT
for the medically inoperable patient is a reasonable
treatment option.
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Introduction

In the performance of stereotactic body radiother-
apy (SBRT), one must take into consideration not
only the biology of the cancer being treated, but
the physics and dosimetry behind delivery of the
radiation dose. In a sense, investigation of the clini-
cal application has begun before the basic research
has been performed. Investigation of the biology
of large-fraction radiotherapy has only started,
but due to its potential for significant toxicity, ex-
tremely stringent conditions must be applied after
due consideration. Here we examine some of the
issues.

Conditions for Dose

The proper conduct of hypofractionated SBRT re-
quires both precise dose targeting and precise dose

shaping. In particular, dose distribution around the

target should show evidence of isotropic and rapid

fall-off to normal surrounding tissues [1-6]. The
realization of these dose distribution properties in

SBRT treatments takes place when:

e The dose isosurface, defined by the collection of
points within the body that are exposed to a given
level of prescribed dose, closely approximates
the delineated surface of the target. Hot spots of
the dose distribution (points in tissue where the
highest doses are delivered) are located inside the
target and the tissue exposed to the prescribed
dose that falls outside of the target is confined to
regions near the target boundary.

e The dose distribution shows rapid fall-off from
the tumor to healthy tissue isotropically in all
directions.

e The dose delivered to the target is characterized
by a non-uniform distribution within the volume
of the tumor, with the highest dose delivered to the
section of the tumor where hypoxic cells reside.

The assessment of dose shaping in SBRT is im-
portant for the evaluation of the applied treatment
quality. This evaluation should provide information
about the target coverage by the prescription dose,
the proximity of the dose cloud wrapping around
the target, and the steepness and uniformity of the
gradient of dose decrease away from the target.
Some traditional functions that are used in radiation
therapy for measuring quality of dose distributions
are useful but not completely adequate for these
purposes. Common measures of dose distribution
quality include the radiation conformality index
[7, 8] and the characteristic parameters of dose-vol-
ume histograms (DVH), e.g., the V,, the proportion
of an organ exposed to 20 Gy or more per course of




126

L. Papiez

treatment [9, 10]. DVH parameters that are particu-
larly useful for these assessments include the volume
covered by 95% of the prescribed dose, the sharpness
of the volume decrease from full volume to zero with
increased dose (equivalent to uniformity of dose over
target), and so forth. None of these indexes, however,
characterizes in adequate detail critical aspects of
SBRT dosimetry.

The radiation conformality index may indicate
that the volume of the planning target volume (PTV)
is the same as the volume of tissue exposed to a given
level of dose; however, it does not specify how much
the volumes overlap each other. V,, may tell us how
much of the lung (liver, rectum, etc.) is protected
from a threshold level dose but it does not identify if
the portion of lung exposed to large dose is close to
or far from the tumor. Generally, the DVH functions
give detailed information on how large portions of
organs are exposed to different levels of dose but do
not show where in the organs these different levels
of dose are located.

14.3
Measures of SBRT Dose Quality

To design appropriate measures for SBRT treat-
ment planning one needs to introduce functions
that naturally verify the desired properties of SBRT
dose distributions. In the first-order approximation,
SBRT dose quality can be measured by adherence to
constraints given in the form of a table (Table 14.1).
The tabled factors for evaluation of SBRT dosim-
etry scrutinize three main features of dose quality:
(a) target coverage, (b) high-dose “spillage,” and (c)
low-dose “spillage.”

With regard to target coverage, it is established
practice in SBRT [11-15] to normalize the dose (i.e.,
set to 100%) relative to the center of the mass of the
PTV, which is generally identified with the isocen-
ter. With such normalization, the edge of the PTV
is usually required to be covered by 60-90% of the
prescription dose. The prescription dose is given to
the isodose encompassing at least 95% of the PTV
volume. Furthermore, it is required that 99% of the
PTV volume gets at least 90% of the prescription
dose. Considerable dose heterogeneity is accepted.

Table 14.1 Target Volume Scoring

Target Volume Scoring

No Variation Major Variation

95% of the PTV volume covered by
60 Gy (20Gy/fraction) and

99% of the PTV volume covered by

54 Gy (18 Gy/fraction) and Failure to achieve

The dose at the Normalization point No Variation
(100% prescription point,

i.e., COMpqy) should be

=66 Gy (22 Gy/fraction) and

=100 Gy (33 Gy/fraction)

The higher-than-prescribed dose is, as a rule, ma-
nipulated to occur within the gross tumor volume
(GTV).

Any high-dose “spillage” into normal tissue
should be in close proximity to the target. More pre-
cisely, any dose greater than 105% of the prescription
dose (not the maximum dose) should occur within
the PTV. With regard to high-dose spillage volume,
it is clearly beneficial to keep the conformality ratio
(volume of the prescription isodose coverage over
the PTV volume) close to 1. As with high-dose spill-
age, low-dose spillage is evaluated by criteria relat-
ing to location and volume.

For the location of low-dose spillage to be ac-
ceptable, the dose to any point 2 cm away from the
PTV surface (D, ,) must be below a limit that is a
function of PTV volume as shown in Table 14.2. The

Table 14.2 Critical Organ Dose-Volume Limits. This table
lists maximum dose limits to a point or volume within sev-
eral critical organs. For protocol purposes, any doses to the
organs at risk (OAR) in excess of the specified dose by more
than 2.5% will be scored as a minor deviation. Any doses
to the OAR in excess of the specified dose by more than 5%
will be considered a major deviation.

Organ Volume Dose (cGy)

Spinal Cord Any point 18 Gy (6 Gy per fraction)
Esophagus Any point 27 Gy (9 Gy per fraction)
Ipsilateral Any point 24 Gy (8 Gy per fraction)
Brachial Plexus

Heart Any point 30 Gy (10 Gy per fraction)

Trachea and Ipsi- Any point
lateral Bronchus

Whole Lung
(Right & Left)

30 Gy (10 Gy per fraction)

(See
Table 14.3)

(See Table 14.3)
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volume of low-dose spillage must fit within a low-
dose conformality ratio defined as the ratio of the
50% isodose coverage to the PTV. This parameter,
called R50%, is also a function of the PTV volume
as shown in Table 14.3.

These evaluations, target coverage, high-dose
“spillage,” and low-dose “spillage”, coupled with
a respect for normal tissue dose-volume absolute
limits, must be satisfied in most circumstances for
a plan to be used in treating a patient with SBRT. It
should be stressed that the criteria and parameters
for SBRT delivery discussed above, and explicitly
quoted in Tables 14.1, 14.2 and 14.3, have been de-
rived mostly from lung treatments. Therefore, they
are recommended for treatments that are modeled
after the RTOG 0236 SBRT study, but they should
only be treated as general guidelines for treatment
of other sites with SBRT techniques.

More comprehensive than these tabled con-
straints on dose distribution are measures des-
ignated as “dose allocation histograms” (DAH)
[16, 17]. DAH functions are designed to provide a
simple and natural measure of dose anisotropy and
dose gradient away from the target (Figs. 14.1, 14.2,
and 14.3). The intuitive justification for the intro-
duction of such functions is the idea of estimating

Table 14.3 Conformality of prescription dose. The ratio of the

the unbalanced decrease in exposure to radiation
of successive shells of tissue moving outward from
the target (Fig. 14.1). This estimate would allow
verification of how uniformly shells of tissue ad-
jacent to the target are exposed to desirable, large
doses and how uniformly shells far away from the
target are spared. To this end, numerical repre-
sentations of deviation from the balanced expo-
sure decrease away from the spherical target, for
differently planned shapes of prescribed dose, are
calculated and displayed in Figures 14.2 and 14.3.
The need for high dose to shells in contact with the
target arises from the need to sterilize microscopic
extension of the tumor in normal tissue, extension
which is not identified in imaging [18]. The other
reason for high dose inside shells near the target
is that margins used to accommodate motion and
positional error may fail, with some probability,
during therapy delivery. In other words, one al-
ways has to accept the possibility that the capacity
to contain the tumor within prior defined margins
may fail due to limited capabilities of registering
the motion of the target and the imperfections of
motion-correcting tools. On the other hand, there
is no reason to believe that deposition of high doses
in tissue far from the target would benefit the treat-

prescription isodose volume to the PTV must be no greater

than that indicated in the table. The ratio of the volume of 50% of the prescription dose (10 Gy per fraction = 30 Gy total)
isodose to the volume of the PTV must be no greater than Rs,, where R, is given by the table. The maximum absolute
dose to any point 2 cm from the surface of the PTV in any direction must be no greater than D, where D, is given by
the table. The fraction of the entire lung (right and left together minus the GTV and the major bronchi) that receives a total
dose of 20 Gy or more must be no greater than V,; where V, is given by the table. Note: For values of PTV dimension or
volume not specified, linear interpolation between table entries is required.

Ratio of Prescription

Isodose Volume to tion Isodose Volume

the PTV to the PTV, Ry,
Mazximum Deviation Deviation
PTV Dimension
(cm) none minor none minor
2.0 <l.2 1.2-14 <39 3.9-4.1
23 <l.2 1.2-14 <39 3.9-41
3.0 <12 1.2-14 <39 3.9-4.1
3.5 <12 1.2-14 <39 3.9-41
4.0 <L.2 1.2-14 <3.8 3.8-4.0
4.5 <12 1.2-14 <3.7 3.7-39
5.0 <L.2 1.2-14 <3.6 3.6-3.8
5.5 <12 1.2-14 <3.5 3.5-3.7
6.0 <l.2 1.2-14 <3.3 3.3-3.5
6.5 <12 1.2-1.4 <3.1 3.1-3.3
7.0 <l2 1.2-14 <29 29-31

Ratio of 50% Prescrip- Maximum Dose 2 cm

Percent of Lung

from PTV in any receiving 20 Gy total
Direction, D, (Gy)  or more, V,, (%)

Deviation Deviation 5:1‘:1 me
none minor none minor (cc)
<28.1 28.1-30.1 <10 10-15 1.8
<28.1 28.1-30.1 <10 10-15 3.8
<28.1 28.1-30.1 <10 10-15 7.4
<28.1 28.1-30.1 <10 10-15 13.2
<30.4 30.4-32.4 <10 10-15 21.9
<32.7 32.7-34.7 <10 10-15 33.8
<35.1 35.1-37.1 <10 10-15 49.6
<37.4 37.4-41.7 <10 10-15 69.9
<39.7 39.7-41.7 <10 10-15 95.1
<42.0 42.0-44.0 <10 10-15 125.8
<44.3 44.3-46.3 <10 10-15 162.6
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Fig. 14.1a,b. Illustration of the inadequacy of DVH as a precise measure of dose allocation in the sensitive organ. a Two large
ovals (cases A and B) each represent a lung of the same volume. In each lung, identical targets are located in the same position
relative to the lung volume. Targets in both lungs are irradiated and isodose lines illustrating the same levels of irradiation
(80%, 60%, 40%, and 20%, respectively) are displayed as two sequences of converging ellipses. The areas enclosed by ellipses
of the same level are equal. The DVH determining volumes of lung exposed to 80%, 60%, 40% and 20%, respectively, are
identical in both cases even though the quality of dose distributions in both cases are diverse. In particular, if the isotropic
decrease of dose away from the target is most desirable from the therapeutic point of view, the dose distribution in case B
is superior to dose distribution in case A. b The dose distribution for two lungs (cases A and B of panel a). The sequence of
radial lines diverging from the center of each target are drawn and distances along these radial lines measuring separation
between isolines of 40% and 60% are shown. The variation of distances is clearly larger for case A, where greater anisotropy
of dose distribution within the lung is visible, than in case B.

Density / number

distance

Density / number

distance

Fig. 14.2a,b. Quantification of the distance dis-
tribution between isolines of 40% and 60% cre-
ated in Figure 14.1b. The graph illustrates the cor-
relation between the spread of distances between
these isolines and dose distribution symmetry.
a The figure shows the distribution of distances
for case A of lung irradiation. Notice the almost
uniform histogram for distances between iso-
lines of 40% and 60%. This indicates the asym-
metric behavior of the dose distribution around
the target. b The figure shows the distribution of
distances for case B of lung irradiation. Notice
the concentration of the number of distances be-
tween isolines of 40% and 60% around the given
length. This indicates the symmetric behavior of
the dose gradient away from the target.
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about the level of conformity between PTV and the volume defined by prescribed dose. In the case under consideration, the
density function of distances between the surface defined by the prescribed isodose and the surface of PTV is an increasing
function on the interval (-0.2, 0) and is a decreasing function on the interval (0, 0.5). The shape of this function indicates
that part of the PTV is outside of the volume defined by the prescribed dose and also that part of the volume defined by
prescribed dose is located outside of the PTV. Displayed properties of DAH function indicate that the ideal conformity be-
tween two structures/volumes is achieved when density of DAH is concentrated at distance x=0 (i.e., DAH is a Dirac’s delta
function). Moreover, the distribution of densities that DAH displays over x axis (axis of distances between structures) over
points x away from 0 provides a simple measure of departure from the ideal conformity between two structures/volumes.

ment (Fig. 14.1). Thus, it is logical to expect that tis-
sue in shells far removed from the target should be
exposed to low doses only.

Treatment Planning for SBRT

As we have stressed before, the most important
factor responsible for limiting the toxicity of SBRT
treatment is the minimization of the volume of tis-
sue exposed to high dose levels and localization of
this volume inside, or in close proximity to, the tar-
get. Thus, it is important to keep beam margins as
small as possible when transforming GTV (or CTV)

into PTV [1-6, 11, 12, 17, 19, 20]. Nevertheless, these
margins have to account, at a reasonable confidence
level, for all motions of targeted tissue plus uncer-
tainties inherent in patient positioning and error
in the target recognition [21]. Radial extensions of
margins for SBRT planning (i.e., lengths of intervals
connecting GTV and PTV surfaces along a particu-
lar radius emanating from GTV center) are most
commonly chosen to be equal to 0.5 cm along any
radius pointing away from the target center in any
direction in transverse planes and equal to 1.0 cm
along all parallel lines perpendicular to the axial
plane [2-6, 11]. Margins may need to be increased
if equipment has not been critically evaluated or
for patients whose target identification and/or target
motion are difficult to assess. Margins may also be
decreased for individual cases in accordance with
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the physician’s judgment, provided care is taken to
insure that set-up accuracy and the means of motion
compensation justify shrinking the periphery of the
PTV exposed to high dose.

A specific instance when the decrease in mar-
gins, particularly in the direction perpendicular
to axial plane, may be considered is for treatments
involving utilization of real-time tracking such as
the Synchrony® (Accuray Incorporated, Sunnyvale,
CA) respiratory tracking. Still, careful analysis and
phantom measurement of moving target dosimetry
is recommended before the decision is made to de-
crease the margin in the inferior/superior direction,
particularly when frameless delivery is practiced.
There are two potential sources of error in delivery
relative to information provided by a priori data and
feedback from treatment monitoring. The actual,
not surrogate, motion-based information about tar-
get position is provided only intermittently during
therapy. For cases of irregular patient breathing,
the error in tracking may be not trivial and actually
quite difficult to assess. The other source of error is
related to dosimetry calculations. The homogeneous
algorithms for dose calculations in lung tumors gen-
erally overestimate the dose at inferior and superior
regions of the PTV. The heterogeneous dose calcula-
tions that correct only for density changes for the
primary component of the beam lead generally to
larger overestimation of doses in inferior/superior
regions than homogeneous dose calculations. Thus,
errors in both inaccurate tracking and inaccurate
dose calculation would generally enhance each
other and may lead to local failures if appropriately
large margins in inferior/superior direction are not
prescribed.

It is clear from a direct analysis of a cumulative
contribution to error in SBRT delivery that typically
used margins are not large enough to ensure that the
prescribed dose will be delivered to the entire GTV
with a probability of 1.0 [21]. This perceptible inad-
equacy of dose shaping in SBRT is resolved by the
deliberate shaping of the dose in the vicinity of the
target so that it compensates for the margin’s failure.
Following the conditions discussed earlier, dose in
all directions away from PTV assures that the target
volume is immersed in the shell of the high-dose re-
gion (70-90% of prescribed dose) with thickness of
approximately 1 cm. In this manner, highly potent,
though not exactly equal to the prescribed, dose lev-

els are delivered to the target volume in SBRT treat-
ments.

The other characteristic of SBRT dose distribu-
tions that challenged the classic standard of dose
distribution qualityis the allowance of dose inhomo-
geneity inside the target. In particular, the enlarge-
ment of the volume of tissue exposed to relatively
high doses may seem inevitable when simultane-
ously increasing dose within the target to above the
dose prescribed to the target’s outline. This is gener-
ally the case, however, when the goal is to equalize
the dose in close shells near the target [22]. As long
as an acceptable minimum dose is delivered to all
parts of the target, higher doses may be desirable if
they can be manipulated to occur within the central
core of the tumor target where hypoxic, radio-resis-
tant cells may be more prevalent.

14.5
SBRT - Delivery Techniques

The three conditions for dose distributions are
achieved for SBRT treatments by combining mul-
tiple beams aimed at different sections of the target.
This can be realized with multiple beams of varying
weights or through appropriate intensity shaping
of a limited number of non-coplanar beams. The
angular directions of beams in SBRT radiation de-
livery is the main determinant of the dose shape
distribution around the target [3, 4, 22-24]. Rapid
and uniform fall-off of dose in all directions from
the tumor is the consequence of the non-coplanar
method of stereotactic radiation delivery employed
originally at Karolinska Hospital and followed later
by many other centers that utilize the SBRT tech-
nique [6, 14, 25]. Generally, the volume defined by
the intersection of all beams is only slightly larger
than PTV itself and it conforms closely to the shape
of the target. The resulting isodose surface defined
by full dose contributions from all beams matches
closely, up to the margin defined by penumbra ef-
fects, the shape of the PTV. The speed of dose de-
crease away from the tumor is defined under these
circumstances primarily by the rate of decline in
the number of beams intersecting each other in sub-
sequent shells that enfold the target. In turn, the
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rate of decline in the number of beams intersecting
in subsequent shells is correlated with the level of
uniformity in the used beams’ directional distri-
bution. The above heuristic analysis indicates that
shaping optimal dose distributions for SBRT treat-
ments favor the use of a large number of non-copla-
nar beams or arcs. Practical considerations often
limit the number of beam directions, particularly
for standard gantry-based (non-robotic) linear ac-
celerator treatment units. With a limited number of
directions it is even more important to choose them
so that they create the smallest possible volume of
intersection. This usually involves finding beam
directions, from among the set of those that are
admissible, that are maximally separated in three
dimensions [4, 22, 23, 26]. The problem of separa-
tion of directions leads to counterintuitive results
even in situations where there are no constraints
imposed on the selection of angles [22].

In real cases of SBRT irradiation, additional limi-
tations are added to avoid tissues of sensitive organs
and to satisfy mechanical restrictions imposed by
the equipment [4,22]. Implementing SBRT treat-
ments with traditional linear accelerators limits the
number of beams per treatment to around 10. The
factor that is influential in deciding the minimum
number of beam directions, per treatment, is the
dose at the skin for close-to-skin targets. It is pru-
dent to keep the dose at the skin to below 30% of
the prescribed dose. For PTV located less than 3 cm
from the skin (e.g., tumors attached to chest wall of
emaciated patients) this requirement is difficult to
satisfy unless a truly large number of beam direc-
tions can be utilized for treatment performed with
a traditional gantry-mounted accelerator or, more
naturally, with a robot-mounted accelerator.

For SBRT treatments in which a large number of
beam directions are seen as advantageous for dose
shaping, the most isotropic distribution of direc-
tions in space may serve as the first order approxi-
mation for the choice of beam placement. Calcula-
tions have been performed in the past that can guide
the choice of these isotropic beam directions. Never-
theless, for gantry-based accelerator treatments, the
desirable highly isotropic placement of beam direc-
tions must respect mechanical restrictions imposed
by the equipment (collisions of couch and gantry,
etc.). These restrictions are considerably reduced for
robotic-type accelerator treatments.

14.6
The Impact of Tissue Density
Inhomogeneities in SBRT

One of the principal challenges for lung treatments is
the proper quantitative evaluation of dose in the tar-
get and surrounding organs. The difficulty arises from
dramatic changes in tissue density for chest treatments.
For lung treatments, beams first have to pass through
chest wall, then penetrate low density lung tissue, and
finally deliver energy to the solid tumor cells. The chest
wall is a combination of muscle and bone. Muscle has
electron density close to the electron density of water,
and bone has electron density higher than water. Over-
all, the disturbance of dose caused by the chest wall is
negligible [17, 27, 28] but dose disturbance occurring at
the tumor site, caused by the low density of lung tissue,
can be significant [14, 27-31]. The dose decrease at the
surface of the target caused by the loss of electronic
equilibrium is compensated by dose increase, caused
by enhanced penetration of photons through the lower
density lung tissue. These two influences, one increas-
ing and the other decreasing the dose at the surface
of the target approximately cancel each other. As a
result, a similar dose to the target outer edge in homo-
geneous and inhomogeneous media may be expected
so long as the dose is calculated and prescribed to the
periphery of the target [1-6, 11, 32, 33].Since delivery
of the correct dose to the periphery of the tumor is
more important in SBRT than any particular shape of
dose inside the target, one may observe that the uncor-
rected heterogeneity calculations of dose are suitable
for most SBRT treatments. This observation is attrac-
tive from a clinical point of view as it allows consistent
dose prescription and dose delivery for all treated cases
based on homogeneous media dose calculations. Cal-
culations and phantom measurements (including RPC
lung phantom) of a number of lung SBRT treatment
cases have been performed at our institution that sub-
stantiated these conclusions. Investigations included
two treatment-planning systems (Render Plan 3D and
cmS$ XIO Plan) as well as Monte Carlo simulations. It
should be noted, however, that assumptions justifying
cancellation of dose heterogeneity effects at the surface
of PTV are not universally valid. For example, they are
not austerely applicable to treatments of small targets,
requiring the smallest CyberKnife” (Accuray Incorpo-
rated, Sunnyvale, CA) collimators.
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Introduction

Lung cancer is the leading cause of cancer mortality
in men and women. More than 170,000 Americans
receive a diagnosis of lung cancer annually and the
majority of them die of the disease [1]. There is con-
siderable interest in improving treatment for lung
cancer given its high impact on society. More than
80% of patients with lung cancer have non-small
cell carcinoma (NSCLC). Surgery is the mainstay of
treatment for patients with early stage NSCLC and
results in cure of about 60-80% of patients with stage
I (T1-2N0) disease [2-5].

Since the majority of patients with lung cancer
are current or former smokers, a substantial num-
ber are not candidates for surgery because of signif-
icant respiratory or cardiac compromise. Patients
may additionally have other medical problems such
as advanced diabetes mellitus or severe peripheral
vascular disease which may render them high risk

candidates for resection of early stage lung cancer. A
number of treatment options may be suitable for pa-
tients who are not candidates for lobectomy. These
include more limited resections such as segmentec-
tomy or wedge resection, but these operations are
associated with higher rates of local recurrence and
poorer survival than lobectomy [6]. Minimally in-
vasive approaches such as thoracoscopic wedge re-
sections may extend the option of surgery to some
marginally fit patients, but many patients remain
poor candidates even for these procedures.

Primary radiation therapy is a standard treat-
ment for patients with early stage NSCLC who are
medically inoperable. Conventional fractionated ra-
diotherapy to doses of 60-66 Gy in 2-Gy fractions
is associated with a high rate of local relapse in the
range of 55-70% and survival at 5 years of 10-30%
[7, 8]. Conventional radiation therapy may also re-
sult in irradiation of a clinically significant volume
of normal lung in patients with little pulmonary
reserve even when only the gross primary tumor is
targeted. These poor results with conventional ra-
diation therapy have led investigators to seek other
approaches for management of medically inoperable
patients with early stage NSCLC.

Stereotactic radiation therapy allows substan-
tial reductions of treatment volumes, more precise
targeting of tumors, hypofractionation, higher bio-
logically effective doses, and marked reduction of
overall treatment time compared to conventional
radiation therapy. Timmerman et al. reported re-
sults from a Phase II study of stereotactic radiosur-
gery for T1-2NOMO NSCLC in 70 medically inopera-
ble patients [9]. Doses of 60-66 Gy were delivered in
three fractions over 1-2 weeks. Kaplan-Meier local
control at 2 years was 95% and 2-year overall sur-
vival was 54.7%. Patients with perihilar/central tu-
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mors had an 11-fold increased risk of severe toxicity
compared with more peripheral tumor locations; 2-
year freedom from severe toxicity was only 54% for
the perihilar/central group. Onishi et al. reported a
retrospective analysis of 245 patients from several
Japanese institutions treated with hypofractionated
high-dose stereotactic irradiation using varying
dosing schemes [10]. Patients included those with
both central and peripheral lung tumors. Local dis-
ease recurrence was 13.5% for the whole group with
a rate of 8.1% for biologically effective dose (BED)
>100 Gy compared with 26.4% for BED <100 Gy
(p<0.01). Overall 5-year survival was 47% and
cause-specific survival was 78%. Grade 2 radiation
pneumonitis occurred in 4.1% of patients; Grade 3
or 4 radiation pneumonitis developed in 2.4%, and
Grade 2 or 3 esophagitis was seen in 2.0% of patients.
Chronic segmental bronchitis and wall thickening
causing atelectasis of the peripheral lung was ob-
served in only one patient (0.4%). Other investiga-
tors have reported good local control of early stage
NSCLCin medically inoperable patients treated with
stereotactic radiosurgery [11, 12].

The CyberKnife® (Accuray Incorporated, Sunny-
vale, CA) is an image-guided robotic radiosurgery
system which precisely tracks tumor motion during
treatment. This allows reduction of the amount by
which the gross tumor volume (GTV) is expanded to
create the planning target volume (PTV) and there-
fore may further reduce the volume of normal lung
irradiated compared to other radiosurgery systems.
Treatment with CyberKnife currently requires im-
plantation of radio-opaque fiducial markers into the
lung tumor to serve as reference points for tumor
tracking. The fiducial markers, which are tiny gold
seeds, are usually implanted by percutaneous or
bronchoscopic approaches. Preliminary reports sug-
gest a good level of local control of early stage NSCLC
with CyberKnife [13, 14]. These and other results are
discussed in several chapters in this section.

Radiofrequency ablation (RFA) has been used
successfully in the treatment of primary and met-
astatic hepatic tumors [15]. Goldberg et al. in 1995
demonstrated in experiments on rabbits that radio-
frequency tissue ablation could be safely performed
in lung parenchyma with a percutaneous approach
and that tissue response to thermal injury was pre-
dictable and could be monitored with CT scanning
[16]. Recently, several investigators have reported

results using RFA for treatment of primary lung
tumors. These series describe a heterogeneous pa-
tient population including patients with early stage
lung cancer who are medically inoperable, operable
patients who have refused surgery, patients with lo-
cally advanced lung cancer, and patients with me-
tastases to lung. Fernando et al. reported a series of
18 patients with 21 peripheral non-small cell lung
tumors treated with RFA; 9 patients had stage I dis-
ease and the remaining 9 had stage II through IV
NSCLC [17]. Median tumor diameter was 2.8 cm.
Generally a tissue ablation extending 0.5 to 1 cm be-
yond the tumor was sought. CT scans and PET scans
were performed at 4 to 6 weeks following RFA and
then at 3-month intervals; modified RECIST criteria
were used to assess response [18]. At a median fol-
low-up of 14 months, 15 patients were alive (83.3%);
local progression occurred in 8 nodules (38.1%) in 6
patients (33%). Because of a case of fatal hemoptysis
occurring 21 days after RFA of a central tumor me-
tastasis included in a prior report, the authors ad-
vised against CT-guided RFA of central lesions close
to the hilum.

Hiraki et al. reported a large series from Japan of
128 patients with 342 tumors treated with RFA (25
primary lung tumors in 24 patients and 317 meta-
static lung neoplasms in 104 patients) [19]. All pa-
tients were unsuitable for surgical resection or re-
fused to undergo resection. Mean tumor diameter
was 1.7 cm (range, 0.3-9.4 cm). Median follow-up
was 12 months (range, 6-47 months). Tumor re-
sponses were assessed with chest CT at 1, 3, 6, 9,
and 12 months and thereafter at 6-month intervals
whenever possible; no patients had PET scans. Local
progression was observed in 94 (27%) tumors at a
median of 7 months after the first ablation session.
The overall primary technique effectiveness rates
were 72% at 1 year, 60% at 2 years, and 58% at 3 years.
Multivariate multilevel analysis for all 342 tumors
showed that larger tumor size (hazard ratio = 1.97;
95% CI = 1.74-2.65; p<0.00001) was an independent
risk factor for local progression. Other investigators
have reported that radiographic response rates after
RFA are significantly lower for larger lung tumors.
Akeboshi et al. described a significant difference in
the rate of complete tumor necrosis, as determined
by disappearance of FDG uptake on PET images and
resolution of tumor enhancement on CT images, be-
tween tumors 3 cm or less and tumors larger than
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3 cm (69% vs. 39%; p=0.04) [20]. Lee et al. reported
complete necrosis, defined as complete resolution of
enhancement on CT, in all six lung tumors (100%)
smaller than 3 cm but in only 6 (23%) of 26 larger
tumors (p< 0.05) treated with RFA [21]. Investiga-
tors at Rhode Island Hospital combined thermal
ablation (37 RFA, 4 microwave ablation) with con-
ventional fractionated radiation therapy (n=27) or
brachytherapy (n=14) in the treatment of 41 patients
with inoperable stage I or II NSCLC [22]. Median fol-
low-up was 19.5 months. Local recurrence occurred
in 11.8% of tumors smaller than 3 cm and in 33% of
larger tumors (p=0.03). Overall survival rates were
70.4% at 2 years and 57.1% at 3 years. Outcomes in
the brachytherapy and external beam radiation
therapy groups did not differ significantly.

Having explored several options for treatment of
lung cancer in medically inoperable patients, a ques-
tion which arises is how does a physician choose
which one is appropriate for a particular patient?
Even assessing whether a patient is, in fact, medi-
cally inoperable depends on what type of operative
intervention is planned. Certainly there are patients
who are fit enough for a thoracoscopic wedge resec-
tion who are not fit enough for a pneumonectomy.
The choice of treatment should depend little on
which specialist the patient is initially referred to or
which physician the patient sees first. For most pa-
tients with lung cancer, it is our experience that the
best decisions are made when evaluation takes place
in a multidisciplinary thoracic oncology program
in which pulmonary physicians, thoracic surgeons,
medical oncologists, radiation oncologists, radiolo-
gists, nuclear medicine physicians, interventional
pulmonologists, and nurses collaborate to review
the imaging, discuss the case, and arrive at a con-
sensus recommendation to present to the patient.

15.2
The Multidisciplinary Clinic

The multidisciplinary clinic offers many advan-
tages for both patient and physician. For patients,
the alternative is to independently consult several
physicians and try to comprehend and resolve rec-
ommendations which may differ in minor or signifi-

cant ways [23]. Even the most well-informed patients
rarely have the knowledge to make good decisions
about subtle differences in treatment options and
are usually eager for their physicians to talk to each
other and to offer a consensus recommendation.
Physician communication, which may otherwise be
a time-consuming process, is greatly facilitated by
the multidisciplinary clinic setting. Each oncologist
knows best the specific benefits and risks of treat-
ments within his own discipline for a particular pa-
tient. By discussing the case together, particularly in
the setting of a thorough review of the imaging stud-
ies by radiologists and nuclear medicine physicians,
a consensus regarding further diagnostic work-up
and treatment can usually be achieved. This mutual
decision-making process provides reassurance for
physicians undertaking challenging cases that the
treatment plan they will pursue has the backing of
other experts. Physicians who participate in mul-
tidisciplinary clinics, where robust discussion and
debate is encouraged, also learn a great deal from
colleagues outside their specialty by understand-
ing characteristics of a particular clinical scenario
which other specialists consider important in rec-
ommending a specific approach. Other specialists
are a resource rather than a limitation to an indi-
vidual physician’s freedom.

Theimpact of management by a multidisciplinary
team on treatment and survival of patients with can-
cer has been studied. Forrest et al. examined sur-
vival of 243 patients with inoperable NSCLC (stages
IIIA, II1IB, and IV) in 1997 and 2001, before and after
the introduction of a multidisciplinary team in 1998
at the Royal Infirmary, Glasgow [24]. The multidis-
ciplinary team consisted of two respiratory physi-
cians, two surgeons, a medical oncologist, a clinical
oncologist, a palliative care physician, a radiologist,
and a specialist respiratory nurse. Median survival
was significantly higher in patients treated in 2001
compared with 1997 (6.6 vs 3.2 months, p< 0.001).
Introduction of the multidisciplinary team was as-
sociated with a change in the treatment of patients
with inoperable NSCLC; in particular, more patients
received chemotherapy and fewer patients received
palliative care only. Junor et al. in 1994 reported a
retrospective study of all 533 cases of ovarian cancer
registered in Scotland in 1987 [25]. After adjustment
for age, stage, pathology, degree of differentiation
and presence of ascites, survival improved when pa-
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tients were referred to a multidisciplinary team at a
joint clinic (p <0.001) and this was not solely due to
the prescription of platinum chemotherapy.

Development of an effective multidisciplinary
thoracic oncology program takes time and effort.
Boyle et al. [26] and Hall and Weaver [27] note that
multidisciplinary teams are not fully formed at their
first meeting but develop through a series of stages;
these include the forming stage where individuals
assemble and the goals and objectives for the team
are defined, the storming stage where the individu-
als and group react affectively to the requirements
of the task and to interpersonal conflicts, the norm-
ing stage where effective cooperation between team
members occurs through communication of ideas,
opinions and information and where functional
roles are defined, and finally, the performing stage
where the team is effective and efficient in deliver-
ing outcomes [26, 27]. Leadership is important in
a multidisciplinary cancer program and the leader
must be able to identify different stages of the team’s
development and implement appropriate leadership
approaches [27]. Kagan, however, cautions that clin-
ics that are “run” by one dominating physician of-
ten stagnate because differing opinions are censored
[23]. Practicing oncology as part of a well-function-
ing team may increase job satisfaction and reduce
the risk of professional burnout, whereas poor team
function increases stress [26].

15.2.1
Evaluation Procedure

At Beth Israel Deaconess Medical Center (BIDMC)
in Boston, one of the major teaching hospitals of
Harvard Medical School, we have a strong multi-
disciplinary thoracic oncology program with a very
high level of physician collaboration and patient
satisfaction. What follows is a description of how a
patient with suspected clinical stage I NSCLC who
is a marginal surgical candidate might be evaluated
through our clinic and how treatment would be se-
lected. The first step in the process is obtaining med-
ical records and imaging studies from the referring
physician and institution. A nurse practitioner with
substantial experience in thoracic oncology coordi-
nates intake of new patients, and with support from
administrative staff, schedules initial appointments

with a thoracic surgeon and radiation oncologist
and sends imaging studies for review by our tho-
racic radiologists and nuclear medicine physicians.
In patients who are referred from locations some
distance away from the Boston area, specifically for
consideration of CyberKnife treatment, one of the
radiation oncologists trained in CyberKnife radio-
surgery reviews the records and images to ascertain
whether it is worthwhile for the patient to come to
Boston to be evaluated at BIDMC. In cases where it is
clear from this preliminary review that CyberKnife
radiosurgery would not be appropriate, either the
radiation oncologist or CyberKnife nurse coordina-
tor calls the patient to tell them that CyberKnife
would not be an option so that a trip to Boston is
not made unnecessarily. We describe the process of
multidisciplinary evaluation at BIDMC and some
patients wish to be seen for a second opinion regard-
ing management of their known or suspected lung
cancer even if CyberKnife will not be an option.
The next step in the evaluation process is presen-
tation of the case at our multidisciplinary thoracic
oncology conference. This conference, which meets
for 90 minutes every Thursday (except Thanksgiv-
ing) is an essential part of the program. Each case
reviewed at the conference is briefly presented by a
resident, fellow, or attending physician who has ei-
ther seen the patient or reviewed the medical record.
The relevant imaging studies are then presented on
alarge high-resolution display by one of the thoracic
radiologists and/or nuclear medicine physicians.
Scans from outside institutions are loaded into the
PACS system, if possible, to facilitate presentation at
the conference and future review. Generally about
40 staff physicians, residents, fellows, and nurses at-
tend the conference; seats are reserved for the attend-
ing physicians who are the core members of the team
because actual recommendations are formulated at
this conference. Core team members presenting at
the conference include thoracic surgeons, radia-
tion oncologists, medical oncologists, pulmonary
physicians, thoracic radiologists, nuclear medicine
physicians, interventional pulmonologists, nurses,
and physician assistants. After discussion of the im-
aging findings, there is a discussion about further
diagnostic work-up and treatment. For the example
of a patient with suspected clinical stage I non-small
lung cancer, if CT scan and PET-CT support clinical
stage I NSCLC, team members would discuss factors
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affecting fitness for the standard surgical proce-
dure, lobectomy and mediastinal lymph node dis-
section. These factors include pulmonary function,
cardiovascular fitness, weight loss, performance
status, and nutritional status. If, based on the data
presented at the conference, the patient appeared to
be medically fit for lobectomy, a preliminary agree-
ment among the team for lobectomy as the preferred
treatment would be made at the conference. This
recommendation would be finalized after the sur-
geon and radiation oncologist had seen and exam-
ined the patient that day and discussed the proposed
treatment with the patient. Generally both surgeon
and radiation oncologist try to spend at least some
time simultaneously in the room with the patient so
that the patient is reassured that there has been good
communication between surgeon and radiation on-
cologist and that the recommendation represents
the consensus of the whole multidisciplinary team.
In a patient with known or suspected stage I
NSCLC seen in the multidisciplinary thoracic oncol-
ogy clinic who on preliminary review is not clearly
medically fit for lobectomy, further evaluation is
recommended to assess fitness for surgery. This
may include full pulmonary function tests, exercise
oximetry, formal cardiopulmonary exercise testing
measuring peak oxygen consumption, echocardiog-
raphy, and other studies. Decision trees and format
for this analysis are described elsewhere [28]. If this
evaluative process suggests that the patient is not a
good candidate for lobectomy, other surgical options
such as segmentectomy or wedge resection, possibly
done thoracoscopically, are discussed at the confer-
ence. If the patient is felt from both an anatomic and
medical fitness perspective to be a satisfactory can-
didate for one of these compromise operations, of-
ten the consensus recommendation will be for lim-
ited resection. Although the local recurrence rate is
higher and 5-year survival probably worse after lim-
ited resection than after lobectomy [6], local tumor
controlis 70-100% for TINO lesions treated with seg-
mentectomy or wedge resection [6, 29, 30], and this
probably compares favorably with data from series
of patients treated with stereotactic radiosurgery or
RFA. Given the relatively recent introduction of both
stereotactic radiosurgery and RFA for treatment of
lung tumors, there are no long-term outcome data
available for these methods. For this reason, for pa-
tients who are satisfactory candidates for limited

resection, our multidisciplinary team has generally
favored this approach over stereotactic radiosurgery
or RFA until there is longer term follow-up data from
series employing these non-operative methods.
When cardiorespiratory evaluation suggests that
a patient with clinical stage INSCLC is not medically
fit even for a limited resection, alternatives includ-
ing conventional fractionated radiation therapy,
radiosurgery (with CyberKnife in our institution),
and RFA are discussed in the multidisciplinary tho-
racic oncology conference. As mentioned earlier in
this chapter, conventional fractionated radiation
therapy in this setting is associated with a high rate
of local relapse, poor survival, and irradiation of a
significant volume of normal lung; treatment with
either radiosurgery or RFA probably produces bet-
ter outcomes with less toxicity than conventional
radiation therapy so one of these more focal meth-
ods is generally preferred for most patients. The
choice between radiosurgery and RFA can be dif-
ficult since there are no reports of direct compari-
sons, randomized or otherwise, between the two
methods. Series of patients with lung tumors larger
than 3 cm in diameter treated with RFA have shown
rates of complete necrosis as low as 23-39% for these
lesions [20, 21]. This suggests that RFA may not be
an ideal treatment for larger lesions and we have
favored radiosurgery for lesions greater than 3 cm.
For smaller lesions, RFA is a more viable treatment
and it is considered a reasonable option particularly
for patients that would have difficulty lying down
for the 1.5-2 hour sessions required for CyberKnife
radiosurgery or for those where an expeditious
single-visit treatment is of paramount importance.
Radiosurgery with CyberKnife is an appropriate op-
tion for peripheral tumors, and for these lesions we
generally employ doses of 18-20 Gy per fraction for
three fractions over 4-9 days. Although Timmer-
man [9] described an 11-fold increased risk of severe
toxicity for central/perihilar lesions compared to
peripheral lesions treated with 20-22 Gyx3, Japa-
nese investigators [10, 11] reported acceptable tox-
icity treating central lesions with 12 Gyx4. We have
used this latter fractionation scheme for central le-
sions with no severe toxicity so far, but our median
follow-up is only 7 months. The method of fiducial
marker placement is also discussed in the multidis-
ciplinary conference. For peripheral lesions, we have
generally preferred percutaneous placement, which
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is performed by the interventional radiologists; for
more central lesions our interventional pulmonolo-
gists have successfully placed fiducial markers by
bronchoscopic or superDimensional bronchoscopic
approaches.

For all patients evaluated in the multidisciplinary
thoracic oncology program, we strive to develop a
consensus recommendation that we can present to
the patient; we try to avoid mixed messages from
different members of the team. We strongly believe
that patients should not suffer because of physi-
cians’ failure to communicate with each other; the
multidisciplinary clinic and weekly conference
certainly provide a forum for efficient communica-
tion. Follow-up care is also coordinated through the
program to avoid duplication and gaps. Our goal is
to give the best care possible and for patients to feel
reassured that all of our resources are coordinated
to optimize their care.

Another important mission of the multidisci-
plinary thoracic oncology program is teaching resi-
dents and fellows. The opportunity for trainees to
participate in discussions with all the members of
the program during conference and in the clinic
is invaluable and gives a broad perspective on the
management of thoracic neoplasms; learning in the
setting of collegial interdisciplinary collaboration
serves as a model for trainees to emulate in future
practice.

Case Reports

In order to illustrate further the process of evalua-
tion and treatment selection in the multidisciplinary
thoracic oncology program at BIDMC the following
two cases are presented.

The first patient is a 72-year-old female with
chronic obstructive pulmonary disease (COPD) and
a 25 pack-year smoking history. Chest X-ray showed
a left upper lung (LUL) lesion. Chest CT in May of
2005 showed a 2.1x3.5 cm mass in the LUL and a
1.7x1.2 cm mass in the superior segment of the left
lower lung (LLL). PET-CT in June showed abnor-
mal FDG-avidity of both lesions. Bronchoscopy
and transbronchial needle aspiration (TBNA) of the

LUL lesion was performed in September of 2005 and
pathology showed chronic inflammatory changes;
acid-fast bacilli culture (AFB) was positive compat-
ible with mycobacterium avium complex (MAC),
but there was no carcinoma. Bronchoscopy in Oc-
tober with transbronchial biopsy, brushings, and
bronchoalveolar lavage (BAL) of the LLL lung mass
showed atypical cells highly suspicious for NSCLC;
stains for pneumocystis and fungi were negative and
acid-fast and fungal cultures were negative. The pa-
tient was started on treatment for MAC but she did
not tolerate this well. Repeat bronchoscopy in Janu-
ary of 2006 at an outside hospital showed chronic
inflammation from a LUL specimen and TBNA
from the LLL showed non-small cell carcinoma with
squamous differentiation. The patient was seen in
the thoracic oncology clinic at BIDMC in March
2006. The thoracic surgeon felt the patient was a pos-
sible candidate for surgery and recommended fur-
ther evaluation and exercise testing. PET-CT showed
intense uptake in a 4.4x3.0 cm mass (increased in
size from 3.6x2.2 cm five months earlier) in the su-
perior segment of the LLL with a standardized up-
take value (SUV) of 25.6. The lesion was contiguous
with the left hilum and extended laterally to the
pleural surface; there was a 2.6x2.4 cm spiculated
nodule in the LUL with SUV of 4.6 which had in-
creased in size only slightly from 2.5%2.3 cm over
the same 5-month time period (Fig. 15.1). Pulmo-
nary function tests in March 2006 showed a forced
expiratory volume in 1 sec (FEV1) of 0.68 L or 51% of
predicted; exercise testing showed a maximal oxy-
gen uptake of 6.5 ml/kg/min (the test was felt to be a
good-quality exam with good effort). Because of the
severe reduction in oxygen uptake on the exercise
testing with the result well below 10 ml/kg/min, the
thoracic surgeon did not feel the patient was a can-
didate for surgery even if only a bi-segmentectomy
were performed. We, therefore, mutually agreed on
a plan of CyberKnife radiosurgery as the treatment
most likely to be effective and to have a tolerable
risk of morbidity. RFA was felt a less satisfactory al-
ternative because lesion size was greater than 3 cm
[20, 21]. Because of the relatively central location of
the lesion and proximity to the LLL bronchus, our
interventional pulmonary group recommended
fiducial marker placement by superDimensional
bronchoscopy. These were successfully placed in
April 2006 (Fig. 15.2). The patient underwent Cy-
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berKnife radiosurgery to the LLL NSCLC to a dose of
48 Gy in 4 fractions over 12 days (completed in mid-
May 2006). This total dose and fractionation scheme
was selected because of the proximity to the LLL
bronchus and left hilum [9-11]. Further antibiotic
therapy was recommended for the MAC infection
under the care of an infectious disease specialist at
an outside institution. The patient tolerated Cy-
berKnife treatment well with only minimal increase
in dyspnea and marked fatigue both of which were
improving at follow-up one month after treatment.
PET-CT performed three months after treatment
(August 2006) showed that the known carcinoma in
the LLL had significantly decreased in size with the
solid component measuring only 1.3 cm and SUV
decreased to 2.5 compared with 25.6 prior to treat-
ment (Fig. 15.3). The LUL lesion, which was felt to
represent infection, was stable in appearance with
an SUV of 5.1. The only concerning finding on this

Fig.15.1a,b. PET-CT prior to Cy-
berKnife radiosurgery shows intense
uptake in a 4.4x3.0 cm mass in the su-
perior segment of the LLL with an SUV
of 25.6; the lesion is contiguous with
the L hilum and extends laterally to the
pleural surface.

PET-CT was a very anterior prevascular lymph node
measuring 1.2x0.7 cm with SUV of 2.6; this was felt
to be possibly related to the known infection in the
LUL which had not been adequately treated. The
patient was referred back to her infectious disease
specialist to resume therapy for MAC. A follow-up
PET-CT and visit in the thoracic clinic was sched-
uled for 6 months.

Our second illustrative case is a 68-year-old
male with a history of tracheal stenosis who un-
derwent a tracheal resection in 2003. He has mul-
tiple medical problems including coronary artery
disease (CAD), diastolic congestive heart failure
(CHF), COPD, pulmonary embolism, adrenal insuf-
ficiency, and a history of gastrointestinal bleeding.
He has a pacemaker to treat complete heart block.
He is wheelchair bound and has dyspnea with only
minimal exertion. During CT angiography to rule
out pulmonary embolism in May of 2005 he was
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Fig. 15.2 CT scan at time of CyberKnife
planning session shows one of the
fiducial markers in the superior seg-
ment LLL mass; the fiducial markers
were placed using superDimensional
bronchoscopy.

Fig.15.3a,b. PET-CT three months
after CyberKnife radiosurgery shows
that the known carcinoma in the LLL
has significantly decreased in size with
the solid component measuring only
1.3 cm and SUV decreased to 2.5.
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found to have a 1.3x1.0 cm nodular opacity in the
superior segment of the LLL. PET-CT two months
later showed the LLL lesion had an SUV of 3.6 and
was felt to be suspicious for carcinoma vs. infection
(Fig. 15.4); there was no other abnormal FDG-avid-
ity. CT-guided percutaneous biopsy of the LLL lesion
showed cytology positive for malignant cells com-
patible with poorly differentiated adenocarcinoma.
The patient was evaluated in our multidisciplinary
thoracic oncology clinic at BIDMC. Our thoracic
surgeon did not think the patient was medically fit
even for a thoracoscopic wedge resection because of
his multiple medical problems and his poor general
condition. The patient was strongly in favor of hav-
ing treatment for his lung cancer. We discussed RFA
and CyberKnife radiosurgery as possible treatments

given the small size of the lesion. The consensus was
that RFA would be a better treatment option than
CyberKnife because (1) the patient did not think
that he could lie down for the 1.5-2 hours required
for the CyberKnife sessions, (2) RFA would require
only a single treatment session, and (3) RFA would
probably cause a smaller volume of lung injury than
CyberKnife radiosurgery for this patient. In Novem-
ber of 2005 our interventional radiologist performed
RFA to greater than 60°C using 1800 mA current for
12 minutes. A fiducial marker was placed at that
time to allow CyberKnife radiosurgery if tumor per-
sisted after RFA. The procedure was complicated by
a small left pneumothorax treated with a chest tube.
The patient also developed collapse of the right up-
per lung (RUL) adjacent to a large bleb which was

Fig.15.4a,b. PET-CT prior to RFA
shows the LLL nodule with SUV 3.6
which proved to be poorly differenti-
ated adenocarcinoma. There is a large
bleb anteriorly on the right.
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felt to be secondary to aspiration or mucus plugging.
He was admitted to intensive care (MICU) and intu-
bated. He was hospitalized for 26 days and recovered
further in a long-term care facility for three months.
Follow-up PET-CT in late August of 2006 showed two
FDG-avid foci in the LLL posteriorly; the more supe-
rior one was at the prior RFA site and had an SUV of
5.3 compared with SUV 4.3 prior to RFA (Fig. 15.5).
Inferior and lateral to this was a new 2.0x1.4 cm le-
sion with an SUV of 8.3. Both lesions were felt to be
indeterminate but were concerning for persistent or
new carcinoma. There was no abnormal FDG-avid-
ity in hilar or mediastinal lymph nodes or elsewhere.
Unfortunately, the fiducial marker which had been
placed at the time of RFA had migrated to the left
lung base and could not be used for salvage treat-

ment with CyberKnife. Neither biopsy nor implan-
tation of new fiducial markers in the LLL lesions is
considered a very safe option given the patient’s pro-
tracted problems after the RFA. Conventional radia-
tion therapy is not a good option because patient has
no pulmonary reserve. We considered implanting
fiducial markers into the chest wall adjacent to the
lesion but these would not hold position in fat; there
was profound chest-wall muscle wasting secondary
to long-term steroid use for COPD. We will repeat
a PET-CT after 4 months given that the lesions are
indeterminate and may represent inflammation. Fi-
ducial-less CyberKnife treatment with the new lung
Xsight™ (Accuray Incorporated, Sunnyvale, CA)
system may be an option if the follow-up PET-CT
suggests persistent disease.

Fig. 15.5a,b. Follow-up PET-CT ten
months after RFA shows an FDG-avid
focus (SUV 5.3) in the LLL posteriorly
at the prior RFA site.
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Summary

We hope that these case presentations and the
thoughts presented in this chapter illustrate the
value to both patient and physician of a multidis-
ciplinary thoracic oncology clinic and conference.
We are confident that selection of treatment for pa-
tients with early stage NSCLC is best accomplished
in this multidisciplinary setting where there is close
collaboration and efficient communication among
thoracic surgeons, radiation oncologists, medical
oncologists, pulmonary physicians, thoracic radiol-
ogists, nuclear medicine physicians, interventional
pulmonologists, nurses, and physician assistants.
Each specialist is able to add his or her expertise
to the development of a consensus plan. The mul-
tidisciplinary thoracic oncology program at Beth
Israel Deaconess Medical Center also serves as the
focal point for clinical and translational research
protocol development and implementation. The pro-
gram benefits patients through optimization of care
and serves as an excellent educational resource for
medical students, residents, fellows, and attending
physicians. We are fortunate to enjoy the rewards of
practicing medicine in a collaborative and support-
ive environment working alongside great colleagues
from various disciplines.
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Abstract

Curative surgery is not an option for many patients
with clinical stage I non-small-cell lung carcinoma
(NSCLC)becauseofassociated comorbidities. Stereo-
tactic radiosurgery with the CyberKnife® (Accuray
Incorporated, Sunnyvale, CA) tumor tracking
system may be an option for many of these medi-
cally inoperable patients. Here we provide a con-
cise overview of the standard treatment options for
stage I lung cancer and a practical summary of the
Georgetown University Hospital stereotactic radio-
surgery treatment protocol. We review preliminary
outcomes for single small peripheral lung tumors
uniformly treated with the CyberKnife using the
Synchrony® (Accuray Incorporated, Sunnyvale, CA)
motion tracking module.

Introduction

Approximately 170,000 new cases of lung cancer will
be diagnosed in the United States in 2006 [1]. Only
15% of non-small-cell lung carcinoma (NSCLC)
cases are clinical stage I [1]. The incidence of early
stage NSCLC will rise in the future as spiral CT
based lung cancer screening programs are imple-
mented [2-5]. Peer-reviewed evidence has estab-
lished lobectomy as the most efficacious treatment
[6], but debate continues regarding the utility of less
invasive options such as video-assisted lobectomy
(VATS). Despite recent improvements in lobectomy,
however, it remains a major operation that can cause
significant morbidity [6, 7].

Sublobar resections (segmental or wedge re-
section) are less invasive procedures associated
with suboptimal local control rates in prospective
randomized studies [8]. Nonetheless, sublobar re-
section continues to be utilized in the treatment
of marginally operable clinical stage I patients
who are not candidates for radical surgery. Con-
ventional radiation (50 Gy) and brachytherapy
have been successful adjuvant therapies after sur-
gery [9-15], both reliably sterilizing subclinical
disease.

Treatment options for patients with clinical stage
I NSCLC who are not surgical candidates are lim-
ited. Conventional radiotherapy is a suboptimal
treatment with reported 5-year survival rates rang-
ing from 6% to 30% [16]. Typically a small number of
radiation fields are used and the clinical treatment
volume is enlarged to compensate for respiratory tu-
mor motion. Treatment is normally delivered over 6
to 7 weeks with conventional fraction sizes 0f 1.8-2.0
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achieving total doses of 60-66 Gy to minimize tox-
icity in this typically frail patient population. The
poor efficacy of conventional radiation for clinically
localized NSCLC is largely attributed to poor local
tumor control [16] secondary to inadequate total
doses (<100 Gy) [17, 18] and prolonged treatment
times (>3-4 weeks) [19, 20].

In the late 1980s two practical dose escalation
treatment approaches were developed simultane-
ously to address the local control problem in clini-
cally localized NSCLC: conformal conventionally
fractionated radiation [21] and hypofractionated
stereotactic radiosurgery [22]. Both approaches uti-
lized newly developed treatment planning and de-
livery techniques to maintain tumor coverage while
limiting normal tissue radiation doses, allowing for
safe dose escalation.

The United States radiation oncology community
championed the conventionally fractionated con-
formal delivery approach. This approach was em-
braced because it allowed for the treatment of the
wide range of tumor volumes seen with localized
NSCLC. Several similar single institution Phase I
dose escalation trials and eventually the multi-in-
stitutional RTOG 9311 were initiated to assess the
efficacy of this approach. In general, inoperable
stage I-IIT NSCLC was treated with a 2-cm margin
surrounding the gross tumor volume (primary tu-
mor and involved lymph nodes). Accomplishing
this routinely required treatment with multiple ra-
diation fields utilizing CT based 3D computer treat-
ment planning systems and custom patient immo-
bilization devices. Recent results suggest that local
control is improved with higher conventional doses
in stage I-III and that this improvement has an ap-
preciable affect on survival [23-25]. Limited mature
results have been published with high-dose confor-
mal radiotherapy (66 to 100 Gy) for lymph node neg-
ative inoperable NSCLC [26]. Unfortunately, despite
delivering a median dose of 84 Gy over seven to ten
weeks with three or more fields to these relatively
small tumors, the local control rate and survival at
five years was a disappointing 46% and 21%, respec-
tively. Conventionally fractionated radiation alone,
regardless of the total dose, is unable to eradicate
gross disease reliably.

Thoracic stereotactic radiosurgery was devel-
oped by Blomgren et al. in the early 1990s at the
Karolinska Hospital in Sweden [22]. The stereotac-

tic approach developed for intracranial lesions was
roughly applied to small pulmonary tumors. Utiliz-
ing a body frame along with abdominal compres-
sion to limit tumor motion and seven non-coplanar
radiation fields, lesions could be treated reliably
with small margins (10 mm) [27]. This enhanced ac-
curacy facilitated the safe delivery of clinically ef-
fective doses of radiation quickly, making it an ideal
non-invasive treatment modality for stage I NSCLC.
Theoretically, by completing the treatment program
in less than two weeks, the rapid repopulation of
NSCLC cells seen with protracted conventional con-
formal treatment courses could be avoided [19]. Re-
cently reported data from trials utilizing similar ra-
diosurgery techniques suggest that extremely high
doses (BED Gy,, = 180 Gy) can be delivered safely
[28,29] and data on the efficacy of moderate doses
(BED Gy,, >100 Gy) [30, 34], including some with
extensive follow-up [35], suggest that the results
will compare favorably to conventional radiation.
Nyman et al. uniformly delivered 45 Gy in three
fractions over a one-week period (BED Gy,, = 110)
to inoperable stage I lung tumors. Local control and
survival at five years was 80% and 30%, respectively.
National Phase II studies are currently being com-
pleted in Japan, Scandinavia, and the United States
at low (BED Gy,, = 106) and high (BED Gy,, = 180)
stereotactic doses, respectively.

Thoracic stereotactic radiosurgery utilizing a
body frame is a major step forward in the treatment
of small peripheral lung cancers. Frame-based sys-
tems, however, have several limitations. Frames can
restrict aiming of LINAC beams, thus limiting non-
coplanar beam direction and hindering optimal do-
simetry [36]. Furthermore, conformality is hindered
by the limited number of beams utilized secondary
to prolonged manual set-up times for each beam.
Frame-based treatment with abdominal compres-
sion, breath holding or respiratory gating are un-
comfortable for patients and exclude some patients
from treatment (i.e., obese patients who cannot fit
into the frame and patients with severe respiratory
dysfunction who cannot tolerate breathing manip-
ulation). Moreover, they only dampen the effect of
respiration on tumor motion necessitating relatively
large longitudinal margins (10 mm). Image verifica-
tion during treatment is not typically utilized. For
these reasons we were pleased that in mid-2004, af-
ter several years of experience with the conventional
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CyberKnife system, the Synchrony motion tracking
system was installed and quickly utilized to treat
small peripheral lung tumors.

16.3
Georgetown University Hospital Stereo-
tactic Radiosurgery Treatment Approach

Georgetown University Hospital obtained the Cy-
berKnife radiosurgery system in early 2002 and
experienced initial success treating intracranial le-
sions with bony landmarks utilized for tumor track-
ing. Further experience with the CyberKnife allowed
for the effective treatment of spine tumors using im-
planted fiducials for tracking [37]. With the addition
of the Synchrony Motion Tracking module in mid-
2004, Georgetown University Hospital implemented
a treatment policy for patients with small inoperable
peripheral lung tumors.

Patients included in this analysis were reviewed
by the Georgetown University Hospital multidisci-
plinary thoracic oncology team consisting of staff
thoracic surgeons, pulmonologists, medical oncolo-
gists, radiologists, and radiation oncologists. Per in-
stitutional policy, when clinically feasible, all evalu-
ated patients completed pretreatment CT imaging
with IV contrast, PET imaging, and pulmonary
function testing. Three to five gold fiducials measur-
ing 1 mm in diameter by 5 mm in length were placed
in close proximity to the tumors under CT guidance
for tumor targeting and tumor motion tracking. Al-
though this method has a known risk of pneumo-
thorax [38], it was chosen in order to optimize the
positioning and spacing of the fiducials. Tracking
utilizing translational and rotational information
requires that a minimum of three non-collinear fi-
ducials be placed. Only conscious sedation and local
anesthesia were routinely necessary.

Fine-cut (1.25 mm) treatment planning CT scans
were obtained during an inhalation breath hold in
the treatment position 7-10 days after fiducial place-
ment to allow any hemorrhage to resolve which may
obscure the target and to limit migration post-im-
plantation. The gross tumor volumes (GTV) were
contoured utilizing lung windows. A treatment plan
using a 5 mm margin was generated using the On-

Target TPS v. 5.2.1. This is a non-isocentric, inverse
planning algorithm using the TPS default tissue het-
erogeneities for air, soft tissue and lung. For dosim-
etry, the effective-depth technique is used with air
and soft tissue densities of 0 and 1, respectively, and
the lung density of 0.3. Hundreds of small cylindri-
cal beams ranging in collimator diameter from 20
to 30 mm were spread out over a large solid angle
in each case to optimize the dose distribution. This
treatment approach results in a relatively high cen-
tral tumor dose with dose gradients conforming
closely to the shape of the target [39], theoretically
ideal for the treatment of the radiation-resistant
tumor center and radiation-sensitive subclinical
radial disease spread seen with NSCLC [40, 41]. No
attempt was made to treat at risk but clinically nega-
tive lymph nodes (elective nodal irradiation). The
radiation dose was prescribed to an isodose line that
covered at least 95% of the planning treatment vol-
ume (GTV +5 mm). All critical thoracic structures
were contoured in order to ensure that incidental
radiation delivered to these structures was tracked
and limited. The percentage of the total lung volume
receiving 15 Gy or more was also tracked and lim-
ited to 15%. Patients with tumors larger than 4 cm
in maximum diameter or in close proximity to criti-
cal normal thoracic structures were excluded from
this analysis and treated with alternative fraction
schemes.

Radiation was delivered in three fractions of 15 to
20 Gy each to the prescription isodose line (BED Gy,
>100 Gy). Fractions were 1-2 hours long and were
delivered over 3 to 11 days. Lower doses were pre-
scribed in the initial patients when concerns about
adjacent structures arose, when patients had severe
cardiopulmonary dysfunction and were felt to be
too frail to tolerate any complication, when patients
had prior conventional thoracic irradiation, and for
some patients with single lung metastases for whom
the benefit of treatment was considered uncertain.
When considering patients for this study it was
necessary to confirm that their tumors were in fact
peripheral. Peripheral lesions in stereotactic radio-
surgery, however, have only recently been conserva-
tively defined by the Radiation Therapy Oncology
Group (RTOG) as those that lay outside a region that
extends 2 cm from the major central airways (i.e.,
carina, main bronchi, upper lobe bronchi, interme-
dius bronchus, middlelobe bronchus, lingular bron-
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chus, and lower lobe bronchi). This conservative
definition may prove to be clinically significant in
the long run. Nevertheless, we chose to apply a more
inclusive definition of peripheral lesions as those lo-
cated far enough from sensitive central structures
so that high doses of radiation (15-20 Gy/fraction)
could be delivered to tumors while adhering to the
dose limits for adjacent critical structures that are
listed in Table 16.1.

Stereotacticradiosurgery treatment was delivered
using the CyberKnife (G3) stereotactic radiosurgery
system. Immediately prior to the first treatment
each patient’s chest was evaluated with fluoroscopy
to estimate the amplitude of tumor motion, to as-
sess tumor motion relative to critical normal struc-
tures, and to verify that the motion of the fiducials
chosen for tracking correlated precisely with tumor
motion. In preparation for treatment, patients were
placed in the supine position on the treatment couch
with their arms at their sides and allowed to breathe
freely. Frames, abdominal compression, breath
holding, and gating techniques were not utilized.
Patient positioning was optimized utilizing digi-
tally reconstructed radiographic (DDR) images of
the patient derived from planning CT images and
the CyberKnife remote automatic patient position-
ing system. Patients wore a form-fitting vest with
3 red light-emitting markers placed on its anterior
surface in the region of maximum chest and upper
abdominal excursion. These LEDs were visible to an
adjustable camera array in the treatment room. The
fiducials were located in multiple orthogonal X-ray
images acquired with ceiling-mounted diagnostic
X-ray sources and corresponding amorphous silicon
image detectors secured to the floor on either side of
the patient.

Prior to initiating treatment, an adaptive correla-
tion model was produced between the fiducial posi-

Table 16.1.

Maximum Dose Limit
(total for 3 fractions)

Spinal cord 18 Gy
Left ventricle 18 Gy
Esophagus 24 Gy
Main bronchus 30 Gy
Trachea 30 Gy
Aorta 30 Gy

tions, which were periodically imaged by the X-ray
targeting system, and the red light-emitting mark-
ers, which were continuously imaged by the camera
array. A valid model requires a minimum of three
X-ray images and optimally the last ten fiducial im-
ages at varying points in the respiratory cycle. Dur-
ing treatment the fiducials were imaged prior to the
delivery of every third beam for treatment verifica-
tion and to update the correlation model, which may
vary with time [42]. If fiducials were misidentified by
the software or the correlation error exceeded 3 mm
in more than one consecutive image, the treatment
was stopped and the model was rebuilt with three im-
ages and optimized with additional images. Despite
the complexity of human respiration, this was a rare
event. During treatment delivery the tumor position
was tracked using the marker signal and correlation
model; the compact, lightweight 6-MV X-band LINAC
was moved by the computer-controlled robotic arm
to maintain alignment with the tumor throughout
the complete respiratory cycle while hundreds of ra-
diation beams were each delivered to the target.

After treatment, imaging, and pulmonary func-
tion testing were completed at 3, 6, 12, 18, and 24
months. Toxicity levels were scored according to the
National Cancer Institute common terminology cri-
teria version 3.

Patients

Twenty-four consecutive patients were treated over
a two-year period. No patient was excluded from
treatment based on body habitus and all patients
completed the planned treatment course without in-
terruption. There were 10 men and 14 women rang-
ing in age from 54 to 82 years, with a mean age
of 70 years. Severe cardiopulmonary dysfunction
was the leading reason patients were not eligible
for surgical treatment of their stage I lung cancer.
The maximum diameter of the tumors ranged from
0.9 cm to 3.5 cm (mean 2.0 cm). The mean GTV was
8 cc (range 1 to 14 cc). The majority (n=16, or 67%)
of lesions involved the upper lobes, consistent with
published surgical series. Two lesions (8%) were in
the middle lobe and 6 (25%) in the lower lobes.
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16.5
Treatment Parameters

Total doses ranged from 45 to 60 Gy (mean = 54 Gy)
delivered in 3 equal fractions to a mean isodose line
of 80% (range 75% to 90%). The mean biologically
effective dose (BED Gy,,) delivered to the prescrip-
tion isodose line was 150 Gy (range 110 to 180 Gy).
The mean treatment time (beam-on to beam-off) was
82 min (range 53 to 120 min), which correlated with
the mean number of MU delivered which was 11087
(range 7210-15268). The mean number of beams per
treatment was 164 (range 87 to 270) and mean target
verification X-ray images per treatment was 55 (29 to
90). The mean homogeneity index was 1.25 (range 1.11
to 1.33) and the mean conformality index was 1.69
(range 1.08 to 2.03). The mean percentage of lung re-
ceiving 15 Gy or greater was 7% (range 3% to 11%).

16.6
Tumor Response and Follow-Up

All evaluable lesions responded to CyberKnife
treatment based on a reduction in their volume on

CT imaging at 3-month follow-up. By 6 months,
6 lesions had resolved completely (25% complete
response); see Figure 16.1. Nine lesions (38%),
however, were completely obscured by radiation
fibrosis at this time and were not evaluable; see
Figure 16.2. Two single lung metastases failed lo-
cally. There have been no regional lymph node
failures. Three patients with metastatic lesions
have developed systemic metastatic progression.
Four patients have died (17%), one of progressive
metastatic disease and three of comorbid illnesses
without recurrence.

16.7
Complications

Pneumothorax was seen in 30% of patients, and
17% of all patients required a chest tube for a clini-
cally significant pneumothorax either during or
immediately following the fiducial placement pro-
cedure. Acute toxicity consisting of mild fatigue
was reported in the majority of patients. Grade III
radiation pneumonitis was seen in 2 (8%) patients.
Transient chest wall discomfort developed in 6 of 11
patients with tumors within 5 mm of the pleura.

Fig. 16.1a,b. Initial treatment planning CT (a) and CT at 12 months post-treatment (b).
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Fig.16.2a,b. LUL lesion planning CT (a) and CT at
4 months post-treatment shows fibrosis in the treat-
ment volume that impedes an evaluation of tumor
response (b).

Discussion

Based on the early optimistic extracranial stereo-
tactic radiosurgery findings published in late 2003
[29], we began in mid-2004 treating patients with
inoperable peripheral stage I NSCLC or single small
peripheral lung metastases with stereotactic radio-
surgery using doses ranging from 45 to 60 Gy deliv-
ered in 3 fractions. Continuous tracking (using Syn-
chrony) of tumor motion during treatment allowed
us to deliver conformal dose distributions with tight
margins (5 mm) around the tumors. Hundreds of
beams were used to produce a relatively high cen-
tral tumor dose and steep, uniform dose gradients
that conformed closely to the shape of the tumors.
We limited the maximum point doses allowed to
critical normal structures and used this to define
lesions as peripheral. We also limited the volume
of lung receiving 15 Gy or greater to 15% or greater
in order to minimize the risk of radiation pneu-
monitis. Twenty-four patients have been treated in
24 months. At a median follow-up of 12 months the
local control rate is 92% and there have been no
procedural mortalities. Thus, we conclude that ra-
diosurgery with the CyberKnife for patients with
small peripheral lung lesions is feasible, safe and,
in the short term, effective.

Despite promising short-term results, critical
issues concerning optimal treatment have yet to
be fully addressed. High-dose radiation delivered
precisely to small pulmonary nodules will cause
lung damage that complicates interpretation of the
tumor response in addition to causing manageable
acute and chronic lung toxicity. At 3 months all
evaluable tumors responded to treatment, as seen
by a decrease in their volume. Six lesions responded
completely to treatment at six months. However,
with time, many of these lesions were obscured by
radiation fibrosis clearly conforming to the high-
dose radiation volume, making the assessment of
tumor response impossible. PET activity within this
region does not reliably indicate tumor recurrence
because remodeling within dense fibrosis is itself
PET avid. Thus, it is unclear how to classify these le-
sions, i.e., as responsive to treatment, stable, or even
failures. Although biopsy could clarify this issue,
patients in general have been unwilling to subject
themselves to the risks of biopsy given their doc-
tors perception that these changes merely represent
a normal response to high-dose radiation and that
such recurrences, even if diagnosed early, would not
be curable.

Radiation fibrosis did not obscure the frank ra-
diographic progression of two single lung metasta-
ses, occurring at 10 and 12 months. Local failure of
optimally delivered radiosurgery can result from
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two causes: poor target definition and radiation
resistance. Biopsy of the first lesion, a 3-cm bron-
choalveolar lung cancer metastasis treated to 45 Gy
(BED Gy, = 110) in 3 fractions, revealed clear cen-
tral radiation-induced fibrosis with active tumor
cells repopulating the periphery. Local failure in
this case likely resulted from poor target definition
given the extensive subclinical lepidic spread typical
of bronchoalveolar carcinoma [43]. The second local
failure, a single cavitating squamous cell carcinoma
lung metastasis treated to 60 Gy (BED Gy,, = 180)
in three fractions, was not biopsied at the patient’s
request. We suspect that local progression of this
tumor was secondary to hypoxia-induced radiation
resistance [44].

High-dose thoracic radiotherapy, no matter how
accurate, results in lung damage. The damage in
this study may have been limited by the small lung
volumes irradiated, and any changes may have been
difficult to measure given the inherent complexity
and normal variation of lung function. Neverthe-
less, as the percentage of total lung volume irradi-
ated to a given dose increases, the risk of radiation
pneumonitis and subsequent pulmonary fibrosis
increases [45]. In the absence of an accepted param-
eter to gauge the risk of radiation pneumonitis for
hypofractionated radiation treatment of small lung
volumes, we simply chose to limit the percentage of
lung receiving greater than 15 Gy. Although we were
able to keep within these dose-volume constraints
(3% to 11%), patients with severe pulmonary and
cardiac dysfunction still experienced exacerbation
of their chronic disease during early follow-up as
seen in other trials [29, 46]. Classic Grade III radia-
tion pneumonitis, however, occurred in only two pa-
tients with either prior extensive conventional tho-
racic radiation or concurrent Gefitinib treatment, a
known cause of acute interstitial lung disease [47].
Deaths were due to metastatic disease or comorbid
illnesses; no patients died secondary to pneumoni-
tis, fibrosis, or local recurrence.

Finally, transient mild-to-moderate chest wall
pain was seen in several patients with lesions within
5 mm of the pleura. It is hoped that by treating tu-
mors throughout the respiratory cycle with tight
margins that this injury, which in many cases may
be unavoidable, will be mild. The use of hundreds
of lightly weighted beams rather than a few heavily
weighted ones has prevented the infrequent but po-

tentially severe skin injury seen in prior stereotactic
radiosurgery series [29].

The main contributor to CyberKnife treatment-
related morbidity is the requirement of fiducial
implantation prior to treatment. We used a percu-
taneous transthoracic placement method under CT
guidance to optimize the positioning and spacing
of the fiducials. This may result in pneumothorax,
sometimes requiring a chest tube and a brief hospi-
tal stay. Our institution has developed a technique
for placing fiducials in the lung parenchyma via
bronchoscopy [48]. The side-effects profile is clearly
superior to percutaneous transthoracic placement,
and is our preferred approach for placing fiducials
near central thoracic tumors. However, these bron-
choscopic methods are currently ineffective in ac-
curately placing fiducials for peripheral tumor Cy-
berKnife radiosurgery. Small peripheral tumors will
require advanced technology to place fiducials pre-
cisely via bronchoscopy. An electromagnetic navi-
gation system for bronchoscopy is available which
can localize peripheral lung tumors and reliably
reach them with extended work channels for tumor
biopsy and fiducial deployment [49, 50]. This system
may enhance the safety of peripheral lung tumor fi-
ducial placement. Finally, fiducial implantation and
recovery necessitates a treatment delay of several
weeks regardless of the method of placement. On-
going research on fiducial-less lung tumor tracking
may result in technology that obviates the need for
fiducial placement [51].

16.9
Conclusion

Clinical Stage I NSCLC is curable [52]. The best re-
sults are seen when small peripheral tumors are rad-
ically resected [5, 52, 53]. Small peripheral tumors
are also more likely to be cured with high-dose, pri-
mary radiation approaches, because there are fewer
tumor cells to eradicate [17] and less subclinical lym-
phatic spread [5, 53]. Treating small moving targets
reliably with tight margins (5 mm or less) requires
an optimal radiation delivery system with robust
image verification. The CyberKnife is such a system.
The delivery of hundreds of beams coupled with the
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Synchrony tumor tracking system results in ideal
dose distributions within and reliable tight margins
around the tumor. Early local control rates (>90%)
and tolerability are encouraging. This stereotactic
radiosurgery approach for small peripheral lung
tumors will be optimized further in preparation
for the anticipated increase in the number of such
tumors diagnosed with the implementation of CT-
based lung cancer screening programs.
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Abstract

Stereotactic body radiosurgery (SBRS) of lung
tumors with the CyberKnife® (Accuray Incorpo-
rated, Sunnyvale, CA) achieves excellent rates of
local disease control with limited toxicity to sur-
rounding tissues. We retrospectively reviewed treat-
ments and outcomes for 90 patients with 109 lung
lesions treated at the CyberKnife Center of Miami
between March 2004 and September 2006. This
monotherapy review included 49 patients with 53

primarylungcancers, 27 patients with 42 pulmonary
metastases, 6 patients with external beam failure
and 8 patients treated by SBRS as a boost following
or before conventionally fractionated radiotherapy
(3DCRT or IMRT). In the primary tumor category,
43 patients remain alive. Thirty-two have been fol-
lowed 1 to 25 months (median = 11.5 months). Forty-
nine percent (21/43) of them have had a complete
radiographic response and have been followed for
a median of 18.5 months. Another 8 have evidence
of at least a partial radiographic response. There
have been 5 failures (5/43) within the PTV, for a lo-
cal recurrence rate of 11%. Of the total 109 treated
lesions, 97/109 (89%) showed radiographic evidence
of at least a partial response to treatment. Six of
the failures were in lesions <20 cc; 4 were in le-
sions 21-100 cc and 2 were in lesions > 100 cc. All of
the patients tolerated SBRS well with fatigue as the
main toxicity. Two patients required hospitalization
for Grade III radiation pneumonitis. We conclude
that the delivery of precisely targeted, high dose,
hypofractionated irradiation to lung tumors with
the CyberKnife is well tolerated and has outcomes
that are comparable with published results for other
methods of SBRS.

Introduction

Lung cancer kills more Americans annually than
any other malignancy. Non-small cell lung cancers
account for 75% of 170,000 cases diagnosed an-
nually. Approximately 80% of patients with non-
small cell lung cancer present with locally advanced
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stages, rendering them practically incurable with
standard treatment options. For the 15% to 20% with
early stage disease, surgery has been, and remains,
the treatment of choice, with 5-year survival rates
of 60% to 80% [1]. Unfortunately, many potentially
curable patients cannot tolerate or refuse surgical
treatment. In general, older patients and those with
a history of lung resection, serious cardiovascular
disease, or severely compromised pulmonary func-
tion are at increased risk for surgical morbidity. As
a result, approximately 50% of these will die within
one year [2]. Currently accepted standards of care
call for these patients to be treated with irradiation
or chemotherapy, either alone or in combination.
Thereislittle consensus on appropriate drugs, doses,
or treatment schedules for either modality. Five-year
survival rates range from 10% to 30% for such pa-
tients treated with external beam irradiation [3, 4].
Dose escalation studies suggest a dose-response re-
lationship for both survival and local control [5],
thereby implying a potential for improvement if
prescription doses can be increased safely.

In 1995, Blomgren et al. [6] first reported on the
successful application of the principles of intracra-
nial stereotactic radiosurgery (SRS) to extracranial
sites, including the lung. SRS, as first established by
Professor Leksell with the Gamma Knife, was char-
acterized by both geometric accuracy and a steep
dose fall-off. Unfortunately, the Gamma Knife was
incapable of treating lesions below the second cervi-
cal vertebral body. Blomgren et al. described the use
of a stereotactic body frame with a fixation device for
stereotactic radiation of extracranial lesions. Like the
Gamma Knife, using an external frame enabled pre-
cise localization and positioning. Because the lesions
could not be directly observed during treatment, rel-
atively large margins were necessary to compensate
for tumor motion and set-up uncertainties. Using a
similar approach, Timmerman et al. [7] published
their preliminary results on the use of a modified
linear accelerator for medically inoperable-Stage I
non-small cell lung cancers. They found that in the
37 patients enrolled in the study, 87% responded,
with a complete response noted in 27%. Wulf et al.
[8] similarly found that 92% of their patients with
primary lung cancers had local control at a median
follow-up of 11 months (range, 2-61 months). The
overall survival rate after 1 year was 52%, with 60%
having no evidence of systemic disease progression.

Based upon the reported success of others us-
ing linac-based, stereotactic, high-dose, hypo-
fractionated radiotherapy [7-11], we became inter-
ested in treating patients with lung cancer with the
CyberKnife. By utilizing real-time tracking, the Cy-
berKnife with Synchrony® (Accuray Incorporated,
Sunnyvale, CA). Respiratory Tracking allows a re-
duction in the tumor margin required to prevent
a geographic miss. Between March 2004 and Sep-
tember 2006, we have treated 90 patients with lung
tumors. All of the diagnoses were histologically
confirmed. These patients included patients with
early-stage NSCLC, recurrent lung cancer, metasta-
sis, and patients treated with SBRS following or pre-
ceding conventional radiotherapy.

Treatment Methodology

17.3.1
Patient Selection and Pretreatment Evaluation

Prior to acceptance for treatment, both a thoracic
surgeon and a radiation oncologist evaluated each
patient. Pretreatment evaluation included a com-
puted tomography (CT) scan of the chest, abdomen,
and pelvis, a co-registered PET/CT scan, pulmonary
function tests (PFTs), complete blood count (CBC)
and chemistry, and tumor markers, such as carcino-
embryonic antigen (CEA), if applicable.

All patients with primary tumors were determined
to have technically resectable, but medically inoper-
able tumors or refused surgery. Patients were deemed
ineligible for surgery if they lacked adequate respira-
toryreserve, had cardiac dysfunction or chronic heart
disease, pulmonary hypertension, diabetes mellitus
with severe end organ damage, vascular disease, gen-
eral frailty, or severe cerebral disease. Informed con-
sent was obtained before proceeding with treatment.
We did not exclude patients receiving other forms of
antineoplastic therapy such as chemotherapy, biolog-
ical therapy, and vaccine therapy.

SBRS of lesions in the hilar regions has been re-
portedly linked with bronchial stenosis leading to
atelectasis of large portions of the lung distal to the
lesion. We therefore chose to follow the RTOG [12]
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recommendations to exclude central tumors within
2 cm of the proximal bronchial tree. Patients with
evidence of mediastinal disease (mediastinal lymph
nodes >1cm, abnormal hilar or mediastinal FDG
uptake observed on PET scan), pleural or pericardial
effusions (malignant or benign), pneumothorax, or
inability to lay down on the CT couch and CyberKnife
table in a reproducible manner were also excluded.
Tumors had to be well defined radiographically and
number less than four lesions per lung.

17.3.2
Treatment Preparation and Planning

Descriptions of CyberKnife treatment planning for
pulmonary malignancies have been published [13,
14]. Briefly, our patients undergo CT-guided trans-

thoracic placement of gold fiducial markers into the
tumor using pre-loaded needles. Following an in-
terval of 5-7 days to allow for stabilization of the
fiducials, the treatment planning CT was obtained.
Continuous axial slices (1.5 mm thick) with contrast
(125 cc Omnipaque 350) were obtained while patients
held their breath in expiration. Treatment plans
were subsequently developed and evaluated by the
team. The planning target volume (PTV) routinely
included a 3-5 mm margin beyond the gross tumor
volume (GTV) to include microscopic extension and
to accommodate targeting uncertainty. The dose was
prescribed to the PTV, usually at the 60-85% isodose
line. The inverse planning module was used to maxi-
mize dose conformality. To ensure an acceptably high
dose gradient, 50 to 150 or more non-coplanar, non-
isocentric beams were often required. A typical treat-
ment plan for a 13 cc lesion is shown in Figure 17.1.

Fig. 17.1 A typical treatment plan for a 13 cc NSCLC lesion, delivering 60 Gy in 3 fractions to the 65%
isodose line using 60 beams and results in a V(15)=4.6%.
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Treatment followed shortly afterwards and was com-
pleted in three to eight days. Follow-up included CT
scan one month post-treatment, and PET/CT scans
every three months thereafter.

174
Results

Between March 2004 and September 2006, 90 pa-
tients with 109 lung lesions were treated. There were
53 previously unirradiated primary tumors, 42 un-
irradiated metastases, 6 tumors that failed prior
to external beam, and 8 lesions treated in planned
combination with external beam radiotherapy. Two
patients received treatment for synchronous pri-
mary lesions.

We consider local recurrence at follow-up to be
an enlarging lesion on CT or increasing FDG avid-
ity on PET not explainable by the appearance of ra-
diation pneumonitis or fibrosis. Whenever possible,
biopsy was attempted to establish histological proof
of recurrence/persistence. A complete response was
defined as a disappearance of the lesion in CT scans
and a partial response was defined as the presence
of a residual (stable or smaller) abnormality on
a scan. In our series of 49 Stage I patients with 53
primary NSCLC, 5 patients died from intercurrent

disease, and 49% (21/43) of these patients have had a
complete response. There have been 5 failures (5/43)
within the PTV, for a local recurrence rate of 11%.

17.4.1
Primary Tumors

We treated 53 primary lesions in 49 patients (5
patients received treatment for synchronous pri-
mary lesions, Table 17.1). Twenty-four patients had
Stage IA and 25 had Stage IB tumors. Average treat-
ment volumes were 8 cc for the Stage IA and 34 cc
for the Stage IB lesions. We employed a wide range
of dosing schemes in this patient population. Total
dose was dependent upon tumor size, its proximity
to vital structures, co-morbid conditions and phy-
sician preference. Twenty lesions received 60 Gy/3
fractions. Another 10 received 55.5 Gy/3 fractions.
The other 23 received less. The prescribed dose was
typically to the 70% isodose line and delivered a
heterogeneous distribution with higher doses at the
center of the tumor.

In the Stage IA patients, 3 patients died from co-
morbidities. Al124 patients showed aresponse except
for a woman with a 5 cc tumor that was treated with
55.5 Gy/3 fractions. This patient had an increase in
the size of her lesion from 1.5 cm to 3 cm with in-
creasing FDG uptake at 3 months. Fine-needle as-
piration (FNA) established that she suffered from

Table 17.1 Characteristics of patients, tumors, and treatment parameters for patients with primary, metastatic, and recur-
rent tumors, and those treated with CyberKnife as a boost to external beam radiotherapy. All data are presented as means
(and ranges).

Primary Metastases Recurrences Boost
Gender
Male 17 15 2 4
Female 32 12 4 4

PTV Volume

84 yrs (51-93)
21 ml (2-71)
114 Gy (42-180)
51 Gy (16-60)
2.94 (1-3)

70% (60-85)

66 yrs (33-91)
40 ml (1-152)
76 Gy (20-180)
30 Gy (5-60)
2.5 (1-3)

71% (58-84)

61 yrs (41-84)

125 ml (5-338)
46 Gy (23-79)

24 Gy (15-36)

3.2 (1-5)

69% (60-80)

76 yrs (55-92)
42 ml (6.1-182)
44 Gy (23-79)
20 Gy (10-36)
2.5 (1-3)

66% (60-85)
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persistent disease and went on to undergo successful
lobectomy in spite of her poor pulmonary function.
Two patients experienced recurrences in the PTV at
9 and 12 months, and died of progressive disease at
20 and 22 months. Both received 60 Gy/3 fractions
to PTVs measuring 11 and 13 cc. Three patients
went on to develop hilar/mediastinal metastases.
Two patients were lost to follow-up. Eleven patients
have complete radiographic responses, while 4 more
show partial responses.

Twenty-five Stage IB patients were treated.
Three have expired from intercurrent disease. Two
Stage IB patients have recurred in the PTV. The first
received 60 Gy/3 fractions to a 39 cc tumor. The sec-
ond recurred 6 months post-treatment. This second
patient had a 35 cc PTV, treated to 60 Gy. Four devel-
oped metastases. Two patients have been lost to fol-
low-up. Ten others enjoy a complete response, while
4 show a partial response.

17.4.2
Stage | Complete Responses

Twenty-one Stage I patients have had a complete
response thus far (Table 17.2). With a median fol-
low-up of 18.5 months, our complete response rate
is 49% (21/43). Another 8 patients exhibited a partial
radiographic response. Only 11% (5/43) failed within
the PTV.

Table 17.2 Number of patients experiencing a complete
response after CyberKnife treatment and their TMN stage,
dose, and follow-up duration.

# Patients 21 (out of 49)

Stage

11 patients

10 patients
Total Dose (mean)

<50 Gy

50-59 Gy

> 60 Gy

5 patients
6 patients
10 patients

Follow-up (months)

0-12 6 patients

13-24 14 patients

>24 1 patients

17.4.3
Lung Metastases

Twenty-seven patients with 42 lung metastases
(11 patients with multiple metastases) have been
treated with the CyberKnife (Table 17.1). Of these
patients, 3 exhibited radiographic evidence of
persistent or recurrent disease. One occurred in
a breast cancer patient with 3 lung lesions. This
patient received 10 Gy in a single fraction, 25 Gy
in a single fraction, and 22 Gy in a single fraction,
respectively, to each lesion. Recurrent disease was
detected 9 months later in one of the lesions and all
were retreated successfully with 51 Gy/3, 51 Gy/3,
and 48 Gy/3 fractions with radiographic complete
responses. The second occurred in a lesion treated
with 15 Gy/1 fraction. This patient was also success-
fully salvaged 6 months later with 15 Gy/3 fractions.
The third was a lesion treated to 48 Gy/3 fractions,
which was retreated 3 months later with another
48 Gy/3 fractions. Thirty-seven of 42 tumors (88%)
were stable-to-improved on follow-up scans.

17.4.4
External Beam Salvage

In our series, 6 patients were retreated with the Cy-
berKnife for PET-proven recurrence after external
beam radiotherapy (Table 17.1). One patient sub-
sequently failed due to disease persistence after
undergoing 25 Gy/5 fractions (BED = 48) to a PTV
measuring 338 cc. Two patients have been lost to fol-
low-up, 2 had complete responses and 1 has stable
disease 2 years post-salvage.

17.4.5
External Beam Boost

In this subset we treated 8 patients with CyberKnife
as a boost combined with irradiation to definitive
doses (Table 17.1). Two patients died from co-mor-
bid disease. Two patients have been lost to follow-
up. One patient (external beam + 10 Gy/3 fractions,
CK) experienced an in-field recurrence, salvaged
with another course of CyberKnife (12 Gy/1 frac-
tion). Three patients remain without radiographic
evidence of disease.
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17.4.6
CyberKnife Recurrences / Persistent Disease

As summarized in Table 17.3, 12 of 109 treated le-
sions failed in the PTV (11%). Six of the failures
occurred in lesions receiving at least 48 Gy. Six of
the failures were in lesions <20 cc; 4 were in lesions
21-100 cc and 2 were in lesions > 100 cc.

Table 17.3 Summary of patients with lesions that failed
treatment in the PTV.

Patient Category PTV (cc) Dose (Gy)/fractions
1 IA 5 55.5/3
2 1A 11 60/3

3 IA 13 60/3
4 1B 39 60/3

5 IB 35 60/3

6 Metastasis 31 10/1

6 Metastasis 2 25/1

6 Metastasis 24 22/1

7 Metastasis 12 15/1

8 Metastasis 4 48/3

9 Salvage 338 25/5
10 Boost 182 10/3
17.4.7

Complications

The most commonly encountered acute toxicity was
mild, self-limiting fatigue. Typically it occurs soon
after treatment and lasts on average 2 to 4 weeks.
Four patients developed symptomatic radiation
pneumonitis. Three of these patients were in the
Stage 1A group. Two of them responded to outpa-
tient care while a third required hospitalization.
The breast cancer patient with 3 lung metastases
that failed CyberKnife developed Grade III radiation
pneumonitis that required oxygen, steroids, and
hospitalization. Following retreatment 9 months
later, she again developed Grade II radiation pneu-
monitis (RP) that resolved without hospitalization.
Grade I-II esophagitis developed in 3 patients.

17.5
Discussion

17.5.1
Primary Lung Cancer

Patients with early stage disease for whom surgery is
deemed inappropriate may be considered for SBRS
with curative intent. Typically this population in-
cludes the elderly and those with compromised
cardiovascular status, pulmonary disease, or other
co-morbidities. Results using SBRS with linac-based
systems have been encouraging. The use of hypo-
fractionated, large dose irradiation with a biologi-
cally equivalent dose (BED) of =100 Gy produces
improved local control, recurrence-free and overall
survival compared to conventional irradiation. In
the Phase I study of Timmerman et al. [7], a dose
escalation trial for T1 and T2 lesions, a local failure
rate of 10/47 (21%) was obtained, and in all but one
case the fractionated dose was = 16 Gy (46 Gy, total).
A follow-up Phase Il study evaluated 70 patients with
T1 and T2 lesions. Sixty to 66 Gy/3 fractions were de-
livered. With a median follow-up of 18 months, the
local control was 95%. The median overall survival
was 32 months with an overall survival of 55% at
2 years. Median time to toxicity was 10 months and
occurred in 17% of peripheral lesions [15].

The initial report of the CyberKnife for the treat-
ment of lung cancer detailed the results of a Phase I
trial [14]. Fifteen patients with primary lung cancer
and 8 with metastases were included. A dose of 15 Gy
was delivered in a single fraction. Nine patients were
treated with breath-hold, the others with Synchrony.
At a mean of 7 months follow-up, 2 patients had a
complete radiographic response, 15 showed a partial
response, 4 were stable, and 2 showed disease pro-
gression. A second study of CyberKnife treatment
of lung cancer followed [16]. In this dose escalation
trial, 9 patients received 15 Gy and 10 received 25 Gy.
Once again, treatment was delivered in a single frac-
tion. At a mean follow-up period of 8 months, 4 pa-
tients failed locally, all in the lower dose group.

Forty-eight patients with primary lung tumors
were treated with the CyberKnife in Miami between
March 2004 and September 2006. As of October 2006,
32 patients remain alive and have been followed 1
to 25 months (median = 11.5 months). Sixteen com-
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plete responses have been followed for a median
of 18.5 months. Five of these patients were treated
in 2004, 10 in 2005, and one this year. Employing
a range of dosing schemes patterned as much as
possible on RTOG 0236, we achieved an overall lo-
cal control rate (complete plus partial responses) of
67% (29/43). When Grade I pneumonitis or radiation
fibrosis is present radiographically, it becomes dif-
ficult to differentiate treatment sequelae from recur-
rent disease. In each case of radiation pneumonitis,
the first PET/CT at 3 months demonstrated a com-
plete response. At 6 to 9 Months, FDG avidity and
ground glass appearance of the PTV were noted. In
each case, the radiologist reported the likelihood of
alocal recurrence. Three of the 4 patients were biop-
sied. One was found to have inflammatory disease
and the other 2 had biopsy-proven recurrence.

17.5.2
Lung Metastases

For oligometastatic disease, the International Regis-
try of Lung Metastases reported that after complete
metastatectomy survival was 36% at 5 years and 26%
at 10 years. As with primary and recurrent lesions,
not all patients are candidates for surgery. Wulf et al.
reported on 41 patients with 51 pulmonary metasta-
ses not amenable to surgery that were treated with
stereotactic radiotherapy [8]. Patients received ei-
ther 3 x 10 Gy, 3 x 12-12.5 Gy or 1 X 26 Gy. The me-
dian follow-up was 9 months (range, 2-37 months).
The actuarial local control rate was 80% =1 year
after treatment and was significantly improved by
increasing the dose from 3 x 10 Gy to 3 x 12-12.5 Gy
or 1 x26 Gy (p = 0.038). The overall survival rate
after 1 and 2 years was 85% and 33%, respectively.
After 12 months, 35% of patients with pulmonary
metastases were without systemic progression. No
severe acute or late toxicity was observed. We found
that in our patients, the control rate for metastatic
lesions was 88%.

17.5.3
Recurrent NSCLC

Local recurrence of lung cancer following conven-
tional irradiation poses considerable challenges

when considering reirradiation. Okamoto et al. [17]
reported on retreatment with external beam irradia-
tion with the aim of prolonging survival or relieving
symptoms. A response was noted in 14 of 18 patients
treated definitively, while 12 of 16 patients expe-
rienced significant palliation. The overall survival
rate after reirradiation was 43% at one year and 27%
at two years. Toxicity was high, with 19 patients ex-
periencing symptomatic radiation pneumonitis and
symptomatic radiation esophagitis in 6 patients. Wu
et al. [18] also found that Grade I-II radiation pneu-
monitis developed in 22% of their patients undergo-
ing reirradiation. The local progression-free rate at
one and two years was 51% and 42%, respectively.
Kramer et al. [19] published their results utiliz-
ing hypofractionated irradiation for symptomatic,
recurrent NSCLC. Patients received 2 fractions of
8 Gy separated by a week. The performance score
improved in 45% of these patients.

We have treated 6 patients, in our limited experi-
ence, using the CyberKnife for external beam sal-
vage. Three were stable or improved radiographi-
cally while 2 were lost to follow-up. One of the 6 had
persistent disease after having undergone 25 Gy/5
fractions for a paratracheal recurrence. Due to our
concern for the development of tracheal stenosis, a
relatively large PTV (338 cc) received a relatively low
dose per fraction, resulting in a BED = 48 Gy.

17.5.4
Toxicity

The volume of irradiated lung correlates with the
risk of radiation-induced pneumonitis. If the vol-
ume of the total lung receiving more than 20 Gy
(V,,) exceeds approximately 38%, the risk of radia-
tion pneumonitis increases dramatically [20]. With
this dose level, it is thought that the diffusion ca-
pacity for carbon monoxide decreases. It has been
shown that the loss may occur with doses as low as
13 Gy [21] while others report pneumonitis not oc-
curring until doses reach 30 Gy [22]. The effects of
chemotherapy may amplify the risk of developing
radiation pneumonitis [23].

We found that our patients tolerated the Cy-
berKnife treatments well. The most common acute
side effect encountered was fatigue, typically occur-
ring at or closely following treatment, lasting several
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days. Only 4 of 89 (4.5%) patients developed clinical
pneumonitis that required treatment. Two of them
required hospitalization, and all responded to medi-
cal care. Symptomatic, but mild esophagitis devel-
oped in 3 patients (3.4%), once again all responding
to conservative measures.

17.5.5
Outlook

Radiosurgery for lung lesions is in its infancy, and it
is difficult to make firm recommendations regard-
ing optimal treatment parameters. For early stage
lung tumors, despite the demonstrated effectiveness
of a dose scheme of 60 Gy in 3 fractions, local fail-
ures are certainly not absent. Although the reasons
for these local failures are not fully known, we are
led to speculate on how we should alter treatment
parameters to increase the likelihood of cure based
on available data and our experience. It seems ap-
propriate to consider alteration along at least three
lines: shortened treatment times, enlarged GTV-to-
PTV margins, and increased biologically effective
doses.

Treatment times should be shortened to prevent
loss of radiobiological effectiveness. Fowler et al. have
reported loss of biological effectiveness in 1 hour to
be 10-15% [24]. Thus, a much shortened treatment
duration (compared with the 90 minutes or longer
treatment time we currently obtain) would be advan-
tageous. When the demand of high conformity neces-
sitates longer treatment times, a higher dose might be
needed to compensate for the loss of biological effect.
In addition, although the CyberKnife is capable of ir-
radiating with a minimal geometric miss (~1.5 mm),
an adequate margin should be carefully considered
due to the presence of microscopic disease. We are
altering the margins arranged around the GTV, from
3-5 mm to 5-8 mm in order to cover microscopic ex-
tension of tumor cells [25].

Doses may be escalated further for adequate lo-
cal control. Higher doses may be needed to kill hy-
poxic or radioresistant cells in the tumor and micro-
scopic cells outside the high-dose PTV region. We
are treating T1 tumors and smaller T2 tumors with
additional fractions to reduce the possibility of early
and late toxicity. An increase in fractionation may
also enhance tumor cell kill by allowing cell re-oxy-

genation. Two examples of such alternated fraction-
ation schemes might be 16 Gy by 4 fractions (105 Gy
NTD) or 13.5 Gy by 5 fractions (103 Gy NTD in 2 Gy
fractions, assuming an alpha/beta ratio of 20). Sys-
tematic research is necessary to clearly establish op-
timal treatment parameters.

Conclusions

While long-term survival rates and late effects can-
not be established at this time, early results from
this population suggest that the CyberKnife is a safe
and effective alternative for the treatment of certain
pulmonary malignancies. Volumes of irradiated
lung are well below recommended limits, and little
severe acute toxicity was encountered. As follow-
up of these patients continues, long-term outcomes
and toxicity data will be acquired. These data will
be reported, and when combined with results from
on-going multi-institutional studies, should provide
further insight into the role of the CyberKnife in
treating lung cancer.
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Introduction

Lung cancer is the most common cause of cancer
death [1]. While advanced disease portends a very
poor prognosis, the subset of patients who pres-
ent with localized disease are potentially curable.
Anatomic lobectomy is the current standard of care
for early stage lung cancer [2]. Sub-lobar resection
is generally reserved for patients with inadequate
pulmonary reserve. For patients with small tumors
(2 cm or less) new data suggests that sub-lobar re-
section may be adequate [3, 4]. It has also become
apparent that patients with very marginal pulmo-
nary reserve may safely tolerate lung resection or
even have improved pulmonary function afterwards
[5, 6].

For non-operative candidates historically stan-
dard radiation was offered but generally with little
hope for cure and poor survival rates of 20-40% at

5 years [7, 11]. Survival rates and cure are more likely
in smaller (T1) tumors as opposed to larger tumors
and more advanced stages of disease [9, 12, 13]. Ad-
vanced radiation techniques with three-dimensional
planning, multiple beam paths, and respiratory mo-
tion compensation have resulted in the ability to
administer high dose hypofractionated radiation
or stereotactic radiosurgery to lung tumors. While
such focused high dose radiation alone will never
be more effective than sub-lobar resection, there
is evidence that in appropriately selected patients
such therapy may be curative [14, 19]. Early results
are encouraging but results are not mature and re-
cently late toxicity has been reported [20, 21]. In this
chapter we review some of the findings that guide
decisions about the proper therapy for patients with
non-small cell lung cancer (NSCLC), and early out-
comes and complications observed after stereotactic
radiosurgery and radiotherapy for lung cancer.

Rationale and Patient Selection

Therapy for localized lung cancer may involve sur-
gery, non-surgical therapy, or in some cases no
therapy at all. Determination of the appropriate
therapy for a given patient considers tumor char-
acteristics such as size and location combined with
patient characteristics such as cardiopulmonary re-
serve, medical co-morbidities, and functional sta-
tus. Surgical excision may consist of a lobectomy, an
anatomic segmentectomy, or a non-anatomic wedge
resection. Post-operative adjuvant radiation may be
administered in some cases.
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Alobectomy is alarger resection with a presumed
improved local control rate and improved survival
[2]. It is often, but not always [5], associated with a
loss of lung function and decreased quality of life
[22]. The sub-lobar resection removes less lung and
results in a local control rate that is usually pre-
sumed to be worse but with better preservation of
lung function [2, 23, 24].

The Lung Cancer Study Group performed a pro-
spective multi-institutional randomized trial com-
paring limited resection with lobectomy for patients
with peripheral T1 NO non-small cell lung cancer [2].
One hundred and 22 patients underwent limited re-
section and 125 underwent lobectomy. Of the limited
resections, 40 were wedge resections and 82 were seg-
mental resections. Thelocal recurrence rate of 17% in
the limited resection group was significantly higher
than the 6% recurrence rate seen with lobectomy.

Landreneau and colleagues performed a retro-
spective analysis of patients who had undergone
either lobectomy or sub-lobar resection. Local re-
currence in 139 patients who underwent sub-lobar
resection was 16% which was significantly higher
than the 5% local recurrence seen in patients under-
going lobectomy [25].

El-Sherif found in a retrospective review of sub-
lobar resection patients that pathologic resection
margins less then 1 cm were associated with an in-
creased rate of local recurrence [26].

Adjuvant radiation of resection margins after
sub-lobar resection has been explored in an attempt
to improve local control. Application of conven-
tional radiation techniques to resection margins is
limited by respiratory motion and sensitivity of the
normal lung to radiation damage in patients with
limited pulmonary reserve. Birdas and colleagues
developed a technique of lung brachytherapy where
radioactive 1%°I seeds are imbedded in vicryl sutures
and sewn to a polyglyconate mesh [27]. The mesh is
secured to the suture line and delivers 100 to 125 Gy
of radiation to a depth of 0.5cm. This has been
shown to decrease local recurrence rates substan-
tially, down to levels seen with lobectomy. Fernando
et al. found a similar beneficial effect in brachyther-
apy mesh in reducing local recurrences for patients
with sub-lobar resection [28].

Not all studies, however, have shown an increased
local recurrence rate with sub-lobar resection alone.
Okada et al. reported 70 patients with tumors less

than 2 cm in diameter who all underwent surgical
resection with intra-operative margin analysis and
noted no local recurrences [29]. Similar findings
were seen in another Japanese study where 53 pa-
tients with tumors 2 cm or less underwent segmen-
tal resection with the development of only one local
recurrence [30]. Intuitively, one would expect to see
better survival rates with a more extensive resection.
In the prospective Lung Cancer Study Group trial an
incremental improvement in survival was found for
patients who underwent lobectomy as compared to
sub-lobar resection [2]. This has not been seen in all
studies, however. Yoshikawa et al. reported an ex-
cellent 5-year survival of 92% in patients with tu-
mors 2 cm or less who underwent segmentectomy
[4]. Okada et al. performed a retrospective analysis
of over 1200 patients who had undergone resection
for Stage I NSCLC to determine factors influencing
survival [3]. For tumors 2 cm or less in diameter,
no significant difference in survival was seen with
lobectomy or sub-lobar resection. For tumors 3 cm
or greater in diameter, survival after lobectomy was
significantly better than after segmental resection
(81% 5-year survival rate for lobectomy versus 63%
for segmentectomy). No patients survived for 5 years
after wedge resection. Inoue demonstrated that in-
creased tumor size correlates with the rate of lymph
node metastases [31].

One of the main reasons to perform sub-lobar lung
resections is to preserve lung function. The Lung
Cancer Study Group demonstrated preserved lung
function at 6 and 12 months follow-up with preser-
vation of FEV1 after sub-lobar resection [2]. Harada
also demonstrated better preservation of lung func-
tion after a sub-lobar resection [24]. In some patients,
however, lung resection can result in a post-operative
improvement of lung function. The National Emphy-
sema Treatment Trial Study group demonstrated that,
in appropriately selected patients with severe emphy-
sema, lung resection can result in an improvement in
subjective and objective measures of lung function.
This was achieved with an overall operative mortality
of only 2.9% [32]. In the subset of patients with up-
per-lobe predominant emphysema and low exercise
capacity, lung resection was associated with a signifi-
cant decrease in mortality rate compared to patients
who were medically treated [33].

Choong et al. reported on 21 patients with severe
emphysema and compromised lung function who
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underwent combined lung cancer resection and lung
volume reduction surgery [6]. There was no periop-
erative mortality and all patients demonstrated an
improvement in lung function postoperatively. Sur-
vival was 100% at one year and 67% at 5 years. Korst
et al. reported an improvement in postoperative
FEV1 by 4% in a subset of patients who underwent
lobectomy for cancer and had a pre-operative FEV1
less than 60% of predicted [5].

In spite of all this research, it remains true that
not all patients are candidates for general anesthesia
and lung resection. For example, a subset of patients
in the National Emphysema Treatment Trial who
had extremely poor lung function, as defined by an
FEV1 less than 20% and a DLCO less than 20%, had
a perioperative mortality of 29% [33]. Comorbidity
and functional status also determine the outcome of
patient’s therapy for Stage I NSCLC. The Charlson
Scoreis a weighted index of comorbidity for 19 medi-
cal conditions, and was developed on the basis of the
relative risk of death that reflects both the number
and severity of comorbidities. The Cumulative Ill-
ness Rating Scale likewise measures patients’ extent
and severity of medical illness. The Karnofsky Per-
formance Status scale measures patients’ mobility
and functional status. Comorbidity and Karnofsky
scores have been shown to beindependent predictors
of outcome for early stage lung cancer; independent
of other factors such as stage or treatment modality
[34]. Although overall survival was greater with sur-
gery than for radiation therapy, patients with severe
co-morbidity and poor functional status may expe-
rience equivalent outcomes.

Although age was not a predictor in the Firat et al.
study [34], the age at which surgical resection of lung
tumors should still be considered is a controversial
issue. Port et al. reported on outcomes of surgical
resection in octogenarians. They observed accept-
ably low operative mortality and morbidity, relatively
short hospital stays, and an 82% 5-year survival rate
in those patients with Stage I NSCLC [35]. Mery et al.
reported no difference in survival between lobecto-
mies and limited resection in terms of survival time
for elderly patients after a review of 14,555 patients
with Stage I or II NSCLC in the Surveillance, Epide-
miology, and End Results (SEERS) database [36]. Cu-
rative surgery was performed in only 70% of patients
older than 75 years of age as compared to 86-92%
of younger patients. The median survival rate of

28 months, seen in patients greater than 75 years of
age, was significantly less than that seen in younger
patients (47 to 71 months). For younger patients lo-
bectomies conferred better survival times than lim-
ited resection after two years. There was no differ-
ence in survival between lobectomies and limited
resection in terms of survival, however, for the elderly
patients. The statistical difference in long-term sur-
vival between those patients undergoing lobectomy
and those undergoing limited resections disappeared
at an age of 71 years. It seems, therefore, although
excellent results can be seen in elderly patients with
above average functional status, caution should be
undertaken when considering surgical resection over
non-surgical therapy in very elderly patients.

The development of minimally invasive surgical
techniques has facilitated the safe conduct of opera-
tions in patients who are elderly or have limited lung
function and co-morbidities. Onaitis et al. recently
reported the Duke University experience with mini-
mallyinvasive lobectomy in 500 consecutive patients
[37]. Conversion to open thoracotomy was required
in only 1.6% of cases. Operative mortality was only
1% and perioperative morbidity was also very low.
The median length of hospitalization was only three
days. It is generally acknowledged that the survival
rate with thoracoscopic resections is at least equiva-
lent to that seen with open surgery [23].

Some would argue that life expectancy in patients
with severe impairment of cardiopulmonary func-
tion or other severe co-morbidities is such that the
cancer will not likely impact on their survival and
that no cancer therapy is appropriate. In the NETT
trial, for a group of patients with severe COPD,
the majority of patients were still alive 5 years af-
ter entering the trial [32]. McGarry et al. evaluated
the outcome of observation only management for
Stage I lung cancer in a debilitated group of patients
who were offered no therapy [38]. In the majority of
these patients cancer was the cause of death.

18.3
Radiation Therapy

In spite of advances in surgical techniques, peri-
operative surgical care, and appreciation of the lung
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volume reduction effect, there is still a subset of
patients who have poor functional status, medical
comorbidities, compromised pulmonary reserve,
and advanced age for whom any surgical interven-
tion is contravened and yet who are still likely to
die prematurely of their lung cancer if untreated.
Heretofore, conventional radiation had generally
been the standard therapy. Conventional radiation
offers a relatively poor chance of cure for primary
lung tumors and is generally considered a palliative
rather than curative treatment [9-11]. It also leads to
significant damage to surrounding non-neoplastic
lung tissue. Radical radiotherapy with conventional
techniques shows long-term survival rates of 6% to
30% [7, 8, 39-41]. Smaller tumors, however, seem to
have a more favorable prognosis with primary ra-
diotherapy. T staging appears to be an independent
predictor of survival after radiotherapy. In subset
analysis, patients with small tumors (T1) were found
to have 5-year survival rates of 30-50% [9, 13].

Higher radiation doses enhance local tumor con-
trol. In one study, patients receiving greater than
70 Gy had better local control and cancer specific
survival than those treated with lower doses [39].
Several studies have reported a benefit to dose esca-
lation with a dose response relationship to both local
control and survival. When dose escalation has been
attempted using conventional treatment techniques
and values, however, there is dose limiting toxicity.
Dose escalation is limited primarily by the risk of
radiation pneumonitis [42, 43]. Dose volume histo-
gram data shows that the risk of toxicity increases
as the area of adjacent normal lung irradiated in-
creases [44, 45]. Radiation fibrosis seems to depend
on the volume of the lung radiated above a threshold
of 20 to 30 Gy.

Poor local control with conventional radiation
likely results from inaccurate tumor targeting, fail-
ure to satisfactorily conform the dose distribution to
thetargetvolume, and an associated failure to deliver
an adequate dose of radiation. Three-dimensional
conformal treatment planning provides more accu-
rate dose targeting by incorporating three-dimen-
sional anatomic information from diagnostic scans
into the planning process. It allows higher doses to
be delivered to the target by improved shaping of the
radiation portals so as to avoid normal structures.
Three-dimensional conformal radiotherapy has al-
lowed safe dose escalation to total doses as high as 90

or 100 Gy. Local failure is still a significant problem
at 30-40% local control and 3-year survival rates of
only 30% [46].

Improvements in local control can be achieved
if the biologically effective dose (BED) to the tumor
can be escalated further without damaging nearby
tissue. To do this in the lung requires some form
of compensation for respiratory tumor motion.
Respiratory motion is significant and results in an
increased field requiring radiation, thereby limiting
the overall maximum dose to the tumor. One study
evaluated the amplitude of maximum intra-thoracic
organ motion during breathing [47]. CT scan im-
ages were taken during different phases of respira-
tion. Greatest lung displacements were observed just
above the diaphragm and smallest displacements
were observed at the lung apices and adjacent to the
carina. Lung tumor movement during breathing is
considerable and an appreciation of organ motion is
necessary for the definition of appropriate treatment
margins. Studies taking into account motion of lung
tumors show improvement in local control [48].

Therapy with breath-hold to facilitate tumor
location has also shown improved local control
[49, 50]. Similarly, clinicians have evaluated gat-
ing techniques to allow administration of radiation
only during a certain phase of respiration in free-
breathing patients [51, 53]. Another approach which
has been explored is body immobilization [54] and
dynamic radiation tracking of the tumor position
during radiation therapy. It too has been shown to
be an effective technique to deliver accurately high
dose radiation while minimizing risk of pneumoni-
tis [55].

18.4
Stereotactic Radiosurgery

The evolution of more precise, conformal radiother-
apy techniques has culminated in stereotactic radio-
surgery, which holds the most promise for curative
radiotherapy in patients with limited lung tumors.
Stereotactic targeting utilizes a variety of systems
to decrease the effects of lung motion that would
translate into target motion as well as improved lo-
calization techniques. These systems allow dramatic
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reduction of treatment values facilitating hypofrac-
tionation with markedly increased daily doses and
a significantly reduced overall treatment time. Ini-
tial systems were frame-based and used abdominal
compression to limit lung tumor motion and thereby
facilitate treatment with small margins [56]. No dy-
namic tracking systems are commercially available
in frame-based stereotactic radiosurgery systems.

The CyberKnife® (Accuray Incorporated, Sunny-
vale, CA) is a frameless stereotactic radiosurgery
system consisting of a linear accelerator mounted
on a robotic arm. Multiple highly focused beams of
radiation (typically 100-200) converge at the tumor
site to produce a very conformal treatment volume.
Orthogonal X-ray cameras frequently image gold fi-
ducial markers implanted near or within the tumor.
By registering these intraoperative X-rays with digi-
tally reconstructed images from the planning CT,
the CyberKnife system precisely localizes the tumor
in space. A camera array in the treatment room con-
tinuously images externally applied light-emitting
diodes (LEDs) on the patient. The location of the
LEDs is correlated with the location of the internal
fiducials; the correlation model allows for continu-
ous dynamic respiratory tracking and treatment
throughout the respiratory cycle.

Percutaneous fiducial placement is done under
local anesthesia. Pneumothorax is a complication in
13-26% of cases. Clinically insignificant pulmonary
contusion is also seen in some cases. Bronchoscopic
deployment is also possible by deploying the fidu-
cials with a 19-21 gauge Wang transbronchial nee-
dle. It is associated with a much lower risk of pneu-
mothorax but requires conscious sedation [57].

CyberKnife treatment planning results in radia-
tion treatment plans with excellent conformity of
the radiation to the tumor and a very rapid fall-off
of radiation in the adjacent normal lung. In fact, the
CyberKnife system is so accurate and the confor-
mality so high that the radiation can be precisely
contoured to the tumor with a very rapid fall-off
of radiation in the surrounding lung parenchyma.
While this may facilitate the safe administration
of extremely high doses of radiation to the tumor,
treatment plans may not include an adequate mar-
gin of radiation treatment to the tumor margin
where radiologically occult microscopic disease
may be present. Historically radiotherapy fields for
early stage NSCLC encompassed the primary tumor

and regional lymphatics in the ipsilateral hilum
and mediastinum. This prophylactic treatment was
based on identified risk of occult nodal involvement
from surgical series ranging up to 20% and surgical
data indicating better control with more extensive
resections. Nonetheless, large radiotherapy fields
are potentially poorly tolerated in the population of
patients with limited pulmonary reserve. More re-
cent retrospective experience shows similar survival
rates with fields limited to the tumor alone, as com-
pared to fields including prophylactic treatment to
lymph node chains [58-61]. With stereotactic radio-
surgery a dose margin surrounding the GTV that is
high enough to kill microscopic disease may have to
be programmed by the clinician. There is published
evidence that suggests that this margin should be 8
mm for NSCLC [62]. As long-term efficacy data for
CyberKnife treatment (and other stereotactic, hypo-
fractionated approaches) accumulates, analyses of
failure patterns may result in guidelines for margin
parameters that will maximize tumor control with-
out damaging healthy lung tissue.

18.5
Results and Complications

The gradual shift in the last two decades from
conventional radiotherapy to 3D conformal radio-
therapy to precisely delivered high-dose, hypofrac-
tionated radiation culminated in stereotactic body
radiotherapy (SBRT) and CyberKnife radiosurgery.
An extensive review of SBRT can be found in Chap-
ter 13 by Dr. McGarry of this volume, but a brief
review here reveals the basis for treatment choices
made by CyberKnife users.

Timmerman et al. [17] conducted a landmark
dose escalation study of stereotactic radiosurgery in
37 patients with medically inoperable lung cancer.
Patients were treated in 3 fractions administered
over a 2-week period using a frame-based radiosur-
gery system. The dose started at 8 Gy per fraction
and was escalated to 20 Gy. Patients tolerated the
treatment well, with generally minor acute side ef-
fects and no late toxicity at a median follow-up of
15.2 months. A complete response was seen in 27%
of patients and partial response was seen in 60%.
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Cancer progressed in 13/37 patients; only 6/13 pa-
tients progressed locally. Local recurrences were
more common at lower doses and occurred at a
median of 13 months after treatment. No patients
treated with over 18 Gy per fraction showed pro-
gression. This study showed the feasibility of dose
escalation with acute and subacute toxicity that was
limited and manageable.

A multi-institutional study from Japan also
showed good tolerability to high-dose, hypofrac-
tionated radiotherapy in 245 heterogeneous sub-
jects [16]. Higher doses were again associated with
better response rates. With a median follow-up of 24
months, significant pulmonary toxicity was seen in
only 2.4% of patients. Local progression was seen in
only 14.5% of patients overall and in only 8.3% of pa-
tients with high dose therapy. Similarly promising
outcomes were reported in a handful of other stud-
ies on SBRT for lung tumors [14, 15, 18, 56, 63-65].

Excellent tumor control was accompanied by sig-
nificant toxicity in a later study by Timmerman et
al. [21]. They reported on the outcome of SBRT for 70
patients with T1 or T2 lung tumors (< 7 cm) NOMO.
T1 tumors were treated with 60 Gy in 3 fractions and
T2 tumors were treated with 66 Gy in 3 fractions.
Overall local control was excellent with a local con-
trol rate of 95% at two years. Median overall survival
was 32 months with a 2-year survival rate of 54.7%.
Major response rate was 60% and the remaining pa-
tients had stable disease. Only 10 patients had recur-
rence of tumor; three locally at 9-33 months post-
treatment and the rest outside of the radiation field.
Fifty-eight had Grade 1-2 toxicity consisting mostly
of fatigue, musculoskeletal discomfort, and radia-
tion pneumonitis. These toxicities occurred within
1-2 monthsoftreatmentandresolved by 3-4 months.
Eight patients had Grade 3-4 toxicity evidenced by
decreases in pulmonary function tests, pneumonia,
pleural effusions, apnea, and skin reactions. These
more severe toxicities occurred 7.6 months after
treatment (range 1.1 to 25.1 months). Six patients
had treatment-related deaths (Grade5 toxicity).
Deaths were seen at 0.6, 3.9, 12.1, 12.8, 13.8, and 19.5
months after treatment. Four deaths were secondary
to bacterial pneumonia, one from complications of
a pericardial effusion, and one from massive fatal
hemoptysis after treatment of a central lesion. Four
of the patients who died were treated for central or
peri-hilar tumors. Patients with peripheral tumors

had a 2-year freedom from toxicity of 83% compared
to patients with central tumors who had a 2-year
freedom from toxicity of only 54%. Gross tumor vol-
umes greater than 10 ml had an 8-times greater risk
of high-grade toxicity than smaller tumors. Survival
was worse in patients with T2 tumors, worse in pa-
tients with cardiac co-morbidities as compared to
pulmonary co-morbidities, and worse in patients
with an FEVI1 < 40 versus those with FEV1 > 40%.
The authors concluded that treatment with 60 Gy
in 3 fractions to central tumors may be too toxic.
Japanese researchers have shown good tumor con-
trol with less toxicity to central tumors by delivering
48 Gy in 4 fractions [15].

The first report of CyberKnife therapy for isolated
lung tumors was by Whyte et al. [66]. Nine of their 23
patients were treated with a breath-hold technique
and the rest with the CyberKnife’s respiratory track-
ing system. All tumors were deemed unresectable by
radiologic criteria (T4), because patients were medi-
callyinoperable, or because patients refused surgery.
Radiation was delivered in a single fraction of 15 Gy.
Procedural complications consisted of pneumotho-
rax in 7 patients, only one of whom required a chest
tube. There was no radiation esophagitis or clini-
cally apparent radiation pneumonitis. At radiologic
follow up of 1-3 months, response was complete in
2 patients, partial in 15 patients, stable in 4 patients,
and progressive in 2 patients.

A handful of studies on CyberKnife treatment
for lung cancer have been presented at professional
meetings. Berger et al. reported multi-fraction treat-
ment of 12 patients with Stage I NSCLC using 24-
60 Gy in 3 fractions [67]. At a median follow-up of
93 days, a complete response was seen in 23%, par-
tial response in 54%, and local progression in 8% of
patients. Distant failure was seen in 15% of patients.
No symptomatic radiation pneumonitis was seen
and asymptomatic radiation pneumonitis occurred
in 15% of patients. Collins et al. reported on 28 pa-
tients with small peripheral lung tumors treated with
45-60 Gy in 3 fractions over a 1-2 week period [68].
Mild fatigue and temporary soft tissue discomfort
were the only appreciable acute side affects. Limited
subacute radiation pneumonitis was seen in 6% of
patients and was uniformly associated with prior
extensive conventional radiotherapy. With limited
short-term follow-up, no local progression was seen
in any case. Finally, Bellairs et al. reported on 61
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patients with solitary lung tumors who underwent
stereotactic radiosurgery [69]. Mean tumor volume
was 34.8 cc and mean dose was 36 Gy in 3 fractions.
The most common side effect was mild fatigue. Nine
patients developed shortness of breath which re-
solved a few weeks after treatment. With a median
7 month follow-up (range 1-21 months) local control
was noted in 96% of the cases.

At the University of Pittsburgh, we initially
treated 32 patients with CyberKnife stereotactic ra-
diosurgery. All patients were assessed by a thoracic
surgeon, medical oncologist, and radiation oncolo-
gist to determine the appropriateness of stereotactic
radiosurgery. One-to-four fiducials were percutane-
ously placed under CT guidance. A median dose of
60 Gy, delivered in 3 fractions of 20 Gy to the 80%
isodose line, was administered. The initial response
rate was assessed by CT scan and PET scan at three
months. Patients were subsequently monitored for
time to progression and survival with clinical evalu-
ations, CT scans, and PET scans every three months.
Of the treated group, 25/32 had NSCLC and 7/32 had
solitary pulmonary metastases. All patients were
treated over a two-year period and had a median age
0f 68 years. Percutaneous fiducial placement resulted
in pneumothorax requiring a pleural catheter in
9/32 patients. An initial complete response was seen
in 6/32 patients, a partial response in 11/32 patients,
and stable disease in 6/32 patients. Early progression
of disease occurred in 9/32 patients. At a median
follow-up of five months, 12/32 patients remained
progression free. The time to progression in the re-
maining 20 patients was six months. There were no
procedure related mortalities with this treatment
and no clinically significant radiation pneumonitis.

We subsequently analyzed another group of
21 patients with StageI NSCLC who were medi-
cally inoperable and were treated with 3 fractions
of 20 Gy. In this group with uniformly poor lung
function, CT-guided fiducial placement resulted
in pneumothorax requiring a pigtail catheter in 10
(47%) patients. An initial complete response was
observed in 7 (33%) patients (see Figs. 18.1-18.3),
partial response in 5 (24%) patients, stable disease
in 5 (24%) patients, and 1 patient was not evalu-
ated (5%). Early progression occurred in 3 (14%)
patients. During follow-up, local progression oc-
curred in 9 patients (43%) and the median time to
progression was 12 months. The remaining patients

were locally progression-free at a median follow-up
of 8.5 months (range 2-18 months). There were no
procedure-related deaths. The estimated probability
of survival at 1 year was 90% and median survival
was 26.4 months.

Le at al. recently reported the results of a single
institution PhaseI study of dose escalation using
single fraction stereotactic radiosurgery in non-op-
erative candidates with the CyberKnife radiosur-
gery system [20]. Thirty-two patients with T1 and
T2 NO NSCLC or solitary metastases were treated
with doses of 15, 25, and 30 Gy in a single fraction.
Significant toxicity was observed after 25 Gy in pa-
tients who had received prior thoracic radiotherapy.
Large tumors (volume > 50 cc) and centrally located
tumors were associated with increased toxicity.
Dose escalation to 30 Gy was only applied to previ-
ously un-irradiated patients and treatment volumes
less than 50 cc. Complications occurred at doses
greater than 25 Gy and included four cases of Grade
2 to 3 pneumonitis, one pleural effusion and three
possible treatment-related deaths. All 3 treatment-
related deaths occurred in patients that received
chemotherapy either before or after radiosurgery,
and in two cases toxicity was possibly triggered by
gemcitabine-based chemotherapy delivered up to
six months after completion of radiosurgery. Most
pulmonary toxicities occurred late in follow-up,

Fig. 18.1 Pre-treatment axial CT image of a right upper lobe
lesion.
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Fig. 18.2 Axial and coronal treatment plan images demon-
strating right upper lobe target and isodose lines.

usually 5 to 6 months after radiosurgery. The 1-year
freedom from local progression was 91% for doses
greater than 20 Gy and 54% for doses less than 20 Gy.
The response rates (complete and partial) were the
same at all dose levels, but the complete response
rate was higher at doses over 25 Gy. Local relapse
rates were increased at doses less than 20 Gy. Only
1 of 7 patients treated with over 20 Gy showed local
relapse. The 1-year freedom from local relapse was
100% for T1 tumors and 83% for T2 tumors treated
with doses greater than 20 Gy.

These early studies demonstrated the feasibility
and safety of stereotactic radiosurgery in a single
high fraction for patients with sever co-morbidities,
poor lung function, and solitary lung tumors. While

Fig. 18.3 Post-treatment axial CT image. Residual scar is
visible, but no evidence of the right upper lobe tumor. Note
fiducials in treatment field.

these short term results are very encouraging, more
recent reports with longer term follow-up of patients
treated with multi-fractionated high dose radiother-
apy demonstrate significant delayed morbidity and
even mortality in a subset of patients. The rate of
initial non-responders, as well as initial responders
who subsequently progressed was also significant.
These findings suggest there is significant room for
improvement.

18.6
Conclusions

In this chapter we have reviewed research on sur-
gical resection, radiotherapy, and stereotactic ra-
diosurgery in the treatment of lung cancer. While
anatomic lobectomy is still the optimal therapy for
early stage lung cancer, a subset of patients with
tumors 2 cm or less who are properly staged and
have no evidence of nodal metastases may be suc-
cessfully treated with sub-lobar resection, provided
adequate resection margins can be achieved. The
appreciation that there exists a subset of patients
who can be cured with sub-lobar resection encour-
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ages us on the prospect of stereotactic radiosurgery
as a curative therapy in that group of patients. The
dose escalation which has been facilitated by stereo-
tactic radiosurgery techniques has resulted in better
local control rates than have been previously seen
with conventional radiation. In patients with small
(< 3 cm) peripheral tumors, excellent local tumor
control with follow-up extending out to 2 years has
been reported. Larger tumors (> 3 cm) are less likely
to be controlled by radiosurgery, a finding which
parallels outcomes of sub-lobar resection for tumors
greater than 2-3 cm. In addition, larger tumors and
central tumors may not be safely treated by 60 Gy in
3 fractions or 25 Gy or more in a single fraction. The
nature of intrathoracic radiation toxicity with high
dose stereotactic radiosurgery may be different from
the radiation pneumonitis seen with conventional
radiation. Significant interaction of radiation lung
toxicity with chemotherapeutic agents and previous
thoracic irradiation has also been identified.
Further studies and long-term follow-up are
needed to identify optimal dose and fractionation
schedules. Attention to radiation fall-off at the mar-
gins of the gross tumor volume will also likely prove
to be important in achieving optimal local control.
These studies should ultimately allow optimization
of stereotactic radiosurgery for delivery of effective
and safe therapy of lung tumors and also facilitate the
identification of tumor and patient factors which will
predict where therapy will most likely be curative.

References

1.Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2006.
CA Cancer ] Clin 2006; 56:106-130.

2.Ginsberg R]J, Rubinstein LV. Randomized trial of lobec-
tomy versus limited resection for T1 NO non-small cell
lung cancer. Lung Cancer Study Group. Ann Thorac Surg
1995; 60:615-622; discussion 622-613.

3.0kada M, Nishio W, Sakamoto T, et al. Effect of tumor
size on prognosis in patients with non-small cell lung
cancer: the role of segmentectomy as a type of lesser re-
section. J Thorac Cardiovasc Surg 2005; 129:87-93.

4.Yoshikawa K, Tsubota N, Kodama K, et al. Prospective
study of extended segmentectomy for small lung tumors:
the final report. Ann Thorac Surg 2002;73:1055-1058; dis-
cussion 1058-1059.

5.Korst R], Ginsberg R], Ailawadi M, et al. Lobectomy im-
proves ventilatory function in selected patients with se-
vere COPD. Ann Thorac Surg 1998; 66:898-902.

6.Choong CK, Meyers BF, Battafarano RJ, et al. Lung cancer
resection combined with lung volume reduction in pa-
tients with severe emphysema. J Thorac Cardiovasc Surg
2004; 127:1323-1331.

7.Chen M, Hayman JA, Ten Haken RK, et al. Long-term
results of high-dose conformal radiotherapy for patients
with medically inoperable T1-3NO non-small-cell lung
cancer: is low incidence of regional failure due to inciden-
tal nodal irradiation? Int | Radiat Oncol Biol Phys 2006;
64:120-126.

8.Qiao X, Tullgren O, Lax I, et al. The role of radiotherapy
in treatment of stage I non-small cell lung cancer. Lung
Cancer 2003; 41:1-11.

9.Graham MYV, Pajak TE, Herskovic AM, et al. Phase I/II
study of treatment of locally advanced (T3/T4) non-oat
cell lung cancer with concomitant boost radiotherapy by
the Radiation Therapy Oncology Group (RTOG 83-12):
long-term results. Int ] Radiat Oncol Biol Phys 1995;
31:819-825.

10. Kaskowitz L, Graham MV, Emami B, et al. Radiation
therapy alone for stage I non-small cell lung cancer. Int ]
Radiat Oncol Biol Phys 1993; 27:517-523.

11. Wigren T, Kellokumpu-Lehtinen P, Ojala A. Radical ra-
diotherapy of inoperable non-small cell lung cancer. Irra-
diation techniques and tumor characteristics in relation
to local control and survival. Acta Oncol 1992; 31:555-
561.

12.Dosoretz DE, Galmarini D, Rubenstein JH, et al. Local
control in medically inoperable lung cancer: an analysis
of its importance in outcome and factors determining the
probability of tumor eradication. Int ] Radiat Oncol Biol
Phys 1993; 27:507-516.

13.Jeremic B, Classen J, Bamberg M. Radiotherapy alone in
technically operable, medically inoperable, early-stage
(I/11) non-small-cell lung cancer. Int ] Radiat Oncol Biol
Phys 2002; 54:119-130.

14.McGarry RC, Papiez L, Williams M, et al. Stereotactic
body radiation therapy of early-stage non-small-cell lung
carcinoma: phase I study. Int J Radiat Oncol Biol Phys
2005; 63:1010-1015.

15.Nagata Y, Takayama K, Matsuo Y, et al. Clinical outcomes
of a phase I/II study of 48 Gy of stereotactic body radio-
therapy in 4 fractions for primary lung cancer using a ste-
reotactic body frame. Int ] Radiat Oncol Biol Phys 2005;
63:1427-1431.

16. Onishi H, Araki T, Shirato H, et al. Stereotactic hypofrac-
tionated high-dose irradiation for stage I nonsmall cell
lung carcinoma: clinical outcomes in 245 subjects in a
Japanese multiinstitutional study. Cancer 2004; 101:1623 -
1631.

17. Timmerman R, Papiez L, McGarry R, et al. Extracranial
stereotactic radioablation: results of a phase I study in
medically inoperable stage I non-small cell lung cancer.
Chest 2003; 124:1946-1955.

18. Wulf ], Baier K, Mueller G, et al. Dose-response in stereo-
tactic irradiation of lung tumors. Radiother Oncol 2005;
77:83-87.

19. Zimmermann FB, Geinitz H, Schill S, et al. Stereotactic
hypofractionated radiation therapy for stage I non-small
cell lung cancer. Lung Cancer 2005; 48:107-114.

20.Le Q-T, Loo BW, Ho A, et al. Results of a phase I dose-
escalation study using single-fraction stereotactic radio-
therapy for lung tumors. Journal of Thoracic Oncology *
Volume , Number , 2006; 1:802-809.




174

N. A. Christie et al.

21. Timmerman R, McGarry R, Yiannoutsos C, et al. Exces-
sive toxicity when treating central tumors in a phase II
study of stereotactic body radiation therapy for medically
inoperable early-stage lung cancer. J Clin Oncol 2006;
24:4833-4839.

22.Handy JR, Jr., Asaph JW, Skokan L, et al. What happens
to patients undergoing lung cancer surgery? Outcomes
and quality of life before and after surgery. Chest 2002;
122:21-30.

23.McKenna R]J, Jr., Houck W, Fuller CB. Video-assisted
thoracic surgery lobectomy: experience with 1,100 cases.
Ann Thorac Surg 2006; 81:421-425; discussion 425-426.

24.Harada H, Okada M, Sakamoto T, et al. Functional ad-
vantage after radical segmentectomy versus lobectomy
for lung cancer. Ann Thorac Surg 2005; 80:2041-2045.

25.Landreneau R], Sugarbaker DJ, Mack M]J, et al. Wedge
resection versus lobectomy for stage I (T1 NO MO0) non-
small-cell lung cancer. | Thorac Cardiovasc Surg 1997;
113:691-698; discussion 698-700.

26.Elsherif A, Fernando H, Santos R, et al. Margin and local
recurrence after sublobar resection of non-small cell lung
cancer. Society of Surgical Oncology; in press.

27. Birdas TJ, Koehler RP, Colonias A, et al. Sublobar resec-
tion with brachytherapy versus lobectomy for stage Ib
nonsmall cell lung cancer. Ann Thorac Surg 2006; 81:434—
438; discussion 438-439.

28.Fernando HC, Santos RS, Benfield JR, et al. Lobar and
sublobar resection with and without brachytherapy for
small stage IA non-small cell lung cancer. J Thorac Car-
diovasc Surg 2005; 129:261-267.

29.0Okada M, Yoshikawa K, Hatta T, et al. Is segmentectomy
with lymph node assessment an alternative to lobectomy
for non-small cell lung cancer of 2 cm or smaller? Ann
Thorac Surg 2001; 71:956-960; discussion 961.

30.Bando T, Yamagihara K, Ohtake Y, ef al. A new method
of segmental resection for primary lung cancer: interme-
diate results. Eur J Cardiothorac Surg 2002; 21:894-899;
discussion 900.

.Inoue M, Minami M, Shiono H, et al. Clinicopathologic
study of resected, peripheral, small-sized, non-small cell
lung cancer tumors of 2 cm or less in diameter: pleural
invasion and increase of serum carcinoembryonic anti-
gen level as predictors of nodal involvement. J Thorac
Cardiovasc Surg 2006; 131:988-993.

32.Fishman A, Martinez F, Naunheim K, et al. A random-
ized trial comparing lung-volume-reduction surgery
with medical therapy for severe emphysema. N Engl ] Med
2003; 348:2059-2073.

33. Patients at high risk of death after lung-volume-reduction
surgery. N Engl ] Med 2001; 345:1075-1083.

34.Firat S, Bousamra M, Gore E, et al. Comorbidity and
KPS are independent prognostic factors in stage I non-
small-cell lung cancer. Int ] Radiat Oncol Biol Phys 2002;
52:1047-1057.

35.PortJL, Kent M, Korst R], et al. Surgical resection for lung
cancer in the octogenarian. Chest 2004; 126:733-738.

36.Mery CM, Pappas AN, Bueno R, et al. Similar long-term
survival of elderly patients with non-small cell lung can-
cer treated with lobectomy or wedge resection within the
surveillance, epidemiology, and end results database.
Chest 2005; 128:237-245.

37. Onaitis MW, Petersen RP, Balderson SS, et al. Thoraco-
scopic lobectomy is a safe and versatile procedure: ex-

3

—

perience with 500 consecutive patients. Ann Surg 2006;
244:420-425.

38.McGarry RC, Song G, des Rosiers P, et al. Observation-
only management of early stage, medically inoperable
lung cancer: poor outcome. Chest 2002; 121:1155-1158.

39.Bradley JD, leumwananonthachai N, Purdy JA, et al.
Gross tumor volume, critical prognostic factor in patients
treated with three-dimensional conformal radiation
therapy for non-small-cell lung carcinoma. Int J Radiat
Oncol Biol Phys 2002; 52:49-57.

40.Alberts WM. The future and lung cancer: room for opti-
mism? Cancer Control 2000; 7:13-14.

41.Baumann M, Appold S, Petersen C, et al. Dose and frac-
tionation concepts in the primary radiotherapy of non-
small cell lung cancer. Lung Cancer 2001; 33 Suppl I:
S$35-45.

42. Abratt RP, Morgan GW. Lung toxicity following chest ir-
radiation in patients with lung cancer. Lung Cancer 2002;
35:103-109.

43.Byhardt RW, Martin L, Pajak TF, et al. The influence of
field size and other treatment factors on pulmonary tox-
icity following hyperfractionated irradiation for inoper-
able non-small cell lung cancer (NSCLC) - analysis of a
Radiation Therapy Oncology Group (RTOG) protocol. Int
J Radiat Oncol Biol Phys 1993; 27:537-544.

44.Bradley J, Graham MV, Winter K, et al. Toxicity and out-
come results of RTOG 9311: a phase I-II dose-escalation
study using three-dimensional conformal radiotherapy
in patients with inoperable non-small-cell lung carci-
noma. Int ] Radiat Oncol Biol Phys 2005; 61:318-328.

45.Kong FM, Hayman JA, Griffith KA, et al. Final toxicity
results of a radiation-dose escalation study in patients
with non-small-cell lung cancer (NSCLC): predictors for
radiation pneumonitis and fibrosis. Int J Radiat Oncol
Biol Phys 2006; 65:1075-1086.

46.Lagerwaard FJ, Senan S, van Meerbeeck JP, et al. Has
3-D conformal radiotherapy (3D CRT) improved the lo-
cal tumour control for stage I non-small cell lung cancer?
Radiother Oncol 2002; 63:151-157.

47. Giraud P, De Rycke Y, Dubray B, et al. Conformal radio-
therapy (CRT) planning for lung cancer: analysis of intra-
thoracic organ motion during extreme phases of breath-
ing. Int ] Radiat Oncol Biol Phys 2001; 51:1081-1092.

48.Shimizu S, Shirato H, Ogura S, et al. Detection of lung
tumor movement in real-time tumor-tracking radiother-
apy. Int ] Radiat Oncol Biol Phys 2001; 51:304-310.

49.Engelsman M, Sharp GC, Bortfeld T, et al. How much
margin reduction is possible through gating or breath
hold? Phys Med Biol 2005; 50:477-490.

50.Mah D, Hanley J, Rosenzweig KE, et al. Technical as-
pects of the deep inspiration breath-hold technique in
the treatment of thoracic cancer. Int J Radiat Oncol Biol
Phys 2000; 48:1175-1185.

.Keall PJ, Kini VR, Vedam SS, et al. Potential radiotherapy
improvements with respiratory gating. Australas Phys
Eng Sci Med 2002; 25:1-6.

52.Tada T, Minakuchi K, Fujioka T, et al. Lung cancer: inter-
mittent irradiation synchronized with respiratory motion-
-results of a pilot study. Radiology 1998; 207:779-783.

53. Willoughby TR, Forbes AR, Buchholz D, et al. Evaluation
of an infrared camera and X-ray system using implanted
fiducials in patients with lung tumors for gated radiation
therapy. Int ] Radiat Oncol Biol Phys 2006; 66:568-575.

5

—




Stereotactic Radiosurgery for Early Stage Non-Small Cell Lung Cancer ...

175

54.Nagata Y, Negoro Y, Aoki T, et al. Clinical outcomes of 3D
conformal hypofractionated single high-dose radiother-
apy for one or two lung tumors using a stereotactic body
frame. Int ] Radiat Oncol Biol Phys 2002; 52:1041-1046.

55.Harada T, Shirato H, Ogura S, et al. Real-time tumor-
tracking radiation therapy for lung carcinoma by the aid
of insertion of a gold marker using bronchofiberscopy.
Cancer 2002; 95:1720-1727.

56.Blomgren H, Lax I, Géranson H, et al. Radiosurgery
for tumors in the body: clinical experience using a new
method Journal of Radiosurgery 1998; 1:63-74.

57. Reichner CA, Collins BT, Gagnon GJ, et al. The placement
of gold fiducials for CyberKnife stereotactic radiosurgery
using a modified transbronchial needle aspiration tech-
nique. Journal of Bronchology 2005; 12:193-195.

58.Krol AD, Aussems P, Noordijk EM, et al. Local irradiation
alone for peripheral stage I lung cancer: could we omit
the elective regional nodal irradiation? Int J Radiat Oncol
Biol Phys 1996; 34:297-302.

59. Williams TE, Thomas CR, Jr., Turrisi AT, 3rd. Counter-
point: better radiation treatment of non-small cell lung
cancer using new techniques without elective nodal ir-
radiation. Semin Radiat Oncol 2000; 10:315-323.

60.Robertson JM, Ten Haken RK, Hazuka MB, et al. Dose
escalation for non-small cell lung cancer using confor-
mal radiation therapy. Int ] Radiat Oncol Biol Phys 1997;
37:1079-1085.

61. Slotman BJ, Antonisse IE, Njo KH. Limited field irradia-
tion in early stage (T1-2N0) non-small cell lung cancer.
Radiother Oncol 1996; 41:41-44.

62.Giraud P, Antoine M, Larrouy A, et al. Evaluation of mi-
croscopic tumor extension in non-small-cell lung cancer
for three-dimensional conformal radiotherapy planning.
Int ] Radiat Oncol Biol Phys 2000; 48:1015-1024.

63.Hara R, Itami J, Kondo T, et al. Stereotactic single high
dose irradiation of lung tumors under respiratory gating.
Radiother Oncol 2002; 63:159-163.

64.Hiraoka M, Nagata Y. Stereotactic body radiation therapy
for early-stage non-small-cell lung cancer: the Japanese
experience. Int J Clin Oncol 2004; 9:352-355.

65.Nyman J, Johansson KA, Hulten U. Stereotactic hypo-
fractionated radiotherapy for stage I non-small cell lung
cancer--mature results for medically inoperable patients.
Lung Cancer 2006; 51:97-103.

66.Whyte RI, Crownover R, Murphy M]J, et al. Stereotactic
radiosurgery for lung tumors: preliminary report of a
phase I trial. Ann Thorac Surg 2003; 75:1097-1101.

67.Berger B, Wood R, Fiedler J, et al. Initial Report of Cy-
berKnife Radiosurgery for Non-Surgical Lung Tumors.
CyberKnife Society Users’ Meeting. Carlsbad, CA;
2006.

68.Collins BT, Collins SP, Erickson K, et al. CyberKnife®
Frameless Image-guided Fractionated High-dose Stereo-
tactic Radiosurgery with the Synchrony™ Motion Track-
ing Module in the Treatment of Small Peripheral Lung
Tumors. CyberKnife Society Users’ Meeting. Carlsbad,
CA; 2006.

69. Bellairs E, Fink A, Palmer M, et al. Extracranial Radio-
surgery for Lung Tumors. CyberKnife Society Users’
Meeting. Carlsbad, CA; 2006.




Toxicity and Efficacy of

Treating Mediastinal and Hilar Lesions

ANDREW S. FINK, JUNE A. Kim, D. Ross McBRIDE, MiCHEAL J. HERVEY II,
PENNY J. SINNER, JopI L. MAMMENGA, GUY R. SHERwWoOD, and Lor1 COPSEY

CONTENTS

E—
19.1 Introduction 177
19.2 The Mediastinum 177
19.3 Lung Parenchyma 178
19.4 Esophagus 180
19.5 Airways 181
19.6 Heart 182
19.7  Our Early Experience 182
19.8 Patients and Methods 182
19.9 Results 184
19.9.1 Efficacy 185
19.9.2 Toxicity 185
19.10 Discussion 186

References 191

Introduction

When pondering the choice of therapy for a cancer,
clinicians must weigh the risks and benefits of each
modality individually for each patient, taking into
account age, coexisting medical problems, general
fitness, therapeutic toxicity, and therapeutic efficacy.
This chapter will focus on lung cancer and other tu-
mors in an area of the chest fraught with potential
complications: the mediastinum and hilum. We will
briefly review the literature on toxicity and efficacy
of radiotherapy to the central chest, and then present
some of our early experience with stereotactic body
radiotherapy (SBRT) to this difficult area.

The Mediastinum

The mediastinum (Fig. 19.1) is the central chest
bounded by the sternum anteriorly, spine poste-
riorly, the thoracic inlet superiorly, and the dia-
phragm inferiorly. It is sandwiched by lung paren-
chyma and pleura laterally. The hilar vessels and
bronchi are an extension of the mediastinum into
the parenchyma. The parenchyma has “parallel
functionality™; structural redundancy makes it re-
sistant to complete dysfunction caused by a single
small lesion. In contrast, the hilum and mediasti-
num are packed with radiation-sensitive structures
that have “serial functionality”, where injury to
a small portion (usually of a tubular structure)
may render the whole organ non-functional. This
includes the esophagus, tracheobronchial tree,
great vessels, and neurologic structures such as
the spinal cord posteriorly, brachial plexus superi-
orly, phrenic and vagus nerves, and thoracic duct.
The thymus gland, lymph nodes, and heart make
up the remainder of the mediastinum. These are
considered the “organs at risk”.

Most cancer treated in the mediastinum is met-
astatic, from either the lung (most frequently) or
elsewhere in the body. Inherently, therefore, most
cancer treated in this area is already advanced, usu-
ally Stage IIT or IV. As such, therapeutic approaches
here are often palliative, though for isolated spread
they may be intended to cure. Furthermore, sur-
gery is seldom an option for treatment. This leaves
chemotherapy, which is usually not considered cu-
rative, and radiation. The use of radiation to this
area is limited by its toxicity, which is explored in
the next section.
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Lung Parenchyma

It has long been recognized that if too much lung
tissue receives too much radiation, patients die. At
lower doses and smaller volumes patients may ex-
perience dyspnea, or perhaps cough or hemoptysis.
These are the early symptoms of pneumonitis, along
with occasional chest pain, fever, and chest fullness
or congestion. Symptom severity and rapidity of on-
set are dependent on the amount of lung involved
in treatment.

“Early” radiation-induced lung toxicity, radia-
tion pneumonitis occurring within weeks of treat-
ment, and “late” toxicity, fibrosis occurring within
months to years, are probably the most well studied
of radiation injuries in the chest. Pneumonitis is felt
to result primarily from alveolar and end bronchio-
lar injury, with reversible build-up of non-cellular
inflammatory fluid in the alveoli and interstitial
spaces of the alveoli and capillaries [1, 2]. Fibrosis
may be the outcome of a more serious episode of
pneumonitis [3], with cellular injury great enough
that recovery is not possible. Clinical pneumonitis
occurs in about 5-15% of radiated patients with lung

Fig. 19.1a,b.
Axial and sagit-
tal views of the
mediastinum.

cancer [1, 4, 5] or other cancers involving the chest
such as the breast [6], lymphoma [7], etc.

Toxicity scales that focus primarily on clinical
symptoms are probably the most valuable for clinical
practice. Grade 1 and 2 are usually considered “ac-
ceptable” in terms of dyspnea and activities of daily
living, whereas Grade 3 or higher are more serious
and dose-limiting in escalation studies. A CT scan
is usually the radiographic test of choice. A focal
area of fibrosis is expected in the area of treatment
and can be difficult to distinguish radiographically
from other causes of infiltrates. Ventilation perfu-
sion scans (V/Q scans), arterial blood gases (ABGs),
and pulmonary function tests (PFTs) may be help-
ful in assessment of pneumonitis, with the greatest
changes noted in the perfusion portion of the V/Q
scan and diffusion capacity (DLCO) in ABGs. These
changes presumably reflect the interstitial alveolar
edema and endothelial injury.

Most early studies on tolerance were based on
whole lung radiation, which is perhaps helpful but
is becoming less relevant with newer techniques
using image guidance and 3D-CT localization that
decrease target volumes. Emami et al. [8] updated
previous historical normal tissue tolerances by ana-
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lyzing the tolerances of normal tissues of concern in
an era of 3D treatment planning. TD 5/5 represents
the dose at which there is a probability of 5% risk of
complications within 5 years. Similarly, a TD 50/5
represents the dose at which there is a probability
of 50% risk of complications within 5 years. These
doses were “calculated” relative to the volume of the
organ at risk. For lung, the TD 5/5 for 1/3, 2/3, or 3/3
of lung volume treated was 4500, 3000, and 1750 cGy,
respectively. For a 50% 5-year chance of a complica-
tion of pneumonitis, the dose was 6500, 4000, and
2450 cGy, respectively. Predictably, the larger the
volume of normal lung included in a treatment field,
the smaller the dose necessary to create symptoms
of pneumonitis or fibrosis.

Graham et al. found that data derived from dose
volume histograms and, in particular, the total lung
volume receiving more than 20 Gy (V,,), could be
correlated to the incidence of severe pneumonitis
[9]. In their analysis of 99 medically inoperable non-
small cell lung cancer (NSCLC) patients treated with
3D-conformal radiation therapy (3D-CRT), patients
with a V,,<22% were free of pneumonitis, and
those with V,;, >40% had a 23% incidence of Grade
3-5 pneumonitis. Three died of pneumonitis.

Similarly, Kongetal. [10] recently published toxic-
ity results of a 3D-CRT dose escalation study involv-
ing 109 patients with NSCLC followed for 5 years,
or until death. Though no Grade 4 or 5 toxicity oc-
curred, 14.6% experienced Grade 2 or 3 pneumoni-
tis (requiring steroid course or oxygen respectively),
and 13.8% experienced Grade 2 to 3 fibrosis. They
found that V,, V5, lung effective volume (Veff), the
mean lung dose (MLD), and normal tissue compli-
cation probability (NTCP) all correlated with pneu-
monitis, while, interestingly, PFTs, tumor location
in parenchyma, tumor size by gross tumor volume
(GTV), and total tumor dose were not correlated.
Although 3D-CRT toxicity rates may not be directly
applicable to SBRT, they do establish the validity of
dosimetric measures such as the V,, and MLD for
comparison. It appears that with increasing confor-
mality, toxicity risk is more dependent on volume
treated than dose.

In 2001 Uematsu et al. [11] reported on the use of
SBRT for 50 patients with early stage NSCLC. This
was followed with an update at the ASTRO meeting
in 2003 [12]. Doses ranged from 50 to 60 Gy in 5-
10 fractions, and 18 patients had prior conventional

radiotherapy. Other than the fibrosis expected in the
ablated treatment area of the tumor, there were no
clinical pneumonitis or fibrosis reported after a me-
dian follow-up of 36 months in the 33 patents alive
at that time. Of the 17 who died, none died of pulmo-
nary complications. No Grade 3 or higher toxicity
was reported by either Hof et al. or Nagata et al. [13,
14]. The latter authors reported on 45 patients with
Stage 1A and B NSCLC treated with 48 Gy in 4 frac-
tions (biologically effective dose, or BED =105 as-
suming an o/f ratio of 10). These authors obtained
amean V,, of 4.5% (range 1-11.6%).

In 2005 McGarry et al. reported on a Phase I dose
escalation trial of SBRT that involved 47 patients with
Stage T1A and B NOMO NSCLC [15]. Doses ranged
from 24 Gy in 3 fractions to 72 Gy in 3 fractions. The
median follow-up was 15.2 months. Three patients
had Grade 3-5 pneumonitis, with 2 at the highest
dose of 72 Gy. In 2006 Bauman et al. reported on
SBRT in medically inoperable Stage I lung cancer in
the Nordic countries. Doses ranged from 30-48 Gy
2-4 fractions. Grade 3-4 toxicity included 1 pneu-
monitis, 2 atelectases, 2 “decreased lung function”,
and 1 pneumonia (by RTOG criteria) [16]. The rate
of serious parenchymal complications was 4% in this
series. Finally, in 2006, Le et al. reported on a Phase
I dose-escalation trial using single fraction SBRT; for
lung tumors, mimicking the single fraction approach
to brain tumors [17]. Of 32 patients, 4 were identified
as having pneumonitis after “central” SBRT, the re-
maining 28 were undefined. All received 25 Gy in a
single fraction. Two were Grade 2, but one died of a
“PE and recall pneumonitis” and another died after
developing an “effusion and pneumonitic changes”.

Despite the complications mentioned above, these
current and increasingly mature studies indicate
that SBRT is well tolerated and appears to have less
pneumonitis and pulmonary fibrosis than standard
radiotherapy. Nearly all follow-up scans indicate
radiographic changes in the treated area (presum-
ably fibrosis), but the volumes are apparently small
enough not to cause significant clinical symptoms.
Most of these studies, however, have short enough
follow-up that further pulmonary fibrosis is not yet
completely ruled out and they emphasized earlier
stage lung cancers that tended to be more periph-
eral. Therapy focused on the mediastinum and hi-
lum may include less parenchyma but more of other
organs at risk such as the esophagus.




180

A. S. Fink et al.

Esophagus

Early esophageal toxicity at standard doses of radia-
tion is primarily a mucosal effect with esophagitis
and possible ulceration. It usually manifests within
2 weeks of starting conventional radiation therapy
with odynophagia or dysphagia. While it may persist
for several weeks after stopping therapy, it is usually
self limited and easily treated [18]. Mild symptoms
are frequent, but serious symptoms are uncommon
with standard doses of radiation for lung cancer, on
the order of 1-2% [19-21]. Severe esophagitis may
lead to inanition and can be dose-limiting or lead to
breaks in therapy with a subsequent drop in treat-
ment efficacy.

Late toxicity may be observed at higher doses [18,
22] and is primarily muscular in origin with fibrosis
leading to strictures or dysmotility. Chronic muco-
sal ulceration and, uncommonly, perforation, can
occur as well. Emami et al. analyzed the late toxic
effects of stricture and perforation [8]. They found
the TD 5/5 to be 6000, 5800, and 5500 cGy for 1/3,2/3,
and 3/3 of the esophageal volume, and the TD 50/5
to be 7200, 7000, and 6800 cGy for 1/3, 2/3, and 3/3 of
the volume, respectively. This is a mild volume effect
that may reflect the serial nature of the esophagus
(see also Bradley et al. [23]). However, several stud-
ies suggest that these measures are not as critical as
the dose [24, 25]. This might be relevant for SBRT in
particular, where potentially small esophageal vol-
umes could get large doses. Being a serial organ, a
focal lesion (e.g., a stricture) could still render the
esophagus non-functional.

Adding sensitizers, especially concurrent che-
motherapy, can dramatically increase esophagitis
rates to 20-46% in conventional radiation therapy
[18, 26]. In 2003, Singh et al. [27] reported their
experience with 207 consecutive NSCLC patients
treated with 3D-CRT at 70 Gy in 2-Gy fractions.
Grade 3-5 esophageal toxicity (RTOG criteria) was
found in 16 patients (8%). Seven of these had both
acute and chronic toxicity. One died of esophageal
perforation from an ulcer. The most relevant risk
factors on univariate analysis were the use of con-
current (but not sequential) chemotherapy and the

maximal esophageal point dose. Fourteen of the
16 who had severe esophagitis received concurrent
chemotherapy and radiation with a maximal radia-
tion point dose > 58 Gy. For the two who did not get
chemotherapy, the point doses were >69 Gy. This
rate of esophagitis with escalated doses and con-
current chemotherapy has been confirmed by oth-
ers, though the benefits in lung cancer control with
chemoradiation efficacy are likely worth it [28].

The radioprotectant Amifostine, an organic thio-
phosphate that preferentially scavenges oxygen free
radicals in normal tissue, has been studied exten-
sively in esophagitis. Some studies have found it to
be helpful; others have not, including the RTOG 9801
[29].

Using SBRT, contrary to conventional radiation,
no esophagitis greater than Grade 2 was reported
in a series of studies with a combined, heteroge-
neous group of 280 lung cancer patients [11, 13-16].
Onimaru et al. [30], however, described a patient
bleeding to death from a “radiation-induced ulcer”
5 months after receiving 48 Gy in 8 fractions to a
3.5 cm tumor “posterior to the right main bronchus”.
They attributed the injury to a hot spot observed
upon recontouring. These authors treated 58 lesions
in 46 patients, and 39 tumors were either “large or
centrally located”. They observed no other adverse
reactions except a Grade 2 chest wall pain that re-
solved after 8 months. Wulf et al. [31] also reported
a single Grade 3 esophageal ulceration after treat-
ing “a tumor close to the mediastinum” with 30 Gy
in 3 fractions. Nyman et al. [32] reported 4 cases of
Grade 1 esophagitis out of 45 patients treated with
45 Gy in 3 fractions. There was no Grade 2 or greater
esophagitis.

These studies appear to substantiate that the de-
creased volumes and escalated doses found in SBRT
may be superior to conventional radiation in regard
to acute esophageal toxicity. In terms of late toxic-
ity, however, these conclusions may be premature as
stricture formation can take years to develop, and
few patients in these reports were treated for cen-
tral lesions. Also, many SBRT studies have a paucity
of information regarding adjuvant chemotherapy,
obviously an important factor in the incidence of
esophageal toxicity. Nevertheless, these results are
encouraging regarding use of SBRT in the medias-
tinum.
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19.5
Airways

The airways include the trachea, carina, mainstem
bronchi, lobar bronchi, and tertiary and subsege-
mental bronchi out to the terminal bronchioles. The
“major airways” extend to the hila, are lined by a
mucosa containing goblet cells and ciliated colum-
nar epithelium, and have walls of cartilage, smooth
muscle, glands, and an elastic stroma. All branches
are in close proximity to lymphatics and pulmonary
vessels. The trachea has the esophagus posteriorly
and great vessels arching around it. These anatomi-
cal relationships are significant because radiation
injury can be quickly fatal if a fistula from an airway
develops into a blood vessel or the esophagus.

Injury to the major airways causes dyspnea,
chronic cough, and possibly hemoptysis. Early in-
jury is more likely a mucosal problem with bron-
chitis, edema, and exudate. Late injury manifests as
stricture with downstream atelectasis or potentially
fistulization. Grading criteria are based on the clini-
cal manifestations of atelectasis, dyspnea, cough,
and hemoptysis, and do not include the anatomical
findings of bronchitis, ulceration, stenosis, or fistula
noted on bronchoscopy.

There is surprisingly little literature on stenosis.
Neither Emami et al. [8] nor McDonald et al. [4] spe-
cifically mention stenosis. RTOG, SWOG have no
specific criteria for it. Nevertheless, reports of bron-
chial stenosis after 3D-CRT, in some cases leading to
death, have been published [33, 34]. Endobronchial
high-dose-rate (HDR) brachytherapy, which may
also be relevant to the mediastinal use of SBRT, has
been associated with an 11% risk of radiation bron-
chitis and stenosis in early studies [35]. More recent
studies have obtained similar rates [36].

SBRT is not exempt. Uno et al. [37] reported in
their series of 20 lesions that one patient treated with
50 Gy in 5 fractions developed chronic cough and
bronchial stenosis in a segmental bronchus that, it
was discovered in later review, received 90% of the
dose. Onishi et al. [38] reported on SBRT performed
on Stage I NSCLC patients compiled from 11 Japa-
nese institutions. It included 245 patients, 90 of
whom had T2 lesions, treated with a range of doses
and fractions. Although a heterogeneous group, it is
noteworthy that only 6.9% had greater than Grade

I toxicity, and only a few had Grade 3 or greater
pneumonitis, esophagitis, or dermatitis. The major-
ity were treated with BEDs greater than 100 Gy. A
single patient out of 245 was noted to have “chronic
segmental bronchitis and wall thickening causing
atelectasis.” No further details were supplied.

McGarry et al. reported on one Grade 2 bronchi-
tis and one Grade 3 tracheal necrosis in 47 patients
treated with SBRT in a dose escalation trial [15].
These individuals received 60 Gy in 3 fractions and
72 Gy in 3 fractions respectively (>180 Gy BED in
both cases). Song et al. [39] reported one broncho-
scopically confirmed stenosis and a second likely
bronchial stenosis (patient refused bronchoscopy
but had lobar collapse downstream from the lesion).
These two (out of 17) patients were treated for pul-
monary metastases to the hilar region with 35 and
41 Gy over 3 fractions. Of interest, the former had
only “scar” at the tumor site at 11 months follow-up
(with no tumor on bronchoscopy), and the latter had
a “partial response” at 9 months.

Several interesting aspects may be ascertained
from these SBRT studies. First, where specified,
most cases occurred when the target was “centrally
located”. Second, only “symptomatic” stenoses were
confirmed by bronchoscopys; it seems probable that
there were other sub-clinical cases of stenosis. Per-
haps cases characterized as “parenchymal fibrosis”
in other studies are in fact permanent collapse from
a bronchial injury “upstream”, making this entity
more common than realized. Third, stenosis seems
to occur as a late effect, much like the fibrotic effects
in other organs at risk (e.g. esophagus). Stenosis was
identified more amongst those who were surviving
longer, and in some cases in those without other evi-
dence of disease. Finally, of the studies that involved
central radiation at high doses, no dose volume in-
formation or incidence of concurrent or other che-
motherapy was given.

Unfortunately, when considering the airways, one
mustalso consider the unnerving complication ofhe-
moptysis. Hemoptysis is a communication between
the airway and a blood vessel. It may be as simple as
mucosal inflammation with minor streaking, or it
may be massive, causing rapidly fatal hemorrhage
when it involves the pulmonary artery or other ma-
jor vessels. Fatal hemorrhage is not uncommon in
HDR brachytherapy [40]. But this population is pre-
disposed to hemoptysis, usually with endobronchial
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tumor and is often treated palliatively, perhaps with
additional CRT. Using “single shot” SBRT, Wulf et
al. [31] reported one episode of fatal hemorrhage
from the pulmonary artery, but they were unsure if
this was due to the treatment or tumor infiltration.
Le et al. [17] reported a death from a 25-Gy single-
fraction treatment of a “central” tumor leading to
a tracheoesophageal fistula and eventually fatal he-
moptysis 6 months after therapy. Interestingly, an
autopsy “confirmed the fistula without evidence of
cancer”. Timmerman et al. [41] also described an
episode of fatal hemorrhage 19.5 months after an
apparent hemoptysis. These early reports suggest
that single fraction treatment of the mediastinum
or doses with high BEDs may be at greater risk for
this frightening complication. Still, hemoptysis has
otherwise not been reported, and it is unlikely to be
a common entity.

Heart

There is much less to say about the heart. The main
radiation-induced injury is a result of pericardial
reactions with effusions or, generally later, restric-
tive pericarditis. Most studies come from mantle
radiation of Hodgkin’s disease, which is associated
with a 9.5% cumulative incidence of pericarditis
at 10 years after doses higher than 41 Gy covering
60% of the cardiac silhouette [42]. Emami et als
selected endpoint for heart TD 5/5 and 50/5 was
“pericarditis” (6000 cGy and 7000 cGy, respectively,
for one third of the heart volume in the field) [8].
In addition, cardiomyopathy that is presumed to be
mediated by injury to the myocardial capillaries,
mild fibrosis, and radiation-induced atherosclerosis
have been reported [43]. Cardiac valves appear to be
clinically unaffected at standard doses.

Takayama et al. used dose-volume histograms
to analyze dose distributions to the heart and other
organs at risk due to treatment of peripheral lung le-
sions with 48 Gy in 4 fractions [44]. Only 5 of 48 pa-
tients received a cardiac dose per fraction higher
than 5 Gy and no cardiac toxicity was noted in any
of the patients. McGarry et al. [15] described two
episodes of Grade 2 and 3 pericardial effusion in pa-

tients receiving 54 Gy or 66 Gy in 3 fractions, respec-
tively. No other information was given. Timmerman
etal. [41] reported on a death from “complications of
a pericardial effusion”, in a single patient (out of 70),
that was in a Phase II trial of SBRT treating patients
with 60-66 Gy in 3 fractions. He noted that this tu-
mor was “adjacent to the mediastinum superior to
the hilum”. In no other studies are cardiac toxicities
mentioned, however, and the relatively high doses
noted in the protocols used by McGarry et al. and
Timmerman et al. had significantly higher BEDs
and may be indicative of a dose limitation to the
mediastinum and hilar regions of the central chest.
These reports suggest that the most serious heart-re-
lated concern for clinicians treating with SBRT may
be compensating for the movement of the tumor
caused by the beating heart.

Our Early Experience

This section will discuss our early experience at
Healtheast St. Joseph’s Hospital in St. Paul, Min-
nesota, with the safety and efficacy of robotic SBRT
in the mediastinum and hilum.

Patients and Methods

A total of 30 patients were treated for tumors originat-
ing in the lung and oligometastases from a variety of
other organs. This study was undertaken to assess the
early toxicity and crudelocal control for the treatment
of tumors located in close proximity to the hilum
and mediastinum, specifically those that fit within
the primary bronchial “exclusion zone” described
in RTOG 0236 (see Fig. 19.2), including those within
2 cm of the tracheobronchial tree or being T3 on the
basis of direct contact with the mediastinal pleura,
parietal pericardium, or mediastinal fat [45].
Sixteen of these tumors were previously treated
with radiation and 21 were previously treated with
chemotherapy (though none were receiving chemo-
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Fig. 19.2 Two-centimeter exclusion zone of the proximal
bronchial tree, from RTOG protocol 0236.

therapy during a 2-month window around the time
of radiation). All potential surgical candidates were
previously seen by an outside thoracic surgeon and
were considered unresectable, usually based on the
higher stage of their disease but occasionally for
medical reasons (e.g., poor pulmonary function). In
most cases these patients had exhausted every other
avenue of treatment.

Current CT scans or PET/CT scans of the tumors
were evaluated. The tumor was then classified as a
primary lung cancer, a lung cancer recurrence, or a
metastasis from a distant site. Some were treated de-
finitively, while in others, SBRT was performed for
palliation of pain or, more commonly, for impend-
ing obstruction. The latter criteria were based on
bronchoscopic findings or CT evidence, often with
clinical signs such as focal wheezing or intermittent
atelectasis. Patients were informed of the treatment
risks, including possible fatality, and signed an In-
stitutional Review Board approved consent to par-
ticipate in this research.

Patients were excluded if there were more than
two lesions within the region. A patient was also not
considered a candidate if gross invasion of the main
pulmonary artery was noted on CT. If gross involve-
ment of the esophagus or a main airway branch was
a possibility based upon imaging or clinical symp-
toms, an endoscopic exam of the bronchus or esoph-

agus was performed for direct visualization of the
airways. Proximity of the tumor to these structures
was not considered a specific contraindication, and
many tumors were in direct contact with the air-
ways, esophagus, or smaller braches of the pulmo-
nary artery.

Potential candidates were screened for present-
ing symptoms including dyspnea, supplemental
oxygen use, pain, cough, hemoptysis, hoarseness,
swallowing problems, and fatigue. KPS scores were
calculated. The maximum size (longest diameter)
of the tumor was identified; the largest tumor was
13.5 cm.

Treatment was performed with the CyberKnife®
(Accuray Incorporated, Sunnyvale, CA) which uti-
lizes fiducials placed within the tumor to allow tu-
mor motion tracking during treatment. The fiducials
were placed percutaneously or bronchoscopically.
One patient experienced a pneumothorax second-
ary to percutaneous placement that required a chest
catheter overnight but was otherwise uneventful. A
simulation CT was performed 7-12 days following
placement, utilizing 1.25 mm thick slices with the
patient immobilized in a Vac Loc bag in the treat-
ment position.

Contouring was performed utilizing lung win-
dows for tumors within the lung parenchyma, or
mediastinal windows for tumors in or abutting
the mediastinum and hilum. Critical structures
included the esophagus, heart, tracheobronchial
tree, spinal cord, pulmonary artery, and lungs. The
clinical tumor volume (CTV) was often equivalent
to the gross tumor volume (GTV), though occasion-
ally a 2 to 5 mm margin was used to account for mi-
croscopic extension. However, the planning tumor
volume (PTV) equaled the CTV as movement of the
tumor was accounted for with the CyberKnife’s abil-
ity to follow targets during treatment using the Syn-
chrony® (Accuray Incorporated, Sunnyvale, CA)
Respiratory Motion Tracking System.

Dose was determined by the size of the lesion,
its relationship to nearby critical structures, and
prior radiotherapy. Varying doses and fractionation
schemes were therefore used. In general, a more con-
servative dose was used when there was prior radia-
tion or proximity of the tumor to a critical structure.
Dosing of critical structures was based on known
tolerances. Higher doses were administered when
there was no prior radiation, and the lesion was (rel-
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atively) further away from critical structures in the
central chest. Because of the varied regimens, pre-
scription doses were converted into biologic equiva-
lent doses (BEDs) assuming an o/ ratio of 10 Gy,
and then were somewhat arbitrarily segregated
into BED ranges. The lowest range (<72 Gy), corre-
sponded to high-end conventional radiation doses.
A BED of 100 was also chosen as a minimum accept-
able dose cut-off because some SBRT literature sug-
gests that doses greater than 100 Gy are necessary
for high rates of local control in lung lesions.
Treatments usually occurred on consecutive days
or every other day depending on patient convenience
but were completed within 10 days regardless. The
patients were all treated as outpatients, and received
afollow-up phone call the day after, a week after, and
amonth after treatment. Patients were then followed
with a physical exam and CT scan or PET/CT scan
every three months thereafter. Follow-up included
assessment for acute toxicity (less than 3 months)
and late toxicity (greater than 3 months) using NCI
CTCAE v3 criteria. Local control was defined as a
radiologically stable lesion, a partial response (de-
crease in longest diameter by 30%), or a complete
response (disappearance of all target lesions).

19.9
Results

Table 19.1 gives the characteristics of the patients
and tumors treated. Thirty patients with 36 tumors
located in or abutting the mediastinum and hilum
as geographically defined above (in or abutting the
“bronchial exclusion zone” and mediastinum) were
treated from March 2004 through July 2006.

All patients had a KPS of 60 or higher. Sixteen of
the 30 patients had previous radiation to their lesion
(and thus to some portion of the “exclusion zone”).
Doses ranged from 2000 to 6000 cGy in 1-5 fractions.
Corresponding BEDs ranged from 42-180 Gy but
only a single patient had a BED > 125 Gy. Max dose
for 5% of the GTV ranged from 2603 cGy to 7462 cGy
(median 4618 cGy). The doses to surrounding criti-
cal structures were also kept as low as possible and
within tolerances for standard radiation schedules.
Lesion size, usinglongest diameter, ranged from 0.8-

Table 19.1. Patient, target, and treatment characteristics

30 patients, 36 lesions

Gender
Male 16 (53%)
Female 14 (47%)
Age
Range 33-79
Median 65.5
Mean 62.6
Pre-treatment KPS
Range 60-100
Median 90
Mode 100
Type of Cancer and Stage
Primary Lung 16 (53%)
Stage of Primary Lung
Stage I 5
Stage II 2
Stage III 5
Stage IV 4
Histological Type of Primary Lung
NSCLC (unspecified) 13
Adenocarcinoma 2
SCLE 1
Recurrent Lung 5 (17%)
NSCLC (unspecified) 3
SCILC 2
Metastatic 9 (30%)
RCCa 6
Breast 1
Colon 1
Gastroesophageal 1
Tumor Size
Range 0.8-1.35cm
Median 3.8 cm
Mean 4.3cm
GTV
Range 1.1-708.6 cc
Median 33.5cc
Mean 78.3 cc
Prescription Dose
Range 2000-6000 cGy
Median 3600 cGy
Mean 3644 cGy
Fraction range 1-5
Max dose (5% of GTV)
Range 2603-7462 cGy
Median 4618 cGy
Mean 4735 cGy
BED dose (0./f} = 10)
Range 43.2-180 Gy
Median 75.6 Gy
Mean 80.1 Gy
Prior Radiation 16 (53%)
Prior Chemotherapy 21 (70%)
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13.5 cm (median 3.8 cm). The GTVs ranged from 1.1
to 708 cc (median 33.5 cc). The median follow-up for
the survival analysis was 9.6 months (range 0.9-26.2
months). The overall Kaplan-Meier survival rate
of patients receiving CyberKnife treatment for me-
diastinal and hilar lesions was 34% at 26 months
(Fig. 19.3).
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Fig. 19.3 Overall Kaplan-Meier Survival Curve for patients
receiving CyberKnife treatment for mediastinal and hilar
lesions (n=30).

19.9.1
Efficacy

Information regarding post-treatment tumor size
was available for 32 of 36 lesions treated. No in-
formation on post-treatment lesion size was avail-
able on 4 lesions (one patient died one month after
treatment, one patient left the country, one patient
was recently treated, and one was lost to follow-up);
therefore they were excluded from the local control
analysis. For the 32 lesions with information regard-
ing post-treatment lesion size, the median follow-up
time to assess local control was 8.2 months (range
2.0-26.2 months).

Twenty-six of the 32 lesions had local control (sta-
bility, partial response, or complete response) with a
crude local control rate of 81% (Table 19.2). To deter-
mine if there was a correlation between local control
and dose, local control was compared amongst the

Table 19.2 Crude local control rates and biological equiva-
lent doses (BED)

Lesions controlled / lesions treated

BER (local control) (n = 32)
<72 10/13 (77%)

72-100 8/9 (89%)

> 100 8/10 (80%)

All lesions  26/32 (81%)

different BED ranges using the Pearson’s Chi-Square
test. There was no association between BED and lo-
cal control in this population (p = 0.77).

19.9.2
Toxicity

Cancer patients are often fatigued, for reasons that
include their tumor burden, grueling therapies, de-
pression, and so forth. Out of 30 patients treated,
11 fit criteria for Grade 1 fatigue and 10 for Grade 2
fatigue before CyberKnife treatment. Post-treat-
ment, 13 patients experienced no change in fatigue,
10 patients experienced less fatigue, and 6 patients
experienced greater fatigue. Three of the six patients
that experienced greater fatigue post-CyberKnife
treatment experienced Grade 3 fatigue, but all three
started at Grade 2. In only one case was Grade 3
fatigue present at 3 months (and the patient was re-
ceiving further chemotherapy at that time).

Cancer often causes pain. Before treatment, 19 pa-
tients had no pain, 4 people complained of Grade 1
pain, 4 had Grade 2 pain, and 3 had the equivalent of
Grade 3 pain. This latter group had involvement of
the posterior mediastinum and/or vertebral bodies.
Much of the lower Grades of pain did not necessarily
appear to be caused by the tumor in the area of treat-
ment (i.e., it was caused by other tumors or other
non-cancer causes outside of the treatment field).
Pain was unchanged in 19 patients post-treatment,
improved for 6 patients, and worsened for 4 patients.
In the four patients that experienced increased pain
post-treatment one patient who experienced no pain
pre-treatment experienced Grade 1 painacutely. This
patient’s pain resolved within 3 months. The other
3 patients experienced Grade 3 pain post-treatment
(one went from Grade 1 to 3 and two patients went
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Table 19.3 Selected Symptom and Side Effect Grades (NCI
CTCAE v3)

Symptom/ Presenting Acute Side Late Side
Side Effect Symptom Effect (n=29) Effect
(n=30) (n=25)
Cough
Grade 0 17 23 20
Grade1 12 4 3
Grade2 1 2 2
Radiation Dermatitis
Grade 0 NA 27 24
Grade1 NA 2 0
Grade2 NA 0 1
Dyspnea
Grade 0 18 19 19
Gradel 5 0 1
Grade2 3 5 0
Grade3 4 5 5
0, use
0 Liters 26 data not available* 20
1 Liter 0 data not available* 0
2 Liters 2 data not available* 3
3 Liters 1 data not available* 0
4 Liters 1 data not available* 2
Bleeding
Grade 0 NA 27 25
Grade1l NA 1 0
Grade5 NA 1 0

*All four patients requiring O, long-term began using it
within 3 months post-treatment. Data was not collected on
patients that required short-term O, use.

from Grade 2 to 3). Two of these patients continued
to experience Grade 3 pain three months post-treat-
ment. Amongst the 3 patients with Grade 3 pain pre-
treatment, one patient’s pain resolved completely,
one decreased to Grade 2, and one patient was lost
to follow-up.

Table 19.3 describes the change in Grades from
pre-treatment to post-treatment (both acute and
late effects) for selected symptoms and side effects.
Thirteen patients presented with a Grade 1 or 2
cough. Acutely, after CyberKnife treatment, 17 pa-
tients experienced no change in their cough, 9 pa-
tients improved, and 3 got worse. For the 3 patients
who got worse the highest Grade of cough reported
was Grade 2.

Dermatitis was experienced by three patients, two
with Grade 1 and one with Grade 2. The two Grade-1

patients experienced dermatitis acutely whereas the
Grade-2 patient experienced dermatitis 15 months
post-treatment after starting Erbitux.

Inoperable chest cancer patients often have dys-
pnea of varying degrees. COPD is common in these
patients as many are smokers. But potentially im-
pending bronchial obstruction and atelectasis can
also contribute to dyspnea. Four patients started
with dyspnea during activities of daily living; all of
these were on oxygen (Grade 3 by CTCAE criteria).
One patient got worse after treatment and required
4 liters of oxygen during the day and night (increased
from a baseline requirement of 3 liters of oxygen at
night). Three patients maintained their pretreat-
ment levels of dyspnea and oxygen requirements
(see Table 19.3). One patient experienced Grade 1
dyspnea pre-treatment and Grade 3 dyspnea post-
treatment, and now requires 2 liters of oxygen.

Bleeding was, fortunately, not common after
treatment despite the frequent proximity of these
tumors to large vascular structures, often including
smaller branches of vessels within the target. Only
2 patients had post-treatment bleeding, one Grade
1 and the other Grade 5. Both were on Coumadin
for atrial fibrillation. The former had his coumadin
regulated (INR was 4), and was still able to continue
with therapeutic anticoagulation with tight control
and no further bleeding. Unfortunately, the latter
individual had an INR > 6 and refused to remain at
his local ER for therapeutic intervention after what
was, in retrospect, a “sentinel bleed”. His tumor was
large, 7.5 cm, located in the AP window, and he had
had conventional radiation to 6100 cGy 15 months
before receiving 30 Gy in 3 fractions from the Cy-
berKnife (BED = 60 Gy). This is the only death that
was related to the CyberKnife treatment in these 30
patients over this relatively short follow-up period.

19.10
Discussion

To date there has been little published on SBRT treat-
ment to the mediastinum and hilum. Most studies
have focused on early-stage lung cancers, which fa-
vor more peripheral lesions, or have given little or
no “geographic” tumor location information when
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Table 19.4 Toxicity for selected patients with a Grade 3 or higher acute or late side effect

Side Effect Location Tumor Acute/ Prior Regimen
Size Late Radiation (cGy)
(cm) Grade (dose cGy)

Dyspnea  Left 2.4 Acute & No 4x800
lung Late 3

Dyspnea  Left 3.0 Acute & No 3x1600
lower Late 3
lung

Dyspnea  Right 5.8 Acute & No 4x1200
post Late 3
lung

Dyspnea  Right 3.9 Acute & No 4x1200
lower Late 3
lobe

Dyspnea  Right 7o) Acute & Yes (5600) 4x800
lower Late 3
lobe

Bleeding  Left 7.5 Acute Yes (6120) 3x1000
upper 5
lobe

Prescrip- BED
tion Dose Dose

(cGy) (Gy)

Representation of
pre-treatment CT

D5% for V,,

organat %
risk

3200 57.6 1520
4800 124.8 2760
4800 105.6 3727
4800 105.6 2560
3200 57.6 2880
3000 60.0 2006

pointing out that lesions were in or near the central
chest. The RTOG 0236 prospective trial has helped
solve this dilemma by creating a geographic zone
around the mediastinum with definitive measurable
borders around the airways and by excluding T3
tumors “involving the central chest and structures
of the mediastinum”. Of course, the intention of the
study is to clarify the role of SBRT in peripheral
Stage I/II lung cancers and will thus exclude central
tumors. There is a reference to trials relating to the
central chest that are “under development” by the
same study group [41]. Several SBRT studies that
report toxicity implied that the treated tumor was
“in the central chest” or “near the hilum or me-

diastinum”; otherwise information specific to the
mediastinum and hilum is sparse.

There are other limitations of published stud-
ies as well. Timmerman et al. [41] recently illumi-
nated the issue of longevity in onset of late toxicity.
Some of their Grade 3 and 4 toxicities occurred up
to 25.1 months after treatment (median 7.6 months).
Their fatal complications, in 6 of 70 patients, oc-
curred from weeks to a sobering 19.5 months af-
ter SBRT treatment; four were from pneumonias,
1 from complications of pericardial effusion, and
1 from a fatal hemorrhage at an area of recurrence
in the carina (the latter two mentioned above). Le et
al’s series included 3 patient deaths from “central”
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single fraction SBRT, all occurring 5-6 months after
therapy [17]. Uematsu, however, in a follow-up on his
first 50 patients treated with SBRT for Stage INSCLC,
indicated that their complication rate changed lit-
tle with a median follow-up of >60 months (range
45-90 months) [12]. They found no definite adverse
effects related to treatment except for 2 minor bone
fractures and 6 patients with temporary pleural
pain. Yet the majority of SBRT studies have shorter
follow-up and could conceivably miss serious late
toxicities. Unfortunately, our early results suffer the
same shortcoming.

We presented here information regarding local
control. Local control of 82% in this early follow-up
is somewhat less than that reported in other SBRT
series ranging from 85-95%. The lower local control
rate may be accounted for by the fact that our study
included tumors that were larger, closer to dose limit-
ing critical structures, and often associated with dose
limiting past radiation. As with other studies, these
patients have usually exhausted other first-line thera-
peutic options. Overall, our early results are still con-
sistent with studies of SBRT treatment of tumors in
more peripheral locations within the chest.

By stratifying the BEDs for control we hoped to
find a correlation between dose and local control.
We found none, although with the small numbers
and disparate tumor variables (size, type, location,
etc.), we did not expect to find a definitive trend. A
dose escalation trial specific to this “exclusion zone”
would be helpful.

For the studies that mention the mediastinum
and hilum (or “central chest”) as being a site of tar-
get treatment, few other specifics are given except
perhaps the prescribed dose to the tumor. But in de-
termining safety, “the devil is in the details”. These
details are rarely supplied with enough information
to make definitive conclusions regarding actual
SBRT risks. For example, details regarding prior ra-
diation to the treatment area or use of chemotherapy
regimens with known “recall” reactions are often
not mentioned. As with the non-SBRT literature
presented above, dose-volume metrics of tumors
and critical structures need to be considered as well.
Our inclusion of the data on the “percent of the total
lung volume exceeding 20 Gy” (V,,), a common pa-
rameter in the 3D-CRT and conventional radiation
literature for predicting pneumonitis, showed values
too low to be meaningful. This perhaps illustrates

that adequate metrics, for the most part, have not yet
been clearly identified in SBRT. No doubt including
V,, (or another “V” value) for the “organs at risk”
in the central chest would be helpful for analyzing
organ toxicity in the future. In addition, more ba-
sic science research needs to be done to understand
radiobiological differences between SBRT and other
forms of radiation to help identify the predictive
factors for toxicity, not just in the mediastinum and
hilum, but in SBRT in general [46].

Atleast in the short run, acute toxicity of the cen-
tral chest appears to be short lived and tolerable.
Though several individuals experienced Grade 3
toxicities, many had a baseline of dyspnea, fatigue,
and pain that was only slightly less than what they
experienced after treatment and it usually returned
to baseline (or better) within a time frame that was
acceptable to the patients.

There was one death (Grade 5 toxicity) from mas-
sive hemoptysis. This gentleman had minor occa-
sional hemoptysis pretreatment and was on warfa-
rin. His primary care was elsewhere (and the family
declined autopsy). SBRT treatment of patients on
Coumadin with tumors in this region may ulti-
mately prove to be contraindicated.

Dose analysis for Grade 3-5 toxicity was not use-
ful with the few patients noted here, and BEDs range
considerably. However, the doses we chose were, for
the most part, significantly less than the BEDs that
Timmerman et al. [41] published recently (doses of
60 or 66 Gy in three fractions with BEDs >180 Gy).
It may be that the information here will be helpful in
ultimately reaching a safe dose range for the medias-
tinum as it appears the central chest is indeed more
prone to severe complications at the higher dose/low
volumes found to be safe in more peripheral lung le-
sions using SBRT.

Nevertheless, the majority of our patients did not
have major toxicity, despite high doses and large tu-
mors. Two examples are presented here:

Case 1 is a 67-year-old man with metastatic re-
nal cell cancer. Figures 19.4 and 19.5 show a large
(9.5 cm) mediastinal metastasis splaying the carina
and extending along the esophagus into the right
hilum. The patient received 3000 cGy in 5 fractions.
Figure 19.6 shows a significant response at the level
of carina with return to more normal anatomy. The
patient had no acute or early signs of late toxicity,
and is alive and active at 18-months follow-up.
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Fig. 19.5 Representation of plan in illustrative Case 1. The patient received 3000 cGy in 5 fractions (no
previous RT).
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Fig. 19.6 Six months after CyberKnife in illustrative Case 1.
Note the significant response at the level of carina with re-
turn to more normal anatomy. No acute or early signs of late
toxicity. Patient is alive and active. The lesion has not grown
at 18 months follow-up.
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Case 2isa72-year-old woman 2 years after esopha-
geal resection for adenocarcinoma of the GE junction
(see Figs. 19.7 and 19.8). A recurrence was noted near
the gastroesophageal anastomosis in her mid-chest.
She presented with rhonchi and wheezing developing
from bronchial compression. She was treated with

Fig. 19.7 Recurrence near gastroesophageal anastomosis
in mid chest in illustrative Case 2. Arrow shows narrowed
bronchus with large tumor anteriorly. Wheezing and rhon-
chi present.

Fig. 19.8 Representation
of plan in illustrative
Case 2. The patient re-
ceived 4000 cGy in 5 frac-
tions.

4000 cGy in 5 fractions. Her abdominal metastasis
was also treated. The tumor shows nearly complete
regression (see Fig. 19.9). Figure 19.9 shows that her
right mainstem bronchus is open and the SVC is back
in normal position. This site (and an additional site
treated in the abdomen) remains PET negative.
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Abstract

The first published experience with stereotactic
body radiotherapy was reported on the treatment
of liver malignancies at the Karolinska Institute in
Stockholm, Sweden in the early 1990s. Since then,
two different treatment schedules have evolved:
hypofractionated radiation therapy, mostly using
3 fractions, and the radiosurgical approach, using
single-dose therapy. As opposed to the stereotactic
treatment of liver tumors, little has been published
about stereotactic treatments of pancreatic tumors.
The following chapter reviews the history of stereo-
tactic radiation therapy ofliver and pancreas tumors
including recent updates of ongoing clinical trials.

Introduction

In 1954, Philipps et al. published the first successful
palliative radiation treatment of liver metastases.
Symptoms were reduced in more than 50% of the
cases [1]. The palliative effect of whole liver radiation
therapy has been established [2-4]. Dose escalation
of whole liver radiation treatment, however, resulted
in a significant increase in liver toxicity [5]. Radia-
tion-induced liver damage (RILD) as a dose-limiting
toxicity appears 4-8 weeks after radiation therapy.
Clinical symptoms include weight gain, increased
abdominal girth, ascites and a substantial rise in
alkaline phosphatase.

The occurrence of RILD is not only dependent
on the dose, it is also dependent on the irradiated
volume [6, 7]. Emami et al. estimated a TD 5/5 (tol-
erance dose that results in a normal tissue compli-
cation probability of 5% within 5 years after treat-
ment) of 30 Gy for whole liver radiation. If 1/3 or
2/3 of the liver could be spared the TD 5/5 was esti-
mated to increase to 35 Gy and 50 Gy, respectively
[8]. Based on more recent data from the University
of Michigan using three-dimensional treatment
planning and conformal therapy, Dawson et al. es-
timated an even more pronounced volume effect
with a TD 5/5 of 31 Gy, 47 Gy and 90 Gy for whole
liver, 2/3 liver, or 1/3 liver irradiation, respectively
[9].

The most extensive published experience of
partial liver irradiation together with or without
whole liver irradiation and intra-arterial chemo-
therapy has come from the University of Michi-
gan [10-12]. A total of 203 inoperable patients with
normal liver function had been irradiated for he-
patocellular cancer (HCC; n=58), cholangiocellular
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cancer (CCC; n=47), and liver metastases (n=98)
from 1987 to 1999. Forty-one patients were treated
with whole liver irradiation (24-36 Gy), 20 patients
were treated with whole liver irradiation followed
by a boost to a partial liver volume (to 45-66 Gy),
and 142 patients were treated with partial liver ir-
radiation alone (48-90 Gy) in doses of 1.5-1.65 Gy
delivered twice daily (bid). The median dose was
52.5 Gy (range 24-90 Gy). Simultaneously, intra-
arterial chemotherapy with 5-FU (n=169) or bro-
modeoxyuridine (BUdR, n=34) was administered.
Treatment plans and total dose were adjusted to an
expected normal liver toxicity level of 10% using
a modified Lyman-NTCP model [10, 12]. As pre-
dicted, in 19 patients (9%) RILD of RTOG-Grade 3
or greater (treatment required) was observed. Six
patients had received whole liver irradiation, 6
whole liver irradiation plus local radiation boost,
and 7 were treated by partial liver irradiation alone.
The strongest parameter predicting liver toxic-
ity was the mean liver dose. In patients with he-
patic toxicity the mean liver dose was 37 Gy (NTCP
0.17) compared to 31 Gy in patients without RILD
(NTCP 0.04), which is in accordance with findings
of Emami et al. [8] who published volume-related
tolerance doses for the whole liver of TD5/5 = 30 Gy
and TD50/5 =40 Gy. Analyzing non-dosimetric
prognostic factors by logistic regression Dawson et
al. found a significantly increased risk of RILD for
hepatobiliary carcinoma (compared to metastases),
use of BUdR, and in the male gender. In the group
receiving 5-FU, male patients with hepatobiliary
cancer had the highest risk for RILD. Additionally,
the results were found to be consistent with the
“threshold hypothesis” of Jackson et al. [13], who
assumed that the risk for RILD could be kept near
zero if the partial liver irradiation volume could
be kept below a threshold volume regardless of the
dose. Dawson et al. suggested that doses as high
as 100 Gy might be safely administered for small
volumes of normal liver tissue (approximately 1/3
of whole liver). This dose escalation might be ben-
eficial, because the clinical results of the Michigan
patients revealed an improved local tumor control
with increased dose [11]. In a newer trial, Dawson
et al. used the Michigan data for dose escalation in
stereotactic liver tumor treatment. As of June 2006,
they had treated 79 patients (33 HCC, 12 CCC and

34 metastases) in 6 fractions up to a total dose of
57 Gy, and had not yet observed dose-limiting tox-
icity [14].

Care must be taken if cirrhotic liver is irradiated.
All University of Michigan data were collected on
patients with normal liver function. If liver func-
tion is impaired, however, the risk of developing
RILD increases and more liver tissue has to be
spared than in healthy liver patients. Seong et al.
[15] combined focal liver irradiation in 50 patients
with HCC (Child class A n=38, Child class B n=12)
and transarterial-chemo-embolization (TACE).
The total dose (30-60 Gy) was determined by the
fraction of the non-tumor liver volume receiving
more than 50% of the prescribed dose given in
1.8 Gy daily fractions. Six patients were observed
with RILD, unfortunately dose-volume relations for
these patients were not analyzed. The same group
published an analysis of dose-response relation
in local radiotherapy for HCC in 158 patients [16].
Ninety percent of patients had liver cirrhosis (Child
A 74%, Child B 26%); patients with advanced liver
cirrhosis (Child class C) were excluded. The tumor
size ranged from <5 cm (11%), 5-10 cm (54%), and
>10 cm (35%). The average 3D-conformal planned
dose was 48.2 +/- 7.9 Gy (25.2-59.4 Gy). While sta-
tistical evaluation revealed that the total radiation
dose was the only significant factor determining tu-
mor response, hepatic toxicity also increased with
dose. Eleven patients showed RILD: 4.2% (n=1) of
all patients in the category of <40 Gy, 5.9% (n=3)
from 40-50 Gy, and 8.4% (n=7) with doses >50 Gy.
Liver cirrhosis of Child class B seemed to be a risk
factor in development of RILD, but the number of
cases was small: 0/16 patients <40 Gy, 2/13 patients
40-50 Gy (15.4%), and 2/20 patients >50 Gy (10%).
Nevertheless, the evaluation demonstrates that
partial liver irradiation can be performed on large
volumes even in patients with impaired liver func-
tion. Liver function, however, should be evaluated
first.

A stereotactic treatment approach for liver ma-
lignancies should achieve even better normal tissue
sparing than conventional or conformal planning
and delivery techniques. The first steps in the de-
velopment of stereotactic radiation therapy of liver
malignancies were taken at the Karolinska Institute
in Stockholm, Sweden [17].
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20.3
Hypofractionation

Blomgren and Lax published their data on stereotac-
tic irradiation of liver tumors first in 1995 followed
by an update in 1998 [18, 19]. After having negative
experiences with single-dose therapy (discussed
below), they mainly used hypofractionated radio-
therapy. The fractionation and the overall time of
treatment varied widely. Doses ranged from 2 X 8 Gy
to 3 X 15 Gy or 4 x 10 Gy. The dose was prescribed
to the planning target volume (PTV) encompassing
the 65% isodose, which resulted in maximal total
doses of 20-82 Gy. Treatment times varied from 3
to 44 days [18]. This group treated 20 primary in-
trahepatic cancers in 11 patients. The clinical tar-
get volume (CTV) was a median of 22 cc (range of
3-622 cc). They observed no local failure at a mean
follow-up of 12 months; however, two fatal cases
of RILD were reported. Both patients had liver cir-
rhosis. The first patient presented with a 57 cc HCC
nodule due to hepatitis C and liver cirrhosis. The
tumor was treated with 3 X 15 Gy 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 large (293 cc) HCC
treated with 3 X 10 Gy to the periphery of the PTV.
This patient also developed ascitesin the first 6 weeks
after treatment and died shortly thereafter. Unfor-
tunately, 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.

Ten patients with 20 metastases were also treated
at the Karolinska institute using the hypofraction-
ated stereotactic regimen. The median CTV was
24 cc with a range of 2-263 cc. Tumor response was
evaluated after a mean follow-up 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
chills a few hours after the procedure. Patients re-
ceived a prophylactic treatment of paracetamol and
antiemetics. One patient suffered from hemorrhagic
gastritis a few weeks after treatment. In this case,

one third of the stomach wall had been exposed to
7 Gy for two treatment sessions. Parts of the duo-
denum were exposed to 4 x 5 Gy in another patient
who developed a duodenal ulcer, which was treated
conservatively.

These early data from Stockholm indicate the
feasibility and the possible success of a hypofrac-
tionated stereotactic treatment of liver tumors.
Unfortunately, no clear relation between treatment
success and dose-volume parameters can be drawn
from these data due to the wide range of doses and
fractionation schemes. The Stockholm group has
continued to treat patients with hepatic cancer with
the stereotactic approach, although new data have
not been published.

Wulf et al. from the University of Wiirzburg in
Germany adopted parts of the Stockholm treatment
approach [20]. They treated 24 patients with liver tu-
mors (one CCC and 23 metastases). The median CTV
was 50 cc (range 9-512 cc). All but one patient were
treated with 3 X 10 Gy to the 65% isodose at the periph-
ery of the PTV. One patient was treated by 4 x 7 Gy,
also normalized to the periphery of the PTV. The
reason for this other fractionation was a close prox-
imity of the target to the esophagus. The crude local
control was 83% with a mean follow-up of 9 months.
The actuarial local control after 12 months was re-
ported to be 76%. Four recurrences occurred 3, 8, 9
and 17 months after treatment. All were treated with
3x 10 Gy. Three of the failures occurred marginally.
The median survival of these patients was calculated
to 20 months. The morbidity of the treatment was
low: only 7/24 patients reported side effects of Grade 1
or 2 according to the WHO classification. The side ef-
fects were mostly related to one fraction and included
fever, chills, or pain with a typical onset a few hours
after irradiation, sometimes accompanied by nausea
and/or vomiting. The symptoms ceased spontane-
ously or were successfully treated with paracetamol
or prednisolon. Only one patient showed longer last-
ing fatigue, weakness, and loss of appetite. In 2006,
an update of the Wiirzburg data was published after
treatment of 39 patients with 51 metastases and 5
patients with HCC [21]. The applied dose was either
3 x 10 Gy to the 65% isodose line (low-dose group) or
3% 12.5 Gy to the 65% isodose or 1 x 26 Gy to the 80%
isodose (the last two regimens constituting the high-
dose group). Actuarial local control was 92% and 66%
after 12 and 24 months, respectively, with a median
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follow-up of 15 months. There was a trend to higher
local control in the high dose group (100% and 82% at
1 and 2 years vs. 86% and 56%; p=0.077). In addition,
dose was the only significant factor predicting local
control in a multivariate analysis (p=0.0089) [21].

In the US, a multi-center University of Colorado
dose escalation trial for the hypofractionated SBRT
of liver metastases was initiated in 2004. The initial
dose level was 12 Gy delivered three times for a total
minimal target dose of 36 Gy in 5 to 10 days. Dose
escalation is performed in steps of 2 Gy per fraction
(6 Gy total) up to a total dose of 60 Gy, or upon deter-
mination of a maximum tolerated dose (MTD). The
first results of this trial have recently been published
[22]. Eligible patients had one to three liver metasta-
ses, tumor diameter <6 cm, and adequate liver func-
tion. At least 700 mL of normal liver received a total
dose <15 Gy. Dose-limiting toxicity (DLT) included
acute Grade 3 liver or intestinal toxicity or any acute
Grade 4 toxicity. The MTD was exceeded if 2/6 pa-
tients in a cohort experienced DLT. Eighteen pa-
tients were enrolled and the median aggregate gross
tumor volume was 18 cc. No patient experienced a
DLT, and dose was escalated to 60 Gy in 3 fractions
without reaching MTD. The authors concluded that
biologically potent doses of SBRT are well tolerated
in patients with limited liver metastases. A Phase II
trial is currently active and first results have recently
been published [23]. As of June 2006, 36 patients
had been enrolled (18 in Phase I and 18 in Phase II).
Of these, 21 patients were evaluable with at least 6
months follow-up (median follow-up 19 months).
The estimated actuarial local control at 18 months
was 93%. Only one local recurrence occurred 15
months after 3 x 18 Gy. No Grade 4 or Grade 5 toxic-
ity had been observed and only 1 Grade 3 toxicity
was observed (skin ulceration) [23]. It is not known
how many of these tumors were centrally located in
the liver. Initial reports of a similar trial with dose
escalation up to 3 X 22 Gy in lung tumors had no ma-
jor toxicity when first published [24]. A recent update
including Phase II data, however, showed major tox-
icity with a longer follow-up (median 17.5 months)
[25]. Eight of the 70 patients (11%) developed Grade
3 or 4 toxicity and 6 patients (9%) died as a result of
the treatment. Centrally located tumors had a high
risk (about 46%) of developing severe toxicity within
2 years of receiving 3 x 20 Gy to the periphery of the
PTV [25].

20.4
Radiosurgery

Blomgren and Lax also started with single-dose
therapy for liver tumors [19]. Six tumors in 5 patients
were radiosurgically treated. The prescribed dose
to the periphery of the PTV was a median 15.5 Gy
(range 7.7-30 Gy). No recurrences were observed
during a median follow-up of 5 months; however,
one patient died 2 days after treatment. This patient
had a 229-cc HCC and a cirrhotic liver. The tumor
was treated with 30 Gy applied to the periphery of
the PTV. The isocenter dose was 48 Gy. The patient
was already icteric and showed signs of ascites at the
time of treatment. The other four patients showed
marginal recurrences during follow-up, as indicated
in a later paper [18]. These two circumstances forced
Blomgren and Lax to abandon the single-fraction
approach for large liver tumors.

In 1997, a Phase I/II trial was initiated at the Ger-
man Cancer Research Center in Heidelberg (Ger-
many) to assess the feasibility and the clinical out-
come of single-dose treatment of liver tumors [26].
Non-resectable tumors in the liver were included.
As many as 3 tumors were included, or 4 if two of
them were less than 3 cm from each other. Single le-
sions could not exceed 6 cm in diameter, and none
of the tumors could be immediately adjacent to the
gastrointestinal tract (distance >6 mm). Patients
were excluded if they had insufficient liver function.
Thirty-seven patients were treated for a total of 60
tumors during 40 treatment sessions. The targets
included 4 primary hepatic tumors and 56 metasta-
ses (mainly colorectal cancer or breast cancer). The
median target volume was 10 cc (1-132 cc). The dose
was prescribed to the isocenter with the 80% isodose
encompassing the PTV and was escalated from 14 Gy
to 26 Gy based on the liver dose in the dose-volume
histogram. That is, the dose to 30% of the liver was
increased from 6 Gy to 12 Gy while the maximum
dose to 50% of the liver was escalated from 4 Gy to
7 Gy. Dose, however, was reduced during dose esca-
lation if normal tissue constraint of nearby gastro-
intestinal organs (esophagus 14 Gy, stomach 12 Gy,
small bowel 12 Gy) did not allow higher doses. Af-
ter initial dose escalation, an actuarial local tumor
control of 81% at 18 months was achieved with a
mean follow-up of 9.5 months. All patients received




A Review of Stereotactic Body Radiotherapy for Liver and Pancreas

199

prophylactic dexamethasone before and after radia-
tion therapy. The actuarial 2-year survival was 59%.
Patients treated with curative intent showed a sig-
nificantly longer survival (actuarial 87% at 2 years)
than patients with additional extrahepatic tumor
manifestations at the time of treatment (median
survival 12 months) [27]. An update of these study
patients with a mean follow-up of 17 months was
published in 2003 [28]. Two patients developed late
local recurrences 4 years after therapy. The actuarial
local control remained unchanged at 81% after 18
months. An example of tumor response after single
dose irradiation is shown in Figure 20.1.

A follow-up trial was initiated after these prom-
ising initial results. More patients were radiosurgi-
cally treated according to the initial Phase II pro-
tocol 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 has
been 12 months and the actuarial local tumor con-
trol dropped to 72% at 12 months. Analysis of the
increased failure rate revealed that patients with
colorectal metastases showed significantly worse
local tumor control than patients with other his-
tologies [28]. In particular, all 11 patients who had
already received chemotherapy using CPT-11 or
oxaliplatine showed local (infield and marginal) re-
currences during the first 15 months after therapy.
Therefore, higher doses and/or larger safety mar-
gins should be used especially if colorectal cancer
metastases are treated.

Side effects of the treatment were minimal [26], in-
cluding mild nausea or loss of appetite for 1-2 weeks
in about one third of the patients. Hiccups occurred

Fig. 20.1a-d. Follow-up of a solitary
liver metastasis for a primary colorec-
tal cancer after radiosurgery. The me-
tastasis is located adjacent to the right
anterior to the intermedial liver vein: a
before treatment, b 6 weeks after irra-
diation (perifocal radiation reaction is
visible), ¢ 12 months (volume decrease
of radiation reaction) and d 18 months
after treatment.
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in 2 patients and one patient developed fever. There
were no clinical signs of RILD. On the other hand,
a focal liver reaction occurred after radiation (de-
scribed below).

The hypofractionated and the single-dose ap-
proach in the stereotactic radiation treatment of
liver metastases should be evaluated in a Phase III
study. The StRaL-trial (Stereotactic Radiation Ther-
apy of Liver Metastases) was a prospective random-
ized multi-center trial that started patient recruit-
ment in March 2003 with a planned enrollment of
276 patients over 5 years. Inclusion criteria were a
maximum of 3 surgically inoperable liver metas-
tases. The maximum size of the tumors depended
on the number of targets: 5 cm for 1 target, 4 cm for
2 targets, and 3 cm for 3 targets. The primary study
goal was the comparison of local tumor control after
single- or multi-fraction treatment. Secondary end-
points were survival, morbidity, and quality of life.
The study was designed to prove the equivalence of
the treatment arms. Patients in arm A received a
single-dose radiation therapy of 28 Gy normalized
to the isocenter with the 80% isodose (22.4 Gy) en-
compassing the PTV. Patients in arm B received hy-
pofractionated therapy with 3x 12.5 Gy normalized
to the 65% isodose (encompassing the PTV). Normal
tissue constraints are listed in Table 20.1.

Unfortunately, the trial closed early in 2006 after
recruiting only 18 patients in 3 German centers. This
failure may be attributed to a dramatic drop in the
number of patients in Germany treated with stereo-
tactic radiotherapy and instead treated with radio-

Table 20.1 Target doses and normal tissue constraints for the
German prospective randomized multi-center trial StRaL.

Arm A Arm B

1x28 Gy/isocenter 3x12.5 Gy/65% isodose

relative absolute relative absolute

dose/fx dose/fx dose/fx dose/fx
Isocenter 100% 28 Gy  100% 19.2 Gy
Minimum PTV 80%  22.4Gy 65% 12.5 Gy
Liver (30% Vol.)  43% 12Gy 36% 7 Gy
Liver (50% Vol.)  25% 7Gy  26% 5Gy
Esophagus (max.) 43% 12Gy 36% 7 Gy
Stomach (max.) 43% 12Gy 36% 7 Gy
Duodenum (max.) 43% 12Gy  36% 7 Gy
Colon (max.) 43% 12Gy  36% 7 Gy
Myelon (max.) 43% 12Gy  36% 7 Gy

frequency ablation (RFA) or laser induced thermo
therapy (LITT). No difference could be observed
between the two groups.

Focal Liver Reaction

The focal liver reaction after single dose radiation

therapy has been examined by the Heidelberg group.

All patients who were followed using multiphasic CT

scanning showed a sharply demarcated focal radia-

tion reaction (see Fig. 20.1). Tumor and radiation re-
action could be well differentiated in the portal-ve-
nous contrast-enhanced CT scans. Liver vessels run
through the liver reaction and were not displaced, as
they are by expanding tumors. A detailed evaluation
and characterization of this focal radiation reaction
in 36 of the Heidelberg patients was published in

2003 [30].

The area of radiation reaction was hypodense in
the majority of the non-enhanced CT scans. Three
different types of reaction appearance could be de-
fined based on the liver density in the portal-venous
and the late phase after contrast agent administra-
tion:

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

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

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

The median onset of the reaction was 1.8 months.
Types 1 and 2 reactions usually showed up earlier
and type 3 reactions appeared later, resulting in a
shift during follow-up towards type 3 appearances.
In addition, the volume of the radiation reaction
decreased with time (Fig. 20.1). The most dramatic
shrinkage was observed during the first months
after appearance leading to speculation that the
complete liver reaction proceeded through different
radiological stages (type 1,2 and 3 appearances). The
histological basis of these stages was not determined
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since no biopsies were taken. Others had reported a
type 2 appearance after single dose radiation therapy,
however, and a veno-occlusive disease was histologi-
cally confirmed [31].

Based on reconstruction of the dose-volume his-
tograms, the mean threshold dose was 13.7 Gy witha
wide range (8.9 to 19.2 Gy) given in a single fraction.
One reason for this large variance might be that the
volume decreased greatly between the initial detec-
tion and the later follow-up examinations. The ex-
amination might not have detected larger reaction
volumes and, therefore, the calculated threshold
doses might have been overestimated. This was
supported by the significant correlation between
the threshold dose and the time of detection (cor-
relation coefficient r=0.709). In addition to the time
factor, other factors which might influence individ-
ual radiation sensitivity (e.g., additional toxic liver
agents such as alcohol) might have also contributed
to the variance. More data is needed to strengthen
our confidence in these threshold doses.

Recently, we have published data using a rabbit
model for evaluation of the radiation reaction. Small
parts of the liver of New Zealand white rabbits were
treated with up to a single dose of 45 Gy (isocenter).
Nevertheless, no radiation reaction comparable to
that seen in humans could be detected [32].

In summary, SBRT has been shown to be a feasi-
ble and completely non-invasive treatment modality
complementing the present armamentarium 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 multi-
modality treatment approaches.

20.6
Radiosurgery for Pancreatic Cancer

Radiosurgery for pancreatic cancer is a new treat-
ment option, not commonly in clinical use for this
disease. The poor prognosis and high incidence of
this tumor should encourage establishing new treat-
ment concepts in order to improve the outcome. The
5-year survival is still less than 5%, and pancreatic

cancer is the fourth leading cancer-related cause of
death in the United States. For inoperable or locally
advanced pancreatic cancer, radiochemotherapy is
the therapy of choice as shown by Moertel et al.
[33] and additionally by a study conducted by the
Gastrointestinal Tumor Study Group [34]. Normally
patients receive a CT based 3D planned radiotherapy
in a four field technique. The dose limiting organ at
riskis the small intestine. Therefore, normally a dose
of approximately 45 Gy to 50.4 Gy in a single fraction
of 1.8 Gy is applied. Recent studies are combining
modern fractionated techniques like stereotactic
guided inverse planned intensity modulated radio-
therapy (IMRT) with chemotherapy and “targeted
therapies” in order to improve outcome and achieve
a higher number of resectable patients after initial
therapy [35]. A second new and promising approach
is the use of radiosurgery for locally advanced pan-
creatic cancer a single modality or as a boost after
fractionated radiochemotherapy. In a Phase I study,
Koong et al. [36] performed a dose escalation for
locally advanced pancreatic cancer using the Cyber-
Knife® (Accuray Incorporated, Sunnyvale, CA).
The authors treated 15 patients at three dose levels
starting with 15 Gy (3 patients) and escalating the
dose from 20 Gy (5 patients) to 25 Gy (7 patients).
No Grade 3 or higher acute gastrointestinal toxicity
was seen at any dose. The authors stopped the study
before a dose-limiting toxicity was reached. For all
patients treated with 25 Gy the clinical objective of
this study (local tumor control) was achieved and all
patients progressed systemically. The median over-
all survival in the group treated with 25 Gy was 8
months with a median follow-up of 4.5 months. Only
five of the 15 patients developed a Grade I or IT acute
gastrointestinal toxicity. For the patients receiving
25 Gy the mean dose to 50% of the duodenum was
14.5 Gy and the mean dose to 5% of the duodenum
22.5 Gy.

Koong et al. [37] followed-up this study by com-
bining 45 Gy by IMRT with concurrent 5-FU fol-
lowed by 25 Gy stereotactic radiosurgery for locally
advanced pancreatic cancer. A total of 16 patients
finished the study protocol as planned. No patient
experienced a Grade IV acute gastrointestinal toxic-
ity. Grade III acute toxicity was seen in two patients
and 11 patients suffered from a Grade I toxicity. This
small study showed excellent local control rates of
94% (15 of 16 patients). Unfortunately, the time to
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progression was a disappointing 17.5 weeks post-
therapy, and the site of first progression was in all
cases distant. According to Kaplan-Meier functions,
the estimated 6-month survival was 80% and the
estimated 1-year survival was 15%. Robotic-based
radiosurgery was applied in both studies mainly by
using a breath hold technique. Patients were trained
to hold their breath for 15-20 s. By using a breath-
holding technique, the position of the pancreas was
reproducible on average within 2.5 mm in all three
dimensions [38]. A disadvantage of radiosurgery
with breath-holding is the long treatment time.
Patients were treated in a range from 3 to 6 hours
[36]. An option to reduce the treatment time is the
respiratory tracking system of the CyberKnife (Syn-
chrony®, Accuray Incorporated). This technique re-
targets the robotic linac in real-time by continuous
tracking of infrared detectors attached to the chest
wall. Tumor motion is tracked by correlating the
position of the internal fiducials on intraoperative
X-rays with the infrared detectors. In the study of
Koong et al., the radiographic markers were mainly
implanted using CT guidance [36]. In two patients,
the fiducials were placed during an open laparotomy.
A different approach to implant fiducials for real-
time image guidance was published by Pishvaian et
al. [39] which describes an endoscopic ultrasound-
guided technique. This approach was successful in
11 of 13 patients in different locations of the medias-
tinum and the abdomen including in patients with
pancreatic cancer. Only one patient developed an
infectious complication within 30 days.

Radiosurgery for pancreatic cancer is, in con-
clusion, a new and promising treatment modality,
which could improve the outcome of pancreatic can-
cer in combination with fractionated radiotherapy
and new systemic approaches.
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Introduction

This chapter reviews, from the surgeon’s perspec-
tive, the various local-regional treatments for he-
patic malignancies and how the use of stereotactic
radiosurgery fits into current general surgical prac-
tice. Understanding these modalities is important in
surgical practice and enables a rational approach to
both surgical and non-surgical therapies for hepatic
malignancies. Some of these treatments are clearly
in the surgical domain as these therapies may be best
given via laparoscopic or open surgical approach.
Additionally, these local-regional modalities are in-
creasingly being used as neoadjuvant or adjuvant
therapy, particularly in Hepatocellular Carcinoma

(HCC). Surgeons are faced with the challenge of
adopting these alternative techniques into their
practice. Familiarity with these therapies allows the
surgeon, with their unique expertise and skill, to
participate actively in the nonsurgical management
of these lesions. Several of the more prominent non-
surgical local-regional therapies are reviewed here.

Hepatocellular Cancer

Hepatocellular carcinoma (HCC) is the fifth most
common solid-organ tumor. Worldwide, it is re-
sponsible for nearly a million deaths annually, and
its incidence is on the rise in Western countries
[1-3]. Surgical resection is clearly the treatment of
choice for HCC. Recent advances in surgical man-
agement have reduced the mortality rate associated
with surgery and at most major medical centers op-
erative mortality is generally less than 5% [3]. Addi-
tionally, long-term survival after resection of HCC
has improved, with an overall 5-year survival rate
of about 50% achieved in recent years [4]. However,
the majority of patients with HCC are not candi-
dates for surgery and resection rates remain low, in
the range of 10-37% [5-7]. Liver transplantation is
a clearly established alternative curative treatment
for HCC. Liver transplant offers excellent survival
in patients with solitary HCCs smaller than 5 cm or
those with up to three nodules each smaller than
3 cm without extrahepatic or vascular spread. Five-
year survival rates are greater than 70% for these
patients [8, 9]. Indeed, some of these local-regional
modalities are increasingly being used as a “bridge”




206

R. M. Goldstein, B. D. Berger, and J. K. 0’Connor

to transplantation for controlling cancer growth
while patients with transplantable HCC wait for
suitable donor organs. The use of liver transplan-
tation is, of course, limited by the shortage of donor
organs. Nonsurgical local-regional alternatives are
especially important considering the dismal results
of systemic chemotherapy, with a response rate less
than 20% and no significant survival benefit when
compared with symptomatic management [10, 11].
Because of the limited eligibility for surgical treat-
ment and poor results of chemotherapy, the past
decade has seen great efforts directed toward the
development of effective nonsurgical therapeutic
modalities for HCC [12]. There is a growing list
of local-regional therapeutic options for HCC, and
several of the more prominent techniques are re-
viewed here including stereotactic radiosurgery
(SRS), transarterial chemoembolization (TACE),
transarterial radiotherapy, and radiofrequency ab-
lation (RFA).

21.2.1
Stereotactic Radiosurgery

Conventional external beam radiation therapy has
been used for decades in the treatment of HCC, but
now has a more limited role due to the potential of
damage to the normal liver at cytotoxic radiother-
apy doses. Modern three-dimensional conformal ra-
diotherapy (3D-CRT) can minimize radiation dose
to surrounding normal tissues, deliver radiation to
the tumor with more precision, and has resulted in
improved tolerance. In unresectable HCC, a pilot
study of 3D-CRT resulted in a tumor response rate
of 58% and good liver tolerance [13].

However, the risk of radiation induced liver dis-
ease (RILD), a clinical syndrome of anicteric hepa-
tomegaly, ascites, and elevated liver enzymes occur-
ring after radiotherapy, has led to the development
of even more conformal radiation treatment. Stereo-
tactic radiosurgery has the potential to maximize
dose to liver tumors, thereby increasing tumor cell
kill, while minimizing risk of radiation injury by re-
ducing radiation dose to normal liver tissue. Image-
guided radiation therapy (IGRT) with pretreatment
CT scanning and/or peritumoral fiducials allows
more accurate patient set-up and treatment delivery.
Implanted fiducials and robotic radiosurgery allows

real-time tumor tracking with respiration during
treatment, may further increase the precision of ste-
reotactic radiosurgery, and may potentially enable
the delivery of higher radiation doses, thus deliver-
ing better response rates.

Early experience with radiosurgery for liver tu-
mors was reported by Blomgren et al. [14]. Eleven
patients with 20 tumors, including nine patients
with HCC, one patient with intrahepatic duct can-
cer, and one patient with an embryonic cancer, were
treated with stereotactic radiosurgery. The total
dose within the target ranged from 14 to 45 Gy given
in one to four fractions. The results were promising,
with stable disease in 25% of tumors, a 60% partial
response rate, and a 10% complete response rate.
All patients experienced fever and nausea following
treatment. One patient died two days after a single
dose of 30 Gy to a large HCC in the left liver lobe,
and two patients developed ascites within 3-6 weeks
of treatment and died. Herfarth et al. performed a
Phase I/II trial of radiosurgery for primary and
metastatic liver tumors. [15]. Sixty neoplastic liver
lesions were treated with single fraction stereotac-
tic radiosurgery using escalating doses from 14 to
26 Gy. All treatments were given without major side
effects and the local control rate for all lesions was
75%, 71%, and 67% at 6, 12, and 18 months, respec-
tively. While most patients had metastatic disease,
this study did demonstrate the feasibility of hepatic
stereotactic radiosurgery with high local tumor con-
trol rate and low morbidity.

21.2.2
Radiofrequency Ablation

Radiofrequency ablation (RFA) is the use of a high
frequency alternating current (100 to 500 KHz) for
hyperthermic ablation of liver tumors. The heat cre-
ated around the probe is conducted into the sur-
rounding tissue, causing coagulative necrosis at
temperatures between 50 and 100 degrees Celsius
[16]. Various advances in radiofrequency electrodes
and techniques, such as cooled-tip and expandable
electrodes and pulsed delivery, allow complete ne-
crosis of spherical lesions 3 to 5 cm in diameter and
also reduce the number of treatment sessions. RFA
can be performed percutaneously or approached via
laparoscopy or laparotomy [17]. Percutaneous RFA
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is performed under ultrasound or CT guidance with
local anesthesia and can be an outpatient procedure.
However, in patients with large HCCs (> 5 cm), pa-
tients with high risk of bleeding, those with tumors
adjacent to critical normal tissues at risk of thermal
injury, or with deeply positioned lesions not reach-
able by percutaneous puncture, a laparoscopic or
open approach for RFA may be necessary.

RFA is an effective means of treating HCC, partic-
ularly in smaller lesions, well-differentiated tumors
and noninfiltrative HCCs. After a single session of
RFA for HCCs smaller than 3 to 5 cm, several studies
have shown 80 to 90% complete tumor necrosis [18-
20]. In another study of 126 HCCs larger than 3 cm
treated with RFA, complete necrosis was observed
in 61% of tumors smaller than 5 cm and in only 24%
of tumors larger than 5 cm. In the same study, for
tumors smaller than 5 cm, complete response rates
were 51% for noninfiltrative HCCs compared with
only 22% for infiltrative forms [21]. Long-term sur-
vival of patients undergoing RFA in HCC has been
reported in two studies. Tateishi et al. noted a 5-year
overall survival rate of 54% in 319 patients treated
with RFA for HCC and Lencioni et al. noted a 5-year
survival rate of 41% [22, 23].

Two randomized studies comparing RFA to
ethanol injection have shown that RFA offers more
effective local tumor control in HCC. Linetal.
found improved rates of complete tumor necro-
sis in fewer treatment sessions with RFA com-
pared to ethanol injection. The overall survival
and cancer-free survival rate were highest in
the RFA group [24]. Lencioni et al. noted 2-year
survival rates of 98% in patients undergoing RFA
for small HCC with cirrhosis versus 88% in patients
undergoing percutaneous ethanol injection (PEI).
Two-year local recurrence-free survival rates were
also improved in the RFA group compared to those
receiving PEI, 96% versus 62%, respectively [25].

RFA is generally well tolerated, even in patients
with cirrhosis. Published studies indicate severe
complication rates ranging from 0 to 12% and mor-
tality rates ranging from 0.1% to 0.5% [26, 27]. Major
acute complications include bleeding, liver failure,
pneumothorax, liver abscess, intestinal perforation,
hematoma, intraperitoneal hemorrhage, and bile
duct stenosis. Needle tract seeding has also been
seen with an incidence around 0.5% [28]. Relative
contraindications for RFA include lesions bordering

the gastrointestinal tract, particularly the colon and
hepatic hilum, due to higher rates of complications
seen when treating such lesions [29]. One major lim-
itation to RFA is tumor vascularity and proximity of
lesions to large vessels. Tumor vascularity or nearby
major vessels may act as a heat sink, effectively cool-
ing the area around the RFA probe by drawing heat
away, thus increasing the risk of treatment failure.
The Pringle maneuver (occlusion of tumor blood
supply) during RFA can be an effective means to re-
duce the cooling effect of blood flow [30].

21.2.3
Transarterial Chemoembolization

Transarterial chemoembolization (TACE) is a re-
gional therapy that has been used for unresectable
HCC for several decades. During TACE, iodized
poppy seed oil (Lipiodol) and chemotherapy such
as doxorubicin, mitomycin C, or cisplatin are ad-
ministered through the feeding artery of the tumor,
followed by embolization with gelatin sponge par-
ticles. The concurrent use of transarterial chemo-
therapy and embolization has several advantages.
First, transarterial embolization alone can induce
tumor necrosis in HCC, with complete necrosis rates
of 64% at 5 years [31]. Second, Lipiodol is selectively
retained in malignant tissue and helps to concen-
trate the cytotoxic agents into the tumor, thereby
increasing their effectiveness [32]. A randomized
trial by Yoshikawa et al. showed that infusion of a
Lipiodol-cytotoxic drug mixture produced a sig-
nificantly better response rate and survival than
the cytotoxic drug alone [33]. Last, the retention of
Lipiodol results in intense tumor staining, which
may assist in monitoring the tumor’s response to
treatment.

TACE is an effective therapy for inoperable HCC
with several large retrospective studies revealing tu-
mor response rates (reduced size or complete reso-
lution of radiographic abnormality) of 29-62% and
1-year survival rates of 50-76% [34-40]. While some
retrospective studies have shown improved survival
with TACE when compared to symptomatic treat-
ment, three randomized controlled studies have not
found differences in survival. The potential benefit
of TACE may be counteracted by its deleterious ef-
fect on liver function. In two of the randomized tri-
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als, more than 50% of patients had liver failure fol-
lowing TACE [41, 42].

Otherwise, TACE is generally well tolerated.
Poon et al. recently analyzed their data of 484 pa-
tients with HCC undergoing TACE for inoperable
or recurrent HCC. The overall treatment compli-
cation and mortality rates were 23% and 4.3%, re-
spectively [43]. Complications included liver failure,
liver abscess, tumor rupture, peptic ulcer, acute
cholecystitis, acute pancreatitis, and renal failure.
Additionally, the authors noted a self-limiting TACE
syndrome consisting of nausea, fever, and abdomi-
nal pain. Although TACE has been used since the
1980s, there is no formal consensus regarding ideal
patient selection. Several studies have shown that
poorer outcomes can be expected in patients with
large tumors, portal vein invasion, and poor liver
function [12]. Other contraindications to TACE in-
clude extra-hepatic metastasis and severe arteriove-
nous shunting. With careful patient selection to re-
duce the risk of liver failure, TACE should continue
to be an important palliative treatment for patients
with unresectable and nontransplantable HCC, es-
pecially those with tumors larger than 5 cm or mul-
tiple tumors that are not favorable for local ablative
therapy [12].

Currently, TACE is more commonly performed
than either transarterial chemotherapy or transarte-
rial embolization alone. However, transarterial em-
bolization does play an essential role in controlling
hemorrhage from ruptured HCC and is considered
the first-line emergency treatment for patients with
tumor rupture. Additionally, patients with effective
hemostasis by transarterial embolization may then
undergo elective resection of the tumor [44].

One additional benefit of TACE, shared with some
other local-regional therapies, is that it can be re-
peated. Nevertheless, caution must be exercised
and it may be preferable to repeat treatment based
upon tumor progression rather than to proceed with
a planned sequence of treatments. A recent trial
showed fewer complications and better survival
with repetition based on tumor response and patient
tolerance than with planned repetition of TACE for
three cycles [45].

TACE has also been used preoperatively on HCC
for hepatic resection and may reduce post-operative
recurrence [46,47]. Two randomized trials, how-
ever, showed no difference in recurrence rate with

preoperative TACE compared with hepatic resection
alone [48, 49]. The benefit of preoperative TACE may
be offset by an adverse effect on liver function. In
a prospective, but nonrandomized study, the 5-year
disease-free survival rate of patients who received
preoperative TACE was significantly better than that
for patients with resection alone (51% vs. 21%), but
the overall 5-year survival rate was not significantly
different (43% vs. 38%) because of a higher incidence
of postoperative liver failure in the former group
[12, 50]. While current evidence does not validate
its routine use preoperatively, TACE may downstage
tumors for patients with HCC of borderline resect-
ability and increase the chance of curative resection
[51, 52].

21.2.4
Transarterial Radiotherapy

Similar to TACE, the principle of transarterial radio-
therapy is a targeted cytotoxic agent administered
arterially and carried in a medium that is selectively
retained in the tumor. In transarterial radiotherapy,
the cytotoxic agent is a radioactive isotope such as
iodine-131 or yttrium-90. Transarterial iodine-131 is
injected with Lipiodol, which, as previously noted, is
selectively retained in malignant tissue. The treat-
ment produces a wide range of tumor responses
ranging from 17% to 92% [53-56]. In addition to
being an effective cytotoxic treatment, transarte-
rial iodine-131 appears to be well tolerated, perhaps
even better than TACE. A randomized trial compar-
ing transarterial iodine-131 and TACE showed no
significant difference in tumor response rate (24%
vs. 25%, respectively) and identical 2-year survival
rates, 22% in each arm [57]. Tolerance to iodine-
131 was significantly better than with TACE. There
were significantly fewer severe side effects in the
transarterial iodine-131 group (3 vs. 29 in the TACE
group) and lower incidence of arterial thrombosis
(1 vs. 10 in the TACE group). Although well toler-
ated, not all patients are candidates for transarterial
radiotherapy. For instance, portal vein thrombosis
may be a contraindication to transarterial iodine-
131 therapy. In a study of 24 patients with HCC and
portal vein thrombosis, transarterial iodine-131
treatment produced only a 12% partial response rate
and a 6% one-year survival with 42% of patients hav-
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ing liver failure [58]. Thus, transarterial iodine-131
may produce lower response rates and higher rates
of complications in patients with HCC and portal
vein thrombosis than alternative treatments.

Transarterial iodine-131 may also be of value in
the adjuvant setting, decreasing local recurrence of
HCC. In a randomized trial, patients with HCC who
underwent curative resection were randomly as-
signed transarterial iodine-131 or no further treat-
ment. The administration of iodine-131 significantly
decreased the incidence of local recurrence from
59% to 28.5% and resulted in significantly improved
disease-free and overall survival [59].

Yttrium-90 is a beta-emitting radioisotope that
penetrates tissue with an average depth of 2.5 mm
and a maximum depth of 11 mm. Yttrium-90 is
integrated into glass microspheres and selectively
injected into the hepatic artery. The yttrium-90 mi-
crospheres are preferentially deposited in the hyper-
vascular tumor due to their size. The microspheres
are about 20-30 pm in diameter, and become en-
trenched in the pre-capillary end-arterioles of the
tumor and act as point sources of radiation, deliver-
ing intense local radiation to tumor [60].

In a study by Carr et al., 65 patients with unresect-
able HCC were treated with transarterial yttrium-90
microspheres. The median dose delivered was
134 Gy; 38.4% of the patients had a partial response
as measured by computed tomography scan and
64.6% had a substantial decrease in tumor vascular-
ity. The treatment was generally well tolerated with
9 episodes of abdominal pain and 2 episodes of acute
cholecystitis, requiring cholecystectomy. Another
prominent finding was prolonged and profound
lymphopenia in more than 75% of the patients,
which was without clinical significance [61]. Lau et
al. treated 71 patients with unresectable HCC using
transarterial yttrium-90 and all patients showed
a response either by serum AFP or ferritin levels,
26.7% of patients had a partial response by CT scan,
and overall median survival was 9.4 months [62].

21.2.5
Local-Regional Therapies as a
Bridge to Transplantation

Because the waiting time for liver transplantation
can be tragically long, the need to control tumor

growth in patients with HCC who are waiting for
this operation is critical. Increasingly, local-re-
gional therapies are being used as “bridge” to liver
transplantation with the goal of controlling local
tumor growth while transplant patients are await-
ing a graft.

There are no randomized trials in the use of
pretransplant TACE. However, a study compar-
ing patients with pretransplant TACE to histori-
cal controls without TACE found that the TACE
induced marked tumor necrosis but no improve-
ment in survival [63]. Furthermore, those receiv-
ing pretransplant TACE appeared to have an in-
creased risk of acute posttransplant infections. A
multimodality approach with TACE before trans-
plant followed by postoperative chemotherapy
is used by some centers for patients regarded as
unsuitable candidates for transplantation, those
with HCCs larger than 5 cm. Schwartz et al. from
Mount Sinai Medical Center have treated 11 pa-
tients with recognized HCC 5 cm or greater with
pretransplant TACE and intraoperative and post-
operative chemotherapy. They noted no deaths
and only one recurrence with a short mean fol-
low-up of 14 months [64].

We have recently begun using CyberKnife®
(Accuray Incorporated, Sunnyvale, CA) radio-
surgery as a bridge to transplantation. We treated
four patients with HCC who ultimately had a liver
transplant using doses ranging from 33 to 42 Gy
delivered in 3 fractions. There were no complica-
tions associated with the CyberKnife treatment.
The average time from CyberKnife treatment to
liver transplant was 54 days. Explant pathology
revealed no viable tumor at the treatment site in
two patients. There was viable tumor in the re-
maining two patients but they both had short in-
tervals (less than six weeks) between radiosurgery
and transplantation. This preliminary review
suggests that patients with end stage liver disease
and HCC tolerate tumor-directed CyberKnife ra-
diosurgery without progressive decompensation.
The CyberKnife appears to offer promise as part
of a multimodality treatment regimen for patients
with end-stage liver disease and HCC. Of course,
this is preliminary work, and considerably more
research is required to determine whether Cy-
berKnife radiosurgery will play a role in the treat-
ment of these patients.
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Liver Metastasis

Liver metastasis is a persistent oncologic problem.
The primary source of liver metastasis is colorectal
cancer, followed by lung cancer. Approximately 50%
of patients with stages II and III colorectal cancer
will develop liver metastases, either at the initial
presentation or as recurrent disease. The prognosis
of untreated liver metastasis is poor, with 5-year
survivals of less than 3% [65]. Surgical resection of
liver metastasis has led to improved outcome for
these patients. Criteria for resectability include a
limited number of lesions, lack of major vascular
involvement or other location precluding resec-
tion with negative surgical margins, absent or very
limited extrahepatic disease, and adequate hepatic
functional reserve. In patients that can undergo re-
section, the surgery can be performed with less than
a 5% mortality rate at major centers and a 5-year sur-
vival rate of 25-40% [66-72]. The largest series in the
literature is from Fong et al. who reported clinical,
pathologic, and outcome data for 1001 consecutive
patients undergoing liver resection for metastatic
colorectal cancer [72]. The overall 5-year survival
rate was 37% and the 10-year survival rate was 22%.
Seven factors were found to be significant predic-
tors of decreased survival: positive surgical mar-
gins, extrahepatic disease, node-positive primary,
disease-free interval from primary to metastases of
<12 months, number of hepatic tumors >1, larg-
est hepatic tumor >5cm, and carcinoembryonic
antigen level >200 ng/ml. Clearly, the long-term
survival data are promising in a select subgroup
of patients. Unfortunately, only a small proportion
of patients with liver metastases are candidates for
surgical resection, and in these patients, alternative
local-regional therapies are available.

21.3.1
Stereotactic Radiosurgery

Stereotactic radiosurgery has emerged as a popular
modality for treating liver metastasis. In addition to
the experiences by Herfarth et al. and Blomgren et
al. noted above, Wulf et al. reported their experience
with stereotacticradiosurgeryin 23 patients with liver

metastases. Radiation was given in three fractions of
10 Gy each and local control was defined as complete
or partial remission [73]. For all liver metastases the
actuarial local control at 1 and 2 years was 76% and
61%, respectively, and the overall survival at 1 and 2
years was 71% and 43%, respectively. The treatment
was well tolerated and no acute Grade 3-5 side effects
were observed in patients treated with radiosurgery
for liver metastasis.

The interim results of a multi-institutional Phase
I/I1 trial of stereotactic radiosurgery for liver metas-
tasis were recently reported [74]. All patients had a
maximum tumor diameter of <6 cm, 3 or less dis-
crete lesions, and treatment planning confirming
that atleast 700 cm?® of normal liver receives no more
than 15 Gy. The most common primary sites were
lung, colorectal, and breast. Thus far, 36 patients
have received stereotactic radiosurgery; 18 in the
Phase I portion and 18 in the Phase II portion. In the
Phase I portion of the trial the radiation dose was
escalated from 36 Gy in three fractions to 60 Gy in
three fractions. All patients in the Phase II portion
of the trial received 60 Gy in three fractions. Among
21 patients with >6 months follow-up (median
19 months), only one episode of Grade 3 toxicity
occurred, in subcutaneous tissue superficial to the
liver. No Grade 4 toxicity occurred. For 28 discrete
lesions treated, the 18-month actuarial local control
estimate was 93%. This interim analysis has shown
that in a multi-institutional setting, stereotactic ra-
diosurgery can be given safely with excellent in-field
tumor control.

21.3.2
Radiofrequency Ablation

Radiofrequency ablation (RFA) has also been used
for patients with unresectable liver metastases. The
technique is similar to that used to treat hepatocellu-
lar cancer. Solbiati et al. reported results for 117 pa-
tients with 179 metachronous liver metastases from
colorectal cancer treated with RFA [75]. Recurrent
tumors were retreated in this study population. The
median survival was estimated to be 36 months and
the 3-year survival rate was estimated to be 46%.
Interestingly, survival was not significantly related
to the number of metastases treated. In 77 patients
(66%), new metastases were observed at follow-up.
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Overall, there was local recurrence in 39% of liver
metastases treated with RFA. The percentage of pa-
tients with no new metastases after initial treatment
at 2 years was 35%. The treatment was well tolerated.
Only two of 117 patients developed severe complica-
tions, one patient with a perforated right colon adja-
cent to an exophytic metastasis and another patient
with abdominal pain and signs of a small intraperi-
toneal hemorrhage. Both patients recovered well.
Another study compared the outcome of patients
with solitary colorectal liver metastases treated by
RFA or by surgery [76]. Twenty-five patients with
solitary colorectal liver metastases were treated by
RFA. The indications for RFA were extrahepatic dis-
ease in seven patients, vessel involvement in nine
patients, and co-morbidity in nine patients. Their
outcome was compared with 20 patients who were
treated by liver resection for solitary metastases and
who had no evidence of extrahepatic disease. Me-
dian survival after liver resection was 41 months
with a 3-year survival rate of 55%. There was one
postoperative death and morbidity was minimal.
Median survival after RFA was 37 months with a
3-year survival rate of 53%. The authors conclude
that survival after resection and RFA of a solitary
colorectal liver metastasis is comparable, that RFA
is less invasive, and that it can be performed with an
overnight stay or even as an outpatient procedure.

21.3.3
Transarterial Chemoembolization

The results of TACE in liver metastasis are vari-
able, largely due to the disparity in patient selec-
tion criteria and regimens used between the dif-
ferent studies [77]. Because of this a wide range of
results are reported, with median survivals ranging
from 9 to 62 months and the radiographic response
rates ranging from 14% to 76%. When compared
to systemic chemotherapy, however, TACE has pro-
duced reasonable response rates but no consistent
improvement in survival for patients with liver me-
tastases [78-83].

TACE has been used in the adjuvant setting for
patients undergoing liver resection. In a trial of
109 patients with 1 to 3 potentially resectable liver
metastases, patients were randomized to no adju-
vant therapy or postoperative TACE combined with

systemic 5-FU [84]. TACE combined with systemic
5-FU significantly increased the 4-year recurrence-
free rate from 25% in the control group to 46%. The
4-year liver recurrence-free rate was also improved
with TACE combined with systemic 5-FU, from 43%
in the control group to 67% in the chemotherapy
group. Despite the improved recurrence rates, how-
ever, TACE plus 5-FU did not result in significantly
improved median and overall survival.

Like other local-regional therapies, TACE is useful
when other systemic treatments have failed. Tellez et
al. reported 30 patients who underwent chemoem-
bolizations for liver metastasis in patients who had
experienced failure with one or more systemic treat-
ments [85]. The chemoembolization regimen con-
sisted of a bovine collagen medium with cisplatin,
mitomycin C, and doxorubicin. Radiologically, a 25%
decrease in the size of the lesion occurred in 63% of
the tumors and a decrease of at least 25% of the base-
line carcinoembryonic antigen level occurred in 95%
of patients. Median survival for all 30 patients was
8.6 months after the initiation of chemoembolization
and 29 months after the initial diagnosis of metasta-
sis to the liver. Toxicity included a “postembolization
syndrome”, consisting of fever > 101 degrees Fahren-
heit, pain in the right upper quadrant, nausea, and
vomiting. Lethargy was also a common occurrence
(>60%) and lasted up to 6 weeks. Overall, chemoem-
bolization was felt to be a feasible treatment modality
for patients with colorectal carcinoma metastasis to
the liver who have experienced failure with other sys-
temic treatments.

21.3.4
Transarterial Radiotherapy

Gray et al. reported the results of a Phase III trial
of 74 patients with non-resectable liver metastases
from primary colorectal adenocarcinoma. Patients
were randomized to yttrium-90 and TACE or TACE
alone [86]. The partial and complete response rate
was significantly greater for patients receiving
yttrium-90 and TACE when measured by tumor
area, tumor volume, and CEA. The median time
to disease progression in the liver was significantly
longer for patients receiving yttrium-90 and TACE
in comparison to patients receiving TACE alone.
The one-, two-, three-, and five-year survival for




212

R. M. Goldstein, B. D. Berger, and J. K. 0’Connor

patients receiving yttrium-90 and TACE was 72%,
39%, 17% and 3.5%, respectively, compared to 68%,
29%, 6.5% and 0% for TACE alone. Also, there was
no increase in Grade 3-4 treatment related toxic-
ity and no reduction in quality of life for patients
receiving yttrium-90 and TACE in comparison to
patients receiving TACE alone. The combination
of a single injection of yttrium-90 and TACE is
substantially more effective in increasing tumor
responses and progression free survival than the
same regimen of TACE alone.

21.3.5
Baylor Radiosurgery Center Experience

The Baylor Radiosurgery Center at Baylor Uni-
versity Medical Center in Dallas, TX is dedicated
solely to intra- and extra-cranial radiosurgery in
a multidisciplinary manner. It is the policy of the
Baylor Radiosurgery Center for all patients to un-
dergo evaluation by the radiation oncologist and a
surgeon prior to proceeding with radiosurgery. The
surgeon is intimately involved in the entire process
of radiosurgical treatment at Baylor from patient
selection and joint review of diagnostic imaging to
radiosurgery planning and treatment. The close col-
laboration between the two disciplines is essential to
ensuring the proper selection and quality manage-
ment of patients for radiosurgery.

From April 2005 until November 2006, the Bay-
lor Radiosurgery Center has treated 59 patients with
abdominal radiosurgery using the CyberKnife. A
cohort of 49 liver patients with a median follow-up
of 12 months has been analyzed to review the early
toxicity and outcome of radiosurgery for hepatic
tumors. Of the 49 patients, 29 had metastatic dis-
ease (83% colorectal primary, 7% breast primary,
and 10% other). Sixteen patients had primary he-
patocellular carcinoma. The median size of liver
metastasis was 36 cm® (range 6-128 cm®) and for
hepatocellular cancer the median size was 66 cm®
(range 8-793 cm?). All patients had peritumoral fi-
ducials (3-6) placed prior to treatment planning for
tumor tracking. Treatment planning in all patients
consisted of dual-phase CT scans. MRI scans were
utilized in some patients to help define tumor vol-
umes and some patients were planned with a PET/
CT. All patients were treated using the Synchrony™

respiratory tracking system (Accuray Incorporated,
Sunyvale, CA). Most patients received radiosurgery
in three fractions, over three consecutive days. For
metastatic tumors the median dose was 14 Gy per
fraction and the median total dose was 39 Gy. For
primary hepatocellular carcinomas, the median
dose was 13 Gy per fraction and the median total
dose was 37 Gy.

Normal tissue dose constraints for all intraab-
dominal radiosurgery at Baylor are as follows: the
maximum dose to the spinal cord is not to exceed
18 Gy in 3 fractions, the maximum dose of the duo-
denum, stomach, small, and large bowel is not to
exceed 24 Gy in 3 fractions, 35% of the liver or a
700 cm® volume is not to exceed 15 Gy in 3 fractions,
2/3 of right kidney is kept to below 15 Gy in three
fractions.

All patients tolerated their treatments well and
no patients were unable to complete the prescribed
course of radiosurgery. After radiosurgery, patients
are followed up by both the radiation oncologist
and surgeon. Contrast-enhanced MRI and/or CT’s
are obtained at 3-month post-treatment intervals to
assess treatment response. By CTC v2.0 guidelines,
only 4% of all liver patients developed Grade 3 or
higher toxicity including gastric ulcers (2%) and
hepatoduodenal fistula (2%). Of 22 evaluable pa-
tients, only a single patient experienced local pro-
gression at 9 months follow-up.

Of these patients, a subset of 24 patients with
27 liver metastasis from a colorectal primary was
treated with radiosurgery. The median follow-up
is 12 months. The median tumor size was 39 cm®
and the median prescription isodose volume was
51 cm®. Most patients received radiosurgery in
3 fractions to a median dose of 39 Gy (range 24-54
Gy). The dose was prescribed to a median isodose
line of 62% (range 55-80%). In this group, 33% of
patients developed acute toxicity and all were less
than Grade 3. Nausea occurred in 4 (17%) patients
and fatigue occurred in 4 (17%) patients. The only
other side effect was skin erythema in 2 (8%) pa-
tients and both of these were Grade 1. As above,
early overall local control is excellent. Additionally,
the median pretreatment CEA was 7 pg/L (range
2-290) and decreased to a median value of 2 pg/
L (range 1.3-102) following radiosurgery. Overall,
79% of patients had decreased CEA levels following
radiosurgery.
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Overall, we have found robotic radiosurgery to
be a safe and well tolerated procedure with minimal
acute toxicity and with promising early results in the
management of patients with liver metastases and
hepatocellular carcinoma.

Conclusion

Surgery remains the treatment of choice for HCC.
Nevertheless, because most patients will not be
eligible for surgical resection or transplantation, a
familiarity with various local-regional therapies is
important in surgical practice. Indeed, the use of
these treatments is expanding as more outcome data
become available and the technology matures. It is
likely that these nonsurgical local-regional modali-
ties will play an increasingly important role in the
management of HCC. The precise role of these vari-
ous local-regional therapies is best defined by Phase
III trials. Despite a relative lack of data directly
comparing these modalities, several treatment al-
gorithms have been proposed [12, 87]. Surgical re-
section for select patients with liver metastases may
prolong survival. However, if the criteria for resect-
ability are not met, including a limited number of
lesions, location precluding resection with negative
margins, limited extrahepatic disease, and adequate
hepatic functional reserve other local-regional mo-
dalities are emerging as viable alternatives.
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Abstract

Radiotherapy for liver tumors has been limited by
the low tolerance of the whole liver to radiation.
Improvements in imaging and localizing techniques
allow more accurate targeting of radiotherapy. Our
Phase I dose escalation study evaluated the safety
and feasibility of single-fraction radiosurgery with
the CyberKnife® (Accuray Incorporated, Sunnyvale,
CA) for patients with primary or metastatic liver
malignancies. Patients underwent abdominal CT
scans with dual phase contrast to identify lesions
and CT-guided percutaneous placement of gold
spherical fiducials for targeting purposes. Treat-
ments were delivered with motion tracking using

X-ray detection of fiducial and surface light emitting
diode positions. The dose was escalated from 18 Gy
to 30 Gy increasing in increments of 4 Gy, prescribed
to the minimal isodose line that completely encom-
passed the planning target volume (PTV). Acute gas-
trointestinal toxicity was scored according to the
common toxicity criteria adverse event (CTCAE),
version 3. Response to treatment was determined by
serial high-resolution CT and PET scanning and/or
MRI. Twenty patients were treated to 26 sites at four
dose levels. Sixteen patients had metastatic disease
involving the liver, 2 patients had hepatocellular
carcinoma (HCC), and 2 patients had intrahepatic
cholangiocarcinoma (IHCC). The mean treatment
volume was 36.0 cm® (range 0.8-146.6 cm?®). With a
median follow-up of 7 months (range: 2-30 months),
Grade 1 toxicity was reported by 7 patients, consist-
ing of nausea, abdominal pain, fatigue, and fever.
Follow-up scans for 19 patients treated to 25 sites
have demonstrated interval decrease in size in
17 sites, stable disease in 3 sites, and local progres-
sion in 5 sites. Seven lesions exhibited a complete
response. Stereotactic radiosurgery to primary or
metastatic malignancies of the liver is feasible and
safe. We did not reach a liver tolerance dose.

Introduction

Unresectable hepatocellular carcinoma (HCC) and
intrahepatic cholangiocarcinomas (IHCC), as well
as liver metastases from other primary cancers are
fatal conditions. In the United States, there were an
estimated 17,550 new cases of primary liver cancer
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diagnosed and 15,420 deaths in 2005 [1]. The world-
wide incidence of primary liver cancer is much more
significant with an estimated 1 million patients di-
agnosed annually [2]. HCCrepresents approximately
70-85% of the cases, with THCC representing the re-
mainder of the cases. The incidence of HCC has been
steadily increasing in the U.S. with a 75% increase
over the past decade [3]. The most common cause
of HCC worldwide is hepatitis B, with other major
causes including hepatitis C, alcoholism, and pri-
mary biliary cirrhosis. There is an estimated 0.5%
annual risk of developing HCC in chronic hepatitis
B patients and 5% in chronic hepatitis C patients. A
survival benefit exists if total excision is possible via
partial hepatectomy or transplantation with 5-year
survival rates ranging from 12% to 55% [2]. Unfor-
tunately, only 15-35% are resectable at the time of
presentation. Median survival in unresectable pa-
tients is less than 4 months [2].

Metastatic lesions to the liver from other primary
sites are also a common cause of morbidity and
mortality [4]. The most common metastatic lesion
in the liver is from colorectal adenocarcinoma. Ap-
proximately 50% of patients with colorectal adeno-
carcinoma will develop metastatic disease to the
liver. This is approximately 50,000 patients per year,
half of whom have the liver as the only site of known
metastatic disease [5]. If untreated, 3-year survival is
3% with no survivors at the 5-year time point. With
surgery, there are reported 5-year survival rates of
25-37% [6]. Similar to primary liver disease, the ma-
jority of liver metastases are unresectable.

Alternatives to surgery, such as radiofrequency
ablation (RFA), cryoablation, and alcohol injection
have been attempted and have shown some ben-
efit. These techniques, however, suffer from many
limitations due to lesion location, underlying liver
dysfunction and high recurrence rates [7]. Histori-
cally, radiotherapy has been limited due to the low
tolerance of the whole liver to irradiation. Confor-
mal techniques and image guidance have allowed
for the delivery of focal ablative doses of radiation.
Dose escalation studies with fractionated regimens
have shown a clear dose response for HCC, IHCC,
and liver metastases [8-10].

Stereotactic radiosurgery (SRS) techniques have
been applied to the treatment of liver tumors, fur-
ther refining our ability to target the tumor and
minimize normal tissue toxicity [11-14]. Because of

the spatial precision of SRS, it is feasible to admin-
ister a tumoricidal radiation dose in only a few out-
patient treatments. By minimizing the irradiation
of surrounding healthy tissue, it may be possible to
decrease the rate of complications and thereby allow
for dose escalation and ultimately better local tumor
control. This approach also exploits the potentially
beneficial effect ofhypofractionation wherebyhigher
doses of radiation in fewer fractions can overcome
the effects of sub-lethal damage repair.

The use of SRS requires highly accurate localiza-
tion and patient immobilization techniques to re-
duce uncertainties in the positioning of the delivered
dose. With this type of highly targeted radiotherapy,
thereis an increased risk of geographical miss, espe-
cially with a moving target such as the liver [15]. His-
torically, SRS in the abdomen has been limited by
the movement and deformation of intra-abdominal
organs with respiration. Several methods to account
for this movement have been developed in order to
ensure that the high-dose region coincides with the
tumor and does not inadvertently treat normal tis-
sue [16, 17]. Some of these techniques include respi-
ratory gating, active breathing control (ABC), deep
inspiration breath hold (DIBH), abdominal com-
pression, or some combination.

22.3
Robotic Radiosurgery for Liver Lesions

There have been several reports in the literature
with encouraging results of SRS for liver lesions.
Herfarth and colleagues from Heidelberg, Germany
performed a Phase I/II dose-escalation trial of ste-
reotactic single-dose radiation therapy in 37 patients
with 60 liver lesions, the majority of which were
metastases [11]. The dose was escalated from 14 Gy
to 26 Gy (reference point), with the 80% isodose
surrounding the planning target volume. Median
tumor size was 10 cm?® (range, 1 to 132 cm?). All pa-
tients tolerated the treatment well without any major
side effects. Eleven patients experienced intermit-
tent loss of appetite or mild nausea for 1-3 weeks af-
ter treatment. None of the treated patients developed
clinically detectable radiation-induced liver disease
(weight gain, ascites, and newly developed increase
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of alkaline phosphatase concentration). The overall
actuarial local tumor control rates were 75%, 71%,
and 67% at 6 months, 12 months, and 18 months
of follow-up, respectively. There was a statistically
significant difference in Kaplan-Meier estimates of
local tumor control between tumors treated with
14-20 Gy vs. 22-26 Gy: 0% of tumors were controlled
in the early patients treated with low doses at 18
months, but 81% were controlled when treated with
22-26 Gy. Stratification by size did not reveal a sig-
nificant difference in the local control rate for larger
(=15 cm?®) compared with smaller targets (< 15 cm?)
in the 22-26 Gy range. No major side effects have
been observed [11]. Investigators at the Karolinska
Institute in Stockholm, Sweden have reported their
experience with SRS for primary and metastatic
liver tumors, treated with 15-45 Gy, delivered in
one to five fractions. Seventy-five evaluable tumors
in 50 patients were treated with volumes ranging
from 2 cm?® to 732 cm?® (mean, 73 cm?). With a mean
follow-up of 12 months (range 1.5-38 months) ap-
proximately 30% of tumors demonstrated growth
arrest, nearly 40% were reduced in size, and 32%
disappeared by imaging studies, which were usu-
ally performed at 2- to 3-month intervals after ra-
diosurgery. Four of the tumors were classified as
local failures (5.3%) [18]. Unfortunately, the mean
survival time was only 13.4 months (range 1.5-39
months), with the predominant cause of death re-
lated to progressive liver cirrhosis and progression
of extrahepatic disease [19]. Wulf et al. reported the
experience from the University of Wiirzburg treat-
ing 24 hepatic lesions with 10 Gy x 3 fractions using
stereotactic radiosurgery. Their actuarial local con-
trol was 76% at 1 year, and 61% at two years with no
Grade 3 or higher toxicities [20].

More recently, Schefter et al. reported the results
of their Phase I study of stereotactic body radiation
therapy (SBRT) for liver metastases. Eighteen patients
with 24 lesions were treated with doses escalated
from 36 Gy to 60 Gy in 3 fractions. They were able to
dose escalate to 60 Gy (20 Gy x 3) without experienc-
ing any dose limiting toxicity (DLT) [13]. Twelve of
the 18 patients were alive at the time of their analysis,
a median of 7.1 months after enrollment on the pro-
tocol. A Phase II study is underway to evaluate the
local control rates for 60 Gy in 3 fractions.

Investigators at the University of Rochester con-
ducted a study of 72 patients treated to 182 sites of

metastasis with stereotactic radiosurgery. Patients
had a median of 2 lesions (range 1-6) with a median
diameter of 2.7 cm (0.5-12.2 cm). The median total
dose was 45 Gy (17.5-56 Gy) delivered in 2-10 frac-
tions. With a median follow-up time of 12 months,
they reported an 88% in-field local control rate and
no Grade 3 or higher toxicity [21].

224
Robotic Radiosurgery for Primary and
Metastatic Liver Lesions

At Stanford University, we are investigating the use
of single fraction SRS with the CyberKnife robotic
radiosurgery system. Recent technological advances
in the CyberKnife made it possible to image and treat
tumors within the abdominal cavity [22]. We con-
ducted a Phase I dose escalation trial of CyberKnife
radiosurgery to deliver a single fraction to either
primary liver tumors or hepatic metastases. With
the data from Heidelberg establishing the relative
safety of large single-fraction stereotactic radiation
therapy to the liver tumor [15-17], a starting dose
level of 18 Gy was selected with escalation in 4 Gy
increments to a maximum dose of 30 Gy. The 18 Gy
starting dose level was chosen since it was prescribed
to the isodose line encompassing the tumor volume
and the maximum dose could be as much as 30%
higher, resulting in a point dose equivalent to the
22 Gy dose level prescribed to a reference point in the
German study. Acute and late toxicities were scored
based on the CTCAE version 3 and response to treat-
ment was determined by serial CT and/or PET scan-
ning. Between February 2004 and September 2006, 20
patients have been treated on our study. A total of 26
sites were treated at the 4 specified dose levels: 18 Gy
(n=3),22 Gy (n=38), 26 Gy (n=12), 30 Gy (n=2), and one
patient received 24 Gy to one site (Table 22.1). Sixteen
patients had hepatic metastases, 2 patients had THCC,
and 2 had recurrent HCC. With a median follow-
up of 7 months (range 2-30 months), acute Grade 1
toxicity (nausea, abdominal pain, fatigue, and fever)
was reported by 7 patients. These symptoms were
self-limited, with the duration of symptoms ranging
for 3 hours for some patients with fever and nausea
to two weeks for fatigue. One patient was diagnosed
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Table 22.1 Patient, Treatment and Response Characteristics of 20 Patients Treated on Phase I Protocol

Age Diagnosis #of Dose Dmax GTV Site Acute Late Toxic- Follow- Res- Vital
Lesi- (Gy) (Gy) (cm?®) Toxicity ity Grade up Time ponse status
ons Grade (mos)

1 72 Colorectalca 1 18 25.7 21.7  Porta hepa- 0 2 (duodenal 30 PD AWD
tis LNs ulcer, post
EBRT)
2 72 Cholangiocar- 1 18 257  33.0 Leftlobe 0 0 29 CR AWD
cinoma
3 51 Pancreaticca 1 18 22.5 11.4 Right lobe 0 0 8 PR DOD
4 43  Small cell 1 22 29.3 30.6  Porta hepa- 1 (nausea) 2 (duodenal 9 PD DOD
carcinoma of tis mass ulcer)
the bile duct
5 75 Colorectalca 1 22 26.5 24.0 Rightlobe 0 0 16 PD AWD
6 64 Pancreaticca 1 22 28.9 27.0  Right +1left 0 2 No DOD
lobes f/u
scans
7 23 Neuro- 2 22,22 30.1, 42.6, Portahepa- 1 (abdomi- 0 14 PR, AWD
blastoma 29.3 32.2  tislymph nal pain) CR
node, right
lobe
8 49 Neuro- 2 24,22 33.8, 7.5, Right lobe 1 (fatigue) 0 18 PR, AWD
endocrine ca 28.9 24.6 PR
9 84 Hepato- 1 22 349  74.5 Infright 0 0 7 CR AWD
cellular ca lobe
10 34 Sinonasal 1 26 41.3 76.6  Rightlobe 0 0 5 CR DOD
undifferenti- (dome)
ated ca
11 57 Pancreaticca 1 26 32.5 8.0 Rightlobe 0 0 6 CR DOD
12 75 Gastric ca 2 26,26 33.3, 26.9, Rightlobe 0 0 5 PR, DOD
36.1 13.2 PR
13 64 Ovarian ca 1 26,26 30.6, 6.8, Ant right 0 0 9 SD, AWD
36.6 36.1 lobe SD
14 62 Colorectalca 2 26,26 39.4, 94.7,  Ant right 1 (nausea) 0 8 PR, AWD
32.9 0.8 lobe PR
15 45 Colorectalca 1 26 39.4 41.6  Peripheral 1 (nausea) 0 6 CR AWD
right lobe
16 78 Ovarian ca 1 26 34.7 53.2  Porta hepa- 2 (duode- 0 4 PR AWD
tis lymph nal ulcer)
node
17 72  Hepato- 1 26 38.8 12.5 Rightlobe 1 (nausea) 0 6 PR AWD
cellular ca
18 62 Colorectalca 1 22,26 31.0, 146.6, Dome, cau- 1 (low 0 4 PD, AWD
37.1 21.4  date lobe grade SD
fever)
19 61 BreastCa 1 30 455  29.8 RightLobe 0 0 6 CR AWD
20 45 Cholangio- 1 30 46.6 39 Left lobe 0 0 6 PD AWD
carcinoma

Complete Response (CR), Partial Response (PR), Progressive Disease (PD), Stable Disease (SD), Alive with Disease (AWD),
Dead of Disease (DOD), Gross Tumor Volume (GTV), Lymph Nodes (LNs), External Beam Radiotherapy (EBRT)
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with a Grade 2 duodenal ulcer within 2 months of
treatment. Two patients developed late Grade 2 duo-
denal ulcers at 8 months and 23 months after Cy-
berKnife treatment. The ulcers were symptomatic for
several months for all of these patients. Follow-up
scans were available for 19 patients treated to 25 sites
and have demonstrated a complete response at 7 sites,
partial response at 10 sites, stable disease at 3 sites,
and local progression at 5 sites. For patients with pro-
gressive disease the median time to progression was
5.5 months (range 2-15 months). Six patients have
died of distant disease with a median of 5 months
between treatment and death.

PET-CT scans have been particularly important
in assessing response as there are many changes in
the liver parenchyma after high dose irradiation of
the liver that may be related to radiation changes
and are difficult to interpret [23]. Figure 22.la-c
demonstrates PET-CT responses seen for a patient
treated on this protocol, with an initial response by
PET seen at the early follow-up time but recurrence
of FDG-avid disease at 21 weeks for the lower dose
level. PET responses have been more durable at the
higher dose levels.

The preliminary results of this Phase I dose esca-
lation trial are very encouraging with minimal tox-
icity related to high single-fraction SRS to the liver.
The dose-response data cannot be adequately as-
sessed as the number of patients at the highest dose
level is small; however, there appears to be some
improvement in response even at the 26 Gy level.
There are several long-term survivors on this study
suggesting that SRS may have impacted on overall
survival in a select group of patients.

22,5
Technical Considerations for
Robotic Radiosurgery for Liver Lesions

22.5.1
Set-up Procedure

All patients treated with liver SBRT undergo im-
plantation of 3-5 fiducial seeds into liver tumors
either through CT-guidance by an interventional ra-

Fig. 22.1. a-c Example of FDG-PET response for patient with liver metastasis from biliary small cell carcinoma before a,
10 weeks after b, and 21 weeks after ¢ CyberKnife SRS to 22 Gy in one fraction. At this lower dose level, the response was
not durable. d-f 52 year old patient with metastatic gastric cancer treated with CyberKnife SRS to 30 Gy in one fraction.
Fused F-18 FDG PET/CT images prior to d, five weeks e, and ten weeks f post-treatment are displayed. There is progressive
interval decrease in size and focality of pathologic FDG uptake, with activity near background levels on the final image.
The standardized uptake value (SUV) decreased from 5.9 to 3.5 to 2.9. Continued improvement is noted between five e and
ten weeks f post-treatment although no additional radiation was administered during this interval.
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diologist or during an open bypass procedure. These
seeds are made of 100% gold and are radiographi-
cally visualized by kilovoltage X-rays. The seeds
measure 5mm in length and 1 mm in diameter.
Because we observed that these seeds can migrate
several mm in the first few days after implantation,
we typically wait at least 5 days before performing
subsequent treatment planning scans.

For each patient, a custom Alpha Cradle® (Smith-
ers Medical Products, Inc., North Canton, OH) im-
mobilization device is constructed to hold the body
in a reproducible position. Patients are positioned
supine with their arms above their head, resting on
the support of the Alpha Cradle. With patients in the
treatment position, a biphasic liver protocol CT scan
(1.25 mm cuts) is performed for high resolution de-
lineation of the tumor and surrounding structures.
Intravenous contrast is administered in a rapid bo-
lus such that the arterial phase is obtained when the
patient is being coached to remain in the expiratory
phase. In addition, we perform an FDG-PET scan at
the treatment planning session so that there is ac-

Full Inspiration

curate co-registration of the tumor with the areas
of hypermetabolic activity. Furthermore, we also
perform 4D-CT scans, in which CT data (2.5 mm
cuts) are acquired synchronously with a respiratory
signal, to evaluate temporal changes of the anatomy
as a function of the respiratory phase during the
imaging, in order to correct for respiratory related
liver tumor movement. Patients are given an audio
coaching CD to review prior to the set-up procedure
to determine a comfortable breathing rhythm.

22.5.2
Target Definition

The tumor volume is delineated on cross-sectional
images from the planning biphasic CT scan using the
Varian Eclipse (Varian Medical Systems, Inc., Palo
Alto, CA) treatment planning system. 4D-CT scans
are reconstructed and tumor motion is evaluated on
an Advantage Workstation® (GE Healthcare). The pri-
mary tumor is contoured on both the end-expiratory

Fig. 22.2 Internal target volume (ITV) defini-
tion based on 4D-CT using the full inspiratory
phase CT, full expiratory phase CT, and PET
information. The final ITV combines the GTV’s
contoured on inspiration and expiration, tak-
ing into consideration the PET information.
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(50-60%) and end-inspiratory (0%) phases (Fig. 22.2).
These scans are registered with the biphasic CT scan
based on fiducial matching, such that the implanted
fiducials are superimposed between them, rather
than based on DICOM coordinates. Thus, the differ-
ent respiratory phases of the 4D-CT are registered by
afiducial translation. This allows for evaluation of the
target volume deformation and rotation, rather than
just superior-inferior translation, which is tracked
by the Synchrony system® (Accuray Incorporated,
Sunnyvale, CA). The liver lesion(s) is/are outlined on
the different respiratory phases as the GTVarterial
phase, GTVinspiratory phase, GT Vexpiratory phase,
and GTV-PET. The internal target volume (ITV) is the
union of the GTVs defined on the arterial phase scan
as well as the end-expiratory scan, and the end-inspi-
ratory scan from the 4D-CT [24]. The ITV is needed
as liver rotation and deformation are not accounted
for during the treatment delivery. The free-breathing
PET-CT information is also fused with the exhalation
arterial phase CT scan and is used for confirmation

Align Contour Visualize
Evaluate

Selup Isocentric

of tumor position and delineation of normal liver
and adjacent tissues. No GTV-CTV margin is added
for subclinical extension. An additional margin is
added for patient set-up error based on the size of
the tumor. Typically, the margin for the PTV is not
more than 2 mm, unless it is a small tumor where it
can be up to 3-5 mm.

22.5.3
Treatment Planning

Images from the planning CT and all contours are
transferred to the CyberKnife planning system. The
SRS treatment plan is generated to cover the PTV.
For CyberKnife plans, the SBRT dose (Dmin) is pre-
scribed to theisodose line that completely surrounds
the tumor (Fig. 22.3). Tuning structures are used to
reduce the dose to the adjacent stomach, kidney,
and/or small bowel. The Dmax is the maximum dose
delivered and is always within the PTV.
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Fig. 22.3 Treatment plan with isodose lines showing sharp dose gradient for patient with 2 separate
lesions treated by CyberKnife SRS. The red line represents the tumor volume. The green line is the

76% isodose line and the purple line is the 50% isodose.
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22.54
Image Guidance for Treatment Delivery

For patients treated on the CyberKnife, the Syn-
chrony system is used for real-time targeting of tu-
mors. A series of light-emitting diodes (LEDs) are
placed upon the chestwall and movement is detected
by wall mounted cameras in the treatment room.
Using motion tracking software, the Synchrony sys-
tem identifies, updates, and then correlates external
body surface movement with movement of the inter-
nal tumor fiducials. Throughout the procedure, the
Synchrony system monitors the target and modifies
the correlation model as needed to follow changes in
tumor motion. However, only translational respira-
tory-related movement of liver tumors is accounted
for by this system. The liver motion is complex due
to organ deformation and rotation [25]. As described
above, a margin is built into the ITV during the tar-
get definition process to account for some of these
motions.

Conclusions

CyberKnife radiosurgery for liver lesions is becom-
ing accepted as a safe, convenient, and effective op-
tion for patients with primary or metastatic tumors
of the liver. Given the particularly grim prognosis
faced by patients with unresectable tumors in the
liver, a minimally invasive option with minimal tox-
icity is particularly appealing in this patient popula-
tion since it is not expected to impair quality of life.
Moreover, as systemic agents become more effective
in prolonging survival among patients with meta-
static disease, particularly colorectal and breast
cancer, aggressive local therapy with SRS could ul-
timately impact overall survival.
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Abstract

Pancreatic cancer remains one of the most lethal
cancer diagnoses. The high mortality rate is primar-
ily related to its advanced stage at diagnosis and
the high rate of distant metastases. The treatment
results of resected and locally advanced pancreatic
cancer via conventional chemoradiotherapy have
been disappointing, with a high rate of local disease

progression and metastases. Past investigation has
suggested improved outcomes with radiotherapy
dose escalation. Extracranial stereotactic radio-
surgery using CyberKnife® (Accuray Incorporated,
Sunnyvale, CA) technology is a novel approach to
the administration of radiation in a single outpa-
tient treatment, while minimizing the irradiation of
surrounding normal structures. Phase I/II studies
have shown it to be safe and effective in providing
local tumor control and palliation of local symp-
toms. Furthermore, the decreased treatment time
with radiosurgery minimizes the delay in initiation
of systemic therapy. The role of pre-operative ra-
diosurgery in combination with gemcitabine che-
motherapy has many theoretical advantages over
conventional neo-adjuvant or post-operative frac-
tionated radiotherapy in combination with sensitiz-
ing chemotherapy. The movement of the pancreas
due to respiration poses a challenge in the plan-
ning of stereotactic radiosurgery. In this chapter,
the use of Image Guided Radiotherapy techniques
(IGRT), such as the Synchrony® (Accuray Incorpo-
rated, Sunnyvale, CA) Respiratory Motion Tracking
system and respiratory gated 4D PET-CT scanning
for defining the tumor volume is reviewed.

Introduction

Pancreatic cancer remains one of the most lethal
cancer diagnoses. In 2006, it is estimated that 33,730
new cases will be diagnosed and there will be 32,300
deaths [1]. The five-year survival rates for all stages
combined are less than 5% [1]. The high mortality
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rate associated with this disease is primarily related
to its advanced stage at diagnosis.

Currently, complete surgical resection offers the
only potential for cure. Among patients who undergo
surgery with curative intent, 30-50% are found to be
unresectable intra-operatively [2]. Ultimately, only
20% of patients are resectable at diagnosis. Over
40% of patients have locally advanced, non-meta-
static disease and the remainder have evidence of
distant metastases at diagnosis [3]. Thus, the major-
ity of patients require non-surgical therapy, includ-
ing chemotherapy and radiation therapy.

Unfortunately, to date, studies have demon-
strated unsatisfactory results for long-term survival
among locally advanced and metastatic pancreatic
cancer patients [4, 5] for whom the median survival
is 6-10 months and 3-6 months, respectively [6].
Even with aggressive chemoradiotherapy for locally
advanced disease, median survival is improved by
only 2-4 months [5, 7]. In addition, local control re-
mains poor with conventional chemoradiotherapy.
Patients with local progression can experience sig-
nificant morbidity, including weight loss, weakness,
fatigue, pain, nausea, vomiting, and anorexia. Many
pancreatic cancer patients die with local tumor pro-
gression, and improved methods of controlling the
primary cancer are needed.

23.2.1
Anatomy and Staging

The pancreas is an exocrine and endocrine organ
that lies in the retroperitoneum at the level of the
first and second lumbar vertebral bodies. Over 90%
of tumors arise from the exocrine portion of the gland
as adenocarcinomas. The pancreas is bounded by the
duodenum, jejunum, stomach, splenic hilum, porta
hepatis, and kidneys (Fig. 23.1). It is subdivided into
anatomic regions: the head (which includes the un-
cinate process), the neck, the body, and the tail. It
surrounds the superior mesenteric vein (SMV), where
the uncinate process wraps behind the vein. Tumors
arising to the right of the SMV are considered part of
the head; those arising to the left of the SMV, up to
the left border of the aorta are classified as part of the
body. Those arising between the left border of aorta
and the spleen are considered pancreatic tail lesions.
Over 70% of pancreatic cancers arise from the head
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Fig. 23.1 Anatomy of the pancreas and surrounding struc-
tures. Source: http://ect.downstate.edu/courseware/haonline/
figimgs/39_3.gif

of the pancreas. Due to the close approximation to the
biliary tree, they may obstruct sections of the com-
mon bile duct. The classic radiographic finding for a
head of pancreas tumor is the ‘double duct sign’, in
which there is dilatation of both the pancreatic duct
and the common bile duct.

There is a rich lymphatic supply to the pancreas.
The primary drainage is to the celiac, superior and
inferior pancreaticoduodenal, porta hepatis, supe-
rior mesenteric, pancreaticosplenic, and para-aortic
nodes [8]. The venous drainage is through the portal
system; thus the liver is at highest risk for distant
metastases, followed by the peritoneum and lung.

Although there is a TNM staging system for pan-
creatic cancer, most often patients are classified into
those with resectable, locally advanced, or meta-
static disease. Unresectability may be established by
extrapancreatic involvement, including extensive
peripancreatic lymphatic involvement, and/or dis-
tant metastases. In addition, tumors are deemed un-
resectable if there is encasement or occlusion of the
SMV or the SMV-portal vein confluence, or if there
is direct involvement of the superior mesenteric ar-
tery (SMA), inferior vena cava, aorta, or celiac axis
as defined by the absence of a fat plane between the
low density tumor and these structures on CT scan
(Fig. 23.2). Some centers are revisiting this criterion
and are demonstrating the feasibility of SMV recon-
struction [9].
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23.2.2
Locally Advanced Pancreatic Cancer

Randomized studies of chemoradiation have demon-
strated a significant improvement in median survival
for the combination of external beam radiotherapy
and bolus 5-FU chemotherapy over surgical bypass,
chemotherapy, or radiotherapy alone [5, 7]. A land-
mark study from the Gastrointestinal Tumor Study
Group (GITSG) compared standard radiotherapy of
60 Gy split-course with two week breaks after 20 Gy
and 40 Gy, versus concurrent bolus 5-FU and ra-
diotherapy (either 40 Gy or 60 Gy split course) [5].
Median survival was only 6 months in the radiation
alone arm and 10 months in the combined modality
arms. There was no significant difference between the
40 Gyand 60 Gy arms, and both chemoradiation arms
demonstrated good palliation of pain with no severe
toxicity. Up to 27% of patients had local progres-
sion as a component of failure. Although this study
is criticized for using split-course radiotherapy and
for having small numbers of patients, it nevertheless
has established a role for combined modality therapy
in the management of locally advanced pancreatic
cancer. A subsequent GITSG study demonstrated en-
hanced survival of patients with locally unresectable
pancreatic cancer treated with chemoradiation over
those treated with chemotherapy alone (streptozocin,
mitomycin, and 5-FU) [7]. Again, however, 47% of
patients failed at their primary site.

Fig.23.2 Radiographic evidence of
unresectable pancreatic cancer due to
encasement of the Superior Mesenteric
Artery (SMA) (arrow).

In most medical centers in the United States,
chemoradiotherapy with 50.4 Gy (non-split regimen)
concurrent with 5-FU-based chemotherapy became
the standard regimen. Unfortunately, 5-year survivors
are rare and local progression remains common. The
disappointing results with conventional treatment
of pancreatic cancer have led to a variety of clinical
investigations using newer systemic cytotoxic agents
and increasingly more aggressive radiation therapy.

Despite countless studies investigating the use
of new chemotherapeutic agents and combinations,
only gemcitabine has demonstrated clinical benefit
over single agent 5-FU. Burris et al. [4] randomized
160 patients with locally advanced or metastatic
pancreatic cancer to receive either gemcitabine or
5-FU. There was a small but statistically significant
advantage favoring gemcitabine for median survival
(5.7 months versus 4.4 months), 1-year overall sur-
vival (18% versus 2%), and median time to progres-
sive disease (9 weeks versus 4 weeks).

In addition, this study only enrolled symptomatic
patients. The concept of clinical benefit response
(CBR) was developed to assess more accurately non-
traditional measures of treatment effects, such as
pain reduction and performance status. CBR was
significantly better in the gemcitabine group, with
24% of patients experiencing some durable pain re-
duction versus only 5% in the 5-FU arm [4].

Multiple Phase I/II studies [10-14] have inves-
tigated the use of combinations of cytotoxic drugs
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or targeted agents with gemcitabine, none of which
have shown any significant improvement in tumor
response rates, time to tumor progression, or im-
provement in median survival as compared with
single-agent gemcitabine [15].

While the early manifestation of metastatic dis-
ease in pancreatic cancer has fueled the multitudes
of studies on systemic agents, local progression re-
mains a significant source of morbidity and mortal-
ity. Modern radiation therapy has increasingly used
conformal fields and dose escalation to enhance tu-
mor control. Further dose escalation with conven-
tional radiation therapy techniques risks injury to
adjacent abdominal organs. Efforts to increase ra-
diation dose to the pancreatic tumor without risk-
ing normal tissue injury have generally required
relatively invasive techniques, such as the use of in-
tra-operative radiation therapy (IORT) to deliver a
single fraction of radiation to the primary tumor.

The Radiation Therapy Oncology Group (RTOG)
investigated the use 20 Gy of IORT, followed by con-
current bolus 5-FU and 50.4 Gy external beam ra-
diotherapy for locally unresectable, non-metastatic
pancreatic cancer. For the 51 analyzable patients,
the median survival time was 9 months and the
18 month actuarial overall survival was 9%. Local
control was not reported. While the feasibility of
IORT was demonstrated, there did not appear to be
any survival advantage over historical results with
conventional therapy [16].

Mohiuddin et al. and Nishimura et al. [17, 18] pu-
blished their results and complications following
IORT with or without subsequent chemoradiothe-
rapy in 49 and 71 patients, respectively, with locally
advanced pancreatic cancer. The prescribed dose
ranged from 12 Gy (when large volumes of bowel
were included in the field) to 33 Gy. Acute Grade 3/4
complications within 6 months of IORT occurred in
14% of patients in the Mohiuddin series. Nineteen
percent of those surviving longer than 6 months ex-
perienced late complications and bowel obstruction
[17]. All of these patients received IORT (15-20 Gy)
followed by chemotherapy and chemoradiotherapy
with an additional 40-55 Gy. In the Nishimura et al.
series, Grade 3/4 complications included gastroin-
testinal ulcer (10%), perforation (3%), abscess (1%),
and intestinal fibrosis (4%) [18]. Even with the dose
escalation seen in these IORT series, local progres-
sion still occurred in 31-33% of patients.

Using a different approach to escalate radiother-
apy dose, investigators from the University of Michi-
gan conducted a Phase I dose escalation trial among
37 patients with unresectable or incompletely re-
sected pancreatic cancer [19]. Radiation dose esca-
lation was achieved by increasing the fraction size
and keeping the duration of RT at 3 weeks. The ra-
diation fields were planned using three-dimensional
radiotherapy planning and covered only the gross
target volume (GTV) with a 1.0 cm margin (i.e., no
elective nodal RT and no respiratory movement
compensation). Doses ranged from 24-42 Gy us-
ing 1.6-2.8 Gy fractions. Standard dose gemcitabine
was administered concurrently with the radiation.
At the final planned dose level (42 Gy in 2.8 Gy frac-
tions), dose-limiting gastrointestinal toxicity was
noted in 2/6 assessable patients. With a median fol-
low-up of 22 months, local progression was noted in
7/37, regional progression in 3/37, and distant pro-
gression in 25/37 patients. The median survival was
11.6 months. The presence of metastatic disease, at
study entry, in 14/37 patients did not have a signifi-
cant impact on survival. Based on this study, the re-
duction in the field size did not appear to result in
excess locoregional failure [20].

23.2.3
CyberKnife Radiosurgery for
Locally Advanced Pancreatic Cancer

As reviewed above, in the United States, most pa-
tients with locally advanced pancreatic cancer are
treated with 50.4 Gy fractionated radiotherapy and
concurrent 5-FU based chemotherapy. Local pro-
gression of disease, however, is common and re-
mains a significant source of morbidity and im-
pairment in quality of life. As seen in Table 23.1,
local failure with conventional chemoradiotherapy
occurs in over one quarter of patients. With the
apparent radiation dose escalation afforded by ra-
diosurgery, improved local control may be realized
with this treatment.

The rationale for continued study of radiation dose
escalation of the GTV is underscored by the impor-
tance of preventing local tumor progression. The lo-
coregional effects of metastatic spread to adjacent or-
gans and to regional lymphatics often produce much
of the morbidity and mortality related to this disease.
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While palliative surgical bypass can alleviate the ob-
structive symptoms and jaundice related to biliary
ductal involvement, local progression of tumor in the
retroperitoneum can cause severe pain and deterio-
rate quality of life. A less invasive means of control-
ling tumor progression has been studied for several
years at Stanford University by Koong and colleagues,
who have treated the pancreas using single-fraction,
stereotactic CyberKnife radiosurgery.

Recent technological advances in the CyberKnife
made it possible to image and treat tumors within
the abdominal cavity. As a result, these investigators
were able to deliver high dose radiation with precise
tumor targeting while minimizing the irradiation
of surrounding healthy tissue, using radiosurgical
techniques. Because of the spatial precision with
which the CyberKnife can administer radiation, it is
feasible to administer a tumoricidal radiation dose
in a single outpatient treatment. This technique is
particularly suited for patients with unresectable
pancreatic cancer, where any improvement in local
control contributes to palliation of local symptoms.

In a Phase I dose escalation trial, 15 patients with
locally advanced pancreatic cancer were treated

with a single fraction of stereotactic radiosurgery;
3/15 received 15 Gy, 5/15 received 20 Gy and 7/15 re-
ceived 25 Gy [21]. The GTV treated ranged from 19.2
to 71.9 cc (mean: 32.9 cc, median: 29.0 cc). Prior to
the development of the Synchrony tumor tracking
technology, a breath-holding technique was used for
approximately 50% of the patients [22]. Treatment
times with the breath holding technique were longer
than with Synchrony and ranged from 3 to 6 hours
with the majority of patients treated in less than 4
hours. A representative treatment plan is seen in
Figure 23.3.

Of the 15 patients, three had received prior ther-
apy, two received concurrent 5-FU and 50 Gy ra-
diotherapy and one received chemotherapy alone.
Within the 12-week follow-up period after radiosur-
gery, there were no Grade 3 or higher gastrointesti-
nal acute toxicities observed. Grade 1 nausea lasting
less than 24 hours was reported in 2 patients and
Grade 2 diarrhea in another patient. Two patients
experienced moderate abdominal pain requiring
analgesics. In both of these patients, the symptoms
resolved within 24 hours, and no further workup
was indicated. There were no significant changes in

Table 23.1 Treatment Characteristics and Local Failure Rates of Selected Trials

Treatment Intent

Treatment

Local Failure as
a Component
of Progression

Number

of Patients

GITSG [5] Definitive in Unresectable 60 Gy 25 24%
40 Gy +5-FU 78 26%
60 Gy +5-FU 78 27%
GITSG [7] Definitive in Unresectable 54 Gy+5-FU +SMF 22 46%
SMF alone 21 48%
EORTC [29] Post-Operative Adjuvant Observation 103 36%
40 Gy +5-FU 104 33%
ESPAC-1 [34] Post-Operative Adjuvant 2 x2 design (see text) 237 42% overall*
Mohiuddin [17] Definitive in Unresectable IORT 10-20 Gy—5-FU+EBRT 40-50 Gy 49 31%
Nishimura [18] Definitive in Unresectable IORT 20-33 Gy— EBRT 40-60 Gy 42 analyzed 33%
Michigan [19] Definitive in Unresectable Gemcitabine+Hypo-fractionated EBRT 37 19%
24-42 Gy
Koong CK PhaseI [21]  Definitive in Unresectable 25 Gy CK 6 0%
Koong CK Phase II [23] Definitive in Unresectable EBRT 45Gy+5-FU—25 Gy CK 16 6%
Koong CK Phase IT [24]  Definitive in Unresectable ~Gemcitabine— 25 Gy CK — Gemcitabine 16 0%

EBRT - External Beam Radiotherapy; IORT - Intra-Operative Radiotherapy; 5-FU - 5-FluoroUracil chemotherapy;
CK - Cyberknife radiosurgery; SMF - Streptozocin, Mitomycin, and 5-FU
* In ESPAC-1, local control not reported based on treatment arm
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Fig. 23.3 Axial (top panel), coronal (bottom left) and sagittal (bottom right) views of a repre-
sentative treatment plan on protocol. The pancreatic head GTV (red contour) was treated with
25 Gy, prescribed to the 75% isodose line (green contour). The 50% isodose line (light blue
contour) is shown. Isodose lines are constructed to minimize dose to the duodenum (dark blue
contour).

follow-up blood tests, including blood counts and
liver function tests. No dose-limiting toxicity was
observed even at the highest dose level of 25 Gy.
One hundred percent local control of the primary
pancreatic tumor was seen in all evaluable patients
treated with 25 Gy at their last follow-up of 7 months
or at the time of their death. The study, however, was
stopped at 25 Gy because all 15 patients developed
distant metastases as the site of first progression.
Of importance, 12/15 patients experienced some
clinical benefit with decreased pain and increased

weight. For all patients, the median overall survival
was 11 months with a median follow-up time of five
months.

Given these encouraging results, the integra-
tion of radiosurgery with conventional treatment
of radiotherapy and 5-FU based chemotherapy was
investigated. In this Phase II trial of stereotactic
radiosurgery boost after conventional chemoradia-
tion for locally advanced pancreatic cancer, 19 pa-
tients were enrolled [23]. They received 5-FU based
chemotherapy and concurrent conventionally frac-
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tionated radiotherapy to 45 Gy using an intensity
modulated radiotherapy (IMRT) plan targeting the
primary tumor and regional lymph nodes. Three
patients progressed systemically after the 5-week
course of IMRT radiotherapy. Sixteen patients un-
derwent a single 25 Gy stereotactic boost to the pri-
mary tumor. Patients were then reassessed for sur-
gery or they received additional gemcitabine-based
chemotherapy. Of the 16/19 patients who completed
the protocol, only two Grade 3 acute gastrointestinal
toxicities were reported. Fifteen of sixteen patients
were free from local progression until death. All pa-
tients, however, failed in distant sites as the site of
first progression. The median overall survival time
for all patients was 33 weeks. Due to the apparent
increased GI toxicity seen using the combination
of external beam radiotherapy with a radiosurgical
boost, and the rapid progression of metastatic dis-
ease, the replacement of the 5 weeks of IMRT with
systemic gemcitabine is our current practice.

The preliminary results of the following ap-
proach were recently reported [24]. Sixteen patients
with locally advanced pancreatic cancer, follow-
ing staging with pancreatic protocol CT scans and
FDG PET-CT scans, received a single cycle of gem-
citabine (1000 mg/m?) followed by 25 Gy radiosur-
gery. Additional cycles of gemcitabine were given
until disease progression. Local control was seen
in all cases as determined by CT scans. FDG PET-
CT scans, obtained 4-6 weeks post-radiosurgery, in
13 patients revealed decreased or stable metabolic
activity in all patients following radiosurgery. One
patient, however, displayed increased pancreatic tu-
mor metabolic activity, in association with distant
metastatic disease, at 35 weeks post-treatment. All
patients failed with metastatic disease, with median
time to progression of 36.4 weeks. Median overall
survival was 41.1 weeks, with 1-year survival of 38%.
Late gastrointestinal toxicity included 1 duodenal
perforation (Grade 4), 3 duodenal ulcer (Grade 3),
and 1 gastric ulcer (Grade 2) at a median time to de-
velopment of 33 weeks post-radiosurgery. The pri-
mary advantage of this approach is the reduction
of radiation treatment time to a single day, mini-
mizing the delay in initiating systemic treatment.
However, the high duodenal ulcer rate seen could
be attributed to the combination of radiosurgery
and gemcitabine. To minimize the ulcer rate, we
currently avoid the administration of gemcitabine

within 2 weeks before and after radiosurgery. Ad-
ditionally, all patients are placed on prophylactic
proton pump inhibitors. Additional follow-up and
dose-volume histogram analysis may provide in-
sight to diminish this complication.

Other investigator’s experience with stereotactic
radiosurgery for locally advanced pancreatic carci-
noma, however, has not been favorable [25]. Hoyer
et al. reported the use of 45 Gy in three fractions
to non-resectable tumors in 22 patients. Six-month
actuarial local control rate was 57%. Acute toxic-
ity at 14 days post-treatment was significant, with
deterioration of performance status and increased
pain. Four patients had severe duodenal or stomach
ulceration. Differences in the treatment planning
technique may be a possible explanation for the in-
creased rate of complications and decreased local
control compared to the Stanford series [21, 23, 24].
Hoyer et al. noted a large median PTV volume en-
compassed by the 67% isodose line of 136 cm® for
a median GTV of 32 cm?, caused by inclusion of a
relatively large CTV and PTV due to diagnostic un-
certainty in delineation of the tumor [25]. We find
the routine fusion of FDG-PET scans helpful for
tumor delineation, as described below. Addition-
ally, with IGRT techniques such as the generation
of an internal tumor volume (ITV) based on 4D-CT
scans, as well as the Synchrony tumor tracking sys-
tem, the PTV expansion into normal tissue can be
minimized.

Based on the three studies from our institution
[21, 23, 24], there appears to be a benefit to treating
patients with single fraction CyberKnife radiosurgery.
As all of the evaluable patients on these trials pro-
gressed with metastatic disease, the primary benefit
is in providing high rates of local control, while mini-
mizing the delay in initiating systemic chemotherapy.
Local control of pancreatic tumors provides a clinical
benefit with a reduction in pain and as well as the risk
of developing gastric or duodenal obstruction. Theo-
retically, radiosurgical ablation of the primary tumor
may also prevent or reduce distant seeding from the
primary tumor. Because all patients progress with
metastatic disease, more effective chemotherapy is
needed. Upon further study into the integration of
pancreatic radiosurgery with the development of
novel classes of chemotherapy or targeted agents [26],
an improvement in overall survival in patients with
locally advanced pancreatic cancer may be realized.
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23.3
Potential Role for CyberKnife Radiosurgery
in the Post-Operative Adjuvant Setting

In most medical centers in the United States, based
on the GITSG trials [27, 28], and arguably, an EORTC
trial [29, 30], adjuvant therapy following complete
surgical resection of pancreatic cancer involves
post-operative chemoradiotherapy [31]. In Europe,
however, the ESPAC-1 trial [32] found a survival dis-
advantage with post-operative chemoradiotherapy
compared to chemotherapy alone, although flaws
may exist with the design and interpretation of this
trial [33]. It has been postulated that the lack in ben-
efit of adjuvant radiotherapy may be due to the delay
ininitiating effective chemotherapy [34]. A potential
advantage of radiosurgery, as compared to conven-
tional fractionated radiotherapy, is the minimiza-
tion in this delay of effective systemic treatment.

Local tumor progression remains a significant
source of treatment failure, occurring in 34% and
63% of the patients in the EORTC and ESPAC-1 trial,
respectively (see Table 23.1). Given the high local
control rates seen in early data with stereotactic ra-
diosurgery in locally advanced pancreatic cancer
[21, 23, 24], further research is warranted to deter-
mine the optimal method to integrate radiosurgery
into the management of patients with the highest risk
oflocal progression following resection, such as those
with positive margins. The definition of an appropri-
ateradiosurgical target volume, however, would likely
be the primary obstacle in the post-operative patient.
Therefore, perhaps the most promising method to
integrate pancreatic radiosurgery in patients who are
resectable is to administer it in a neoadjuvant set-
ting.

234
Neoadjuvant CyberKnife Radiosurgery for
Resectable Pancreatic Cancer

Pre-operative therapy for potentially or marginally
resectable pancreatic cancer has been evaluated to
improve local control rates. The advantages of a pre-
operative approach are given in Table 23.2.

Table 23.2 Potential Advantages of Neoadjuvant (Pre-Opera-
tive) Therapy)

e The tumor is well oxygenated, thus improving the ef-
fectiveness of radiation therapy

e There is an opportunity to sterilize cancer cells prior
to surgery and to decrease intra-operative seeding

@ Delaying the surgery allows for the exclusion of pa-
tients with rapidly progressive disease who would not
benefit from the resection

® Pre-operative therapy increases the likelihood of nega-
tive surgical margin

e Multi-modality therapy is given regardless of post-op-
erative recovery time

e Giving systemic chemotherapy prior to the clinical
appearance of distant metastases has the potential to
treat distant metastases at a time when the tumor bur-
den is the lowest

e Treatment before surgery may be better tolerated

Coia et al. performed a pilot study of pre-opera-
tive chemoradiotherapy which showed enhanced
resectability and downstaging of nodal metasta-
ses at the time of surgery [35]. Staley et al. at M.D.
Anderson Cancer Center (MDACC) also found that
pre-operative chemoradiation (50.4 Gy + 5-FU) with
10 Gy electron beam IORT at the time of surgery for
adenocarcinoma of the pancreatic head resulted in
improved local-regional tumor control [36]. The
Eastern Cooperative Oncology Group (ECOG) per-
formed a Phase II study of 53 patients with localized
pancreatic cancer treated with neoadjuvant chemo-
radiation (50.4 Gy with 5-FU and mitomycin) [37]. Of
the 41 patients taken to surgery, 24 were resectable.
The median survival was 9.7 months for all patients
and 15.7 months for resected patients. Pre-operative
treatment was felt to be feasible, but the toxicity as-
sociated with the mitomycin was significant.

Researchers at MDACC have published their data
on pre-operative chemoradiation for patients with
potentially resectable pancreatic cancer. In their
initial study, the use of conventional fractionation
was associated with gastrointestinal toxicity severe
enough to require hospitalization in 32% of patients
[38]. Subsequent studies have used a rapid fraction-
ation approach delivering 30 Gy in 3 Gy per fraction
over 2 weeks [39, 40]. In these reports, the preop-
erative administration of chemoradiotherapy was
not associated with toxicities that delayed surgical
treatment and did not increase surgical morbidity
or mortality. In addition, approximately 25% of pa-
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tients were found to have disease progression at the
time of restaging prior to pancreaticoduodenectomy
and were therefore spared the morbidity of surgery
which would not have been of benefit.

Breslin et al. reviewed the MDACC experience of 132
patients with potentially resectable pancreatic cancer
who underwent chemoradiation followed by pancre-
aticoduodenectomy [41]. The majority of patients,
88/132, received rapid fractionation pre-operative ra-
diation using 30 Gy in 3 Gy per fraction. The remain-
der, 44/132, received conventional fractionation to
45-50.4 Gy in 1.8 Gy per fraction. IORT was delivered
to 74/132 (56%) patients. Chemotherapy most often
consisted of 5-FU (105/132 cases) and the remainder
received either paclitaxel, or gemcitabine. Median
survival was 21 months and 32% of patients were alive
with no clinical or radiographic evidence of disease at
14 months. All patients were evaluated with serial post-
operative CT scans. Local recurrence was diagnosed
radiographically as a component of the first recurrence
site in only 8/132 (6%) patients. There was no difference
in survival between patients receiving the rapid-frac-
tionation chemoradiotherapy schedule and those who
received standard-fractionation chemoradiotherapy.
These investigators concluded that preoperative rapid-
fractionation chemoradiation maximizes survival du-
ration and local control in accurately staged patients.

Based on these data and the experience with the
local control achieved among patients treated with
CyberKnife for locally advanced pancreatic cancer,
Stanford University has initiated a protocol for pa-
tients with resectable pancreatic tumors to be treated
with CyberKnife stereotactic radiosurgery. The ra-
diosurgery component is sandwiched between sev-
eral infusions of weekly gemcitabine chemotherapy:
1000 mg/m? infused over 30 minutes. Definitive sur-
gical resection takes place 6 weeks after 25 Gy single
session stereotactic radiosurgery. The schema for
this study is given in Figure 23.4.

Pancreatic
CT scan

v

Resectable/Marginally resectable
pancreatic CA

Fig. 23.4. Neoadjuvant Pancreatic Cancer Protocol Schema.

CyberKnife Radiosurgery for
Metastatic Pancreatic Cancer

Patients presenting with distant metastases from
pancreatic cancer have a median survival of 3-6
months. During that time, palliation of pain may be
the single most important issue in the management
of these patients. External Beam Radiation Therapy
(EBRT) in combination with chemotherapy has been
shown to provide good palliation of pain related to
pancreatic cancer [5]. Nevertheless, a conventional
course of radiotherapy lasting 5-6 weeks can be dif-
ficult for patients with only a few months to live.
Even the most active chemotherapy agents have lim-
ited benefit on local symptoms. The use of a single
fraction of radiation as palliation is appealing in
this patient population. At Stanford University, over
18 patients with metastatic pancreatic cancer who
were symptomatic from local disease progression
have been treated. Local control was achieved in
most of the evaluable patients. Moreover, there was
significant palliation of pain and improvement or
stabilization in quality of life for these patients.

Technical Considerations for CyberKnife
Radiosurgery in Pancreatic Cancer

23.6.1
Gold Fiducial Seeds

Radiosurgery for pancreatic cancer relies upon im-
plantation of fiducial seeds into pancreatic tumors
for targeting purposes. These 5 mm by 1 mm seeds

FDG-PET
FLT-PET
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are made of gold and are radiographically visual-
ized by kilovoltage X-rays. Although they can be
implanted during laparoscopy or during an open
procedure, we typically rely upon interventional
radiology to implant these seeds under CT guid-
ance. These procedures are associated with minimal
complications and are all performed on an outpa-
tient basis. We typically wait at least 5 days before
performing treatment planning scans in order to
allow for seed migration.

23.6.2
Respiratory Gated 4D-PET-CT Simulation

For each patient, a custom made immobilization de-
vice is constructed to hold the bodyin a reproducible
position. With patients in the treatment position, a
pancreatic protocol CT scan is performed for high
resolution delineation of the tumor and surround-
ing structures. In addition, an FDG-PET scan is per-
formed at the same time (GE PET-CT scanner) so
that there is accurate co-registration of the pancre-
atic tumor with the areas of hypermetabolic activity.
These scans are complimentary studies that we use
to give the most accurate identification of the GTV.
Furthermore, respiratory-gated scans to correct for
respiratory related pancreatic tumor movement are
utilized.

23.6.3
Tumor Movement and Synchrony

Respiratory induced movement of the upper abdom-
inal organs can lead to movement in the pancre-
atic GTV of up to 3.9 cm [42]. Previous fluoroscopy
studies demonstrated that the major movement of
pancreatic tumors is in the inferior and superior di-
rections. These studies have demonstrated that pan-
creas positioning was reproducible within 2.5 mm,
on average, with a breath holding technique [22]. Tu-
mor motion is compensated by tracking the position
of the chest wall of patients during radiosurgery.
A series of light-emitting diodes (LEDs) are placed
upon the chest wall and movement can be detected
by wall mounted cameras in the treatment room.
Synchrony allows for real-time targeting of tumors
duringradiosurgery. However, only the translational

respiratory-related movement of pancreatic tumors
is accounted for by this system. It cannot account
for tumor rotations and deformations induced by
respiration. To account for this additional source of
target volume uncertainty, an ITV is generated [43],
using IGRT techniques such as respiratory gated 4D-
CT and 4D-PET scans, as described for the treatment
of lung tumors [44]. The technical issues involved
with these IGRT techniques were recently reviewed
[45]. The procedure used for delineation of the ITV
in pancreatic tumors is identical to the approach we
use for hepatic tumors. For details of our protocol,
see Chapter 22 by Goodman et al. in this volume.

23.6.4
Normal Tissue Tolerance

The duodenum and stomach are considered the
most radiosensitive structures near the pancreas in
the upper abdomen. On our previous IRB-approved
trials, when treating to 25 Gy, we generally limit no
more than 5% of the duodenum or stomach to re-
ceive more than 22.5 Gy and no more than 50% of
the duodenum or stomach to receive 14.5 Gy. Data
for dose guidelines of other structures such as large
and small bowel are evolving. Analysis of the dose
volume histograms of the patients who developed
treatment-associated duodenal ulcers following
stereotactic radiosurgery and gemcitabine chemo-
therapy [24] is pending. We have not treated any tu-
mor larger than 100 cc in volume, with the majority
less than 75 cc. Although there is considerable dose
heterogeneity within the tumor volume, we have not
observed any adverse effects that can be attributed
to dose heterogeneity.

23.6.5
Response Evaluation

Evaluating response after high-dose radiation in
pancreatic tumors is especially difficult because
of post-therapy inflammatory changes. Interpreta-
tion of tumor size by conventional CT scans may
be obscured by these changes. We have found that
metabolic imaging with FDG-PET before and after
treatment is a complementary method for determin-
ing response to radiation therapy. In the group of
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patients treated to date at Stanford University, most
pancreatic tumors have not changed significantly in
size following radiosurgery. However, the majority
of them have had a dramatic reduction in meta-
bolic activity as assessed by FDG-PET scanning.
Figure 23.5 is a comparison of pre-radiosurgery and
post-radiosurgery FDG-PET scans in a patient with
locally advanced unresected pancreatic cancer. The
interval between the two scans was 6 weeks.

23.7
Conclusions and Future Directions

IGRT techniques such as Synchrony for tracking tu-
mor translations, and respiratory-gated 4D-CT and
4D-PET for the delineation of the true ITV have been
developed to account for the movement of pancre-
atic tumors due to respiration. With these methods,
in our experience, CyberKnife radiosurgery using a
single fraction of 25 Gy is a safe and effective strat-
egy for the management of patients with locally ad-
vanced and metastatic pancreatic cancer. It has been
shown to provide palliation of local symptoms and

appears to provide improved local control compared
to conventional treatment. The role of pre-operative
radiosurgery, in combination with gemcitabine che-
motherapy, has many theoretical advantages over
conventionally fractionated neoadjuvant chemora-
diation and is being investigated. Nevertheless, the
greatest challenge in treating patients with pancre-
atic cancer remains their development of distant
metastases. Further investigation is needed to de-
termine how best to integrate CyberKnife radiosur-
gery with other innovative therapeutic approaches
[15, 46]. To define fully the impact of radiosurgical
treatment of patients with pancreatic tumors, the
inclusion of quality of life endpoints, such as clinical
benefit response and symptom palliation, is recom-
mended in the development of these future trials.
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Introduction

Adenocarcinoma of the pancreas remains among
the most lethal cancers in the United States. For
most of the past four decades, little has changed in
the treatment and poor survival associated with this
tumor [1]. Surgery is still the only treatment associ-
ated with cure, though most patients have unresect-
able disease at diagnosis. Even in favorable, resect-
able disease, median survival is only 15-24 months
[2, 3], with 15-20% long-term survival. Aggressive
chemo-radiotherapy trials have demonstrated only
marginal improvements in overall survival, rarely
with long-term survival.

Radiation therapy doses of 30 Gy to 60 Gy in daily
fractions of 180 cGy to 200 cGy are commonly given
as definitive treatment, but also to alleviate symp-
toms such as pain or bleeding. In standard radiation
therapy, the optimal target has not yet been defined
[4], but usually consists of the primary tumor and
regional lymph nodes. The stomach, small bowel,
liver,and kidney are dose-limiting organs, especially

when administered with concurrent chemotherapy.
Despite dose escalation and improved radiotherapy
techniques, such as intensity-modulated radiation
therapy (IMRT) and 3D conformal therapy, local
disease progression and/or recurrence remain sig-
nificant problems.

There are several potential advantages to stereo-
tactic radiosurgery in controlling the primary tumor.
Hypofractionated radiation therapy is biologically
very potent compared to standard fractionated radi-
ation therapy. If safely delivered, stereotactic radio-
surgery (SRS) likely increases the therapeutic ratio as
initial treatment; the benefit may be even greater for
recurrent disease. Second, the overall treatment time
is shorter, which may minimize delays in systemic
chemotherapy. In addition, institutions using in-
traoperative radiotherapy to treat unresectable dis-
ease have demonstrated promising local control and
survival [5-8]. Stereotactic radiosurgery in theory
represents a similar hypofractionated treatment, al-
though it is much less invasive. Two important stud-
ies regarding stereotactic radiosurgery for adenocar-
cinoma of the pancreas were conducted at Stanford
University [9, 10]; the results from Sinai Hospital of
Baltimore are discussed in this chapter.

Methods

From February 2004 to March 2005, 25 patients were
treated with stereotactic radiosurgery for unresect-
able adenocarcinoma of the pancreas. All patients
had biopsy-proven disease in the head (17) or body
(8) of the pancreas. Tumors were considered unre-
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sectable due to portal vein/superior mesenteric vein

encasement, superior mesenteric artery involve-

ment, or the presence of distant metastases. Patient

characteristics are heterogeneous in this series, but

can be summarized as follows:

e 11 patients: TANMO disease with no prior therapy

e 4 patients: Local recurrence after Whipple resec-
tion, adjuvant chemotherapy, and radiation ther-
apy, median dose = 5040 cGy

e 5 patients: Local recurrence after prior chemo-
therapy and definitive radiation therapy, median
dose = 5040 cGy

e 5 patients: Palliative intent for local tumor pro-
gression in patients with metastatic disease, 1
received prior palliative radiation therapy.

All patients were treated using the CyberKnife®
(Accuray Incorporated, Sunnyvale, CA), with four to
six gold fiducials implanted in or near the tumor for
image-guidance. Most fiducials were placed by the
surgeon or interventional radiologist, with two to four
fiducials in the tumor and four in the paraspinal soft
tissue to be used for initial rotational positioning.

At least 7 days after fiducial placement, a Vac-Loc
immobilization device (Bionix Radiation Therapy,
Toledo, Ohio) was then custom made for each pa-
tient. A CT scan, 1.5 mm slice thickness with oral
and IV contrast, was then acquired and used for
treatment planning for nearly all patients, heteroge-
neity corrections were not used in planning.

Contouring the gross tumor volume (GTV) was
performed cooperatively by the radiation oncologist
and surgeon; the GTV included only gross disease
identifiable on the planning CT scan, with appro-
priate modification based on intraoperative or ul-
trasound findings. Positron emission tomography
fused images were not routinely used for planning
patients in this series.

Treatment planning occurred within two weeks
of fiducial placement. Liver, stomach, spinal cord,
and both kidneys were routinely contoured as criti-
cal structures in each patient. Dose distributions for
each structure were subject to the approval of the
treating radiation oncologist, and in general, doses
to the majority of kidney, liver, and spinal cord were
well within tolerance for greater than 90% of the or-
gan.

Dose was prescribed to the highest percent iso-
dose line encompassing the GTV, usually the 80%

line (range 70-87%), see Figure 24.la and 24.1b.
Total doses of 15-26 Gy delivered in 1-4 fractions
were used for all patients. Tumor volume (median
81 cm?, range 28-305 cm?®) and the proportion of
patients with prior radiation therapy were larger
in our series than in prior studies [9, 10]; therefore
single-fraction treatment was rarely used. The ma-
jority of patients received 8 Gy x 3 or 8.5 Gy x 3 with
1-3 days between treatments. Synchrony® (Accuray
Incorporated, Sunnyvale, CA) software was used
for nearly all treatments. Pain was assessed prior
to treatment and at 3-month intervals (at least) on a
zero-to-ten verbal report scale. All patients received
gemcitabine-based chemotherapy within 2 months
of completion of treatment at the discretion of the
treating medical oncologist.

Results

At last update, surviving patients had been followed
atleast 3 months (median = 10 months). The median
survival was 8 months from the time of SRS and
25 months from the time of diagnosis. Five patients
(20%) survived over 12 months from the time of
SRS.

Increase in pain symptoms or greater than 10%
increase in tumor size were used as criteria for lo-
cal progression. Based on these criteria, crude local
control rate was 85%. The first site of progression
and cause of death in most patients was distant me-
tastases, either in the liver or peritoneal cavity.

Twenty patients had variable degrees of pain prior
to SRS, and 85% of these patients had atleast 50% re-
duction in pain symptoms following treatment. Pain
relief was durable in patients surviving beyond four
months. Pain eventually recurred in 3 patients with
local progression as determined by CT.

Nineteen patients had an elevated CA19-9 marker
prior to SRS. After treatment, the value decreased
in 8 patients (42%), and was durable in 3 of these
patients who survived beyond one year from the
time of treatment. The CA19-9 increased in 6 pa-
tients (32%) and 4 of these patients died from rapid
progression of metastatic disease within 4 months
of treatment.
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Fig. 24.1.a Typical treatment plan for unresectable pancreas
adenocarcinoma. 24 Gy was delivered in 3 fractions of 8 Gy
each prescribed to the 85% isodose line. b Dose volume his-
togram with dose statistics and ¢ 3D display of pencil beam
orientations. Partial response was seen on CT at follow-
up. The tumor and pain symptoms were still controlled at
18 months follow-up.

Acute toxicity within one month of treatment was
mild. Grade 1 nausea, fatigue, or anorexia occurred
in 4 patients. One patient developed Grade 2 diar-
rhea which resolved within 2 weeks, and one patient
developed gastric bleeding requiring hospital ad-
mission (Fig. 24.2). On endoscopy, biopsy confirmed
the bleeding was at the site where tumor had ulcer-
ated the gastric mucosa, and the bleeding resolved
without further treatment.

Min MU: 3.1

W Spinal canal 1911
W acrta

Target Volume £

Critical Volume: 3

Soft Tissues

Total MU: 17371.0 Beams: 146

Max MU: 251.9

Dose Statistic Table
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1944.7 28086 1.98
207.2 22671 n'a
1289 2829 na
992 25131 n/a
1218 2676.8 nfa
5018 n'a
2392.7 na

Min{ cGy )

304 6

Late toxicity was more significant. Seven of 25 pa-
tients (28%) required hospital admission for an-
orexia, fatigue, and epigastric pain 2-9 months after
SRS. Only one of these patients had prior radiation
therapy. Endoscopy in all of these patients identi-
fied either duodenitis, or gastric and duodenal ul-
cers. Biopsies were performed in all cases, and none
had evidence of tumor. All patients recovered with
parenteral support within 2 months. All Grade 3
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Fig. 24.2 Treatment plan of a patient who developed a Grade
IIT ulcer in the stomach. The dose was 25.5 Gy delivered in 3
fractions of 8.5 Gy each prescribed to the 80% isodose line.
Within 2 days a gastric bleed occurred as a result of tumor
invasion through the gastric wall, and resolved without
intervention. Also note the length of contact between the
prescription isodose line and gastric wall. Pain symptoms
improved, but gastritis developed within 2 months requiring
feeding tube placement. Symptoms resolved over the subse-
quent two months.

toxicity was seen in patients with tumor (GTV) sizes
greater than 70 cm® (range 70-305 cm®); no other
factors, including prior radiation therapy, were as-
sociated with this toxicity. No late renal, hepatic, or
neurological toxicity was seen.

24.4
Discussion

There have been few meaningful improvements in
survival and local control for carcinoma of the pan-
creas over the past 40 years. Standard treatment has

largely consisted of 5-FU given concurrently with
radiation therapy, resulting in a median survival
of 8-12 months [11, 12]. The high rate of distant
progression has led to interest in other drugs, and
modest trends toward survival benefit have been
demonstrated [13-15].

The relationship between local control and sur-
vival is unclear in this disease. In our relatively
small, heterogeneous series, little can be inferred re-
garding the impact of SRS on survival. The Stanford
University Phase II trial aggressively employed SRS
in combination with external beam radiotherapy,
and while most tumors were locally controlled, sur-
vival was still poor [9]. For Sinai patients, median
survival from the time of diagnosis in 25 patients,
only four of whom had resection, was 25 months,
far greater than expected for patients with unre-
sectable or metastatic disease. This is most likely a
consequence of patient selection; most patients had
recurrent disease after 6-16 month disease-free in-
tervals after initial therapy, when treatment options
are limited. Such a patient group clearly had either
a favorable response to initial treatment or indolent
disease. It is noteworthy that all patients survived
a median of 8 months after radiosurgery, arguably
long enough to justify treatment with an aggressive
modality. In patients with no prior treatment, the
median survival was greater than 10 months, very
favorable in comparison to the 6-10 month median
associated with major studies [11, 16, 17].

The incidence of local disease progression, when
reported, is still unacceptably high, and progression
is associated with significant morbidity. Improve-
ments in endoscopic techniques have made stent-
ing an effective and tolerable option for palliation
of biliary or duodenal obstruction [18, 19]. Bleeding
can often be controlled with embolization or endos-
copy. Options for controlling pain, however, are few
and marginally effective.

The Sinai experience suggests that the major
benefit of radiosurgery may be in controlling pain
related to the primary tumor. Pain was durably con-
trolled in most patients in our series (85%), includ-
ing nine patients with prior radiation therapy. Pain
improvement did not correlate with tumor response
by CT scan; most patients with symptom improve-
ment had stable disease or a partial response.

Detailed information about pain control and
quality of life are not often reported in major studies
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or in our series, but SRS can be generally compared
to other palliative options. Standard radiotherapy
techniques with or without concurrent chemother-
apy are also 35-65% effective with acceptable toxic-
ity [13, 20]. Less common radiotherapy techniques,
including intraoperative radiotherapy and brachy-
therapy, are 50-80% effective [21,22] but are not
practical at most institutions.

Neurolytic celiac plexus block (NCPB), which in-
volves the injection of alcohol into the celiac plexus,
has clearly demonstrated efficacy approaching
90% in two randomized, placebo-controlled trials
[23, 24]. NCPB requires an invasive procedure and
is performed intraoperatively, percutaneously, or by
endoscopy. Though relatively safe and effective, sig-
nificant pain can recur in up to 2/3 of patients within
4 months [24]. Narcotic analgesics alone can often
suffice for pain control, though drowsiness and con-
stipation can be undesirable significant side effects.

PET was used in follow-up of only a few patients,
and similar to the Stanford series, long-term survi-
vors in general demonstrated excellent response by
PET scan, regardless of CT findings. The value of
PET in planning treatment has yet to be defined, but
it was useful in identifying tumor that was poorly
defined on CT studies. Caution must be used as PET
also clearly underestimated disease extent in two
patients, and falsely identified a loop of small bowel
as tumor in one patient. CA19-9 was evaluable in 14
of the 25 patients. When elevated, a rapid rise after
SRS was associated with progression of metastatic
disease in all patients, and decreased in all patients
with stable disease or a partial response.

There was no significant acute toxicity in the
Sinai series. Fatigue, anorexia, and diarrhea were
mild in four patients, similar to the Stanford Phase
I study. Late toxicity, however, was unacceptable.
Twenty-eight percent of patients developed Grade 3
gastritis, duodenitis, or duodenal ulcers 2-6 months
after radiosurgery. All patients recovered with sup-
portive care, either jejunostomy or other parenteral
nutrition. This was also observed in the Stanford
Phase II study, though incidence was not reported
[9]. Dose, fraction size, and prior radiotherapy were
not associated with toxicity. The only common fac-
tor among these patients was a tumor size greater
than 70 cm?® (Fig. 24.2). It is clear that these tumors
contact greater lengths of duodenum and stomach,
though this was not objectively measured here.

Caution should be used in treating larger volume
disease. Further study regarding optimal dose or
fractionation would be useful, though standard ra-
diotherapy techniques may suffice in such cases.
Significant respiratory motion of the pancreas oc-
curs in most patients and can reach 35 mm [25, 26],
primarily in the craniocaudal direction. Synchrony
was considered essential for treating all pancreas
patients at Sinai hospital, and may be the great-
est advantage for the CyberKnife in comparison to
other body radiosurgery systems, which must rely
on respiratory gating or expanded tumor margins.

Conclusion

Adenocarcinoma of the pancreas remains a chal-
lenge, largely due to rapid progression of metastatic
disease. Improvements in survival will depend im-
mensely on advancement in systemic therapies, but
considerable emphasis must also be placed on lo-
cal disease control as a component of cure and for
palliation. Stereotactic radiosurgery can be useful
as initial local therapy, though it does not clearly
benefit all patients. SRS is useful in treating residual
or recurrent disease in selected patients, with appro-
priate tumor volume and stage of disease. Further
research into optimal dose, fractionation, and tim-
ing of this local therapy may maximize the benefit.
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Abstract

The CyberKnife® Robotic Radiosurgery Sys-
tem (Accuray Incorporated, Sunnyvale, CA) can

treat targets that move with respiration using the
Synchrony® Respiratory Motion Tracking System
or the Xsight™ Lung Tracking System (Accuray
Incorporated, Sunnyvale, CA). Alignment of each
treatment beam with the moving target is main-
tained in real time by moving the beam dynami-
cally with the target. The challenges of treatment
planning for mobile targets are different for dy-
namicrespiratory motion tracking than for conven-
tional approaches such as motion-encompassing
and respiratory gating methods that are common
on gantry-based delivery devices. Internal motion
during respiration is not rigid, and thus positions
of critical structures relative to the target and hence
to the beam can change during respiration. The
4D Treatment Optimization and Planning feature,
which recently became available in the MultiPlan®
(Accuray Incorporated, Sunnyvale, CA) Treatment
Planning System, is a new approach to four-di-
mensional (4D) treatment planning for motion
tracking. It uses a 4D-CT image study to measure
respiratory tissue motion and deformation and to
account for the effect of motion and deformation
on dose. The individual 3D-CT images are aligned
so that the target coincides in each image. A tissue
motion model is computed by performing nonrigid
registration of the individual 3D-CT images. Using
the target-centric alignment and the deformation
model, it is possible to calculate a dose distribu-
tion that takes into account both beam movement
and soft tissue deformation. This dose distribution
may be calculated before plan optimization and
hence used to determine the desired beam geom-
etry and weighting, or it may be calculated after
plan optimization in order to review the effects of
respiration on the dose isocontours and statistics
for a given plan.
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Introduction

Planning for radiation therapy is typically per-
formed using a static 3D-CT image of the patient.
However, during treatment delivery, the anatomy
can undergo substantial tissue motion and deforma-
tion. The inclusion of organ deformation and motion
in treatment planning is growing in importance,
especially in thoracic and abdominal applications
where breathing has a large effect on target position
and shape and the positions of critical structures
relative to the target [1].

Numerous approaches have been developed to
address the effect of respiratory motion [2]. One
straightforward approach is to enlarge the target
by a margin within which the target should move
during the breathing cycle [3]. A related motion-en-
compassing approach is the slow scanning method,
in which the CT scanner is operated very slowly, or
multiple CT scans are averaged such that multiple
respiration phases are recorded per slice [4]. The im-
age of the tumor should show the full extent of the
respiratory motion that occurs during the scanning
process, provided the acquisition time at each couch
position is longer than the breathing cycle. The dis-
advantage of slow scan methods is the loss of resolu-
tion due to motion blurring, which potentially leads
to larger observer errors in tumor and normal organ
delineation, as well as estimated dose delivered to
the patient. Another related approach is to acquire
CT images during the end-exhale and end-inhale
phases of a breathing cycle. The pair of images pro-
vides the range of target motion, which is used to
provide an anisotropic enlargement of the target. All
of these motion-encompassing approaches ensure
that tumor motion during breathing will not affect
the dose delivered to the target, but they also lead
to increased dose delivered to normal tissues, which
can be a particular problem when the lesion is lo-
cated close to organs at risk.

Another natural approach is to add a temporal
component to the process using a gated strategy,
which can be based on either breath holding or free
breathing. Breath-hold techniques can use simple
voluntary breath holding or more sophisticated ap-
proaches such as active breathing control [5]. Treat-
ment is delivered during the breath hold period,

which can be at end-exhale or end-inhale. These
methods provide higher accuracy of dose delivery
than motion-encompassing methods, but breath
hold repeatability and patient compliance are chal-
lenges, especially for elderly patients or patients
with lung cancer or other pulmonary disease. For
respiratory gating approaches, the patient continues
breathing normally. The treatment delivery system
tracks respiratory motion, for example, using opti-
cal tracking, and turns the radiation beam on only
when the respiratory position falls within a specified
range of the complete breathing cycle. The delivery
of radiation during a limited portion of the breath-
ing cycle can substantially reduce the duty cycle and
prolong treatment time. Lesion motion and gating
model stability are also challenges for gating meth-
ods.

Recent advances in CT imaging have led to the
development of high-quality 4D-CT or respiration-
correlated CT scanning methods [6, 7]. Most major
CT scanner vendors offer 4D-CT capability on their
currently available equipment. A 4D-CT image study
consists of a set of 3D-CT images, each one of which
represents a different phase of the patient’s breath-
ing cycle (Fig. 25.1). The number of phases present
in a study varies, but ten is a common number. The
availability of 4D imaging has led to efforts to in-
clude organ motion and deformation in the treat-
ment planning process.

4D Planning System for Respiratory Gating

With traditional gantry-based radiation delivery
systems in which the treatment beams are not moved
during treatment to compensate for respiratory mo-
tion, the term “4D planning” is generally used to
refer to the process of finding a compromise between
the size of the Planning Target Volume (PTV) and
the width of the gating window, i.e., the portion of
the respiratory cycle during which the beams are
turned on (Fig. 25.2).

Clearly, the wider the gating window, the greater
the volume of normal tissue that must be treated in
order to ensure target coverage; however, a narrow
gating window significantly lengthens treatment
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time. Hence it is necessary to find a compromise.

The workflow for a traditional 4D planning ap-

proach would then be as follows:

e Superimpose the 4D-CT series using their native
coordinate system.

e Draw the Clinical Target Volume (CTV) in at least
one of the 4D-CT series.

e By examining the position and shape of the CTV
in the series, expand the CTV into a PTV that
covers the CTV in all series to be used. For the
unused series, set the gating window so that the

Fig. 25.1 Coronal slices through three individual 3D-CT im-
ages in a 4D-CT image study. Each individual 3D-CT image
represents a different phase of the patient’s breathing cycle.
The movement of the diaphragm during the breathing cycle
is substantial.

beam is disabled during this part of the respira-
tory cycle.

Some experimental work has been done [8] in an
attempt to integrate automatically the effects of re-
spiratory motion into a treatment plan without the
necessity for gating, but this work essentially creates
several treatment plans giving multileaf collimator
positions for each of multiple phases of the breath-
ing cycle, hence splitting the optimization and re-
view process into several independent parts, each
one tied to a portion of the cycle.
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Fig.25.2 The PTV required to ensure full coverage of the CTV for a radiation delivery system with stationary beams. In
the left figure, the white and green blobs show the position of the treatment target at end-exhale (white) and end-inhale
(green), and the orange contour shows the region of tissue that must be treated to fully cover the moving target. In the right
figure, we show the area of tissue that must be treated if the beams are turned on only for the 20% of the respiratory cycle

following end-exhale.

254
4D Planning System for
Respiratory Motion Tracking

The CyberKnife Radiosurgery System can treat tar-
gets that move with respiration using respiratory mo-
tion tracking. The Synchrony and the Xsight Lung
Tracking Systems use continuously tracked optical
markers on the patient’s chest to enable the treat-
ment beams to follow respiratory movement of the
target. By building a correlation model relating the
position of the external optical markers to that of
implanted fiducials visible in two orthogonal X-ray
images (Synchrony) or to the target itself visible in the
X-ray images (Xsight Lung), an estimate of the target
position at any instant in time may be calculated,
and the beam position updated accordingly. Hence,
if the target motion is only translational, with no
rotation or deformation, and the Synchrony model
is perfect, the motion of the target will not affect the
dose delivered to it. Because treatment targets can
undergo some rotation and deformation, in addition
to translational shift, during respiration, there can
be a subtle change in the treated target dose relative
to that computed in the treatment plan. Another po-

tentially relevant effect is that on critical structures
which do not move in the same way as the target. For
example, the spinal cord can generally be considered
to be stationary during respiration; because the treat-
ment beams are moving to track the target, it is pos-
sible for the beams to “sweep” across the cord during
treatment. This may affect the delivered dose to the
cord in two ways - if the static plan showed the beam
going directly through the cord, the dose delivered
under dynamic treatment would be less than that
shown in the plan, because the beam would in fact
only coincide with the cord for part of the breathing
cycle (Fig. 25.3). Conversely, if the static plan showed
the beam missing the cord, the dose delivered under
dynamic treatment would exceed that in the plan if
the action of following target motion made the beam
coincide with the cord for part of the cycle.

The 4D Treatment Optimization and Planning
feature, which recently became available in the
MultiPlan Treatment Planning System, is a new ap-
proach to 4D treatment planning that integrates the
dynamic nature of respiratory motion tracking with
the planning process. It uses a 4D-CT image study to
measure respiratory tissue motion and deformation
and to account for the effect of motion and defor-
mation - deformation of the target, deformation of
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Fig. 25.3a,b. The position of one of the treatment beams at two phases in the respiratory cycle. At end-inhale, (a) the beam
passes through the spinal column after exiting the treatment target. At end-exhale, (b) the beam position is updated to track
anterior and superior motion of the target. This results in the beam missing the spinal column during this part of the breath-

ing cycle.

tissue outside the target, and motion of the target
and critical structures relative to each other and/or
to the fiducials - on dose. The individual 3D-CT im-
ages are aligned so that the target coincides in each
image. A tissue motion model is computed by per-
forming nonrigid registration of the individual 3D-
CT images. One of the available CT images is chosen
as the reference dataset and used to create a treat-
ment plan. Using the target centric alignment and
the deformation model, it is possible to calculate a
dose distribution on the reference dataset that takes
into account both beam movement and soft tissue
deformation. This dose distribution is referred to as
“4D dose.” The deformation model maps the posi-
tion of each point in the reference 3D image to the
corresponding location in all other 3D images in
the 4D-CT image study. The 4D dose is computed
over the multiple breathing phases, weighted by the
time spent in each phase, and is referred back to the
reference 3D image. The 4D dose distribution may
be calculated before plan optimization and hence
used to determine the desired beam geometry and
weighting, or it may be calculated after plan optimi-
zation in order to review the effects of respiration on
the dose isocontours and statistics for a given plan.
The concepts in this approach to 4D treatment plan-
ning, some of which have been recently described by
others [9], are applicable to any treatment delivery
system that uses respiratory motion tracking to dy-
namically move or shape the radiation beam.

Building a Deformation Model

25.5.1
Target Centric Alignment

In order to apply a deformation model to the dose
calculation process for a treatment plan, it is neces-
sary to define a coordinate system that takes into ac-
count the movement of the beams during treatment.
Because the beam delivers the radiation dose, for the
purposes of dose calculation it is most convenient to
assign a constant offset to the deformation so that a
value of zero is achieved by structures that are sta-
tionary with respect to the beams. To achieve this,
we must translationally align the 4D-CT volumes
according to the object being tracked. There are two
cases that must be handled: Synchrony tracking and
Xsight Lung tracking.

25.5.2
Synchrony Respiratory Tracking System

In order to perform Synchrony tracking, metal fi-
ducials are embedded in or near the treatment tar-
get before the planning CT scan is taken. During
treatment, the position of the fiducials as seen in
periodically acquired orthogonal X-ray images is
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correlated with the locations of optical markers on
the patient’s chest. These markers are continuously
tracked, allowing the treatment beams to be moved
in real time to compensate for respiratory target mo-
tion. The beams are moved according to the motion
of the centroid of the fiducials; hence the fiducial
centroid is chosen as the alignment center for the
4D-CT dataset (Fig. 25.4a).

25.5.3
Xsight Lung Tracking System

For peripheral lung lesions that are 15 mm or more
in diameter, real-time motion compensation may be
performed without implanted fiducials, using the
Xsight Lung Tracking System. Instead of finding
fiducials in the orthogonal X-ray images, a sophis-
ticated image processing algorithm is used to find
directly the tumor and triangulate its spatial posi-
tion. This position is then correlated with real-time
measurements of tracked optical markers in a simi-
lar manner to Synchrony tracking, and the position
of the treatment beam updated accordingly. In order
to account for this beam motion during treatment
planning, the user manually identifies the position
of one or more landmarks on the target, in each of

the 4D-CT series. The series are then translationally
aligned so that the centroid of these landmarks is
coincident on each of the images (Fig. 25.4b).

25.5.4
Deformable Registration

In order to perform a dose calculation that takes into
account both beam movement and tissue deforma-
tion, it is necessary to construct a tissue deformation
model that will take as input an anatomical loca-
tion in the reference CT image and return as out-
put the estimated position of the same anatomical
element in each of the individual 3D-CT images in
the 4D-CT study. The model is computed by non-
rigid or deformable registration of all other 3D-CT
images to the reference 3D-CT image. The regis-
tration process optimizes a cost function that is a
combination of the distance between correspond-
ing landmarks and the intensity difference between
the reference image and deformed secondary image
[10]; the deformation is represented by a combina-
tion of third-order B-splines, thus ensuring that
the resulting deformation field has a continuous
second derivative (i.e., that the deformation field is
smooth). Similar methods for constructing a tissue

Fig. 25.4a,b. Translational target centric alignment of CT images, showing end-inhale (grayscale) versus end-exhale (green
overlay). On the left, fiducials are used to align the images, and on the right, anatomical landmarks within the treatment
target. In both cases, the alignment of the targeted structure (denoted by red circle) can be seen, whereas regions that are
stationary during respiration, e.g., the spinal column, are seen to be offset.
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deformation model from 4D image datasets have
recently been reported [11, 12]. Because B-spline de-
formation modeling is typically most successful in
the presence of small deformations, three steps are
taken to improve the quality of the resultant tissue
deformation model:

e Ifthe reference 3D-CT image is not one of the indi-
vidual 3D-CT images in the 4D-CT image study,
the reference image is registered to the individual
3D-CT image in the 4D-CT dataset that is clos-
est to the reference image in the respiratory cycle.
All individual 3D-CT images in the 4D-CT image
study are registered to their temporal neighbor,
producing a “chain” of deformations from the ref-
erence CT to all images in the 4D-CT dataset. The
deformations are added in a transitive manner to
produce a mapping that goes directly from the
reference CT to each image in the 4D-CT dataset.
The sum of second derivative continuous defor-
mations will have the same property (the sum of
smooth deformations is still smooth).

e The deformation is calculated with respect to the
native coordinate alignment of the CT images.
The scanning protocol requires that there is no
gross patient movement between any of the image
acquisitions. The target centric alignment offset is
applied after the deformable registration has been
completed. In this way, structures that do not

move during respiration, such as the spinal cord,
are aligned in all images while the deformation
is being calculated, and the deformation model
needs only to represent the global deformation of
structures such as the chest wall and diaphragm.
e The nonrigid registration uses as landmark points
the fiducials or landmarks used in the alignment
step. This ensures that the deformation is con-
strained to be approximately correct in the neigh-
borhood of the treatment target. In some cases,
where there is a large movement of a small target,
the contribution of this movement to the overall
intensity difference between images is small, and
it is not correctly captured unless a landmark
point is present in the cost function. Additional
landmark points can be interactively added to
assist the registration process as necessary.

An example of deformable registration is shown
in Figure 25.5. The deformed secondary image is in
much closer agreement with the reference CT than
before registration, although a small artifact has been
created at the intersection between the rear chest wall
and the diaphragm. Shearing motion, as often occurs
between the liver and the chest wall during respira-
tion, cannot be exactly represented by a continuous
representation such as third-order B-splines, hence
the deformation is not captured exactly in these cases.

Fig. 25.5a,b. Overlay of an end-inhale image (grayscale) and end-exhale image (green) before (a) and after (b) deformation.
Note the large discrepancy in the area of the diaphragm in the left image. The deformation process naturally resolved the
diaphragm motion, but two landmark points had to be added on the superior and inferior aspects of the kidney to improve
the quality of the model there. There is a small residual artifact on the patient’s back near the diaphragm which results
from the B-spline model being unable to perfectly represent discontinuous “shearing” motion as occurs between the liver
and posterior chest wall during breathing.
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It is also worth noting that two landmark points had
to be added, at the superior and inferior aspects of
the kidney, to achieve the deformation shown in
Figure 25.5. As discussed by West et al. [10], one of
the main advantages of allowing manually placed
landmarks as part of the deformation optimization
is that it permits us to overcome the limitations of
solely intensity-based registration in regions of poor
CT contrast such as the lower abdomen. The example
in Figure 25.5 took approximately five minutes of
computation time to calculate the deformation model
relating the reference CT to the other nine 3D-CT
images in the 4D-CT dataset (using a PC workstation
with two dual-core processors running at 2.8 GHz).

Dose Calculation

After building a tissue deformation model that gives
us the trajectory of all tissue elements throughout the
breathing cycle, the next step is to apply this to cal-
culate a dose distribution that takes into account tis-
sue deformation and beam movement. As mentioned
previously, this dose distribution is referred to as 4D
dose. There are two separate effects that need to be
taken into account during 4D dose calculation.

25.6.1
Effective Depth Compensation

The nature and amount of tissue traversed by a treat-
ment beam may change as the beam moves to track
the target, and as the patient anatomy moves and
deforms. In the example shown in Figure 25.3, in the
inhale part of the respiratory cycle, the depicted beam
has a trajectory that takes it through the bone of the
spinal column; in the exhale part of the cycle, the
beam misses the spinal column and hence has a tra-
jectory passing mostly through lung tissue, which is
much sparser and has less attenuation than bone. In
order to account for this effect, each of the individual
3D-CT images is used to create a vector describing the
effective depth (equivalent depth of water) along the
beam central axis at that respiratory phase, taking
into account the beam tracking offset.

25.6.2
Tissue Motion

The other important effect that must be accounted
for in order to perform a 4D dose calculation is the
motion of tissue elements relative to the treatment
beams. A dose calculation is performed for each of
the 3D-CT images in the 4D-CT study. The dose in-
formation is stored using a “dose map” architecture,
i.e., for each beam, a list of floating point values is
stored, indexed to the dose calculation grid in the
reference image, which represents the radiation dose
in centiGray (cGy) delivered to each dose grid voxel
by that beam, per monitor unit (MU). The tissue
deformation model enables the dose to be mapped to
the dose calculation grid in the reference image. The
4D dose accounting for tissue deformation is com-
puted by summing dose over the multiple breathing
phases, weighted by the time spent in each phase. In
order to calculate the 4D dose map for a particular
beam, the procedure used is as follows:

e Traverse the voxels in the dose calculation grid in
the reference CT image.

e For a particular voxel, calculate the dose delivered
per MU by the beam in the reference CT.

e For each additional 3D-CT image in the 4D-CT
study, apply the deformation model to map from
the reference CT space to the corresponding posi-
tion in the secondary image.

e Apply the beam tracking offset to move the cen-
tral axis of the beam so that it follows the target
in the prescribed manner.

e Calculate the dose delivered per MU by the beam
at the deformed position, using the phase-specific
effective depth vector described in the previous
section.

e Set the dose per MU in the reference CT voxel to
be the weighted sum of the dose calculations for
each of the 3D-CT images in the 4D-CT study.

25.6.3
Weighting

The weighting used to sum the independent dose
calculations depends on the nature of the phase la-
beling for the 4D-CT volume. First, if the reference
image is a breath hold image, rather than a part of
the 4D-CT series, the weight for the dose contribu-
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tion from the reference image is set to zero, even
though it is used as the coordinate system for dose
display. In some cases, the user may wish to use a
breath hold image as the reference CT to take ad-
vantage of the potentially higher image quality of a
breath hold image relative to the images in a 4D-CT
study. However, because a breath hold image often
has an unnatural anatomical configuration (e.g., the
patient, on being told to inhale, takes an extremely
deep breath), this image is excluded from dose cal-
culation on the grounds that it may not accurately
represent the patient’s anatomy during free breath-
ing. Second, for the 4D-CT study, the goal is to find
a relative weighting that corresponds to the amount
of time spent in the respiratory phase for each im-
age in the study. When the phases correspond to a
time measurement, the weighting is simple - the
width of the time bin for each image is used, and
normalized so that the weights sum to 1. When the
phases correspond to an amplitude measurement, a

correction factor is used to account for the fact that
most people spend more time in the exhale part of
the breathing cycle than the inhale part. Writing the
respiratory phase as an angle 0, where 6 = 0 at full
exhale and 0 = at full inhale, the relative weighting
for amplitude-binned images is equal to the width of
the amplitude bin multiplied by 1 + cos?(6/2).

25.6.4
Difference Between 3D and 4D Dose Calculation

The difference between 3D and 4D dose isocontours
for a single beam is illustrated in Figure 25.6. As ex-
pected, the main visible change is that the low dose
isocontours are spread in the superior-inferior direc-
tion with the 4D calculation, representing the fact
that the beam will sweep the posterior chest wall dur-
ing treatment. For example, in a typical CyberKnife
treatment plan consisting of 75-150 treatment beams,

Fig. 25.6a,b. Comparison between 3D (a) and 4D (b) dose calculation for a single beam, using the end-exhale CT as the
reference image. With the 4D dose calculation, in general coverage to the target has not been greatly changed, because the
beam will move to track respiratory target motion. The lower dose isocontours, however, have been extended in the inferior
direction for the 4D dose calculation, representing the fact that the beam will sweep the posterior chest wall as it tracks the
target. Because a typical CyberKnife treatment plan contains 75-150 beams, the difference between 3D and 4D dose for a
whole plan is less than that for an individual beam (Fig. 25.7).
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the difference between 3D and 4D dose calculation is
less than that for a single beam (Fig. 25.7).

The calculation time for 4D dose is higher than
that for a standard 3D dose calculation; in fact, it is
N times greater, where N is the number of individual
3D-CT images in the 4D-CT study. One advantage,
however, as will be discussed in the following section,
is that it allows creation of a treatment plan that is op-
timized for dynamic tracking and respiratory motion,
with no need to manually delineate margins, contour
extra “tuning” structures, or change constraints.

25.7
Optimization

Using the 4D dose calculation framework, it is pos-
sible to build an interface for 4D plan optimization
thatis both powerful and intuitive. The 3D optimiza-

tion algorithms use the same dose map architecture
described above, so generating a treatment plan us-
ing the tissue deformation model created from the
4D-CT study that accounts for the effect of respira-
tory motion on the dose distribution during the plan
optimization process simply involves substituting
the 4D dose maps for their standard 3D dose coun-
terparts. The user specifies dose constraints in the
usual way. The optimization process begins with
a set of candidate beams (approximately 1200 for
linear programming optimization and 500 for it-
erative optimization). Then the 4D dose maps are
calculated for all candidate beams, and this infor-
mation is passed to the optimization engine, which
determines a beam geometry and weighting that
best satisfies the specified dose constraints. The re-
sult of this 4D optimization is a treatment plan with
dose volume histograms, dose statistics, and dose
isocontours computed using 4D dose and optimized
accounting for the effect of respiratory motion on
the dose distribution (Fig. 25.8).

Fig. 25.7a,b. Comparison between 3D (a) and 4D (b) dose calculation for a treatment plan consisting of 84 beams. The 4D
dose calculation shows an extension of the overlap of the 10% isocontour with the spinal column and a small reduction in
the area covered by the higher dose isocontours, the latter effect possibly due to slight deformation and rotation of the target
that is not captured by dynamic tracking. The coverage of the target by the 75% isodose was reduced from 99.6% with 3D

calculation to 88.2% with 4D calculation.
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Fig. 25.8 4D treatment optimization. The user supplies dosimetric constraints in the usual manner, and the result of the
optimization is a beam geometry and weighting that best obeys the constraints, taking into account tissue deformation

and dynamic tracking.

Review

Asdescribedin the previous section, the 4D planning
capability allows the user to produce CyberKnife
treatment plans that are automatically optimized to
take into account the effect of respiratory motion.
However, to do this it is necessary to perform 4D
dose calculation for all the candidate beams used
for the optimization. This 4D dose map calculation
can have a high computational cost, often more than
ten minutes. In cases where the user feels that the
motion effects are likely to be small - for example,

lesions near the apex of the lung - it may be more
time efficient to perform a normal 3D optimization
and review the generated plan using a 4D dose calcu-
lation. This has the advantage that, in the review step
(Fig. 25.9), only the beams with nonzero MU need to
be calculated in 4D; in the example shown, there are
84 beams used in the treatment plan, in contrast to
the approximately 1200 candidate beams used for
optimization. If the reviewing physicist and/or phy-
sician feel that the change in dose due to respiratory
motion is not clinically iportant, the plan may then
be delivered as is; otherwise, a full 4D optimization
may be performed.
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Fig. 25.9 Comparison of a treatment plan, generated using 3D optimization, with 3D dose calculation (left side) versus the

same treatment plan with 4D dose calculation (right side).

Validation

25.9.1
The Phantom

Before 4D Treatment Planning and Optimization is
used clinically, it is important to demonstrate that
the 4D dose distribution displayed by the planning
system is an accurate representation of the dose that
will be received by the patient during treatment. To
this end, Accuray developed a phantom for 4D plan-
ning validation. The phantom is designed to model
approximately the configuration of a human torso,
with an external skin, a dense cylinder representing
the spinal column, and less dense regions corre-
sponding to the lungs (Fig. 25.10). This can be seen
in coronal slices through the 4D-CT study of the

phantom (Fig. 25.11). The “spinal column” contains
three embedded fiducials, which are used for initial
global alignment of the phantom.

Also present is a ball containing two fiducials,
which is moved in a regular pattern via a shaft con-
nected to a motor (Fig. 25.10). The amplitude and
period of motion may be varied; in Fig. 25.11, the
amplitude was set to 30 mm between full inhale and
full exhale. Dose measurements are made by means
of GAFChromic® radiochromic dosimetry film (In-
ternational Specialty Products, Wayne, NJ). Slices of
film are embedded in coronal and axial orientations
in the stationary “spinal column”, and also in the
moving target. Of most interest for 4D validation
is the dose distribution in the coronal stationary
film, because this is where dynamic beam tracking
should cause a measurable difference between the
3D and 4D dose distributions.
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Fig. 25.10 The 4D motion phantom and its constituent parts. The motion controller sends a signal to the motion actua-
tor, which causes it to move the lung moving rod containing the spherical target (turmor ball cube). The tracking device is
designed to exhibit anterior-posterior motion when the lung rod is moved; this allows the 4D-CT scanner to deduce the
phase, and bin the CT slices correctly, at any point in the cycle, and also facilitates Synchrony respiratory tracking when
the treatment plan is delivered.

Fig. 25.11a,b. Coronal slices through 4D scan of the phantom in exhale (a) and inhale (b) position. The green rectangle
shows the radiochromic dosimetry film embedded in the “spinal cord™: the red ball has two metal fiducials implanted in it,
and moves according to a regular pattern, simulating respiratory motion of the target. The treatment beams track the ball,
thus sweeping across the film.
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25.9.2
Validation Procedure

In order to perform the necessary measurements,
the following steps are used:

25.9.2.1
Planning

y (mm)

Perform a 4D-CT scan of the phantom while it is
in motion.

Import the 4D-CT scan into MultiPlan, preferably
using a series near the central point of phantom
motion as the reference image to prevent excessive
tracking motion in any direction during delivery.

. Delineate the target and the stationary coronal

film.

Create a simple isocentric treatment plan centered
on the target, using Synchrony as the indicated
tracking mode.

Use the fine tune step to enhance or suppress
individual beams to ensure that the film dose is
within desired limits (we wish the maximum dose
in the coronal film to be approximately 3.5 Gy for
best results with the GAFChromic EBT film used
for the stationary coronal measurement).

Isodoses

x (mm)

6. Calculate 3D and 4D dose distributions, export-

ing each dose volume as a DICOM RTDose
object.

25.9.2.2
Delivery

. Perform global alignment of the phantom using

the fiducials embedded in the spinal column,
either by using an “alignment plan” with only
these fiducials, or by switching off the fiducials
in the target.

. Activate the phantom motion, using the same

motion parameters as were set for the 4D-CT
scan. If necessary, move the phantom so that the
motion of the target stays within the field of view
of the X-ray images. Switch off the fiducials in the
spinal column, if they are enabled.

. Deliver the plan using Synchrony System track-

ing.

10. Remove the film from the phantom and scan it.
11.Choose an isocontour from the RTDose object

that has a significant intersection with the film.
Derive a histogram of the deviation of measured
dose from planned dose along the isocontour, for
both the 3D and 4D dose distributions.

Isodoses

y (mm)

x (mm)

Fig. 25.12. Example overlay of dose isocontours generated by the planning system (thick lines) with the corresponding iso-
contours from the scanned film (thin lines). The left image shows that the 3D dose distribution does not take into account
the spreading effect caused by beam movement, and hence disagrees with the measured dose. On the right, we see that the
4D distribution is in much better agreement with measured dose.
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Fig. 25.13. Histogram of the deviation of measured dose from planned dose generated by the planning system. The histo-
gram for the 3D dose distribution, shown on the left, shows a much greater averange discrepancy between measured and
planned dose than the histogram for the 4D dose distribution, shown on the right.

25.9.3
Preliminary Results

In Figures 25.12 and 25.13, planned versus measured
dose for the 3D and 4D cases are shown in two ways.
Figure 25.12 shows the shape of the planned and mea-
sured isodose contours intersecting the stationary
coronal film; Figure 25.13 shows a histogram of the
deviation of measured dose from the planned dose
generated by the planning system. The 3D dose dis-
tribution does not take into account the spreading ef-
fect in the superior-inferior direction caused by beam
movement during treatment. The 4D dose distribu-
tion, however, does account for this effect, and for this
reason; according to both methods used for compari-
son, the 4D distribution shows much smaller average
discrepancy between planned and measured dose.

Conclusion

We have described here the framework for 4D treat-
ment planning and optimization, which uses a 4D-

CT image study to measure respiratory tissue mo-
tion and deformation and account for its effect on
dose, and which has been implemented in Accuray’s
MultiPlan Treatment Planning System. It is a con-
siderably different approach from 4D planning for
respiratory gating that is common on traditional
gantry-based radiation delivery systems in which
the treatment beams are not moved during treat-
ment to compensate for respiratory motion. The new
approach integrates the dynamic nature of respi-
ratory motion tracking, which is available for the
CyberKnife Radiosurgery Treatment System, with
the planning process. The CyberKnife System 4D
planning capability allows treatment plans to be op-
timized in the presence of target motion and soft tis-
sue deformation, with little change to the workflow
when compared to standard planning on a single
static CT image. Dose measurements performed
using a specially designed motion phantom dem-
onstrate that the calculated 4D dose distribution is
an accurate measure of the delivered dose. Potential
clinical benefits include enhanced accuracy of criti-
cal structure dosimetry, enhanced ability to treat
single lesions that deform during respiration, and
enhanced ability to treat multiple lesions that de-
form relative to each other during respiration.
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Abstract

The CyberKnife® Robotic Radiosurgery System (Ac-
curay Incorporated, Sunnyvale, CA) can treat targets
that move with respiration using the Synchrony® Re-
spiratory Tracking System (Accuray Incorporated,
Sunnyvale, CA). Alignment of each treatment beam
with the moving target is maintained in real time
by moving the beam dynamically with the target.
The Synchrony system requires fiducials that are
placed in or near the tumor to target the lesion and
track it as it moves with respiration. The Xsight™
(Accuray Incorporated, Sunnyvale, CA) Lung Track-
ing System, which recently became available for the

CyberKnife system, is a direct soft tissue tracking
method for respiratory motion tracking of lung le-
sions that eliminates invasive fiducial implantation
procedures, thereby decreasing the time to treatment
and eliminating the risk of pneumothorax and other
fiducial placement complications. This chapter pres-
ents the concepts, methods, and some experimental
results of the Xsight Lung Tracking System, which
is fully integrated with the Synchrony Respiratory
Tracking System. Observation and analysis of clini-
cal image data for patients previously treated with
the CyberKnife indicates that many reasonably large
tumors (larger than 15 mm) located in the periph-
eral and apex lung regions are visible in orthogonal
X-ray images acquired by the CyberKnife system.
Direct tumor tracking can be performed for such
visible tumors by registration of the tumor region in
digitally reconstructed radiographs (DRRs), gener-
ated from the planning CT image, to the correspond-
ing region in the treatment X-ray images. Image pro-
cessing is used to enhance the visibility of the lung
tumor in the DRRs and X-ray images. Experiments
with an anthropomorphic motion phantom and ret-
rospective analysis of clinical image data obtained
from patients who underwent CyberKnife treatment
for lung lesions using implanted fiducial markers
show that the accuracy of Xsight Lung tracking is
better than 1.5 mm.

Introduction

The CyberKnife Robotic Radiosurgery System pro-
vides minimally invasive radiosurgery for lung tu-
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mors [1,2]. In this process, radioopaque fiducial
markers are implanted in or near the tumor region
several days to a week before CT scanning for treat-
ment planning. The fiducials, which are detectable in
X-ray images, are used as reference markers to locate
and track tumor location during patient alignment
and treatment delivery. The Synchrony Respiratory
Tracking System builds a correlation model between
the positions of periodically detected fiducials and
the real-time locations of optically tracked mark-
ers placed on the chest to track tumor location [3].
The robotic manipulator then continuously moves
the linear accelerator to point the radiation beams
accurately at the moving target. Investigators have
shown this to be an effective way to direct continu-
ous beams of focused radiation accurately to moving
lung tumors [4-6].

Despite their utility, there are several drawbacks
to using fiducials. Fiducial implantation is an inva-
sive surgical operation that carries a relatively high
risk of pneumothorax. Pneumothoraxis a collapse of
the lung due to an abrupt change in pressure within
the chest cavity. Small pneumothoraces require no
treatment other than repeated observation on chest
X-rays. Larger pneumothoraces may require chest
tube placement. A tube is inserted into the chest wall
outside the lung and air is extracted using a simple
one-way valve or vacuum and a water valve device,
depending on severity. This allows the lung to re-
expand within the chest cavity. The pneumothorax
is followed up with repeated X-rays. If the air pocket
has become small enough, the vacuum drain can
be clamped temporarily or removed. Because of the
risk of pneumothorax [7, 8], some clinicians may be
reluctant to implant fiducials. In fact, it is likely that
some lung tumor patients have been excluded from
CyberKnife treatment for this reason. In addition
to this serious complication, fiducial implantation
increases overall treatment time and reduces the
patient’s comfort level.

Even when fiducial implantation proceeds with-
out complication, a favorable clinical result is not
assured. Fiducials must be placed to meet specific
geometric criteria in order to provide correct in-
formation for tumor location. When this does not
occur targeting accuracy may be compromised. In
addition, fiducials may migrate from the time of CT
scanning to the time of treatment, causing inconsis-
tent references for fiducial registration.

In order to overcome these difficulties, we have
developed a direct lung tumor registration method
that does not require the use of fiducials. Observa-
tion and analysis of clinical image data for patients
previously treated with the CyberKnife shows that
some lung tumors are visible in the orthogonal X-
ray images acquired by the CyberKnife system. Such
tumors are typically larger than 15 mm in each di-
mension and are located in the peripheral or apex re-
gions. For these visible tumors, direct tumor track-
ing can be accomplished by registering or matching
the image intensity pattern of the tumor region in
digitally reconstructed radiographs (DRRs), which
are synthetic X-ray images generated from the plan-
ning CT image, to the corresponding region in the
treatment X-ray images. Image processing can be
used to enhance the visibility of the lung tumor in
the DRRs and X-ray images. Direct tumor tracking
eliminatestheneed for fiducialimplantation, thereby
decreasing the time to treatment and eliminating
the risk of pneumothorax and other complications
of fiducial placement. Thus, direct tumor tracking
enables fully non-invasive lung tumor radiosurgery.
This approach, now available as the Xsight Lung
Tracking System in the CyberKnife System, is fully
integrated with the Synchrony Respiratory Tracking
System to provide real-time tumor tracking of lung
tumors without fiducial placement.

26.3
CyberKnife Robotic Radiosurgery System

The CyberKnife Radiosurgery System has been pre-
viously described in detail [1]. Briefly, an image-
guided targeting system is combined with a mecha-
nism for precisely delivering high-energy radiation.
A miniature lightweight X-band linear accelerator
provides a source of 6 MV therapeutic radiation. The
linear accelerator is coupled to a multijointed robotic
manipulator that is capable of accurately aiming the
radiation beam with six degrees of freedom. The
CyberKnife targeting system uses two diagnostic X-
ray generators, which are mounted to the ceiling of
the CyberKnife treatment room, to illuminate two
approximately orthogonal amorphous silicon X-ray
detectors that generate high-resolution digital im-
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ages. The X-ray generators and detectors are rigidly
fixed so that their projection camera geometry is
calibrated and known with very high accuracy in the
treatment room coordinate system. After an initial
coarse patient alignment, performed by the opera-
tor, computer algorithms automatically compare the
projection images of the target region, taken from
the perspective of the two X-ray cameras, with the
patient’s treatment planning CT scan. Using image
registration methods, the spatial coordinates of the
radiosurgical target are computed and relayed to
the robotic manipulator, which compensates auto-
matically for small movements of the target by re-
aligning the radiation beam generated by the linear
accelerator.

26.4
Xsight Lung Tracking System - Overview

Thoracic anatomy is composed mainly of the spi-
nal region, rib cage, and soft tissue including the
lung and heart. The spinal region of a patient in the
supine position can be considered approximately
static, i.e., its position changes very little during

respiration. In contrast, the soft tissue and the rib
cage usually move synchronously with breathing.
A lung tumor is embedded in soft tissue and there-
fore moves continuously during respiration with
an amplitude that depends partially on the tumor
location. Tumor motion may be complex, involving
not only translation, but sometimes also involving
some rotation and non-rigid deformation. An ex-
ample of breathing anatomy dynamics is illustrated
in Figure 26.1 where two slices from a 4D-CT image
study at different phases in the breathing cycle are
superimposed.

The general approach for the Xsight Lung Track-
ing System differs from previous standard tracking
methods used in the CyberKnife system in that pa-
tientalignment and tumor trackingare performedin
two stages rather than one. This two-stage approach
is based on the observation that the spinal region is
approximately static for a patient in the supine posi-
tion. It is similar to an approach for fiducial-based
Synchrony treatment of lung lesions reported by Wu
et al. at the CyberKnife Center of Miami (see chap-
ter by Wu et al., this volume). In their approach, the
patient is globally aligned (including both position
and orientation) at the beginning of the treatment
using the Xsight Spine Tracking System, which di-
rectly tracks skeletal structures of the spine. Align-

Fig. 26.1 Two superimposed image slices from a 4D-CT image study. Both images were obtained at the same scanner position
but correspond to different phases in the breathing cycle. The two images, one red and one green, are window-leveled to
show only bone and a metal fiducial marker that is implanted in the lung tumor. The red image corresponds to end-inhala-
tion and the green image corresponds to end-exhalation; yellow indicates that the object is present in the same location in
both images, i.e., that the object did not move between the respiratory phases. The arrows point to the fiducial marker in
the two phases of the breathing cycle. The anatomy dynamics are clearly demonstrated: the spinal vertebra does not move,

whereas the rib cage and tumor (fiducial) do move.
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ment is performed using the spine region nearest to
the lung tumor. Then the patient is moved using the
treatment couch from the spine alignment center to
the tumor treatment center specified in the treat-
ment plan. Treatment delivery is performed after
loading the treatment plan to do standard patient
target tracking based on implanted fiducials (typi-
cally the Miami group implants a single fiducial in
or near the center of the tumor) and using the Syn-
chrony Respiratory Tracking System.

A similar approach is used for Xsight Lung Track-
ing, but with two fundamental differences. First,and
most important, the tumor position is determined
by direct tracking of the tumor rather than by track-
ing of fiducials implanted in the tumor. Second, the
treatment planning software combines the two steps
into a single plan; two CT offsets, one for global pa-
tient alignment using Xsight Spine Tracking and one
for treatment, are specified and saved in the patient
database. Figure 26.2 describes this workflow.

Perform spine registration
to align the patient

Satisfied?

Obtain real-time
skin marker posi-
tions

Perform tumor registration
to locate tumor position

Y

Build and update -
correlation model

Y

Output real-time respiratory
motion of the tumor

Fig. 26.2 The workflow of the Xsight Lung Tracking System.

Global Patient Alignment

The firststepin Xsight Lung trackingis global patient
alignment, including both position (translation) and
orientation (rotation), using the region of the spine
nearest the lung tumor. The patient alignment step is
performed using the Xsight Spine Tracking System,
a fiducial-less spine tracking method, that uses an
intensity-based 2D-3D image registration algorithm
to localize spinal targets by directly tracking ad-
jacent skeletal structures, thereby eliminating the
need for implanted fiducials [9, 10].

Experience has shown Xsight Spine tracking to
be accurate and robust under a wide range of clini-
cal circumstances [11, 12]. Nevertheless, two issues
may substantially impair the effectiveness of this
method. First, image artifacts in DRRs can be in-
troduced by breathing during CT scanning or by
structures such as ribs that have a different position
relative to the spine at the time of imaging and the
time of treatment. Especially in the thoracic and
lumbar regions, breathing artifacts can increase
registration error or, in the worst cases, make satis-
factory registration difficult to achieve. Second, roll
estimation can be less accurate than pitch and yaw.
This is partially because in the CyberKnife imaging
geometry roll corresponds to out-of-plane rotation
for both X-ray images, which makes roll inherently
more challenging to measure accurately than pitch
and yaw. Another reason for less accurate roll esti-
mation is that only one DRR is computed for each
projection and used for image registration. The roll
angle is computed from gradients in the displace-
ment field; the gradients have small values and are
sensitive to errors in the dataset. Therefore, simulta-
neous with the release of Xsight Lung Tracking Sys-
tem, we introduced an enhanced version of Xsight
Spine Tracking. The two major improvements in the
spine tracking method eliminate the image artifacts
in the DRRs used for 2D-3D spine image registration
and increase the roll estimation accuracy. We first
review the techniques of the previous Xsight Spine
Tracking System method, and then present the im-
provements in the new version.

In the CyberKnife imaging system, two orthogo-
nal X-ray projection images are registered with two
set of DRRs, respectively. A 2D-2D registration be-
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tween an X-ray image and the corresponding DRR
image is performed independently for each projec-
tion. The process begins by using image process-
ing techniques to enhance skeletal features in the
X-rays and DRRs and thereby improve the registra-
tion of local skeletal structure. The registration is
performed using a defined region of interest (ROI).
The size of the ROI is manually defined and typi-
cally includes three vertebrae. The local displace-
ment vector that aligns a point in the DRR image
with the corresponding point in the X-ray image is
estimated at each node in a 9 x 9 grid or mesh laid
over the ROI The local mesh node displacements are
estimated individually but constrained by displace-
ment smoothness. Nodal displacements in the mesh
form two 2D displacement fields in the two projec-
tions. Three types of parameters can be derived from
the 2D displacement fields. First, the 3D positions of
targets within the ROI can be calculated by interpo-
lation of the displacement field and 2D-to-3D back
projection. Second, the in-plane rotation for each
projection is calculated by a least squares method
in a global sense and the two in-plane rotations are
converted to pitch and yaw. Finally, roll is computed
from gradients in the displacement fields.

One improvement we have made to the Xsight
Spine Tracking System is the removal of DRR im-
age artifacts by segmenting the spine region. During
treatment planning, the spine region is contoured

in the planning CT image using model-based seg-
mentation and subsequently saved as a spine region
volume of interest (VOI) in the patient database
(Fig. 26.3). The DRRs are then generated by casting
rays through the CT image and restricting attenua-
tion to voxels within the spine region VOI for both
projections. Thus, the DRRs represent only spine
anatomy and do not have image artifacts caused by
moving soft tissue (heart and lung) and non-spinal
bony anatomy such as the rib cage. An example of
how DRR image quality is improved and how image
artifacts are removed by using only the segmented
spine region is illustrated in Figure 26.4.

Another improvement we have made to the
Xsight Spine Tracking System is in the use of multi-
ple DRRs for calculating roll. The concept of using
multiple DRRs has been previously demonstrated
for 6D skull tracking [10]. In the CyberKnife im-
aging geometry, patient pitch and yaw rotations
yield in-plane rotations in the 2D X-ray projec-
tions. Changes of pitch and yaw are approximately
proportional to the changes of in-plane rotations
in the 2D X-ray images (the approximation is very
accurate for small angles). Therefore, pitch and
yaw can be directly computed from the 2D-2D reg-
istration of DRR and X-ray images. Roll, however,
corresponds to an out-of-plane rotation that causes
subtle changes in the X-ray images. Multiple DRRs
can reflect such subtle changes and produce more

Fig. 26.3. Illustration of spine region segmentation performed in the MultiPlan treatment planning system. The spine re-
gion is contoured in the planning CT image using model-based segmentation and saved as a VOI. The spine region VOI is
used during DRR generation to produce alignment DRRs that facilitate spine registration (restricting attenuation to voxels
within the spine region) as well as tracking DRRs that facilitate direct tumor registration (excluding attenuation within
the spine region).
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accurate roll estimation than in-plane image gra-
dients, which are sensitive to noise and artifacts
in the images. Given a set of reference DRR im-
ages corresponding to various out-of-plane rota-
tions (roll), image registration compares all of the
DRRs with the X-ray image to find the DRR that
best matches the X-ray image. In doing this, roll
is identified as the rotation angle corresponding to
the angle for the best-matched DRR. Because the
rotations are expected to be small after the patient
is well aligned, the roll angles are more sparsely
sampled in the range of larger angles and are more
densely sampled in the range of smaller angles.

Direct Tumor Tracking

After the patient is globally aligned using the Xsight
Spine Tracking System, the patient is moved by the
treatment couch from the spine alignment center
to the tumor treatment center. The two centers are
defined during treatment planning, providing the
reference positions in the CT image for initial patient
alignment and tumor tracking, respectively. After
the patient is moved to the tumor treatment cen-
ter, the tumor will be close to its reference position
around which it will move as the patient breathes.
For Xsight Lung tracking, we are interested in tu-
mors that are “visible” in the X-ray images, where
visible means that the tumor has an intensity pat-
tern in the X-ray image that is distinguishable from
other objects in the image. As previously described,
observation and analysis of image data from a large
number of patients previously treated with the Cy-
berKnife for lung tumors shows that visible tumors
are typically larger than 15 mm in each dimension
and located in the peripheral or apex regions. For
these visible tumors, direct tumor tracking can be
performed by registration of the tumor region in the
DRR to the corresponding region in the treatment
X-ray images. The entire process consists of three
steps: off-line operations during treatment plan-
ning, off-line DRR generation, and tumor region
image registration during treatment delivery. In the
following, we describe the concepts and approaches
in more detail for each step.

26.6.1
Off-line Operations During Treatment Planning

Several features were added to the MultiPlan® (Ac-
curay Incorporated, Sunnyvale, CA) treatment
planning software to support Xsight Lung track-
ing. The new features include model-based seg-
mentation of the spine region, the ability to define
two CT centers (one for global patient alignment
and one for treatment), generation of a 2D tumor
silhouette in the DRRs from the 3D tumor contour
in the planning CT image, and quality review of
the DRR.

Several steps should be taken to achieve better
global patient alignment using Xsight Spine Track-
ing. First, as was discussed in the previous section,
the spine region is contoured in the planning CT
image using model-based segmentation. Enhanced
alignment DRRs for spine tracking are generated us-
ing only the spine region (Fig. 26.4). The segmented
spine region is also used to improve the tracking
DRRs for the Xsight Lung Tracking System, as will
be discussed in the next section. Second, the CT off-
set for global alignment should be selected in the re-
gion of the spine nearest the lung tumor.

Contouring of the tumor is a standard operation
in CyberKnife treatment planning. Several tumor
contours can be defined, including the gross tumor
volume (GTV) and planning tumor volume (PTV).
Direct tumor tracking is performed by image regis-
tration of the tumor region in the DRRs to the cor-
responding region in the treatment X-ray images.
Whereas the treatment plan is usually generated us-
ing the PTV, for the purpose of tumor tracking by
image registration, the GTV, which represents the
radiographically visible tumor volume, is preferred
over the PTV in order to exclude surrounding soft
tissue and skeletal structures from the registration
process (the PTV typically consists of the GTV plus a
margin that accounts for microscopic extension and
patient setup and treatment delivery uncertainties).
Additionally, the treatment CT center is automati-
cally computed as the centroid of the tumor contour
and saved in the patient database. The treatment CT
center is used for two purposes: it provides the ref-
erence point to which the treatment couch is moved
after global patient alignment and it defines the cen-
ter of the matching windows in the DRRs for tumor
registration.
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Fig. 26.4a,b. Illustration of how the alignment DRR image quality is improved by using only the segmented spine region to
generate DRRs for the Xsight Spine Tracking System. The DRR generated using only the spine region (a) does not include
attenuation of the clavicle, rib cage, and soft tissue (heart and lung), which are clearly visible in the conventionally gener-
ated DRR (b).

Direct tumor tracking is performed by image reg-
istration of the tumor region in the DRRs to the cor-
responding region in the treatment X-ray images. In
order for this to be possible, the tumor must be visible
in the X-ray images. The image intensity pattern of
the tumor must be distinguishable from other objects
in the image, which also requires the tumor to have
sufficient contrast relative to the surrounding region.
Two main factors that influence visibility of the tu-
mors are their size (which influences contrast) and
location (which can influence contrast if the tumor
is superimposed in the X-ray image on radiodense
structures such as the spine). Other factors include
the size of the patient (larger patients have higher X-
ray attenuation, which reduces tumor contrast) and
presence of other pulmonary disease (e.g., denser lung
parenchyma will reduce tumor contrast). Thus, it is
important to include a patient qualification process
to help determine whether a patient can be treated us-
ing the Xsight Lung Tracking System.

The MultiPlan Treatment Planning System has an
added feature that provides a quality review of the
tracking DRRs to help confirm patient eligibility for
Xsight Lung tracking. A pair of tracking DRRs is gen-
erated from the planning CT image to simulate the X-
ray images. Unlike other DRRs in the treatment plan-

ning system, these DRRs have the same high quality
as the actual tracking DRRs. Figure 26.5 shows an ex-
ample of the quality review step. In this example, the
tumor is clearly in the middle part of both DRRs. The
2D tumor silhouettes can optionally be overlaid on
the images to assist the visual assessment, as is shown
in Figure 26.5 (the 2D tumor silhouette in a DRR is
generated from the 3D tumor contour in the plan-
ning CT image by rendering the tumor VOI as a solid
binary object and determining the silhouette edge of
the projected 2D object). If the image intensity pat-
tern of the tumor is not clearly distinguishable, the
patient is not a good candidate for treatment with the
Xsight Lung Tracking System. In this case, fiducials
could be considered for tracking.

26.6.2
Off-line DRR Generation

A DRR is a synthetic X-ray image that is gener-
ated by computationally casting rays through the
CT image according to the X-ray imaging system
geometry and modeling of the X-ray imaging pro-
cess as a linear attenuation of X-rays as they pass
through the object. The CyberKnife system em-
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Fig. 26.5 Review of tracking DRRs in the MultiPlan Treatment Planning System. This step helps determine whether a patient
can be treated using the Xsight Lung Tracking System. The top pair of images are tracking DRRs generated from the plan-
ning CT image to simulate the treatment X-ray images. The 2D tumor silhouettes (red contours) can optionally be overlaid
on the DRRs to assist the visual assessment. The silhouettes are generated from the 3D tumor contour in the planning CT

image (red VOI in bottom row of images).

ploys a variety of image enhancement techniques
to optimize the DRR images for different clinical
applications. In 6D skull tracking, the original CT
image values are utilized without modification. In
Xsight Spine tracking, a pre-processing operation
is first employed to modify the X-ray attenuation
map in CT before generating the DRR projections,
and then two post-processing image filters are ap-
plied to the resulting DRR image. The purpose is to
enhance spinal structures and suppress soft tissue
for better spine image registration. In Xsight Lung
tracking, the target to be registered is the area of
tumor. In the lung, tumor intensity in CT and X-ray
images is substantially greater than in surrounding
tissue, butless than the intensity of bony structures

such as spine and ribs. To optimize tumor visibility
in DRRs, two operations are performed. First, the
spine VOI is excluded in the ray-casting process
during DRR generation. Second, a gamma correc-
tion is applied to emphasize the tumor contrast
relative to the background of lung parenchyma. A
gamma correction is also performed on the X-ray
images just before registration. An example of an
enhanced tracking DRR for lung tumor tracking is
shown in Figure 26.6 and compared with a conven-
tionally generated DRR. Since attenuation within
the spine region VOI is excluded during generation
of the tracking DRRs, it is important that the user-
defined spine region VOI not include any portion
of the tumor volume.
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Fig. 26.6a,b. Illustration of how tracking DRR image quality is improved by using the segmented spine region during DRR
generation. The lung tumor is clearly visible and distinguishable from surrounding anatomy in the DRR on the left (a),
which was generated by excluding attenuation within the spine region and by applying a gamma correction to emphasize
the tumor contrast relative to the background of lung parenchyma. The right image (b) is a conventionally generated DRR,
which includes attenuation within the spine region.

26.6.3
Tumor Tracking During Treatment Delivery

Tumor tracking is performed by image registration
of the DRRs to the treatment X-ray images. Specifi-
cally, the image intensity pattern of the tumor region
in the DRR is matched to the most similar region in
the X-ray image. A “matching window” for the tu-
mor is defined based on the 2D tumor silhouette in
each projection. Specifically, the matching window
is the smallest rectangle that encompasses the entire
tumor. Since the tumor is not generally rectangu-
lar, the matching window will include some of the
surrounding region. As mentioned earlier, it is pre-
ferred to use the tumor silhouette based on the GTV,
which represents the radiographically visible tumor
volume, in order to exclude as much surrounding
soft tissue and bony anatomy as possible.

A translation-only model is assumed for regis-
tration of the matching window. Although some ro-
tation or non-rigid deformation of the tumor may
occur, our experience is that this approach still pro-
vides an accurate estimation of translation, espe-
cially for the central part of the tumor region. Also,
the CyberKnife treatment beam only accounts for

translation during respiratory motion tracking. The
registration process is conducted separately for each
projection, resulting in 2D translations for each pro-
jection. The 3D tumor translation is determined by
2D-to-3D backprojection of the 2D translations.

The image registration process involves a block
matching search in which the matching window
containing the tumor region from the DRR is moved
throughout a search window in the treatment X-ray
image until the region in the X-ray image most simi-
lar to the matching window from the DRR is found.
An image similarity measure called pattern inten-
sity [13] is used to determine how similar a region in
the X-ray image is to the matching window.

The pattern intensity similarity measure examines
the contents of a difference image. Thus, the difference
image between X-ray and DRR images is first formed:

Lysr (ia J) = IXray (i, J) — Ipre (i’ J)

A pixel is considered to belong to a pattern or
structure if it has a substantially different image
intensity value from its neighboring pixels. Pattern
intensity is based on the assumption that the number
of patterns or structures in the difference image will
be minimal when the optimal alignment has been
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found. The mathematical formulation of pattern in-
tensity is described as follows. The similarity measure
operates on the difference image and is expressed
as the summation of functions of difference image
gradients in four directions (horizontal, vertical, and
the two 45° diagonals):
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Each of these terms has a maximum value of 1 ifa
pixel and its neighbor have the same intensity value.
The value of a term decreases asymptotically to 0 as
the difference between the intensity values of a pixel
and its neighbor increases. In this formulation, o is
aweighting constant. As the value of ¢ increases, the
registration process becomes more robust, but when
the value of 6 is too large, small details in the images
will not be reflected in the similarity measure. We
evaluated the effect of ¢ on the matching and found
that any value within the range 4 to 32 gives nearly
identical results; a value of 20 is currently used.

Pattern intensity has several advantages as a simi-
larity measure. First, the measure is insensitive to low
frequency information. This is because the measure
is computed on the difference image, which basically
removes the uniform image content while retaining
the high frequency information that consists of image
features such as lines and corners. This characteristic
makes the algorithm robust against image intensity
differences between live and DRR images. Second,
the terms in the similarity measure asymptotically
approach zero as the gradient in the difference image
increases. Thus, large intensity differences such as
those caused by image artifacts have the same effects
on the similarity measure regardless of their magni-
tude. This feature makes pattern intensity relatively
insensitive to image artifacts.

The image registration process is illustrated in
Figure 26.7 for one of the two projections. The bot-
tom image in Figure 26.7 shows the value of the pat-
tern intensity similarity measure for all searched

blocks in the search window. The block in the X-ray
image most similar (highest value of the similar-
ity measure) to the matching window corresponds
to the tumor location. All other blocks in the X-ray
image have smaller similarity values. Visual assess-
ment of the tracking result confirms that the tumor
was correctly identified in the X-ray image.

Multi-resolution (also known as hierarchical or
coarse-to-fine) image matching is employed as an ef-
ficient way to achieve robust and fast computation.
Four image resolutions are defined. The original
DRR and X-ray images are used as the second highest
resolution images. The highest resolution is obtained
by up-sampling the original image in each dimen-
sion. The lower resolution images are generated by
sub-sampling their higher resolution images (averag-
ing 2 X 2 blocks). The basic idea of multi-resolution
matching is to match the images at each level succes-
sively, starting with the lowest resolution. The results
at each resolution are used as initial values for the
next higher resolution. The results are refined using
the higher resolution images. In the final matching
results, the accuracy of the translation depends on the
spatial resolution of the highest resolution images.

In Figure 26.7, the correct match corresponds
to the global maximum of the similarity measure.
Some local maxima, however, also exist. Because
of the possibility of an incorrect tracking result,
it is very important for the user to perform visual
assessment of the result (Fig. 26.8). It is also help-
ful to compute and display a quantitative quality
measure that provides an indication of the track-
ing result correctness. The quality measure concept
used in Xsight Lung tracking is based on the tumor
region matching method. The matching window for
the image registration process contains the tumor
and some surrounding background. If the matching
window is shifted slightly in any direction, the new
window still includes most of the tumor plus some
additional background. We call this new matching
window a “shifted matching window.” Registration
performed on the original matching window and
on the shifted matching window should give the
same or similar result. If the results are different,
this indicates an increased likelihood of an incor-
rect match. This can happen when there are local
maxima similar in value to the global maximum,
which reflects that the intensity pattern of the tumor
is similar to other regions in the image. Based on
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this concept, the quality measure is computed in the
following manner. 1) Define multiple shifted match-
ing windows, each offset from the nominal tumor
location (original matching window) by a different
amount. 2) Define a small search window centered
at the position of the tumor detected in the X-ray
image by the original matching window. 3) Repeat
registration for each shifted matching window, and
calculate the differences from the original transla-
tion. 4) Determine detection confidence, defined as
the percentage of shifted matching windows with
small differences from the original translation. If
the detection confidence is larger than a threshold
(i.e., if differences between the translations pro-
duced using the shifted matching windows and the
original translations are small), it is more likely that
the registration algorithm succeeded in computing
the correct tracking result. Otherwise, the registra-

Fig. 26.7a-c. Illustration of direct tumor tracking. The
image registration process involves a block matching
search in which the matching window (blue square in
a) containing the tumor region (blue contour inside blue
square) from the DRR (a) is moved throughout a user-
defined search window (white square) in the treatment
X-ray image (b) to find the region in the X-ray image
most similar to the matching window from the DRR
(blue square in b). The matching window is the minimal
encompassing rectangle that contains the entire tumor.
The bottom image (c) shows the value of the image simi-
larity measure, which is pattern intensity, for all searched
blocks in the search window. The block in the X-ray im-
age most similar (highest value of the similarity mea-
sure) to the matching window corresponds to the tumor
location (blue square in b). All other blocks in the X-ray
image (black squares) have smaller similarity values.

tion is judged to fail and no result is provided to
the user. Figures 26.9-26.11 illustrate the process of
computing and interpreting the quality measure.

26.6.4
Integration with the
Synchrony Respiratory Tracking System

The Synchrony Respiratory Tracking System is a
subsystem of the CyberKnife system that allows
the treatment of targets that move due to respira-
tion. The alignment of each treatment beam with
the moving target is maintained in real time by
moving the beam dynamically with the target. An
advantage of the Synchrony system is that patients
can breathe normally during treatment while the
robotic manipulator moves the linear accelerator
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Synthetic Image B

Fig. 26.8a-d. Illustration of the Xsight Lung Tracking System display created by retrospective evaluation of a patient who
underwent CyberKnife treatment for a lung tumor using implanted fiducial markers. The two columns on the left (a, b)
show the tracking DRRs (labeled Synthetic Image) and treatment X-ray images (labeled Camera Image), respectively. The
2D tumor silhouette is shown in dark blue on the DRRs and light blue on the X-ray images. The third column (c) shows a
combination of the DRRs and X-ray images before tumor alignment. The images are combined by adding the corresponding
pixel values. The right column (d) shows the combination of the DRRs and X-ray images after tumor alignment. It is impor-
tant for the user to perform visual assessment of the tumor tracking result. The tumor silhouettes, which can be removed,
can help with visual assessment. The two rows represent each of the two X-ray image projections.

Fig. 26.9a-c. A quality measure for correctness of direct tumor tracking. The matching window for the image registration
process contains the tumor and some surrounding background. Many shifted matching windows are defined by slightly
translating the original matching window in the DRR (a). The shifted matching windows contain most of the tumor plus
some additional background. It is more likely that the matching result is correct if registrations performed on the original
and shifted matching windows give the same or similar results. The X-ray image (b) represents a correct tracking result.
The shifted matching windows in the DRR registered to the X-ray image have a location pattern similar to that in the DRR.
The X-ray image (c) represents an incorrect tracking result. The shifted matching windows in the DRR registered to the
X-ray image have an inconsistent location pattern relative to the DRR.




Xsight Lung Tracking System: A Fiducial-Less Method for Respiratory Motion Tracking

277

Fig.26.10 Example of a correct de-
tection. The differences between the
translations produced using 25 shifted
matching windows and the original
translation are small, which indicates
a high confidence in the correctness of
the tracking result.

Fig. 26.11 Example of an incorrect de-
tection. The translations produced us-
ing 25 shifted matching windows are
inconsistent and different from the
translation obtained using the origi-
nal matching window, which indicates
a low confidence in the correctness of
the tracking result.
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dynamically. The primary concept in the Syn-
chrony System is a correlation model between
internal tumor position and external marker po-
sition. The position of external optical markers,
which are attached with Velcro to a snugly fitting
vest that the patient wears during treatment, are
measured continuously with a stereo camera sys-
tem. At the start of treatment, the internal tumor
position is measured at discrete time points by ac-
quiring orthogonal X-ray images. A linear or qua-
dratic correlation model is generated by fitting the
3D internal tumor positions at different phases of
the breathing cycle to the simultaneous external
marker positions. During treatment, the internal
tumor position is estimated from the external
marker positions using the correlation model, and
this information is used to move the linear accel-
erator dynamically with the target. The model is
checked and updated regularly during treatment
by acquiring additional X-ray images. The internal
tumor position has previously been determined as
the centroid of fiducial markers implanted in and
around the tumor. With the Xsight Lung Tracking
System, the Synchrony System works identically
as with fiducial markers, except that the internal
tumor position is provided by the direct tumor
tracking result from the tracking software rather
than from fiducial localization software.

Experimental Results

26.7.1
Phantom Experiments

The Xsight Lung Tracking quality assurance (QA)
motion phantom simulates simple respiratory mo-
tion of a lung tumor and provides radiochromic do-
simetry film-based test capability at locations inside
the phantom corresponding to a typical lung tumor
(Fig. 26.12). The motion actuator can translate a rod
in and out of the thorax, simulating superior-infe-
rior tumor motion, while moving the tracking plat-
form up and down, representing anterior-posterior
chest motion. The thorax contains radiographically
equivalent lung, spine, and ribs surrounded by soft
tissue. The lung material has a Hounsfield CT num-
ber of approximately —-800, representing the average
lung density throughout respiration. The ribs and
spine have an anthropomorphic shape and are made
of inhomogeneous material to represent trabecular
and cortical bones. A sphere (1 inch diameter) in the
film cube represents a lung tumor. Two orthogonal
films oriented in the axial and sagittal planes are
inserted in the film cube. Using this film cube, one
can measure beam targeting accuracy.

Fig. 26.12. The Xsight Lung Tracking quality assurance (QA) motion phantom and its constituent parts. The motion control-
ler sends a signal to the motion actuator, which translates a rod containing a spherical target (tumor ball cube) in and out
of the thorax, simulating superior-inferior tumor motion, while moving the tracking platform up and down, representing
anterior-posterior chest motion. The thorax contains radiographically equivalent lung, spine, and ribs surrounded by soft
tissue. Two orthogonal radiochromic dosimetry films oriented in the axial and sagittal planes are inserted in the film cube.
The total system error is calculated as the distance between the centroid of the sphere and the centroid of the isocontour
in the exposed film dose distribution corresponding to the surface of the sphere (i.e., the distance between the centroids of

the planned and delivered dose distributions).
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Film is loaded in the low-density ball cube and
inserted into the cavity in the moving rod. Next, the
moving rod is inserted into the thorax body and at-
tached to the motor. A CT scan of the phantom is
acquired while the moving rod is stationary and
in its starting position. A treatment plan is gener-
ated in MultiPlan for Xsight lung tracking delivery
using the 15-mm collimator. At the time of treat-
ment delivery, the phantom is aligned on the treat-
ment couch using Xsight Spine Tracking. Then the
Xsight Lung Tracking System is used together with
the Synchrony Respiratory Motion Tracking Sys-
tem to model and track the tumor movement dur-
ing treatment (phantom irradiation). The tumor is
moved in a periodic breathing cycle 30 mm in the
superior-inferior direction within the thorax body.
After delivering the radiation, the films are removed
from the cube, the orientation of the films is labeled,
and the films are scanned in a calibrated flat-bed
optical scanner. Finally, the accuracy of Xsight lung
tracking is analyzed using Accuray’s “end-to-end
test” software. The total system error is calculated
as the distance between the centroid of the sphere
and the centroid of the isocontour in the exposed
film dose distribution corresponding to the surface
of the sphere (i.e., the distance between the cen-
troids of the planned and delivered dose distribu-
tions). Importantly, this value measures all possible
errors intrinsic to the relatively complex process of
image-guided robotic radiosurgery, including those
originating with the CT scanner, the treatment plan-
ning system, the robot, the linear accelerator, and
the tracking system.

Three tests were performed: one using fiducial
tracking without tumor motion, one using lung
tracking without tumor motion, and one using lung
tracking with tumor motion (30 mm superior-infe-
rior motion). The stationary fiducial test serves as a
reference baseline result. The two lung tracking test
results represent the total system targeting error us-
ing the Xsight Lung Tracking System. The results
are listed in Table 26.1. The total system error for the
Xsight Lung Tracking System with a moving target
was 1.07 mm.

Table 26.1 Total system error of the CyberKnife Radiosur-
gery System using the Xsight Lung Tracking System mea-
sured by using an anthropomorphic lung phantom and a
ball-cube film holder. Included are the components of error
along the three coordinate axes (SI, superior-inferior; LR,
left-right; and AP, anterior-posterior).

Motion Error components Total
(mm) system
m error (mm)
Fiducial Static 0.34 0.31 0.71 0.84
Xsight Lung  Static 0.33 0.40 0.68 0.86
Xsight Lung 30mmSI 0.62 0.29 0.82 1.07

26.7.2
Clinical Image Data Evaluation

The fundamental process in the Xsight Lung Track-
ing System is image registration. The tracking sys-
tem error component of total system error is equiv-
alent to the tumor target registration error. The
Xsight Lung Tracking System error was computed
by retrospectively analyzing clinical image data ob-
tained from ten patients who underwent CyberKnife
treatment for lung lesions using implanted fiducial
markers. All tumors were larger than 15 mm in each
direction and were located in the peripheral or apex
lung regions. All tumors were visible and clearly dis-
tinguishable from other objects in the image, which
was assessed by visual inspection of the tracking
DRRs in the quality review step of the treatment
planning system. When the patients were treated,
the fiducials were used as a geometric frame of refer-
ence for targeting the lung tumor. In the retrospec-
tive analysis, the fiducial-based tracking result was
used as a reference gold standard transformation
to which the intensity-based (fiducial-less) registra-
tion performed by the lung tracking software was
compared. The fiducials were removed from the CT
scans, and thus the DRR images, using image pro-
cessing techniques (“air brushing”) before perform-
ing the registration to more realistically simulate the
fiducial-less situation and avoid bias in the evalua-
tion of lung tracking system error. The fiducials were
not removed from the treatment X-ray images. The
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example shown in Figure 26.7 is from one of these
ten patients. The fiducial is visible in the treatment
X-ray image but not the DRR.

For each patient, the following information was
obtained and used to perform the analysis: 1) the
pre-treatment CT image used in treatment planning;
2) the camera calibration model and parameters for
the two orthogonal X-ray imaging systems; 3) ten
randomly selected pairs of X-ray images acquired
during treatment; and 4) the 3D positions of the fidu-
cial markers in the CT image. The fiducial positions
were obtained from the log file generated during
treatment. The lung tracking system error (tumor
target registration error) was computed as the dif-
ference between the fiducial-based tracking result
(translational displacement) and the lung tracking
system result. The results are listed in Table 26.2.
The error components and total tracking system er-
ror for each patient are the root-mean-square (RMS)
average of the ten individual results (one for each
of the ten randomly selected X-ray image pairs). All
error components were less than 1 mm. The total
lung tracking system error ranged from 0.69 mm to
1.31 mm with a mean of 1.06 mm. It is important to
note that these error measurements are differences

Table 26.2 Tumor target registration error, which is the lung
tracking system error component of total system error, com-
puted from clinical image data obtained from ten patients
who underwent CyberKnife treatment for lung lesions using
implanted fiducial markers. The error components and total
tracking system error for each patient are the root-mean-
square (RMS) average of ten individual results (one for each
of ten randomly selected X-ray image pairs). SI, superior-
inferior; LR, left-right; AP, anterior-posterior; SD, standard
deviation.

Patient  Error components (mm) Total tracking
SI LR AP system error (mm)
1 0.50 0.77 0.87 1.27
2 0.57 0.88 0.43 1.14
3 0.61 0.25 0.21 0.69
4 0.46 0.36 0.72 0.93
5 0.15 0.65 0.67 0.95
6 0.39 0.87 0.91 1.31
7 0.43 0.67 0.58 0.98
8 0.76 0.61 0.88 1.31
9 0.66 0.63 0.29 0.96
10 0.46 0.53 0.75 1.09
Mean 1.06
SD 0.19

relative to fiducial-based tracking results. Fiducial
tracking may not be a perfect reference gold stan-
dard for determining the tumor target registration
error of the lung tracking system.

26.8
Conclusion

The Xsight Lung Tracking System performs direct
lung tumor tracking by registration of the tumor
region in DRRs generated from the planning CT
image to the corresponding region in the treat-
ment X-ray images. By eliminating the need for
implanted fiducials, lung tracking can greatly sim-
plify the process of performing lung radiosurgery.
Despite its technical simplicity and generally good
performance, fiducial-based tracking for lung ra-
diosurgery has numerous drawbacks. The primary
shortcoming is that an initial procedure is required.
Surgical implantation is both modestly painful and
has the potential for complications, including a risk
of pneumothorax. The additional fiducial implanta-
tion step makes the process more time consuming
and complex and can complicate patient scheduling.
The time, resources, and costs associated with sur-
gical insertion of fiducials are not inconsequential.
Fiducials can migrate, a risk that is often minimized
by waiting several days to a week after implantation
before acquiring the planning CT image. By obviat-
ing the need for implanted markers, the Xsight Lung
tracking system eliminates these problems.

The accuracy of the Xsight Lung Tracking System
was evaluated using an anthropomorphic lung mo-
tion phantom. The total system error (the distance
between the centroids of the planned and delivered
dose distributions) represents all possible errors in
the treatment planning and delivery process, includ-
ing error in the tracking system, the CT scanner, the
treatment planning software, the robot, and the lin-
ear accelerator. The total system error was measured
to be 1.07 mm. However, it is well known that the
measurements in phantoms generally underesti-
mate the actual application accuracy in the clinical
environment. With the CyberKnife System concept,
the component of total system error that is likely to
differ most between the experimental and clinical
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situations is the tracking system error. To assess
the extent of this inaccuracy, retrospective analysis
was performed using clinical image data from ten
patients who underwent CyberKnife treatment for
lung lesions using implanted fiducial markers. The
tracking system error was found to be 1.06 + 0.19
mm (mean * standard deviation). Although this
measure does not include the other possible errors
in the treatment delivery process, it is reasonable to
assume that the other errors in a treatment delivery
are similar in the experimental and clinical situa-
tions. In the worse case, in which all errors measured
in the phantom studies are due to non-tracking sys-
tem errors, the experimental (non-tracking) and
clinical (tracking) errors add in quadrature and the
clinical total system error would be 1.5 mm (square
root of the sum of the squares of experimental error,
1.07 mm, and clinical error, 1.06 mm).

The Xsight Lung Tracking System is fully inte-
grated with the Synchrony Respiratory Tracking
System. Thus the alignment of each treatment beam
with the moving target is maintained in real time by
moving the beam dynamically with the target. This
feature allows patients to breathe normally without
the use of complex gating or difficult breath-holding
techniques.

The primary limitation of the Xsight Lung Track-
ing System is that it is not, at present, appropriate for
every lung tumor patient. Direct tumor tracking is
performed by image registration of the tumor region
in the DRRs to the corresponding region in the treat-
ment X-ray images. The image registration process
requires that the tumor be visible in the X-ray im-
ages. The image intensity pattern of the tumor must
be distinguishable from other objects in the image,
which also requires the tumor to have sufficient con-
trast relative to the surrounding region. Two main
factors that influence visibility of a tumor are its
size (which influences contrast) and location (which
can influence contrast if the tumor is superimposed
in the X-ray image on radiodense structures such
as the spine). Other factors include the size of the
patient (larger patients have high X-ray attenuation,
which reduces tumor contrast) and the presence of
other pulmonary disease (e.g., denser lung paren-
chyma will reduce tumor contrast). Observation
and analysis of clinical image data for more than
50 patients previously treated with the CyberKnife
System indicates that many reasonably large tumors

(larger than 15 mm) located in the peripheral and
apex lung regions are visible in the orthogonal X-
ray images acquired by the CyberKnife system. But
these are just guidelines. This analysis suggests that
approximately 20-40% of CyberKnife lung patients
are appropriate for treatment with the Xsight Lung
Tracking System. The MultiPlan Treatment Planning
System has an added feature that provides a quality
review of the tracking DRRs to help confirm patient
eligibility for lung tracking. If the image intensity
pattern of the tumor is not clearly distinguishable,
the patient is not a good candidate for treatment
with lung tracking. Also, during treatment delivery,
it is important for the user to perform visual assess-
ment of the tracking result. Tumor silhouettes are
provided, which can help with visual assessment.
The system also provides a quality measure that is
a quantitative indication of the likelihood that the
registration algorithm succeeded in computing the
correct tracking result.
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Introduction

Minimally invasive treatment alternatives, such as
the CyberKnife® (Accuray Incorporated, Sunnyvale,
CA), are becoming increasingly important. The ben-
efits of minimally invasive treatments are not lim-
ited to improvements in efficacy and safety. Thor-
ough evaluation of these treatment modalities also

requires in-depth examinations of financial costs
and effects on the patients’ quality of life. Appre-
ciation of the CyberKnife’s viability as a treatment
option for thoracic malignancies such as early-stage
non-small cell lung cancer (NSCLC) will depend
heavily on such analyses. This chapter will focus on
the steps involved in undertaking the difficult chal-
lenge of assessing costs and quality of life outcomes
for CyberKnife treatment of early-stage NSCLC.

Well-designed and valid cost and quality of life
analyses require the identification of the current
treatment modalities for a pathology followed by
positioning of the treatment under consideration
within established treatment algorithms. Within
this structure, the costs of pre-operative evaluation,
treatment and follow-up, and treatment-related
morbidity are all assessed. Quality of life, compared
across the different treatments, is assessed concur-
rently using validated tools. Efficacy of treatment is
a key factor in these analyses because a less effec-
tive treatment will invariably lead to a higher per-
centage of recurrences and re-treatments, which all
result in a higher risk of additional morbidity, in-
creased costs, and detrimental effects on quality of
life. Throughout this book authors have described
technology and methods that have yielded promis-
ing short-term results for a variety of extracranial
lesions that had not been treated radiosurgically
until very recently. In this chapter, we present a plan
for taking the next necessary step to determine if a
safe and efficacious treatment will also become the
preferred one. We should stress that the analyses
are, of necessity at this stage, speculative and pre-
liminary. But they point clearly to studies that are
required and may be incorporated into prospective
clinical studies of CyberKnife radiosurgery for lung
cancer.
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General Considerations

Stage Ia and Ib NSCLC is primarily treated by
surgical resection because of the documented sur-
vival benefit; 5-year survival for surgical resec-
tion approaches 60-80% in this population [1-4].
Although this treatment path is clear cut, many
patients are deemed medically inoperable because
of associated co-morbidities. For these patients,
generally referred to as “surgically curable but
medically inoperable”, alternative treatments are
primary conventional radiation therapy and che-
motherapy, which yield 5-year survival rates of
only 20-40% [5-7]. Clinical research over the last
decade has shown that these patients are an appro-
priate population for locally ablative non-surgical
therapy such as CyberKnife radiosurgery or other
forms of radiotherapy, including focal conven-
tional conformal radiotherapy (3D-CRT), intensity
modulated radiotherapy (IMRT) with or without
daily image guidance (IGRT), or hypofractionated
stereotactic body radiotherapy (SBRT). Studies of
SBRT suggest a potential efficacy similar to resec-
tion [8-14], though compared with surgical litera-
ture SBRT patient numbers are limited and median
follow-up is shorter. Several of these studies have
suggested local control rates in excess of 90% with
1-5 years of follow-up [8, 9, 14].

CyberKnife radiosurgery may be conceived
as a more precise method of SBRT delivery. It is
the only radiation delivery system currently ca-
pable of achieving radiosurgical precision in the
thorax, made possible by the unique combina-
tion of inverse-planned noncoplanar dose paint-
ing, delivered with sub-millimeter accuracy, and
Synchrony® (Accuray Incorporated, Sunnyvale,
CA) respiratory tracking that allows the targeting
beams to move in tandem with respiration [15, 16].
This enables more focal planning target volume
(PTV) margins, allowing sufficient restriction of
the high-dose region so that a biologically abla-
tive dose falls only within extreme close prox-
imity to the PTV, even for lesions that are near
critical structures. The limited, very early clinical
data with this method indicate a high local con-
trol rate and relatively few serious complications
[15, 17, 18].

Compared with resection, there are no specific
medical contraindications to CyberKnife radio-
surgery, such that even “medically frail” or elderly
patients may receive this treatment. Medically inop-
erable patients are less likely to withstand many of
the morbidities associated with conventional radia-
tion as well, such as radiation pneumonitis second-
ary to irradiating large volumes of normal lung tis-
sue. CyberKnife offers an option for these patients
by avoiding the risks associated with resection and
conventional radiation of the involved pulmonary
lobe or segment in medically frail patients. At the
same time, CyberKnife treatment may offer qual-
ity of life advantages, including the preservation of
more normal lung tissue (which translates to better
respiratory function), a shortened recovery period,
and absence of pain. In spite of its technical com-
plexity and expense to operate, CyberKnife radio-
surgery may also be more cost-effective because it
is an outpatient procedure, which avoids expensive
line items for resection such as hospitalization, op-
erating room use, and post-operative recovery that
normally includes a stay in the intensive care unit
(ICu).

Morbidity and Mortality Risk Assessment

27.3.1
Surgical Resection

Surgical resection, whether a lobectomy or a limited
wedge resection, carries risks of post-operative mor-
bidity and mortality. Handy et al. published data on
a group of 139 NSCLC patients treated with surgical
resection and found an 8% occurrence of operative
mortality and significant post-operative morbidity
[19]. In fact, post-operatively, 18% of patients re-
quired a chest tube for 5 or more days, 11% developed
atrial fibrillation, and 8% required reintubation for
respiratory collapse. In addition, Handy et al. ex-
amined quality of life differences in patients before
and after surgical resection and found a significant
decrease in both mental and physical quality of life,
likely secondary to post-treatment morbidity and
surgical recovery.
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27.3.2
Conventional Radiation Therapy

For decades conventional radiotherapy has been a
treatment option for patients with clinical stage I
NSCLC who are not surgical candidates, i.e., those
with severe co-morbidities or poor pulmonary func-
tion. Conventional radiotherapy has been reported
toyield 5-year survival rates ranging from 5-30% and
local recurrence rates averaging about 40% [6, 20—
22]. In a landmark study by researchers from Duke
University, 156 patients with stage I medically inop-
erable NSCLC were treated solely with radiotherapy
to a median dose of 64 Gy delivered in 1.2-Gy frac-
tions twice a day to 3-Gy daily fractions. The 5-year
cause-specific survival rate in the 141 evaluable pa-
tients was 32%; 55 patients failed, 42% of these at the
treated site. A dose response for radiotherapy has
been obtained, with better outcomes for early-stage
NSCLC using conventionally fractionated doses of
65 Gy or higher [21-23].

Although most published studies show low lev-
els of toxicity with conventional radiotherapy
[21, 22, 24], the poor outcomes have lead to several
dose-escalation trials using more conformal 3D de-
livery methods. The outcomes of RTOG trial 9311
confirmed the beneficial effects of high doses of
conformal radiotherapy, but also showed that doses
greater than 77 Gy (for larger treatment volumes)
and 84 Gy (for smaller volumes) caused unaccept-
able toxicity in the form of Grade 3-4 esophagitis,
pneumonitis, and pericarditis [25]. Thus, while stud-
ies repeatedly point to dose escalation as a means of
improving outcomes of conventionally fractionated
radiotherapy, effective doses may not be well toler-
ated, and this may be associated with an increase in
costs and a decrease in quality of life.

27.3.3
CyberKnife Radiosurgery

Although CyberKnife radiosurgery avoids tradi-
tional surgical risk factors, it is not without risks
of its own, some of which may not manifest until
many months of post-treatment. Prior to treatment,
for example, multiple radio-opaque fiducial mark-
ers implanted near the tumor are typically required
to localize the planning target volume (PTV) for

real-time target tracking. These fiducials are usually
placed percutaneously with a needle under CT guid-
ance; similar percutaneous procedures (e.g., needle
biopsy) carry arisk of pneumothorax that has run as
high as 35% in some series [26, 27]. Although pneu-
mothorax with this approach appears common, the
magnitude of this complication is typically small,
requiring simple observation in the majority, with
overnight hospital admission for pulmonary re-ex-
pansion via chest tube placement in approximately
4-5% of patients [27, 28]. Rates of chest tube place-
ment can vary widely, from less than 1% [29] to as
high as 17% [30]. Very rarely, through evolution to
tension pneumothorax, hemopneumothorax, mas-
sive hemoptysis, or air embolism, this becomes a
potentially lethal complication [26]. To date, how-
ever, a fatal pneumothorax has not been reported
with CyberKnife fiducial placement. In a very large
Japanese study of nearly 10,000 patients, the inci-
dence of fatal CT-guided lung biopsy complications
measured 0.07% [26].

For patients in whom a pneumothorax would pose
grave risk, such as those with severe emphysema and
limited pulmonary reserve, there are methods of fi-
ducial placement that can reduce the pneumothorax
risk. These include limiting the procedure to a single
needle pass (which can decrease target tracking ac-
curacy due to the smaller number of fiducials), use
of a blood patch technique to seal the pleural lining,
or placing the fiducial markers transbronchially or
transesophageally [31-33], an application that may
be useful for more central lesions but is of limited
utility for small peripheral lesions. If no safe fiducial
placement method presents itself, the patient may be
better served by a non-fiducial-based radiation ap-
proach, such as 3D-CRT, IMRT, IGRT or other forms
of non-fiducial-based SBRT. There is also a new Cy-
berKnife application known as XSight Lung™ (Ac-
curay Incorporated, Sunnyvale, CA) that represents
a non-invasive method for targeting and tracking
lung tumors without implanted fiducial markers in
patients who satisfy the imaging parameter require-
ments.

Potentially fatal hemoptysis or hemothorax war-
rants greater attention in patients who take anti-
coagulant medications. In these patients, the risk
of temporary anticoagulant withdrawal, lesion lo-
cation (central versus peripheral) and number of
needle passes will need to be individually assessed.
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If a patient has an absolute contraindication to an-
ticoagulant withdrawal, particularly if their lesion
also resides in a difficult location, it may be wise
to consider a treatment method that does not re-
quire fiducials. To date, fatal hemoptysis or intra-
thoracic bleeding following fiducial placement has
not been reported, though these complications were
indicated as potentially fatal in the Tomiyama et al.
study [26].

27.3.4
Post-Treatment Morbidity and Mortality
with the CyberKnife

Possible serious complications of thoracic SBRT, a
subset of which represents CyberKnife radiosurgery,
include radiation pneumonitis, bronchial necrosis,
stenosis or fistula, delayed hemoptysis, cardiotoxic-
ity, esophageal ulceration or stenosis, spinal cord
injury, and chest wall injury [8-14]. For small pe-
ripheral lesions, a specific SBRT dose-limiting toxic-
ity has not been observed in a sequential dose esca-
lation trial, while dose-limiting bronchopulmonary
toxicity has been observed at 72 Gy in 3 fractions for
stage T2 pulmonary lesions [8]. This study suggests
both a dose response curve and a volume response
for complications, with doses in excess of 66 Gy in
3 fractions and stage T2 lesions being at higher risk
(8].

In addition to target volume, central target lesion
location also appears to be a predictor of normal
tissue toxicity. In 2003 Timmerman et al. reported
on a series of 37 patients in a dose escalation study
where 3 patients developed areas of atelectasis dis-
tal to central tumors irradiated at 18 Gyx3 fractions
and 20 Gyx3 fractions [13]. In a more recent study
Timmerman et al. found 11 of 70 patients developed
Grade 3-5 pulmonary toxicity when treated with
doses of 20-22 Gyx3 fractions [12]. All 11 of these
patients had centrally located tumors. Onishi et al.
[11], in a series of 245 patients, reported excellent lo-
cal control with no severe morbidity when treating
centrally located lesions to a dose of 48 Gy delivered
in 4 fractions, which suggests that safe treatment of
central tumors can be achieved with lower doses de-
livered in more fractions.

Overall, when patient selection has excluded pa-
tients large lesions or central lesions, the incidence

of severe radiation-induced complications of SBRT
[11] or CyberKnife radiosurgery [15, 18] has ranged
from 0% to 2.3%, consisting primarily of rare cases
of bronchial injury, radiation pneumonitis, or rib
fracture. In a recent Phase I dose escalation study of
CyberKnife radiosurgery by Le et al. [17], 32 patients
with inoperable T1-2N0 NSCLC or solitary lung me-
tastases were treated in a single fraction with doses
of 15-30 Gy. At one year, freedom from local pro-
gression was 91% in patients treated with doses over
20 Gy and 54% at doses less than or equal to 20 Gy.
Higher doses (25-30 Gy) were also associated with
serious late complications, contributing to death in
three patients with prior radiotherapy,larger midline
tumors, or who were treated with adjuvant chemo-
therapy. Thus, the morbidity profile for CyberKnife
radiosurgery has generally mirrored that for SBRT;
for the vast majority of patients the approach is safe
and effective, though caution is clearly advised for
some patients. Although CyberKnife-specific data
remain preliminary, it appears that severe compli-
cations may be more likely in patients treated with a
large, single dose [17].

Direct comparison of the morbidity and mortal-
ity of resection versus CyberKnife radiosurgery or
radiation therapy is complicated by the fact that,
by definition, resection patients will usually be
healthier and have superior preexisting pulmonary
function. Patients deemed medically inoperable are
often selected to receive alternative treatment based
on the very nature of their impaired health and pul-
monary function.

As Table 27.1 demonstrates, while both resection
and CyberKnife radiosurgery have a potential for
complications, the incidence of life-threatening and
fatal sequelae are clearly lower in the CyberKnife ra-
diosurgery patients, even taking into consideration
their preexisting adverse health.

Quality of Life Considerations

For the treatment of a potentially lethal condition
such as lung cancer, consideration of the effects of
treatment on quality of life follow assessments of
the treatment’s efficacy and risks in the decision-
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Table 27.1 Inventory of complications by modality; inci-
dence of fatal pneumothorax derived from CT-guided biopsy
literature.

Resection

Complication

SBRT (non- CyberKnife
fiducial- Radio-
surgery

Operative 5.8% 0 0
Mortality

Cardiac! 15-20% 0 0
Pulmonary? 30% 0 0
Infection® 15% 0 0
Prolonged ICU 12% 0 0
stay

Prolonged CT 26% 0 0
requirement

> 5 days

Grade > 3 Radia- 0% 0-12.5%*

tion Sequellae

0-15.7%

! Cardiac: arrhythmias (ventricular and atrial), MI

2 Pulmonary: PE, lobar atelectasis, tracheostomy, reintuba-
tion, prolonged ventilatory time

3 Infection: pneumonia, wound infection

* The upper bound of this range was observed in a single
study [17] that employed a single-fraction regimen with a
relatively high dose (30 Gy).

making schema. They nevertheless warrant serious
consideration in their own right. If factors such as
efficacy and safety are comparable, then the treat-
ment with the smaller adverse impact on quality of
life will naturally emerge as the preferred method.
The following discussion describes some of the qual-
ity of life issues that may be considered when com-
paring resection to CyberKnife radiosurgery.

27.4.1
Loss of Time and Activity

The initial quality of life consideration is that of
“down time” for the patient, meaning the length of
time actually devoted to preparing for, receiving,
and recovering from the treatment, until patients
are able to resume their normal daily activities with-
out significant limitation. Both resection and Cy-
berKnife radiosurgery have minimal adverse effects
on quality of life in the pre-treatment stage. A brief
comparison of the pretreatment period for these two
modalities is listed in Table 27.2.

Table 27.2 shows that treatment preparation ex-
tracts a similar time demand from patients for each
modality of therapy, though the preparative steps
are not identical. The resection option requires a
larger commitment of time for the treatment itself,
due to the need for hospitalization. Recovery time
will be variable for both methods of treatment, and
these line items in Table 27.2 are more speculative
than the other line items, as there are no specific
published references to draw upon. The average
hospital stay for lobectomy can range widely, but is
typically 3-7 days, with an estimated 30-day recov-
ery period. The situation is drastically different for
CyberKnife patients, the majority of whom require
no hospital stay and return to pre-treatment activ-
ity levels shortly after the procedure. There may be
an occasional exception if a patient has unusually
severe acute side effects of radiosurgery, such as a
COPD exacerbation or significant esophagitis inci-
dent to the treatment of a central lesion.

Table 27.2. Time invested by patient according to treatment.

Resection CyberKnife

Radiosurgery

Preparation for treatment

Specialist Consultation 2 hours! 4 hours?
Radiologic Work-up® 4 hours 4 hours
Medical Work-up 6 hours* 1 hour®
Fiducial Placement N/A 2 hours
Total 12 hours 11 hours
Treatment

Hospitalization 7 days® N/A
Radiosurgery Appointments N/A 6 hours’
Recovery from treatment

Post-op activity limitation 30 days® N/A
Post-treatment fatigue N/A 14 days®

! Thoracic Surgeon

2 Thoracic Surgeon, Radiation Oncologist

3 Assumes PET-CT and Cranial Imaging for both treatment
types

4 Pulmonary Function Tests, EKG, Comprehensive Lab, Type
and cross match, Medical Clearance by Primary MD

5 Lab (PT, PTT - R/o bleeding risk prior to fiducial placement)

¢ Average hospital stay for an uncomplicated thoracotomy

7 Assumes three fractions lasting two hours per fraction

8 Limitation primarily due to need for narcotic analgesia to
control pain

° Highly variable from patient to patient — Also an estimate
based on experience
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In summary, CyberKnife radiosurgery will typi-
cally prove less disruptive to a patient’s life and ac-
tivities and be followed by a more rapid recovery. A
formal quality of life instrument, such as the SF-36
or UCSD Dyspnea Questionnaire, administered at
specific time intervals following treatment would be
required to quantify these post-treatment results.

27.4.2
Post-Procedural Pain

The only invasive aspect of CyberKnife radiosurgery
is the placement of fiducial markers within the tu-
mor target. With CyberKnife radiosurgery, there are
no rib spreading or other maneuvers which pose a
high risk of post-treatment neuropathic pain, as seen
with classic lobectomy. Video-assisted thoracoscopic
surgery (VATS) represents a minimally invasive sur-
gical means to reduce postoperative pain compared
with open lobectomy, though this form of resection
has a lower efficacy than lobectomy [34]. The use of
validated instruments for assessing pain is essential to
detect the actual level of post-treatment pain.

27.4.3
Post-Procedural Fatigue

A majority of patients undergoing CyberKnife treat-
ment have complained of acute fatigue immediately
following the procedure. This onset of fatigue has
been difficult to predict, and its severity and dura-
tion vary from patient to patient. Fatigue reduces a
patient’s capacity to function in the workplace and
at home, and may secondarily lead to other negative
outcomes, such as exacerbating any tendency the
patient may have towards depression. At this time
there is no specific published comparison of this
quality of life outcome between these modalities;
it would be an appropriate domain to evaluate in a
formal quality of life study.

27.4.4
Respiratory Function

Treatment of primary lung cancer or pulmonary
metastases by any local method will create a loss

of functioning respiratory tissue. For a typical
small pulmonary lesion, such as a stage I NSCLC,
CyberKnife treatment confines radiation to the tar-
get tumor and a planned margin, minimizing dose
to normal lung parenchyma and outlined critical
structures. Obviously, the dose to normal lung pa-
renchyma willincrease with tumor size and as tumor
shape deviates from spherical. The tissue irradiated
by CyberKnife typically does not follow anatomic
boundaries, and as such, the amount of tissue af-
fected may be comparable to that removed by sur-
gical wedge resections. In lobectomy, the preferred
surgical resection method, tissue is excised based
on anatomic boundaries, and as such more tissue
is removed than by limited wedge resections. The
majority of patients undergoing surgical resection
are noted to have some decrease in post-operative
pulmonary function tests (PFTs), although patients
with upper lobe lesions and concurrent COPD will
often show improvements in post-treatment PFTs
[35, 36]. The explanation for this improvement is
based on the theory that, because COPD is predomi-
nately an upper lobe disease, the surgical resection
or irradiation of the upper lobe lesion may function
in the same capacity as lung reduction procedures,
thus improving V/Q matching in the remainder of
the lung parenchyma [35].

Pulmonary function quality of life domains have
been defined for patients undergoing resection [37-
39]. For example, the Functional Assessment of Cancer
Therapy-Lung (FACT-L) has been established as a reli-
ableand valid instrument for quality of life assessments
in lung cancer trials [39]. It assesses general categories
of physical, functional, social, and emotional well-be-
ing, and includes a lung-cancer-specific subscale that
assesses cough, breathlessness, fatigue, loss of appe-
tite, weight loss, chest pain or discomfort, constipa-
tion, and poor sleep. Summing physical and functional
well-being scores with the subscale scores produces
the Trial Outcome Index, which is highly correlated
with performance status post-treatment [39]. It would
be reasonable to use these same outcome domains,
as well as sequential formal pulmonary function and
exercise tolerance testing, to measure and compare
more fully the respiratory quality of life outcome us-
ing CyberKnife radiosurgery relative to resection. Un-
fortunately, post-treatment respiratory comparisons
will be complicated by the fact that radiosurgery and
radiotherapy patients usually have more impaired pul-
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monary function at baseline than resection patients. A
much more accurate comparison would include pul-
monary function testing, exercise tolerance measure-
ment, and self-administered pulmonary quality of life
assessment as part of the pre-treatment and post-treat-
ment analysis in a randomized trial between healthy
resectable patients that are prospectively assigned to
surgery or radiosurgery. One can anticipate that such
a trial will be conducted if 5-year tumor control and
survival rates for radiosurgery patients are shown to
approximate those obtained with surgery.

27.4.5
Overall Satisfaction with the Treatment Choice

The final quality of life outcome comparison be-
tween different therapy modalities involves the
patient’s overall satisfaction with their treatment
choice. Do they think they are cured or are there
excessive lingering doubts? Were the side effects or
complications worse than they expected? Did the
recovery take longer? Would they choose this same
treatment again having now gone through it? A
global assessment of “satisfaction with treatment”
domain may also be considered as the final compo-
nent in the design of a formal quality of life assess-
ment between the modalities.

Economic Comparison Between Resection
and CyberKnife Radiosurgery

Despite their differences, resection and CyberKnife
radiosurgery are both capital-intensive treatments.
Each requires a series of steps to plan and accom-
plish, and a cost may be assigned to each of these
steps, allowing a comparison of the total cost re-
quired to accomplish either method of treatment.

27.5.1
Method

The respective cost of modalities may be compared
using a number of resource-based versus charge-

based methodologies. For the purpose of this manu-
script, our cost assessment comparison exercise is
based on the 2006 U.S. Medicare allowable charge
rates for each procedure, where these data are avail-
able, and estimated prevailing charge data where
specific Medicare data do not exist.

Although a specific correlation between U.S.
Medicare allowable charges and the actual cost of
delivering the service may be debated, this method
does assure a consistent method applied to both ser-
vice lines, and is adopted by many private insurers
in the United States as a “benchmark” against which
their own reimbursement policy may be calculated.
This exercise does not constitute billing advice, nor
is every line item necessarily accurate for every local
practice situation. Instead, it represents a reasonable
attempt to quantify typical costs associated with re-
section versus CyberKnife radiosurgery.

This comparison does not address differences in
cost created by differences in long-term efficacy or
delayed complications, which will only be obtained
with longer term follow-up for radiosurgery pa-
tients. Perhaps the best way to deal with the delayed
outcome uncertainty is to evaluate only the respec-
tive planning and treatment costs of each modality,
initially assuming efficacy parity, and subsequently
to evaluate the long-term cost of relapse, continu-
ously updating the analysis as efficacy data ma-
ture.

27.5.2
Result

As outlined in Table 27.3, CyberKnife radiosurgery
costs an estimated $3,087.80 more at the prepara-
tion phase, due to the requirement for treatment
planning imaging studies and interventional radio-
logic-guided fiducial placement, for which there is
no corresponding surgical requirement. For treat-
ment delivery itself, due to the elimination of ex-
pensive surgical and hospital line items, definitive
resection appears $20,855.98 more expensive than
CyberKnife radiosurgery (though the latter is, ad-
mittedly, also an expensive procedure). In summary,
combining the cost of treatment preparation and
delivery, CyberKnife radiosurgery creates an ap-
parent net savings of $17,771.59 per case relative to
resection.
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Table 27.3. Respective Cost Components — Resection versus
CyberKnife Radiosurgery

Resection CyberKnife

Pre-Treatment Direct Costs

Specialist Consult! $149.84®  $289.07®
Radiological Work-Up* $752.68 $1752.68
Medical Work-up ° $390.56  $291.91©®
Treatment Planning’ N/A $2,047.22
Sub-Total $1,293.08  $4,380.88
Treatment Direct Costs

1st hour OR level III; Major® $4,175 N/A

1/4 incremental hour OR level ITI®  $1,043 N/A

3 Hour Procedure OR cost $12,519 N/A

OR Supplies’ $3,095.41 N/A
Blood Transfusion!® $1,273.00 N/A

ICU Critical Room Charge

per day!! $13,237.00 N/A

Post operative labs!? $1,034.58 N/A
Room and Bed Med Surg

(per day)'? $1,519.00 N/A

Post Operative Radiology" $326.70  N/A
Robotic Linac SRS 1st session'*  N/A $5,491.23
Robotic Linac SRS 2-5 session!®

(2 units) N/A $6,190.00
Treatment device, design and

Construction'® (2 units) N/A $423.18
Therapeutic Radiology Port Film

17 N/A $44.30
Sub-Total $33,004.69 $12,148.71
Physician Fees

Thoracic Surgeon'® $1,537.50  $1,205.00
Radiation Oncologist!’ N/A $1,542.54
Anesthesiologist?® $1,213.45 N/A
Sub-Total $2,750.95  $2,747.54

Total $37,048.72  $19,277.13

'A consultation is a type of service provided by a physician
whose opinion or advice regarding evaluation and/or man-
agement of a specific problem is requested by another phy-
sician or other appropriate source. CPT® 2007 Professional
Edition. Copyright American Medical Association

22005 Medicare Claims data; Mean Cost. CPT 99245: Office
consultation for a new or established patient, which requires
these key components: A comprehensive history; a compre-
hensive examination; and medical decision making of high
complexity

32005 Medicare Claims data; Mean Cost. CPT 99245: Office
consultation for a new or established patient, which requires
these key components: A comprehensive history; a compre-
hensive examination; and medical decision making of high
complexity. CPT 99215:Office or other outpatient visit for the

evaluation and management of an established patient , which
requires at least two of these three key components: a com-
prehensive history ; a comprehensive examination; medical
decision making of high complexity

“Diagnostic Radiology; 2005 Medicare Claims Data: CPT
71030: Radiologic examination, chest, complete, minimum
of 4 views; CPT 71275: Computed tomographic angiography,
chest (noncoronary), without contrast material(s), followed
by contrast material(s) and further sections, including image
post processing; CPT 71555: Magnetic resonance angiogra-
phy, chest (excluding myocardium) with or without contrast
materials. Also includes fiducial placement at $1,000.00 per
case (unlisted procedure on fee schedule).

52007 Medicare Clinical laboratory fee schedule: CPT 80053:
Comprehensive Metabolic Panel, CPT 80051: electrolyte
panel, CPT 80061 Lipid Panel, CPT Renal Function Panel,
CPT 8100 Urinalysis, CPT 82040-84630 (8 specific tests
selected), CPT 85025: Complete (CBC), automated (Hgb, Hct,
RBC, WBC and platelet count), CPT 85345 Coagulation time,
CPT 85610 Prothrombin Time , CPT 85670 Thrombin Time,
CPT 93000 Electrocardiogram, routine ECG, CPT 94620 Pul-
monary stress testing ; complex

62007 Medicare Clinical laboratory fee schedule: CPT 85025:
Complete (CBC), automated (Hgb, Hct, RBC, WBC and
platelet count), CPT 85345 Coagulation time, CPT 85610
Prothrombin Time , CPT 85670 Thrombin Time, CPT 93000
Electrocardiogram, routine ECG, CPT 94620 Pulmonary
stress testing complex

72005 Medicare Claims Data; Mean Cost; CPT 77295 Thera-
peutic radiology simulation-aided field setting; 3D; CPT
77300 (10 units) Basic radiation dosimetry calculation; CPT
77370Special Medical Radiation Physics consult

82005 CDM- Chinese Hospital, Rev code 360-Office of State-
wide Health Planning and Development Healthcare Quality
& Analysis Division; http://www.oshpd.ca.gov/hqad/hospi-
tal/chargemaster/2005/chrgmstrCa_Ch.htm

2005 CDM- Alhambra Hospital, Office of Statewide Health
Planning and Development Healthcare Quality & Analysis
Division;  http://www.oshpd.ca.gov/hqad/hospital/charge-
master/2005/chrgmstrCa_Ch.htm

102005 CDM- Alameda Hospital, Office of Statewide Health
Planning and Development Healthcare Quality & Analysis
Division;  http://www.oshpd.ca.gov/hqad/hospital/charge-
master/2005/chrgmstrCa_Ch.htm

112005 CDM- Cedar Sinai Medical Center; Office of Statewide
Health Planning and Development Healthcare Quality &
Analysis Division; http://www.oshpd.ca.gov/hqad/hospital/
chargemaster/2005/chrgmstrCa_Ch.htm (2 day charge)

122005 CDM- Stanford Hospital and Clinics; Office of State-
wide Health Planning and Development Healthcare Quality
& Analysis Division; http://www.oshpd.ca.gov/hqad/hospi-
tal/chargemaster/2005/chrgmstrCa_Ch.htm

132005 CDM- Citrus Valley Hospital; Office of Statewide Health
Planning and Development Healthcare Quality & Analysis
Division;  http://www.oshpd.ca.gov/hqad/hospital/charge-
master/2005/chrgmstrCa_Ch.htm (2 day Charge)

142005 Medicare Claims Data; Mean Cost; G0339

152005 Medicare Claims Data; Mean Cost; G0340

162005 Medicare Claims Data; Mean Cost; CPT 77334

172005 Medicare Claims Data; Mean Cost; CPT 77417

18 Physician Fee Schedule 2006: CPT 32440 Removal of Lung,
total pneumonectomy; CPT 61793 Stereotactic Radiosurgery,
one or more sessions

19 Physician Fee Schedule 2006: CPT 77263, 77295 (10 units),
77300, 77334, 77435

20 Physician Fee Schedule 2006: CPT 00546 Anesthesia for pul-
monary resection
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27.5.3
Further Discussion

This analysis is oversimplified for a number of rea-
sons. For example, should a delayed local failure
or complication pattern emerge with CyberKnife
radiosurgery that is not seen with resection, any
early cost advantage of CyberKnife radiosurgery
would be eroded or completely negated by the high
cost of secondary treatment evaluation and man-
agement. Conversely, it may be that patients who
are destined to fail radiosurgical treatment would
be secondarily treated far earlier if they had taken
the resection option, because adverse pathologic
findings are immediately apparent and can lead to
adjuvant chemotherapy or radiotherapy being pur-
sued without delay. Corresponding patients treated
with CyberKnife radiosurgery would have no such
adjuvant therapy, as their adverse pathologic pre-
sentation would not become apparent until they
relapsed.

The potentially high cost of adjuvant post-opera-
tive treatment based on findings of surgical pathol-
ogy is not addressed in this analysis. Nevertheless,
this issue needs to be noted, because it could par-
tially or completely offset any negative cost differ-
ence that accrues against CyberKnife radiosurgery
should radiosurgery prove to have a higher late fail-
ure rate.

Finally, there is a definite incidence of serious
surgical complications the costs of which are not
addressed in this analysis. Any incidence of seri-
ous post-operative infection, prolonged ventilator
dependence, thromboembolic sequellae, etc., would
also accrue a far greater cost to the resection side of
the ledger, but is beyond the scope of this analysis to
itemize in detail.

27.5.4
Conclusion Regarding Cost Analysis

In this era of ever-increasing medical cost awareness,
assessment of the respective cost of treatment deliv-
ery and the added cost of treatment failure would be
reasonably included as part of a prospective compar-
ison trial between resection and CyberKnife radio-
surgery or between radiosurgery and radiotherapy.
Such a comparison would require very careful con-

sideration in its design to capture properly all of the
cost components of each treatment option.

Overall Conclusions Regarding Resection
Versus CyberKnife Radiosurgery

Compared with resection by lobectomy, CyberKnife
radiosurgery appears to have a lower risk of serious
acute morbidity and mortality. CyberKnife radio-
surgery also has a potentially superior quality of
life outcome, manifested by a lack of post-operative
pain, faster recovery, and the possibility of more
well-preserved respiratory capacity. Of course, the
quality of life impact of these respective modalities
awaits formal comparison by appropriate, validated
quality of life instruments, sequential pulmonary
function testing, and exercise tolerance testing, all
of which would be reasonably included as part of a
larger prospective trial. Pending long-term confir-
mation of clinical effectiveness comparable to re-
section, CyberKnife radiosurgery also appears more
cost effective.

Although CyberKnife radiosurgery appears to
have safety, quality of life, and cost advantages, as
well as encouraging short-term results [15, 17, 18],
its use will likely typically remain restricted to pa-
tients who are medically unable to withstand the
definitive lung cancer operation until its long-term
efficacy is established as being comparable to resec-
tion. If efficacy parity is ultimately confirmed, the
safety, quality of life, and cost advantages of Cy-
berKnife radiosurgery could then cause it to emerge
as the treatment of choice, even for healthy patients
who are fully capable of withstanding a surgical pro-
cedure. This would represent a paradigm shift from
current practice.
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