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Series Preface

Advances in the science and technology of medical imaging and radiation therapy are more profound and 
rapid than ever before, since their inception over a century ago. Further, the disciplines are increasingly 
cross-linked as imaging methods become more widely used to plan, guide, monitor and assess treatments in 
radiation therapy. Today the technologies of medical imaging and radiation therapy are so complex and so 
computer-driven that it is difficult for the persons (physicians and technologists) responsible for their clinical 
use to know exactly what is happening at the point of care, when a patient is being examined or treated. The 
persons best equipped to understand the technologies and their applications are medical physicists, and these 
individuals are assuming greater responsibilities in the clinical arena to ensure that what is intended for the 
patient is delivered in a safe and effective manner.

The growing responsibilities of medical physicists in the clinical arenas of medical imaging and radiation 
therapy are not without their challenges, however. Most medical physicists are knowledgeable in either radia-
tion therapy or medical imaging, and expert in one or a small number of areas within their discipline. They 
sustain their expertise in these areas by reading scientific articles and attending scientific talks at meetings. 
In contrast, their responsibilities increasingly extend beyond their specific areas of expertise. To meet these 
responsibilities, medical physicists periodically must refresh their knowledge of advances in medical imag-
ing or radiation therapy, and they must be prepared to function at the intersection of these two fields. How to 
accomplish these objectives is a challenge.

At the 2007 annual meeting of the American Association of Physicists in Medicine in Minneapolis, this 
challenge was the topic of conversation during a lunch hosted by Taylor & Francis Group and involving a 
group of senior medical physicists (Arthur L. Boyer, Joseph O. Deasy, C.-M. Charlie Ma, Todd A. Pawlicki, 
Ervin B. Podgorsak, Elke Reitzel, Anthony B. Wolbarst, and Ellen D. Yorke). The conclusion of this discussion 
was that a book series should be launched under the Taylor & Francis banner, with each volume in the series 
addressing a rapidly advancing area of medical imaging or radiation therapy of importance to medical physi-
cists. The aim would be for each volume to provide medical physicists with the information needed to under-
stand technologies driving a rapid advance and their applications to safe and effective delivery of patient care.

Each volume in the series is edited by one or more individuals with recognized expertise in the technologi-
cal area encompassed by the book. The editors are responsible for selecting the authors of individual chapters 
and ensuring that the chapters are comprehensive and intelligible to someone without such expertise. The 
enthusiasm of volume editors and chapter authors has been gratifying and reinforces the conclusion of the 
Minneapolis luncheon that this series of books addresses a major need of medical physicists.

Imaging in Medical Diagnosis and Therapy would not have been possible without the encouragement and 
support of the series manager, Lu Han of CRC Press/Taylor & Francis Group. The editors and authors, and 
most of all I, are indebted to his steady guidance of the entire project.

William Hendee, Founding Series Editor
Rochester, MN
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Preface

Lung cancer remains a leading cause of cancer death in the United States and worldwide. Multidisciplinary 
approaches including radiation therapy have had a crucial role in the management strategy for patients 
affected with lung cancer, but local control and survival rates are still poor. The effectiveness of radiation 
therapy can be hindered by challenges in accurately localizing and delineating targets as well as delivering 
the radiation. Recent developments in image-guided radiation therapy (IGRT), which uses imaging technolo-
gies such as x-ray and optical imaging to direct the delivery of radiation, offer additional accuracy and the 
potential for increasingly aggressive treatments, with consequent improvements in local control and perhaps 
survival. In this book, we address the field of IGRT for lung cancer, including a brief history, step-by-step 
guidelines for clinical implementations, a summary of major recent technical advances, and an introduction 
of next-generation technologies. Readers will benefit from the in-depth explanations of the benefits and limi-
tations of current IGRT techniques, informed interpretation of the quality and safety issues related to IGRT 
in clinical practice, and stimulating discussions about cutting-edge IGRT technologies that are promising to 
improve clinical outcomes for patients with lung cancer.

The techniques used for IGRT have improved greatly over the past 10 years in terms of both practical opti-
mization and technical advances. Understanding of the benefits and limitations of IGRT techniques has also 
increased tremendously during this period as IGRT techniques have become more widely used in the clinic. 
Having a single book dedicated to addressing these important changes is extremely valuable as it serves as a ref-
erence for all of the issues associated with IGRT for lung cancer. Our intent in this book is to provide a complete 
practical guide coupled with data-driven methods for developing this important paradigm in radiation therapy.

The technologies used for IGRT have also experienced substantial change in parallel with changes in tech-
niques over recent years, especially the advances associated with 4D imaging and multimodality image guid-
ance. A great deal of clinical experience and knowledge on IGRT has been gained during this period because 
of the widespread use of and extensive research on IGRT. Several recently developed IGRT technologies are 
highly promising, particularly magnetic resonance imaging–guided IGRT, adaptive radiation therapy, and 
functional imaging for response assessment. All of these topics are comprehensively described in this book.

The materials in the book have been thoughtfully prepared and carefully organized by the logical progres-
sion of simple to complex, basic to comprehensive, practical to investigational, and current to future. Our 
hope is that this organization will help to maximize the reading and learning experience for readers with 
various backgrounds in IGRT.

This book consists of four parts, each detailing an important aspect of IGRT for lung cancer. The first 
part consists of an overview of IGRT and the history of IGRT for lung cancer. The second part describes the 
principles of IGRT for lung cancer in a step-by-step process, from imaging simulation to treatment planning, 
verification, and delivery, and on to quality assurance. The third part describes the unique features and pro-
cesses of IGRT for lung cancer using specialized machines and technologies. The fourth part introduces new 
directions for IGRT and the promise of those directions for lung cancer treatment.

We anticipate that this volume will be a good reference for a broad range of professionals, including radia-
tion oncologists, medical physicists, radiation therapists, medical dosimetrists, and oncology nurses as well 
as researchers, educators, and physicians working in the field of lung cancer, medical imaging, and oncology 
management. Its authors include both physicians and physicists to ensure that the content and format meet 
the needs of clinicians and others in related fields.

We, the editors, sincerely thank the contributing authors of this book, all of whom are nationally and 
internationally recognized medical physicists and radiation oncologists with expertise in IGRT and lung 
cancer radiation therapy. Readers will greatly benefit from their sharing their experience in developing and 
clinically implementing state-of-the-art IGRT techniques.
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1

Overview of IGRT

FANG-FANG YIN, YU YAN, AND ROBERT TIMMERMAN

1.1 INTRODUCTION

Recently, there has been a global movement toward using targeted therapy to treat a variety of human 
 afflictions including lung cancer. While most of this effort has been in the realm of drug discovery, a  similar 
philosophy is being implemented using local modalities such as surgery and radiotherapy. In the realm 
of radiotherapy, an explosion of useful, computer-aided technologies have taken center stage, potentially 
allowing more geometrically targeted therapy. Still, accurate delineation of treatment targets critical organ 
 volumes, personalized prescription of treatment dose associated with the delineated volumes, optimal design 
of treatment planning, and precise delivery of prescribed dose to the target. These remain major technical 
challenges for the precision radiation therapy of cancers.

1.2 GOAL OF IGRT

The primary goal of image-guided radiation therapy (IGRT) is to improve local control and reduce impend-
ing side effects [1]. Uncertainties can arise from inter- and intrafractional motions [2]. During treatment or 
even sometimes prior to, the imaging provides direct confirmation that the beams are targeting the exact 
location of the tumor. Any shifts or corrections detected by the imaging can be made to ensure the proper 
treatment. Highly conformal, highly modulated, and escalated dosing schemes are being used more rou-
tinely. If slight errors are not detected prior to the execution of treatment, there is a possibility of under- or 
overdosing not only the intended area, but critical structures as well. IGRT provides the ability to ensure that 
the tumor is being properly targeted while limiting toxicities to normal structures.
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1.3.3 Intrafractional adjustments 6

1.3.4 Interfractional adjustments 6

1.4 Process of IGRT 6

1.5 Summary 8

References 8



4 Overview of IGRT

1.3 BENEFITS OF IGRT

The overall goal of any radiation treatment is to deliver the prescribed dose to the tumor volume while lim-
iting harm to any other tissues. The negligible variation in the dose being delivered versus the dose that is 
prescribed when IGRT is used for treatments is its main benefit. Protocols can benefit from the inclusion of 
IGRT by ensuring a uniform radiation dose is truly being delivered based on IGRT usage and reducing the 
heterogeneity of responses seen among the control and treatment groups [2]. The reduction in dose variability 
may also lead to better clinical outcomes and help researchers draw conclusions that are based on outcomes, 
and not other outcomes that could be caused in treatment variation.

Another benefit of IGRT is the ability to know what was delivered to both tumor and normal tissues. 
Certain systems allow the isodose lines from the plan to be displayed on the imaging obtained during the 
IGRT procedure. Based on this knowledge, clinicians can adjust accordingly in setup prior to treatment based 
on position of the target and critical structures. This could lead to a better understanding of normal tissue 
toxicity relationships and tumor control probabilities by understanding where the dose is being delivered 
daily. Other benefits include tighter margins for tumors and being able to account for target motion, whether 
the motion is inter- or intrafractional.

The current role of IGRT in radiation therapy is depicted in Figure 1.1 [3]. The circle on the left represents the 
patient’s cycle in the radiation oncology process. The clinical objective is determined by the physician based on 
the intent of the plan and the intended dose to be delivered. This is followed by the therapy design, which includes 
a treatment planning CT, contouring of the tumor(s) as well as normal and critical structures, plan development, 
and any necessary quality assurance (QA). Upon initiation of treatment, IGRT can be used to assess the accuracy of 
the patient’s alignment as well as continually monitor the tumor. An intervention based on IGRT may be required 
due to setup errors or shifts in the tumor, which could lead to reassessment. If an offline review of the images is 
performed by the physician, the error might not be detected until after that day’s treatment. Online or real-time 
image reviews are faster at detecting potential errors and making the needed corrections.

1.3.1 TIGHTER MARGINS

Margins for tumors have become increasingly tighter with the addition of IGRT to the treatment regimen. 
This has also led to more focused doses to the tumor volume(s) and a decrease in doses to normal tissue. The 
dose delivery is now more accurate and reliable when including IGRT. The benefit of including IGRT with 

Therapy
design

Intervention

IGRT

MonitoringClinical
objective

Figure 1.1 Advancement of radiation therapy from a three-step approach (as indicated by light blue) to one of 
a full-feedback approach (dark blue). The intervention step can include correcting for setup error and/or tumor 
shifts, replanning, or even discontinuation of current treatment plan. The image review can be   performed 
offline, online, or even real time. IGRT uses the full-feedback approach to ensure precise delivery of the treat-
ment. (Reprinted with permission from Dawson, L.A. and D.A. Jaffray, J Clin Oncol, 25, 938–46. © 2007 by 
American Society of Clinical Oncology. All rights reserved.) 
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treatment is to reduce any residual geometric uncertainties (e.g., differences between targeting and treatment 
delivery), so that there is essentially no clinical significance between the planned dose and what is actually 
delivered (Kim et al., 2011).

1.3.2 TARGET MOTION

With the inclusion of IGRT as part of the treatment, the uncertainties arising from target motions can be 
reduced, whether from inter- or intrafractional motion. Possible IGRT techniques that can be used include, 
but are not limited to, kV imaging (whether on the linear accelerator or ceiling/floor-mounted units), MV 
imaging, MV or kV cone beam computed tomography (CBCT), four-dimensional (4D) CBCT, CT-on-rails, 
on-board magnetic resonance imaging (MRI), and ultrasound guidance.

As with any new technology, the question is how efficient and accurate will the systems perform. This 
certainly applies to all advances that have been made in IGRT. Multiple groups have suggested that the key 
capabilities for an ideal IGRT system should include the following:

1. Three-dimensional (3D) imaging of soft tissues and tumors
2. 3D images that can be acquired and compared in an efficient and timely manner
3. An effective process to apply corrections based on imaging [4,5]

Patient’s imaging data can be monitored and assessed at multiple points. Online assessments can 
be made prior to turning on the beam, real-time occurs as the treatment is being delivered, and off-
line occurs after the treatment has been delivered [1]. Figure 1.2 demonstrates the image registration 
 performed at the linear accelerator console following a CBCT (green) to the original treatment planning 
CT (purple). Physicians may also review these images and the registration in the record and verify system 
(R&V), as seen in Figure 1.3. Each of these assessments provides the clinicians insight as to the daily dose 
delivery and allows them to make any adjustments as they see fit. These changes may range from as small 
as  having the patient moved to as large as deciding that the patient needs to be rescanned and reassessed 
based on the image review.

Figure 1.2 Image registration performed following a CBCT at the treatment console. The treatment planning 
CT is depicted in purple while the acquired CBCT is in green. Images are used to determine the necessary 
shifts prior to treatment. In this case, the positional error is shown in the lower-right portion. These transla-
tional shifts are performed prior to treatment. The tumor volume, planning target volume (PTV), spinal cord, 
and planning risk volume (PRV) for the spinal cord, lungs, and chest wall contours are displayed on the planning 
CT. (Image courtesy of Yan Yu, Thomas Jefferson University, Pennsylvania.)
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1.3.3 INTRAFRACTIONAL ADJUSTMENTS

With the implementation of IGRT into the treatment procedure, intrafactional motion errors can be reduced 
by imaging the patient prior to or even during treatment, to determine the extent of the tumor motion (due 
to breathing, peristalsis, and other normal functions) as well as the position of critical structures. Imaging 
techniques useful for this include orthogonal images (kV or MV) or CBCTs (kV or MV). This will allow 
patient positional changes to be made to ensure proper dosing of the tumor while limiting the dose to the 
normal surrounding tissues.

1.3.4 INTERFRACTIONAL ADJUSTMENTS

Over the course of treatment, patients may experience weight loss or tumor shrinkage, which may be detected 
with the use of IGRT. It has also been noted that soft tissue tumors tend to shift positions more frequently 
relative to adjacent bone anatomy [6,7]. Since margins have become tighter and the use of highly modulated 
plans and dose escalation has increased over the years, IGRT has become a useful tool for detecting any neces-
sary interfractional adjustments. 3D, intensity-modulated radiotherapy (IMRT) and volumetric modulated 
arc therapy (VMAT) plans are much more sensitive to organ geometry or anatomic changes in the patient [1]. 
Undetected changes in the patient can lead to underdosing of the tumor as well as unintended higher doses 
to critical structures. Without IGRT, the benefits of using such plans would be nonexistent because these dif-
ferences would not have been detected prior to treatment initiation.

In the event that interfractional adjustments are needed, the patient can be repositioned and imaged again 
prior to treatment. If repositioning is not enough to ensure proper treatment, the patient can be rescanned 
and reassessed to alleviate these issues.

1.4 PROCESS OF IGRT

Effective management of these challenges penetrates the entire treatment process, including consultation, simu-
lation, planning, quality assurance, pretreatment target localization, delivery, and assessment [8], as shown in 
Figure 1.4. At present, various image-guidance techniques play an important role in each of these processes. It 
is critical to understand what these technologies are and how they can optimally be used in these processes for 
lung radiation therapy as well as their impact on the success of each step in the treatment process.

Figure 1.3 Image review of registration following a CBCT in the record and verify system. The treatment plan-
ning CT is depicted in purple while the acquired CBCT is in green. Images are used to determine the necessary 
shifts prior to treatment. In this case, the positional error is shown in the lower-right portion. These translational 
shifts are performed prior to treatment. (Image courtesy of Yan Yu, Thomas Jefferson University, Pennsylvania.)



1.4 Process of IGRT 7

At consultation, a multidisciplinary team determines the feasibility of applying radiation therapy to the 
specific type of lung cancer and the potential for integration with other therapies. If radiotherapy is indicated, 
the treatment team, led by a radiation oncologist, will formulate a patient-specific immobilization method and 
suggest simulation images needed for treatment planning and a possible approach for managing organ motion 
based on the patient condition as well as a review of previous diagnostic imaging and patient information.

The process of simulation involves patient positioning, immobilization, and imaging to define how the 
patient will be treated. The stability and reproducibility of the simulation will have substantial impact on 
the precision of the radiation therapy. The prior experience/knowledge of the treatment team as well as the 
patient’s performance and compliance also play important roles. Various techniques can be used to achieve 
the goals of stabilizing patient and organ movements. Motion management involves two distinct processes: 
motion assessment and, if necessary, motion control [9,10].

Motion assessment mainly involves acquiring information about target motion to allow formulating a 
methodology of modulating radiation for optimizing target coverage while minimizing normal tissue irra-
diation. The motion information may be multifactorial but is typically acquired using four-dimensional com-
puted tomography (4D-CT) [11–13] or/and 4D magnetic resonance imaging (4D-MRI) [14–16] as well as x-ray 
fluoroscopic imaging. While fluoroscopic imaging provides real-time motion information, it only provides 
two-dimensional (2D) information and often may not be able to see the real target due to overlaid anatomic 
structures. 4D-CT and 4D-MRI generated with the same type of retrospective sorting techniques are then 
used for organ motion representation. However, it should be noted that the current reconstruction techniques 
only give one breathing cycle for each patient and the motion information can only be an approximation 
when an irregular breathing pattern is associated with the patient.

In turn, motion control is required if inherent motion exceeds thresholds to allow optimized planning. 
One approach for minimizing the normal tissue irradiation is the use of gating technologies which involves 
application of sophisticated imaging methods for planning and verification. Gating is well tolerated, and as 
long as the extension of time associated with its duty cycle does not lead to positional errors, patient discom-
fort is unlikely. Other methods, including abdominal compression, active breath-hold, and target tracking, 
also have been implemented in large published series.

The process of planning is aimed at determining the volumes for moving target and critical organs, the 
prescriptions for doses and associated volumes, and the radiation beam design and delivery strategy, as well 
as the verification methods used in the treatment room. Target volume is determined based on simulation 
images and available diagnostic images. Precision target delineation, dose calculation, and optimal delivery 
technique are all decided in this process. The prescription is related to these volumes [17–20].

The process of target localization in the treatment room involves verification of treatment targets and 
patient positioning as planned. Several technologies are available for this task. Some are based on 2D plane 
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images while others are based on 3D tomographic images and 4D images with a selected motion management 
technique. Images could be taken using classic x-ray sources, optical systems, ultrasound units, and MRI and 
electromagnetic imaging systems, etc. Different imaging modalities have different pros and cons for different 
treatment sites and should wisely be selected for each specific type of diseases. Verification of moving targets 
is always challenging. Real-time fluoroscopic imaging, 4D-CBCT [21–23], and electromagnetic tracking as 
well as 4D-MRI are some of the powerful tools used for this purpose. Imaging prior to and post-delivery of 
radiation is a way of examining patient immobilization and organ motion management [24].

The process of precise delivery of prescribed radiation involves management, monitoring or tracking, and 
verification of target motion, as well as possible intervention strategies as needed. This is critical, because 
the whole process of radiation therapy will not be optimal if there is no confirmation that the dose is appro-
priately delivered. Several imaging and guidance technologies are available for selection. X-ray-based imag-
ing, such as CBCT, provides not only 3D information about the patient, but also the motion information 
such as internal target volume (ITV). This process should be carefully thought out while engaging in the 
treatment planning. It is important that motion information be carefully validated with a minimal imag-
ing dose. Although image guidance is critical for precision targeting, it also introduces imaging doses as 
well as interventional time. Optimization of these factors also should be considered in lung cancer radiation  
therapy [25,26].

Adaptive treatment planning based on the image-on-the-day involves dose calculation accuracy and 
image quality for target delineation. Both real-time and non-real-time adaptation could be completed for 
improved therapeutic efficacy [2]. The process of adaptation involves imaging (using x-ray, MRI, positron 
emission tomography (PET), etc.) of treatment responses of target as well as normal tissue toxicities. This 
process is critical because it checks how effective radiation therapy is for the specific lung disease. These treat-
ments are traditionally done through personal interpolation of the data by physicians. However, the emerg-
ing approach is the use of analytics of all possible data obtained during and after the treatment, which is the 
application of big data analytics in radiation therapy [27].

Finally, a process of quality assurance (QA) should be emphasized. Optimal QA should be literally 
engrained into the treatment team’s culture, particularly as treatments become more potent and sophisti-
cated. In addition to performance of conventional machine-specific and patient-specific QA, process-specific 
and evidence-based QA should be emphasized. The training and performance of the staff performing the 
latter two should be checked periodically [28–30].

1.5 SUMMARY

The process of managing lung cancers with radiation therapy is rapidly evolving as technologies and tech-
niques are continuously advancing. Introduction of new image-guidance technologies and techniques such 
as real-time 4D-CT and MR imaging, enhanced imaging of both biological and physical markers, and track-
ing of physical and biological targets, continues to modify the treatment paradigm for precision radiation 
therapy for lung cancer, eventually leading to evidence-based and personalized treatment with improved 
clinical outcomes.

Methodologies, techniques, and technologies described in the subsequent chapters should be very useful 
and instructive in performing precision lung radiation therapy. We hope the entire processes of lung cancer 
radiation therapy can be analytically optimized based on prior knowledge of specific disease treatments and 
current knowledge of the specific patient conditions.
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2

History and future of IGRT in lung cancer

JOE Y. CHANG

2.1 INTRODUCTION

After its discovery by Wilhelm Roentgen in 1895, radiation started to be used as a diagnostic and thera-
peutic modality for cancer (Table 2.1). A patient with superficial breast cancer was treated with kilovoltage 
(kV)- range radiotherapy (RT) in 1896, but it was not until 1951 when the first cancer patient was treated 
with Cobalt-60 radiation. In 1956 when megavoltage (MV) energy-based linac was developed at Stanford 
University, it became possible to treat deep tumors. As a result of the development of computed tomography 
(CT) technology in the early 1970s, imaging techniques for cancer advanced significantly from 1970 to 1980. 
Finally, three-dimensional (3D) CT imaging and RT planning were widely implemented in the 1990s, revolu-
tionizing RT.

Modern RT plays a crucial role in the management of lung cancer in definitive, neoadjuvant, and adjuvant 
settings. In the past two decades, emerging cutting-edge technologies have enabled radiation oncologists to 
deliver a radiation dose using either photons or charged particles, conformal to the target while sparing the 
surrounding critical normal structures [1,2]. The primary goal of radiotherapy is to achieve tumor local/
regional control with acceptable side effects. Several major factors contribute to local and regional recurrence, 
distant failure, and normal tissue toxicity after RT:

1. Target misses because of imprecise imaging staging and RT planning
2. Geographic misses due to lung tumor motion and anatomic changes during RT
3. Inadequate radiation doses that lead to residual viable cancer cells and therefore local recurrence and 

metastasis
4. Biological heterogeneity that results in radiation-resistant residual disease, circulating tumor cells, or 

a compromised immune response. To improve the therapeutic ratio of RT, we must focus high doses to 
targets and curve them away from critical normal structures—a practice known as conformality [2].

Image-guided RT (IGRT) is crucial to conformality. It has led to improved RT accuracy and clinical out-
comes (1), particularly with the use of positron emission tomography (PET)/CT, four-dimensional (4D)-CT 
(for evaluating the tumor’s location, motion, and anatomy before and during RT), and on-board image-guided 
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adaptive RT. These techniques have enabled us to aim radiation precisely at the target and minimize the dose 
to surrounding critical structures (1, 2). IGRT makes it is possible to widely implement cutting-edge technol-
ogies such as stereotactic ablative RT/stereotactic body RT (SABR/SBRT), intensity-modulated RT (IMRT), 
volumetric modulated arc therapy (VMAT), and particle therapy in lung cancer, which typically presents as 
a moving target. Although we are entering a new era of molecular biology and immunology-based person-
alized medicine, it remains investigated about how to define the optimal RT dose and volume individually 
based on genomic profiling and how to combine RT with immunotherapy and molecularly targeted therapy 
in individual patients [3,4]. In this chapter, we review the history of IGRT (Table 2.1), as well as its status and 
future directions.

2.2  CT SIMULATION AND 3D-CRT HAVE REVOLUTIONIZED  
RT IN LUNG CANCER

Modern RT began with the implementation of a CT-based RT planning system in the 1990s that helps us 
view tumors three-dimensionally and view their relationship with normal critical structures. Previously, 

Table 2.1 History of radiotherapy and image-guided radiation therapy in lung cancer

Event Year Source

Discovery of radiation 1895 German physicist Wilhelm Roentgen, first Nobel Prize 

in Physics 1901

First use of diagnostic radiation 1896 Dartmouth College

First use of radiation to treat breast 

cancer

1896 Chicago medical student Emil Grubbe

Gamma rays from radium 1903 Physicists Marie and Pierre Curie, Nobel Prize in Physics

Nuclear particle cyclotron 1929 Ernest Lawrence, Nobel Prize in Physics 1939

Stereotactic radiosurgery 1951 Swedish neurosurgeon Lars Leksell

First patient treated on an MV linac 1956 Henry Kaplan at Stanford University

Concept of CT 1972 British engineer Sir Godfrey Hounsfield and Allan 

Cormack, Nobel Prize for Physiology or Medicine 1979

First PET image 1973 Edward Hoffman, Michael Pogossian, and Michael E. 

Phelps at Washington University

First MRI 1977 Raymond Damadian and Paul Lauterbur at SUNY Stony 

Brook

First 3D treatment planning 1990 Physicist Wendel Renner in Indianapolis

First CT simulator 1993 Picker International

First IMRT 1993 Physicists Thomas Bortfeld and Art Boyer at MD 

Anderson

First use of stereotactic radiotherapy in 

lung cancer

1995 Blomgren et al. [19], Karolinska Hospital, Sweden

Concept of IMPT 1999 Lomax et al. [15], Paul Scherrer Institut, Switzerland

First passive scattering proton therapy in 

lung cancer

1999 Bush et al. [21], Loma Linda

First 4D-CT 2003 Low et al. [22], Washington University; Pan et al. [23], 

GE Medical; Keall et al. [24], MD Anderson

First MRI-linac 2008 Lagendijk et al. [35], University Medical Center, Utrecht, 

The Netherlands

First clinical report of IMRT in lung cancer 2011 Yom et al. [30], MD Anderson

First clinical report of IMPT in lung cancer 2014 Chang et al. [18], MD Anderson
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two-dimensional (2D) RT planning was used to obtain tumor measurements and the information was copied 
to orthogonal “simulation films” (typically anterior to posterior and lateral films). Radiation oncologists were 
known to carry different-colored markers in their pockets to draw target volumes in simulation films. Using 
2D techniques, it was established that a total dose of 60–66 Gy could be delivered to a lung cancer target 
with acceptable toxicity. However, this dose was associated with local control of only 30% to 50% (Radiation 
Therapy Oncology Group (RTOG) 7410) [5] and 35% grade 3 and higher esophagitis and pneumonitis when 
concurrent chemotherapy was given (RTOG 9410) [6].

By the late 1990s, CT-based RT planning was widely used, enabling the development of 3D conformal 
RT (3D-CRT) for lung cancer (Table 2.1). 3D-CRT evaluates different beam angles and weightings three-
dimensionally and calculates doses for both the target and each critical normal tissue structure [7]. 3D-CRT 
remains the current “standard” of RT in lung cancer in many countries, although it is being gradually 
replaced by IMRT/VMAT [2,7].

2.3  4D-CT MILESTONE OF HIGHLY CONFORMAL  
RT IN MOVING TARGETS

One of the greatest challenges in RT of lung cancer is respiration-induced target motion (also called intra-
fractional tumor motion); it adds considerable geometric uncertainty to treatment [8,9], particularly when using 
highly conformal RT techniques such as IMRT/VMAT, SABR/SBRT, and particle therapy. In IMRT/VMAT, 
each treatment field or arc may cover only a portion of the target, and motion could lead to a geographical target 
miss [10,11]. The implementation of IMRT/VMAT in lung cancer was delayed until 4D-CT became available [7]. 
In SABR/SBRT, the target volume is typically small and has significant motion; it is easy to miss the target, 
which can result in significant target underdosing and local treatment failure [12]. In addition, due to the high 
doses being used, it is critical that the dose to the surrounding normal tissues is minimized [13]. Particle therapy, 
such as proton therapy, is more sensitive to motion and tissue density changes than photon therapy [14]. Robust 
motion management is crucial, particularly for intensity-modulated proton therapy (IMPT) [15–18].

Several approaches have been developed to address respiration-induced motion and minimize the risk of 
missing or overdosing critical structures. Based on simplified motion control techniques such as case selec-
tion, a large motion margin, surrogate-guided respiratory gating, and abdominal compression, SABR/SBRT 
[19,20] and passive scattering proton therapy [21] were developed before the application of modern 4D-CT-
based motion management in 2003 (Table 2.1) [22–24]. With its multi-slice detectors and fast-imaging recon-
struction, 4D-CT performs image acquisition while the patient is breathing, thus allowing for the assessment 
of individual organ and target motion. Using 4D-CT, we can determine optimal motion management strat-
egy, including the use of iGTV, breath-hold, respiratory gating, and tumor tracking [1]. In addition, 4D-CT 
simulation significantly improves RT accuracy in moving targets and trig wide acceptance and implementa-
tion of IMRT/VMAT, SABR/SBRT, and proton therapy, particularly IMPT [1,18].

2.4 ADAPTIVE RT

Developed in the early 2000s, daily on-board kV images using bony structures have improved location accu-
racy and reduced daily set-up uncertainty in RT. The wide use of kV imaging led to decreased planning of  
target volume margins that spared more critical structures and reduced toxicities. However, lung cancer 
typically cannot be visualized by kV imaging. The motion and anatomy of tumors can change significantly 
during RT, which can lead to targets being missed and normal tissues being overtreated [25]. Thus, an ini-
tial simulation-based treatment plan may not match the daily treatment delivered. Volumetric in-room or 
on-board imaging such as cone beam CT or CT on-rails, implemented in the early 2000s, can reveal these 
changes and guide daily setup [26,27]. Re-planning of RT using repeat 4D-CT images to adapt to changes 
in patient anatomy and organ motion between treatment fractions might be warranted for selected highly 
mobile tumors to reduce the potential for missing the target in highly conformal RT [28].
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4D-CT-based motion management and volumetric image-based adaptive RT provide the basis for 
 modern RT in lung cancer (i.e., IMRT/VMAT, SABR/SBRT, and particle therapy) [1]. Thanks to these 
developments, lung cancer outcomes have significantly improved, including survival and toxicities. Image-
guided SABR/SBRT was found to improve local control and overall survival in medically inoperable stage I 
non-small-cell lung cancer (NSCLC) [12] and has become the standard of care. It is also emerging as a non-
invasive treatment option for medically operable stage I NSCLC [29]. IMRT has been gradually adapted in 
the clinic for lung cancer and shows improved toxicity and quality of life [30–32]. Better image staging and 
the implementation of 3D-CRT, IMRT have been shown to improve overall survival. In a national research 
protocol, the median overall survival duration increased from 17 months in RTOG 9410 to 28 months in 
RTOG 0617 [33].

4D-CT only samples a snapshot of tumor motions on the simulation day; the motion and shape/volume 
can vary significantly at different times and on different days, particularly with the conventional 30 fractions 
of RT. The ideal solution to this problem is to track the tumor in real time during treatment and correct the 
beam position to match the location of the target [34]. This approach has been used with the Calypso® system 
and CyberKnife®, with implemented fiducials as a surrogate. It is now possible to perform volumetric imag-
ing during treatment delivery with true “real-time” tumor tracking using MRI-based linac [35].

2.5 MRI-GUIDED RT

There are two disadvantages in using CT for RT:

1. Some soft tissue targets, such as esophageal cancer, liver cancer, prostate cancer, and rectal cancer, can-
not be visualized clearly using CT because surrounding normal tissues have similar soft tissue densities 
on built-in “on-board” volumetric images.

2. There is no real-time imaging during radiation delivery at present.

Although MRI was invented in the 1970s, its use in radiation oncology was delayed due to cost and technique 
complexity. It has been extensively used to evaluate metastatic disease in the brain in patients with lung cancer. 
It has substantially improved the diagnostic accuracy for certain cancers, including liver, prostate, head/neck, 
and lung cancers that invade soft tissues. MRI-linac or MRI-Cobalt machines have recently been implemented 
and have great potential to improve the therapeutic ratio in selected cancer cases. Functional MRIs can provide 
unique biological information about the target and surrounding critical structures. Additional research is ongo-
ing as more MRI-based simulation, MRI-Linac/Cobalt machine procedures are implemented clinically [35,36].

2.6  CANCER BIOLOGICAL CONFORMALITY: INDIVIDUALIZED 
DOSE PAIRING BASED ON QUANTITATIVE FUNCTIONAL  
AND MOLECULAR IMAGING

The improved capabilities of MRI, spectroscopy, and PET have provided physiological and functional images 
of tumors and their surrounding normal tissues that can be used to guide RT, optimizing dose boosts and 
sparing critical structures. PET/CT imaging improves lung cancer staging and improves RT target accuracy 
by 25% to 50% (37). PET/CT imaging upstaged and downstaged lung cancer in 25% of patients [37]. Studies 
examining the utility of FDG-PET and hypoxic imaging as radiographic biomarkers for treatment failure 
have shown that regions with a high standardized uptake value (such as >13.8) or hypoxia are more likely to 
have local recurrence after a standard dose of RT [38].

Biologically, tumors are heterogeneous: clones and tumor subregions may contain different dominant driv-
ing gene mutations, tumor-associated antigens, and different enrichments of cancer stem cells. In addition, the 
microenvironment, such as blood endothelial cells, of each subregion can differ. Therefore, not only should we 
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treat each patient individually based on his or her tumor’s histological type, size, location, and motion but also 
based on the targeted subregion microenvironment, metabolism, gene profile, and immune reaction.

IMRT/VMAT, including IMPT, allows for non-homogenous dose distribution, thereby providing the 
means to selectively paint the dose to subregions within the target using quantitative functional images and 
to further customize the delivered dose distribution [39]. Dose escalation to regions at high risk of tumor 
recurrence may further improve local control—and potentially survival—while protecting large areas of nor-
mal tissue from high doses of radiation. Currently, the RTOG is evaluating this approach in stage III NSCLC 
using PET imaging to boost the volume to up to 86 Gy during 30 fractions of RT. CT imaging voxel-based pre-
scriptions of deliberately non-uniform dose distributions that are based on quantitative molecular  imaging 
(i.e., dose-painting RT) can map the image data intensities to prescribed doses [40,41]. IMRT has significantly 
improved physical conformality in RT, but quantitative functional imaging has launched a new era of bio-
logical conformality and additional studies are ongoing.

There is emerging information about the molecular and immune profiles of cancer that will lead to changes 
in treatment. Molecular imaging based on this information will reveal biological and immunological traits 
of tumors at the genotype and phenotype levels. These developments will converge to provide significant 
opportunities for enhancing the success of RT. Computer-based technologies, such as CT, PET/CT, 4D-CT 
and 4-D PET/CT, have revolutionized RT in the past decades. The combination of biology and technology will 
certainly provide more opportunities to revolutionize RT. For example, the combination of immunotherapy 
and SABR/SBRT holds promise for improving the therapeutic ratio compared with either treatment alone. It 
might lead to more cures of stage I to IV cancers, including lung cancer [3]. Molecular markers, quantitative 
functional imaging [42] including radiomics [43], IGRT, and the combination of emerging immunotherapies 
and molecularly targeted therapies [3,4] will be the next research focuses in radiation oncology. IGRT will 
play more of a role in lung cancer management in the coming decades. There is no better time in radiation 
oncology to have an impact on the management of lung and other cancers.
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DANIEL LOW, TINSU PAN, NING WEN, AND CARRI K. GLIDE-HURST

3.1 INTRODUCTION

Advances in image-guided radiation therapy (IGRT) and intensity-modulated radiation therapy (IMRT) 
have enabled the generation and delivery of highly conformal radiation dose distributions. These conformal 
techniques facilitate target dose escalation with the aim of improving survival and normal tissue sparing. 
The accuracy of the conformal techniques is, however, limited by the uncertainties in patient positioning 
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and internal tumor and normal tissue motion. This issue is particularly critical in IGRT of lung cancer where 
the respiratory motion is an inherent source of uncertainty. Four-dimensional computed tomography (4D-
CT) imaging technologies have shown that significant motion can occur during radiation treatments. If left 
uncompensated, such motion can lead to significant dose delivery errors.

Breathing-induced motion is relatively fast. In computed tomography (CT), respiratory motion causes arti-
facts because tissues move in and out of the CT slice window during image acquisition. Modern CT scanners 
have rotation periods of between 0.3 s and 0.5 s. For a slice thickness of 1 mm, this implies that tissue velocities 
greater than 2 mm/s will cause at least minor blurring. Different types and magnitude of artifacts have been 
reported by Yamamoto et al. [1]. Sub-optimal image quality can cause target volumes to be inaccurately delin-
eated, leading to inconsistencies between the actual tumor shape and the high radiation dose regions.

During the treatment, respiratory motion of the tumor also leads to the degradation of the prescribed 
dose distribution [2]. This is typically reflected by blurring of the dose distribution. The amount of blurring 
depends on the amplitude and characteristics of the breathing motion and is most often independent of the 
specific delivery technique. When the delivery techniques involve moving beams or moving apertures, such 
as IMRT delivered with a multileaf collimator, interplay effects between the moving beams and organs can 
further distort the radiation dose distributions. The resulting dose distribution can also be deformed by the 
motion of internal heterogeneities [3], but it has been found that dose deformations and interplay effects are 
relatively small, and the dominant effect is the blurring of the dose distributions. Given the adverse impact 
that respiratory motion can have on both imaging and treatment delivery, it is important to understand the 
motion characteristics and the different motion reduction/compensation strategies during imaging simula-
tion to develop optimal treatment plan. This chapter discusses the methodologies for characterizing respira-
tory motion, measuring respiratory motion, and motion management strategies for IGRT of lung cancer.

3.2 4D-CT

Since respiration can be both voluntary and involuntary, there can be significant variation in the extent of 
the tissue motion. Breathing patterns are patient specific and, coupled with the differing locations of dis-
eased tissues, large variations can be observed. The range and variation of organ motion has been reported 
extensively, e.g., Keall et al. (Table 3.1) [4]. Nevertheless, there are some observations that generally apply to 
respiration-induced organ motion.

 ● Organs translate and deform due to respiration.
 ● Tissue motion hysteresis, shift in baseline position, and cardiac-induced tissue motion as well as change 

in respiratory patterns have been observed. Figure 3.1 [5] shows examples of regular and irregular 
breathing motion.

 ● In the lungs, the largest displacement is generally observed in the cranio-caudal direction and the least 
in the lateral direction.

4D-CT was one of the most important developments in radiation oncology in the last decade. Its early 
development in single-slice CT (SSCT) and commercialization in multi-slice CT (MSCT) have radically 
changed our practice in radiation treatment of lung cancer and have enabled the stereotactic radiosurgery of 
early stage lung cancer. In this section, we will document the history of 4D-CT development, detail the data 
sufficiency condition governing the 4D-CT data collection, present the designs, and compare the differences 
of the helical and cine 4D-CTs.

3.2.1 HISTORY OF 4D-CT
Helical CT was developed in 1990 [6] to allow simultaneous data acquisition and table translation. Prior to that, 
CT data were obtained in the axial mode where the table was stationary during data acquisition. It was clear 
that helical CT saved time in data acquisition because it avoided the stop-and-shoot acquisitions of the axial CT. 
The x-ray beam width was ≤10 mm in the table direction and the fastest gantry rotation time was 1 s. Often, the  
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CT scanner had to pause for the tube to cool down prior to another scan. We call these types of CT scanners 
SSCT as opposed to the MSCT introduced in 1998 when the CT simulation was about to become clinically 
popular [7]. MSCT was a technological revolution over SSCT because it allowed  for the reconstruction of slices 
less than 5mm thickness with >20mm craniocaudal detector coverage. The major improvements from SSCT to 
MSCT were larger detector coverage, faster gantry rotation, and a larger capacity x-ray tube. These technological 
advances were originally designed to support cardiac imaging. The fastest gantry rotation cycle was 0.28 s per 
revolution. Dual source CT further has further reduced cuts the scan time by half and can improve the temporal 
resolution to 75 ms [8]. The largest coverage in one CT rotation is typically 16 cm to allow imaging of the coro-
nary arteries in one cardiac cycle or cerebrovascular perfusion imaging of the whole brain for about a minute [9].
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Figure 3.1 Examples showing the tumor position variability. These patient datasets were acquired using 
CyberKnife® Synchrony®. (From Suh, Y. et al., Phys Med Biol., 53, 3623–640, 2008.)

Table 3.1 Variation in respiration induced motion of organs in the thorax and abdomen in literature

Direction

Observer SI AP LR

Barnes (Ref. 74): Lower lobe 18.5 (9–32) – –

Middle, upper lobe 7.5 (2–11) – –

Chen (Ref. 73) (0–50) – –

Ekberg (Ref. 22) 3.9 (0–12) 2.4 (0–5) 2.4 (0–5)

Engelsman (Ref. 24) – – –

Middle/upper lobe (2–6) – –

Lower lobe (2–9) – –

Erridge (Ref. 104) 12.5 (6–34) 9.4 (5–22) 7.3 (3–12)

Ross (Ref. 60): Upper lobe – 1 (0–5) 1 (0–3)

Middle lobe – 0 9 (0–16)

Lower lobe – 1 (0–4) 10.5 (0–13)

Grills (Ref. 80) (2–30) (0–10) (0–6)

Hanley (Ref. 61) 12 (1–20) 5 (0–13) 1 (0–1)

Murphy (Ref. 77) 7 (2–15) – –

Plathow (Ref. 65): Lower lobe 9.5 (4.5–16.4) 6.1 (2.5–9.8) 6.0 (2.9–9.8)

Middle lobe 7.2 (4.3–10.2) 4.3 (1.9–7.5) 4.3 (1.5–7.1)

Upper lobe 4.3 (2.6–7.1) 2.8 (1.2–5.1) 3.4 (1.3–5.3)

Seppenwoolde (Ref. 50) 5.8 (0–25) 2.5 (0–8) 1.5 (0–3)

Shimizu (Ref. 75) – 6.4 (2–24) –

Sixel (Ref. 79) (0–13) (0–5) (0–4)

Stevens (Ref. 49) 4.5 (0–22) – –

Source: Keall, P.J. et al., Med Phys., 33, 3874–900, 2006.
Mean displacement (minimum-maximum) in mm.
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SSCT was not practical for clinical 4D-CT imaging because of its limited detector coverage and slow 
gantry rotation [10]. Routine clinical 4D-CT was not practical until MSCT became available in 1998. With 
a detector coverage of more than 1 cm, a single rotation of a 4-slice CT scanner could produce four 2.5 mm 
thick slices much faster than a SSCT. Almost as significant as the development of MSCT was the introduction 
of the gantry rotations of 0.5 s, which was designed to support coronary artery CT imaging, with a spatial 
resolution of less than 0.5 mm and a temporal resolution of faster than 250 ms. 64-slice CT has become 
popular in both diagnostic imaging and radiation oncology. Currently, the scanner with the largest detector 
coverage is the Aquilion ONE 320-slice CT scanner (Toshiba America Medical Systems, Tustin, CA), with a 
coverage of 16 cm per gantry rotation [11,12]. It was shown in a phantom study that the 320-slice MSCT can 
help characterize tumor motion more accurately than a 16-slice MSCT [13]. Its clinical application in 4D-CT 
is promising. The scanner with the highest temporal resolution (< 100 ms) is the SOMATOM dual-source CT 
scanner [8] (Siemens Medical Solutions USA, Malvern, PA). The first 4D-CT application was the cardiac CT, 
a non-invasive procedure to image the coronary arteries.

The first application of 4D-CT imaging of the lung tumor subject to the respiratory motion was first 
 published by Vedam et al. [10] and Ford et al. [14], using the AcQSIM SSCT scanner (Philips Medical Systems, 
Andover, MA). The smallest pitch, defined as the ratio of the table travel per 360 degree gantry rotation to the 
width of the imaging x-ray beam, on this scanner was 0.5. Given the relatively small radiation beam width, 
using the maximum gantry rotation speed would not allow the patient to be scanned rapidly enough to com-
plete a single breathing cycle. Therefore, the gantry rotation rate was slowed to 1.5 s [15]. However, the table 
speed in this design was still too fast for 4D-CT. Also, the long acquisition time of up to 7 min per respiratory 
phase due to the limited coverage of the SSCT scanner was not well suited for routine clinical 4D-CT.

The first clinical use of 4D-CT was presented at the AAPM 2002 Annual Meeting in Montreal, Canada, 
using the GE MSCT scanners (GE Healthcare, Waukesha, WI) [15]. They utilized the cine CT scan proto-
col already available on the GE MSCT scanner, which could scan at the same location for multiple gantry 
rotations to provide cine (or movie) CT images, which were correlated with a respiratory surrogate (Real-
time Position Management (RPM) respiratory gating system (Varian Medical Systems, Palo Alto, CA). 
Both Phillips and Siemens later modified their low-pitch helical cardiac CT scanning mode for their 4D-CT 
design [16]. This design was commercialized in 2006 on MSCT scanners with at least 16 slices. In comparison, 
all the GE MSCT scanners manufactured since 1998 and with at least 4 slices and that were configured with 
cine CT scan capability have been able to conduct 4D-CT.

3.2.2 4D-CT IMAGE ACQUISITION

The goal of 4D-CT in to derive a time sequence of the 3D anatomy of interest over a respiratory cycle. The 
data collection is typically obtained through synchronized acquisition of a patient respiratory signal and the 
anatomical image data. The respiratory signal can be acquired using devices that track patient surface posi-
tions or breathing tidal volume [14,17]. In addition, internal surrogates have been introduced, such as body 
area [18], combined image features [19], and diaphragm positions [20].

There are two basic methodologies for 4D-CT imaging: helical and cine image acquisitions [21–24]. In 
both cases, a breathing surrogate is measured simultaneously to CT acquisition. Helical scanning involves the 
couch translates as the CT gantry rotates. The patient passes through the bore once, and the CT projections 
are sorted per breathing trace and breathing cycle definition (amplitude or phase-angle). The requirement for 
4D-CT data collection is to acquire the data at each slice location for at least one breath cycle of approximately 
4–5 s. As the patient passes through the scanner, the couch moves slowly, so projections are acquired at each 
location for at least one breath cycle. For example, a typical CT simulator has a rotation period of 0.5 s and 
uses a pitch of 0.06. Therefore, each location is scanned for 8.3 s, longer than a typical breathing cycle. As the 
scanner rotates, CT projections are stored and then re-sorted according to the breathing phase during which 
they were collected. The second technique is cine. In this case, the couch is stationary and the CT scanner 
acquires repeated cine scans. Once sufficient scans have been acquired, the CT couch moves to an abutting 
position and the scanning is repeated.
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Both helical and cine 4D-CT scans need to meet the requirement of data sufficiency condition to ensure 
there is at least one respiratory cycle of data at each location. Unlike cine 4D-CT, helical 4D-CT tends to 
result in thicker slices due to data interpolation and a longer workflow because image reconstruction can-
not start until the respiratory signal of the helical 4D-CT scan has been completely acquired. Commercial 
helical 4D-CT can be performed by MSCT scanners of 16-slice or up, while cine 4D-CT can be done using 
MSCT scanners with 4-slice or up. A very important quality control step in 4D-CT is to ensure accuracy in 
identifying the end-inspiration phases of the respiratory signal because inaccurate identification of the end-
inspiration phases will cause 4D-CT to generate incorrect data.

3.2.2.1 HELICAL 4D-CT

The challenge in 4D-CT imaging is to capture a complete breath cycle of the lung motion in CT imaging. 
Since no CT detector can cover the whole lungs, and the conventional scan speeds for diagnostic CT and 
cardiac CT imaging are still too fast for 4D-CT of the lungs. Special care must be taken to ensure the scanner 
parameters such as pitch value, gantry rotation time, table speed or table translation per rotation and detec-
tor configuration are suitable for 4D-CT imaging. Figure 3.2 is an illustration of a helical CT scan. An x-ray 
source sends out a cone-like radiation field illuminating a multi-row detector. This cone-like radiation field 
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Figure 3.2 Illustration of a helical CT scan with four active detector rows and its pitch definition.
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is characterized by the in-plane fan angle of about 60 degrees and the x-ray collimation (the active detector 
width) at the center of rotation. Since the patient table is moving while the CT gantry is rotating, the illumi-
nation field follows a helical course in a patient-centric coordinate system. Table motion and gantry rotation 
speed must be selected in a way that the targeted lung area is covered in the x-ray beam for at least one com-
plete breath cycle, which is the data sufficiency condition of 4D-CT [22].

The time needed to acquire one image is equal to one gantry rotation cycle for full-scan reconstruction 
(FSR) or half of a gantry rotation cycle plus fan-angle for half-scan reconstruction (HSR) [25], which is 
180 degrees plus about 60 degrees, roughly 2/3 gantry rotations. Additional data acquisition is needed because 
it takes at least 2/3 of a gantry rotation cycle in CT for an image reconstruction and to ensure that there are 
images at both ends of a complete breath cycle. This additional data acquisition is not necessary for projection 
x-ray imaging such as fluoroscopy, in which each projection is an image without image reconstruction like in 
CT [26]. To satisfy the data sufficiency condition, the pitch value p needs to fulfill the following conditions;
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where equations 3.1 and 3.2 correspond to FSR and HSR, respectively. Where Tg and Tb are the durations of 
the gantry rotation cycle and the breath cycle, respectively. If the breath cycle Tb is the same as the gantry rota-
tion cycle Tg, then after one Tg (e.g., Tb = Tg = 4 s), the detector moves in and out of the x-ray beam in exactly 
one Tb. Considering the extra acquisition of Tg for one image reconstruction, p = ½. If the breath cycle Tb is  
4 times of Tg (i.e., Tb = 4 s, Tg = 1 s), then p = 0.2. Typically, Tb = 4 s and Tg = 0.5 s and p = 0.11, almost the same 
as the typical pitch factor of 0.1 or less in the helical 4D-CT in Tables 3.2 and 3.3. Similar reasoning can be 
applied to Equation 3.2 for HSR.

One important observation of the pitch value selection is that the longer the breath cycle Tb or the shorter 
the gantry rotation cycle Tg is, the smaller the pitch factor p becomes. In diagnostic CT imaging, the pitch 
value with patient breath-hold and without gating, p is about 1, which is 10 times faster than the pitch 
employed in helical 4DCT.

Philips and Siemens employ helical 4D-CT. Both implementations were derived from the low-pitch helical 
CT scan of cardiac CT, which has the pitch values p of 0.2–0.3 for a targeted heart rate of about 60 beats per 
minute. By lowering p to 0.1 or less, and replacing the electrocardiographic monitor with a respiratory moni-
tor, the helical 4D-CT for imaging the thorax under the condition of respiratory motion of 10–20 cycles per 
minute (corresponding to a 3- to 6-s respiratory cycle) becomes possible. The slower the respiratory motion, 
the smaller the pitch value p must be to meet the data sufficiency condition and to avoid undersampling in 
helical 4D-CT.

The pitch values p of the Philips CT scanners [27] and calculated values by Equation 6.1 for the breath-
ing cycles of 3–6 s and gantry rotations of 0.44 and 0.5 s for FSR are listed in Table 3.2. Both values match 
closely. When the gantry rotation time changes from 0.5 to 0.44 s, pitch values p become smaller because the 
shorter gantry rotation time allows the scanner to cover a larger volume for the same duration at the same 
pitch, which may cause the scanner to scan too fast and violate the data sufficiency condition. Equation 3.1 
can be used to calculate the gantry rotation cycles and the breath cycle durations other than those listed in 
Table 3.2.

The Siemens pitch values [28] and calculated values from Equation 3.1 are listed in Table 3.3. This scanner 
uses a single pitch value of 0.1 and two gantry rotation cycles of 0.5 and 1.0 s [29]. Since the pitch values p 
stay the same, the gantry rotation time must be increased with the increase of the breath cycle duration. This 
design is different from that of the Philips CT scanner, whose pitch value becomes smaller when the breath 
cycle becomes longer. In the Siemens design, a longer gantry rotation cycle of 1.0 s is required to slow down 
the scan speed to accommodate for a breath cycle of ≥6 s with the same p of 0.1. One disadvantage in this 
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design is that each CT image will have a temporal resolution of 1 s for FSR and 0.5 s for HSR. Longer breath 
cycles tend to have a longer duration of expiration than shorter cycles do. A decrease of the temporal resolu-
tion will increase image blurring in the CT image, particularly for the images acquired in the transition of the 
end-expiration phase to the end-inspiration phase, which tends to have the largest motion during respiration.

3.2.2.2 CINE 4D-CT

Cine 4D-CT was the first 4D-CT commercially available on MSCT. Instead of using the pitch factor of less 
than ~0.1 to achieve the data sufficiency condition in helical 4D-CT, the scan duration (or cine duration) 
of each cine CT scan is set at one breath cycle plus 1 s, and the scan coverage of each cine CT scan is 1-cm 
(= 4 slices of 2.5 mm) on a 4-slice or 2 cm (= 8 slices of 2.5 mm) on an 8-slice or a 16-slice CT scanner. An 
illustration of cine 4D-CT is shown in Figure 3.3 for an 8-slice CT scanner. A cine 4D-CT scan consists of 
multiple cine CT scans of 1 or 2 cm to cover the whole lungs. This cine CT scan capability has been available 
on the GE MSCT scanners since 1998, and was first applied to 4D-CT in 2002 (AAPM 2002 Annual Meeting 
in Montreal, Canada) on the GE MSCT scanner (GE Healthcare, Waukesha, WI) [15]. Because the GE cine 
4D-CT is based on the cine CT scan mode already available on their MSCT scanner, it does not require 
any hardware or software modification on the MSCT scanner, and it only needs an image sorting software, 
which correlates the same phase of CT images over the multiple cine scan positions for a single phase of 
4D-CT images. The GE MSCT allows for the prescription of a large coverage of over 30 cm in a single 
scan setup, convenient for the application of 4D-CT. Radiation dose in the thorax application of 4D-CT is 
 generally less than 50 mGy. Low et al. [30] proposed a similar cine 4D-CT technique on a Siemens 4-slice CT 
using a spirometer to measure the respiratory signal. In their approach, each cine CT scan of 1-cm coverage 
requires a new scan setup [17,22]. It takes 15 scans of 0.5 s (7.5 s total x-ray on time) per position to scan over 
one respiratory cycle of data. There was an inter-scan delay of 0.25 s between two consecutive 0.5-s scans. In 
total, 11.25 s per step was needed, considering the inter-scan delay time. A scanning pause of about 2 min 
after 7 scans was required for the user to re-program another sequence of 7 scans. Although this approach 
could achieve 4D-CT, it was not practical for a large coverage of over 30 cm due to the inconvenience of set-
ting up the scan protocol.

Table 3.2 Pitch Values p for the Philips CT scanner and calculated values from equation 3.1 at the given gantry 
rotation cycles Tg and breath cycles of 3–6 s

Tb

Philips design Calculated values with FSR

p @ Tg = 0.5 p @ Tg = 0.44 p @ Tg = 0.5 p @ Tg = 0.44

3 0.15 0.12 0.14 0.13

4 0.11 0.10 0.11 0.10

5 0.09 0.08 0.09 0.08

6 0.075 0.065 0.077 0.068

Table 3.3 Pitch Values p for the Siemens CT scanner and calculated values from equation 3.1 at given gantry 
rotation cycles Tg and breath cycles of 3–6 s

Tb

Siemens design Calculated values with FSR

p @ Tg = 0.5 p @ Tg = 1.0 p @ Tg = 0.5 p @ Tg = 1

3 0.1 N/A 0.14 0.25

4 0.1 N/A 0.11 0.20

5 0.1 N/A 0.09 0.17

6 N/A 0.1 0.077 0.14
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3.2.2.3 COMPARISON OF HELICAL 4D-CT AND CINE 4D-CT

The helical 4D-CT scan data allow for CT image reconstruction at any location by permitting data interpola-
tion between two neighboring detector elements (Figure 3.4), whereas the cine 4D-CT scan data allow for 
reconstructions only at the scan positions. When using 4D-CT to scan lung cancer patients, it is important 
to have a complete coverage of the lungs for tumor delineation and dose calculation. Typical image slice 
thicknesses in radiation treatment planning are 2–3 mm. Data interpolation in helical 4D-CT widens the 
slice sensitivity profile, a measure of the slice thickness of the CT image. It is important to use the thin 
slice  collimation of 16 × 1.50 mm or below in helical 4D-CT on a 16-slice MSCT scanner because data inter-
polation will widen a slice thickness of 1.50 mm to almost 2.7 mm. The 8 × 2.50 mm collimation in cine 
4D-CT will generate the slices of 2.5 mm because no data interpolation is in the cine CT image reconstruc-
tion. In diagnostic imaging, data interpolation causes only about 20% widening when the pitch is greater 
than 0.5; the amount of widening reaches 180% when the pitch is less than 0.2. To better understand this, we 
can take two independent slices of 2.5 mm at two neighboring locations in cine 4D-CT and interpolate for 
an image located right between the two slices; in such a case, interpolation would assign 50% weight to each 
image, and the composite image will become a 5.0-mm slice (resulting in 200% broadening of the slice thick-
ness). Image reconstruction at pitch values of less than 0.1 in helical 4D-CT significantly thickens the CT 
images [22]. Once the pitch factor p becomes 0, helical CT interpolation is no longer needed and the helical 
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Figure 3.3 Cine 4D-CT data acquisition on an 8-slice CT scanner with 2-cm cine acquisition of one breath 
cycle plus 1 s per table position. The end-inspiration and end-expiration phases are EI and EE, respectively. 
The cine CT images are correlated with the respiratory signal to become 10 phases of 4D-CT images, which 
can be averaged to become average CT for attenuation correction of the PET data. Alternatively, average 
CT can be averaged directly from the cine CT images. One approach to making attenuation correction of 
PET work is to replace the thorax portion of the helical CT images with the average CT images.
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4D-CT becomes cine 4D-CT. That is the reason that the typical detector configuration in a 16-slice MSCT is 
16 × 1.50 mm to keep the slice thickness < 3 mm.

The fan angle of the CT detector arc is about 60 degrees. If the breath cycle is 4 s, and the gantry rotation 
cycle is 0.5 s, a cine 4D-CT acquisition will take 4.3 s and a helical 4D-CT acquisition 8.3 s to cover 2 cm on a 
16-slice MSCT scanner (Figure 3.4). The 8.3 s was from a 4-s breath cycle, 0.3 s of 180 degrees plus 60 degrees 
of gantry rotation and additional 4-s to allow for a complete breath cycle at the location of interest between z1 

and z2. The longer acquisition time needed for helical 4D-CT is due to the additional time needed for the table 
to translate to acquire the data over one respiratory cycle. Since the 4D-CT acquisition for the lung cancer 
 typically covers the whole lung, this overhead in the helical 4D-CT acquisition is not significant. It contrib-
utes to a small amount of extra time required in acquisition and a small amount of extra radiation exposure to 
the patient. Overall, helical 4D-CT is faster than cine 4D-CT for imaging the thorax because in cine 4D-CT 
the table will be paused to allow the table to move to the next position; the accumulated pause time lengthens 
the overall acquisition time required for cine 4D-CT, making helical 4D-CT a faster 4D-CT. The speed up (in 
favor of helical 4D-CT) and extra radiation (in favor of cine 4D-CT) are both very small.

In helical 4D-CT, once the pitch factor is determined from either Table 3.2 or Table 3.3, collections of the 
helical 4D-CT data and the respiratory signal proceed simultaneously. Reconstruction of the helical 4D-CT 
images will not start until completion of the review of the respiratory signal for accurate identification of the 
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Figure 3.4 Illustration of data interpolation widening the slice thickness. The scanning trajectories of helical 
and cine 4D-CTs for a breath cycle of 4 s are shown in (a). The data in both seg 1 and seg 2 correspond to the 
same respiratory phase. Data interpolation of the helical CT data around point 1 in seg 1 is illustrated in (b). 
The two gray regions in (a) indicate the 4D-CT data between the two locations of z1 and z2. To scan only one 
breath cycle of 4D-CT data, helical acquisition needs to scan for 8.3 s, whereas cine acquisition only needs 
4.3 s, assuming the gantry rotation cycle of Tg = 0.5 s. Helical CT data interpolation is illustrated in (b). There 
is only one data point from Det 2 (“Det” stands for detector) for data point 1 (no interpolation is needed); two 
data points of Det 1 and Det 2 are weighted by (1 − α) and α for data point 2; and two data points of Det 2 
and Det 3 are weighted by β and (1 − β) for data point 3. The location of the reconstructed image is at the 
dashed line.
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end-inspiration phases, which may also require editing by the operator. This process slows down the helical 
4D-CT workflow but allows for the reconstruction of the 4D-CT images at the specified phases. A suggestion 
to start image reconstruction before completion of data acquisition is possible. However, any change of image 
selection through editing of the end-inspiration locations will result in additional image reconstruction. Due 
to this, the multiple phases of helical 4D-CT may not be available for several minutes after the patient leaves 
the 4D-CT acquisition session.

Data processing is generally faster for cine 4D-CT than helical 4D-CT to generate the 4D-CT images. 
Once the average duration of the respiratory signal is determined, the cine scan duration per location is set 
to the average duration plus 1 s. This additional 1 s is recommended in case the patient’s breathing slows 
down during data acquisition. Image reconstruction starts immediately when there are data for image recon-
struction. The time interval between two CT image reconstructions should be less than Tg so that the image 
correlation with the respiratory signal will have a better chance of getting the images at the targeted phases.

In general, phase selection accuracy is better with helical 4D-CT than with cine 4D-CT because the recon-
struction of a specific phase is determined before image reconstruction in helical 4D-CT, but not in cine 4D-CT. 
However, the difference is very small because 4D-CT is primarily used to depict the extent of tumor motion and 
the temporary resolution or time span of each CT image itself can cover more than 10% of a respiratory cycle. 
For example, a CT image from one 0.5-s gantry rotation of data is 12.5 % of a 4-s breath cycle and 10% of a 5-s 
cycle. A difference of several percentages in image selection will not impact the utility of cine 4D-CT.

One important quality control measure that must be undertaken in 4D-CT is to ensure that identification of 
the end-inspiration phases by the respiratory monitoring device is accurate. If phase calculation or identification 
is not accurate, both helical and cine 4D-CTs will generate erroneous data, not representative of the breathing 
motion. One example of this is illustrated in Figure 3.5. Some end-inspiration phases in (A) were incorrectly 
 identified or missing. The correct identification of the phases is shown in (B). This step of ensuring accurate iden-
tification of end-inspiration phases is critical and should be checked in every 4D-CT data processing.

The basic assumption of 4D-CT is that the respiratory motion is reproducible throughout the data acquisi-
tion and the duration of data acquisition at any location is at least one breath cycle plus the duration for one 
image reconstruction, which is one or 2/3 of a CT gantry rotation. Anything deviating from this assumption 
can cause artifacts manifested as (1) irregular respiratory motion or (2) missing data if the scan duration is less 
than one breath cycle due to an underestimate of the patient’s breath cycle duration. A higher helical pitch p in 
the Philips helical 4D, a faster CT gantry rotation in the Siemens helical 4D, or a shorter cine scan duration in 
GE cine 4D could introduce artifacts [31]. Figure 3.6 shows an example of the two types of artifacts.

3.2.3 4D-CT IMAGE SORTING

The two general categories of breathing cycle descriptions are phase-angle and amplitude based. The phase-
angle description assumes that the breathing cycle can be reproducibly subdivided in time. A specific breath-
ing phase (e.g., peak inhalation) is selected as the start of the breathing cycle. The time at which this breathing 
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Figure 3.5 Example of a respiratory signal over 30 s with an inaccurate identification of the end-inspiration 
phases in (a), marked by dotted vertical lines. Accurate identification of the end-inspiration phase is in (b).
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phase repeats is identified and the breathing cycle is defined as the fraction of time from that time to the next 
time the same phase occurs. For example, if the breathing cycle starts at peak inhalation, the relative time 
between successive peak inhalations corresponds to a single breath. Phases in between are usually defined 
by the fraction of time between successive peaks, often described in terms of angles, with 360° between suc-
cessive peaks. Additionally, the breathing cycle is further subdivided between inhalation and exhalation. 
Peak inhalation and exhalation are designated 0° and 180°, with linear interpolation of phase-angles in time 
between these extremes.

Phase-angle sorting is effective when the patient’s breathing cycle, especially his breathing amplitude, is 
consistent. If breathing is irregular, the algorithm breaks down. Due to the regularity of the cardiac cycle, this 
algorithm was the first to be commercially introduced into the CT workflow because of the ease with which 
the CT imaging companies could transfer cardiac image gating algorithms to respiratory gating.

The second commonly used breathing cycle description category is based on the breathing amplitude. 
Amplitude-based sorting assumes that the internal anatomic positions are related to the depth of breathing 
rather than the fraction of time between breaths. In cases where the patient breathes irregularly, ampli-
tude-based sorting results in images with fewer motion-based artifacts than phase-angle-based sorting. 
The main drawback for amplitude-based sorting is that it does not distinguish between the period during 
inhalation relative to the period during exhalation. Lung tissue motion is often known to be different dur-
ing inhalation and exhalation, a phenomenon known as hysteresis.

Phase-angle-based approaches rely on the reproducibility of the breathing pattern in the time domain. 
Likewise, amplitude based image reconstruction assumes the anatomical position is repeatable with respect 
to the breathing depth. While phase- and amplitude-based sorting methods can characterize patient breath-
ing motion, they are not without their shortcomings. Most notably, phase-based approaches are susceptible 
to irregular breathing patterns that violate the periodicity assumption of the breathing cycle. In amplitude-
based techniques, missing image data at the desired breathing amplitudes cause problems in the sorting 
process.

Lu et al. [21], studied the impact of breathing cycle variation on phase-angle- and amplitude-based sorting. 
They reconstructed 3D image datasets for 12 breathing phases for 40 patients. They computed the air content, 
defined the amount of air in the lungs based on the CT scan, and used air content as a surrogate for tumor posi-
tion. They correlated breathing phase and amplitude to air content and determined the residual for the cor-
relation. In most cases, the residual for amplitude gating was smaller than the residual for phase-angle gating. 
When tidal volume was used as the comparator, the variation was always less for amplitude than phase-angle 
gating. As an example, Figure 3.7 shows the definition of mid-inspiration for amplitude and phase-angle sort-
ing algorithms. The tidal volume for the points in time where amplitude sorting has determined the patient is 
at mid-inspiration are shown in Figure 3.7a, and would very likely correspond to consistent internal anatomy 
positions. The tidal volume for the points in time where phase-angle sorting has determined the patient is at 

(a) (b)

Figure 3.6 4D-CT artifacts due to (a) an irregular respiration and (b) insufficient sampling from a prolonged 
breath cycle.



32 Imaging simulation for lung cancer IGRT

mid-inspiration are shown in Figure 3.7b. While there were many points in time where the patient’s anatomy 
would have been in a consistent location, there were three times when the patient's breathing was paused. At 
these times, mid-inspiration was less clear for phase-angle sorting and the algorithm failed twice to identify a 
time at which the tidal volume was at mid-inspiration.

3.3 MOTION MANAGEMENT CONSIDERATIONS

Respiratory motion can be managed either actively or passively during imaging simulation. Breath-hold, 
respiratory gating using an external or internal marker and motion encompassing technique such as 4D-CT 
are the most common methods to manage respiratory motion [16,32–35]. It is important to evaluate during 
the simulation whether the patient can comply with breath-hold techniques or if the patient’s breathing is 
regular enough for respiratory gating. The motion management and correction methods used in simulation 
will also influence the treatment planning, localization, and delivery techniques, thus any decisions should 
consider all aspects of the treatment chain. American Association of Physicists in Medicine (AAPM) Task 
Group Report No. 76 recommends patient-specific assessment of target motion and management for motion 
exceeding 5 mm in any direction [4].

3.3.1 FREE BREATHING

Respiratory motion increases the apparent size of the tumor, necessitating the definition of internal target 
volume margins, leading to the irradiation of normal lung tissues. The size of the margin must be carefully 
chosen; it should be large enough to ensure the delivery of the prescribed dose to a moving target and small 
enough to keep the normal tissue complications to an acceptable level. In the following, we review several 
strategies for treatment delivery under free-breathing condition.
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Figure 3.7 Example of the definition of mid-inspiration using (a) amplitude sorting and (b) phase-angle sort-
ing. The thicker lines indicate the times at which each algorithm has identified that the patient is at mid-inspi-
ration. (From Lu, W. et al., Med Phys., 33, 2964–74, 2006.)
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3.3.1.1 INTERNAL TARGET VOLUME

Accounting for tumor motion is crucial in patients undergoing radiation therapy under free-breathing 
 conditions. To account for the uncertainties in the size, shape, and position of the clinical target volume, 
the International Commission on Radiation Units and Measurements (ICRU) has devised the concept of an 
internal target volume (ITV) to provide an envelope for target motion in Report 83 [36]. More specifically, 
ITV was defined to encompass the geometrical locations of the gross tumor volume (GTV) during all of the 
breathing phases. The ITV delineation can be performed by manually or automatically contouring of the 
GTV in each phase of the 4D-CT image set. An alternative method was proposed that creates an image of 
maximal intensity projection through combining the set of 4D-CT images from the whole breathing cycle 
[37–39]. Such an approach was found to be equivalent to the composite contour generated from the individual 
breathing phases [40].

ITV delineation errors can lead to geometric misses and irradiation of healthy tissues. Multiple  studies have 
investigated the uncertainties in ITV quantification due to different imaging and post-processing  techniques 
[41–43]. In [39], the authors reported that the median and range of the ITV for 20 stage I  stereotactic body 
radiation therapy (SBRT) patients were 7.6 (1.1–35.6), 10.2 (1.9–43.7), and 9.0 (1.3–37.3) cm3 from helical-, 
maximum intensity projection (MIP)-, and average intensity projection (AIP)-defined ITV. These studies 
found that MIP-based ITV can most effectively capture the tumor excursion [39,44]. However,  caution needs 
to be exercised as commercial clinical 4D-CT imaging might not capture the full extent of tumor motion 
since the axial scanning in CT imaging takes much longer than the breathing cycle and each image slice 
contains breathing information from only one or two breathing cycles.

3.3.1.2 MID-INSPIRATION

An alternative approach to reducing the target margin is through the construction of mid-ventilation scans. 
Wolthaus et al. [45,46] proposed the mid-ventilation scan, which represents the mean position of the target 
in its motion trajectory. The construction of the mid-ventilation scan involves the calculation of the time-
averaged scan and identifying the image in the 4D-CT dataset that most closely matches this phase. If the 
beam is positioned in the middle of the tumor trajectory, the required additional margin to correct for breath-
ing motion is small. This is because the tissues spend most of their time in phases other than the extremes of 
inhalation and exhalation. For example, the superior portion of the tumor might be in the beam penumbra 
only during maximum exhalation, when it would momentarily receive somewhat less than the prescribed 
dose. Sonke et al. advocate using only small margins that provide sufficient dosimetric coverage, coupled with 
quantitative daily position verification to align the radiation treatment to the tumor’s mid-position to be cer-
tain that the treatment is delivered as planned daily [47]. Such an approach would not require margins as large 
as the ITV approach since the time spent by the tumors at the extreme spatial positions in the ITV is relatively 
small and the beam penumbra extends beyond the field edges. The limitations of the mid-ventilation method 
include difficulties managing tumor motion patterns with large hysteresis and irregular breathing patterns. In 
addition, since the mid-ventilation approach typically involves planning using breathing phases where tissue 
motion velocity is large, planning images are susceptible to motion artifacts.

3.3.2 BREATH-HOLD

3.3.2.1 VOLUNTARY

Controlling tumor motion can potentially remove the motion uncertainty, which was observed to be larger 
than setup uncertainties [48]. Moreover, lung tissues are susceptible to late radiation response, such as pneu-
monitis and fibrosis [49], and these effects are related to the irradiated lung volume [50,51]. In [52–54], the 
authors at Memorial Sloan Kettering Cancer Center (MSKCC) presented a deep inhalation breath-hold 
(DIBH) technique where the patients were coached into deep inspiration and breath-holding, with the lung 
inflation level monitored by spirometer and the diaphragm position recorded by fluoroscopy. The DIBH 
technique was motivated by the benefits of decreased lung density and the potential for treatment margin 
reduction, both of which facilitated target dose escalation and normal tissue sparing. In the five patients of 
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this study, the range of comfortable breath-hold duration was reported to be 12–16 s. The average centroid 
position of the GTV was found to be 0.2 ± 1.4 mm for diaphragm displacements of −1.0 ± 4.0 mm from CT 
scans. Barnes et al. [55] showed a significant reduction in the percent lung volume receiving ≥20 Gy at DIBH 
compared to free breathing condition. Disadvantages to the DIBH technique included patient noncompliance 
with the maneuver and poor reproducibility leading to residual tumor movement.

3.3.2.2 ACTIVE BREATHING CONTROL

Active breathing control (ABC) was designed to facilitate the reproducibility of breath-hold. It is an approach 
that was first described by Wong et al. in 1999 [56] and later marketed as the Active Breathing Coordinator 
(Elekta, Stockholm, Sweden). The ABC system can manage a patient’s breathing to a specified lung volume 
through an apparatus consisting of scissor valves, a flow monitor, and multimedia glasses for flow-time curve 
visualization. A ventilator apparatus is used to block the patient’s airflow at a predetermined lung volume 
threshold, thereby initiating a breath-hold to immobilize the lung and tumor position [56–60]. A nose clip 
is generally used to prevent nasal breathing. Verbal instructions to the patients are usually very helpful to 
maintain a steady breathing pattern. In an ABC procedure, the patient breathes normally through the appa-
ratus. The operator determines the specific tidal volume and the breathing phase and activates the system, 
at which point the balloon valve closes. The ABC apparatus can suspend breathing at any pre-determined 
amplitude and is often used at moderate to deep inhalation levels. The breath-hold duration varies from 
patient to patient, typically 15–30 s and is well tolerated by the patients to allow for breath-hold repetition.

Breath-hold can also be performed by the patient voluntarily holding breath, and this can be done with or 
without external breathing monitoring. In self-held breath-hold, the patient voluntarily holds his/her breath 
at a point in the breathing cycle and simultaneously presses a hand-held switch to clear the therapy machine 
interlock, allowing for the radiation beam to be delivered. The interlock can be re-established when the switch 
is released. This technique has been implemented by Varian C-Series accelerator, which uses the Customer 
Minor (CMNR) Interlock system.

A study found that ~60% of lung cancer patients at one institution were not able to perform breath-holds 
reproducibly enough to be treated with ABC [4], often due to compromised lung function and other toxicities 
such as chemotherapy. To improve patient compliance, Kashani et al. found good tumor short- and long-
term stability under moderate deep inspiration (i.e., 75–80% of vital capacity) [58]. Glide-Hurst et al. also 
improved patient compliance by instituting short (10–12 s) breath-holds to reduce fatigue at ~80% of the 
normal tidal volume on inhalation [60]. Similarly, Murphy et al. designed breath-hold levels to follow normal 
patient respiration [61].

Another device that facilitates DIBH is SpiroDynX (SDX, Dyn’R, Toulouse, France). SDX uses a spirometer 
to monitor patient breathing and displays the waveform for patients to view and voluntarily hold their breath. 
In a large, multi-institutional clinical trial of ~400 lung cancer patients, total lung volume was found signifi-
cantly greater on acquisitions using a DIBH system (ABC and SDX) than those obtained using an inspiration- 
synchronized system (i.e., Varian’s Real-Time Position Management system) [62]. While DIBH leads to 
more favorable lung geometry and thus reduces the total volume of lung receiving certain tolerance values, 
patient compliance and ability to complete treatment under these conditions is an important consideration. 
Nevertheless, only 21 patients out of ~400 were not able to use breath-hold systems (either ABC or SDX) for their 
treatment due to poor performance status, poor comprehension of breath-hold, or functional capacity [62].

3.3.3 ABDOMINAL COMPRESSION

The use of abdominal compression reduces tumor excursion by forcing conditions of shallow breathing via 
limited diaphragmatic excursion [4]. Abdominal compression plates (ACPs) can be placed between the costal 
margin of the ribs and inferior to the xiphoid process and have been shown to reduce average lung tumor 
movement 5–6 mm depending on the amount of compression applied [63,64]. ACPs can be indexed for repro-
ducibility (i.e., to regulate the amount of pressure) and are often used when lung tumor motion exceeds a 
certain threshold [65] (e.g., 10 mm [64,66] or 15 mm of excursion [67]). Pneumatic compression belts with 
inflatable bags placed in between the patient and the belt can also be used [68]. These belts can be indexed 
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for more accurate repositioning and a hand pump is used to inflate the bag to a known amount of pressure. 
A vacuum bag restriction system coupled with a vacuum pump that removes the air in between the patient, 
a vacuum cushion, and a plastic cover sheet can also be used to apply uniform pressure [69]. In a direct com-
parison of ACP and the vacuum bag restriction system for 16 lung cancer patients, both approaches reduced 
lung tumor motion although ACP reduced the superior-inferior and overall tumor motion more than the 
vacuum bag restriction system [69].

3.3.4 RESPIRATORY GATING

Respiratory gated radiation delivery aims at target motion reduction during irradiation. A radiation beam 
gating methodology was first presented by Ohara et al. [70], where the signal from an implanted gold marker 
was used to control the linear accelerator in real-time. Later, at the University of California, Davis, signals 
from a video camera were used to switch the radiation beam on and off [26,71]. The respiratory gating device 
has since been made commercially available as the real-time position management respiratory gating system 
(RPM), for which clinical studies can be found in [33,72]. Compared to breath-hold techniques, respiratory 
gated treatments require reduced patient compliance.

When considering employing a respiratory gated treatment, the gating window is typically determined 
based on 4D-CT and patient’s breathing signal. It is selected to be near the full exhalation phase, which 
reflects the most reproducible portion of the breathing cycle. The internal margin is determined using the 
target displacement within the gating window (e.g., 50% phase ± 10%). Gating can be performed using a spe-
cific amplitude level of the breathing signal and a pre-defined gating window. It was found that tumor motion 
correlated well with the external fiducial markers in the thorax and abdomen [73,74]. Despite generally good 
external-to-internal correlation, large residual tumor motion can occur relative to the measured surrogate 
signal [73,74]. In addition, in gating for an irregular breathing patient, phase gating is susceptible to larger 
residual error due to significant cycle-to-cycle variability or slow drift in target position or breathing signals. 
To improve treatment efficiency, more robust gating techniques have been proposed, including a hybrid gat-
ing method involving high-frequency external surrogate sampling and intermittent internal marker update 
[75], and marker-less template matching techniques using fluoroscopic imaging [76–79]. In addition, irregu-
lar breathing patterns compromise gated treatment accuracy, as was found by Cai et al. [80] in a simulation 
study comparing phase-binned 4D-CT and dynamic MRI. The problems in gated radiation therapy led to the 
development of treatment delivery systems that integrate real-time imaging devices.

3.3.5 TUMOR TRACKING

The next level of target motion compensation can be performed by synchronizing the radiation beam to the 
motion of the target. Such techniques afford the benefit of margin reduction like beam gating methods, but 
with continuous irradiation, they can do so without prolonging treatment times. Beam tracking was first 
proposed by Keall et al. for motion adaptive photon therapy [81]. As a commercial solution, a dynamic track-
ing technique has been implemented in CyberKnife® Synchrony® [82], where the correlation between the 
LED markers placed on the patient chest wall and internal tumor position (based on the position of implanted 
markers) were used to construct a correspondence model. During the therapy session, the LED markers mon-
itored the patient breathing, and the signal was fed into the correspondence model for predicting the tumor 
position. The tumor position prediction is verified from time to time using x-ray imaging. The Synchrony 
technology can either update or completely reconstruct the correspondence model.

3.3.6 RESPIRATORY SURROGATE

Respiratory gated treatment and tumor tracking treatment can account for tumor motion under normal 
breathing conditions during treatment and have dosimetric advantages by reducing lung toxicity. They use 
an external respiration signal, internal land markers, or fiducial markers as surrogates to infer tumor motion.
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3.3.6.1 EXTERNAL SURROGATE

The most widely implemented external respiration gating system is the Real-Time Position Management 
(RPM) system (Varian Medical Systems, Palo Alto, CA). The system tracks a reflective marker placed on 
the patient’s abdomen using an infrared tracking camera to record the patient’s respiratory cycle. Radiation 
beams are activated when the maker moves to the gated threshold preset on the gating system monitor [83,84] 
using either amplitude or phase sorting. The phase position in the phase sorting could be affected by inhale 
and exhale slopes, and breathing amplitude, etc. Whereas amplitude sorting is relatively more reliable, it is 
also susceptible to irregularities in amplitude [21,85]. End of exhalation (EOE) is usually selected as the gating 
window since it is more reproducible. End of inhalation (EOI) might be beneficial for gating treatment since 
the expanded lungs can limit dose to the normal lung. Proper breath-coaching is needed for EOI to achieve 
the same residual motion as EOE [86]. The gate width should be chosen to achieve a balance between treat-
ment efficiency and residual tumor motion. The duty cycle, defined as the ratio of beam on time to the total 
treatment time, should be less than 30% for gated IMRT and 30%–50% for Three-Dimensional Conformal 
Radiotherapy (3D-CRT).

3.3.6.2 INTERNAL SURROGATE

The accuracy of predicting the internal tumor position using external surrogates is limited since the cor-
relation can vary in time [87,88]. Tumor motion can be directly measured using implanted fiducial markers. 
Fiducials can be implanted in or near the lung tumor for gated radiation delivery. Gold seeds are commonly 
used for lung tumor tracking due to their good contrast and small size (0.8 mm in diameter and 4 mm in 
length). For example, in Shirato [89], a radio-opaque seed was surgically implanted in or near the tumor, and 
the seed positions were tracked using fluoroscopy throughout the treatment session. Tumor tracking was 
performed using pattern recognition software that ran in real-time. The shortcomings of such an approach 
included the migration or loss of the implanted marker and the risks of the patient developing pneumotho-
rax during implantation. Several groups have been developing marker-less tracking techniques based on 
image analysis of the features in x-ray images so that marker implementation can be avoided [90–95].

An alternative form of target tracking had been developed using electromagnetic tracking systems. This 
approach has been investigated by several researchers [96–98]. As a commercial system, the Calypso® system 
uses an implanted Beacon transponder, a radiofrequency antenna array, and three infrared cameras for posi-
tion monitoring. The advantage of the Calypso system is that it provides continuous imaging of the mobile 
tumor without ionizing radiation. It monitors tumor position at great accuracy and high temporal resolu-
tion, but this technique only provides the position of a single point per beacon and does not consider organ 
deformation. In addition, the beacons are relatively large (diameter ~2 mm and length 8.5 mm) and are not 
suitable for implantation in all tumors.

3.4 IMMOBILIZATION

Immobilization devices are an important factor to be considered in the treatment process. Sio et al. investi-
gated the impact of pulmonary function, body habitus, and immobilization on the setup and reproducibility 
for upper lung tumors and confirmed that the immobilization device could significantly impact couch shift 
errors [99]. Alpha-cradles and evacuated cushions do not themselves assist in breathing motion mitigation. 
Abdominal compression was shown to effectively reduce the respiratory tumor movement from a range of 
8–20 mm to a range of 2–11 mm [64]. However, it is mainly effective for tumors close to the diaphragm. 
The benefit in upper or middle lobe tumors is very limited [100]. The BodyFIX (SBF, Elekta AB, Stockholm, 
Sweden) was also shown to effectively reduce tumor movement during free breathing conditions [69,101]. 
However, it was prone to setup errors compared to 9-point thermoplastic frames for immobilization of the 
upper thoracic region [99]. A variety of devices are available to immobilize lung cancer patients for simula-
tion and treatment. The decision of which system to use should be made based on the intensity of respiration 
motion control, patient comfort, and tumor location. For patient setup, plastic or solid sponge headrests can 
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be used to support the patient’s head. Patients should be set up with arms above the head if possible, to allow 
for better beam placement. When forming evacuated cushions or alpha cradles, it is important to ensure good 
arm support and obtain good arm/shoulder and feet impressions for reproducibility.

3.5 SUMMARY

Respiratory motion imaging and management is challenging in IGRT of lung cancer due to its magnitude and 
breathing irregularity. Tools such as 4D-CT are improving our ability to image respiratory motion more accu-
rately than before and subsequently improve the quality of respiratory motion management. Understanding 
the pros and cons of different 4D-CT imaging techniques and motion management strategies are crucial for 
successful implementation of IGRT for lung cancer. Future improvements in 4D imaging and treatment will 
enable more clinics to employ accurate breathing motion management strategies.
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4.1 INTRODUCTION

One of the main goals of image-guided radiation therapy (IGRT) is to reduce treatment uncertainties. These uncer-
tainties can arise from inter- and intrafractional motion [1]. Previous to treatment or even during, the imaging 
provides direct confirmation that the beams are targeting the exact location of the tumor. Any shifts or corrections 
detected by the imaging can be made to ensure the proper treatment. The other main goal of IGRT is to improve 
tumor control while limiting dose to normal tissues [2]. Highly conformal, highly modulated, and escalated dosing 
schemes are being used more routinely. If slight errors are not detected prior to the execution of treatment, there 
is a possibility of under- or overdosing not only the intended area but critical structures as well. IGRT provides the 
ability to ensure that the tumor is being properly targeted while limiting toxicities to normal structures.

4.2  CONTOURING/DELINEATION OF TARGET VOLUMES  
AND CRITICAL STRUCTURES

4.2.1 TARGET VOLUMES

Computed tomography (CT) continues to be the main diagnostic tool for detecting lung cancer. The first 
step in treatment planning following acquisition of appropriate planning images is target volume delinea-
tion. The standard of care in radiation oncology is to use CT to delineate the tumor volumes and critical 
structures [3]. CT imaging can distinguish the difference between non-uniform densities, such as bone and 
lung. It also provides the CT-to-ED data to use heterogeneity corrections. It is easy to define the sensitive 
structures (spinal cord, heart, lungs, etc.) on CT images. However, it can be difficult to delineate the extent of 
the gross disease, potential microscopic extent such as metastatic regional lymph nodes (mediastinal, hilar), 
and potential setup errors.

The overall quality of a conventional CT scan depends on the amount of motion—whether it is from breath-
ing, peristalsis, or other internal motion. Images can appear blurred or distorted based on the amount of motion 
during a scan. This could result in a tumor volume that is of limited use [4]. Applying a simple uniform expan-
sion for the planning target volume (PTV) would lead to excessive irradiation of normal tissue and treatment 
related complications. To best characterize the tumor motion, it is recommended to perform four-dimensional 
computed tomography (4D-CT). Studies have shown that individualized margins are essential to account for 
the variation and unpredictable motion of lung tumors [5–8]. The regularity (or irregularity) of the patient’s 
breathing drastically affects the quality of the 4DCT images. If the patient has an irregular breathing pattern, 
the subsequent images could have artifacts. Abnormally deep or shallow breaths during the scan acquisition can 
also lead to errors in image reconstruction. The severity of these artifacts varies and could result in tumors or 
organs appearing split, distorted, or even with incorrect location and volume of the tumors [9–14]. The artifacts 
are shown in Figure 4.1. The arrows point to examples of where organs appear split, which is attributed to the 
patient’s irregular breathing pattern as indicated by the error bars in each phase of breathing. Motion artifacts 
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are typically seen in three-dimensional computed tomography (4D-CT) of the lung and therefore 4DCT should 
be used to reduce the artifacts due to motion as well as understand the motion of the lung tumor.

To accurately encompass the tumor motion, an internal target volume (ITV) is contoured based on the 
movement seen on the different phases of the 4DCT, as seen in Figure 4.2. There are two approaches to account 
for the motion, maximum intensity projection (MIP) and average intensity projection (Ave-IP). The MIP is 
defined as the maximum value of a pixel over all phases and indicates any location where the tumor is present 
during any of the phases [15]. The Ave-IP is the average pixel value over all the phases [16]. A comparison is 
shown in Figure 4.3 of the ITV and PTV contours displayed on both the Ave-IP and MIP scans. This figure 
also demonstrates the higher pixel display of the tumor for the MIP versus Ave-IP scans. It has been shown that 
the ITV contoured on the MIP shows excellent agreement with the ITV generated by contouring the tumor on 
all 10 phases of the 4DCT [15]. Figure 4.4 demonstrates the agreement of the tumor being contoured on all 10 
phases as compared to the ITV being generated on just the MIP. There are a few limitations to using the MIP 
for contouring. One possible limitation is if the 4DCT images are distorted due to the patient’s erratic breath-
ing. This could affect the visualization of the tumor and lead to an incorrect volume. Another limitation is if 
the tumor and/or nodal volumes are located near a major bronchial structure, the diaphragm, or if the tumor 
is surrounded by atelectasis, it may be hard to distinguish the borders of the gross tumor volume (GTV).

Most contouring software automatically propagates the tumor volume to all 10 phases once it is drawn on 
the initial phase, which saves clinicians time when contouring on all phases. Only one set of contours needs 
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Figure 4.1 Artifacts due to breathing motion. The arrows point to examples of discontinuities in organs due 
to motion. The error bars indicate that the patient’s breathing is irregular and does not follow the predicted 
breathing pattern.
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to be drawn on either the MIP or the Ave-IP. A study by Bradley et al. showed that the tumor volumes con-
toured on the MIP were slightly larger than ones contoured on either the helical CT scan or the Ave-IP [16]. 
The difference in tumor volume between the MIP and Ave-IP is demonstrated in Figure 4.5. For planning 
purposes, the Ave-IP provides actual CT numbers and can be used for dose calculation [17,18]. Regardless 
of where the contours are generated, the image sets can be fused and the contours can be transferred to the 
Ave-IP for planning purposes.

While target volume delineation itself is done on the planning scan, it requires the integration of a variety 
of clinical information, including diagnostic imaging as well as pathological information. In the case of lung 
cancer, this pathological information is often obtained from invasive procedures such as mediastrinoscopy or 
endobronchial ultrasound (EBUS), which are necessary for accurate nodal staging.

Figure 4.3 ITV and PTV contours displayed on the (a) Ave-IP (top row) and (b) MIP scans (bottom row).

ITV

PTV

Figure 4.4 The red lines indicate the tumor hand contoured on all 10 phases of the 4DCT. The green line 
represents the ITV, which was contoured on the MIP. This shows excellent agreements between the overall 
tumor volume contoured on the 10 phases and the ITV contoured on the MIP.
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The amount of technology available has drastically increased over the years to help clinicians determine 
the extent of the disease versus normal tissues. While CT is always necessary for treatment planning, positron 
emission tomography (PET) and magnetic resonance imaging (MRI) are two of the techniques used to help 
distinguish the tumor and nodal volumes from normal tissues. All three modalities complement one another 
and provide anatomical localization when delineating normal and cancerous tissues.

18F-fluorodeoxyglucose (18F-FDG) is the most common tracer used in PET scanning. PET images are based 
on metabolic activity, not anatomy. PET is commonly used to distinguish suspicious lesions, more accurately 
define tumor volume and lymph node involvement, detect distant metastases, and aid in treatment plan-
ning [19–25]. Both CT and PET are part of the standard workup for all newly diagnosed cases of lung cancer 
(NCCN). While PET is considered a more accurate imaging modality in clinical staging of lung cancer, a 
combined PET/CT approach leads to an increased accuracy in the staging of lung cancer [26–28]. By using 
integrated PET/CT scanners, one can obtain information on abnormal uptake and anatomy since they share 
DICOM coordinates, as seen in Figure 4.6. In a study performed by Ciernik et al. using an integrated PET/CT 
scanner, 56% of the cases had significantly altered GTV contours based on the PET images [29]. In another 
2003 study published in the New England Journal of Medicine, for two years of patients from a tertiary teach-
ing institution in Switzerland diagnosed with NSCLC underwent integrated whole body PET-CT as part of 
their staging. The PET-CT provided additional information in 41% of patients, leading to improved staging 
accuracy [30]. However, when PET scans are performed separately from CT scans, image fusion becomes 
more challenging since the PET images are based on metabolic activity instead of anatomy.

In addition to being a powerful diagnostic tool, PET-CT also has a positive impact on radiation treatment 
planning. It is used for accurate identification of mediastinal involvement for target delineation in selective 
nodal radiation. In a 2005 prospective phase I/II study from The Netherlands, patients with non-metastatic 
NSCLC were treated with RT to the primary tumor and positive lymph nodes as defined by CT and FDG-
PET. At a median follow-up time of 16 months, there was a 2% rate of isolated nodal recurrence [31]. The 
additional information provided by PET can be useful in delineating target volumes in patients with atel-
ectasis secondary to tumor obstruction. In a 2004 study from Washington University School of Medicine, 
patients underwent sequential CT and FDG-PET simulation. Subsequently, separate contours were drawn 
for each patient on PET-CT planning scan and CT planning scan. In 58% of the patients, the PET images 
significantly altered the areas to be treated. In addition to detection of unknown nodal disease, information 
obtained from PET-CT helped distinguish tumor from atelectasis [32]. Overall, the utilization of PET-CT 
information during radiation treatment planning leads to decreased inter-observer contouring variability 
[33]. PET-CT may overestimate the lymph node (LN) involvement and, whenever possible, LN involvement 
should be pathologically confirmed.

It has been shown that the data obtained from PET scans influenced the radiation delivery of 65% of 
patients receiving definitive radiation therapy [34]. Other studies using PET in conjunction with radiation 
treatment planning have shown a reduction in the variability of tumor delineation among radiation oncolo-
gists and allow automatic tumor delineation that can be manually edited if needed [33,35,36]. PET scans sup-
plement CT scans by being able to discriminate between malignant and benign lesions; identify metastases 
in normal sized lymph nodes; and exclude enlarged lymph nodes that do not have any uptake [37]. Therefore, 

(a) (b)

Figure 4.5 Tumor contour based on (a) MIP and (b) Ave-IP. The contour on the Ave-IP slightly underestimates 
the extent of the tumor as seen on the MIP.
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PET is a useful imaging modality to supplement the contours of the GTV and clinical tumor volume (CTV) 
as well as to determine the expansion needed for the PTV.

Magnetic resonance imaging (MRI) is advantageous in comparison to CT as it can provide both structural 
and physiologic information [19,38]. MRI provides superior soft tissue contrast as compared to other imag-
ing modalities. The treatment planning CT can be fused with the MRI to better delineate the gross tumor 
volume as well as any lymph nodes detected. Another advantage of MRI is that high-resolution images can be 
obtained without the use of ionizing radiation. Multiple studies have been performed to study the accuracy of 
CT and MRI to stage lung cancer [39–44]. While both CT and MRI provide anatomic information, the accu-
racy for both modalities differs in these studies and there is no clear advantage to using one modality versus 
the other when it comes to staging the disease. In a study performed by the Radiologic Diagnostic Oncology 
Group comparing CT and MRI in staging of non-small-cell bronchogenic carcinoma (NSCBC) [45], it was 
reported that both modalities are equally accurate in tumor classification and detecting mediastinal node 
metastases but MRI detects mediastinal invasion more accurately. The use of MRI is helpful in determining 
the extent of invasion into the chest wall, neural foramen, brachial plexus, subclavian vessels or vertebral 
body from superior sulcus carcinomas [19,46–49] or peripheral carcinomas [45]. Figure 4.7 [50] shows PET/
CT and MRI images of a lung tumor in the mediastinum as well as post-obstructive atelectasis. The use of 
PET and/or MRI versus CT alone helps delineate the soft tissue extension (if any) as well as distinguishing 
between tumor and atelectasis. Therefore, MRI is a useful tool when determining the GTV (tumor and/or 
nodes) as well as the extent of tumor invasion into soft tissues.

As described by Kauczor and Kreitner, there are three main issues when considering MRI for lung: 
(1) signal loss due to physiological motion (cardiac pulsation and respiration); (2) susceptibility artifacts 
caused by multiple air-tissue interfaces; and (3) low proton density and low signal-to-noise ratio (SNR) [51]. 
Standard sequences used for MRI are too long as compared to a patient’s breathing cycle and cardiac motion. 
Multiple approaches have been proposed to reduce the first two pitfalls, which include breath-hold and vari-
ous pulse sequences [52,53]. To reduce the susceptibility artifacts due to the multiple air-tissue interfaces, 
different paramagnetic contrast agents, such as oxygen enhancement or hyperpolarized noble gases, have 
been studied [51,54–59]. A study by Ireland et al. demonstrated that the information provided by fusing the 
hyperpolarized 3He-MRI to treatment planning CT led to the development of treatment plans with signifi-
cantly lower V20 for the total and functional lung, as well as lower mean dose to the functional lung [54]. Work 
is ongoing to study various hyperpolarized noble gases for functional MRI, which can be of great use when 
trying to distinguish functional lung.

(a)

(b)

(c)

Figure 4.6 Lung tumor as detected by (a) CT and (b) PET using a PET/CT scanner. Since the two sets of 
images share DICOM coordinates, the images are easily fused, as seen in (c), and the tumor volume contoured 
(displayed in yellow) on the PET is transposed to the CT images.
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4.2.1.1 GROSS TUMOR VOLUME (GTV)

The gross tumor volume (GTV) represents the visible extent of the malignant tumor. In the case of lung 
cancer, it is constituted by the primary lesions and clinically involved lymph nodes as well as any metastatic 
disease that is included in the treatment plan. If radiotherapy is done in the adjuvant setting and a gross total 
resection has been achieved, there is no definable GTV as the clinically visible tumor has been removed.

The GTV is to be defined prior to treatment planning. The determination of its extent is done based on 
previously obtained clinical, radiographic, and pathologic information, including the techniques used in 
staging as per AJCC guidelines (see previous section).

4.2.1.2 CLINICAL TARGET VOLUME (CTV)

The clinical target volume (CTV) includes the GTV as well as the volume of subclinical disease surrounding 
the GTV where tumor cells are likely present but cannot be appreciated with currently available technology. 
Figure 4.8 shows a schematic of the expansion of the GTV to form the CTV. Pathologically involved nodes 
(with EBUS/mediastinoscopy) that are not suspicious on staging imaging are included in the CTV. Just as 
with the GTV, the CTV is defined prior to treatment planning.

The different nodal stations of the chest are illustrated in Figure 4.9 [60]. This diagram provides regional 
lymph node classification and mapping for staging lung cancer. In the setting of definitive treatment, only 
the primary tumor and involved lymph nodes are included in the CTV, and generally elective nodal irradia-
tion (ENI) is not done, as elective nodal failure (defined as recurrence in an uninvolved lymph node in the 
absence of local failure) is seen rarely [61] and ENI has not shown to lead to a clinical benefit in NSCLC [62] or 
SCLC [63].

T-Staging-tumor and atelectasis

T-Staging-tumor infiltration

(a) (b) (c)

(a) (b) (c) (d)

**
**

Figure 4.7 Different imaging modalities of primary tumor in the mediastinum. The upper panel of images 
represents different MRI imaging sequences of the tumor infiltrating the vessels and hilar region. Upper 
panel: (a) T1 weighted contrast-enhanced MRI; (b) T1 weighted arterial-phase MRI of the lung; (c) T2 weighted 
MRI. The arrows point to an area of pleural effusion. The lower panel of images represents CT and PET/CT 
images of the same patient. Lower panel: (a) Maximum intensity projection of PET; (b) CT scan using soft tissue 
window; (c) CT scan using lung window; (d) Fusion of PET/CT. The (*) represents the primary tumor based on 
the high-level FDG uptake while (**) indicates region of postobstructuve atelectasis based on lower FDG 
uptake. (Reprinted from Semin Nucl Med, 45, Flechsig, P. et al., PET/MRI and PET/CT in lung lesions and 
thoracic malignancies, 268–281. Copyright (2015), with permission from Elsevier.)
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The role of radiation therapy in the post-operative setting for patients with NSCLC remains a controver-
sial topic. Whereas a 1998 meta-analysis examining nine randomized trials of surgery with or without post- 
operative radiation therapy (PORT) indicated that PORT was detrimental and led to an increased risk of 
death [64], the study has been subject to many criticisms, among which the use of antiquated radiation 
techniques and large fraction size, which makes the study not applicable to modern radiation techniques. 
Subsequently published studies suggest a potential benefit of PORT. A post-hoc analysis from the ANITA 
trial (which randomized patients with completely resected stage IB-IIIA NSCLC to either observation or 
cisplatin and vinorelbine) published in 2008 of patients who received PORT showed improved survival for 

GTV

C
TV

CTV
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Margin
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Internal
Margin

(IM)

Subclinical
Involvement

The arrow illustrates the influence of the organs at risk
on delineation of the PTV (thick, full line).

Gross Tumor Volume (GTV)

Subclinical Involvement

Internal Margin (IM)

Setup Margin (SM)

Figure 4.8 This diagram represents the relations between the different volumes (GTV, CTV, PTV, and PRV) in 
different clinical scenarios. (Reprinted with permission from International Commission on Radiation Units and 
Measurements: Prescribing, recording, and reporting photon beam therapy (ICRU Report 62), Bethesda, 1993.)
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patients with N1 disease in the observation arm (MS 50.2 versus 25.9 months with and without PORT). 
Patients with N1 disease receiving post-operative chemotherapy had worse survival with the addition 
of PORT (MS 46.6 versus 93.6 with and without PORT). A survival benefit was shown for all patients 
with N2 disease regardless of whether they received chemotherapy (MS 47.4 versus 23.8 months with 
and without PORT in the chemotherapy arm and 22.7 versus 12.7 months with and without PORT in the 
observation arm) [65].

The current NCCN guidelines recommend PORT in the setting of positive margins and N2 disease. PORT 
CTV includes the bronchial stump and high-risk draining lymph node stations. Typical PORT doses range 
from 50–54 Gy in 1.8–2 Gy daily fractions. A boost may be added to high risk areas such as positive margins 
or lymph node levels with ECE [66–68].

The benefit of PORT in the setting of NSCLC remains an open question. The ongoing European LungART 
trial is a phase III trial randomizing patients with completely resected NSCLC and pathologically proven 
mediastinal N2 involvement to post-operative conformal RT or no PORT, with a primary endpoint of DFS 
and secondary endpoints such as OS, LC, and toxicity. Chemotherapy concurrent with RT is not allowed, 
however patients can receive sequential chemotherapy. The CTV in this trial includes the bronchial stump, 
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Figure 4.9 Mountain–Dresler lymph node staging system. (Reproduced from Mountain, C.F. and C.M. Dresler, 
Chest, 111, 1718–1723, 1997. With permission.)
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the ipsilateral hilar lymph node region and the lymph nodes considered at high risk based on positive lymph 
nodes (see Table 4.1 [69]).

4.2.1.3 INTERNAL MARGIN (IM)

Intrathoracic tumors are subject to changes in location, secondary to movement of the ribcage and the 
diaphragm during the respiratory cycle. These must be accounted for to ensure adequate target coverage 
throughout the respiratory cycle. The internal margin (IM) is added to the CTV to account for projected 
variations in size, shape, and position relative to the internal reference point as described in ICRU Report 62 
[70]. Due to the different magnitude of displacement in different directions, the IM is often an asymmetric 
margin around the CTV.

4.2.1.4 INTERNAL TARGET VOLUME (ITV)

The internal target volume (ITV) represents the CTV with the addition of the IM to account for movement. In 
the case of intrathoracic lesions, the movement is most commonly from respiratory motion [70].

Table 4.1 Lymph node contouring guidelines for PORT based on mediastinal lymph node involvement

Surgically involved 

mediastinal nodes LN stations to be included in the CTV

1–2R 1–2R, 4R, 7, 10R Maximal upper limit: 1 cm above sternal notch but 

homolateral subclavicular node station may be treated if needed Maximal 

lower limit: 4 cm below the carinaa

1–2L 1–2L, 4L, 7, 10L Maximal upper limit: 1 cm above the sternal notch but 

homolateral subclavicular node station may be treated if needed Maximal 

lower limit: 4 cm below the carinaa

3 (Right-sided tumor) 3, 4R, 7, 10R Maximal upper limit: 1 cm above the sternal notch Maximal 

lower limit: 4 cm below the carinaa

3 (Left-sided tumor) 3, 4L, 7, 10L Maximal upper limit: 1 cm above the sternal notch Maximal 

lower limit: 4 cm below the carinaa

4R 2R, 4R, 7, 10R Maximal upper limit: sternal notch Maximal lower limit: 4 cm 

below the carinaa

4L 2L, 4L, 7, 10L Maximal upper limit: sternal notch Maximal lower limit: 4 cm 

below the carinaa

5 2L, 4L, 5, 6, 7 Maximal upper limit: top of aortic arch Maximal lower limit: 4 

cm below the carinaa

6 2L, 4L, 5, 6, 7 Maximal upper limit: sternal notch Maximal lower limit: 4 cm 

below the carinaa

7 (Right-sided tumor) 4R, Maximal upper limit: top of aortic arch Maximal lower limit: 5 cm below 

the carinaa

7 (Left-sided tumor) 4L, 5, 6, 7 Maximal upper limit: top of aortic arch Maximal lower limit: 5 cm 

below the carinaa

8 (Right-sided tumor) 4R, 7, 8 Maximal upper limit: top of aortic arch The lower limit should be the 

gastroesophageal junction

8 (Left-sided tumor) 4L, 5, 6, 7 8 Maximal upper limit: top of aortic arch The lower limit should be 

the gastroesophageal junction

Source: Reprinted from Int J Radiat Oncol Biol Phys, 76, Spoelstra, F.O.B. et al., Variations in target volume definition for post-
operative radiotherapy in stage III non-small-cell lung cancer: Analysis of an international contouring study, 1106–113. 
Copyright (2010), with permission from Elsevier.

Abbreviations: LN = lymph node; CTV = Clinical target volume.
a Unless other nodes are involved.
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4.2.1.5 SETUP MARGIN (SM)

The setup margin (SM) is added to account for uncertainties in day-to-day patient positioning, dosimetric 
uncertainties, mechanical uncertainties, and beam alignment. These factors may differ across institutions, 
and within an institution they may vary across treatment machines. Choice of immobilization devices must 
also be accounted for when choosing the SM [70].

4.2.1.6 PLANNING TARGET VOLUME (PTV)

Unlike the GTV and CTV, which are defined based on clinical information, the planning target volume 
(PTV) is a geometrical concept and it is dependent on the technique used. The PTV is meant to account for 
setup uncertainties, day-to-day variation in the size and shape of the tissues surrounding the CTV as well as 
potential variation in beam geometry characteristics, as seen in Figure 4.8 [71].

4.2.2 NORMAL STRUCTURES/ORGANS-AT-RISK (OARS)
In addition to appropriate delineation of the target volumes, it is also critical to delineate organs at risk 
(OARs) in the treatment field for tracking dose and avoiding overdose to those structures. The Quantitative 
Analyses of Normal Tissue Effects in the Clinic (QUANTEC) publications review studies looking at normal 
tissue tolerances and potential toxicities. Whenever thinking about potential risk to OARs it is also impor-
tant to consider any concurrent therapies such as systemic treatment or pre-existing conditions that might 
predispose to development of toxicity.

4.2.2.1 LUNGS

One of the most commonly seen toxicities following thoracic RT is radiation pneumonitis (RP), an inflam-
matory state of the lung parenchyma that can range in severity from asymptomatic and only seen on imag-
ing to life-threatening or lethal respiratory compromise. The incidence of RP ranges anywhere from 5–50% 
depending on the reported series. Most clinically symptomatic cases manifest themselves within 10 months 
from RT. When contouring the lungs for the purposes of treatment planning, the GTV volume should be 
excluded from the total lung volume. Excluding PTV is discouraged as it leads to underestimation of the 
apparent lung exposure. Several different Vx values (percent lung volume receiving ≥x Gy) have been asso-
ciated with risk of RP, indicating that there is not a dose threshold below which pneumonitis is unlikely. 
Dosimetric parameters that have shown a correlation with risk of pneumonitis include V20, V5, and mean lung 
dose (MLD). Recommended QUANTEC lung constraints for conventional fractionation in 2 Gy fractions 
include limiting V20 to ≤30–35%, V5≤65% and MLD to ≤20–23 Gy, to keep the risk of RP below 20% (Marks 
et al., 2010). Constraints are inevitably different for SBRT. In SBRT, the utilization of several beams or arcs 
leads to high conformity and steep dose gradients; however, this also leads to a bigger area of lung exposed to 
a low dose. Lung SBRT constraints from recent RTOG trials use a lung V20 of 10–15% [72,73].

4.2.2.2 SPINAL CORD

Unlike the lungs, which are a structure in parallel, which implies that each functional subunit can work indepen-
dently of others and that radiation-induced damage in a subunit does not affect function of surrounding subunits 
not exposed to radiation damage, the spinal cord is a structure in series. As such, its subunits are organized serially, 
and damage to a subunit may lead to functional damage of adjacent subunits that were not subject to radiation 
damage. Radiation-induced spinal cord injury or myelopathy is a rare but devastating late toxicity which may 
result in paralysis, paresthesia, pain, and bowel/bladder incontinence. Radiation myelopathy seldom manifests 
in the first 6 months following completion of treatment, with most cases occurring within 3 years of treatment 
completion [74]. Because of its devastating consequences, the goal of spinal cord dose constraints is to keep the 
risk of myelopathy to <1%. In the setting of conventional fractionation at 2 Gy per fraction, a maximum dose of 
50 Gy is associated with a risk of myelitis of 0.2% based on QUANTEC modeling. For lung SBRT, a maximum 
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point dose of 14 Gy for a single fraction regimen and maximum of 6 Gy per fraction for 3–5 fraction regimens are 
recommended [75].

4.2.2.3 HEART

Acute heart injury in the form of pericarditis is not common. Late injury can present as coronary artery 
disease (CAD) and subsequent myocardial infarction, congestive heart failure (CHF), or chronic pericarditis. 
The latency period varies from months (for pericarditis) to several years following completion of treatment 
(for CAD). Delineation of cardiac structures itself can be challenging and subject to significant inter-observer 
variability, secondary to uncertainties in border definition and inclusion of muscle only versus the whole 
pericardium [76]. Given the variability, an anatomically correct cardiac atlas was developed based on imaging 
and cadaveric anatomy [77]. (See Figure 4.10).

Heart constraints for conventional fractionation in 2 Gy fractions include a V30 of ≤50–55% and V45 of 
≤35–40% (NRG Oncology, 2015). For SBRT the maximum heart point dose constraint is 22 Gy for single 
fraction treatment, 30 Gy for 3-fraction regimens (10 Gy/fx), 34 Gy for a 4-fraction regimen (6.8 Gy/fx), and 
no more than 105% of the PTV prescription for a 5-fraction regimen [66].

4.2.2.4 GREAT VESSELS

When contouring the great vessels, the aorta is contoured for left-sided tumors and the vena cava is contoured 
for right-sided tumors; it is recommended to contour the great vessels 10 cm above and 10 cm below the extent 
of the PTV. The pulmonary artery and pulmonary vein are not included in the great vessel contours. It is rec-
ommended to use the mediastinal window for contouring the great vessels, as it allows visualization of all the 
layers of the vessels [73]. Maximum dose constraints for SBRT include 37 Gy for a single fraction, 49 Gy for a 
4-fraction regimen, and no more than 105% of PTV prescription for a 5-fraction regimen [66].

4.2.2.5 ESOPHAGUS

Radiation dose to the esophagus is associated with both acute and chronic toxicities. Acutely, esophagitis is 
commonly experienced by patients undergoing thoracic RT; symptoms generally start during treatment and 
may persist for a few weeks following completion of treatment. Delayed esophageal injury, such as esopha-
geal stricture, is less commonly reported, and fatal esophageal injury, such as tracheoesophageal (TE) fistula 
or perforation, is reported in the literature in ≤1% of patients [78]. The esophagus should be delineated on 

Figure 4.10 Cardiac contouring atlas. Red: pericardium; Green: ventricles; Blue: atria. (Reprinted with 
permission from Wheatley, M.D. et al. Int J Radiat Oncol Biol Phys., 90, S658, 2014.)
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the CT in the mediastinal window, which allows for better identification of all its layers. Several dosimetric 
parameters reported in the literature appear to correlate with an increased risk of esophagitis; it is therefore 
challenging to establish which dose constraints are most useful in decreasing risk of esophageal toxicity. The 
currently ongoing NRG LU001 recommends a V35 ≤50–55 Gy, V70 ≤20–25 Gy and a mean dose ≤34–37 Gy. 
For SBRT the NCCN guidelines recommend a maximum dose of 15.4 Gy with a single fraction regimen, 27 
Gy (9 Gy/fx) for a 3-fraction regimen, 30 Gy (7.5 Gy/fx) for a 4-fraction regimen, and no more than 105% of 
PTV prescription for a 5-fraction regimen [79].

4.2.2.6 PROXIMAL BRONCHIAL TREE

The phase II SBRT trial from Indiana showed a higher incidence of grade 3–5 toxicity for patients with cen-
tral tumors treated with SBRT, defined as within 2 cm of the proximal bronchial tree (see Figure 4.11 [80]). 
Toxicities included pneumonia, pleural effusion, hemoptysis, and respiratory failure [81]. Central airway 
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Figure 4.11 Proximal bronchial. (Reprinted with permission from Timmerman, R. et al., J Clin Oncol., 24, 4833–
4839, © 2006 by American Society of Clinical Oncology. All rights reserved.)



4.2 Contouring/delineation of target volumes and critical structures  57

necrosis was also reported [82]. Patients with central tumors were subsequently excluded from RTOG 0236 
and a separate trial, RTOG 0813, was run to address the question of dose in patients with centrally located 
tumors. The proximal bronchial tree contour includes the last 2 cm of the distal trachea, the carina, bilateral 
main stem bronchi, bilateral upper and lower lobe bronchi, the bronchus intermedius, the right middle lobe 
bronchus, and the lingular bronchus. A separate volume should be drawn for the trachea that is further than 
2 cm from the carina and continues to 5 cm above the carina or 10 cm above the topmost aspect of the PTV, 
whichever is more superior [73].

4.2.2.7 RIBS AND CHEST WALL

Exposure of ribs and chest wall to radiation is associated with a risk of fracture and development of chest wall 
pain. Rib fracture risks may be increased with underlying conditions such as osteoporosis [83]. The RTOG 
0915 protocol recommends contouring the ribs within 5 cm of the PTV by outlining the bone and the mar-
row; adjacent ribs should not be contoured in contiguous fashion in the contour. For single-fraction regimen, 
maximum recommended dose is 30 Gy and less than 1 cc should receive 22 Gy or more. For the 4-fraction 
regimen, maximum recommended rib dose is 40 Gy (10 Gy/fx), and less than 1 cc should receive 32 Gy or 
more [72].

4.2.2.8 BRACHIAL PLEXUS

The brachial plexus is a nervous network that arises from the four lower-most cervical nerves and the first 
thoracic nerves. This network controls the sensation and motor function of the upper extremities. Radiation 
injury of the brachial plexus, or brachial plexopathy, may manifest as pain, paresthesia, or motor weakness. 
A 2012 retrospective study of patients with NSCLC undergoing conventionally fractionated RT with concur-
rent chemotherapy examining rates of brachial plexopathy found a strong association and higher rates of 
brachial plexopathy with median brachial plexus doses greater than 69 Gy and doses to 0.1 cm3 of brachial 
plexus greater than 75 Gy [84]. In a retrospective study from Indiana University looking at apical lung lesions 
treated with SBRT, a maximum brachial plexus dose of 26 Gy or greater was associated with significantly 
higher rates of brachial plexopathy. Current clinical trials recommend a maximum dose ≤63–66 Gy [79] 
with conventional fractionation. For SBRT, brachial plexus dose constraints include 17.5 Gy if single fraction, 
24 Gy (8 Gy/fx) max with 3-fraction regimens, 27.2 Gy (6.8 Gy per fraction with 4-fraction regimens, and 32 
Gy max (6.4 Gy/fx) with 5-fraction regimens [66].

4.2.2.9 CARINA

The carina is the point where the trachea bifurcates into the right and left main stem bronchi. It is a use-
ful landmark that can be used for CBCT registration, and carina matching has been shown to identify 
setup errors and provide superior nodal coverage and combined target coverage as compared to spine 
 matching [85].

4.2.2.10 STOMACH

Acute toxicity to the stomach includes nausea and vomiting. Later potential effects include ulceration, bleed-
ing, and perforation, which can be life threatening. A dose of 45 Gy to the whole stomach with conventional 
fractionation is associated with a 5–7% risk of ulceration. For SBRT it is recommended to limit the volume of 
the stomach receiving >22.5 Gy to <4% of the organ volume or 5 cc [86], and for maximum dose 12.4 Gy for 
single-fraction regimens, and 27.2 Gy for 4-fraction regimens [66].

4.2.2.11 SKIN

When looking at skin doses, the greatest concern is the potential for ulceration. In RTOG 0618 skin is 
defined as the outer 0.5 cm of the body surface, and as such it is to be contoured as a uniformly thick 0.5-cm 
rind of the outer surface. The maximum recommended dose is 26 Gy for single-fraction SBRT, 24 Gy for 
3-fraction regimens (8 Gy/fx), 36 Gy for 4-fraction regimens (9 Gy/fx), and 32 Gy for 5-fraction regimens 
(6.4 Gy/fx) [70].
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4.2.3 PLANNING ORGAN AT RISK VOLUME (PRV)
Just as for the PTV, where movement might add a degree of uncertainty that must be accounted for, the same 
might happen in OARs. At times, it is beneficial to add a margin to an OAR structure to account for this 
degree of uncertainty, leading to the creation of the planning organ at risk volume (PRV) structure. A PTV 
and a PRV may overlap. PRVs are more important in structures that are in series rather than structures in 
parallel, as the former is at higher risk of significant irreparable damage [87].

4.3 DOSE FRACTIONATION AND CONSTRAINTS

4.3.1 CONVENTIONAL FRACTIONATION

4.3.1.1 PRESCRIBED DOSE

Concurrent chemoradiation is the standard of care treatment for inoperable locally advanced NSCLC. The 
optimal dose and fractionation of radiation for NSCLC has been the subject of much research through-
out the years. Prior to the integration of chemotherapy and radiation, unresectable patients were treated 
with radiation only. RTOG 7301 and 7302 were two parallel randomized clinical trials run in the 1970s 
which explored dose escalation in patients with unresectable or medically inoperable tumors. Patients 
in RTOG 7301 included less advanced disease (medically inoperable stage I and II, unresectable stage III 
excluding T4 or N3 disease) and they were randomized to 40 Gy split course, 40 Gy continuous, 50 Gy, 
or 60 Gy, all delivered in 2 Gy fractions. Patients in RTOG 7302 had more advanced disease without dis-
tant metastases, including T4 disease and N3 nodes, and they were randomized to 30 Gy in 10 3-Gy frac-
tions, 40 Gy split course or 40 Gy continuous course in 2 Gy fractions. The groups receiving 50 and 60 Gy 
showed fewer infield failures. The 60 Gy group also showed a longer median time to failure (19 months, as 
compared to 12 months for 50 Gy and 8 months for 40 Gy) as well as a small improvement in 3-year overall 
survival (15% for the 60-Gy group versus 10% in the 50-Gy group and 6% in the 40-Gy group). This trial 
established 60-Gy as the standard radiation dose in NSCLC [88,89]. Given the dismal survival rates, subse-
quent trials were attempted.

The CALGB 8433 showed that addition of chemotherapy led to an improvement in survival. Patients 
with stage III NSCLC were randomized to 60 Gy in 2-Gy fractions alone or with induction chemotherapy 
with cisplatin and vinblastine. Median OS was 13.8 months in the combination arm, versus 9.7 months in 
the radiation alone (RT) arm, and 3-year OS was 23% in combination arm versus 11% in the RT alone arm. 
This established combination treatment as superior to RT alone for unresectable patients. Subsequently, 
RTOG 94–10 asked the question of concurrent versus sequential treatment as well as exploring a hyper-
fractionation alternative. In this trial 610 patients were randomized to one of three arms: a sequential 
arm with induction cisplatin and vinblastine followed by radiation therapy to a total dose of 63 Gy, start-
ing at day 50 of treatment; a concurrent chemoRT arm with the same chemotherapy and RT regiment as 
in the first arm, but starting on day 1 of treatment; a concurrent arm utilizing oral etoposide and cispla-
tin and hyperfractionated RT with a total dose of 69.6 Gy at 1.2 Gy twice daily fractions. At a median fol-
low-up of 11 years, the median OS was significantly better in the concurrent, daily radiation arm, with a 
median OS of 17.1 months, compared to 14.6 months in the sequential arm and 15.6 months in the hyperfrac-
tionated arm [90]. Meta-analysis of concurrent versus sequential chemo RT confirmed benefit to concurrent 
approach [91].

The goal of RTOG 0617 was to explore radiation therapy dose escalation as a different strategy to improve 
patient survival. This was a randomized multi-institutional study that randomized patients with unre-
sectable stage III NSCLC to either 60-Gy or 74-Gy in 2-Gy fractions with concurrent weekly paclitaxel and 
carboplatin with or without cetuximab. Unexpectedly, at a median follow-up time of 22.9 months, patients in 
the 74-Gy group were found to have no improvement in survival, with a median survival of 20.3 months in 
the dose escalation group and a survival of 28.7 months in the standard dose group [92]. Preoperative concur-
rent chemo RT is a treatment option for select patients with resectable locally advanced disease, such as stage 
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IIIA patients with minimal N2 disease (limited to one station). It is also the standard of care for resectable 
superior sulcus tumors [66].

The Intergroup 0139 trial randomized patients with NSCLC stage IIIA to concurrent chemotherapy and 
radiation therapy alone or followed by resection. There was no difference in overall survival for the two 
groups in all-comers. However, an unplanned exploratory analysis showed improved survival in the patients 
in the surgery group who underwent lobectomy as compared to matched patients in the definitive chemo RT 
group. Decreased survival in overall surgical groups was thought to be driven by perioperative mortality in 
the pneumonectomy patients [93].

4.3.1.1.1 Post-operative RT

Radiation in the postoperative setting is a controversial topic. A meta-analysis of 10 trials published ini-
tially in 1998 and updated in 2005 showed a significant detriment to the addition of post-operative RT. The 
pooled analysis showed a 2-year OS of 53% for patients treated with postoperative RT, as compared to 58% 
for patients who did not receive adjuvant RT, corresponding to an 18% relative increase in death. Subgroup 
analysis showed PORT to be most detrimental for patients with stage I and II disease and patients with lower 
nodal status [67]. However, the results of this meta-analysis have been the subject of much criticism, specif-
ically that many of the centers used antiquated techniques and high dose per fraction, which would not be 
acceptable for today’s standards.

While the publication of the PORT meta-analysis significantly dampened the use of RT in the postopera-
tive settings, other studies have suggested a potential benefit of PORT for certain patient subsets. A 2006 
SEER database analysis of 7465 patients, with a median follow-up time of 3.5 years, did not show an overall 
impact on survival. However, subset analysis revealed a survival benefit for patients with N2 disease, with 
a 5-year OS rate of 27% for patients receiving PORT versus 20% for observation patients. In patients with 
N0-N1 disease PORT was detrimental to survival [94].

The ANITA trial was a randomized trial initially published in 2006 that randomized completely resected 
patients with stage IB-IIIA to adjuvant chemotherapy with vinorelbine and cisplatin or no chemotherapy. 
PORT was recommended for node-positive patients; however, it was not required. Subsequent post hoc analy-
sis of the impact of PORT showed a significant benefit for patients with pN2 disease regardless of whether 
they received adjuvant chemotherapy (MS 23.8 for no PORT versus 47.4 months for PORT) or not (MS 12.7 
months for no PORT versus 22.7 months for PORT). Patients with pN1 disease benefited from PORT only if 
they did not receive adjuvant chemotherapy (MS 25.9 months for no PORT versus 50.2 for PORT), while in 
the chemotherapy arm PORT led to decreased survival (MS 93.6 for no PORT versus 46.6 for PORT) [65].

While none of the data suggesting a benefit to PORT for the N2 subset of patients is prospective, it cer-
tainly suggests a strong benefit for the subset of patients with N2 disease. The current NCCN guidelines 
recommend PORT after adjuvant chemotherapy for patients with pN2 disease. For patients with positive 
surgical margins, NCCN guidelines recommend PORT with concurrent chemotherapy. PORT is not recom-
mended for patients with N0 or N1 disease [66].

The LungART trial is an ongoing phase III randomized EORTC trial that investigates the role of PORT 
in patients with completely resected NSCLC with pN2 disease. Following resection, patients are randomized 
to PORT or no PORT. PORT consists of 54 Gy in 27 2-Gy or 30 1.8-Gy daily fractions, with no concurrent 
chemotherapy allowed. Pre-operative and post-operative chemotherapy is allowed but not mandated. Use 
of conformal techniques is mandatory, and the trial mandates the use of beam energies equal to or greater 
than 6MV but no greater than 10 MV to avoid electron transfer in lung tissues associated with higher energy 
beams. Use of heterogeneity correction in planning is mandatory. The primary endpoint is DFS, and second-
ary endpoints include OS, local control, toxicity, and patterns of recurrence. This trial will hopefully shed 
more light on PORT in patients with stage IIIA disease [95].

Small cell lung cancer (SCLC) is a completely different entity with a different clinical course compared 
to NSCLC. In addition to the AJCC staging, in common with NSCLC, SCLC patients are classically divided 
into limited stage, which includes patients whose disease can safely be encompassed in a tolerable radiation 
plan, and extensive stage patients. The treatment paradigm for SCLC differs from that of NSCLC and it is 
dependent on the extent of disease [96].
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For patients with limited stage disease, concurrent chemotherapy and radiation is the accepted standard of 
care treatment. The randomized clinical trial Intergroup 0096 randomized patients with LS-SCLC to 45-Gy 
delivered either daily (in 1.8-Gy fractions) or twice daily (in 1.5-Gy fractions) with concurrent cisplatin and 
etoposide. Patients in the twice daily regimen group had a significant improvement in average survival, which 
was 23 months, compared to 19 months in the daily RT group. Five-year OS was 26% in the twice daily group 
and 16% in the daily group. Twice daily radiation was associated with significantly higher rates of esophagitis. 
Given the overwhelming improvement in survival associated with the twice daily regimen, this is considered 
standard of care for patients with LS-SCLC [97].

One of the criticisms of Intergroup 0096 is that the dose in the once daily regimen is not biologically 
equivalent to the BID regimen, and while considered an appropriate dose, for current standard it would be 
considered inadequately low. The phase II CALGB 39808 aimed to investigate prospectively the feasibility of 
delivering 70 Gy concurrent with chemotherapy to patients with LS-SCLC. Chemotherapy consisted of two 
cycles of induction topotecan and paclitaxel, while concurrent chemotherapy consisted of three cycles of car-
boplatin and etoposide. Patients with a partial or complete responses were subsequently offered PCI. Median 
overall survival was 22.4 months, which is comparable to the results in the BID arm of Intergroup 0096.

While the results of CALGB 39808 are very promising, without a head-to-head comparison it is unclear 
whether conventional daily fractionation can be equivalent to the twice daily regimen. There are two ongoing 
clinical trials comparing twice daily RT with conventional fractionation. The CALGB 30610 is a random-
ized trial comparing the Intergroup 0096 twice daily regimen to 70 Gy in 35 daily fractions. Both arms 
receive concurrent cisplatin or carboplatin and etoposide. This study is open and still accruing subjects. The 
CONVERT trial is a UK trial that randomized patients to either the Intergroup 0096 twice daily regimen on 
66 Gy in 33 daily fractions, with both arms receiving concurrent cisplatin and etoposide. The trial has com-
pleted accrual; however, results are not yet available.

The treatment paradigm for patients with extensive stage (ES) SCLC focuses initially on the delivery of 
systemic treatment. For patients with a response to initial systemic treatment, the use of consolidation tho-
racic radiation is beneficial [96].

In a 1999 trial, patients with a distant complete response and a local partial or complete response were 
randomized to one of two groups: accelerated hyperfractionated consolidation RT, for a dose of 54 Gy in  
36 1.5-Gy BID fractions with concurrent carboplatin and etoposide followed by two additional cycles of cispl-
atin and etoposide. Patients in the comparison arm received four additional cycles of cisplatin and etoposide. 
All patients were offered PCI. Patients who received thoracic RT had improved mean survival (17 months 
versus 11 months) and 5-year OS (9.1% versus 3.7%) [98].

Table 4.2 OAR dose constraints for standard fractionation

OAR Constraints for 30–35 fractions

Spinal cord Max ≤50Gy

Lung V20 ≤35%; V5 ≤65%; MLD ≤20Gy

Heart V40 ≤80%; V45 ≤60%; V60 ≤30%; mean ≤35Gy

Esophagus Mean ≤34 Gy; max ≤105% of prescription dose

Brachial plexus Max ≤66Gy

Source:             Ettinger, D.S. et al., NCCN Guidelines (R) Non-Small Cell Lung Cancer. Version 7.2015, 
National Comprehensive Cancer Network, Fort Washington, 2015. (Adapted with per-
mission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) for 
Non-Small Cell Lung Cancer V.7.2015. © 2015 National Comprehensive Cancer Network, 
Inc. All rights reserved. The NCCN Guidelines and illustrations herein may not be repro-
duced in any form for any purpose without the express written permission of the NCCN. 
To view the most recent and complete version of the NCCN Guidelines, go online to 
NCCN.org. NATIONAL COMPREHENSIVE CANCER NETWORK®, NCCN®, NCCN 
GUIDELINES®, and all other NCCN content are trademarks owned by the National 
Comprehensive Cancer Network, Inc.)
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A recent randomized trial studied patients with ES-SCLC with any response after 4–6 cycles of chemo-
therapy to thoracic radiotherapy (consisting of 30 Gy in 10 daily fractions) followed by PCI or PCI alone. 
While the primary endpoint, which was survival at one year, did not show any statistical difference (33% 
in the thoracic RT group versus 28 in the PCI only group), the thoracic RT group had improved 2-year OS 
(13% versus 3%) and 6 months PFS (24% versus 7%) [99].

4.3.1.2 DOSE CONSTRAINTS

The dose constraints for each organ at risk have been discussed in the previous sections and are summarized 
in Table 4.2 [66] for standard fractionation.

4.3.2  STEREOTACTIC BODY RADIATION THERAPY (SBRT) 
FRACTIONATION

4.3.2.1 PRESCRIBED DOSE

RTOG 0236 is a 2010 clinical trial that examined the role of SBRT in patients with early stage (T1-T2 N0 M0) 
inoperable NSCLC. Patients were treated to a total dose of 54 Gy in 3 18-Gy fractions, with fractions sepa-
rated by at least 40 hours. Due to significant toxicity observed for patients with central tumors treated with 
SBRT, phase I/II dose escalation trial RTOG 0813 explored the use of SBRT in medically inoperable patients 

Table 4.3 OAR dose constraints for SBRT

OAR Single fraction 3 fractions 4 fractions 5 fractions

Spinal cord 14 Gy 18 Gy

(6 Gy/fraction)

26 Gy

(6.5 Gy/fraction)

30 Gy

(6 Gy/fraction)

Esophagus 15.4 Gy 27 Gy

(9 Gy/fraction)

30 Gy

(7.5 Gy/fraction)

105% of PTV 

prescription

Brachial plexus 17.5 Gy 24 Gy

(8 Gy/fraction)

27.2 Gy

(6.8 Gy/fraction)

32 Gy

(6.4 Gy/fraction)

Heart/pericardium 22 Gy 30 Gy

(10 Gy/fraction)

34 Gy

(8.5 Gy/fraction)

105% of PTV 

prescription

Great vessels 37 Gy NS 49 Gy

(12.25 Gy/fraction)

105% of PTV 

prescription

Trachea and 

proximal bronchi

20.2 Gy 30 Gy

(10 Gy/fraction)

34.8 Gy

(8.7 Gy/fraction)

105% of PTV 

prescription

Rib 30 Gy 30 Gy

(10 Gy/fraction)

40 Gy

(10 Gy/fraction)

NS

Skin 26 Gy 24 Gy

(8 Gy/fraction)

36 Gy

(9 Gy/fraction)

32 Gy

(6.4 Gy/fraction)

Stomach 12.4 Gy NS 27.2 Gy

(6.8 Gy/fraction)

NS

Source:   Ettinger, D.S. et al., NCCN Guidelines (R) Non-Small Cell Lung Cancer. Version 7.2015, National Comprehensive 
Cancer Network, Fort Washington, 2015. (Adapted with permission from the NCCN Clinical Practice Guidelines in 
Oncology (NCCN Guidelines®) for Non-Small Cell Lung Cancer V.7. 2015. © 2015 National Comprehensive Cancer 
Network, Inc. All rights reserved. The NCCN Guidelines® and illustrations herein may not be reproduced in any form 
for any purpose without the express written permission of the NCCN. To view the most recent and complete version 
of the NCCN Guidelines, go online to NCCN.org. NATIONAL COMPREHENSIVE CANCER NETWORK®, NCCN®, 
NCCN GUIDELINES®, and all other NCCN Content are trademarks owned by the National Comprehensive Cancer 
Network, Inc.)

NS: not specified.
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with central tumors. The initial dose cohort was 50 Gy in 5 10-Gy fractions, with escalation up to 60 Gy in 5 
12-Gy fractions. The trial is currently closed and we are awaiting results.

4.3.2.2 DOSE CONSTRAINTS

The dose constraints for each organ at risk have been discussed in the previous sections and are summarized 
in Table 4.3 [66] for SBRT fractionation.

4.3.2.3 CONFORMITY INDEX

The conformity index is the quotient of the treated volume and the PTV. It is a useful concept that can be used 
as part of plan optimization, if the PTV is fully enclosed by the treated volume.

4.4 PLANNING TECHNIQUES

For any of the planning techniques described below, the selected photon beam energy should be between 4 
and 10 MV [100–102]. Lower energy beams are preferred over higher energy (greater than 10 MV) because 
of the loss of lateral scatter equilibrium of the beam in the lung [103]. Multiple studies have reported on the 
effects of the loss of lateral scatter equilibrium [101,104–107]. One way to overcome such a loss is to add a larger 
margin for the PTV, which defeats one of the advantages of IGRT—the ability to reduce margins since more 
sophisticated imaging techniques are included during daily treatments. The larger margin would also lead to 
more normal tissue receiving unnecessarily higher doses. Another issue that can arise with high energy beams 
is that electronic equilibrium can also be lost along the central axis of the beam if the field size is too small. 
This can lead to a significant decrease in the percent depth dose of the beam [101,108]. Since small field sizes 
are typically used for SBRT, this can lead to underdosing of the tumor and a higher probability of recurrence. 
Prior studies have shown that a small decrease in dose (7–15%) to the tumor can drastically diminish tumor 
control [109–111]. Therefore, it is recommended that the photon energy selected for lung plans should be in the 
range of 4–10 MV.

Any form of IGRT, whether it is kV or MV based, can be used with any of the treatment techniques listed 
below. Depending on the capabilities of the treatment machine, imaging can be performed prior, during, or 
after treatment to assess inter- and intrafraction motion of the target.

4.4.1 3D
For standard fractionation dose schemes, there are no set numbers of beams recommended. The beam 
arrangement may consist of a combination of coplanar and non-coplanar beams. Arrangements can be as 
simple as AP/PA, parallel opposed beams to more complex arrangements with multiple non-coplanar ones. 
AP/PA beam arrangement is classically used for more extensive disease that is centrally located. By using this 
beam arrangement, the dose to the unaffected lung tissue is minimized. However, this plan can only be deliv-
ered to 45–50 Gy (1.8–2 Gy per fraction) due to spinal cord tolerance. To deliver a higher dose to the PTV, an 
“off-cord” plan must be developed to spare the spinal cord.

Beams are chosen to provide the best tumor volume coverage while limiting the dose to the normal struc-
tures. Multileaf collimators (MLCs), compensators, and blocks (though not widely used) are just some of the 
tools used to conform the port of the field to the tumor while reducing dose to critical structures. The ability 
to spare normal tissues is limited by the need to provide adequate dose to the target. If a large portion of the 
lung is to be irradiated, the plan must be designed to adhere to normal lung tolerance doses. To avoid radia-
tion pneumonitis or other complications, certain dose indices, such as V20, V5, and mean lung dose, should 
be reviewed prior to treatment initiation [112,113]. As seen in Figure 4.12, the use of an anterior-superior 
oblique, posterior, and left-posterior oblique beam provide adequate coverage for the centrally located tumor 
while sparing the spinal cord and lungs as best as possible.
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Based on multiple RTOG protocols (0236, 0813, 0915) for 3D SBRT plans, it is recommended to use greater 
than or equal to 10 beams, at least 7 of which should be non-opposing. The reason for choosing so many 
beams is to minimize the entrance dose and the toxicity to the skin and chest wall [100]. The use of non-copla-
nar beams is also preferable. The beams are typically equally weighted. The size of the tumor being treated 
also determines the number of beams used—the larger the tumor, the more beams necessary to provide 
adequate coverage [72,73,80]. Figure 4.13 demonstrates a 3D SBRT lung plan, which used 7 beams, 2 of which 

Figure 4.13 3D plan for SBRT lung. A total of seven beams were used in this plan in order to meet RTOG 0813 
protocol guidelines.

Figure 4.12 3D conventional plan using anterior-superior oblique, posterior, and left-posterior oblique 
beams. Beam arrangement was chosen to adequately cover the PTV while sparing critical structures, such as 
the spinal cord, heart, and lungs.
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were non-coplanar. These beam angles were selected based on tumor location as well as the critical structures 
as per RTOG 0813 (see Table 4.3). Again, the MLCs are used to conform the port to the shape of the PTV. 3D 
plans are still the most common and standard form of treatment available for lung tumors.

4.4.2 IMRT
Intensity modulated radiation therapy (IMRT) is a type of radiation therapy that is used to modulate the 
photon or proton beams to deliver a more conformal dose to the tumor. Depending on the capability of the 
linear accelerator and treatment planning system, the movement of the MLCs is either classified as “step-and-
shoot” or “sliding window.” In the step-and-shoot delivery, the MLCs are stationary while the beam is on, and 
then the beam is halted while the MLCs move to the next control point until all positions have been treated 
for that field. For the sliding window technique, the beam is continuously on while the MLCs sweep across 
the field. The MUs for the sliding window method tend to be higher than the step-and-shoot technique since 
the beam is constantly on.

IMRT is currently used to treat a multitude of different cancers in various areas of the body. The use of 
IMRT for the treatment of lung cancer has proven to be a useful tool for tumors that are large and located in 
critical areas of the body with difficult geometry to overcome [114,115]. A case where IMRT was necessary 
to treat a lesion, which included the right middle lobe, mediastinum, and right supraclavicular region, with 
the issues of size and location, is shown in Figure 4.14. Dosimetrists initially started with a 3D plan but were 
unable to meet the constraints on critical structures. There is no set number of beams for IMRT field arrange-
ments. The separation of the beams is typically based on the number of beams being used. However, opposing 
beams tend to be avoided. Constraints are added as needed for all critical structures listed in the previous 
section during the inverse optimization process to limit the risk of toxicities to normal tissues.

Numerous studies have been performed to investigate the optimal number of beams for IMRT 
lung  plans  [116–120]. A retrospective planning study performed by Christian et al. compared five differ-
ent IMRT plans that used multiple beam arrangements (3, 5, 7, and 9 coplanar fields and 6 non-coplanar 
fields) to a 3D that used 6 non-coplanar beams for 10 patients with NSCLC. They discovered that the normal 
lung  volume  receiving 20 Gy (V20) was lower for the IMRT plans that used more than 3 fields as compared 
to the 3D plans. They also found that there was a relationship between the number of coplanar beams and 
the dose to normal lungs being reduced, where the plan with 9 beams was better than the ones using fewer 
beams [118]. The study performed by Liu et al. shows that IMRT plans not only reduce the V20, V30, and mean 
lung dose, but they also could maintain or improve the V45 to the heart and esophagus when compared to 
3D plans [116].

While IMRT plans have shown some benefits in dose reduction to the lungs (V20 and V30), the volume of 
lung receiving low dose (V5) has greatly increased, which can lead to both acute and late pulmonary toxicity 
[19,121,122]. More clinical data are needed to better understand the complications (both early and late) that 
may arise from having more integral low dose to a larger volume of the lungs.

Figure 4.14 Example of IMRT lung plan to treat right middle lobe, mediastinum, and right supraclavicular 
region.
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4.4.3 VMAT
Volumetric modulated arc therapy (VMAT) is also a type of radiation treatment that involves the modula-
tion of the multileaf collimators (MLCs) speed and positions while the dose rate and gantry rotation speed 
are also varied. This technique can deliver a highly conformal dose to the tumor while sparing normal tissue. 
Potential advantages of VMAT over 3D and IMRT are that there is improved dose distribution since there are 
more angles available for treatment as well as a reduction in treatment times. VMAT is still a relatively new 
procedure and not all linear accelerators can deliver this type of treatment.

Most VMAT cases are planned with at least two coplanar arcs with variable collimators. The size and loca-
tion of the tumor tend to influence the length of the arcs—some arcs are the full 360°, while others are only 
a fraction of this. The sum of the degrees in all the arcs should be greater than 340° for SBRT dose fraction-
ations [72,73,80]. Non-coplanar arcs can also be used if warranted to develop a better plan. Careful consid-
eration must be taken when choosing the angles of the gantry rotation and the couch not to cause a collision 
with the linear accelerator and the patient. VMAT has more degrees of freedom compared to IMRT plans 
during the inverse optimization since the gantry is free to rotate around the patient. As with inverse optimi-
zation for IMRT, it is also necessary to add constraints to critical structures when executing VMAT planning.

Various studies have found that VMAT plans yield a reduction in dose to critical structures while increas-
ing the conformity of dose to the lung tumor as compared to highly conformal 3D plans [123,124]. The 
comparison of these plans also resulted in a significant reduction in mean lung dose values, including V20, 
V12.5, V10, and V5 [124]. On initial glance, VMAT plans would deliver a greater amount of low dose to the 
lungs. If the arcs are limited during the selection of the gantry angles, then the low dose spread to the lungs 
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Figure 4.15 Right lung mass SBRT plan. On the DVH display, the red line represents the tumor, pink is PTV, 
yellow is ribs, cyan is spinal cord, and the dashed blue line is the lung-GTV. Even with using three full arcs, the 
low dose to the lungs is limited.
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can be minimized. As seen in Figure 4.15 the low dose to the lungs is limited even with a plan that uti-
lizes three full arcs. The reduction in dose to the lungs reduces the risk of radiation-induced pneumonitis 
for patients already with compromised lung function. Another benefit of VMAT is the decreased risk of skin 
and soft tissue toxicity since the dose is distributed over a greater surface area as compared to 3D and IMRT 
plans [125].

4.4.4 DYNAMIC CONFORMAL ARC

Arc therapy was initially introduced to address limitations from fixed field treatments, such as 3D and IMRT. 
Dynamic conformal arc therapy allowed the target to be treated from all angles [126]. Other advantages of 
using arc therapy are the improvement of treatment times and the decrease in monitor units (MUs). A study 
comparing MU factors between IMRT and dynamic arc therapy by Morales-Paliza et al. found that there was 
significant decrease in MUs for the arc plans [127]. This would be beneficial in terms of treatment times and 
the comfort of the patient. There is also less chance of deviation from the prescribed dose due to setup errors 
and/or internal motion for dynamic arc therapy since the treatment times are shorter [127].

In both VMAT and dynamic conformal arc therapy, the shape of the field is constantly changing. However, 
the MLCs in VMAT modulate such that the PTV is partially blocked as the gantry rotates around the patient. 
For dynamic conformal arc therapy, the field-shape changes such that it fits the beam’s eye view (BEV) of 
the target volume as it rotates around the patient. If a critical structure is within the BEV, the MLCs can be 
adjusted such that the OAR is blocked as the arc is delivered. Dynamic conformal arc plans tend to have 3–4 
non-coplanar arcs, but the number can vary based on location and size of the target. The number of arcs, 
their length, and their arrangement are all determined during the planning process such that the PTV is 
adequately covered.

4.4.5 DOSE CALCULATION AND HETEROGENEITY CORRECTION

Complications may arise during computation of radiation treatment plans due to the volume of low-density 
lung present in the fields for lung tumors. The loss of charged-particle equilibrium (CPE) is cause for concern 
in low-density volumes such as the lung. This deficiency occurs when the field size is decreased to a small 
enough size that the lateral ranges of secondary electrons become comparable or even larger than the field 
size [128]. Since the range of electrons is greater in lung versus water, this effect occurs for larger field sizes in 
lungs. When irradiating lung tumors with small field sizes, most of the dose to the tumor is from secondary 
electron interactions and dose deposition. As the beam traverses from tissue to the lower density lung, the 
dose is reduced due to electron scattering in the lungs. Once the beam enters the tumor (tissue equivalent) 
from the lower density lung, the dose must build back up at the surface of the lung/tumor interface prior to 
the dose being deposited in the tumor. These reductions in dose can lead to significant underdosage at the 
tumor periphery. The loss of peripheral tumor coverage is also worsened using higher energy beams, due to 
the increased electron range.

The accuracy of the dose calculation algorithm is of the utmost importance, especially when calculat-
ing plans involving lung tumors. Certain dose calculation algorithms do not account for secondary elec-
tron interactions and therefore the displayed dose is inaccurate. According to Report Number 85 from the 
American Association of Physicists in Medicine (AAPM), a difference in dose as small as 5% may result in 
a 10–20% variation in tumor control probability (TCP) at 50% as well as a 20–30% change on normal tis-
sue complication probabilities (NTCP) [129]. When planning lung cancer cases, the calculation algorithm 
that is selected should include three-dimensional (3D) scatter integration such as convolution/superposition 
or Monte Carlo (MC), which accounts explicitly for electron transport [130]. The algorithm selection is of 
extreme importance when designing a plan for small tumors with small field sizes (less than 5 × 5 cm2) and 
should use one of the previously mentioned ones.

Based on recommendations from AAPM Task Group Report Number 101 and other articles, pencil beam 
algorithms should not be used for dose calculation of SBRT lung plans [130]. Another recommendation from 
the Task Group is that MC calculations should be the algorithm of choice for the most complex geometry 
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encountered in SBRT lung cases, which include small, peripherally located lung tumors that are surrounded 
by lung tissue [130]. A study performed by Chetty et al. comparing multiple dose calculation algorithms, 
which included pencil beam (1D equivalent path-length and 3D equivalent path-length) and model based 
(anisotropic analytical algorithm (AAA), collapsed cone convolution-superposition (CCC), Acuros XB, and 
Monte Carlo), showed that the pencil beam–based algorithms provide good coverage of the PTV but the 
model-based algorithms show a substantial reduction in coverage of the PTV as seen in Figure  4.16 [131]. 
This demonstrates how insensitive pencil beam algorithms are to low density regions and how they do not 
incorporate electron scattering within the lung into the model. Hence, the use of a pencil beam algorithm 
would lead to an overestimate of the tumor dose versus the more accurate model-based algorithms, which 
calculates a considerably lower dose to the tumor.

4.5 SUMMARY

The incorporation of IGRT into radiation treatments has led to the reduction of uncertainty of lung tumor 
motion, whether it is inter- or intrafraction motion. Visualization of the tumor using IGRT can be performed 
at any point—before, during, or after treatment. By utilizing IGRT, margins to lung tumors can be person-
alized to everyone based on the motion of the tumor. This leads to smaller expansions for PTVs as well as 
reducing the amount of normal tissue irradiated. IGRT is a useful tool regardless of the complexity of the plan. 
Integrating IGRT with treatment helps ensure that the delivered dose is what was intended by the treatment 
plan [132].
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Figure 4.16 Comparison of PTV coverage using multiple dose calculation algorithms. (a) Axial and sagittal 
images of peripheral tumor and PTV. The 90% isodose lines (IDLs) for each algorithm are displayed. The 1D 
and 3D pencil beam algorithms overestimate the coverage of the PTV, which is 95% in this case, whereas all of 
the model-based algorithms show a drastic reduction in PTV coverage. (b) PTV DVH for all algorithms, which 
also demonstrates the reduction in PTV coverage by the model based algorithms. All of the model based 
algorithms agree within a few percent of one another. (c) DVH of lungs for all algorithms. (Reprinted from 
Radiother Oncol, 109, Chetty, I.J. et al., Correleation of dose computed using different algorithms with local 
control following stereotactic ablative radiotherapy (SABR)-based treatment of non-small-cell lung cancer, 
498–504. Copyright [2013], with permission from Elsevier.)
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5.1 INTRODUCTION

The goal of radiotherapy is to control tumor progression or ablate the tumor with minimal harm to the 
patient. It requires high precision to localize the tumors accurately and deliver highly conformal doses to 
targets while sparing the surrounding radiosensitive healthy organs. For lung tumors, motion is exaggerated 
due to respiration, which is a serious challenge in the lung cancer radiotherapy. Historically, a large margin 
is applied to account for the setup uncertainties. The systematic errors could be up to 3 cm for lung cancer 
treatments if less intense immobilization and no imaging are applied for patient localization [1,2]. Even with 
active motion control, the required margin may still need be up to 1.5 cm if patients are aligned only to skin 
tattoos [3]. Large margins increase lung toxicity which can induce severe complications, especially for lung 
cancer patients with compromised lung function.

Image-guided radiation therapy (IGRT) is used to monitor tumor motion and minimize setup errors. 
The development of IGRT has significantly improved the precision of radiotherapy, along with customized 
immobilization devices and advanced radiation delivery techniques such as intensity modulated radiation 
therapy (IMRT) [4–7]. By utilizing IGRT in lung cancer treatments, setup errors can be further reduced and 
thus smaller margins can be implemented. Not only can it spare normal lung dose, but it can also allow for 
further dose escalation, which can improve local control in patients with non-small-cell lung cancer.

In this chapter, we will focus on the principles and theories of IGRT-based treatment verification and 
delivery for lung cancer. It includes an overview of principles and clinical workflow of image guidance, prac-
tices of inter- and intrafractional motion management, treatment delivery techniques, and clinical impacts 
of IGRT on the lung cancer treatment.

5.2 PRINCIPLES FOR VERIFICATION AND DELIVERY

5.2.1 PRINCIPLES FOR TARGET VERIFICATION

Target verification can be classified into interfraction verification, which localizes the target before the start 
of the treatment for each fraction, and intra-fraction verification, which localizes the target during the actual 
treatment. Interfraction verification addresses the patient’s anatomical and positional changes between dif-
ferent fractions, and intrafraction verification addresses the misalignment of the target due to changes of 
respiratory motion and patient position during the treatment. While interfraction verification has been 
commonly performed in lung radiation therapy treatments, intrafraction verification has been largely over-
looked in the past. However, several clinical studies suggested that intra-fraction can be as important as 
interfraction verification, especially for hypo-fractionated lung stereotactic body radiation therapy (SBRT) 
due to its long treatment time (30–60 min), tight planning target volume (PTV) margin (5–10 mm), and 
high fractional dose (10–34 Gy) [8,9]. Purdie et al. showed that lung tumor intrafraction motion increases 
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with treatment time to over 1 cm for long SBRT treatments [1]. Zhao et al. reported a maximal drop of PTV 
coverage from 95% to 78% in gated lung SBRT using 5-mm margin due to intrafraction motion [10]. Therefore, 
the usage of intrafraction verification needs to be carefully considered for lung radiation therapy treatments. 
Different techniques have been developed for inter- and intrafraction target verification. These techniques 
can be classified into the following categories:

1. X-ray-based imaging techniques: X-ray-based imaging techniques include 2D kilo voltage (kV) or mega-
voltage (MV) imaging and 3D/4D cone beam CT (CBCT). 2D kV/MV imaging has the advantages of 
high imaging efficiency and low imaging dose, which makes it suitable for real-time target verification 
and delivery tracking. However, because it does not provide 3D volumetric information of the patient, 
the target localization accuracy in 2D imaging can be limited by the availability of traceable features, 
low contrast of the target, and overlaying high contrast features (e.g., spine, chest wall), as reported by 
Rottmann et al. [11,12]. Implanting markers in the tumor can improve the localization accuracy in 2D 
imaging, but this approach may not be applicable for all patients as it requires the invasive procedure of 
marker implantation. In addition, the locations of the markers may not accurately reflect the location 
of the tumor owing to soft-tissue deformation, tumor size change, and marker migration [13]. 3D/4D 
CBCT generates 3D/4D images of the patient by acquiring 2D kV projections all around the patient. 
CBCT has been used as the gold standard among x-ray-based techniques for interfraction verification 
due to the volumetric information it provides [14,15]. However, it has limited applications for intra-
fraction verification due to long scanning time, high imaging dose, and limited mechanical clearance. 
It takes around 1 min for a 3D-CBCT scan and 4–5 min for a 4D-CBCT scan. Taking multiple CBCTs 
for intrafraction verification will increase the total treatment time substantially, leading to more 
intrafraction motion [1], which defeats the purpose of intrafraction verification. CBCT imaging dose 
can be up to 1–2 cGy, much higher than 2D kV/MV imaging due to the large number of projections 
acquired [16]. This prevents CBCT from being acquired multiple times  intrafractionally over  different 
fractions as the accumulated imaging dose is not negligible and may cause concerns for secondary 
cancer induction especially for young patients. In addition, CBCT requires scan angles of 200° or 360° 
which may not always be mechanically feasible especially when the imaging target is in the peripheral 
region of the body.

2. On-board MRI imaging: MRI integrated with radiotherapy unit has been proposed for both inter- and 
intrafraction verification [17,18]. Compared to CT, MRI has no radiation dose and better soft tissue 
contrast, which is useful for localizing low-contrast tumors in the soft tissue such as liver and prostate 
cancer. Currently, commercial on-board MRI systems can generate 2D cine MRI and 3D volumetric 
MRI images. 2D cine MRI provides real-time images of the patient in a 2D plane, which can be used 
for either gated treatment or target tracking in lung cancer radiation therapy [19]. However, 2D cine 
MRI does not provide volumetric information of the patient for 3D verification. In contrast, 3D MRI 
provides high quality volumetric images of the patient for target verification, but it does not capture the 
information along the time domain, which is important for tracking the respiratory motion of the lung 
tumor. 4D-MRI is being developed to address the limitations of both 2D cine and 3D MRI. Compared 
to x-ray-based imaging, on-board MRI imaging is less widely available in clinics, due in part to the high 
cost of the system. Besides, MRI is not applicable for imaging patients with pacemaker, metal implants, 
or claustrophobia. The accuracy and clinical significance of using MRI imaging for target verification 
remains to be understood.

3. Verification using electromagnetic transponders: The Calypso® System (Varian Medical Systems, Inc., 
Palo Alto, CA) has been developed to localize the tumor by tracking the locations of multiple electro-
magnetic transponders implanted in the tumor [20]. The system consists of wireless transponders, an 
in-room 4D electromagnetic array housing the excitation and receiver coils and corresponding control 
console, a system of three infrared cameras mounted on the ceiling, and a tracking station located in 
the therapy control room [21,22]. The 4D electromagnetic array is placed over the patient and tracks the 
relative position of the implanted transponder. The infrared cameras detect the position of the array 
relative to the treatment machine. This information is used to determine the offset between the tumor 
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center and the machine isocenter. Calypso can provide real-time localization of the target for gated 
treatment or target tracking. Similar to the marker-based 2D x-ray imaging, the localization accuracy of 
Calypso could be affected by beacon migration, tumor deformation, and size changes. The invasive and 
permanent implantation of beacons also makes it not applicable for some lung cancer patients.

The pros and cons of each technique need to be weighed carefully when selecting the appropriate verifica-
tion technique for lung cancer treatment. The key aspects that need to be considered include: (1) Efficiency: 
The imaging efficiency needs to be considered, especially for intrafraction verification, to minimize inter-
ruption to the treatment. (2) Imaging dose: Imaging dose to the patient needs to be minimized when using 
x-ray-based techniques. This needs to be considered together with the frequency of the imaging technique 
used throughout the treatment course to minimize the total accumulated imaging dose. (3) Image quality 
and localization accuracy: The localization accuracy of the verification technique is the key for the success of 
radiation therapy treatments. It’s also an important factor when designing the PTV margin used in planning. 
(4) Patient-specific condition: Patient-specific conditions, such as suitability for marker implantation or being 
claustrophobia, need to be considered when choosing the appropriate verification technique. Note that the 
above factors can be weighed differently based on the types of treatments and applications of the verification 
techniques. SBRT treatments weigh more heavily on image quality and localization accuracy than imaging 
dose due to the high demand of treatment precision and small number of fractions. In contrast, fractionated 
treatments generally are less sensitive to localization errors due to the larger PTV margin used, but are more 
susceptible to accumulated imaging dose due to the large number of fractions employed. Therefore, imaging 
dose may be weighed more heavily than localization accuracy in fractionated lung cancer treatments when 
selecting an efficient low-dose imaging technique for daily verification. The verification technique selected 
will vary, based on its application for interfraction, intrafraction verification, or target tracking. Intrafraction 
verification demands high imaging efficiency of the technique to minimize delay of the treatment. Target 
tracking requires a verification technique with high temporal resolution to provide real-time localization of 
the target.

5.2.2 PRINCIPLES FOR DELIVERY

Respiration-induced target motion during lung cancer treatment can be managed either at the treatment 
planning stage or during radiation delivery. In the first approach, the target can move relative to the radi-
ation beam, and the full motion envelope of the target is included in the planning target volume. In the  
second approach, the tumor is static in the reference frame of the radiation beam. This can be achieved by 
controlling tumor motion (breath-hold, forced shallow breading, abdominal compression), or by controlling 
the delivery equipment to deliver radiation only when the target is in a fixed position relative to the treat-
ment beam (respiratory gating, beam tracking). Gating and tracking techniques enable control to reduce 
motion-induced errors and allow for margin reductions and dose escalation, while limiting the dose received 
by adjacent normal tissues [23,24]. A complete description of motion management strategies can be found 
in Chapter 3. In this section, we focus on the treatment delivery aspects of respiratory gating and real-time 
tracking techniques.

5.2.2.1 RESPIRATORY GATING

In a respiratory-gated treatment, the patient breathes normally and radiation is delivered intermittently. A 
breathing signal is used to trigger the beam delivery only during a predetermined portion of the breathing 
cycle, when the tumor lies inside the radiation field [25–27]. Internal or external surrogates of the tumor 
motion provide the breathing/gating signal. External surrogates consist of infrared markers placed on the 
patient torso (RPM, Varian), 3D surface imaging derived from infrared cameras (VisionRT), or measurement 
of air flow (spirometry). The position of infrared markers is detected by a video camera and used to create a 
representation of the breathing cycle. Internal surrogates consist of gold fiducial markers or electromagnetic 
transponders implanted in or near the tumor. Their positions are detected by orthogonal fluoroscopic images 
or an electromagnetic array to determine the offset between the tumor center and the machine isocenter.  
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Advancements in treatment verification techniques also enable direct visualization of the target and  generate 
a breathing signal from the target motion itself. Fiducial-less tracking methods are highly desirable to 
eliminate the risk associated with marker implantation procedures such as pneumothorax [28] and marker 
migration.

In respiratory gating, the beam is turned on when the breathing signal is within a predefined range 
relative to the reference position. This range is called a gating window and is established at the time of 
simulation. The amplitude of the gating window determines the duty cycle (the ratio of the beam-on time to 
the total  treatment time) and the residual target motion within the gating window. The smaller the gating 
window, the smaller the residual target motion, and the longer the treatment time. Typical duty cycles for 
gated treatment are 30–50% [25]. Residual target motion is accounted for by extending the radiation field to 
encompass the motion envelope of the target. Gukenberger et al. have shown that the treatment efficiency 
can be further increased by introducing the concept of mean target position [29]. In this case, the isocenter is 
placed at the time-weighted mean target position, and the residual target motion is compensated by applying 
safety margins based on 4D dose calculations.

Patient cooperation is important to maintain a reproducible breathing signal and an efficient treatment 
delivery. Coaching the patient and using visual and audio-respiratory feedback have been shown to improve 
breathing consistency and delivery efficiency in some studies [30–33]. Gating based on external markers 
assumes that the relationship between the position of the surrogate marker and the internal target position 
is constant. It is, however, well known that patients experience changes in breathing patterns and tumor 
motion trajectory during treatment (interfraction) and during a single treatment session (intrafraction) [34]. 
Therefore, it is important to verify the internal target anatomy during treatment using verification techniques 
such as x-ray-based imaging techniques [35].

5.2.2.2 REAL-TIME TRACKING

The term real-time tracking refers to techniques that enable following the target trajectory synchronizing the 
radiation delivery with the moving target. For this, the position of the target must be monitored continuously 
during treatment. The position of the target can be determined from x-ray images or from the signal emitted 
by electromagnetic transponders. Based on this information, the radiation beam is re-targeted by robotically 
repositioning the linear accelerator [36], by reshaping the multileaf (MLC) collimator [37], or by moving the 
patient positioning system [38]. In the case of charged particle radiation, the beam can also be steered using 
an electromagnetic system.

The advantages of dynamic tracking are several:

1. More comfortable to the patient than breath-holding techniques as the patient can breathe normally 
during treatment

2. More efficient than gating, as there are no interruptions in radiation delivery
3. Compared to motion encompassing methods (ITV-approach), target tracking enables us to reduce the 

normal tissues included in the radiation field
4. Moreover, changes in respiratory pattern and tumor motion trajectory are accounted for during 

 treatment. Dynamic tracking, however, poses technical challenges, as it relies on sophisticated  imaging 
and delivery techniques. It is important to understand its full functionality and the corresponding 
uncertainties (Chapter 12).

For 2D discrete image acquisition, a model of target motion must be built to enable dynamic tracking. The 
model is built by correlating the target position and the simultaneous position of external surrogate markers 
placed on the patient’s chest prior to each treatment session. Models can be linear, quadratic, or polyno-
mial. Studies have shown that higher-order polynomial fits (dual quadratic model) are required to provide an 
accurate representation of target motion during the respiratory cycle [39]. For 2D continuous image acquisi-
tion (keV images in fluoroscopic mode or 2D MRI in cine mode) a correlation model might not be neces-
sary. Studies have shown that model-less dynamic tracking can achieve accuracy of 1.5 mm [40]. Model-less 
dynamic tracking also can be achieved using the continuous signal from small electromagnetic transponders 
implanted in the tissue (Calypso, Varian).



80 Treatment verification and delivery

5.3 CLINICAL IMPLEMENTATION OF IGRT FOR LUNG CANCER

Online IGRT has been shown to be an effective tool to reduce systematic and random errors in the radiother-
apy process and thus impact clinical endpoints [5,41,42] as shown in Figure 5.1. The reduction of the varia-
tion in the process can lead to margin reduction and dosimetric improvement, which could impact  clinical 
endpoints [43]. It is particularly important to overhaul the whole chain of treatments when implementing 
IGRT to fully utilize its advantages. This section presents an overview of the clinical flow of IGRT for lung 
cancer, including considerations of immobilization devices and proper positioning during the simulation, 
 intravenous (IV) contrast consideration, computed tomography (CT) / four-dimensional CT (4D-CT) simu-
lation, patient localization and verification, and the basic principles of online image registration.

The typical online IGRT workflow has been described by several institutions [44–46]. Figure 5.2 shows the flow-
chart of a typical online IGRT process using volumetric imaging technique for localization. The CBCT and AVG-CT 
images are first registered based on bony anatomy (vertebral bodies and other rigid landmarks) using an automatic 
registration algorithm. Then, soft-tissue match is performed manually to shift the tumor visualized in the CBCT 
into the planning target volume (PTV) using a lung window. After the CBCT localization, an MV/kV orthogonal 
pair or second CBCT scan should be acquired to quantify the residual errors. If the residual alignment is within the 
tolerance, treatment proceeds as a conventional beam delivery method considering the PTV as a static target.

5.3.1 IMAGE REGISTRATION METHODS

There are two different objects in the image registration, the fixed image and the moving image. The purpose 
of image registration is to maximize the similar metrics between the fixed image and the moving image 
through transformation. In the registration process, image metrics measure similarity distance between 
images, the optimizer aligns the images based on the measures, and the moving image is transformed toward 
the fixed image based on the optimization results.
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Figure 5.1 “Runtime” charts for the position of a single patient showing daily position (filled circles), running 
mean (solid line), and control limits (dashed lines). (a) The daily position without image guidance shows a large 
systematic error (10 mm) and large random uncertainty. (b) The application of an offline correction protocol 
results in small systematic error but does not reduce large random uncertainties, which manifests as daily posi-
tions that are “out of control.” (c) Using daily online corrections results in small systematic and random uncertain-
ties, indicating a process that is “in control.” (Courtesy of Alexis, B. et al., Sem Radiat Oncol., 22, 50–61, 2012.)
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Figure 5.2 Online IGRT flowchart for lung cancer treatment.
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5.3.1.1 2D/2D IMAGE REGISTRATION

Two orthogonal portal images are commonly taken after patient leveling and positioning in the treatment 
room. The images can be registered to the corresponding digital reconstructed radiographs (DRRs). Only pla-
nar transformations can be determined by superimposing the anatomical structures of the portal image and 
DRR. Three translational and one rotational degree of freedom (DOF) can be achieved for patient correction.

5.3.1.2 2D/3D IMAGE REGISTRATION

2D/3D image registration can register an orthogonal pair of kV or MV x-ray images acquired prior or dur-
ing treatment to DRRs rendered from the original CT set. DRRs are rendered iteratively from the CT data 
set until the optimal similarity measure is achieved [47]. Various methods have been proposed to expedite 
the rendering process, such as the ray casting method and the shear warp method [48]. Six DOF corrections 
can be applied for patient setup from the 2D/3D image registration. 2D/3D image registration has proven 
to be an accurate and reliable target localization method on various platforms including ExacTrac® [49], 
CyberKnife® [50], or On-Board Imager [51].

5.3.1.3 3D/3D IMAGE REGISTRATION

CBCT provides online patient setup information to correct for interfraction motion with volumetric infor-
mation. Rigid image registration is used to match CBCT to simulation CT with six DOF (three translational 
and three rotational). Common information is generally used as the similarity measure for 3D/3D image 
registration, especially between different image modalities. The image intensities are stochastically sampled 
using linear partial volume interpolation. The number of sampling points and noise and scatter from the 
CBCT could affect the accuracy of registration. The use of CBCT for localization has been proved to reduce 
the magnitude of setup errors and the variation in setup uncertainty between tumors undergoing respiratory 
motion of varying magnitude.

5.4  INTERFRACTIONAL MOTION LOCALIZATION  
AND VERIFICATION

Interfractional motion localization and the application of setup correction protocols is key for safe and accu-
rate delivery of a curative dose to tumors in the lung. It can reduce systematic errors that arise from changes 
in average (mid-ventilation) [52] tumor location or the respiratory motion trajectory between the preparation 
phase (localization and treatment planning) and execution phase (treatment delivery). In terms of margins, 
(from clinical-target-volume to planning-target-volume) the contribution of systematic errors is the largest [53]. 
Interfractional motion localization can be used not only to compensate for systematic errors in an offline patient 
setup correction protocol [54], but also to compensate for day-to-day changes in the position of the target vol-
ume if the correction protocol is executed online, just prior to the delivery of the treatment fractions [55]. The 
latter is recommended strongly by the AAPM task group 101 on SBRT to guarantee an accurate dose delivery 
in hypofractionated treatment schedules. The following sections describe various methods for interfractional 
localization of the tumors in the lung. The methods can be divided into volumetric imaging techniques, planar 
imaging techniques, often combined with implanted fiducial markers, and techniques that use implanted elec-
tromagnetic beacons. Volumetric imaging techniques comprise kilo voltage (kV) cone beam computed tomo-
graphy (CBCT), kV CT on-rails, megavoltage (MV) CT, and integrated Magnetic Resonance Imaging (MRI).

5.4.1 VOLUMETRIC IMAGING TECHNIQUES

5.4.1.1 kV CONE BEAM CT

The feasibility of a CBCT system integrated with a medical linear accelerator (Linac) was first demonstrated 
by Jaffray et al. [56]. CBCT uses a flat-panel detector to acquire projection images of the whole volume of 
interest in one rotation (Figures 5.3 and 5.4). Feldkamp reconstruction techniques are used to reconstruct a 
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three-dimensional (3D) volume from the two-dimensional (2D) projection images [57]. The high-spatial 
resolution in the z-direction of the flat-panel detectors makes it possible to reconstruct volumes with a high 
resolution in all three directions. The major advantage of integrated CBCT systems is that they provide volu-
metric images with soft-tissue contrast taken at isocenter position enabling in-room verification of the target 
position just prior to dose delivery. On the other hand, soft-tissue contrast is lower than for diagnostic CT 
scanners due to respiratory motion blurring and scatter radiation contributions originating from the patient. 
The latter can be reduced by collimating the cone beam in the z-direction, the use of a bow-tie filter, iterative 
reconstruction techniques, or an anti-scatter grid [58–60].

Respiration correlated CBCT (4D-CBCT) takes advantage of the slow acquisition time of a CBCT by retro-
spectively sorting and binning the projection images to the breathing phase and subsequently reconstructing 
the volumetric images for distinct phases of the breathing cycle into a 4D-CBCT dataset [61]. In this way, not 
only can the mean position of the target can be verified, but also the trajectory and target shape. Sweeney et al. 
demonstrated that—compared to 3D or motion-blurred CBCT—respiratory-correlated 4D-CBCT improved 
the accuracy of target localization of tumors that move with respiration and reduced interobserver variability 
in the image-guidance workflow [62]. Despite technological advances in image quality, soft-tissue contrast in 
CBCT scans remains limited. For tumors centrally located and for involved nodes, CBCT scans often do not 
provide sufficient contrast for image guidance. Alternatively, implanted fiducial markers or the injection of 
radiopaque contrast agents can be used to improve target localization in the CBCT images. Other in-room 
imaging techniques, e.g., diagnostic CT-on-rails or in-room MRI, provide better soft-tissue contrast.

The center of the CBCT imaging system, often referred as the imaging (or kV) isocenter, is mechanically 
connected to the treatment (or MV) isocenter. For safe application of CBCT-based image guidance the imaging 
isocenter needs to be calibrated to the treatment isocenter and this calibration should be tested periodically. The 
test frequency depends on the clinical application. For example, in lung SBRT patient positioning, daily quality 

   

Figure 5.3 Varian Trilogy® linear accelerator with On-Board Imager® device for image-guided radiation 
therapy. (Image courtesy of Varian Medical Systems. All rights reserved.)

Figure 5.4 Elekta Synergy® 3 linear accelerator with cone beam CT scanner for image-guided radiation 
therapy.
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assurance checks of the geometric accuracy are highly recommended. For calibration, a ball bearing is centered 
at the treatment isocenter using portal imaging. The portal images are acquired at four gantry angles (0, 90, 180, 
and 270 degrees) and at two collimator angles (0 and 180 degrees) each, to eliminate the gantry angle dependence 
of the radiation center and to eliminate variation in the positioning of the jaws. After a careful alignment of 
the ball bearing, which is usually an iterative process of correction and verification based on the portal images, 
CBCT projection images of the ball bearing are acquired. The projection images yield the position of the ball 
bearing as a function of the gantry angle on the imaging panel. This position is not fixed due to the flex of the gan-
try and its components due to gravity. The position data are stored as a flex map and can be used for correction 
either by a software shift, comparing the projection images before reconstruction, or by a real-time adjustment 
of the position of the imaging panel. Both techniques also calibrate the imaging center to the radiation center.

5.4.1.2 CT-ON-RAILS

A CT-on-rails system combines a diagnostic CT scanner with a medical linac. The CT scanner is positioned 
inside the treatment room and the treatment couch is shared with the CT scanner. Uematsu et al. were the 
first to develop such a system for frameless, fractionated stereotactic treatments of tumors in the brain and in 
the lung. In contrast to a conventional CT scan where the patient moves, the gantry of the CT moves over the 
patient, acquiring a volumetric data set. To this end, the CT scanner gantry is mounted on rails and is also 
referred to as sliding CT. The most salient advantage is the ability to acquire images with diagnostic CT quality 
just prior to dose delivery. Additional advantages are the ability to use intravenous contrast agents and a lower 
dose, compared with CBCT scanning [63]. The disadvantage of this process is that the imaging does not take 
place at the treatment isocenter. In the setup of Uematsu et al. the couch must rotate by 180 degrees to go from 
the imaging position to the treatment position. During rotation, the patient remains immobilized on the treat-
ment couch. Figure 5.5 shows a CT-on-rails combined with a CyberKnife system (Accuray, Sunnyvale, US).

In this setup, a robotic couch transports the patient by a 90-degree rotation from the imaging to the 
treatment location. Similar to CBCT imaging, accurate image guidance needs a fixed relationship between 
the imaging and treatment isocenter. Compared to CBCT systems, this is less trivial for CT-on-rails systems 
as this relationship depends on the mechanical accuracy of two devices and the precision of the table couch. 
Court et al. demonstrated that for a CT-on-rails setup at 180 degrees with respect to the linac a submillimeter 
precision (1 standard deviation) could be achieved [64]. Alternatively, radiopaque markers on the patient can 
be used to transfer the imaging isocenter to the treatment isocenter [64]. Compared to CBCT imaging the 
adoption of CT-on-rails systems was slow. However, there is renewed interest from the field of particle ther-
apy. For particle therapy, daily monitoring of the patient anatomy and accurate conversion of CT numbers to 
relative stopping power is crucial to mitigate uncertainties in the range of the particles [65–67].

5.4.1.3 MV CT

Instead of using a separate kV radiation source, the therapeutic MV beam can also be used to acquire a 
volumetric image of a patient. This has been implemented clinically in the TomoTherapy® system (Accuray, 
Sunnyvale, US) [68,69]. The system can produce fan-beam helical CT images using the collimated treat-
ment beam. The use of the treatment beam makes the alignment of the imaging and the treatment center 
straightforward. The collimated fan beam produces less scatter and fewer beam hardening effects and is also 

Figure 5.5 CyberKnife® system combined with a CT scanner on rails as installed at Erasmus MC, Rotterdam, 
The Netherlands.
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less sensitive to high-Z materials compared to kV CT and CBCT solutions. Another advantage here is that 
the beam can be modeled in the treatment planning system such that the imaging dose can be calculated 
and incorporated in the treatment plan. However, MV CT imaging suffers from reduced soft-tissue contrast 
compared to kV CT imaging, even though the energy of the imaging beam is reduced from 6 MV to 3.5 MV.

5.4.1.4 INTEGRATED MRI

Obviously, the highest soft-tissue contrast can be achieved by integrating MR imaging with a radiation ther-
apy unit. Various groups are developing such a system but currently, only one system (MRIdian®, ViewRay®, 
Cleveland, US) is commercially available. This system combines a 0.35 Tesla MR scanner with a radiation 
therapy unit using three Cobalt-60 heads as the radiation source. Apart from the improved soft-tissue con-
trast, an additional advantage is that no ionization radiation is used to acquire volumetric images of the 
patient and volumetric imaging can be performed while the beam is on.

The University Medical Center (UMC) Utrecht together with Elekta and Philips Healthcare are devel-
oping a system that integrates a linac with an MRI system. The system comprises a 6 MV linac which is 
combined with a modified 1.5 T MRI scanner [70]. The accelerator rotates on a ring-shaped gantry around 
the MRI scanner. Other projects integrating real-time MR imaging and treatment are the linac-MR system 
under development at Cross Cancer Institute, Edmonton, Canada [71] and the MRI-LINAC project of the 
University of Sydney, Australia [72].

5.4.2 PLANAR IMAGING TECHNIQUES

5.4.2.1 STEREOSCOPIC kV-BASED SYSTEMS

Acquisition of two orthogonal x-ray kV images can be used to reconstruct the location of common features 
in the 2D images to 3D coordinates. The advantage is a fast acquisition in tenths of a second and the low dose 
needed. An obvious disadvantage of planar imaging is the lack of volumetric image information and low soft-
tissue contrast. Therefore, the stereoscopic planar imaging techniques are predominantly used to align the bony 
anatomy to the planning CT scan using Digital Reconstructed Radiographs (DRRs) as reference or for localizing 
fiducial markers implanted inside or near the tumor. In the latter case, the 2D positions of the markers are man-
ually or automatically extracted from the x-ray images and back projected to reconstruct their 3D coordinates in 
the imaging center of the treatment unit. Like the volumetric image-guidance systems, the imaging center and 
the treatment center should be accurately aligned and checked periodically. For tumors in the lung that are of 
sufficient size, and that are peripherally located, the kV planar images may provide adequate contrast to localize 
the tumor directly in the images (Figure 5.6) [73].

By repeated acquisition of the stereoscopic x-ray images across the different phases of the respiratory  
cycle, the planar imaging system can be used to build a correlation model that relates the implanted markers with 
an external breathing signal. Subsequently, this correlation model can be used to track the tumor that moves res-
piration in real time by adjusting the position of the treatment beam. Examples of systems that feature real-time 
respiratory motion tracking are the CyberKnife [74] and the Vero system (Brainlab, Feldkirchen, Germany) [75].

5.4.2.2 FIDUCIAL MARKERS

Metallic markers, for example, made of gold, are often used as surrogates for tumor locations in the lung. In 
particular, in the thorax, those markers are clearly visible using kV planar imaging and can be detected auto-
matically by the image-guidance or tracking system. Various techniques exist to implant fiducial markers in 
or around the tumor. The standard technique to implant markers is the percutaneous transthoracic puncture 
under CT guidance. However, the risk of a pneumothorax after marker placement may be unacceptably high 
[76]. An alternative is the use of vascular embolization coils [77]. Those coils are inserted through the femoral 
vein and placed in small subsegmental pulmonary artery branches surrounding the tumor. A third method 
is ultrasound-guided bronchoscopy marker implantation.

It is important that the positions of the implanted markers relative to the tumor remain stable to accurately 
align the treatment beams to the tumor. However, markers may migrate from their positions that were localized 
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in the planning CT scanning before and during the radiation therapy course [78]. Van der Voort van Zyp et al. 
studied the stability of markers placed using the percutaneous intrapulmonary method [79]. Repeat CT scans were 
used to detect marker displacements relative to the tumor. Although the authors found that the median marker 
displacement was small, marker displacement exceeded 5 mm in 12% of the implanted markers and 10 mm in 
5% of the implanted markers. Considering the risk of displacement, it was recommended to implant multiple 
markers instead of a single marker. The use of multiple markers enables an easy check of marker displacements by 
calculating the change in the mutual marker distances. This check was considered reliable as it was found to detect 
targeting errors equal to or greater than 2 mm in 97% of the treatment fractions in lung SBRT. Alternatively, the 
position of an implanted marker relative to the tumor may be checked using volumetric imaging.

5.5  INTRAFRACTIONAL MOTION LOCALIZATION AND 
VERIFICATIONS

5.5.1  MONOSCOPIC, STEREOSCOPIC, AND HYBRID  
PLANAR X-RAY IMAGING

Monoscopic imaging—or the acquisition of data using a single source/imager—includes single-modality 
on-board MV and kV imaging. However, single-imager systems are not adequate for intrafraction motion 
localization due to lung tumor complex 3D motion patterns [80]. Berbeco et al. hypothesized that using a sin-
gle gantry-mounted source and a priori knowledge of tumor target trajectory, monoscopic imaging would be 
sufficient for real-time tumor tracking [81]. However, in a feasibility study of seven lung cancer patients with 
tumor excursion >1 cm, five cases had mean localization errors >2 mm and two cases had mean errors >3 mm. 
Thus, they recommended the use of stereoscopic localization—or two source/imager pairs—for robust 3D 

Figure 5.6 Screen capture of the tracking console software. The images show the acquired planar image in a 
blue overlay on top of the DRR. Images A and B each correspond to an orthogonal imager. The solid blue line 
outlines the tracking target volume and is positioned at the location the automatic tracking algorithm found 
the tumor.
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target localization. Stereoscopic imaging involves taking images from two different angles in a fixed geom-
etry to reconstruct 3D information via triangulation of corresponding features.

The Exactrac gating system (BrainLAB AG, Feldkirchen, Germany) combines infrared, optical, and ste-
reoscopic kV imaging. Two amorphous silicon detectors are mounted to the ceiling while the corresponding 
kV x-ray sources are floor mounted to enable 3D localization of implanted fiducials at or near lung tumors 
[82,83]. During treatment, monoscopic intrafraction “snapshot” images Snap Verification (BrainlAB AG, 
Feldkirchen, Germany) can also be acquired using one of the oblique digital radio graphics to monitor patient 
motion [84]. The infrared and optical systems can also be used to detect patient motion and monitor patient 
respiration for gating of the treatment beam while stereoscopic KV images verify target position within the 
gating window. A cohort of 11 patients with upper lobe lung lesions were treated using gating with implanted 
fiducials and localization accuracy using the stereoscopic imaging system was 1.7 mm [82].

While not simultaneous, Figure 5.7 shows how on-board AP and lateral KV images can be used together 
to generate a 3D couch shift. Also, note how Varian RPM is used to trigger the imaging acquisition. In this 
case, no gating is implemented for this patient and thus images are triggered at arbitrary time points in the 
breathing cycle.

Hybrid methods have also been described, for example, where monoscopic imaging is used for real-time 
tumor tracking combined with instances of internal target monitoring and continuous external surrogate 
tracking [85]. While this hybrid model was found to have ~10% higher error as compared to stereoscopic 
localization, the imaging dose was halved.

5.5.2 X-RAY FLUOROSCOPY

Historically, x-ray fluoroscopy was implemented in conventional simulators to assess lung tumor motion 
for treatment planning [2]. With the advent of 4D-CT, more common applications of fluoroscopy are 
via on-board x-ray imaging. Like monoscopic imaging, on-board fluoroscopy using standard linacs is 
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Figure 5.7 Screen capture of the treatment console for online setup. The images show the acquired orthogonal 
planar images (right) and the corresponding DRRs (left). Varian RPM is used to trigger the imaging acquisition.
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limited to assessing intrafraction lung tumor motions in two of three dimensions [80,86] unless two sub-
sequent orthogonal portals are used. From the anterior or posterior direction, the apex of the diaphragm, 
tumor, or other nearby area of interest can be identified in a frame and then tracked in subsequent frames via a 
template-matching technique to track motion trajectories [86]. Other specialized systems, such as the integrated 
radiotherapy imaging system (IRIS) [81], consists of two pairs of gantry-mounted diagnostic x-ray tubes and flat-
panel imagers that can acquire real-time orthogonal fluoroscopic images for lung tumor tracking. In the seminal 
work by Seppenwoolde et al. real-time fluoroscopic imaging was made possible by measuring 3D trajectories of 
fiducial markers located at or near the tumor using the real-time tumor-tracking system (RTRT system) (Mitsubishi 
Electronics Co. Ltd., Tokyo, Japan). The RTRT system uses four sets of diagnostic x-ray systems oriented with the 
central axis at the isocenter from several oblique angles for marker tracking [26,78,80,87,88]. In practice, TG-76 
recommends a minimum of 30 seconds of fluoroscopy imaging data to characterize motion of the gross tumor 
volume or nearby anatomic surrogate while ensuring <0.5 second latency between external surrogates [2].

5.5.3  CINE IMAGING USING ELECTRONIC PORTAL  
IMAGING DEVICES (EPIDS)

Several investigators have explored the use of the EPID in cine mode that acquires data in the beam’s eye view while 
the treatment beam is on [89–91]. Images are passively acquired, but may be limited when the beam is obscured by 
the multi-leaf collimators (i.e., with IMRT). Using the EPID in such a manner can enable verification of the tumor’s 
presence within the treatment portal with no extra imaging dose and equipment needed. Acquisition frame rates 
on the order of <1 fps for older models [89,92] and ~9 fps for more modern EPIDs [93] have been reported. Recent 
efforts have suggested a minimum frame rate of ~4.3 fps is necessary for marking less tumor tracking [94].

5.5.4 FIDUCIAL MARKER

In a similar manner to Exactrac, the Synchrony® Respiratory Tracking System, which is part of the CyberKnife® 
Robotic Radiosurgery System (Accuray Inc., Sunnyvale, CA) [34,95] that can make real-time adjustments to 
changes in tumor position, uses a stereotactic localization positioning system with two ceiling-mounted kV x-ray 
tubes and accompanying orthogonally flat-panel imagers on the floor. Two to four markers are implanted at or 
near the tumor and tracked with the kV imaging system. Their position is then back-projected, to derive the 3D 
coordinates while the external surface is being tracked by three optical markers affixed to the patient’s chest 
to develop an external-internal correlation model [74]. The correspondence model predicts the tumor position, 
sends feedback to the robotic linac, and then the robot realigns the beam with the tumor. Correlation errors have 
been reported to be <0.3 mm with time lag to prediction ranging from 115 to 192.5 ms, depending on which pre-
diction model is being implemented [74]. Another real-time tumor-tracking system (RTRT system) (Mitsubishi 
Electronics Co. Ltd., Tokyo, Japan) uses four sets of diagnostic x-ray systems oriented with the central axis at the 
isocenter from several oblique angles to track gold markers implanted at or near moving tumors [26,78,80,87,88].

5.5.5 OPTICAL SURFACE

AlignRT®, also known as the Optical Surface Monitoring System (OSMS) (Vision RT, London, UK), is a 
video-based, 3D imaging system that uses a projected speckled-light pattern to derive 3D surface images 
using three ceiling-mounted camera units (one central and two lateral) for surface rendering. For intrafrac-
tion motion monitoring, a reference surface image is taken, and a region of interest (ROI) on the abdomen 
surface is selected (Figure 5.8 (right)). The intersection point between the normal between the reference sur-
face and the real-time surface patch reconstructed is used to compute the “normal displacement” for each 
subsequent frame [96]. In the example case shown in Figure 5.8, the initial patient setup using OSMS is shown 
on the left, while a tracking surface and resultant breathing amplitude is shown on the right. 3D optical sur-
face tracking has been shown to be strongly associated with tumor and diaphragm motion as determined by 
on-board fluoroscopy [86], with the added advantage of being non-invasive, tracking online, in near real-
time, with no associated imaging dose. However, the approach may need to be combined with other imaging 
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such as planar images (MV/KV) or CBCT to visualize alignment with internal anatomy or to ascertain the 
relationship between internal and external anatomy.

5.5.6 ELECTROMAGNETIC BEACONS

The Calypso Electromagnetic Transponder system (Varian Medical Systems, Palo Alto, CA) was developed 
to track tumors in real time. Review articles by D’Ambrosio et al. [97] and Shah et al. [98] provide detailed 
information about technical aspects of this technology, how it is used clinically, and benefits and limitations, 
based on early clinical studies. As described by Balter et al. [21], the Calypso system uses an array of AC 
magnetic coils to generate a resonant response in implanted transponders, which is subsequently detected 
using a separate array of receiver coils. The transponders are approximately 8 mm in length and 2 mm in 
diameter. Typically, three beacons are implanted, though the system can use as few as two [99]. The beacon 
coordinates are identified on a treatment planning CT, and the offset between the centroid and the intended 
(treatment planning) isocenter is reported at a frequency of 10 Hz (or every 0.1 s). The location of the array 
relative to the linac isocenter is defined through a calibration procedure, and the array itself is tracked in the 
room using the three ceiling-mounted infra-red cameras.

The Calypso system is used in the clinic as follows:

1. The patient is first localized using the skin marks and room lasers.
2. The Calypso system is subsequently used in localization mode by moving the couch in three dimensions 

until the offset between the beacon-defined centroid and the treatment planning isocenter is noted to be 
zero. This process establishes the patient’s initial treatment position.

3. During treatment, the system continuously monitors and reports the offset (in the three dimensions) 
between the actual and the desired isocenter locations. Centers may then choose to re-localize the 
patient or interrupt treatment based on the observed intrafraction motion if the motion exceeds a speci-
fied threshold (e.g., a threshold of 3 mm for a duration of 30 s continuously) [100].

Clinically, the Calypso transponder system has been cleared by the U.S. Food and Drug Administration 
(FDA) for use in prostate cancers, where it has been used successfully to track intrafraction prostate 
motion [97,100]. Using the criterion that 90% of patients receive 95% of the prescribed dose within the 
PTV, Litzenberg et al. [101] showed that planning margins required to accommodate intrafraction motions 
were approximately 2 mm in all directions. In the absence of Calypso-based localization, these margins are 
approximately 10 mm, indicating that a substantial reduction in margins is possible when daily alignment is 
performed using the Calypso system, in the context of prostate cancer [101]. To assess the accuracy of motion 
prediction using Calypso, investigators have performed 4D phantom studies using arbitrary multidimen-
sional motion traces and have shown errors with Calypso tracking to be within 1 mm, which compared favor-
ably to continuous fluoroscopic tracking methods, without the ionizing radiation burden [102].

Although Calypso transponders are not currently approved for implantation within lung tumors, an ani-
mal study involving implantation of the FDA-approved transponders within canine lungs has been carried 
out. This study (performed in five canines) analyzed transponder migration over 57 days [103] and demon-
strated that measurements taken on the first day post-implant varied significantly from later measurements 

Optical surface setup Optical surface tracking

Figure 5.8 Screen capture of the OSMS console. The initial patient setup using OSMS is shown on the left, 
while a tracking surface and resultant breathing amplitude is shown on the right.
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(up to day 9), presumably due to local tissue trauma. The inter-transponder distances were stable up to 30 days 
post-implant with mean values ranging from 0.9 to 1.9 mm from days 9–29 [103]. In one animal, the geometric 
relationship between the transponders changed after 30 days [103]. Furthermore, retention of the transpon-
ders was problematic, as only one animal retained all three transponders for the full duration of the study and 
two of four others lost all three transponders [103]. There has been one clinical study involving the insertion 
of FDA-approved Calypso transponders in human lungs. Shah et al. [20] performed an Institutional Review 
Board (IRB)-approved clinical trial (with off-label use of the transponders for lung cancer cleared by the FDA 
per protocol) in which Calypso transponders were implanted in the lungs of seven lung cancer patients to 
assess real-time tumor tracking. The aims of their study were to investigate the safety of bronchoscopic tran-
sponder implantations and the stability and retention rate of the transponders, in addition to acquiring 4D 
motion information [20]. The authors could implant at least one transponder for each of the seven patients, 
but noted that for three patients, insertion into the lung proved difficult, with only one transponder remaining 
fixed during implantation [20]. They further reported that 13 of 14 transponders remained stable within the 
lung and were successfully tracked with the Calypso system. Of note, one patient developed a pneumothorax 
after implantation of a transponder [20]. The authors concluded that, in using the Calypso system to track the 
motion of lung tumors in real time, lung tumor motion was found to exhibit large interfraction variations 
within a given patient [20]. They cautioned that improvements to both the transponder and tracking system 
are still necessary to create a clinically feasible system for routine use in radiation therapy [20].

In summary, the Calypso electromagnetic transponder system has been shown to be clinically useful for 
tracking real-time motion of the prostate. Challenges associated with the use of Calypso include the inva-
siveness and morbidity associated with implantation of transponders within lung tumors [20], artifacts and 
contradictions related to the use of MRI for patients with implanted transponders [104], and limitations to reim-
bursement to cover implantation of the transponders and other technical costs in radiation therapy [98]. While 
the technology shows promise for use in lung cancer patients, optimization of the tools, as well as additional 
clinical investigations, are warranted before the technology can be applied routinely in the clinical setting.

5.6 DELIVERY TECHNIQUES AND CONSIDERATIONS

Techniques used to deliver treatments to lung cancer patients may vary depending on the specific treatment 
platform. Linacs are used in radiotherapy to achieve photon energies able to penetrate tumors located within 
the body. Common delivery platforms include c-arm Linacs as well as Linacs mounted on robotic arms and 
slip ring gantries. The goal of any delivery technique is to deliver the correct dose accurately to the tumor 
volume. These can be categorized into two major subgroups, 3D-CRT and IMRT.

5.6.1 3D CONFORMAL RADIOTHERAPY

In 3D-CRT, the aperture of the beam is shaped to the target volume from the beam’s-eye-view [105] of each 
field. The beam is then shaped using multi-leaf collimators (MLCs), which consist of multiple leaves of high Z 
material which attenuate and shape the radiation to the target volume. With the 3D-CRT delivery technique, 
beams can either be static fields or move dynamically during treatment. In static field 3D-CRT, 7–10 beams 
are spread out evenly, either in a coplanar or non-coplanar fashion, using a combination of gantry and couch 
angles. Beam weights and aperture shapes are manually modified by the treatment planner to create a con-
formal dose distribution.

Dynamic conformal arc (DCA) is a common 3D-CRT delivery method in which the gantry moves around 
a fixed isocenter. An arc is split into multiple control points which are used to direct the machine delivery. 
The MLCs conform to the target in the BEV at each control point, and as the gantry rotates, the MLCs move 
dynamically to reach the position at the next control point. The MLCs move to change the shape of the beam 
aperture, but are not used to modulate the intensity beam. The weight of each arc can be manually modified 
to provide more conformal coverage. Due to the ellipsoidal dose distributions resulting from this delivery 
technique, it is often used in cranial stereotactic radiosurgery to treat small circular lesions [106]. However, 
because the weighting cannot be modified within an arc and the choice of gantry angles and pedestal rotations 
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are often limited in the thorax due to machine clearance, the hot spot typically occurs laterally in the target 
with poorer coverage medially. This difference is accentuated for larger targets; therefore, the DCA technique 
is typically used for SBRT of small spherical lesions.

5.6.2 INTENSITY-MODULATED RADIOTHERAPY

In IMRT, the beam is modulated using MLCs to create a desired dose distribution. Unlike 3D-CRT, IMRT 
beams are modulated to minimize dose to organs-at-risk (OARs) that are in close proximity to the target. This 
is accomplished by using inverse optimization. The optimization uses a cost function to achieve the desired 
target dose while minimizing the dose to the OARs. Each beam has a unique fluency map made up of small 
beamlets that are delivered by the MLCs using either of two techniques: sliding window or step-and-shoot. 
In sliding window IMRT delivery, the MLCs are continuously moving while the beam is on. The amount 
of radiation that passes through the leaves is dictated by the speed of and distance between the leaves. In 
step-and-shoot IMRT delivery, the MLCs form multiple static field shapes, and a set amount of radiation is 
delivered before moving to the next MLC shape.

5.6.2.1 VOLUMETRIC MODULATED ARC THERAPY

Like the 3D-CRT technique, IMRT can be delivered using a fixed-beam or rotational technique. One com-
mon rotational IMRT technique is volumetric modulated arc therapy (VMAT), based on the work by Otto et 
al. [107]. In VMAT, the beam is delivered in a continuous arc while the gantry speed, MLCs, and dose rate are 
all modulated to achieve the desired dose distribution. In lung treatment delivery, partial arcs are often used 
to avoid collisions with the gantry and the couch and to avoid beams entering through the contralateral lung.

5.6.2.2 TOMOTHERAPY

Another common form of rotational IMRT is TomoTherapy. In TomoTherapy, a linac is mounted on a slip 
ring gantry. The beam is delivered by a beam collimated slit beam, which is further modulated with a binary 
MLC. While the linac rotates, the patient is translated longitudinally through the machine, like a CT imaging 
machine where the longitudinal motion can either be in a stepwise or continuous fashion.

5.6.3 NORMAL LUNG DOSE

While IMRT has proved to be effective in treating prostate and head and neck cancers with conformal, con-
cave dose distributions that reduce dose to the OARs [108]. The advantages of IMRT in treating lung cancer 
are still debatable due to uncertainties in delivered dose distributions introduced by respiratory motion.

Before the introduction of IMRT, lung cancer patients were treated using 3D-CRT techniques with simple 
field arrangements such as opposed anterior-to-posterior (AP-PA) fields or three to four fields, avoiding the 
cord and the contralateral lung. Several studies have shown that IMRT can decrease dose to the surround-
ing organs at risk as well as lower the volume of lung receiving 20 Gy (V20) and mean lung dose [108–111]. 
However, for IMRT, the spread of low doses to normal lung tissues has been shown to increase. This low 
dose spread is often evaluated by the volume of lung receiving 5Gy (V5), which is thought to correlate with 
increased risk of radiation pneumonitis. This increase in low dose may be due to the increase in the number 
of fields and complexity of the plan, which further increases the number of monitor units, beam on time, and 
leakage through the MLCs. The low dose spread is further increased in arc techniques such as VMAT where 
the beam is continuously delivering radiation. Figure 5.9 shows an example of a target planned with equiva-
lent target coverage using four different treatment techniques.

5.6.4 MLC INTERPLAY EFFECT

Although IMRT can be a powerful tool used to minimize and shape dose to OARs, the complexity of an 
IMRT delivery can be a factor in accurately delivering doses. One of the concerns in IMRT delivery of lung 
cancer is the interplay between the motion of the tumor volume due to respiratory motion and the motion of 
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the MLCs as illustrated in Figure 5.10. The discrepancy between planned and delivered doses increases with 
the amount of modulation and delivery complexity, which is dependent on the combination of MLC speed 
and segment size.

Other factors that can exacerbate the interplay effect include large amplitude tumor motion, high breath-
ing frequency, high dose gradients, insufficient margins, and areas of high heterogeneity such as at the tumor/
lung interface. Several studies have been performed to quantify the interplay effect [112–115] using either sim-
ulations or phantom measurements. Jiang et al. showed that in one fraction, dose discrepancies up to 18% are 
possible. Due to arbitrary position and phases the tumor is located in during the start of treatment, when the 
treatment is fractionated and delivered over 30 fractions the difference is reduced to 1–2% [113]. Furthermore, 
by minimizing the MLC modulation by decreasing the maximum leaf speed and minimizing the number of 
small segments, the dose discrepancy can be kept to a minimum [112]. A trade-off may exist with the use of 
fewer segments and slower leaf speed, between a more modulated plan with a better dose distribution and a 
compromised dose distribution with a more robust delivery.

Interplay studies have also been performed looking at VMAT delivery for lung treatments. Several studies 
have found that the interplay effect is minimal and comparable to IMRT delivery [116]. One reason is that 
VMAT delivery differs from IMRT delivery in that the collimator is typically rotated at 30–45 degrees for 
optimization purposes and the MLCs move both in and out of the field, not only in one direction as in sliding 
window IMRT. The combination of collimator angle and MLC movements should theoretically help mini-
mize the effect; however, VMAT plans that are highly modulated and contain many small MLC segments 
which may offset any of the benefits of the MLC/collimator geometry.

Yang et al. also studied the interplay effect in TomoTherapy delivery, where the interplay effect occurs 
between the superior-to-inferior motion of the target and the simultaneous movement of the patient lon-
gitudinally through the machine [117]. At a point in time, only a small area of the target volume is being 
irradiated by a narrow slit of radiation. Thus, depending on the position of the couch and the movement of 
the target, areas within the target may be over- or underdosed. Larger dose discrepancies occurred when the 
target speed was closest to the longitudinal couch speed, but this could be mitigated by decreasing the gantry 
rotation and using a larger field size. Greater discrepancies also occurred for sequential segmented delivery, 

(a)

(c) (d)

(b)

Figure 5.9 Example of a target planned with equivalent target coverage using four different treatment tech-
niques: a 3-field 3D plan (a), a 5-field IMRT plan (b), a dynamic conformal arc (DCA) plan (c), and a 2-arc VMAT 
plan (d). Note the larger spread of the 5Gy isodose line (dark green) in the rotation techniques (DCA (c) and 
VMAT (d)) compared to the techniques (3D-CRT (a) and IMRT (b)). Also, note the increase in conformality of the 
90% isodose line (dark blue) from the intensity modulated techniques (IMRT (b) and VMAT (d)) compared to the 
3D-CRT techniques (3D-CRT (a) and DCA (c)).
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where the couch is translated in a stepwise fashion, compared to helical delivery, where the couch moves 
continuously through the machine.

In 3D-CRT, the interplay effect is usually not an issue because the field is not modulated; thus for more 
mobile tumors with large motion amplitudes, 3D-CRT may be preferable. However, adequate margins must 
still be given to provide any underdosage at the edge of the beam aperture [118].

5.6.5 DOSE RATE AND TREATMENT TIME

Another method that has been suggested to minimize the interplay effect is to decrease the dose rate. Several 
studies have shown that the maximum interplay occurs when the tumor motion and leaf speeds are simi-
lar [114,115,119]. Thus, by lowering the dose rate, the leaf speed will decrease to create a greater difference 
between the tumor and leaf speeds. However, by decreasing the dose rate and increasing delivery time, the 
comfort of the patient must also be considered. Prolonged treatment times may cause the patient to move 
voluntarily or involuntarily on the treatment table, creating even larger unplanned dose discrepancies [120].

High dose rate beams are often used for SBRT in the treatment of early stage non-small-cell lung cancer. 
SBRT treatments are typically longer because a larger amount of dose is delivered in one fraction compared to 
conventional treatments. High dose rate beams without flattening filters have dose rates up to 2400 MU/min, 
which have been shown to decrease treatment times by up to 50% [121]. However, because SBRT treatments 
are delivered in fewer fractions the interplay effect can have a greater effect when not dispersed over a larger 
number of fractions. Studies have shown that the interplay effect in SBRT treatments using high dose rates 
is insignificant. This is partly because the MLCs move much slower at the very high dose rates; however, the 
amount of modulation and small segments should be kept to a minimum.

Studies have also shown a decrease in treatment time in VMAT compared to IMRT technique without any 
degradation in the target dose distribution [122]. VMAT delivery uses the treatment beam more efficiently by 
modulating the beam while continuously delivering the dose. However, the number of beams in both VMAT 
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Figure 5.10 Example of the motion interplay for IMRT an VMAT techniques. Breathing trace (top) shown with 
four highlighted areas: (A) End inhale, (B) Mid inhale, (C) Mid exhale, (D) End exhale. Corresponding tumor 
location from the beam’s eye view of the treatment field with examples of the MLC leaf postions for an IMRT plan 
(middle row) and VMAT plan (bottom row). Note differences in shapes of MLCs, where in IMRT, the target 
becomes more and more occluded as the MLCs move in one direction (right to left), in VMAT, the MLCs move 
in and out, blocking small areas of the target at one time.



5.7 Summary 93

and IMRT plans is an important factor when comparing the two techniques. IMRT delivery time increases as 
more beams are used, and as the modulation increases the monitor units increase. The amount of modulation 
in VMAT is constrained by the MLC leaf position between control points in an arc. Thus, if more modulation 
is required additional arcs should be used, but as the number of VMAT arcs increases the treatment time 
increases. For a difficult plan that needs significant modulation, an IMRT plan may be more efficient, allow-
ing for greater modulation within one beam without requiring additional beams and multiple arc passes.

5.7 SUMMARY

Accurate treatment of lung cancers is confounded by many technical factors, the two most important being 
associated with tumor motion and tissue heterogeneity. Considering the generally poor tumor control and 
survival rates associated with locally advanced stage non-small-cell lung cancers (NSCLC), ~15% five-year 
overall survival, and the relatively high incidence of normal tissue toxicity [123], the need for proper mar-
gin design and accurate planning and target accuracy is of paramount consideration. In the context of early 
stage NSCLC, where stereotactic ablative radiotherapy (SABR) is becoming a more mainstream treatment 
approach [124], technical factors arguably became even more important, as these patients are treated with five 
or less fractions and with doses ranging from 10 to 18 Gy per fraction.

5.7.1 MARGIN REDUCTION

Van Herk et al. [53] proposed the theoretical framework for proper planning margin design. They defined 
the concepts of systematic and random errors, and showed that systematic errors have the potential to sig-
nificantly impact target dose distributions; since for these errors, the potential to miss the target due to a 
systematic shift in the isocenter position, for instance, can lead to significant dosimetric consequences [53]. 
Respiratory-induced motion, if not properly managed, can result in large systematic differences between 
planned and delivered doses, potentially impacting accurate targeting and normal tissue sparing [2]. The 
most common approach for managing respiratory-induced motion at the time of simulation involves the use 
of a 4D-CT which is acquired by correlating the respiration trace (using an external surrogate of the motion) 
with time of acquisition. One is then able to sort the CT dataset into phases corresponding to the various 
states of respiration, from end inhale to end exhale. Information about the tumor motion is extracted from 
the 4D-CT dataset for design of the planning margins to form an ITV [125]. The ITV is further expanded to 
account for setup errors to specify the PTV. The design of the PTV is of utmost importance. A PTV designed 
with a small margin is likely to lead to a geometric miss of the target, while too large of a margin will lead 
to excessive doses to surrounding normal organs. In the context of lung cancer, where respiratory-induced 
motion confounds proper margin design, it is imperative that margins be assessed for individual patients 
during treatment, ultimately for optimization of the margin design for each patient.

IGRT has played a central role in reducing planning margins, ultimately to improve the therapeutic ratio 
for lung cancer patients. Online IGRT has been shown to regulate margin process control by enabling reduc-
tion of both systematic and random errors to within control limits [42]. Investigators have shown that plan-
ning margins can be reduced using many different online IGRT techniques [126,127], such as CBCT imaging 
[5,44,128–132], ultrasound-based IGRT [133], ABC [134], gating [135], and tracking [135,136].

5.7.2 CLINICAL OUTCOME OF IGRT FOR LUNG CANCER

The dosimetric benefits associated with online IGRT, improved targeting accuracy, and better sparing of nor-
mal tissues have likely led to improvement in outcomes for patients with lung cancer, although first-level evi-
dence (based on clinical trials) of impact of daily image guidance on outcomes is limited. Indeed, it has been 
reported in a detailed review of the impact of IGRT that the evidence “…supports that higher-quality dose 
delivery enabled by IGRT results in higher clinical control rates, reduced toxicity, and new treatment options 
for patients that previously were without viable options” [42]. The working group Extracranial Stereotactic 
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Radiotherapy of the German Society for Radiation Oncology performed a retrospective multicenter analysis 
of practice and outcome after SBRT for 582 patients with stage I NSCLC [137]. They found that the type of 
patient setup had a significant impact on 3-year freedom from local progression (FFLP). Daily in room IGRT 
showed an FFLP of 83%, which was significantly higher (p = 0.006) than that of daily pre-SBRT CT resimula-
tion performed outside the treatment room (FFLP of 77%) [137]. Moreover, when patients were set up using 
stereotactic immobilization only, without IGRT, FFLP was significantly lower at 67% (p = 0.006) [137].

The ability to capture systematic drifts between simulation and treatment (baseline shifts) [138], as well 
as large magnitude excursions [139], emphasizes the importance of daily IGRT for lung cancer treatments. 
For locally advanced NSCLC, dose-volume-effect relationships have been published for normal organs, such 
as healthy lung tissue, and show clearly that increased dose to healthy lung tissue (for instance, due to exces-
sively large planning margins) compromises parenchymal reserve, potentially resulting in dose-limiting tox-
icity, such as radiation pneumonitis [140]. Increased risk of radiation pneumonitis, resulting from violation 
of normal lung dose tolerances, has also been observed for early stage lung tumors treated with stereotactic 
ablative radiotherapy (SABR) [141]. The use of SABR has expanded to early stage, centrally located tumors, 
where other organs (e.g., the bronchial trees), are subject to dose-limiting toxicity, such as bronchial airway 
collapse [142]. For such tumors, careful attention must be given to motion and planning margin design, 
with the goal of reducing the dose to centrally located critical organs. Finally, one could argue that assess-
ment of tumor response by daily volumetric IGRT during treatment for locally advanced lung tumors may 
show reduction in tumor volumes, leading to the potential for isotoxic dose escalation, which may well lead 
to improved outcomes. The Radiation Therapy Oncology Group (RTOG No. 1106) has initiated a coopera-
tive group clinical trial to evaluate whether isotoxic dose escalation for locally advanced stage NSCLC, and 
enabled by mid-treatment CT and PET imaging, has an impact on outcomes [143].

In summary, IGRT for lung cancer treatments has been shown to provide more accurate targeting of the 
tumor and better sparing of normal tissues. IGRT has enabled reduction of planning margins, and therefore 
reduced dose to surrounding healthy tissues, making treatments safer. Moreover, reduction of planning mar-
gins afforded by IGRT may facilitate isotoxic dose escalation, and therefore potentially improve outcomes for 
patients with locally advanced NSCLC.
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Quality assurance of IGRT

KRISHNI WIJESOORIYA, TAEHO KIM, JOSH EVANS, AND QUAN CHEN 

6.1 INTRODUCTION

The objective of radiation therapy is to treat the defined tumor region and spare the surrounding normal tissue 
from radiation damage. Reducing the positioning uncertainty of the target region will lead to smaller planning 
target volume (PTV) margins and lower normal tissue toxicity. Image-guided radiation therapy (IGRT) utilizes 
knowledge of the target location and change in anatomy during treatment obtained through various imaging 
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techniques to guide the radiation delivery. Particularly with advanced treatment delivery techniques such as 
 intensity-modulated radiation therapy (IMRT) leads to high-precision dose sculpting with sharp dose gradients; 
it is critical to ensure the precision of the IGRT through carefully designed quality assurance (QA) procedures.

6.2 QA OF IMAGING MODALITIES USED IN IGRT

6.2.1 MAJOR COMPONENTS OF IGRT QA
Various imaging techniques have been used for IGRT. These techniques can be categorized as radiologi-
cal approaches, which include kilovoltage (kV)/megavoltage (MV) planar imagers (on-board or in-room) 
[1–3], kVCT [4], MVCT [5], MV/kV cone beam CT (CBCT) [6,7], and non-radiological approaches, such 
as magnetic resonance imaging (MRI) [8–10], ultrasound [11], optical imaging [12], and radio-frequency 
system  [13]. Most of these practices have been in clinical use for a long time. There are task group reports 
recommending the QA practice, such as the American Association of Physicists in Medicine (AAPM) Task 
Group 58 (TG-58) report on electronic portal imaging [14], TG-104 on in-room kV planar imaging [15], 
TG-154 on IGRT using ultrasound [16], TG-179 on CT-based technologies in IGRT [17], and TG-147 on non-
radiographic localization and positioning systems [18]. In addition, for those imaging systems that are inte-
grated to specific machines, the QA was covered in TG-40 [19] and TG-142 [20] as well as in TG-148 for 
TomoTherapy® MVCT [21] and TG-135 for the CyberKnife® imaging system [22].

While the specifics of the QA procedure vary with imaging techniques, the principles of the QA are simi-
lar. In general, the QA of imaging modalities should include the following key components: imaging system 
performance, repositioning accuracy, and geometric accuracy. These components cover the three important 
aspects in the IGRT workflow, namely, the identification of the target, the correction of positioning offsets, 
and the accurate irradiation to the desired target.

6.2.1.1 IMAGING SYSTEM PERFORMANCE

The QA of imaging system performance typically includes the spatial integrity, image uniformity, noise, con-
trast, and high/low contrast resolution. Spatial integrity checks whether the imaging system correctly reports the 
dimensions of the patient anatomy without obvious distortion. The accuracy of spatial integrity is the fundamen-
tal requirement of the imaging system used in IGRT. The QA procedure commonly involves imaging a phantom 
with known dimensions and verifying through measurement on the image. For some imaging systems, the QA 
procedure also includes the measurements with multiple detector positions to verify system scaling integrity.

In IGRT, the purpose of the imaging system is to locate the target and organs at risk (OARs) so that the 
treatment can be directed correctly. Therefore, it is important for the imaging system to maintain sufficient 
image quality (uniformity, noise, contrast, resolution, etc.) for the task. Studies have shown that image qual-
ity impacts the registration accuracy [23–26]. There are many factors that can impact image quality, such 
as detector sensitivity changes due to radiation [27] and imaging spectrum changes due to target wearing 
[28,29]. In extreme cases, severe image artifacts can arise that severely cripple the image-guidance ability. In 
this regard, the image quality of the imaging system needs to be monitored regularly. Typically, a baseline 
was obtained through the system acceptance tests. Deviations from the baseline during the future routine 
QA should be investigated. Many commercially available phantoms that include well-designed structures to 
test various aspects of image quality have been employed for QA of the imaging system. These phantoms were 
designed to streamline the image quality QA process. For instance, in Figure 6.1, the imager QA module of 
PIPSpro software and QC phantoms can be used for the tests. Readers are encouraged to explore those offer-
ings and identify a solution best suited to the needs of their individual clinics.

6.2.1.2 REPOSITIONING ACCURACY

The patient positioning device is an important part of any image-guidance system. It usually exists in the 
format of a motorized, remote-controlled couch. Most systems, including conventional linac and MRIdian® 
(ViewRay Inc., Oakwood Village, OH) come with a couch capable of translation along three axes [30]. There 
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are also commercial solutions that provide movement with 6 degrees of freedom. [31,32]. Some systems come 
with the capability of correcting patient positioning error by moving linac instead. The CyberKnife system 
(Accuray Inc., Sunnyvale, CA) is capable in moving its robotic arm to follow the three-dimensional (3D) respi-
ratory motion [33]. The Vero system (Brainlab AG, Munich, Germany) has the capability of correcting the yaw 
angle offset (rotation about vertical axis) through the rotation of the gantry ring [34–36]. The TomoTherapy 
system (Accuray Inc., Madison, WI) has the roll angle correction (rotation about the longitudinal axis) 
achieved through changing the initial angle of the delivery plan [37]. For IGRT to be successful, the accuracy 
and precision of the correction movements must be ensured. Studies have demonstrated positioning accuracy 
in the submillimeter range for several commercial couches using various verification methods [30–32,38–41]. 
However, it is still recommended that users perform such verification during their regular QA activities. One 
such recommended practice by TG-179 is to perform the check through daily end-to-end QA testing [17].

6.2.1.3 GEOMETRIC ACCURACY

With IGRT, patients can be repositioned for treatment based on the locations of targets and OARs as deter-
mined via imaging. It is very important to ensure that the geometry obtained with imaging systems is accu-
rately related to the radiation beam geometry. Commonly, a Winston-Lutz [42–44] type of test is performed 

Figure 6.1 Example of image QA phantom (QC-3 phantom) and its software interface, PIPSpro. (Figures 
extracted from PIPSpro user manual.)
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for this purpose, as shown in Figure 6.2. One such test can be briefly described as follows: A small radiopaque 
ball is imaged and moved to the isocenter based on the image guidance. The ball is then irradiated with a 
2- × -2-cm2 field onto the electronic portal imaging device (EPID) or film stripe. The degree of agreement 
between the image guidance and irradiating systems can be established from the relative position between 
the centroid of the ball image and the field edges.

Alternative methods can also be used for the geometric accuracy verification. One approach is to first 
establish the agreement between the room laser system and the treatment isocenter, then by imaging phan-
tom with markers align to the laser, the agreement between the imaging isocenter and treatment isocenter 
can be inferred [45]. This alternative method is more applicable to the MRIdian system because the MRI 
system is not capable of finding the treatment isocenter. In addition, end-to-end tests that include imaging, 
registration, reposition, and treatment have also been recommended as a test for the geometric accuracy 
[18,22,46].

6.2.2 QA FREQUENCY AND ACTION LEVELS

The QA frequencies and action levels for the imaging modalities in an IGRT system have been recom-
mended by multiple task groups. The distributions of the tests among daily, monthly, and annual QA 
have been carefully considered to balance cost and effort with accuracy. TG-142 [20] allows deviations 
from their recommendations if they are well justified. The upcoming TG-100 [47] encourages individual 
departments to develop their unique QA programs based on the procedures and resources performed at 
their institutions. Failure modes and effects analysis should be performed to study the effects of those 
deviations. Test frequency can be reduced if it is supported by the statistical analysis of historical data. 
TG-179 has recommended reducing the image quality tests from monthly to semi-annually after the 
parameter stability had been demonstrated by the users [17]. In addition, while TG-142 recommends that 
daily tests of the IGRT system should demonstrate an accuracy of within 1 mm for stereotactic body radi-
ation therapy (SBRT) techniques, TG-179 states that 2-mm tolerance should be more appropriate given 
the cost and effort of the daily QA procedure. It is recommended to have a simple end-to-end procedure 
in daily QA that involves phantom setup using room lasers, performs predefined shift, and image guid-
ance capability to move it back. This procedure can be performed quickly while achieving 2mm accuracy 
to 95% confidence [48]. On the other hand, if less than 1-mm accuracy is required, more sophisticated 
tests must be performed and they could be prohibitive to run on a daily basis in a busy clinic. Readers are 
therefore recommended to examine those TG reports and adopt the most appropriate approach for their 
own institutions.

Figure 6.2 Winston–Lutz setup and analysis of the EPID images.
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6.3 QA OF IGRT WITH MOTION MANAGEMENT 

Various techniques, including breath-holding, respiratory gating, and beam tracking, have been intro-
duced to the clinic to address the organ motion issue during treatment delivery. For treatment simula-
tion, four-dimensional computed tomography (4D-CT) is implemented in many cancer centers to acquire 
tumor location and geometry at various breathing phases. As always, when new technology is introduced 
to the clinic, appropriate QA measures should be established. When new motion management hardware 
and software arrive at the clinic, the interfacing of these with the existing technology and individual equip-
ment performance must be quantifiably verified. This section provides such QA measures with specific 
examples.

6.3.1 4D QA
AAPM TG-76 on motion management [49] and others [50,51] describe three phases of 4D QA:

1. Typical QA measures
2. Initial testing of equipment and clinical procedures
3. Frequent QA examination during early stage of implementation

Most of these QA procedures would require the institutions to own some type of a motion platform and a 
lung phantom with a lung phantom tumor. The QUASAR™ phantom (Modus Medical Devices Inc., London, 
Canada), shown in Figure 6.3, is one such phantom. This could be used with a cylinder of lung density material, 
embedded with a lung tumor closer to the density of actual patient tumor.

Prior to initiation of a lung SBRT program in a clinic, it is recommended that the certified medical 
 physicist get access to a motion phantom and verify all aspects of a motion management program. 4D-CT 
imaging, image sorting, and motion amplitude verification would be the first on the list. To perform QA 
for the 4D-CT scanner, for instance, one could set the motion range to be 10 mm in the S/I direction of the 
QUASAR phantom and acquire an image using the CT scanner in the 4D-CT mode, with a slice thickness 
of 2 mm. Synchronizing the image acquisition with the external surrogate allows one to use the external 
 surrogate to perform the retrospective image sorting to create the ten or so 4D-CT image sets. Figure 6.4 
shows an example of axial and coronal images of a 4D-CT at the end of inhalation phase with the tumor 
contoured in red showing the position of the tumor at the end of the exhalation phase. This example shows 
an inferior displacement of 9.87 mm, for known motion amplitude of 10 mm, resulting in a deviation of 
0.13 mm.

Chest wall
platform

Moving
insert

Figure 6.3 Left: Motion phantom with thorax phantom, and moving platform. An external surrogate could be 
placed on the chest wall platform to simulate patient’s AP motion of thorax, and the lung phantom shown by 
the moving insert simulates the patient’s lung tumor motion that is primarily S/I dimension. Right: An insert 
showing lung density and two embedded tumors of different sizes.
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6.3.2 IMAGE REGISTRATION WITH CBCT FOR MOTION

A dynamic phantom that simulates respiratory correlated organ motion should also be used to test the target 
localization during lung cancer treatments. This phantom ideally should have typical lung density type mate-
rials for the lung volume, and tumor density type material for the tumor, as described above. This would allow 
the user to verify and establish the window and level parameters that should be used during CBCT/MVCT 
pre-treatment verification image registration with the time-averaged 4D-CT-based planning CT.

4D-CT created time-averaged images from the previous sections should be sent to the treatment 
 planning system (TPS), the necessary contours should be drawn, and an isocenter should be positioned 
in the middle of the tumor that aligns with the external BBs. This planning CT image with the structure 
set could be exported to the clinic’s record and verify (RV) system, and then imported into the imag-
ing platform of the treatment machine. The motion phantom should be set up at the treatment delivery 
machine, with the treatment isocenter aligning to the external BBs. Upon performing a volumetric CT with 
the phantom moving identical to the motion at the CT simulator, one could perform an image registration 
using the tools available with the on-board-imager software, and try to establish the window/level that best 
suit the image obtained at the treatment machine and the planning CT. This typically should be very close to 
the lung window/level. Isocenter shifts should be within the tolerance given by AAPM TG-142. This should 
be verified for a larger and a smaller tumor to validate there are no distortion artifacts. An example of such a 
study is shown in Figure 6.5.

6.3.3  QA PROGRAM FOR A TREATMENT DELIVERY  
MACHINE WITH GATING

AAPM TG-142, quality assurance of medical accelerators, recommends that users perform certain QA mea-
sures for a treatment machine with respiratory gating. Table 6.1 summarizes these requirements. Although 
there are many different techniques for implementing respiratory gating, these techniques require the syn-
chronization of the radiation beam with the patient’s respiratory signal. Therefore, it is very important that 
not only the localization of the treatment target during gating should be verified, but also that the beam char-
acteristics such as beam energy and output are not modified during gated treatments. It is equally important 

Distance = 0.987 cm +/– 0.087 cm

Figure 6.4 Image shows a motion amplitude between end inhalation (0% phase) and the end exhalation 
(50% phase, shown in red). The left-hand side shows an axial-plane image and the right-hand side shows a 
coronal-plane image.
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to verify the temporal accuracy of the gated window, whether treatments are amplitude or phase based.  
Actual examples and techniques that users could employ to achieve these are rare in the literature. 
Reference [52] describes one way of performing these measurements.

To verify the stability of beam output and the energy with and without gating, one could use the monthly 
output/energy verification system and measure the output and energy with and without the motion phantom 
and gated treatment. Even though the tolerances for these are given as 2%, our measurements show very 
much smaller deviations using a depth difference of 5 cm for energy verification for a Varian accelerator, as 
shown in Table 6.2.

Calibration of the respiratory sensor for amplitude and phase (Table 6.1) is to validate the constancy 
between a known location/movement of the surrogate and its response. As an example, for an optical system, 
this can be accomplished by placing a fiducial block at a series of known locations within the field of view and 
comparing the reported displacements to the known values. Once you verify the spatial accuracy, the second 
step would be to verify the phase accuracy using a motion phantom.

To verify the temporal accuracy of the gating window, one could deliver a patient plan with the respira-
tory system ON, hence the beam will be ON, only during the gated parts of the respiratory signal. One could 
employ a dose-measuring device that records the snapshots and has a temporal resolution of better than 50 
ms. After the plan is delivered, one could obtain the average time for delivery of only the beam ON snap shots, 
and compare that to the respiratory motion signal-based beam ON time in gating. During this process, the 
motion phantom moving velocity should be kept less than 20 mm/s. The example given in Figure 6.6, during 
the gating window, shows the motion amplitude is only 4.1 mm, and the time of the gating window is 43% of 
the respiratory cycle of 5.5 s. The example of average temporal accuracy of the gating window was obtained 
from both the analysis of the Varian Real-time Position Management (RPM) software and dosimetry mea-
surement software compared to the motion phantom predicted gating window accuracy. Both techniques 
produced a temporal accuracy of better than 100 ms, the AAPM TG-142 recommended limit.

Figure 6.5 ITV comparison of 4D-CT-created time-averaged image and pre-treatment CBCT-created image. 
Two tumor volumes (96.9 cc and 8.1cc) have been compared between CBCT- and 4D-CT-created time- averaged 
image.

Table 6.1 TG-142 recommended QA procedures for a treatment machine with respiratory gating

Frequency Procedure Tolerance

Monthly Beam output constancy 2%

Phase, amplitude beam control Functional

In-room respiratory monitoring system Functional

Gating interlock Functional

Annually Beam energy constancy 2%

Temporal accuracy of phase/amplitude gate on 100 ms of expected

Calibration of surrogate for respiratory phase/amplitude 100 ms of expected

Interlock testing Functional
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6.3.4 PATIENT-SPECIFIC QA FOR GATED/BREATH-HOLD IMAGING

When using the two external and internal gating/breath-hold surrogates, the user needs to be extra careful 
when external surrogates are used, and special QA measures need to be implemented in the clinical practice 
to avoid major errors such as desynchronization of the internal target motion with the external surrogate 
[53–55]. To ensure accurate tumor targeting during gating and breath-hold treatments, when external sur-
rogates are used to predict the internal target position, one could follow five QA steps:

1. During CT simulation, the reference position should be accurately measured. Some form of appropriate 
imaging such as 4D-CT, fluoroscopy should be used to evaluate the tumor motion and to establish the 
reference position, typically closer to the end exhalation, during which the treatment delivery would 
occur. Figure 6.7 shows an example. Here, the tumor is attached to the chest wall and moving in both 
inferior/superior dimensions as well as anterior/posterior dimensions.

2. During the treatment planning process, patient and tumor geometry corresponding to the gating 
window or breath-hold amplitude should be used. During the planning process, in addition to ITV 
definition on the correct set of 4D images, if the gated treatment is used, maximum intensity projec-
tion (MIP) image corresponding to the gated phases should be used to contour the gated ITV. If the 
non-gated treatment is used, the full MIP encompassing all respiratory phases should be used to 

Table 6.2 Results for treatment machine output and energy variation with 
and without gating

Energy/status Output/energy – percentage difference

6MV gating Output: 0%

6MV gating Energy: 0%

15 MV gating Output: 0.1%

15 MV gating Energy: –0.2%

Increase Treatment Time × 2.4 (43% Duty Cycle)
Inspiration: 2.8 sec

Expiration: 2.8 s
Breathing Period: 5.5 s

Scale
4 cm

Auto Scale

Gated Motion
4.1 mm

Beam Enabled

Beam Hold
2.35

Motion phantom

Imaging

RPM

5.4 2.48

2.55

2.50

–60

20

Period
Gating time

(s)
Diff
(ms)

2.40 2.45

Figure 6.6 Top: Varian RPM signal gated window with amplitude gating used during verification of temporal 
accuracy. Bottom: Results of gating window temporal accuracy using two techniques compared to the motion 
phantom expected value.
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create the ITV. However, planning should take place on the time-averaged image set that has a higher 
 statistical accuracy of voxel-based attenuation coefficients for non-moving structures. Additionally, 
this is the image that is exported to the treatment delivery unit for IGRT verification with a cone beam 
CT, or an MVCT, which are also in principle time-averaged images that encompass the full motion 
envelopes.

3. During patient setup, the pre-treatment imaging tumor position at each fractionation should be 
matched to the reference position. During the planning process, gated DRRs should be created either 
using the 50% phase image set or using the MIP corresponding to the gated phases. Figure 6.8a is gated 
digitally reconstructed radiograph (DRR) showing a left lower lobe lung tumor and multileaf collima-
tor (MLC)s in the treatment position for an AP beam. One could use the implanted markers, ipsilateral 
diaphragm location, or the tumor location, and use the electronic graticule for position verification at 
the treatment machine, as shown by Figure 6.8b. Displacements up to 5 mm are allowed between the 
DRR tumor location and the pre-treatment image tumor location if the motion allowed in the gating 
window is 5 mm.

4. During treatment delivery, measures should be taken to ensure constant tumor position so that the 
tumor is at the planned position when the beam is on. This could be achieved with the aid of visual 
and audio coaching techniques. Figure 6.9 (left) shows a visual aid used during breath-hold technique. 
The patient could visualize his/her breath-hold signal with the allowed margins for variation (shown 
in blue and orange) via the visual aid. Figure 6.9 (right), taken from reference [56], shows the improve-
ments to irregular breathing (c to d) and baseline shift (a to b) via audio-visual coaching.

5. During treatment delivery, tumor positions corresponding to the gating window should be measured 
and compared with the reference position via either on- or offline review. EPID in cine mode could 
be utilized for small patients and non-IMRT treatments [57], and on-board kV images for others. 
During breath-hold treatment delivery, one could use kV orthogonal images to verify the  internal 
 anatomy-based breath-hold amplitude and compare them to treatment planning DRR images taken 
with the breath-hold CT scans [58]. Since the ribs and sternum bony anatomy expand with the 
patient’s deep breath with respect to the spine, the co-registration of the planning deep inspiration 
breath-hold (DIBH) image DRR pair and the kV image pair is the best measure of the patient’s breath-
hold  displacement reproducibility. Such a registration for the full bony anatomy of the thorax is shown 
in Figure 6.10. A vector originating at the spine and ending at the sternum across the isocenter in the 
lateral image co-registration was measured to quantify chest wall position and therefore reproducibility 
of DIBH displacement.

Figure 6.7 Axial and coronal slices of a 4D-CT through a tumor. Red contour is the tumor at the end- exhalation 
phase (50%), and the image is at the end-inhalation phase (0%).
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(a)

(b)

Figure 6.8 (a) DRR for a 50% phase image of a left lower lobe tumor with the MLCs in position for an AP image. 
(b) At the treatment machine, pre-treatment, gated AP portal images, open and with the MLCs in the treat-
ment position showing the tumor location.
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Right: (a) and (c) - free breathing – baseline shift & irregular breathing; (b) and (d) - audio-visual coaching.
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6.4 QA FOR MOTION-ADAPTIVE IMAGE GUIDANCE (IGART)

Motion-adaptive image-guided radiation therapy, or IGART, is an exciting and promising technique for 
reducing the margins needed to treat moving tumors, potentially reducing normal tissue doses and asso-
ciated treatment toxicities. The technique is also referred to as real-time tumor tracking or respiratory- 
synchronized therapy. To summarize, motion-adaptive IGART is a technique in which a radiation beam that 
tightly conforms to the GTV is moved dynamically in response to tumor motion, which is a conceptually 
different way of dealing with target motion than motion-encompassing margin or gating methods.

Before working to implement a QA program for motion-adaptive IGART, you must first step back and identify 
the specific details of the motion-adaptive IGART technique that you are aiming to implement. Only once you 
understand the specifics of your proposed motion-adaptive IGART procedure, the details of which are discussed 
elsewhere in this book, can you design a reasonable suite of QA processes and tests to ensure that the highest risk 
uncertainties are addressed. Most of these systems and techniques are cutting-edge, and thus rigorous QA stan-
dards have not yet been established. The goal of this section is to identify the major characteristics of currently 
implemented or proposed motion-adaptive IGART procedures that would reasonably need to be QA-ed and to 
communicate efforts already published in the literature that have begun working toward that goal.

The first specific to understand is how your target could potentially move. There will be different tumor-
motion uncertainties for different anatomical sites. This book focuses on lung tumors, which generally move 
in a semi-periodic pattern due to respiration. However, it is known that lung tumor motion due to respiration 
can be irregular, location dependent, vary from simulation and treatment sessions, and can exhibit hysteresis 
within a session. TG-76 presents an excellent graph that shows representative average tumor motion paths for 
various tumor locations within the lung (Figure 6.11) [49]. But remember, an individual's motion can differ 
greatly from the average population and patients can move or breathe very differently during treatment than 
they did at the time of simulation, so time and effort will also need to be devoted to designing intra-fraction 
image verification schemes with specific considerations for each treatment site. This section is devoted to QA 
of the hardware and software components of the motion-adaptive IGART system, not the patient.

6.4.1 MAIN COMPONENTS OF MOTION-ADAPTIVE IGART SYSTEMS

The next step is to understand the major components of motion-adaptive IGART systems and how they are 
used to track moving lung tumors. As identified in TG-76 [49], there are four broad tasks needed to achieve 
accurate lung tumor tracking and real time-beam re-alignment:

1. Identify the tumor position in real time.
2. Anticipate the tumor position to account for time delays in system response.

Figure 6.10 The registration results for the bony anatomy of planning CT DRR and pre-treatment kV orthogo-
nal images during deep inspiratory breath-hold treatment. Note the excellent agreement of the fine features 
of the two images.
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3. Reposition the treatment beam to align with the tumor position.
4. Adapt the dosimetry for the non-static patient geometry.

Different motion-adaptive IGART systems will all use different techniques and systems to address the first 
three of these four major tasks. The last task of adapting the dosimetry is the least developed now and most 
of the work, especially in terms of QA, has been done in regard to tasks 1, 2, and 3. Understanding how your 
motion-adaptive IGART system addresses each of these tasks will inform what type of QA to implement to 
ensure the overall system performance is operating within tolerances to meet your clinical goals.

6.4.1.1 IDENTIFY

The method of target identification is paramount for the accuracy and reliability of motion-adaptive IGART. 
Some systems will identify the target directly, some will identify high-contrast fiducial markers inside the tar-
get, and some systems will rely on surrogates external to the target itself. The different identification methods 
will create different uncertainties and risk priorities. If your system relies on tracking a surrogate in real time, 
some method of updating the surrogate-target model periodically will be an important component to ensure 
the correlation between the target and the surrogate remains relevant. If your system relies on imaging the 
tumor directly, image contrast will be an important quality metric to check.

Motion platforms or phantoms with known two-dimensional (2D) trajectories can be used to assess a 
system’s accuracy of tracking a moving target. Both static known-shift and dynamic known-trajectory tests 
are commonly employed to assess basic system tracking performance [22,59,60]. Choosing phantoms with 
appropriate characteristics such as noise and contrast to represent lung patients is important. If your system 
will always be using high-contrast fiducial markers, then it is appropriate to use a phantom with similar 
fiducials. If your system will be tracking soft tissue alone, more anatomically accurate lung body phantoms 
should be considered. The use of 3d printing is an exciting technological development that is allowing clini-
cians to design phantoms for motion-adaptive IGART QA that more closely mimic real patient characteris-
tics. For example, Jung et al. designed a 3D-printed lung insert that can be used with the QUASAR motion 
platform to compare the overall tracking accuracy of the CyberKnife’s marker-less tracking system, Xsight, 
in comparison to CyberKnife’s marker-based tracking system [61]. Tests for system-specific fault modes 
should also be included in routine QA, for example, making sure that swapped or migrating electromagnetic 
(EM) transponders in the Calypso® system correctly identified [60]. While assessing tracking accuracy with 
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Figure 6.11 Lung tumor trajectories from 23 patients assessed by observing implanted fiducial markers 
with real-time fluoroscopy. The image highlights the wide range of tumor motion trajectories in lung cancer 
patients. (Taken from Keall, P.J. et al., Med Phys., 33, 3874–900, 2006. Permission granted from Medical Physics.)
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phantoms can never ensure accurate tracking for individual patient cases, these phantom assessments are 
still useful to establishing a baseline of tracking accuracy for a given system which can be used to ensure that 
the accuracy is not degrading over time.

It is intuitive that good tracking results in a simple phantom with a well-defined target and trajectory do 
not necessarily mean the same system will track well for all patient cases in which the target may be smaller, 
have lower contrast, or exhibit a very irregular breathing pattern. While no phantom test will be able to test 
the full range of conditions presented in real patient cases and guidance on tracking algorithm accuracy as 
a function of imaging parameters is currently sparse and will be system specific, rigorous image-quality QA 
should still be included to ensure that image quality does not degrade significantly from the time of system 
commissioning. TG-135 for robotic radiosurgery using the CyberKnife system provides a table describing 
imaging system-specific QA tests to be performed routinely, for example, checking kVp, filtration, contrast-
to-noise ratio (CNR), and signal-to-noise ratio (SNR) annually and recommends comparing to baseline val-
ues acquired at the time of commissioning [22]. TG-135 also provides advice on how to test the limits of 
your system’s tracking algorithm by purposefully degrading the image quality to assess when the tracking 
accuracy of known shifts begins to degrade, which may be a useful process during commissioning to inform 
clinical action limits on these more basic image-quality tests.

It is crucial for all team members to be aware of the potential for tracking accuracy to be reduced from 
poor image quality because of patient-specific factors like large body habitus or metal implants. Visualization 
of the real-time tracking images with appropriate overlaid information, such as an outline of the “tracked” 
fiducial marker location on top of the live fluoroscopic image as in the CyberKnife system [22], can provide an 
excellent method for team members to monitor algorithm tracking performance during patient treatments, 
allowing them to stop treatment as soon as possible if a deviation arises.

6.4.1.1.1 Imaging and treatment isocenter alignment and imaging dose

After considering the many technical factors involved in “tracking” the lung tumor, it is natural to immedi-
ately jump to considering how the system is going to re-align the MV treatment beam to the target’s current 
position, but there are other steps to consider first. Whatever the method of tracking the target and re- 
aligning the beam, ensuring that the imaging and treatment coordinate systems are aligned with each other 
is of paramount importance. The need for this system alignment is well appreciated and vendor- provided 
phantoms and routines are often provided to facilitate this. However, the authors would like to note that 
some vendor-provided calibration routines assume the initial phantom setup as ground truth and the in-
built verification checks can be internally consistent. That is, in some cases, if the imaging system’s calibra-
tion phantom was aligned to lasers, and the lasers were 2 mm off from the true radiation isocenter, then the 
imaging system is now calibrated 2 mm off from the true radiation isocenter, and the in-built vendor routines 
may not be designed to catch that. In these scenarios, an independent end-to-end QA test that uses the MV 
radiation beam itself will need to be used to verify that the imaging system accurately repositions a phantom 
to the true radiation isocenter.

Furthermore, the imaging dose from near-real time x-ray imaging must be considered. An excellent 
example of a dose evaluation from x-ray tracking is presented by Depuydt et al., who determined that using 
the Vero kV imaging at a frequency of 1 Hz to deliver an average skin dose of 1.8 mGy/min [62].

6.4.1.2 ANTICIPATE

As the lung tumor targets we are aiming to track dynamically can move relatively quickly, and these systems 
will have some finite amount of lag time, most of these systems will need to perform some sort of forward tar-
get position prediction to position the beam where the target is going to be, not where it just was. Working from 
studies like Krauss et al. [63], which compared four motion prediction models for breathing motion and found 
root-mean-square error (RMSE) prediction errors on the order of approximately 1 mm for 0.2-s system latency 
to 2 mm for 0.6-s latency, AAPM TG-76 recommends overall tracking system lag time should not exceed  
0.5s [49]. Lag time is a major component of how well your system will respond to sudden, unpredictable non-
periodic movements, and thus should be known and QAed periodically. Lag time should be quantified and 
system response to anomalous conditions should be understood and checked periodically as well.
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Santanam et al. present a method for assessing lag time for the tracking component of motion-adaptive 
IGART using the Calypso EM-transponder system [60]. They used a 4D motion platform driven in a sine-
wave pattern. Then, the team uses a video camera system to simultaneously record the phantom motion and 
the Calypso workstation’s tracking results. By analyzing the video file offline, they could determine the phase 
shift between the two sine-wave patterns, and thus quantify the latency of their Calypso real-time tracking 
system. Note that this is the lag time for only the target identification and tracking portion of the motion-
adaptive IGART process; the time needed to re-align the radiation beam will also need to be factored in. 
Depuydt et al. described using a similar sinusoidal phase shift method and video tracking using the radiation 
light field to determine the beam re-alignment lag time for the Vero system using IR marker surface tracking 
[64], as shown in Figures 6.12 and 6.13. Performing the test with the system’s motion prediction turned off 
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Figure 6.12 The experimental setup presented by Depuydt et al. 2011 to assess their gimbaled linac’s tracking 
accuracy. The top panel shows the 2D motion platform with the infrared marker target and the digital camera 
for independent verification of the target centroid and light field edge. (From Depuydt, T., et al, Radiother 
Oncol., 98, 365–72. Copyright [2011], with permission from Elsevier.)
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Figure 6.13 Real-time object position (blue) and the beam position (red) for the marker tracing a simple sinu-
soidal motion path. The bottom left shows the position with the lag compensation forward prediction turned 
off, which can be utilized to assess the system lag time, and the bottom right shows the positions with the 
forward prediction turned on, which illustrates that the system’s lag time compensation algorithm is working 
appropriately. It is also important to utilize representative patient motion trajectories as well to assess the 
system’s accuracy in tracking irregular motion. (From Depuydt, T. et al., Radiother Oncol., 98, 365–72, 2011.)
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allows assessment of the system’s native lag time, and then performing the test again with the motion predic-
tive algorithm turned on allows verification that the prediction algorithm is working appropriately.

If your system is using a surrogate-target correlation model, the correlation can feasibly be tested at sys-
tem commissioning and periodically thereafter. Depuydt et al. presented retrospective patient tracking data 
acquired on the Vero system showing that the quality of the correlation model between the surrogate and 
the target directly impacts the residual error of the tracking [65]. For their patient workflow, they include 
a dry run session a few days before treatment, in which the patient is imaged on the Vero machine and a 
target- surrogate correlation model is made. This allows them to better identify patients in which the correla-
tion-model may have a poor fit that may limit the utility of real-time tumor tracking. The correlation-model 
updates could then be checked using breathing traces exhibiting baseline shifts.

6.4.1.3 BEAM RE-ALIGNMENT

How the various beam-target realignment methods differ is important to understand because of potential 
synchrony effects with the target motion, and the specifics of your system will need to be appreciated to 
design relevant QA tests. For example, while the Vero’s gimbaled linac system has been shown to track motion 
in two dimensions with almost equal lag time and accuracy [64], the dynamic MLC tracking method has a 
much slower system response to motions that are perpendicular to the leaf motion due to finite leaf speed [66]. 
In some cases, the beam may need to be interrupted due to the speed of target motion exceeding the speed 
of beam adjustment. QA tests that use motions beyond the system’s physical limits should be incorporated 
to ensure the system turns off the MV beam at the appropriate time, and knowledge of the system’s response 
time and any directional or other dependencies is crucial in designing these tests.

6.4.1.4 ADAPT AND ASSESS

The final piece of the puzzle is how to adapt and/or assess the dosimetry of the dynamic tracking treatments. 
Poulsen [67] showed a treatment planning system (TPS) calculation of time-resolved dosimetry validated in 
a dynamic thorax phantom using film dosimetry. However, the study is limited by simple one- dimensional 
motion trajectories implemented as rigid shifts of the whole patient with no anatomical deformations. 
Deformable phantoms like the one recently presented by Graves et al. [68] for head and neck radiotherapy 
could potentially be used to assess the efficacy of dose calculation and deformable image registration (DIR) 
algorithms used in conjunction with motion-adaptive IGART delivery systems. Due to complexity and cost, 
these types of phantoms will likely be used for new system investigations, or at most at commissioning of a 
new system installation. Long-term development in auditing post-treatment patient tracking traces will likely 
be a realistic compromise of cost and effort for monitoring motion-adaptive IGART patient treatments.

6.5 IGRT CREDENTIALING PROCESS FOR CLINICAL TRIALS

IGRT can detect, evaluate, reduce the interfraction setup errors, and minimize intra-fraction motion. With 
lung SBRT, data support an improvement in the required PTV margin and dose distribution from a variety 
of IGRT techniques [69–74]. Because IGRT allows a better understanding of the uncertainty involved at the 
outset than if IGRT were not used, it is highly unlikely that protocols without in-treatment/online imaging 
and registration will be used in the future. To the contrary, the trend is toward an intensification of imaging 
to further reduce treatment margins such as tracking techniques. Some of the RTOG protocols related to lung 
SBRT are listed in Table 6.3.

Despite this valuable tool, there are still significant variations in IGRT tools and procedures used by differ-
ent sites, and inter-operator variations. This variation may lead to different clinical trial outcomes. Therefore, 
it is imperative that there be a QA process of IGRT for the credentialing process of clinical trials to ensure 
consistency in treatment delivery across the institutions that participate in a given clinical trial [74–77].

Image-guided radiation therapy is a complex process [78,79], and the quality assurance of 3D IGRT is 
especially challenging. The issues include large variations in image quality among different modalities of 
imaging systems, complex anatomy in the images, and complex processes for the image registration. It is 
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important to develop a uniform QA procedure for 3D IGRT data from different sources. In addition, to adapt 
to large-scale clinical trials such as the trials conducted by the Radiation Therapy Oncology Group (RTOG), 
an efficient remote review approach to evaluate these IGRT data from many institutions is essential.

Multiple steps of the treatment process such as 4D-CT scanning (with or without motion management), 
ITV definition process, treatment planning process, pre-treatment imaging process to identify and shift to 
the tumor isocenter, and finally the accurate treatment delivery process need to be verified for accuracy. In 
this section, we will discuss credentialing processes that address all of the above.

6.5.1 IGRT PROTOCOLS

At least three or more fractions of daily IGRT data from a single patient (off protocol) are required for cre-
dentialing purposes. The IGRT data to be included are: the planning computed tomography (CT), radiation 
therapy plan (RT PLAN), contoured structures (RTSTRUCT), dose (RT DOSE), and the daily in-room image 
datasets in Digital Imaging and Communications in Medicine (DICOM) format. An IGRT data spreadsheet 
is also required, which includes the information specific to IGRT, such as daily shifts made, IGRT timing, 
imaging mode, imaging technique, image registration process, and the instructions to complete the form. All 
the above information should be submitted to the Imaging and Radiation Oncology Core (IROC) via digital 
data export.

6.5.1.1  INDEPENDENT VERIFICATION OF INDIVIDUAL INSTITUTION SPECIFIC IMAGE 
REGISTRATION SHIFTS

The goal of this process is to independently verify and reproduce the registration shifts obtained by the person 
at the credentialing institution. Figure 6.14 gives a flowchart of the overall workflow of credentialing for IGRT 
taken from ref [80]. Reference [80] shows results for IGRT registration shifts submitted for an institution and 
an independent reviewer verification of shifts of a 3D dataset such as CBCT. For a combination of lung SBRT 
cases from RTOG 0813 (for centrally located lung tumors) and RTOG 0915 (for peripheral lung tumors) pro-
tocols they give a mean ± SD of 1.80 ± 1.06 mm, 2.05 ± 1.05 mm, and 2.01 ± 0.93 mm (mean ± SD, in left-right, 
superior-inferior, and anterior-posterior directions, respectively).

6.5.2 MOTION MANAGEMENT PROTOCOLS

In accruing lung cancer patients for clinical trials, one needs to pay attention to the process of minimizing 
organ motion due to respiration, or treating during free-breathing, while accounting for the full motion 
envelope of the tumor.

To obtain credentialing status for such clinical trials one need to establish the accuracy of the full process 
by performing an end-to-end test (from 4D simulation to treatment delivery). Institutions could request 
a heterogeneous thorax phantom with the motion platform from Radiological Physics Center (RPC). The 
RPC’s lung phantom includes two lungs with density 0.33 g/cm3, a heart, and a spinal cord with densities 
near 1.2 g/cm3. A target of density 1.2 g/cm3 is centrally located in the left lung as shown in Figure 6.15. 
Thermoluminescent dosimeters (TLDs) are used for dose determination and are embedded near the center of 

Table 6.3 A description of RTOG clinical trials for lung SBRT 

Protocol number Trial name

0813 Seamless phase I/II study of stereotactic body radiation therapy (SBRT) for  

early-stage, centrally located, non-small-cell lung cancer (NSCLC) in medically 

inoperable patients

0618 A phase II trial of SBRT in the treatment of patients with operable stage I/II NSCLC

0915 A randomized phase II study comparing two SBRT schedules for medically inoperable 

patients with stage I peripheral NSCLC
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the target. Radio chromic films are located on the axial, coronal, and sagittal planes for relative dose measure-
ments. Film doses are normalized to the TLD dose.

Institutions could use breath-hold, gating, and ITV tracking techniques to account for respiratory motion. 
Upon receiving the phantom, physicists could fill the phantom with water, set up the motion platform to 
move with known amplitude, and acquire a 4D-CT scan. This allows the institution to independently verify 
the accuracy of motion amplitude via the 4D-CT image technique.

Using the 4D-CT images, create the ITV and the motion phases that one wishes to perform gated treat-
ment with. Prepare the treatment plan, prior to delivery, at the treatment machine, obtain the kV orthogonal 
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Figure 6.14 Workflow of remote credentialing process for 3D IGRT data. (a) Overall workflow. (b) Verification 
of image registration with third-party software system.
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Figure 6.15 RPC lung phantom (a) with the motion platform (b), inserts representing target and critical struc-
tures (c), and isodose map for a 600 cGy prescription (d).
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images during gated window, and shift accordingly. Finally, deliver the plan with or without gating with <5 
mm motion. Results from an RPC lung phantom irradiation with gating is shown in Figure 6.16.

The TLD passing criteria used by the RPC include ±5% for a ratio of 0.97. Film criterion used is ≥80% 
of the pixels in the ROI must pass a 5%/5-mm gamma threshold per each plane. An average for all three 
planes should be ≥85%. A study performed by the RPC on institutions submitting credentialing data on the 
moving lung phantom [81] shows that 79% of the irradiation using the motion phantom met or exceeded 
the RPC criteria, and 30% of the moving phantom failures were in the film dosimetry. Table 6.4, taken 
from Reference [81], shows the pass rates for the different motion management systems and the static 
irradiations.

6.6 CURRENT DEVELOPMENTS IN IGRT QA

This area of research is currently under development and is very active in the literature. There are some 
excellent examples of QA programs for motion-adaptive IGART systems or subsystems. The CyberKnife 
system was the first widespread clinical system to treat moving lung tumors by mounting a  compact 
linac to an industrial robot. The experience gained from that system is a great starting point for  anyone 
tasked with developing a QA program for his or her institution’s new motion-adaptive treatment system. 
The report of AAPM TG-135 [22] concerning the robotic CyberKnife system is a must read and represents 
some of the trade-offs that need to be made in terms of cost, time, and ability to detect meaningful system 
errors. The ViewRay® integrated MRI-Co-60 unit that was recently brought to market has garnered much 
excitement as it holds the promise of non-ionizing MRI tumor tracking [82,83]. Green et al. reported on their 

Figure 6.16 RPC lung phantom irradiation results for a gated treatment.

Table 6.4 How different motion management systems perform in the credentialing process compared to free 
breathing

Motion 

management Pass rate (%) Attempts

Criteria failed

Dose Film

Dose and 

film

Breath-hold 100 4 0 0 0

Gating 79 68 2 7 5

ITV 70 61 0 13 5

Tracking 96 24 1 0 0

Static 87 270 8 24 4

All 427 11 44 14
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efforts to commission synchronized tumor-tracking and beam control for the ViewRay MRIdian system 
at the 2015 AAPM Annual Meeting [84]. Ng et al. presented their clinical processes and QA development 
for their real-time kilovoltage intrafraction monitoring (KIM) system that uses gantry-mounted x-ray imag-
ing systems to track tumor motion [59], as shown in Figure 6.17. Santanam et al. reported on the QA developed 
for clinical implementation of the Calypso electromagnetic fiducial system for use in prostate intrafraction 
motion tracking [60]. This report displays the different tests that are needed to utilize the system for dynamic 
tracking, not just initial target localization. Sawant et al. employed FEMA to inform the development of a QA 
program for their dynamic MLC tracking system [85]. They presented a detailed process map and, based on 
the relative RPNs, designed QA checks for the highest-scoring items. The FMEA methodology will certainly 
play an increasing role in informing the design of effective QA programs for the rapidly evolving area of 
motion-adaptive IGART techniques and technologies.

Patient setup and
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C. Treatment

9

8
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Threshold?

Yes

No

kV acquisition5 6 7 3D position determination7

MV beam off + shift couch10

D. Post-treatment

11 12 Store images and trajectoriesKIM software deactivation

Market segmentation

MV beam on

Pretreatment arc acquisition +
marker segmentation

Acquire single kV image
for CT verification

B. Pretreatment

A. Treatment
Plan

KIM software
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1 2 3 4

Figure 6.17 The clinical process workflow for the kilovoltage intrafraction monitoring (KIM) system. This type 
of clinical process map is a crucial first step to performing a failure mode and effects analysis (FMEA), which 
is a method to quantify a risk priority number that can help prioritize high-risk systems and processes in the 
development of a QA program. (Taken from Ng, J.A. et al., Med Phys., 41, 111712, 2014. Permission granted 
from Medical Physics.)
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L-shaped linacs

DAVID HOFFMAN, JULIAN PERKS, STEVE GOETSCH,  
AND STANLEY BENEDICT 

7.1 INTRODUCTION

Linear accelerators (linacs) have been in use since 1953 when a device built by Metropolitan-Vickers was 
installed at Hammersmith Hospital in London, England with a photon energy of 8 megavoltage (MV). 
Subsequently, two 4 megaelectron volt (MeV) machines manufactured by Mullard Equipment Company (a 
division of Philips Medical, later acquired by Elekta) were installed at other hospitals in England [1]. A 6-MeV 
machine built by a research group at Stanford University was used to treat patients in 1956 [2]. These machines 
rapidly proved their value and made an important contribution to radiation therapy. The first machines were 
very long (up to 3 meters!) and ungainly. Some of the early machines could not rotate around the patient. Varian 
installed its first machine, a 6-MV fully isocentric unit, at the University of California at Los Angeles (UCLA)  
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Medical Center in Los Angeles in 1962. At that time, there were only 15 clinical linear accelerators in the world, 
plus a number of Van de Graaf units and about 50 betatrons [1].

Modern linear accelerators have become more compact, far more stable, and are capable of producing a 
number of photon and electron energies [2]. The rotational stability of these units has markedly improved; 
they can achieve a mechanical accuracy of 1 millimeter or less in three rotational directions. Beginning in 
the early 1980s, after the early success of the Leksell Gamma Knife, several centers experimented with add-on 
devices to direct a small, precise beam of photons through a circular collimator to an intracranial stereotactic 
target. Soon, several manufacturers were selling add-on accessories and planning systems for linac-based 
stereotactic treatments.

The latest generation of linacs offers a full panoply of radiation modalities, including multiple electron 
and photon energies, conventional or flattening filter-free (FFF) modes (up to 2400 MU/minute), and micro-
multileaf collimators (MLC) and/or circular collimators for precise small field treatments. A wide range 
of on-board imaging capabilities are offered, including kilovoltage (kV) and MV digital flat-film detec-
tors, kV and MV cone beam computed tomography (CBCT) capabilities, infrared and/or cross-firing x-ray 
 position detection devices, and now also video positioning devices. Immobilization technology for patients 
has made possible a wide range of stereotactic radiosurgery and stereotactic radiotherapy applications. The 
most recent innovation in treatment delivery, known as intensity-modulated arc therapy (IMAT), is an 
advanced form of rotational therapy, taking advantage of modulation of output, gantry speed, and precise 
movements of MLCs. This advanced treatment capability has been incorporated into modern treatment 
planning systems and now permits very complex treatments to be delivered to a patient in one or two arcs 
in a period of 2–3 minutes [3].

7.2  OVERVIEW OF THE CURRENTLY COMMERCIALLY  
AVAILABLE L-SHAPED LINACS

This chapter compares three commercially available linacs: the Elekta Versa HD™ (Figure 7.1), the Varian 
TrueBeam™ (Figure 7.2), and the Brainlab Novalis® (Figure 7.3). The characteristics of these three linac 
accelerators and their treatment couches are summarized in Tables 7.1 and 7.2, respectively.

7.2.1 ELEKTA VERSA HD
The Elekta Versa HD was introduced into clinical practice in April 2013. This accelerator draws its RF power 
from a magnetron, using a non-gridded heated tungsten filament electron gun. The available photon energies 
are 6, 10, 15, and 18 MV and the electron energies are 6, 9, 12, 15, 18, and 20 MeV; these energies are generated 
by the power applied to the waveguide. The waveguide itself is of the traveling design, and after acceleration, 
the electron beam passes through a set of bellows and is transported to the beam bending system. This bend-
ing system comprises an achromatic triple magnet array (slalom) to double focus the electron beam; the beam 
deflected an effective 112° (from 22° above horizontal to 90° below). A FFF mode is available for the Versa HD 
capable of 2200 MU/min for 6-MV x-rays. The MLC of the Versa HD consists of 80 pairs of 5-mm leaves for 
a maximum field size of 40 × 40 cm. The maximum leaf speed is 65 mm/s and the machine can deliver both 
intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) in addition 
to traditional fields [4].

The imaging system of the Versa HD is a pair of amorphous silicon panels, one in the beam line and the 
other perpendicular to it. The in-line panel provides standard, mega-voltage portal imaging and the perpen-
dicular system provides kV CBCT. The CBCT system provides a set of protocols of varying kV, mAs, frame-
rate, and field size for the clinical range of anatomic sites. All the imaging parameters are customizable by the 
user for specific needs, e.g., the kV can be adjusted from 100 kV up to 150 kV and the volumetric images can 
be formed from arc lengths from 200° up to 360°. The customization allows the user to optimize the scans as 
a balance of imaging dose and image quality. A four-dimensional (4D) CBCT scan is also available to capture 
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Figure 7.1 The Elekta Versa HD™ provides an array of IGRT tools, including two amorphous silicon panels 
for MV portal imaging, perpendicular kV imaging, and kV CBCT. 4D CBCT is possible to characterize patient 
motion, especially useful in the case of lung lesions.

Figure 7.2 The Varian TrueBeam™ linac may be incorporated into the Edge radiosurgery system, which incor-
porates perpendicular gantry mounted MV electronic portal imaging and kV imaging for planar, fluoroscopic, 
and CBCT image guidance.
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Figure 7.3 The Novalis® system has IGRT tools including MV electronic portal imaging and kV planar, 
 fluoroscopic, and CBCT.

Table 7.2 Treatment Couch Characteristics

Manufacturer Elekta Varian Brainlab

Linac Versa HD TrueBeam Novalis

Degrees of motion 3 degrees 6 degrees 6 degrees

Weight capacity 200 kg 150 kg –

Setup indexing configuration BodyFIX® 14 Vac-Q-Fix indexer Indexed Immobilization®

Table 7.1 Linac Characteristics

Manufacturer Elekta Varian Brainlab

Linac Versa HD™ TrueBeam™ Novalis®

RF source Magnetron Klystron Klystron

Flattened Photon 

Configuration

6 MV, 10/15/18 MV 6 MV 6 MV, 10/15/18/20 MV

FFF Photon Configuration 6 MV 6 MV, 10 MV None

Electron energies Yes No Yes

MLC leaf size 5 mm 2.5 mm (central)

5 mm (peripheral)

2.5 mm (central)

4 mm (peripheral)

MLC leaf speed 65 mm/s 2.5 cm/s 25 mm/s

Maximum static field size 40 × 40 cm (35 cm with 

corners)

40 × 22 cm 40 × 22 cm

Maximum dose rate 2200 MU/minute 2400 MU/minute 1000 MU/minute

Gating capability Yes Yes Yes

Gating input Response™ interface Real-time Position 

Management™/Open

Open

Treatment delivery capabilities 3D, IMRT, VMAT 3D, IMRT, VMAT 3D, IMRT, VMAT
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breathing motion for lung cases, a 20-cm-long volumetric imaging of lungs, split into 10 binned phases, can 
be formed from a single arc CBCT where the gantry motion is slowed to capture the breathing motion; this 
scan take approximately 3 min.

7.2.2 VARIAN TRUEBEAM

The Varian TrueBeam was introduced in 2010. It is designed to be a linear accelerator with capabilities for 
every kind of radiation therapy procedure likely to be needed in a modern radiation oncology department. 
Six photon energies are available at 4, 6, 8, 10, 15, and 20 MV with an output of 600 MU/min at every energy 
except 4 MV (250 MU/min). FFF modes are available at 6X (1400 MU/min) and 10X (2400 MU/min). The 
linac also offers eight electron energies at 6, 9, 12, 15, 16, 18, 20, and 22 MeV. Two special high-dose total 
skin electron modes (HDTSE) are available at 6 and 9 MeV (1000 MU/min). The TrueBeam utilizes the 
Millennium™ 120-leaf MLC with 40 leaf pairs at 5 mm width and 20 pairs at 10 mm width, with a total field 
size of 40 by 40 cm [5].

The TrueBeam is equipped with the PerfectPitch™ couch with six degrees of freedom, making it a fully 
robotic couch. The gantry and collimator are specified to have rotational accuracy less than or equal to  
0.5 mm and the gantry, collimator, and couch have a rotational accuracy of less than or equal to 0.75 mm. The 
gantry is warranted to have a rotational accuracy of less than or equal to 0.3°.

The imaging system for the TrueBeam includes kV planar imaging, kV Conebeam CT, and fluoroscopy. 
The pixel matrix is 2048 by 1536 or 1024 by 768. The Calypso® 4D Localization System™ is provided for 
alignment of any body site except lung. It utilizes markers surgically implanted in the target volume with 
RFID tracking devices. The system reports marker position 25 times/s and automatically shuts off the beam 
if the target moves out of position. The Calypso system also includes the Surface Beacon® transponder for 
external placement to track lung movement.

7.2.3 NOVALIS SYSTEM

The Novalis system was the result of collaboration between Varian Medical Systems (Palo Alto, CA) and 
Brainlab (Munich, Germany). The original Novalis system was an upgraded Varian Clinac 600 SR linac, 
capable of one photon energy (6 MV) and no electron capability. It was installed at UCLA Medical Center, 
Department of Radiation Oncology in 1997 and included a miniature MLC permanently installed to the 
linac. It could also use cylindrical circular collimators on an accessory mount [6]. The dose rate was 800 MU/
min and the useful field size was 9.8 by 9.8 cm2. The original system featured the ExacTrac® x-ray (ETX) 
system of ceiling-mounted orthogonal x-ray generators with floor-mounted amorphous silicon solid state 
detectors to localize patient markers and/or patient anatomy. The original “Classic Novalis” unit was linked 
to the BrainScan treatment planning software. Later units were supplied with a detachable Brainlab MLC. 
The original UCLA unit included an interlock system which detected the presence and size of the cylindrical 
add-on collimator, while later versions of this unit lacked this important safety interlock.

The Novalis system evolved into the Novalis Tx in 2007, based on the Varian Tx linac supplied with the 
Varian High Definition Multileaf Collimator (HDMLC), featuring 6 MV, 15 MV, and 6 MV photon high-dose 
(1000 MU/min) dose rate modes [7, 8].

The Novalis system is currently offered by Varian Medical and Brainlab as the TrueBeam STx with Novalis 
Radiosurgery system as well as the Novalis Tx image-guided radiosurgery linear accelerator system. Both 
use the iPlan treatment planning software, ExacTrac x-ray system, infrared patient positioning system, and 
six- dimensional (6D) robotic couch. Each can treat up to 40 by 40 cm2 field sizes, and have high-dose-rate 
FFF modes.

The Novalis Tx offers up to five photon energies (6–25 MV), with 1000 MU/min in stereotactic radio-
surgery mode and six electron beams (4–22 MeV). The Novalis Tx is equipped with the HD 120 MLC 
with 120 leaves, including 64 2.5-mm inner leaves and 56 5-mm outer leaves with a maximum field size of 
40 × 22 cm2. The maximum leaf speed is 25 mm/s. The maximum dose rate is 600 MU/min for IMRT treat-
ments and 1000 MU/min in the radiosurgery mode. The Novalis imaging capabilities include MV electronic 
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portal imaging devices (EPID) imaging (PortalVision a S1000) with 1024 by 768 pixels (400 by 300 mm2 
field size) and the Paxscan 4030 CB CBCT with 2048 by 1536 pixels (400 by 300 mm2 field size. The ExacTrac 
infrared patient position and tracking system and x-ray 6D system is an optional accessory. The optional 
PortalVision  portal dosimetry records the intensity distribution of IMRT fields. The real-time position 
management (RPM) system permits respiratory gating for motion management of patient treatments. The 
6D Adaptive Gating Module is also available for high-resolution scans of moving targets during treatment. 
RapidArc IMRT treatment is available with this system.

The TrueBeam STx linear accelerator is the stereotactic option of the TrueBeam linear accelerator [5]. 
The STx option includes four photon energies (6, 8, 10, and 15 MV, 600 MU/min) with FFF modes at 6 and 
10 MV (1400 and 2400 MU/min, respectively). The High Definition Multileaf Collimator (HD-MLC) with 
2.5-mm central leaves is standard with the TrueBeam STx, while the Millennium MLC is standard with the 
TrueBeam system (5-mm central leaf width). The gantry and collimator isocenter accuracy is specified as 
05 mm or less, while the gantry, collimator, and couch isocenter accuracy is specified as 0.75 mm or less, with 
a rotational accuracy of 0.5° or less. Glidehurst et al. report gantry/collimator of 0.265–0.283 mm for five 
different linacs [5].

The amorphous silicon onboard 6-MV imager has a pixel matrix of 1024 by 768 pixels with an active 
imaging area of 30.1 by 40.1 cm2. The kV imager operates at 75, 100, or 125 kVp and uses amorphous silicon 
detectors with 2048 by 1536 pixels (39.7 by 29.8 cm2 area). The kV CBCT system operates at 100 kVp with a 
512 by 512 matrix and 2-mm slice thickness.

7.3 IGRT ON L-SHAPED LINACS

Image-guided radiation therapy (IGRT) refers to the general principle where a patient set for radiation treat-
ment is aligned to the beam by a captured image. Using an image to position the patient acknowledges that 
patient anatomy differs on a daily basis, and that accurate beam delivery requires knowledge of the internal 
anatomy to align to the beam. Numerous studies have confirmed the requirement for on-set imaging, and 
further reports exist on how frequent the imaging should be (daily or less than), the size of the shift discrep-
ancy to be expected, and intervention protocols [9].

Many technologies have been developed to address on-board imaging (OBI) and they have progressed 
from two-dimensional projections to three-dimensional (3D) datasets and most recently four-dimensional 
(4D) scans that can capture a motion component as well as overall anatomy. Initially, on-board imaging was 
achieved with film in a cassette, placed perpendicular to the beam line at an extended source-to-surface 
distance (SSD), typically 140 cm. Without CT, aided planning, and virtual simulation, this port film was 
compared with an image formed by a conventional simulator, i.e., an isocentric kV x-ray set.

The development of flat-panel imaging systems, including ion chamber arrays and amorphous silicon, 
allowed for faster clinical implementation of 2D IGRT. Ion chamber panels are filled with isooctane and the 
1-mm layer of this liquid is where the ionization takes place. The image is formed by a 256 × 256 matrix of 
switches and electrometers which pixelate the ionization space. Recently, amorphous silicon has replaced 
liquid ionization as the detector medium; this has allowed increased pixel counts.

With the limitations posed by 2D planar imaging, there is a clear advantage of volumetric imaging for 
image guidance in radiation therapy. The first solution to CT scanning a radiation therapy patient in the 
treatment was to introduce a diagnostic CT scanner into the treatment room. This so-called CT-on-rails 
was usually placed with the axis of the bore at 90° to the unrotated treatment couch. Then, through a series 
of  couch rotations and translations, the patient was put through the CT scanner, imaged, set to (virtual) 
isocenter, and translated back to the treatment isocenter. This clearly relies on high-precision couch move-
ments as the shifts needed to correct a patient position are of the order of millimeters, and so the mechanical 
accuracy of the CT scanner and couch mechanism needs to be about a magnitude better.

Due to the geometric convenience of mounting the CT imaging equipment on the x-ray beam gantry 
CT-on-rails has been superseded by cone beam CT. The concept of CBCT, where a volumetric dataset is created 
by one rotation around the patient, was well established for dental imaging before its use in radiation therapy.  
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The concept is that a square-based cone (pyramid) of image information can be collected during a rotation 
of the x-ray around the subject. The advantage of conventional sliced CT techniques is that only one rota-
tion is needed; however, the increased photon scatter as the data are collected degrades the image, reducing 
resolution.

Tables 7.3 and 7.4 summarize the characteristics of the kV image guidance and the MV image guidance, 
respectively, for the three commonly available commercial linac accelerators. Figure 7.4 illustrates the typical 
lung cancer patient IGRT on L-shaped linac.

7.3.1 MV PORTS

Using the treatment beam to image a radiation oncology patient on set is possibly the most intuitive form of 
image formation. The advantages for using the treatment beam include the patient being ready for treatment 
immediately before the image is taken, the alignment of the beam to the treatment isocenter, and the imag-
ing dose can sometimes be considered as “free.” An MV radiation treatment beam should be aligned to the 
room isocenter to within 2 mm [10]. MV portal imaging can take advantage of this alignment by the treat-
ment beam being the source of photons for the image formation. The image itself is formed on a panel which 
extends on an armature to catch the transmitted beam, it transmits the patient, and then forms an image 
from that flux. As the treatment beam is used with the patient on set any misalignments of the patient can be 
swiftly corrected and implemented with couch shifts, and a second confirmation image can then be taken if 
desired. In certain circumstances, the photons which form the image may even be the first part of the planned 
treated field, e.g., a four-field pelvis treatment with large orthogonal fields [11].

As with all imaging methodologies, there are drawbacks and compromises associated with MV portal 
imaging. First, the beam energy of 6 MV (peak and thus 2-MV average) is not ideal. Fully in the Compton 
scatter dominant range of the kV–MV spectrum, there is a predominance of scatter in the patient which leads 
to blur and contrast reduction in the image. The contrast reduction is quite marked at this imaging beam 
energy and it is typical to have only bony anatomy visible, and even the trained eye can only distinguish gross 
displacements with orthogonal imaging. The portal images obtained on set are compared to digitally recon-
structed radiographs (DRR), which are formed from the CT data during treatment planning. Image resolu-
tion, of both the DRR and the MV port, limit the accuracy to which MV portal imaging can be applied. The 
MV port is formed on an amorphous silicon panel, which needs to be notably thick to stop sufficient photons 

Table 7.3 kV Image Guidance

Manufacturer Elekta Varian BrainLab

Linac Versa HD™ TrueBeam™ Novalis®

2D radiograph Yes Yes Yes

Fluoroscopy Yes Yes Yes

CBCT Yes Yes Yes

CBCT field of view 50 × 26 cm 39.7 × 29.8 cm

4D CBCT Yes No No

Tube current range 40 mA 0.1–1000 mAs

Tube voltage range 100–150 kV 40–140 kVp 40–150 kVp

Table 7.4 MV Image Guidance

Manufacturer Elekta Varian BrainLab

Linac Versa HD™ TrueBeam™ Novalis®

2D Portal Image Yes Yes Yes

Fluoroscopy Yes Yes Yes

CBCT No No No
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to form an image; this leads to a decrease in the portal image resolution. Overall, MV portal imaging can 
provide translational accuracy only (not enough information for rotational corrections) with a resolution of 
3–5 mm minimal shift.

7.3.2 MV FLUOROSCOPY

As the MV portal image is formed by the treatment beam after it exits the patient, theoretically any number of 
images can be taken during the beam on time. The number of images would be limited somewhat by the refresh 
rate of the imaging panel; also, the usefulness of the imaging information would be limited by the nature of 
the MV port, namely that only bony anatomy would be seen and only the anatomy which is being irradiated. 
That said, there is no additional imaging dose to the patient. So, if gross, bony shifts are a concern, they can 
be resolved through a cine series of MV ports, and then an MV fluoroscopic mode could be used clinically.

7.3.3 KV RADIOGRAPH

While two-dimensional in nature, kV planar images offer a significant resolution improvement over MV 
ports due to lower x-ray energy yielding an increased probability of photoelectric interaction in the patient. 
This leads to reduced scatter in the image. Additionally, a thinner and more sensitive panel can be used with 
kV imaging. To this extent, kV portal imaging has the resolution to allow clinical use of non-orthogonal 
images for matching and patient registration. From a QA standpoint the additional consideration of a kV 
imaging system is that it requires alignment with the room isocenter; the increased image quality comes with 
the price of extra QA checks [12].

Treatment planning

Lung IGRT workflow
4D-CT Simulation

Image-guided
patient setup

Online patient
monitoring

Radiation treatment
delivery

Treatment outcome
analysis

Care plan selection

Patient
immobilization

Figure 7.4 The clinical work flow for typical lung cancer patient treated with IGRT. The clinical work flow 
connects with the clinical outcomes analysis that informs care plan selection and improvement of the entire 
process
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7.3.4 KV FLUOROSCOPY

One further advantage of kV imaging is the rapidity with which images can be taken linked to the relatively 
low dose of each exposure. As the treatment beam does not have to be interrupted to take a kV image, sev-
eral images can be taken to confirm and reconfirm positional information, to the extent of facilitating beam 
gating-based breathing patterns.

Rapidly acquired kV images can also be easily linked and played as a cine loop. The main use of this 
technique is to acquire a fluoroscopic view of a patient’s breathing pattern and diaphragm motion. Typically 
around 100–150 frames are captured, each being 120 kV and 50 ms long [13].

7.3.5 KV CBCT (4D CBCT)
For a linear accelerator fitted with a kV imaging set, mounted isocentrically off the MV beam line, the forma-
tion of a CT dataset can be facilitated by “snapping” numerous frames of image data as the gantry is rotated. If 
sufficient planar images are taken, then software back-projection techniques can be employed to generate the 
3D dataset. The principle of back-projection for cone beam images differs somewhat from more traditional 
single- or multi-slice CT, but CBCT algorithms are well established and validated [14].

The advantages of kV CBCT are that a volumetric dataset is generated as opposed to planar, projection 
images. The additional patient dose from the multiple projections is balanced by the advantages of the full 
CT reconstruction and the patient dose per CBCT is typically 1–3 mGy [15]. The 6D correction aspects are 
present with kV CBCT, as it is with stereoscopic planar projections, but the advantage of the full 3D dataset 
is that the parameters of the matching algorithm can be selected to preferentially favor a soft tissue match or 
a bony match, whichever is preferred for the given anatomy being imaged.

Additionally, a set of CBCT images taken through the patient treatment course will show how the treat-
ment area (both tumor and surrounding tissues) is changing over time. This is one of the first crucial steps 
toward adaptive radiation therapy. In one interpretation, the adaptive approach, the temporal changes in the 
target area are tracked until some dosimetric threshold is reached, at which point a new plan is implemented. 
This could be as simple as one replan being applied in response to a patient losing weight after two weeks of 
the four-week course. A more intensive interpretation of adaptive radiation therapy would rely heavily on 
on-board, daily CT imaging; here the daily plan is adapted based on the target and organ at risk positions as 
they exist with the patient on set.

7.3.6 FIXED FLOOR MOUNTED 2D-3D REGISTRATION: BRAINLAB

The Brainlab ExacTrac system is an in-room system that utilizes two, floor-mounted, kV x-ray units posi-
tioned for stereoscopic projection with two ceiling-mounted detector panels. Images from the kV system are 
compared to digitally reconstructed radiographs, which are generated from the planning CT scan. The treat-
ment planning software is programmed with the camera orientations and focal lengths so comparisons can 
be made between the DRR from the planning system and the on-set image(s). By utilizing two stereoscopic 
projections six degrees of positioning are afforded, three rotations and three translations [16].

7.3.7 LINAC WITH IN-ROOM CT
In-room CT was a forerunner of the gantry-mounted imaging system preceding CBCT. The premise here is 
that an anatomical assessment in the form of a 3D scan of the patient at the time of treatment is so useful that 
the technical difficulties of a diagnostic CT scanner in the room are justified. The main technical difficulties of 
a full, diagnostic type scanner in the treatment room include the size of the scanner itself, which prevents the 
scanner being mounted isocentrically. To overcome this, there is generally a very precise table repositioning 
mechanism to move the patient from CT scanning, through repositioning (the daily image guidance), to the 
treatment isocenter; this may even mean swinging the patient on the treatment table through 90 degrees [17].
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7.4  IN-ROOM PATIENT SETUP AND MOTION-MONITORING 
STRATEGIES

There are several technologies that have been developed to guide radiation delivery and account for patient 
setup vitiations and target motion during treatment.

7.4.1 CALYPSO (PROSTATE)
The Calypso system is a set of implanted tracking markers for positioning any body site except the lung 
 during radiation delivery. The majority of clinical experience with Calypso is for prostate alignment and 
tracking. The system consists of three marker beacons, which are implanted into the prostate prior to patient 
CT planning, and a tracking station, which monitors the beacon position when the patient in under treat-
ment. The beacons are about the size of a grain of rice and consist of an iron core, wrapped in copper wire and 
sleeved in a sterile glass tube. To track the beacon, an electric coil array is placed over the patient; when an 
alternating, pulsing pattern of electric current passes in the array a resonant frequency is created in beacons, 
which is detected by the same panel. Each of the three implanted beacons has different resonant frequencies 
so spatial differentiation is possible. Then, spatial localization and tracking is achieved by signal triangula-
tion. Three beacons are recommended for the most accurate function but the system can function (both 
localize and track) if only two beacons are present [18].

The beacons are placed in a triangular pattern in the prostate via transrectal ultrasound guidance, nomi-
nally in the left, right, and apex positions. The beacons are identified during treatment planning and the 3D 
DICOM coordinates are entered into the Calypso control console, along with the isocenter coordinates. At 
the time of treatment, the patient is sent to the isocenter as usual and then the Calypso system is brought in 
to localize and then track the prostate. An in-room Geiger counter is also included in the system; this records 
when the treatment beam is on. At the end of the treatment, a report is produced to show the treatment team 
the shifts that were required to bring the beacons to the isocenter and how the beacons tracked in position 
with bars added to show the beam-on times.

7.4.2 NON-IONIZING TECHNIQUES WITH VIDEO/IR: ALIGNRT 
Patient positioning and repositioning daily is an important challenge in radiation therapy. Treatment tech-
niques have evolved to become more precise, with smaller margins. This has led to the rise of patient immo-
bilization devices and in-room imaging systems. Milliken et al. at the University of Chicago Medical Center 
reported on a video image subtraction system to help position a patient at the time of treatment as closely as 
possible to the position the patient occupied at the time of radiation therapy simulation [19]. This technique 
was based on photogrammetry, a field which dates to the dawn of photography. Stereo photogrammetry is 
a specialized field which utilizes two or more images to accurately localize an object in 3D space. Yan et al. 
at Stanford University Medical Center advanced the field by developing a system with three video cameras 
which compared real-time patient surface images to DRRs [20]. This technique is now referred to as Surface 
Guided Radiation Therapy, or SGRT [21].

Vision RT (London, England) was founded in 2001 and began marketing its AlignRT® product in 2006. 
Bert et al. at Massachusetts General Hospital reported on this system in 2006 [22], quoting mean displace-
ments of 7.3 mm and 7.6 mm for laser and port films, respectively. More recently, Cervino et al. at the 
University of California San Diego Medical Center reported on the use of Align RT with 23 patients under-
going frameless mask-less stereotactic radiosurgery [23]. They used the video system to set up patients and 
then confirmed their positions with CBCT. They found average shifts of 1.85-mm AP and 1.0-mm lateral and 
superior/inferior directions. The AlignRT system utilizes two or three ceiling-mounted camera units which 
project a pattern onto the patient and measure the reflection at up to 7.5 frames/s. Proprietary image evalua-
tion software can be interfaced with the linear accelerator to initiate a treatment stop if the patient moves out 
of the specified alignment parameters.
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C-Rad (Uppsala, Sweden) introduced a similar product called Catalyst in 2011 [24]. The optical surface 
scanning system also projected deviation from the planned treatment position onto the patient’s skin in real 
time. The system used three high-powered light-emitting diodes to project three different colors of light (blue, 
green, and red) always. The blue light (405 nm) is used for position detection while the red (624 nm) and green 
(528 nm) lights are used to project deviations. Stieler et al. reported reproducibility with human patients was 
reported as 0.25 ± 0.21 cm, while accuracy was 0.52 ± 0.42 cm [24].

7.4.3 IMPLANTED MARKERS

Implanted markers have been used to delineate tumor boundaries since the dawn of the radiological era. 
Surgical clips have been implanted for decades by surgeons to mark the boundaries of a surgical resection, 
with the anticipation of “consolidation” radiation therapy to follow. This was often the only way that a radia-
tion oncologist (who was also typically a radiologist by training during the first 50–60 years of radiation 
therapy) could outline the radiation fields to treat on a patient.

The dawn of the CT era in 1971 led to the implantation of radiologically opaque markers designed to be 
 easily visible on an imaging study [25]. The markers were usually made of a high atomic number metaboli-
cally inert metal, such as gold, and were typically a few millimeters in size, and spherical or cylindrical in 
shape. The first noted use of these markers was to help delineate the apex of the prostate, which is difficult to 
see on ordinary transmission x-rays. Another early reported use was implanted skull markers for frameless 
stereotactic radiosurgery [26].

One disadvantage of implanted markers is that they must be surgically implanted, usually by a 
surgeon or an interventional radiologist. The recent rapid growth of IMRT has created the demand for 3D 
localization of the entire target volume, often on a real-time basis. This usually requires implantation of at 
least three well-spaced fiducials, which may be difficult to achieve. Nevertheless, implanted fiducials have 
been successfully used for treatment of lung and liver tumors [27].

Another disadvantage of implanted markers is their tendency to migrate from their initial positions. 
Radiation oncologists have warned patients for years that prostate seed implants (often with 100 or more seeds) 
have a possibility of migrating to the lungs or brain [28]. One study followed 32 patients with 147 implanted 
lung markers and found a mean migration of 1.28 mm (range 0.78–2.63 mm) [29]. Blockage of fiducials by 
moving MLC during VMAT can be minimized by re-optimization [7].

7.5 ONGOING DEVELOPMENTS OF L-SHAPED LINACS

Technological research continues to address the various challenges lung IGRT poses to optimal radiation 
therapy treatment. These new technologies allow for increased treatment planning flexibility and shorter 
treatment delivery time, and they can account for target volume motion.

7.5.1 MLC TUMOR TRACKING WITH MLC
Conforming a radiotherapy dose distribution to an irregular shape allows for simultaneous tumor treatment 
and normal tissue sparing, and thus is one of the guiding tenets of treatment. Many techniques have been 
developed to match the radiation field to complex, 3D, even folded tumors but, during treatment planning, 
they all rely on the target being stationary. However, it is easy to understand that extra-cranial targets vary in 
position on both an intra- and an interfractional basis. Many techniques have been put forward to account for 
tumor motion. One of the most technologically innovative is MLC tracking. The concept here is that imaging 
technology is employed throughout the treatment fraction to accurately locate and then continuously track 
the target. While the target motion is tracked the motion data are fed to the MLC processors and the MLC 
leaf positions are adjusted to cover the target as it moves [30].
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7.5.2 4 PI DELIVERY

The use of IMRT has grown dramatically since its introduction in 2000 [31]. Yet, the use of non-coplanar 
beams with dynamic movement of the linear accelerator gantry, MLC, beam intensity, and couch angle has 
not yet reached its full potential [32]. A new technique called 4 Pi Non-coplanar IMRT has been proposed 
by Sheng et al. at UCLA Medical Center [33]. This technique, not yet used clinically, involves using the full 
capability of the linear accelerator and patient support assembly to create new combinations of non-coplanar 
beams and variable source surface distances.

The keys to this new proposed treatment technique are (1) a novel algorithm developed at Erasmus Medical 
Center, Rotterdam, The Netherlands, called iCycle [34], which uses Pareto optimization to search over a 
multi-dimensional surface of possible irradiation methods until an optimum is achieved and (2) an extremely 
reliable computer-assisted design (CAD) model of the linear accelerator gantry and couch had to be created 
which eliminates the possibility of any form of collision involving linac with the couch or the patient [35]. 
The authors of the second study from UCLA and the University of Michigan Medical Centers retrospectively 
replanned 10 liver stereotactic body radiation therapy (SBRT) cases and reduced 50% dose spillage volume by 
2% and integral dose by 19%.

The technique involves sweeping arcs with full MLC motion (as in VMAT), but also including full rota-
tional motion of the patient support assembly from left to right and raising or lowering the couch above and 
below the isocenter to change the source surface distance.
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8

TomoTherapy

KE SHENG 

8.1 INTRODUCTION

8.1.1 ROTATIONAL IMRT AND PRE-HELICAL TOMOTHERAPY SYSTEMS

Helical TomoTherapy® is an integrated software and hardware platform for image-guided intensity modu-
lated radiotherapy (IMRT). The platform emerged as a marriage between arc therapy and static beam IMRT. 
There is a long history of using arcs for radiotherapy to improve dose conformity, homogeneity, and skin 
sparing [1]. The use of intensity modulation was first alluded to by Brahme in a rotational radiation therapy 
system to treat a ring structure [2]. The concept of modulating the fluency of intensity to improve the target 
dose homogeneity was then described by the same author [3]. The same group also suggested a device, named 
the multileaf collimator (MLC), for IMRT delivery [4]. The design and dosimetric characteristics of the device 
were then investigated [5]. Although the MLC was initially created for step-and-shoot IMRT on a C-arm gan-
try system, the first commercialized MLC used for patient treatment, interestingly enough, was for rotational 
delivery known as serial TomoTherapy [6,7]. The system, trademarked as Peacock by NOMOS, is illustrated in 
Figure 8.1. The 6 megavoltage (MV) therapeutic x-rays were collimated down to a slit fan beam. There were two 
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banks of opposing binary collimators that were trademarked as MIMiC. The mechanism allowed either fully 
opening or closing of a small beam aperture, which is also called a bixel in inverse optimization and treatment 
planning.

The serial TomoTherapy operated much like the CT scanners predating the helical CT scanner in that the 
couch was static during gantry rotation to allow treating one cranio-caudal segment of the patient before 
moving to the subsequent fan segments, until the entire treatment volume is covered. Different from the 
helical TomoTherapy system that is built on a dedicated rotational gantry platform, serial TomoTherapy was 
meant to be an add-on for the existing C-arm linacs. Serial TomoTherapy was one of the first systems that 
showed the feasibility of IMRT delivery by delivering concave isodose distributions that matched the cal-
culated dose distribution. However, the serial TomoTherapy was limited in practicality. In addition to long 
delivery time, the static field junctions from stitching the slit fields together were prone to having dangerous 
hot and cold spots (over- and underdose volumes) for unavoidable slight filed mismatch.

8.1.2 ADVENT OF HELICAL TOMOTHERAPY

A more practical design for rotational IMRT was first published in 1993 by T. Rock Mackie [8]. Based on a 
mechanism similar to the helical CT, the treatment couch moved continuously while the gantry rotated as 
radiation is being delivered. The helical trajectory largely mitigated the junction problem, and was signifi-
cantly more efficient to deliver. This milestone paper conceptually described several key components of the 
helical TomoTherapy that later became widely available to treat patients. These components included binary 
MLCs, a CT detector array for the MV x-ray source, a slip ring, and adaptive radiotherapy based on the online 
CT images. The original design of the helical TomoTherapy system also included an orthogonal kV x-ray 
source and a separate detector array for kV fan beam CT, but the kV image system did not become part of 
the commercial system due to system complexity and cost concerns. The design decision was also due to the 
useable images obtained from the MV source and Xenon CT detectors [9].

The feasibility of TomoTherapy delivery as a valid concept was initially demonstrated using a Scanditronix 
Microtron MLC system and then single pencil beam produced from a conventional C-arm linac in 1997 
[10]. After several more years of research, development, and commercialization, the first TomoTherapy pro-
totype entered the clinic in 2000 and started to acquire MVCT images on animals and human patients. The 
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Figure 8.1 A schematic illustration of the slit beam of the MIMiC and its bixels. The left panel shows all leaves 
closed and the right panel shows two pairs of open leaves. (Modified from Mackie, T.R. et al., Med Phys., 20, 
1709–19, 1993.)
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 system received FDA clearance in 2002 and was quickly adopted for treating cancer patients with a wide 
range of sites including brain, head and neck, prostate, and lung. To date, over 500 TomoTherapy systems 
have been installed worldwide.

8.2 TECHNICAL OVERVIEW OF HELICAL TOMOTHERAPY

8.2.1 LINAC

A 6-MV S-band linac is used in TomoTherapy. The linac was initially supplied by Siemens Oncology Care 
Systems but later made in-house after TomoTherapy acquired a linac company. The Siemens linacs use a rotat-
ing target driven by cooling water. The design improved the cooling capacity, and allowed a smaller focal spot 
of approximately 1-mm, roughly half the size of a linac in a conventional C-arm system. The smaller focal 
spot is particularly important to the MVCT image quality. In the TomoTherapy system, the S-band linac was 
powered by a magnetron to produce 850 cGy/min at the isocenter, which is 850-mm away from the focal spot. 
The output was close to the higher end of the linac’s capacity. The high demand on the linac compounded by 
the significantly higher monitor units in TomoTherapy treatment resulted in rapid deterioration of the linac 
and the target. In addition to overwhelming costs, the frequent service and replacement of linacs contrib-
uted to the downtime experienced by many early TomoTherapy adopters and created a significant burden on 
physicists for post-service calibration. After acquiring a linac manufacturer, TomoTherapy gradually replaced 
the Siemens linacs with the in-house linacs, which were characterized by slower deterioration, longer life 
span, and essentially the same focal spot, significant improvements in robustness over the Siemens linacs. The 
slightly lower energy (5.2 MV versus 5.7 MV) did not result in noticeable changes in the plan dosimetry [11].

Another important aspect of the TomoTherapy linac is that a flattening filter is not used, resulting in a 
tapered output toward the lateral edges of the field. This is acceptable for a system that exclusively uses IMRT. 
The x-rays are unattenuated without the flattening filter to improve delivery time and efficiency. The improve-
ment is particularly significant for TomoTherapy, whose delivery efficiency using the fan beam geometry is 
considerably lower compared to platforms using the cone beam geometry. A typical TomoTherapy lateral 
profile is shown in Figure 8.2. The flattening-filter-free (FFF) field is also available in many C-arm linacs 
mainly for the purpose of high-dose treatment such as stereotactic radiosurgery (SRS) or stereotactic body 
radiation therapy (SBRT).
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In contrast to C-arm linac systems, which are equipped with two pairs of orthogonal jaws to define square 
or rectangle fields, TomoTherapy uses one pair of jaws to define the narrow fan-fields in the superior/inferior 
direction. In the therapy mode, the jaws can be set to 1-cm, 2.5-cm, or 5-cm width measurements for treat-
ment plans based on the size of the target and the varying needs for dose modulation resolution in the longi-
tudinal direction. In the earlier TomoTherapy systems, a treatment plan was limited to using one fixed field 
width. The limitation resulted in compromised superior/inferior penumbra, poorer longitudinal modulation 
resolution, or prolonged delivery time for larger tumor targets. Dynamic jaws trademarked as TomoEdge™, 
which start and end a treatment with 1-cm jaw width and use wider field widths in between, have been imple-
mented on later systems to overcome this limitation [12,13]. The lateral field size and modulation are deter-
mined by the TomoTherapy binary MLC, which will be introduced in the following section.

8.2.2 MVCT AND CT DETECTORS

As mentioned previously, due to the cost and complexity of integrating a kV system in TomoTherapy, kVCT is 
not included in the current generation of TomoTherapy systems. Instead of the kVCT, the same therapy MV 
x-ray source is matched with a Xenon linear CT detector array for MVCT imaging. Because of the signifi-
cantly higher energy and lower cross intersection with Xenon gas, the pressurized chambers alone provide 
very low detector efficiency and signal-to-noise ratio. To mitigate this deficiency, the detector is offset from 
its originally intended location and moved closer to the MV source. As a consequence, the tungsten septa are 
not concentrically aligned to the source with increasing deviation toward the lateral channels. Because of 
the intentional misalignment, x-rays are intercepted by the septa that produce secondary charged particles 
for the Xenon chambers to absorb. The setup significantly increases the detector quantum efficiency but also 
results in a varying response that is low in the center and high toward the field edge. A typical lateral profile 
measured by the CT detector is shown in Figure 8.3. Compared to the profile measured using an ion chamber 
in the water, there is a sharp drop in the center channel signals; these channels are better aligned to the source 
and fewer photons are intercepted by the tungsten septa.

An additional function of the CT detector is to detect the exit x-ray from therapeutic beams. The CT 
detector is always active, recording the pulse-to-pulse signals after the x-rays penetrate the patient or phan-
tom. The exit detector signal can be used to monitor the MLC leaf opening time [14], which in combination 
with the known patient geometry from the kVCT and MVCT has been shown to reconstruct the delivered 
dose with high accuracy [15].

To further improve the MVCT quality and reduce the imaging dose, the linac is detuned to produce lower 
energy x-rays (3.5 MV). The imaging system has proved to be able to produce images that are useful for patient 
alignment mainly based on bony anatomies and higher-contrast soft tissues, such as the contrast between fat 
and muscle. MVCT is also particularly useful to image patients with metal implants, where kVCT normally 
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suffers from metal artifacts. Metal artifacts commonly affect the head and neck and prostate image quality 
from dental or prostheses implants. Metal implants for the spine can also affect the lung CT image quality.

MVCT imaging dose is comparable to that of the kV CBCT [16] but is considerably noisier. Although 
MVCT is less affected by the scatter artifacts that are prevalent in kV CBCT, the high noise level and low soft 
tissue contrast are commonly considered weaknesses when compared to kV images.

8.2.3 MLC
As mentioned, a distinct feature of TomoTherapy is its binary MLC. The MLC is divided into two opposing 
banks, each with 32 leaves (Figure 8.4). The width of the leaves is 6.25-mm projected to the isocenter. The 
opposing leaves are interleaved to cover a combined 40-cm field-of-view. The tungsten MLCs leaves are 10-cm 
deep with tongue-and-groove to reduce the overall leakage to less than 0.3% [17]. The MLC leaves are pneu-
matically driven by compressed air into one of only two positions, fully open or fully closed. The average leaf 
moving time is approximately 20 ms and neglected in the dose calculation.

8.2.4 DOSE CALCULATION AND OPTIMIZATION ALGORITHM

The dose calculation used in TomoTherapy planning systems was a collapsed cone convolution/superposition 
(CCC) initially developed by Mackie et al. and used in the Pinnacle planning system [18]. The algorithm is 
shown to be accurate in homogeneous and heterogeneous environments with noticeable error near tissue 
interfaces with large density differences. The error is typically small using TomoTherapy dose calculation 
for heterogeneous tissues with the exception of small lung tumors, where deviation above the 3% threshold 
for the dose received by 95% of the target volume was found [19,20] due to the lack of electron equilibrium 

Figure 8.4 TomoTherapy® binary MLC are interleaved.
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in these situations. The algorithm, initially developed in FORTRAN, was later written in more modern lan-
guages, C and C++, and improved in calculation speed. The single source algorithm was shown to be well 
suited for the TomoTherapy dose calculation due to its lack of flattening filter. Currently, two dose calcula-
tion approaches exist in parallel, depending on the computational platform. For the traditional CPU-based 
platform, the individual beamlets are precomputed for optimization using CCC. Each beamlet is a rectangle 
field projected by the opening of a single MLC leaf. For a typical TomoTherapy plan, tens of thousands of 
beamlets are needed, so this is a time-consuming step. However, once the beamlets are computed, the opti-
mization iteration can be performed relatively quickly and the optimized dose is close to the final dose cal-
culation. After beamlet calculation, the optimization problem is formulated as a quadratic cost function that 
is subsequently solved using the gradient descent method [21]. The second, more recent approach is based on 
a new computational graphic processing unit platform, which differs from the CPU platform by providing 
substantially more but simpler computational cores (a few thousand cores/GPU versus a few cores/CPU) for 
parallel computing. With this platform, the full dose for a given MLC pattern can be quickly computed dur-
ing optimization iteration. Furthermore, by adopting a non-voxel-based broad-beam (NVBB) framework, 
the time-consuming dose calculation using CCC for the large number of beamlets is no longer necessary [22]. 
The approach allows an immediate start of optimization without waiting for the beamlets to be calculated. 
The error caused by using ray tracing and total attenuation as the dose surrogate is corrected by perform-
ing a full dose calculation using CCC periodically during iteration, which is made possible by the fast GPU 
dose calculation platform. The GPU-based dose calculation was compared to the CPU-based dose calcula-
tion and found essentially equivalent in accuracy with significant improvement in computational speed [23]. 
In another comparison study for total marrow irradiation, using GPU versus CPU translated into a 20-fold 
improvement in the overall planning time [24].

8.3 TREATMENT PLANNING FOR LUNG CANCER

8.3.1 DOSIMETRIC CHARACTERISTICS

For TomoTherapy dose calculation and optimization, a full arc delivery is simulated by 51 equally spaced 
discrete beams at 7o apart. The weight of a beamlet is proportional to the leaf opening time. Because of the 
continuous gantry rotation, the actual beamlet location is blurred by the motion and spread in to a 7o arc. 
Although the blurring effect is not modeled in the planning system, its effect is negligible for targets closed 
to the isocenter and moderate-to-off-centered target [21,25]. It was later found that off-centered small targets 
can be underdosed due to the blurring effect. A software patch was installed to remedy this problem for all 
existing TomoTherapy TPS. As a result, TomoTherapy dose to the target natively tends to be highly homog-
enous [26]. This dosimetric characteristic is desired for many non-SBRT treatments but may be considered a 
limitation in SBRT treatments, which have been traditionally less homogeneous, allowing a more substantial 
hot spot in the target in exchange for superior dose gradient outside the target.

As mentioned previously, standard TomoTherapy provides three fixed jaw sizes that not only determine 
the longitudinal intensity modulation but also the craniocaudal penumbra when the two larger 2.5-cm or 
5-cm jaw sizes are selected. Although a 1-cm jaw is significantly superior in the craniocaudal jaw penum-
bra, its low output factor and small field coverage are drawbacks in the SBRT treatment that requires a high 
dose in a single fraction. The limitation has been mitigated with the release of the dynamic jaw mode in 
TomoTherapy. The dynamic jaw mode, trademarked as TomoEdge, starts and ends a treatment with 1-cm 
jaw but increases the jaw opening to the user-selected maximal jaw size of either 2.5-cm or 5-cm in between. 
Consequently, the craniocaudal penumbra is reduced without the penalty of increasing treatment time [27]. 
Figure 8.5 shows the isodose comparison with or without TomoEdge. A sharper dose gradient in the superior 
and inferior edges was achieved using TomoEdge compared to the plan using a 2.5-cm fixed jaw size.

TomoTherapy uses constant rotational periods for the entire treatment and the gantry rotational period 
is determined by the longest leaf opening time. The ratio between the longest leaf opening time and the aver-
age leaf opening time is termed the modulation factor, which is a user-selected parameter. Clearly, a higher 
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modulation factor allows greater variation in the leaf opening time and slower gantry rotation time to deliver 
the small number of long leaf opening times. On the other hand, plans with large modulation factors are less 
efficient, requiring more monitor units and longer treatment time to deliver.

Unlike in-plane modulation, the longitudinal intensity modulation is achieved by partially overlapping 
helical bands, whose width is determined by the selected jaw size. The number of overlap is  reciprocal 
of another user-selected parameter termed pitch. Smaller pitch allows more overlaps and more intensity 
 modulation in the longitudinal direction. However, there are three other considerations when choosing 
pitch. First, tight pitch generally leads to slower delivery except for plans with high fractional doses, which 
will be explained later in this paragraph. The second is the gantry rotation time. For a conventionally 
 fractionated plan delivering 2 Gy to the isocenter, using tight pitch (smaller value) could lead to fast gantry 
rotation (approaching 5 RPM) and fast MLC movement, which tend to increase delivery error. For SBRT 
 treatment delivering a larger dose, using coarse pitch could lead to gantry rotation speed slower than 
the lowest limit (1 RPM) and then require the plan to be split into multiple passes. In this case, tighter 
pitch may allow single-pass delivery and actually save time compared to plans using a coarser pitch. The 
third consideration is dose fluctuation caused by the imperfect match of the helical beams, a phenomenon 
known as the thread effect, which was first characterized by Kissick [28]. Based on a simple geometric 

Figure 8.5 Dose comparison with (bottom) or without (top) TomoEdge™. A sharper dose gradient in the supe-
rior and inferior edges was achieved using TomoEdge compared to the plan using 2.5-cm fixed jaw.
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model, Kissick derived pitches that minimized the undesired thread effect. The recommended values were 
refined by Chen in 2011 [29] for both on- and off-isocenter targets. A typical lung SBRT dosimetry by 
TomoTherapy is shown in Figure 8.6.

The user interface of TomoTherapy optimization is shown in Figure 8.7. The interface allows the dosime-
trist to interact with the optimization process on the fly. The dosimetrist first sets the prescription, which 
is a hard constraint typically in the form of dose to certain percentage of the PTV, and initial set of con-
straints on the PTV and OARs. The constraints can be maximal dose, minimal dose, or dose volume points. 

Figure 8.6 A typical TomoTherapy® SBRT plan for a small peripheral lung tumor.

Figure 8.7 Optimization interface of TomoTherapy®. In this particular case, the field width, modulation factor, 
and pitch are set as 2.5-cm, 2.2-cm, and 0.428-cm, respectively. Dynamic jaws are used. The DVH points are 
shown as circles in the DVH plots.
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Priorities and weights can be assigned to individual structures. Separate penalties can be assigned to the 
dose constraint points. The dose distribution and dose volume histogram are updated with each iteration. 
The dosimetrist can choose to pause the optimization process and then adjust the weights and penalties, 
and add or remove a dose constraint point. The typical numbers of iterations are 100 or more. Because of the 
dose volume constraints, the TomoTherapy objective function is not strictly convex and does not guarantee 
global optimality. The optimization results depend on the history of computer–dosimetrist interactive his-
tory. When satisfactory dosimetry is not obtained after many iterations, or there is a need to change the jaw 
size or pitch, the current iteration needs to be aborted, and then restarted after resetting these parameters. 
TomoTherapy delivery is strictly coplanar. Although small couch yaw in the gantry bore is theoretically 
feasible, dosimetric gains from the small non-coplanar angles are insignificant [30].

In addition to the helical mode, TomoTherapy has a fixed beam mode where the gantry remains at a 
fixed angle while the couch translates longitudinally during beam delivery [31]. This mode, trademarked as 
TomoDirect™ [32], was mainly developed to answer the need for breast radiotherapy by mimicking the tan-
gential beams. Because of its insignificant role in lung cancer therapy, TomoDirect is not discussed further 
in this chapter.

8.3.2 DOSIMETRIC COMPARISON BETWEEN IMRT AND VMAT
Conformality index (CI), which is defined as the ratio between 100% isodose volume and PTV, R50, which is 
the 50% isodose volume divided by PTV, homogeneity index (HI), defined by the minimum dose delivered 
to 5% of the PTV receiving the highest dose divided by the minimum dose delivered to 95% of the PTV, is 
 commonly used to describe the PTV coverage and high dose spillage. OAR doses are individually defined 
based on the organ radiobiological features. For serial and centrally located organs, the dose limit is deter-
mined by the highest dose received by a small volume of the organ. For parallel organs such as the lung, the 
mean dose and the volume of organ receiving a specific percentage of prescription doses are used as tolerance. 
In a study of TomoTherapy lung SBRT, using the RTOG 0236 lung SBRT protocol as a reference [33], it was 
found that the lung volume receiving 20 Gy or more (V20) can be met using TomoTherapy with adequate 
sparing of serial organs including heart, trachea, major blood vessels, and the bronchus for peripheral early 
stage lung cancer. R50 was not evaluated for several reasons, including that the R50 criterion was thought 
unrealistic for coplanar beams and dose calculation with tissue heterogeneity correction.

Dosimetric comparisons between TomoTherapy and other treatment modalities for lung cancer treat-
ment planning hVW been performed. However, although quantitative criteria have been used, the treat-
ment planning process is highly variable and subjective. The comparison results also depend on different 
software versions and hardware platforms, including the MLC resolution. Therefore, it is not surprising 
that the conclusions from various dosimetric studies may not always be consistent. For example, in a study 
comparing lung SBRT plans for TomoTherapy, VMAT, and fixed beam IMRT, Weyh et al. [34] showed that 
TomoTherapy is superior in CI, HI, and R50 to both VMAT and IMRT. The OAR doses were not signifi-
cantly different except the maximal rib dose is lowest using TomoTherapy. VMAT delivered 60% faster than 
TomoTherapy and 40% faster than IMRT. In a study comparing TomoTherapy and VMAT, it was found that 
with essentially the same PTV coverage, TomoTherapy is superior to VMAT in OAR sparing and the dosi-
metric advantage is consistent even with more than two arcs being used in the VMAT plan [35]. However, 
in a study using radiobiological measures, fixed beam IMRT was shown to achieve greater tumor control 
probability than TomoTherapy with the same normal tissue toxicity [36]. In a recent study, the dosim-
etries of TomoTherapy, VMAT, and CyberKnife® for centrally located lung cancer were compared [37]. 
CyberKnife was shown to deliver greater dose gradient outside the PTV, largely owing to its non-coplanar 
beam capacities, although its dose is less homogeneous in the PTV. Using whole lung or ipsilateral lung vol-
ume, CyberKnife and VMAT were shown to result in lower probability of radiation pneumonitis compared 
to TomoTherapy. However, it is worth pointing out that CyberKnife is restricted from using many posterior 
beam angles that can lead to significantly greater lung dose when treating a posterior lung tumor [38].
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8.3.3 IMAGE QUALITY OF MVCT
TomoTherapy utilizes the same x-ray target for both imaging and therapy. In the imaging mode, the x-ray 
energy is detuned to achieve slightly better detecting efficiency and substantially lower output. MVCT image 
quality of TomoTherapy was compared to other major vendors by Chan et al. [39] using a Catphan CT phan-
tom. The spatial resolution and low-contrast tests are shown in Figures 8.8 and 8.9. Compared to the kV 
KBCT from Varian and Elekta, TomoTherapy MVCT resulted in significantly poorer resolution (3–5 lp/cm 
versus 8–10 lp/mm) and sensitivity to low contrast (3% versus <1%). Its image noise level is 2–4 times greater 
than kV CBCT. Therefore, the TomoTherapy MVCT quality is considerably worse than the kV CBCT used by 
Varian and Elekta. However, MVCT is unaffected by scatter artifacts due to its fan beam geometry and more 
robust image artifacts caused by beam hardening effects. Specifically, for the lung region, kV CBCT typically 
shows more severe artifacts due to the large tissue density heterogeneity. In practice, the difference in image 
quality is not as great as what the phantom tests suggest. Furthermore, MVCT is advantageous in providing 
accurate electron density measurement for dose calculation compared to the kVCT.

There are a number of studies attempting to improve the MVCT image quality. The desired method would 
be to improve the detector quantum efficiency to MV x-rays without increasing the imaging dose. Several 
experimental solid-state CT detectors [40,41] have been tested to increase MV x-ray DQE but none of them 
was clinically or commercially adopted. Alternatively, a straightforward way is to increase the MVCT dose, 
thus increasing the number of photons detected [42]. By increasing the imaging dose from 2.2 cGy to 8.5 cGy, 
the image noise decreased from 5.2% to 2.6%.

For standard MVCT reconstruction, filtered back-projection was used. Different denoising methods have 
been attempted to improve the image quality. For example, iterative algebraic reconstruction has been used 
for kVCT to reconstruct suboptimal projection data, including low mAs, incomplete projections, and the 
presence of metal artifacts, and shows more robust results than the back-projection approach under these 
conditions [43]. This method also can be readily formulated as a least-square L1-type of regularization 
 problem to exploit the piecewise continuity typically assumed for human anatomy [43,44]. Recently, Gao 
et al. used tight framelet regularization, a type of L1 norm, to reconstruct MVCT images showing cleaner 

(a) (b)

(c) (d)

Figure 8.8 Resolution test. (a) Varian kV CBCT; (b) Elekta kV CBCT; (c) Siemens MV CBCT; (d) Tomo MV FBCT.
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images with reduced noise and well-preserved edges [45]. On the other hand, this method resulted in reduced 
resolution and did not improve low-contrast object conspicuity. Imaging post-processing methods take a 
different approach to denoising the filtered back-projection MVCT images. An anisotropic diffusion (AD) 
filter was used to prepare the MVCT image for deformable registration [46]. In a separate study, an adaptive 
Gaussian filter was applied to the MVCT image for noise reduction and MVCT-based contouring consistency 
improvement [47]. These methods showed varying levels of noise reduction while preserving “hard” edges 
between bones and soft tissue. However, they did not improve the conspicuity of low-contrast fine structures 
and often degraded the contrast of fine features and textures that are important for organ delineation. Sheng 
et al. applied a non-local means denoising filter, block matching 3D, on MVCT images and showed a 10-fold 
increase in the contrast-to-noise ratio and the ability to preserve fine structures in the resultant images [48]. 
These methods have yet to be integrated into clinical TomoTherapy.

8.3.4  CLINICAL IMPLEMENTATIONS AND TRIALS USING HELICAL 
TOMOTHERAPY FOR LUNG SBRT

The TomoTherapy system is one of the earliest clinical systems that provided volumetric images for image-
guided radiation therapy (IGRT). Although the MVCT images show relatively poor soft tissue contrast, these 
are adequate for patient positioning based on bony anatomies [49]. For patients with lung cancer, the large 
contrast between the tumor and the lung parenchyma allows localization using the tumor directly, which is 
important for lung tumors that often move relative to the bones. Even for sub-centimeter small lung tumors, 
MVCT can provide useful visualization for precise patient positioning (Figure 8.10). Tumors of this size would 
be difficult to visualize in 2D radiography, the technology in use before CT was available for image-guided 
radiotherapy. The IGRT workflow of TomoTherapy was well integrated compared to early competing platforms 
offering IGRT, making it well suited for the lung SBRT treatment. In a study including eight patients treated 
with 3–5 SBRT fractions, sub-millimeter accuracy of MVCT registration was shown to be attainable [50].

Consequently, with adequate geometrical margins included in the planning target volume, high fractional 
doses to a highly mobile small lung tumor can be accurately delivered using TomoTherapy. The outcome 

(a) (b)

(c) (d)

Figure 8.9 Low contrast test. (a) Varian kV CBCT; (b) Elekta kV CBCT; (c) Siemens MV CBCT; (d) Tomo MV FBCT.
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of such a treatment is shown in Figure 8.11. The tumor shrank substantially 3 months after the treatment. 
6 months after the treatment, a spherical ground-glass consolidation pattern centered to the original tumor 
formed, demonstrating the accuracy of treatment.

Because of the readiness of IGRT and its relatively advanced IMRT planning system compared to  systems 
at the same period, TomoTherapy was widely popular and clinically adopted in the first few years when it 

Figure 8.10 Lung SBRT patient setup based on MVCT kVCT registration. The lung tumor diameter was 9-mm.

Figure 8.11 Treatment outcomes follow-up by CT showing reduction in tumor sizes and spherical ground-glass 
lung tissue change centered to the lung tumor after the treatment. The sequential images show  pre-treatment 
CT, and 2 months post-, 3 months post-, and 6 months post- treatment CT.
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became commercially available. At the same time, lung SBRT has emerged as a promising treatment modal-
ity for patients with inoperable early stage non-small-cell lung cancer (NSCLC) in contrast to disappointing 
conventionally fractionated dose escalation studies. The University of Wisconsin first showed the feasibility of 
lung SBRT on TomoTherapy without major technical limitations or acute toxicities [51]. Dunlap et al. reported 
excellent local control using TomoTherapy to treat early stage NSCLC [52]. Aibe reported excellent local con-
trol and survival for early stage lung cancer patients using TomoTherapy [53]. The GTV size-dependent severe 
toxicity rate was low (6.7%). More recently, Nagai et al. showed that TomoTherapy is safe and effective for lung 
treatment via SBRT [54]. For patients with multiple pulmonary metastases, Kim showed that TomoTherapy 
offers safe effective local control [55]. A major concern for lung SBRT was the central organ toxicity when the 
location of the tumor is near these organs [56–60]. TomoTherapy was used to create a steep dose gradient 
between the tumor and adjacent central organs [61] that may have reduced the risk of severe toxicity.

8.4 MOTION MANAGEMENT WITH HELICAL TOMOTHERAPY

8.4.1 INTERFRACTIONAL MOTION MANAGEMENT

TomoTherapy manages interfractional motion based on the on-board MVCT images. For rigid interfrac-
tional motion, the translation motion can be corrected by couch shifts. The roll is corrected by gantry rota-
tion. The yaw and pitch cannot be automatically corrected (incremental couch vertical and lateral translations 
with couch longitudinal motion were suggested to correct yaw and pitch [62] but the method has not been 
implemented in production of TomoTherapy systems). Large yaw and pitch shifts have to be corrected by 
manually shift and adjustment of patient immobilization. However, for most patients eligible for the lung 
SBRT treatment involving limited craniocaudal tumor extension, yaw and pitch are generally negligible [63].

The efficacy of setting up lung cancer patients based on MVCT was shown previously in Figure 8.7. 
Statistically, without such image guidance by MVCT and using the surface markers alone, significant setup 
errors could occur. Zhou et al. reported −1.1±2.8-mm, −2.5±8.7-mm, and 4.1±2.6-mm error for a total of 
225 lung isocenters of patients immobilized using the state-of-the-art BodyLoc double vacuum system [50]. 
Schubert et al. [64] reported an average of 3.2-mm translational error without MVCT guidance for lung 
tumor treatment.

The correction of rigid shifts is straightforward but for tumors showing response to the treatment, new 
radiation therapy plans adapted were considered desirable [65–68]. The response of NSCLC during SBRT 
treatment was considered negligible [69] but a recent study of lung tumor response to the SBRT treatment 
showed that a more significant tumor shrinkage may happen for protracted SBRT treatment, such as once or 
twice a week, that took 2–5 weeks to complete [70], although the shrinkage could be tumor histopathology 
dependent. By adapting to the reduced tumor volume, the volume of normal tissue irradiated to high doses 
may be reduced to decrease toxicities. TomoTherapy with its MVCT image capacity would be conducive to 
such adaptation but to the best of the author’s knowledge, a clinical study of adaptive lung SBRT has not been 
reported on this platform.

8.4.2  INTRAFRACTIONAL MOTION MANAGEMENT AND  
INTERPLAY EFFECT

It has been increasingly recognized that internal organ motion during the treatment can have adverse dosi-
metric impacts by causing geometric misses and increasing normal tissue exposure to ionizing radiation. 
The intrafractional organ motions can have different temporal frequencies. For slower non-periodic motion, 
because of the slow CT acquisition speed, MVCT can be seen as an average CT image of the moving lung 
tumor. Two studies independently used repeating TomoTherapy MVCT to quantify the motion amplitude 
[50,71]. Both studies show that for well-immobilized patients using a double vacuum body lock system, the 
average location of the lung tumor drifted less than 1-mm.



154 TomoTherapy

The other, faster source of internal organ motion is respiratory motion that affects thoracic and upper 
abdominal organs. A significant portion of medical physics research in the past decade has been dedicated 
to characterizing its dosimetric implications and developing motion management of lung tumor motions. 
The extensive studies characterizing the lung tumor motion are beyond the scope of this chapter but a short 
summary will follow. First, the lung tumor motion is quasi-periodic. The inhalation and exhalation give basic 
periodicity but it is further modulated by irregularities including changes in breathing patterns, baseline 
drifts and lung hysteresis. Second, the motion amplitude varies substantially between patients and locations 
of the tumor. Third, although most tumors exhibit dominant craniocaudal motion, large anterior/posterior 
or mediolateral tumor motion is not uncommon.

The most straightforward way to manage lung tumor motion and avoid geometric misses, is by includ-
ing the motion excursions in the internal target volume (ITV) [72], which is further expanded to PTV 
account for setup uncertainties. 4D-CT and dynamic MRI [73,74] have been used to estimate the patient- 
and tumor-specific motion excursion. A maximum intensity projection is typically adopted to simply 
determine the ITV. Once the PTV is defined, motion management using TomoTherapy in principle is not 
different from other treatment modalities but there are several caveats that are worth mentioning. First, 
4D-CT is shown to underestimate the motion excursion of lung tumors of patients with highly variable 
breathing patterns [75], resulting in a potential underdosing of the tumor. On the other hand, to account 
for the entire motion excursion based on dynamic MRI, a large ITV expansion is needed, increasing the 
normal tissue exposure to radiation. It has been shown that instead of using the maximum intensity projec-
tion, a mid-position strategy may be adequate for most lung tumors, except those that are small and move 
more than 10-mm [76]. Another concern for TomoTherapy is that the treatment delivery is typically long, 
increasing the chance of additional patient shift and baseline drifts, although they were shown to be small 
in two separate studies [50,71].

Moreover, the interplay effects between dynamic IMRT delivery and the tumor motion has been a research 
topic of interest. Specifically for TomoTherapy, the additional constant gantry rotation in addition to the MLC 
motion warrants a close inspection of the problem.

The interplay effect between TomoTherapy sliding window and the moving tumor was first described by 
Yang, several years before the actual machine materialized [10]. It was concluded that if the tumor and the 
gantry move in synchrony, gross deviation from the intended dose could happen. However, since the gan-
try rotation is significantly slower (more so for TomoTherapy SBRT treatment that uses gantry period over 
30 s) than normal breathing motion, the interplay effect was expected to be small. In a study investigating 
a one-dimensional model to evaluate on-axis intensity variations due to the interplay between sliding jaw 
motion and respiratory motion the possibility of substantial undesired dose heterogeneity greater than 50% 
of the prescription dose was reported [77]. Error of this magnitude would raise significant concern for lung 
radiotherapy. In 2005, the interplay effect was studied in a refined model for fractionated treatment [78]. 
It was concluded that indeed the interplay effect for a combination of fast-moving couch and high-motion 
amplitude tumors can result in an approximately 20% dose heterogeneity. The magnitude of dose heteroge-
neity was later experimentally reproduced for plans with short gantry period and long breathing cycle (10 s) 
[79]. On the other hand, due to the random breathing phase at each treatment fraction, the interplay-induced 
dose heterogeneity is expected to reduce to less than a few percent. The conclusion is consistent with Bortfeld’s 
estimate of the interplay effect of MLC and tumor motion [80]. The interplay effect was experimentally stud-
ied by Kanagaki [81] using EDR2 film and a motion phantom. For various TomoTherapy planning parameters 
and longitudinal motion profiles, other than the cold spots at the edges of the PTV due to expected dose 
convolution with the motion, the interplay effect was not observed. In a 4D Monte Carlo treatment planning 
study, the interplay effect was found to contribute negligibly to the final dose distribution for simultane-
ous integrated boost (SIB) and hypo-fractionated lung cancer treatment [82]. It was then also concluded 
that accounting for intrafractional motion through the definition of an ITV was adequate. When anterior/
posterior and lateral motion are included, however, the dose delivery is sensitive to the interplay between the 
tumor motion and the MLC motion, showing up to 29% cold spots in the PTV [79]. It is reasonable to believe 
that these extreme cases are unlikely to occur among patients whose breathing cycles are well separated from 
the gantry periods of typical TomoTherapy lung SBRT plans. Furthermore, the patient breathing patterns are 
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not perfectly periodic within a treatment fraction. The interplay effect greatly diminishes without the perfect 
synchrony of the gantry cycle and the breathing cycle.

Although a properly implemented ITV approach provides adequate lung tumor coverage and OAR spar-
ing in many cases, it unavoidably increases the normal tissue exposure to ionizing radiation. The increase 
is particularly significant for tumors that move more than 1-cm. In modern radiation therapy, probability 
density function (PDF)-based, gated, or motion adaptive radiation therapy have been considered for lung 
tumors with large motion amplitude.

Instead of treating the PTV to a uniform dose in PDF-based treatment planning, it was hypothesized 
that by optimizing a heterogeneous dose to the PTV based on the probability of a tumor’s sub-volume at the 
location, the normal tissue dose may be reduced compared to the standard ITV approach. Trofimov reported 
dosimetric gain using this approach and efficiency advantage compared to the gated radiotherapy approach 
[83]. On a simplified TomoTherapy simulation platform, Sheng showed that by incorporating the lung tumor 
PDF into the optimization cost function, the lung V10 and V20 can be substantially reduced by up to 40–50% 
[84]. The drawback of this approach, however, is that the treatment is extremely sensitive to the reproducibil-
ity of PDF, which may differ from the time of simulation and the time of treatment. Since PDF is a result of 
cumulative lung tumor position, it cannot be measured based on instantaneous online images. The treatment 
would quickly become complicated to adapt for the PDF reproducibility issues although ongoing research in 
this direction is still being reported [85].

Gated and motion adaptive radiotherapy have been clinically adopted in various forms but this is an area 
more challenging to TomoTherapy than competing platforms. Gated radiotherapy [86–90] was developed to 
treat a moving tumor at specific phase of its motion trajectory so the ITV margin can be effectively reduced 
at a cost of reduced duty cycle and prolonged treatment time. For lung SBRT treatment, typically the gating 
position is established based on 4D-CT. At the time of treatment, an external or internal surrogate is used 
to indicate the tumor location, which may further be verified by intrafractional x-ray images. The radiation 
beam is then controlled by the gating signal to treat the lung tumor within the specific gating window. For 
fixed beam IMRT technique, the beam control component is relatively straightforward, requiring a simple 
beam switch. For dynamic arc delivery, it is considerably more difficult. Due to inertia, a rotating gantry 
 cannot instantaneously stop and then start moving. The difficulty is even greater for TomoTherapy, which can 
only treat a slice of the tumor at a time and the slice is perpendicular to the primary tumor motion direction. 
In order to catch up with the motion, the tumor needs to be treated in multi-passes. The theoretical feasibility 
of such respiratory gated TomoTherapy was described by Kim et al. [91] but was not developed beyond simula-
tion due to its conceivable complexity, further prolonged treatment duration, and questionable robustness.

Tumor motion adaptive radiotherapy was developed as an alternative to gated radiotherapy [92,93]. It has 
a smaller impact on the duty cycle and greater flexibility to manage tumor deformation. On conventional 
C-arm linac, theories and apparatus for these types of treatments have been extensively reported on, but 
due to the complexity, have not been performed on patients. On the other hand, motion adaptive treatment 
based on active tumor tracking has been conducted clinically using CyberKnife [94,95]. Under the trademark 
of Synchrony®, CyberKnife utilizes its highly nimble robotically mounted linac to track the tumor motion, 
which is predicted by a mathematical model. The prediction is updated or corrected in real-time based on 
stereotactic x-ray images of the implanted marker or external surrogates. Unfortunately, there is no cur-
rent corresponding production solution for TomoTherapy despite conceptual and experimental studies to 
demonstrate the possibility. Based on deformable registration, Zhang et al. [96] showed that the respiratory 
motion can be incorporated in TomoTherapy treatment planning in the form of deformed beamlets. The 
4D treatment can then be performed synchronized to the breathing trace acquired at the time of treatment 
[97]. Lu [98–100] described a multi-pass motion-adaptive-optimization (MAO) for TomoTherapy that deliv-
ers  partial dose synchronized to the respiratory cycle. The method is shown to compensate largely for the 
motion-induced dose degradation as shown in Figure 8.12. However, this approach has not been further 
developed and commercialized. Other than the continuous rotating ring gantry, inflexible fan beam treat-
ment geometry, the lack of real-time monitoring owing to the bore occlusion was the main reason that motion 
adaptive radiotherapy cannot be reliably delivered on current TomoTherapy. Major changes to its hardware 
platform appear to be needed to enable this advanced motion management method.
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8.5 FUTURE DEVELOPMENT OF HELICAL TOMOTHERAPY

TomoTherapy was introduced to the clinic nearly 15 years ago had a major impact on radiation therapy 
 practice. It has motivated the development of rotational IMRT on other platforms, including the widely popu-
lar VMAT on the C-arm platform [101,102]. The history of TomoTherapy coincided with the development and 
adoption of lung SBRT, which has been shown to be vastly more effective than conventionally fractionated 
radiotherapy for early stage lung cancers. TomoTherapy provides a well-integrated, easy-to-use treatment 
planning, imaging, and delivery platform that has been instrumental to the success of lung SBRT.

However, TomoTherapy in its current form suffers from a number of limitations. As mentioned previ-
ously, the constant gantry rotation speed used in TomoTherapy forces the user to choose between reduced 
dose modulation and increased treatment time. The constant gantry rotation tends to deliver a more homo-
geneous target dose that is less steep in the dose gradient. It also struggles to deliver intended heteroge-
neous target dose for simultaneous integrated boost [103]. The lack of non-coplanar beams is a deficiency that 
 cannot be ignored. The non-coplanar IMRT beams have been shown to markedly improve the compactness 
of dose distribution and OAR sparing, compared to coplanar arc beams [104]. The ring gantry platform is 
not  easily worked to provide motion management that is particularly important in the lung SBRT treatment. 

Figure 8.12 Demonstration of motion adaptive optimization on TomoTherapy®. The top row shows the trans-
versal (T), sagittal (S), and coronal (C) views of the static delivery dose distribution, the middle row shows, TSC 
views of the motion without-compensation delivery dose distribution, and the bottom row shows, TSC views 
of the MAO dose distribution. The unit of isodose lines is the Gy. (From Lu, W. et al., Phys Med Biol, 54(14): 
4373–98, 2009. With permission.)
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To perform gated or 4D treatment on lung tumors, their positions need to be visualized during treatment, 
which is hampered by the lack of real-time imaging in the current generation of TomoTherapy.

During the same period of TomoTherapy development, IGRT, optimization, and delivery on conventional 
C-arm gantry have improved and matured. The advent of VMAT has provided similar workflow for treat-
ment plan creation and delivery, making TomoTherapy less unique in this regard. The robotic tracking system 
from CyberKnife has provided a compelling tool for lung cancer treatment. In many senses, the landscape 
has changed for lung cancer treatment and the change has been less favorable of utilizing TomoTherapy for 
such indication.

To stay relevant, TomoTherapy must evolve its technology and align with the future development of lung 
SBRT, which aims at increasing its patient eligibility to locally advanced tumors [105], retreatment [106], 
and tumors at more challenging locations, such as centrally located lung tumors [107–109]. To treat these 
tumors using the aggressive lung SBRT doses, the dose conformity as well as the dose gradients between the 
tumor and nearby critical organs needs to be significantly improved. Moreover, with the available molecular 
images, it is appealing to selectively boost the volumes showing greater metabolic activities [110], hypoxia, 
or proliferation.

Some of the possible improvements to TomoTherapy are listed here to conclude the chapter. Variable gan-
try speed may help achieve a better balance between the delivery efficiency and dosimetry quality. Variable 
gantry speed is also valuable for delivering a simultaneous integrated boost where a large amount of dose 
needs to be delivered from selective angles. To provide non-coplanar beams, either the bore diameter needs 
to be significantly increased to accommodate couch kick or the x-ray beam needs to be tilted. However, these 
concepts were already unsuccessfully tested in Vero and rejected for various reasons, including the cost and 
inability to cover the entire 4π Steradian angles [111]. Reinvigorating the original idea of having an on-board 
kVCT may be critical. The kV imager would not only provide superior image quality but also facilitate the 
real-time monitoring of the tumor location for 4D radiotherapy. Robust and easy-to-use 4D treatment meth-
ods would have to be implemented to offset the adverse impact of lung tumor motion. Exit dosimetry using 
the MVCT detector [14,15] is a currently underutilized asset that may provide real-time dose reconstruction 
for lung SBRT in combination with real-time imaging.
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Robotic arm linac
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AND ENMING WANG

9.1 INTRODUCTION

Lung tumors can present a challenge to those who wish to deliver an exceptionally precise radiation treat-
ment such as stereotactic body radiation therapy (SBRT). Complicating factors include proximity to criti-
cal structures, significant tissue density heterogeneities, and relatively large and irregular motion caused by 
patient respiration. The robotic radiosurgery system, CyberKnife®, provides several technologies to achieve 
an accurate and precise treatment for lung cancer patients.

The CyberKnife system is a frameless robotic stereotactic radiosurgery system. As shown in Figure 9.1, the 
system is composed of several main components; (1) a small X-band linear accelerator that produces 6 MV 
photon beams which are collimated by either fixed conical collimators, a 12-sided IRIS dynamic collimator, 
or a newly designed multi-leaf collimator; (2) a six-jointed industrial robotic arm (the manipulator) to which 
the linear accelerator is attached; (3) a standard or robotic treatment couch; and (4) a pair of orthogonal kV 
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x-ray tubes and detectors. Unlike a conventional “C-arm” -based medical accelerator, the treatment radiation 
beams delivered by the CyberKnife system are always delivered in a non-coplanar fashion, which can reduce 
the dose delivered to healthy tissue surrounding the targeted area. Additionally, the CyberKnife system is 
equipped with an advanced tracking system, which is especially useful for managing tumor motions while 
maintaining a high degree of accuracy and precision. This tracking system provides four main modes of 
anatomical tracking: (1) six-dimensional (6D) Skull, which is exclusively used for intracranial treatments; 
(2) Xsight®, which is further divided into Xsight-Spine for the tracking of spine anatomy and Xsight-Lung for 
the tracking of lung anatomy; (3) fiducial tracking which accurately tracks the locations of implanted fiducials; 
and (4) Synchrony®, which uses external light-emitting diode (LED) markers as a surrogate in order to track 
the motion of a tumor in real time. These imaging modalities ascertain the true location of the tumor with 
sub millimeter accuracy during treatment. The difference between this true location and the planned location 
is compensated for by the robotic manipulator during treatment, even while the radiation is being delivered 
and the tumor is in motion. This ensures that the radiation beam is always incident upon the intended area.

In this chapter, the motion management technologies of the CyberKnife system will be described, as well 
as considerations specific to lung treatment. We then provide an overview of how the CyberKnife system is 
applied clinically and explain workflow of its use in treating a lung tumor. Finally, some techniques are sug-
gested for performing quality assessment (QA) and quality control of lung tumor treatments.

9.2 MOTION MANAGEMENT

Motion management is always a concern in radiotherapy for lung tumors. Depending on the location of the 
tumor within the lung and the patient’s depth of breath, the range of motion of a lung tumor can be anything 
from no motion at all to several centimeters of motion. Additionally, respiratory motions can be irregular 
and display hysteresis, so it is important to individualize the motion management of each patient. Common 
methods of motion management, fully described in the AAPM Task Group 76 Report [1], include encom-
passing the motion of the tumor within the full radiation beam, respiratory gating of the radiation beam, 
breath-holding, forced shallow breathing, and real-time tumor tracking. The CyberKnife system employs 
this latter method, as well as motion encompassing methods when necessary. Real-time tumor tracking is 

Figure 9.1 A typical CyberKnife® treatment room (Model G4). Components are labeled: (a) X-band linear accel-
erator, (b) six-jointed industrial robotic arm, (c) a standard treatment couch, and (d) x-ray tubes and detectors.
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accomplished using the Synchrony system, both with or without fiducials, and when this is not feasible, an 
internal target volume (ITV) is generated to encompass the tumor’s motion within the radiation field.

9.2.1 FIDUCIAL TRACKING AND SYNCHRONY TRACKING WITH FIDUCIALS

The CyberKnife system has two tracking options that involve fiducial recognition: fiducial tracking alone or 
fiducial tracking with Synchrony. In general, fiducial tracking is used to track markers located in or near a 
radiotherapy target and to automatically correct for their displacement. This tracking method requires the 
implantation of radiopaque fiducial markers in or near the target volume prior to the radiation planning 
 computed tomography (CT) scan. If a target does not move with the patient’s breathing, then fiducial tracking 
by itself is sufficient. However, for targets that do move with respiration, fiducial tracking is used coopera-
tively with the Synchrony system. In either case, fiducial markers represent the treatment target’s position 
and, if three or more are implanted, the treatment geometry.

Synchrony is capable of tracking tumors whose motion can be correlated to the motion of some external 
surrogate on the surface of the patient, which makes it ideal to treat those that move with respiratory motion. 
Its real-time tracking capabilities allow radiation beams to continuously follow and treat the target while 
it moves. Both prior to and during a Synchrony treatment session, the location of the tumor is determined 
radiographically by the orthogonal x-ray imaging system and, at the same time, the motion due to respiration 
is determined by an optical tracking system that is fixed to the patient’s abdomen. A mathematical motion 
predictive model is then generated based on the correlation between the synchronized tumor location data 
and respiratory motion data. With this model, the live respiratory motion data are used to proactively deter-
mine the tumor’s position in three dimensions and thus synchronize the motion of the robot with the motion 
of the tumor. The system is also designed to adapt to changes in the patient breathing pattern, such that the 
motion model periodically updates itself by taking new radiographs throughout the treatment session. This 
allows the patient to breathe in a relaxed and unrestricted manner without compromising the accuracy of the 
treatment delivery. Still, breath coaching is crucial to minimize drastic changes in breathing pattern. Details 
about the Synchrony tracking algorithms are published and available [2]. Considerable research has affirmed 
the Synchrony system’s accuracy and demonstrated its sub millimeter capabilities [3–6].

The use of fiducials is the standard of practice for CyberKnife treatment of lung tumors. Delivering a treat-
ment using fiducial tracking is easy due to software-assisted fiducial lock-on, and visual confirmation of the 
lock-on is usually obvious. Fiducial placement, however, requires an invasive procedure and therefore has an 
associated risk. Indeed, fiducial implantation comes with the risk of complications such as pneumothorax, 
which has been shown to occur in a large percentage of patients who undergo percutaneous fiducial implanta-
tion [7,8.] In addition to the risk of an invasive implantation procedure, there are two other potential disad-
vantages of using fiducials: fiducial migration and fiducial positioning. Specifically, it is not uncommon for 
implanted fiducials to migrate at any time after implantation, both before or after CT simulation. If this is the 
case, new fiducials must be implanted before treatment can proceed. If the fiducials migrate after CT simula-
tion, and no new fiducials are implanted, then it is very probable that the treatment will be inaccurate. Indeed, 
tracking may not even be possible. To avoid this potential complication, it is recommended that lung patient 
simulation be performed at least 1 week after fiducial placement. This gives time for a fiducial to settle into 
the tissue and thus minimizes the risk of fiducial migration between CT simulation and treatment delivery. 
As mentioned, the position of the fiducials is also a concern. If fiducials are placed outside the target, or they 
are not evenly distributed around the target, the tissue between the fiducials and target may deform during 
respiration. This could lead to higher uncertainty in treatment targeting and thus an inaccurate treatment.

9.2.2 LUNG TREATMENT WITHOUT FIDUCIALS

Lung Optimized Treatment (LOT) is a set of tracking solutions designed as an available option to avoid using 
fiducials. LOT is divided into three tracking options: 0-View Tracking, 1-View Tracking, and 2-View Tracking 
(also known as Xsight Lung Tracking, or XLT). Which tracking option a clinical user decides to use is dependent 
on the tumor’s visibility in the x-ray images; tumors visible on both orthogonal x-ray images can be treated with 
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2-View Tracking, those visible in only one x-ray image are treated with 1-View Tracking, and those not visible 
at all are treated with 0-View Tracking. However, the choice of option may clinically depend on other factors 
such as respiratory motion of the tumor, proximity to critical structures, and the overall health condition of 
the patient. In the 1-View Tracking option, the manipulator compensates for the tumor motion in the plane in 
which the tumor is visible, and in the axis orthogonal to this plane a partial internal target volume (ITV) is cre-
ated. This is the motion encompassing method, mentioned in the previous section, which is used to compensate 
for the loss of motion information that would otherwise be captured in 2-View Tracking. To correctly posi-
tion the treatment target at the imaging center, the patient is initially set up by aligning the bones of the spine 
to match the digitally reconstructed radiographs (DRRs) from treatment planning, and then a pre-calculated 
couch shift is applied to bring the partial ITV into the treatment area. Synchrony Respiratory Tracking is then 
used in combination with either 2- or 1-View Tracking to follow the tumor motion during treatment. 0-View 
Tracking is essentially the same as the traditional motion-encompassing method; the patient is initially aligned 
to nearby vertebral bodies, and then a planning target volume (PTV), generated from a full ITV and clinical 
target volume (CTV), is treated without any real-time tracking or motion compensation by the manipulator. 
The imaging, alignment, and target locating algorithm, in this case, is identical to Xsight-Spine Tracking.

9.2.2.1 LOT SIMULATION PLAN

LOT also allows for the generation of a simulation treatment plan to be used for the determination of the opti-
mal tracking mode. This simulation plan is based on a pair of normal expiration-hold and inspiration-hold 
CT scans, and the expiration-hold CT scan is used for treatment planning dosimetry and DRR generation. 
For the treatment plans to be valid, the two CT scans must be registered together, either by acquiring the 
scans during the same study or by performing an image registration in the treatment planning system. If the 
two CT scans are registered in the treatment planning system, then the region of registration should be the 
spine. After completion, the simulation plan becomes available in a dedicated application of the treatment 
delivery console and allows the user to discover any limitations of the LOT tracking. This is accomplished 
by taking several x-ray images of the patient in the treatment position while lying on the treatment couch. 
Images are taken at each phase of the patient’s respiratory cycle and the images from each x-ray source are 
evaluated separately based on the visibility of the target volume. By performing this procedure, the user can 
more reliably determine the optimal tracking method for the patient. Once the optimal tracking mode has 
been determined, the CTVs are contoured in each of the CT scans and are then used to automatically generate 
the full, or partial, ITV using an automated procedure in the treatment planning system.

Since these CT scans will eventually be used as the basis for the treatment planning process, it is critically 
important that they represent the extent of breathing motions of the patient during treatment. Exaggerated 
breath-holding during CT acquisition will result in the formation of an inaccurate ITV and therefore, unneces-
sary radiation exposure to healthy lung tissue. This can be avoided in several ways and the method of quality 
control is dependent on the available technology and clinical preference. Some quality control methods include: 
(1) acquiring a free-breath, slow CT, and fusing this to the expiration-hold CT; (2) acquiring a four-dimensional 
(4D) CT scan, extracting the expiration and inspiration phases, and either using these directly to generate the 
simulation plan or using them to confirm the validity of the breath-hold scans; and (3) using external markers 
(light-emitting or IR-reflective) to observe and/or quantify the motion/position of the patient’s chest both during 
free-breathing (as if during treatment) and during a breath-hold. Additionally, the use of two breath-hold CT 
scans for ITV generation assumes a linear translation of the target volume, which may not be the case. Therefore, 
it may be necessary to discern the true trajectory of the target volume, typically by 4D CT acquisition, to ensure 
accurate ITV generation.

9.2.2.2 0-VIEW TRACKING

0-View Tracking does not actually track the tumor, but instead tracks the nearby vertebral bodies of the spine. 
This tracking only corrects for gross patient motion during the treatment and does not track the motion of the 
tumor caused by respiration. As mentioned before, a tumor-motion encompassing ITV is irradiated, and it is 
very important that the treatment planner contours the ITV based on the tumor’s true trajectory and does not 
assume that it can be contoured by a linear translation of the CTV between inspiration and expiration phases.
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9.2.2.2.1 Patient selection and considerations for 0-View Tracking

0-View Tracking is most appropriate for tumors that are not visible in either orthogonal x-ray image. This can 
occur in several situations and depends on several different factors. Tumors that are small or diffuse can lack 
sufficient contrast to be distinguishable from surrounding tissue, or conversely, the thick tissue of a heavy 
patient may obscure the image of a lung tumor that would otherwise be noticeable. To simplify, the tumor 
may be blocked from view by nearby dense anatomy such as the heart, great vessels, or spine.

Since 0-View Tracking requires a full ITV, this tracking mode will necessarily irradiate surrounding lung 
tissue within the PTV and may increase tissue toxicity. Therefore, it is important that clinicians evaluate the 
risk of this tissue toxicity relative to the risks associated with fiducial implantation. It may, in fact, be a pru-
dent clinical policy to only use 0-View Tracking with lung tumors that exhibit minimal respiratory motion, 
such as those that appear in the upper lobe of the lung.

As a final patient selection criterion, it is preferable to limit 0-View Tracking patients to those whose 
tumors are near the spinal column. This is because the positional uncertainty is greater when using bony 
anatomy as a surrogate landmark for aligning an ITV [9].

9.2.2.3 1-VIEW TRACKING

As stated previously, 1-View Tracking is used to locate and track tumors that are visible in only one of the two 
x-ray images. The need for 1-View Tracking usually arises when a tumor is large enough to be visible, but is 
blocked from view on one of the x-ray images by major structures such as the heart or spine.

1-View Tracking takes advantage of the fact that the CyberKnife’s x-ray imaging system shares an inferior/
superior axis. Because the two imagers share this axis, the inferior/superior component of the tumor’s motion 
can be determined using only one of the two imagers. A depiction of the different tracking modes, includ-
ing 1-View Tracking, is shown in Figure 9.2. For lung tumors that move significantly with respiration, the 
inferior/superior direction is the major component of the motion, so 1-View Tracking accommodates most 
of the tumor’s motion. As in 2-View Tracking, this two-dimensional position and motion information is sent 
to the Synchrony system and allows the robotic manipulator to follow the tumor’s motion while irradiating. 
However, the one-dimensional information parallel to the x-ray source-detector axis cannot be determined, 
and, as mentioned earlier, this is compensated for with a partial ITV. This partial ITV is not a simple combi-
nation of inhale CTV and exhale CTV, but rather a volume expansion in the untracked direction. It is auto-
matically generated correctly in the treatment planning system application given correctly delineated CTVs.

9.2.2.4 2-VIEW TRACKING

2-View Tracking, also known as Xsight Lung Tracking (XLT), can recognize the tumor area on the orthogo-
nal x-ray images because of the difference in density between the tumor and the surrounding lung tissue. This 
density difference causes contrast in the image which allows it to be identified by back-projection algorithms 
programmed into the tracking software. The position of the tumor in the images is used to calculate the posi-
tion of the tumor in three dimensions. To continuously track the location of the tumor, XLT is used in com-
bination with, which detects the real-time positions of LEDs placed on the patient’s chest and correlates this 
information with the tumor position information. Using this information, the linac head can both irradiate, 
and synchronously move with, the tumor. With this real-time tracking of the moving target, a CTV is used 
instead of an ITV and greater sparing of healthy tissue is achieved.

Two-View Tracking is performed by a two-step procedure. First, the patient is positioned on the treatment 
couch in the same position as during the CT scan. As is done for 0-View Tracking, the Xsight-Spine Tracking 
algorithm is then used to compute the translational and rotational couch corrections based on the vertebrae 
nearest to the lung tumor. In transition to the second step, a couch shift is performed such that the imaging 
center becomes coincident with the tumor region. Then, before irradiating, several pairs of orthogonal x-ray 
images are taken while the Synchrony cameras track the position of LEDs that rest on the patient’s chest or 
abdomen. While not of great significance, it is best to position the LEDs and Synchrony camera such that the 
LEDs move perpendicular to the central axis of the camera, and to place the LEDs on an area of the patient 
that moves the most with respiration. Once an adequate correlation model is built, the treatment begins, 
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and additional orthogonal x-ray images are periodically taken to track the tumor and update the correlation 
model. In a recent version of software, the volume that is tracked by XLT is based on the Tumor Region DRR. 
The Tumor Region DRR is generated only from the volume of the CT scan in and close to the tumor. This 
Tumor Region DRR serves as a model which allows the tracking algorithm to identify the tumor’s density 
pattern in the live x-ray images. While the tumor is being tracked, real-time translational corrections are 
applied but rotational corrections are not applied because the Synchrony system builds a correlation model 
that specifically correlates the LED position to the centroid of the tumor region, and rotations cannot be 
calculated based on one point.

As previously stated, 2-View is only used to treat patients in whom a lung tumor is visible in both x-ray 
images. It is not enough, though, that the tumor is visible to human users; it must also be identifiable in 
both images by the tracking algorithm. Therefore, 2-View is usually reserved for treatment of solid tumors 

This motion is not tracked.

This motion is also not
tracked. An ITV is used to
compensate.

This motion is tracked.

This motion is tracked.

Motion Tracking Planes

Motion tracking plane
Motion tracking plane

ITV compensates
actual tumor motion.

Partial ITV compensates for
untracked motion.

Only the tumor is irradiated
at any given point of
respiratory motion.

This motion is also tracked.
An ITV is not needed.

This motion is not
tracked. A ITV is used to
compensate.

Figure 9.2 Depiction of the various Xsight® Lung motion-tracking concepts. Top: 0-View Tracking: No com-
ponent of the tumor’s motion is visible; therefore the ITV encompasses the entire volume of tumor motion. 
(middle) 1-View Tracking: A component of the tumor’s motion is visible to one of the x-ray imagers and not vis-
ible to the other. The component of the tumor’s motion that is visible is that component which is perpendicular 
to the central axis of the x-ray imager. The partial ITV used to encompass the tumor’s non-tracked motion is 
delineated by brackets. Bottom: 2-View Tracking: The tumor’s motion is visible in all three directions; therefore 
no ITV is necessary. The PTV is generated directly from the CTV.
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1.5 cm or larger. The patient selection considerations for 2-View are the same as those factors mentioned 
in the 0-View subsection that work to obscure the visibility of a lung tumor, that is, factors such as patient 
chest wall thickness, tumor location, and obstruction of view by other anatomical structures. Given these 
considerations, a challenge of 2-View Tracking is human visual verification of the tracking accuracy on both 
x-ray images. Thus, appropriate patient selection as outlined above is central to successful and confident treat-
ment delivery. Based on practical experience so far, the usage of 2-View is typically limited to about 30% of 
the lung patients.

9.3 CLINICAL PROCESS

9.3.1 FIDUCIAL AND FIDUCIAL PLACEMENT

If it is decided that fiducials are necessary to properly track and treat a tumor, treatment management starts 
with the implantation of fiducial markers. For lung patients, it is important that fiducials be implanted either 
inside or very close to the targeted tumor. Several different methods of implantation and types of fiducials 
are available to the physician to perform this task. Typically, an interventional radiologist implants one or 
more standard cylindrical gold markers percutaneously under image or video guidance. The gold markers  
are 0.8–1.2 mm in diameter and 3–6 mm in length, and are pre-loaded in 17- or 18-gauge needles. Due to 
the risk of pneumothorax in lung patients, there are more advanced placement procedures. Bronchoscopic 
implantation is accurate and has a smaller chance of causing pneumothorax [10,11]. A recent technological 
advancement in bronchoscopy, called electromagnetic navigation bronchoscopy (ENB), is minimally inva-
sive and used for hard-to-reach locations in the lung. An example is the superDimension™ lung navigation 
system (Medtronic, Inc., Minneapolis, MN). This technology allows physicians to perform fiducial place-
ments using an electromagnetic guidance system, like a GPS for the small spaces of lung bronchioles. Other 
types of fiducials such as the VISICOIL™ (Core Oncology, Santa Barbara, CA) and Gold Anchor fiducial are 
also available for clinical use implanted percutaneously using a thinner needle. Gold Anchor fiducials have 
a lower chance of migrating after implantation because the fiducial folds and scrunches into a ball shape 
within the tissue, immobilizing it immediately after placement. This reduced chance of migration has been 
substantiated by research [12]. The three different types of fiducials discussed here are shown in Figure 9.3.

While the optimal number of fiducial markers is still debated [13], the CyberKnife manufacturer recom-
mends 3–6 fiducials be implanted to allow for translational and rotational information to be determined 
by the tracking system. Having multiple fiducials also allows for a comparison of fiducial position to detect 
any migration. If multiple fiducials are implanted, they should be spaced at least 2 cm apart. This spacing 
increases the certainty of the rotational corrections computed by the tracking system during treatment, and 
reduces the chance that the fiducials will appear to overlap each other in the obliquely acquired x-ray images. 
Alternatively, one can place a single, central fiducial in the tumor and, as proposed by Wu et al., estimate 
the margin to compensate for the tumor’s deformation during respiration [14]. This is a generally accepted 

(a) (b) (c)

Figure 9.3 Fiducial marker examples used for CyberKnife® lung SBRT: (a) Gold Anchor™ fiducial marker,  
(b) Civco Cyber Mark™ cylindrical fiducial marker, and (c) VISICOIL™ fiducial marker.
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method and further reduces the risk of pneumothorax; however, it requires the operators to carefully exclude 
the possibility of fiducial migration during the treatment.

9.3.2 PRE-TREATMENT IMAGING

Many image series can be acquired prior to treatment, but one scan that is usually included is a noncontrast 
breath-hold planning CT to be used for dosimetry calculations and for generating the DRR images that are 
required for target tracking. Additional imaging modalities may be indicated, such as PET/CT and contrast-
enhanced CT. It is a common practice to acquire a CT scan with IV contrast on patients who have a central 
lung lesion because the contrast more clearly defines the target and nearby organs at risk. All the scans that 
are necessary for planning are eventually co-registered with the planning CT to effectively delineate the 
tumor and critical structures during the contouring phase of treatment planning.

Like a conventional C-arm linac, lung patients are scanned head first in the supine position. Patients 
receiving treatment of the lung can be immobilized in a device such as a Vac-Lok cushion (Civco Medical 
Solutions, Kalona, IA). It is important to consider the potential advantages of immobilization while consider-
ing the chance that the immobilization device may make the patient less comfortable during a long treatment, 
and thus motivate the patient to move due to discomfort. It may be preferable to use a Vac-Lok cushion so that 
the patient’s shoulder position is reproducible. Patients who experience discomfort in a Vac-Lok device can 
alternatively be placed on a soft pad. In this case, it can be advantageous to use a pad with a large thickness, 
such as the pad developed by Jim Hevezi, to allow the patient’s arms to fall below their body and thus provide 
access to more posterior lateral radiation beams [15].

Lung patients being treated with CyberKnife should be imaged using a fast spiral multiple slice CT scan-
ner. Since patients must hold their breath during a scan, the scanner should have at least 64 rows of detec-
tors (64-slice) to keep the scanning time to a minimum. Contiguous thin-slice (1–2 mm) scans are ideal, 
and should cover the patient’s full circumference. To acquire a sufficient volume for treatment planning, the 
CT scan should start about 20 cm superior to the target and end 20 cm inferior to the target. As mentioned 
previously, expiration-hold and inspiration-hold CT scans should be performed on lung patients [16]. It is 
common practice to use the expiration CT as the radiation planning CT, and then estimate the total motion 
of the target and nearby critical structures due to respiratory motion by performing a spine-based rigid-body 
registration between the inspiration and expiration CT scans. This allows the practitioner to better determine 
the appropriate tracking method, as well as the treatment margins. In addition to the breath-hold CT scans, 
it is ideal to also acquire a 4D CT scan and then generate a maximum intensity projection (MIP) CT series 
based on the individual series associated with each respiratory phase. This MIP series highlights the tumor 
position at all phases of the patient’s respiratory cycle. This is advantageous because the respiratory motion 
of many patients’ tumors is not linear, but rather elliptical in three dimensions. Thus, a more accurate ITV 
can be delineated based on the additional information provided by the MIP series. In addition, this pattern 
of the target’s respiratory motion can help therapists during treatment delivery by indicating to them some 
expectation of how the tumor should move. This can facilitate the Synchrony model-building process as the 
therapists are required to visually verify the automatic image recognition performed by the delivery software. 
Therefore, this target motion pattern can serve as a reference in treatment quality control [16], as explained 
later in the quality control section.

9.3.3 TREATMENT PLANNING

The CyberKnife system includes its own dedicated treatment planning system (TPS) called MultiPlan. This 
TPS provides the user with a step-by-step, task-oriented process and is quite user friendly. The planning pro-
cess effectively selects an optimal subset of groups of beams to be used for treatment from a set of predefined 
“nodes,” where each node is a potential group of treatment beams. These nodes are distributed on the surface 
of a virtual sphere, the center of which is coincident with the image tracking center. This imaging center can 
be visually approximated in Figure 9.1, directly above the blue logo located between the two imaging panels 
on the floor, approximately at the height of the treatment couch. The radius of this approximate sphere varies 
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from 800 to 850 mm for intracranial treatment, and for extracranial treatments this node-space more closely 
resembles an ellipsoid, with a radius ranging from 800 to 1000 mm. Each of these two sets of predefined nodes 
is called a “path.” The intracranial path has about 130 nodes and the extracranial path has about 110 nodes, 
about 20 nodes less in the apex direction compared to the intracranial path. Depending on the parameters 
of the treatment and the customized optimization, the TPS generates several candidate beams per node. The 
total number of possible beams deliverable by the CyberKnife ranges from 1200 to 6000 beams. Most clinical 
plans range from 50 to 250 beams.

9.3.4 DOSE CALCULATION

The CyberKnife is a single-energy machine, producing photons nominally rated at 6 MV. Therefore, the out-
put of the CyberKnife is calibrated in a fashion similar to conventional C-arm linear accelerators. One moni-
tor unit (MU) is calibrated to deliver 1 cGy at a distance of 800-mm source-axis distance (SAD) and a depth 
of 15 mm in water (dmax of a 6-MV photon beam) on the central axis of the 60-mm cone collimator. By default, 
the MultiPlan TPS uses a ray-tracing dose calculation algorithm. This ray-tracing function calculates the 
dose contribution from each beam in the treatment plan to each voxel in the user-defined calculation area. 
The sum of the contributions creates the complete dose distribution of the treatment plan. This algorithm is 
based on look-up procedures of tabulated beam data (measured and recorded during commissioning of the 
system), and its simplicity allows for rapid dose calculation. Heterogeneity corrections are performed using 
effective path length, and contour corrections are applied by casting multiple rays within each beam. The dose 
is calculated per the equation,

 = × × ×Dose
MU

OCR IVS TPR OF

where OCR is the off-central ratio, IVS is the inverse square ( )800 / SAD 2, TPR is the tissue-phantom ratio, 
and OF is the output factor.

MultiPlan can also perform Monte Carlo calculations for more accurate dosimetry, which is particularly 
desirable in lung patient treatments. Monte Carlo is generally regarded as the most accurate algorithm for 
dosimetric calculations, and it is especially advantageous when calculating dose to area of tissue with various 
densities [17]. Research has reported that the ray-tracing algorithm overestimates the dose to lung lesions 
by 5–25% due to its simple heterogeneity correction calculations. While these corrections are sufficient for 
simple cases such as brain metastases, they do not compensate for the build-up that occurs from low-density 
lung tissue to higher-density tumors [6,18]. An example is shown in Figure 9.4, where the dose distribution of 
a treatment plan is shown calculated using the ray-tracing algorithm and the Monte Carlo algorithm. Because 
of this, Monte Carlo should be used for dosimetry of all lung cancer patients. To be consistent with traditional 

Figure 9.4 Comparison of Monte Carlo calculation (left) and ray-tracing calculation (right) on the same patient 
using the same treatment plan and normalization. One can clearly see the white Rx isodose line (4000 cGy) 
encompasses a larger volume using the ray-tracing algorithm, indicating an overestimate of the dose in that 
region compared to the dose calculated by the Monte Carlo algorithm.
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dosage using the ray-tracing algorithm, Van der Voort van Zyp et al. have suggested lowering the prescription 
dose for lung tumors by 10% when the Monte Carlo algorithm is used and prescribing a lower isodose line to 
maintain sufficient coverage [19].

9.3.4.1 DOSIMETRIC CONSIDERATIONS RELATED TO TUMOR TRACKING

Generally, the accuracy of the CyberKnife system and its non-coplanar approach to treatment delivery provide 
a dosimetric outcome that is very sparing to normal tissue. Specifically, the dose gradient outside a planning 
treatment volume is much greater than most intensity-modulated radiation therapy cases. This can be seen in 
Figure 9.5, where the dosimetry of three different treatment modalities is visually compared. However, within 
the context of the advantages offered by the CyberKnife system, there are still subtle dosimetric complications 
that are peculiar to moving lung lesions and should be regarded during the treatment planning process. There 
are four adverse dosimetric effects that arise when treating an ITV instead of a GTV using live tracking. First, 
and most obviously, there is additional lung tissue included in the ITV that is not included in the GTV, and this 
lung tissue will therefore receive the prescription dose or possibly even more than the prescription dose due 
to tissue heterogeneities. This is significant because the typical SBRT prescription dose is usually higher than 
lung tissue dose tolerance. Second, the dose gradient around a large treatment volume is generally less than 
the gradient around a smaller PTV. Therefore, for larger treatment volumes, it is possible for the surrounding 
tissue to receive a dose that is less than the prescription dose but higher than the tissue’s tolerance. Third, if the 
direction of the tumor’s motion during respiration is toward a nearby organ at risk, planning on an ITV will 
generate a higher dose to the organ at risk than what would be generated when planning on only a GTV. Lastly, 
because the treatment is planned on a static 3D volume, the dose to the tumor that is displayed on the treatment 
planning system is likely to be somewhat different than the dose that is cumulatively received by the tumor as 
it moves within the ITV during treatment. This also means that the dose to nearby critical structures could be 
higher than planned if they move into or very close to the ITV during respiration. This increases the likelihood 
of exceeding the tissue tolerance of these critical structures, especially if the patient had previous radiation 
therapy in the same or nearby region. Thus, for larger tumor respiratory motion there is greater uncertainty 
between the calculated dose during treatment planning and the actual dose delivered to the tumor.

While the dose difference between what was planned and what is received might be negligible for homogenous 
dose distributions and conventionally fractionated treatment, this dose difference should not be considered negli-
gible when the dose to the target volume is heterogeneous and when the treatment is hypo-fractionated, as is the case 
for SBRT treatments. While the first three dosimetric effects can be quantified in the treatment planning system, the 
fourth is difficult if the software does not have 4D capabilities. Therefore, it is important to understand how these 
dose differences can arise as well as how they can be mitigated during treatment planning. Based on the above con-
siderations, a good rule of thumb is to use 0-View Tracking only if the tumor’s total respiratory motion is less than 
5~10 mm and the center of the tumor is no more than about 10 cm away from the center of the spine.

One technique that can be applied to 0-View and 1-View Tracking is to use a CT density override on the 
ITV. This would prevent the planning system from overestimating the number of monitor units needed to 
deliver the prescription dose to the low-density lung tissue inside the ITV. This is particularly important 
when using the Monte Carlo algorithm, which does correctly account for tissue heterogeneities and would 
therefore correctly (but undesirably) calculate the high monitor units necessary to deliver a large dose to such 

Figure 9.5 Comparison of treatment plans: Left: 7-beam intensity-modulated radiotherapy (IMRT). Middle: 
VMAT SBRT. RIght: Non-coplanar CyberKnife® plan. All three techniques give similar dose to the tumor, but 
the surrounding tissue dose is reduced using the non-coplanar technique.
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low-density tissue. Lung lesions are approximately the same density as other soft tissues, so overriding the 
density to be equivalent to water is sufficient for this technique. One last subtlety that can be detected and 
corrected in the treatment planning system is the minimum beam MU; this should be adjusted so that the 
minimum beam on duration is equal to or greater than the respiratory period.

9.3.5 TREATMENT DELIVERY

As with conventional radiation therapy, treatment begins with laying the patient on the treatment table and, 
using the same immobilization and support devices, reproducing the position of the patient during the CT simu-
lation. Therapists should be especially attendant to the patient’s comfort to minimize the chance that the patient 
will move during the long treatment. Once the patient’s body is in the same general position as it was during 
the CT simulation, therapists manually move the treatment table until the target is close to the imaging center. 
In-room lasers that focus on the imaging center are often used to guide the therapists. Next, a pair of x-ray images 
is taken to more accurately determine how the patient should be moved to accurately reproduce their position. 
Alignment is performed either automatically by the image-guidance system, or manually by matching the anat-
omy in the x-ray images to the DRR overlay images. In either case, the treatment table automatically translates 
and rotates per the therapists’ adjustments. Additional x-ray images are then acquired as needed, and adjustments 
are made to the patient’s position, until the image guidance system and the therapists both confirm an accurate 
lock-on. The image guidance system always displays its calculated estimates of how the patient should be moved. 
The manufacturer’s treatment limits on these estimates are 10 mm and 1 degree, but clinically it is both easy and 
prudent to maintain smaller estimates of 1–2 mm and 1 degree. Even if the guidance system determines that the 
patient is laterally displaced from their CT simulation position by several millimeters, this deviation is corrected 
automatically during treatment by the robotic arm. For tumors that are tracked by Synchrony, an additional step 
must be completed before treatment. In this step, the Synchrony model is built by acquiring x-ray images at differ-
ent respiratory phases. Therapists correct any computer errors in tumor/fiducial recognition and treatment then 
begins. Some images pertaining to a typical lung treatment are shown in Figure 9.6.

(a) (b)

(c) (d)

(e)

Figure 9.6 Example of 2-view Xsight® Lung treatment. (a) Patient setup for Xsight Lung treatment. The patient 
wears the Synchrony® vest upon which three optical markers are secured by Velcro. (b) Isocentric treatment plan 
for a 2-cm lung lesion with a 5-mm margin, and dose calculated using the ray-tracing algorithm. (c) The same plan 
as shown in (b), recalculated using the Monte Carlo algorithm. The 45-Gy isodose line (white) is tighter around the 
PTV after Monte Carlo calculation than it is after ray-tracing calculation. (d) Screenshot of treatment console dur-
ing Xsight Lung treatment with the tumor as the tracking objective. The tumor (outlined) was identified in the live 
x-ray images based on the DRR. (e) Screenshot of the same treatment console showing the Synchrony correlation 
model. Each data plot corresponds to one dimension of motion (inf/sup, left/right, ant/post).
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A clinically developed approach to setting up a patient for fiducial tracking involves a two-stage proce-
dure. In this approach, a set of coordinates is used to define the imaging centers of each stage. In the treatment 
plan, the tracking center (X1, Y1, Z1) is defined on the expiration-hold CT coordinates as either the geometric 
center of the fiducials or the centroid of the targeted tumor. Additionally, a setup plan is created in which a 
spine-tracking imaging center (X2, Y2, Z2) is defined on the spine nearest to the treatment target. In this 
way, a pre-calculated couch shift (X1–X2, Y1–Y2, Z1–Z2) can be calculated and used during patient setup. 
The therapists use the setup plan until they have adequately positioned the patient’s spine, and then apply 
the couch shift to move the patient into treatment position. In this way, the patient’s body is aligned and the 
fiducials appear in the middle of the image after the couch shift. Naturally, this also acts as a quality assurance 
measure to ensure that the fiducials have not migrated since the treatment planning CT scan; if the patient is 
imaged during the expiration phase and the fiducials do not closely match those in the DRR, it is likely that 
the fiducials have migrated.

During CyberKnife treatment, the robotic arm moves through pre-defined positions, or nodes, to deliver 
beams from the treatment plan. The movement is optimized by a path traversal algorithm such that the robot 
skips those nodes for which there are no treatment beams. At the active nodes, the robotic arm corrects its 
translational and rotational positions based on the latest image guidance to compensate for target movement. 
The frequency of x-ray image guidance can be adjusted by the users on a clinical basis. At some nodes, patient 
images may be blocked by the robotic arm or the linac, in which case the last valid image will be adopted for 
motion tracking. If the target movement or patient motion exceeds the clinical tolerance, the treatment is 
paused automatically so that the user can adjust patient positioning. The treatment can also be stopped auto-
matically if the robotic arm moves within 5 cm of a “safe zone.” The safe zone can be defined by the user based 
on the size of the patient and the couch position. Another safety feature of the system includes touch sensors 
on the linac head, which will induce an emergency stop once it is triggered. The system generates a make-up 
plan if the interrupted plan needs to be continued at a different time.

Treatment time is composed of imaging time, robotic arm movement time, and beam-on time. When 
using Synchrony, the Synchrony model buildup time, which normally ranges from 5 to 10 minutes, also 
needs  to be included in the total treatment time. The average treatment time for lung SBRT using V8.5 
CyberKnife is approximately 40 minutes.

9.4 QUALITY ASSESSMENT AND QUALITY CONTROL

The most generally relevant guidelines for the quality assurance and quality control of the CyberKnife system 
is the Task Group 135 by the American Association of Medical Physicists [20], entitled “Quality Assurance 
for Robotic Radiosurgery.” This report, as well as Task Groups 51 and 101 on clinical reference dosimetry of 
high-energy photons and on stereotactic body radiation therapy (SBRT), respectively [21,22], provides suffi-
cient guidance for general quality assurance of both the CyberKnife system and of the stereotactic treatments 
that it delivers. While physicists are the primary audience of Task Group 101, this report provides a broad 
overview of the technical aspects pertaining to SBRT and gives many specific recommendations that are 
applicable to lung treatments. Physicists should follow the guidelines in these documents on a regular basis to 
assure and control a non-patient-specific quality of radiation treatment. The next two sections discuss some 
recommendations specific to CyberKnife lung treatment.

9.4.1 QUALITY ASSESSMENT

An anthropomorphic lung phantom called the XLT Phantom is available for end-to-end (E2E) QA testing. 
This phantom is designed to model a human upper body, with a radiographically equivalent lung, chest wall, 
spine and ribs. A rod inserted into the “lung” is pulled and pushed in the superior/inferior direction by an 
electric motor to simulate respiratory motion. Inside the rod is a small cube with a plastic sphere inside, which 
represents a lung tumor. The cube is designed to hold an axial and a sagittal radio chromic film. This phan-
tom, as well as sample films and E2E analysis, is shown in Figure 9.7.
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A QA plan is created on a CT scan of the XLT phantom. It is designed such that a spherical shaped dose 
cloud is centered within the film cube, concentric with the plastic sphere (tumor) inside the cube. After deliv-
ery of the QA plan, E2E software analyzes the film to quantify delivery accuracy.

The plastic sphere in the phantom can be visualized in both x-ray images which means it can be tracked 
using 2-View Tracking. While a LOT specific QA device designed for 1-View or 0-View is not currently avail-
able, site physicists can still use the XLT phantom for 1-View and 0-View Tracking QA by creating new QA 
treatment plans and delivering them on the XLT phantom using one of these tracking methods.

It is generally recommended that a patient-specific delivery QA be performed in order to analyze the 
actual dose distribution delivered to a phantom by the patient’s treatment plan. For IMRT with a C-arm 
linac, this is usually accomplished using a diode detector array. However, since the dose distribution deliv-
ered to most lung patients is small, a diode detector array does not have sufficient resolution to adequately 
assess the accuracy of the distribution. Therefore, any patient-specific delivery QA should be performed using 
film. When the CyberKnife cones or Iris collimators are planned to deliver the patient’s treatment, patient- 
specific delivery QA is encouraged but not required. This is because the dose information used for dosimetric 
calculations in the TPS comes directly from the commissioning measurements, much like the dose informa-
tion used in other modern TPSs to calculate the dose from a square 10-×-10-cm field from a C-arm linac.  
A 10-×-10-cm treatment field delivered by a C-arm linac under routine physicist quality control does not 
require any delivery quality assurance as it would be quite unnecessary and redundant. However, also similar 
to the C-arm linac situation, if the patient’s CyberKnife treatment is collimated by a multi-leaf collimator 
(MLC), then patient-specific delivery QA is required.

(a)

(c)

(b)

(d)

Figure 9.7 (a) The Xsight® Lung Tracking Phantom produced by CIRS, Inc. On the left of the image is the lung 
phantom with inserted rod. (b) The rod containing the cube in which films are inserted. (c) An example of films 
irradiated during a QA plan delivery. The circular cross section of the planned spherical dose cloud is clearly 
visible on the top two films, whereas the bottom film serves as a background. (d) A screenshot of the E2E 
software analysis.
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9.4.2 QUALITY CONTROL

Due to the factors that affect patient selection for lung optimized treatments, like tumor size and location, it 
can be challenging to visually verify the lock-on of the target locating system. Consequently, a quality control 
(QC) procedure is outlined below that can assist the operator in verifying the software’s image recognition 
results. This QC procedure compares the tumor position during the expiration phase of the patient’s respir-
ation and the total respiratory motion of the tumor during treatment with what was estimated during treat-
ment planning:

1. Estimate tumor respiratory excursion during simulation and treatment planning: Acquire one  
expiration-hold CT scan and one inspiration-hold CT, and use the expiration-hold CT as the  
planning CT. Fuse the inspiration-hold CT with expiration-hold CT based on a spine match, and 
have the same clinician contour the tumor volumes on both CT scans. Record the magnitude of the 
tumor respiratory motion as the relative distance between the centroids of the two tumor volumes.

2. Validation based on expiration of tumor position during treatment setup: After spine alignment, the 
couch shifts to the tumor region and x-ray images are acquired during patient’s expiration phase to lock 
onto the tumor. If minimal couch corrections are reported from lock-on, this verifies that the lock-on is 
consistent with what was planned.

3. Validation based on tumor excursion during Synchrony setup: Additional x-ray images are obtained at 
different respiratory phases. The reported location of the tumor at inspiration is then compared to the 
location of the tumor at expiration. The difference in location is the magnitude of the tumor respira-
tory excursion as determined by the target locating system. Alternatively, one can build the Synchrony 
 respiratory model first, and the total respiratory motion can be estimated from the Synchrony model 
graphs. In either case, if the excursion measured during setup is in the same range and trends the same 
as the estimated excursion during treatment planning, this is a second validation that the lock-on is 
consistent with the treatment plan.

Due to the complicated concepts associated with multiple tracking options and their subtle technical 
details, a physicist should be actively involved in all steps of the LOT procedure: patient evaluation, simula-
tion, planning, and treatment supervision. The physics department should educate the clinical team to under-
stand the concepts involved with LOT treatments and to implement the QC procedure.
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10.1 INTRODUCTION

10.1.1 RATIONALE FOR PROTON THERAPY

10.1.1.1 INTRODUCTION TO PROTON THERAPY PHYSICS

The interest in proton therapy originates from the physical properties of proton beams resulting in dose dis-
tributions that are generally advantageous to the ones achievable in photon therapy. The expectation is that 
this leads to potentially fewer side effects and/or the potential for tumor dose escalation.

After a short build-up, photon depth-dose curves show an exponentially decreasing energy deposition 
with increasing depth in tissue and exit radiation after penetrating the patient. In contrast, protons slowing 
down in tissue eventually stop. The combination of more and more protons stopping and the fact that the 
energy transferred to tissue increases with decreasing proton energy leads to the Bragg peak at a well-defined 
depth in tissue. This maximum dose peak can be positioned within the target for each beam direction by 
adjusting the beam energy. Another advantage is that, due to the lack of exit dose, one can point a dose 
towards a critical structure. These advantages are correlated with the depth-dose curve. In contrast, protons 
offer little advantage in lateral beam penumbra, particularly at large depths.

The idea for using proton beams to treat cancer dates to the 1940s [1]. Initially, proton therapy was 
restricted to physics research laboratories, but since the 1990s it became more and more established in hos-
pital environments. Proton therapy is still offered only at a few centers due to high cost and challenging 
technology, but this is gradually changing. The technology is now becoming widely available with currently 
17 centers in operation in the United States alone.

Proton therapy reduces the “integral dose” (total energy deposited in the patient) by about a factor of 2–3 
compared to photon techniques [2]. This is independent of the photon or proton delivery technique (Figure 10.1 
[3]). There is a true reduction in integral dose, other than in intensity-modulated photon therapy (IMRT) versus 
3D conformal photon therapy, where the integral dose stays largely the same but the dose distribution can be 
shaped more favorably when using IMRT as it allows to redistribute dose within the irradiated area. Thus, from 
a purely dosimetric standpoint, proton therapy offers an advantage for all radiation therapy patients. There is 
clearly more sparing of normal structures with protons (Figure 10.2 [4]). Dosimetric advantages may, however, 
not necessarily translate into significant clinical gain.

Proton therapy, when using intensity-modulated proton therapy (IMPT), not only has an advantage in inte-
gral dose but also in shaping the dose distribution. This is because the energy of the proton beam entering the 
treatment room or the rotational gantry can be adjusted to place the Bragg peak at a prescribed depth in the 
patient, adding an additional degree of freedom in treatment planning compared to photon techniques. As this 
will be discussed below, range uncertainties require proton therapy specific margins but even with current range 
uncertainty margins, the high dose volume with protons is always smaller compared to photon treatments.

A consequence of the reduced integral dose and end of range when using protons is that proton therapy 
typically administers fewer beams compared to photon-based treatment plans. Photon treatments require 

IMRT IMRT

Figure 10.1 Illustration of the reduced integral dose when using proton (right) compared to photon (left) 
treatments. Note the slightly higher dose conformity with photons due to range uncertainty margins in proton 
therapy. (From Chang, J.Y. et al., Int J Radiat Oncol Biol Phys., 90, 809–818, 2014. With permission.)



10.1 Introduction 181

IMRT PSPT

Square: PSPT
Triangle: IMRT

Heart

Lung

Esophagus

Cord

70006000500040003000200010000

60

60

40

20

0

100
105.1090.09075.07560.06045.04530.0315.0150 120.12

8000
Dose (cGy)

ITV PTV

Figure 10.2 Intensity-modulated photon therapy (IMRT, left) versus passively scattered proton therapy (PSPT, 
right) for an NSCLC patient illustrating the dosimetric advantage of a proton therapy plan. (From Wink, K.C. et al., 
Front Oncol., 4, 1–15, 2014. With permission.)
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many beam angles to achieve a homogeneous dose plateau in the target. Using protons, a single field can 
achieve a homogeneous target dose by modulating individual Bragg-peaks into a spread-out Bragg peak 
(SOBP). An SOBP is a combination of various pristine, mono-energetic, peaks. Nevertheless, multiple beam 
angles are also used in proton therapy to further optimize the dose distribution and lower the dose to the 
skin, as protons offer generally less skin sparing than high-energy photons.

An accelerated proton beam is relatively small with a width of typically a few mm (sigma of a Gaussian 
distribution). Scattering systems have been used since the beginning of proton therapy to broaden this beam 
so that it can cover the shape of the target in the beam’s eye view [5]. This delivery technology has several 
shortcomings. First, the materials in the beam path used for scattering and thus broadening the beam pro-
duce secondary radiation such as neutrons. Furthermore, the energy and thus range of the beam is constant 
across the field so that a patient specific compensator is needed to modulate the range across the field, and the 
nominal circular shaped beam is larger in area than the target so that a patient specific aperture is needed. 
Lastly, depth modulation is only feasible to conform the dose distribution to the distal end of the target, not 
the proximal end.

A different method is currently introduced at most proton centers, i.e. beam scanning [6]. The idea to use 
scanned beam delivery has been around for decades but only now are we confident to be able to deliver scanned 
beams with the required accuracy and safety. In scanned beam delivery, individual beam spots of small size 
(a few mm in sigma width) can be steered magnetically to place the Bragg peak at a designated position in the 
patient. When using scanned beams, the dose can be conformed to both proximal and distal edges without 
the use of patient-specific hardware such as apertures and compensators. Furthermore, scatterers can typically 
be avoided (although pre-absorbers may be needed for shallow tumors or because of limitations in minimum 
energy for some delivery systems). Most importantly, when using scanned beams IMPT can be delivered which 
allows more flexibility in avoiding critical structures [7,8]. In IMPT the pencil spot map is optimized in treat-
ment planning leading to inhomogeneous dose distributions per field comparable to IMRT. Note that in IMRT 
only the fluence is modulated whereas in IMPT fluence as well as beam energy can be varied, offering more 
flexibility. Thus, proton therapy shows distinct advantages particularly for geometrically challenging geom-
etries due to superior ability to shape the dose distribution. Figure 10.3 [9] illustrates the difference between 
passive scattering beam delivery, scanned beam delivery, and scanned beam delivery using IMPT.

The discussion about the pros and cons of proton therapy are not about the physics of protons, which 
clearly show an advantage to photon therapy, but whether this advantage in physics matters in terms of clin-
ical outcome.

10.1.1.2 INTRODUCTION TO THE RESULTING CLINICAL BENEFITS

Roughly 45%–50% of all cancer patients receive radiation therapy at some point during their treatment. From 
a local control perspective, radiation therapy is very effective but normal tissues are inevitably irradiated 
resulting in toxicity and a reduction of the quality of life [10,11]. The appearance and severity of side effects 
are influenced by many factors, of which many are patient specific, such as radiosensitivity, and potentially 
determined by genetic markers.

Passive scattering Beam scanning

IMPT

Beam
incidence

Figure 10.3 Illustration of the advantage of beam scanning and intensity-modulated proton therapy (IMPT) 
compared with passive delivery (Adapted from Paganetti, H. and H. Kooy, Expert Rev Med Devices, 7, 275–85, 
2010. With permission.)
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The likelihood of toxicities does depend on dose and on the irradiated volume [12–14]. Dose distribu-
tions are typically analyzed using dose-volume histograms (DVH) and parameters extracted from them. 
Biophysical models based on parameters deduced from clinical studies can be used to predict clinical out-
come in lung [15]. Typically, single parameters are extracted from DVHs such as V20 and mean lung dose, 
which are related to radiation pneumonitis for thoracic tumors [14]. In photon therapy, strong correlations 
have also been found between V20 and the mean lung dose (r > 0.94) [16].

While many outcome predictions are being made based on mean doses to critical structures, not only in 
lung cancer, caution should be used. Regional differences of lung tissue response to radiation were reported 
in experiments with rodents [17–21]. It has also been demonstrated that radiation-induced effects in the lung 
are not limited to the irradiated lung area [19,20,22]. Regional differences are seen in patients as well. For 
instance, dose to the lower parts of the lung is more predictive of radiation pneumonitis than dose to the 
upper parts [23–25]. It is also known that lung function is affected by dose to the heart from experiments in 
rodents [19,21,26]. Clinically, this has been confirmed in patients as well [27].

These and other factors make it difficult to assess the potential clinical benefit due to a reduction in lung 
dose when using protons. In other words, the clear advantage in integral dose may not result in an advantage 
in outcome, depending on the distribution of dose. This is the main motivation for clinical trials comparing 
proton with photon treatments. In 2012, the Emerging Technology Committee of the American Society for 
Radiation Oncology (ASTRO) concluded, “Current data do not provide sufficient evidence to recommend 
proton beam therapy outside of clinical trials in lung cancer” [28]).

10.1.1.3 RATIONALE FOR PROTON THERAPY FOR LUNGS

For non-small cell lung cancer (NSCLC), treatment dose and efficacy are limited by the risk of severe toxici-
ties [29–31]. Proton therapy, with its reduced integral doses and advanced dose shaping capabilities, offers the 
potential for escalating doses to the target without increasing doses to the lung or heart [32,33]. Typically, fewer 
fields are needed to deliver a conformal dose distribution when using protons as compared to photons. In fact, 
typically only two to three fields are being used in proton therapy for lung cancer treatments (Figures 10.1 and 
10.2). The reduced irradiated volume has a large effect on expected toxicities, i.e. proton therapy patients are 
expected to show a lower risk for radiation-induced lung injuries [34,35].

Various studies have compared proton and photon therapy for early-stage lung cancer and have demon-
strated a clear dosimetric advantage of protons [36–42]. Advantages were shown particularly for larger and/or 
centrally located tumors. Chang et al. [32] have published results from a comparative treatment planning study 
with 25 patients comparing 3D-conformal photon therapy, IMRT, and proton therapy. The radiation dose to the 
lungs, the spinal cord, the heart, and the esophagus was reduced when using protons because of the overall lower 
integral dose. This should offer the potential for dose escalation. Interestingly, the RTOG lung trial 0617 using 
dose escalation did surprisingly not show an advantage as 74 Gy given in 2-Gy fractions was not better than  
60 Gy, when both were administered with concurrent chemotherapy for patients with stage III NSCLC [43].

Photon techniques such as stereotactic ablative body radiation (SABR) have been successfully used but 
large or centrally located lung tumors are often difficult to treat due to risk of toxicities [44]. While there is the 
potential for hypofractionation also when using photons, the reduced dose bath with proton therapy offers 
even greater potential in this regard because of the reduced normal tissue dose [45]. Dose escalation potential 
when using protons has been shown to be on the order of 30%–40% [46]. When evaluating fractionation 
regimens, we must be aware of the difference in dose distribution between photon and proton treatments [47].

Proton therapy for lung has been used extensively in many centers and various reviews have been pub-
lished [48–51]. Clinical results on proton therapy for lung cancer are summarized in the next section.

10.2 CLINICAL RESULTS

There are a growing number of published clinical results available for proton therapy in the treatment of 
lung cancer of various stages. We have divided the available literature in the early-stage and locally advanced 
diseases, and grouped the studies by location to exhibit the evolution of therapy with clinical experience in 
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specific centers. This also eases identification of possibly overlapping study populations in some reports from 
the same institution. The few publications that contained a wide array of clinical stages were reported in the 
section (early stage vs locally advanced) in which most patients fell.

Only standard abbreviations were used below, overall survival (OS), disease-free survival (DFS), local 
control (LC), disease-specific survival (DSS), radiation pneumonitis (RP), and fractionation schemes are 
denoted as XXGy(RBE)/YYfx, i.e. XXGy(RBE) total dose given in YY daily fractions five times per week, if 
not denoted otherwise. Unless otherwise indicated, all patients in the studies reported below were treated 
with passively scattered proton therapy.

10.2.1 EARLY-STAGE NSCLC
Bush and colleagues published a series of outcome and toxicity results for a cohort of patients treated at 
Loma Linda University Medical Center starting in the 1990s [36,41,52–54]. In their earliest studies [52–54] 
they compared photon-proton combination treatments (45Gy(RBE) photons to mediastinum + 28.8Gy (RBE) 
 proton boost to the gross tumor volume (GTV)) for patients with good cardiopulmonary function to proton-
only treatments to 51Gy(RBE) in 10 fractions. The 2-year disease-free survival for early-stage patients was 
86% and compared favorably with other reports at the time [53]. Furthermore, the reported pulmonary tox-
icities in the proton-only group were lower than in the combined treatment group [52,54].

Based on this experience, a phase II trial was designed in which the dose was first escalated from 51 to 60, 
and subsequently to 70Gy(RBE) delivered in 10 fractions [36,41]. In the final analysis of 111 patients, 64 of 
them T2 and 22 with gross disease > 5 cm, they observed increased OS with dose level, i.e. 18%, 32%, and 
51% at 4 years with 51, 60 and 70Gy(RBE), respectively. The tumor location, i.e. central versus peripheral, did 
not correlate with outcome. No case of significant radiation pneumonitis necessitating steroid therapy was 
observed in that series and pulmonary function was well maintained 1 year after treatment.

Chang et al. at the M.D. Anderson Cancer Center conducted a phase I/II study containing 18 patients with 
larger peripheral (T2–T3) or central (T1) tumors to a total dose of 87.5Gy(RBE) in fractions of 2.5Gy(RBE) 
[55]. Follow-up was short (16.3 months median) which impacts the interpretation of the results. The LC was 
reported to be 89%, DFS and OS 53% and 93% at 1 year, and 46% and 55% at 2 years. No grade 4/5 toxicity 
was reported. The most common toxicities included dermatitis (67% grade 2; 17% grade 3), followed by grade 
2 fatigue (44%), grade 2 pneumonitis (11%), and grade 2 esophagitis (6%). Due to the long treatment time of 
7 weeks, all patients had an additional four-dimensional computer tomography (4D-CT) during week 3 or 4 
and the treatment plans were adapted if necessary (which was the case in 45% of patients).

Westover et al. analyzed a series of 15 stage I NSCLC patients treated at Massachusetts General Hospital with 
42–50Gy(RBE) in 3–5 fractions [42]. Patients were selected based on comorbidities, e.g. severe chronic obstructive 
pulmonary disease (COPD) or interstitial lung disease (n = 8), multiple primaries and/or prior RT (n = 7). After a 
median follow-up of over 2 years, LC and OS were 100% and 64%, respectively. Toxicities included grade 2 fatigue 
and dermatitis (n = 1 each), rib fracture (n = 3) and one case of grade 3 RP in one of the patients with severe COPD.

The experience at the proton center at the University of Tsukuba is outlined in a series of papers describing 
proton treatments of lung patients going back to 1983 [37,56–58]. The earliest study [57] reports on the outcome 
of 51 NSCLC patients (37 stage I–II, 9 stage III–IV, 5 recurrent) treated with a median fraction size of 3Gy(RBE) 
(range 2–6) to a median total dose of 76Gy(RBE) (range 49–93). The 5y-OS was 29% for all patients, 70% for 
stage Ia and 16% for stage Ib. Note that most of these patients were treated in the pre-PET era, i.e. the true stage 
distribution was most probably skewed towards higher stages. Treatment was well tolerated, though, with no 
grade 4+, one grade 3, and three grade 2 acute lung toxicities and no significant late toxicities.

Based on this initial experience they started studying hypo fractionation, first with 50Gy(RBE)/10fx, then 
60Gy(RBE)/10fx [37], and finally with a protocol prescribing 72.6Gy(RBE)/22fx to centrally located tumors 
and 66Gy(RBE)/10–12fx to peripherally located ones [56,58]. The latest published study from Tsukuba reports 
outcomes for 74 stage I NSCLC patients with a 3-year OS of 77% for all patients, and 3-year LC of 86% for 
stage Ia and 67% for stage Ib. The dose level turned out to be a significant predictor for recurrence, 3y-LC 
was 64%/88% for centrally versus peripherally located tumors, respectively. Toxicities included three grade 2 
 (dermatitis/esophagitis), two grade 3 (RP, skin ulcer), and 11 rib fractures (14%).
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Nihei et al. [59] published a study analyzing 37 patients treated in Chiba to four different dose levels, 
70/80/88/94Gy(RBE) in 3.5–4.5Gy(RBE)/fx, with most patients treated to 80 or 88Gy(RBE). The 2-year local 
progression-free survival (PFS) and OS were 80% and 84%, respectively, with a 2y-DFS of 58%. Acute toxicity 
was minor, with only three grade 1 cases. Late pulmonary toxicities however were common, three grade 2 and 
three grade 3 cases, i.e. 16% of patients experienced late-toxicity grade ≥2. This could be related to the high 
total dose delivered, but also to tumor shrinkage during the 4–5 weeks of treatment (longer than most other 
schedules) and the resulting higher normal tissue dose.

The experience at the proton therapy center in Tohoku (Japan) is published in two recent reports, one 
describing only their protocol for peripheral tumors treated to 66Gy(RBE) in 10 fractions [60], while the 
other also includes central tumors treated to 80Gy(RBE) in 25 fractions [61]. They report excellent outcomes 
for the 50 patients treated on the peripheral protocol, with 3-year OS, LC, and PFS standing at 88%, 96%, and 
76%, respectively, though median follow-up was only 23 months. Only one patient experienced grade 2 RP 
on this protocol. The protocol treating central tumors to 80Gy(RBE) in 25 fractions led to similarly good out-
comes, albeit with elevated toxicity. Of the 32 patients treated with 66Gy(RBE) and 24 patients treated with 
80Gy(RBE), 9% and 33% experienced grade 2+ dermatitis, 9% and 29% grade 2+ rib fractures, and 16% and 
21% grade 2+ RP, respectively. No grade 4/5 toxicity was reported in either of the studies [60,61].

Iwata, Fujii and co-workers published three articles describing the outcomes of patients treated at the Hyogo 
Ion Beam Facility with protons and carbon ions from 2003 to 2009. The results discussed here refer to the 
proton population only [62–64]. Initially, the treatment schedule was 80Gy(RBE) in 20 fractions for the first  
20 patients, with further shortening of the treatment regimen to 60Gy(RBE)/10fx after evaluation of acute and 
medium-term toxicity [64]. After 57 patients and a median follow-up of 3 years, their 3-y OS/LC was 90/61% 
and 83/81% for the 80/60Gy(RBE) arms, respectively, with no significant difference between the groups.

In a subsequent report, Iwata et al. focus on T2a-bN0M0 tumors, i.e. a challenging patient cohort for 
SBRT [63]. They added two additional fractionations regimens, one longer (70.2/26fx) and one more hypo-
fractionated (52.8/4fx). The results highlight the minimal toxicity that conformal techniques such as proton 
therapy can achieve, even for patients with large (T2b, >5 cm) and centrally located tumors. Though limited 
by a relatively small number of patients (n = 43), they note no significant difference between outcome for T2a 
and T2b patients.

In the report by Fujii et al. [62] covering a similar treatment period, only the smaller T2a tumors (<5 
cm) are included together with T1 patients. They showed excellent outcomes for the 70 patients analyzed, 
i.e. a 3y-OS of 72% and LC of 81%. It should be noted that the outcome is very similar to the T2 tumor study 
described above, which reports a 3-year OS and LC of 74% and 78%, respectively. Note that this is the case 
even though the former consists mostly of T1 patients, while the other contains only T2 tumors, suggesting 
that outcomes for these 2 groups are similar.

The studies listed above represent a wide spectrum of patient characteristics in terms of geographical 
locations as well as in time. Certain aspects should be considered in their interpretation. The oldest studies 
reach back to the 1980s, before PET was used routinely for staging of lung cancer, and their results are hard 
to compare to modern studies, as a significant number of those patients might have been restaged if PET were 
available. Similarly, the stage distributions listed in Table 10.1 reflect the staging system in use at that time. 
For example, pre-2010 studies classified large tumors (>7 cm) as T2, which would be T3 in the current TNM-
classification [65]. Reflecting a difference in the practice of treating lung cancer, Japanese studies can contain 
a significant amount of medically operable patients that refused surgery, while their American counterparts 
often include only medically inoperable patients [36,55,62,64].

Generally, it seems that over the last three decades a similar evolution has occurred in several centers. 
First, doses have been intensified keeping the fractions size at 2–3Gy(RBE), then with the advent of hypo 
fractionation more centers have started shortening the treatment to <10 fractions. Experience from different 
centers now show that protons can treat central tumors up to doses of 70Gy(RBE) in 10 fractions, and produce 
outcomes like those for peripheral lesions if normal tissue constraints are respected.

Toxicities are generally manageable. Although grade 4/5 toxicities are very rare, they tend to increase with 
increasing fraction size. Several of the studies above reported clinically significant dermatitis and frequent rib 
fractures. The risk for both can be minimized by using multiple beam ports, which some authors recommend 
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especially for large fraction sizes and tumors located close to the chest wall. IMPT, which allows shaping of 
the proximal edge, enables better sparing of the chest wall and could lead to lower rate of rib fractures.

10.2.2 LOCALLY ADVANCED LUNG CANCER

The group from the M.D. Anderson Cancer Center has published their extensive experience treating locally 
advanced NSCLC with protons in a series of publications [66–70]. In their earliest article [67] they report the 

Table 10.1 Published studies reporting results for early-stage patients

Treatment center Authors Timeframe

# of 

patients

Stage 

distribution

Fractionation 

scheme

Loma Linda 

Cancer Center

Bush et al. 

[53,54] 

Bonnet et al. 

[52]

1994–1998 37 27 I, 2 II, 8 

IIIA

Proton boost or 

51Gy(RBE)/10fx

Bush et al. [36] 1995–2002 68 29 T1, 39 T2 51Gy(RBE)/10fx; 

60Gy(RBE)/10fx

Bush et al. [41] 1999–2010 111 47 T1, 64 T2 51Gy(RBE)/10fx; 

60Gy(RBE)/10fx;

70Gy(RBE)/10fx

M.D. Anderson Chang et al. 

[55,66]

2006–2009 18 4 T1, 13 T2,  

1 T3

87.5Gy(RBE)/35fx

Massachusetts 

General Hospital

Westover et al. 

[42]

2008–2010 15  

(20 tumors)

16 IA, 2 IB, 2 

IIA

42–50Gy(RBE)/3–5fx

University of 

Tsukuba

Shioyama et al. 

[57]

1983–2000 51 28 I, 9 II, 8 III,  

1 IV

49–93Gy(RBE)/8–46fx

Hata et al. [37] 2002–2005 21 11 IAa, 10 IB 50–60Gy(RBE)/10fx

Kanemoto  

et al. [56]

1997–2011 74  

(80 tumors)

59 IA, 21 IB 66Gy(RBE)/10–12fx 

peripheral; 

72.6/22fx central

Chiba Nihei et al. [59] 1999–2003 37 17 IA, 20 IB 70–94Gy(RBE)/20fx

Southern Tohoku 

Proton Beam 

Therapy Center

Makita et al. 

[61]

2009–2012 56 24 IA, 19 IB,  

13 IIA

66Gy(RBE)/10fx 

peripheral; 

80Gy(RBE)/25fx 

central

Hatayama  

et al. [60]

2009–2014 50  

(52 tumors)

44 IA, 8 IB, 

peripheral 

only

66Gy(RBE)/10fx

Hyogo Ion Beam 

Medical Center

Iwata et al. [64] 2003–2007 57 27 IA, 30 IB 80Gy(RBE)/20fx, 

60Gy(RBE)/10fx

Iwata et al. [63] 2003–2009 43 30 T2a, 13 

T2b

52.8Gy(RBE)/4x

60–66/10fx

70.2Gy(RBE)/26fx

80Gy(RBE)/20fx

Fujii et al. [62] 2003–2009 70 8 T1a, 28 

T1b, 34 T2a

52.8Gy(RBE)/4x

60–66/10fx

70.2Gy(RBE)/26fx

80Gy(RBE)/20fx

Note:  Outcome and toxicity are not included because of variable stage distribution, inclusion/exclusion criteria. Care should 
be taken in the interpretation of the stage distribution of older studies, which were partly staged without PET, and 
many of them classified per older AJCC TNM classification (pre-2010).



10.2 Clinical results 187

toxicity in a cohort of 66 patients treated to a median total dose of 74Gy(RBE) in 2Gy(RBE) fractions. Grade 
3+ pneumonitis and esophagitis was lower (2% and 5%, respectively) than in a retrospective comparison with 
photon patients (30% and 18% in 3D-conformal photons, 9% and 44% in IMRT). This has led to design of a 
phase III trial (NCT00495040), whose results will be discussed below.

Chang et al. [66] report the results of a prospective phase II study involving 44 stage III NSCLC patients 
treated to 74Gy(RBE) in 37 fractions. An interesting detail about the study is that patients underwent addi-
tional 4DCT imaging after 3 weeks of treatment to assess the need for treatment adaptation, which was per-
formed in 9 (20%) of the patients [71]. Median OS was 29.4 months while 1y-OS and 1y-PFS were 86% and 
63%, respectively. None of the patients experienced grade 4 or 5 proton-related adverse events.

The latest report [68] describes excellent long-term (median follow-up 4.7y) outcomes for 134 stage II–III 
patients (population not overlapping with the previous study). Most patients were treated to 75Gy(RBE) in  
37 fractions. Five-year DFS rates were 17.3% and 18% for stages II and III, respectively. The toxicity was 
reported to be tolerable with one grade 4 esophagitis and 16 grade 3 events (8 dermatitis, 6 esophagitis, 
2 pneumonitis). In all three series from the M.D. Anderson group reporting on concurrent chemo-radiation, 
the concurrent chemotherapy regimen is very homogeneous for all patients, i.e. consisting of weekly pacli-
taxel 50 mg/m2 and carboplatin AUC 2 (see Table 10.2). Induction and adjuvant regimen were allowed in 
addition, though timing, dosage and type were at the discretion of the treating physician.

Gomez et al. reported the result of a phase I intermediate hypofractionation study in 25 patients treated 
to 45–60 Gy (RBE) in 15 fractions without concurrent chemotherapy [69]. Their findings are preliminary  
(13 months median follow-up) and focus on toxicity: only 2 patients experienced severe grade 3+ dose-limiting  
events possibly related to radiation therapy.

McAvoy et al. has published the results from a cohort of 102 patients re-irradiated to a median dose of 
60.5Gy(RBE) in 2Gy(RBE) fractions [70]. The median time from initial radiation therapy to re-irradiation was 
17 months and concurrent chemotherapy as well as higher dose was associated with improved OS. However, 
the achieved 1-year loco-regional control and median OS were poor, 49.2% and 14.7 months, respectively, 
and severe esophageal and pulmonary toxicity related to concurrent chemotherapy and dose were evident. 
However, it was noted that re-irradiation with definitive intent is feasible with proton therapy as 97% of the 
patients completed the planned course of irradiation. The local control did impact survival as patients expe-
riencing local failure frequently died of the resulting complications.

A technical study published by the M.D. Anderson group reported on the implementation of IMPT for  
34 thoracic cancer patients treated to 45–78Gy(RBE) (median 66Gy(RBE)), focusing on the dosimetric results 
and robustness towards uncertainties [3]. They concluded that their approach was safe for the treatment of 
thoracic malignancies with motion amplitudes up to 5 mm.

The latest study from M.D. Anderson is a Bayesian randomized trial [72] comparing passively scattered 
proton therapy to IMRT, which was presented at the 2016 American Society of Clinical Oncology (ASCO) 
Meeting. The trial, which enrolled 255 patients, 149 randomized, was not able to show a statistically significant 
difference in incidence of local recurrence or grade 3+ radiation pneumonitis. This could have several reasons, 
among them the fact that patients were only randomized if both plans satisfied constraints, that proton therapy 
patients had larger tumors, or that high dose regions were generally larger in the proton therapy group.

Hoppe et al. published a series reporting the early results (median follow-up 16 months) for 19 locally 
advanced NSCLC patients treated in Florida to a dose range of 62–80Gy(RBE) in 2Gy(RBE)/fraction [73]. 
Acute grade 3+ toxicity occurred in 5 patients, late toxicity grade 3+ in 3 patients, where one patient exhibit-
ing poor performance status developed grade 4 esophagitis and fatigue during treatment.

Colaco et al. report the only published series on SCLC treated with protons [74]. Even though follow-up in 
this study was also limited (median 12 months) and patient numbers are low (n = 6), they report robust 1y-OS 
of 83% and 1y-PFS of 63% using 60–66Gy(RBE) in 30–34 fractions. No cases of 3+ esophagitis, 2+ pneumo-
nitis and no other 3+ hematological toxicities arose in these patients.

Two cohorts of patients have been treated at the University of Tsukuba, i.e. one cohort of 57 patients with-
out concurrent chemotherapy and fraction sizes from 2–6.6Gy(RBE) to total doses of 50–84.5Gy(RBE) [79] 
and one cohort of 15 patients with concurrent chemotherapy and conventional fractionation [80]. In the first 
study, 3 patients were unable to complete treatment due to comorbidities. Furthermore, the target volume had 
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to be adapted in 44 (78%) of the patients due to tumor shrinkage (in one case even three times). Even though 
most patients in this study were not suitable for chemotherapy or failed chemotherapy already, treatment was 
relatively well tolerated, with grade 3 lung toxicity in 6 patients and no grade 3+ esophagitis or cardiac toxic-
ity. Outcome compares well given this challenging patient cohort, i.e. a median OS of 21 months and 2-year 
OS, PFS, and LC of 39%, 25%, and 64%, respectively. The second study [80] reports the outcome of 15 patients 
treated to 74Gy(RBE) in 37 fractions with concurrent monthly cisplatin and vinolrebine. The reported mean 
survival of 26.7 months is comparable to other reports, but a high rate of myelosuppression was observed and 
nearly half the patients were not able to complete chemotherapy.

Remick et al. recently presented their preliminary findings from proton beam therapy used in 17 patients 
as post-operative radiotherapy (PORT) [75], and also published a larger cohort with proton and IMRT 
patients [76]. PORT is routinely applied in NSCLC in the setting of mediastinal N2 disease and positive 
margins after surgical resection. There is an intense discussion about the risk/benefit ratio of the procedure. 
Proton therapy may be able to offer a benefit in this challenging scenario, where the therapeutic window is 
particularly narrow. The results of proton-based PORT to a median dose of 50.4 Gy(RBE) indicate similar 
short-term outcome and toxicity compared to IMRT to 54Gy(RBE), though longer follow-up might be able to 
reveal differences in outcome [76].

Badiyan et al. [77] reported preliminary results from the Proton Collaborative Group, including  
96 patients from four centers. The patient population mainly consisted of high-risk cases with poor pulmo-
nary function and other comorbidities that were not eligible for RTOG1308 (see clinical trial section below). 
With estimated median, 1- and 2-year OS of 13.2 months, 53.4%, and 39.4%, and 6% acute grade 3/4 toxicities, 
the results show that proton therapy can offer an effective therapy option with limited toxicity in this chal-
lenging patient population.

Lately, the results of RTOG0617 have shown lower survival in a high dose (74Gy(RBE)) group relative to a 
low dose (60Gy(RBE)) group, revealing the limits of dose escalation with photons [43]. However, there is evi-
dence that higher radiation doses could still improve local control and survival, although this is still subject 
to debate [81]. The outcomes described above indicated that proton therapy may be one way to safely escalate 
dose and produce excellent results, with 3-year OS >40%, and manageable side effects with grade 3 toxicities 
around 10% and a very low incidence of grade 4 toxicities.

10.2.3 COMPARISON TO PHOTONS

There are numerous publications showing planning comparisons between photon and proton therapy 
[32,82]. However, clinical comparisons are rare and few clinical trials have been conducted. On one hand, 
this is because up until recently, only few centers have had the experience and capabilities to treat lung cancer 
with protons. On the other hand, some insurance providers are reluctant to cover proton therapy for lung 
malignancies.

Grutters et al. have performed a meta-analysis of observational studies from different centers [83]. 
Furthermore, the studies by Bush et al. [52–54] compared proton-only to proton-photon treatments, although 
including only very few patients.

An extensive clinical comparison is an effort by Sejpal et al. [67], who analyzed a total of 202 patients 
receiving concurrent chemo-radiation with proton therapy, conventional RT or IMRT. They concluded that 
even though the median total dose delivered with proton therapy was more than 10Gy (RBE) higher, grade 3+ 
RP and esophagitis were significantly lower in the proton group (2% and 5%, respectively). This has driven the 
design of a randomized trial comparing IMRT to proton therapy (NCT00915005), which was presented at the 
ASCO 2016 meeting [72], though could not determine a statistically significant difference between passively 
scatted protons and IMRT for induction of RP and local recurrence.

The largest retrospective study to date has been conducted by Higgins et al. [84], who queried the National 
Cancer Database for all NSCLC patients treated from 2004–2012. A total of 243,474 photon patients and 
348 proton patients were included into the outcome analysis, demonstrating significantly better survival for 
proton therapy patients. A propensity-matched analysis indicated 22% OS at 5 years for protons compared to 
16% for the photon cohort.
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These studies highlight the difficulties in investigating eventual outcome differences between protons and 
photons owing to trial design, patient selection, and the rapidly developing treatment technology.

10.2.4 ONGOING CLINICAL TRIALS

There are a plethora of clinical trials underway to define the emerging role of proton therapy in thoracic 
malignancies. In the United States alone, there are 17 studies active. This section does not give a comprehen-
sive overview over all currently active studies, but rather highlights the significant trials grouped by thematic 
area:

1. The role of protons versus photons: RTOG 1308 (NCT01993810) is a multi-center randomized phase III 
study for stage II–IIIB NSCLC, delivering 70Gy(RBE)/35fx with photons or protons. NCT01629498 is 
a non-randomized phase I/II trial of image-guided, IMRT or IMPT at M.D Anderson Cancer Center. 
Both arms use a simultaneous integrated boost to escalate the dose to the GTV.

2. NCT00915005 is a randomized protocol treating to 74Gy(RBE)/37fx with both photons and protons 
with the primary objective to compare the incidence of grade 3+ RP or local failure. First results have 
recently been reported in an ASCO abstract [72], though long-term follow-up and survival for the 
cohorts will reveal additional insight. The OncoRay center in Dresden (Germany) is running a similar 
study (PRONTOX), a proton-photon comparison treating to 66Gy(RBE)/33fx.

3. Optimal fraction size: NCT01770418 is a multi-center, hypofractionated protocol for stage II–III NSCLC, 
treating to 60Gy(RBE) in 4 fraction sizes from 2.5 to 4Gy(RBE)/fx. Washington University has a similar 
phase I study (NCT02172846), also shortening the treatment time to 3 weeks. Loma Linda University 
Medical Center had a similar protocol (now terminated, no results published, NCT00614484), treating 
concurrently with Taxol and carboplatin to 76Gy(RBE) in 5 weeks.

4. The role of protons in resectable disease: The role of protons in tri-modality treatments, i.e. including 
surgery, is currently investigated in the pre- and post-operative setting. The Massachusetts General 
Hospital has conducted a phase I trial (NCT01565772) exploring hypo-fractionated proton therapy 
with cisplatin and etoposide in 3 weeks to 45–55Gy(RBE), followed by surgery. The University of 
Pennsylvania is currently also investigating pre-operative proton therapy with concurrent chemo-
therapy in a phase I/II study, though over 5.5–7.5 weeks (NCT01076231). The OncoRay center (Dresden, 
Germany) is planning a study to investigate the value of accelerated schedules (7 fractions per week at 
2 Gy (RBE)/fx, PORTAF, NCT02189967).

5. Technical aspects: To date the M.D. Anderson Cancer Center is the only institution to have published 
results of lung cancer patients treated with IMPT [3]. They continue to investigate the clinical promise 
of IMPT in a protocol explicitly using only IMPT to deliver proton therapy (NCT01629498). Other tech-
nical aspects being worked on by multiple groups include better image guidance and motion mitigation 
techniques.

Other trials and current updates can be found at clincaltrials.gov and on the website of the particle co-
operative group (ptcog.ch).

10.3 TREATMENT PLANNING

10.3.1 TARGET VOLUME DEFINITION WITH RESPECT TO MOTION

Intra-fractional motion due to respiration, is an important consideration for radiotherapy of lung cancer, 
because the tumor motion affects the tumor dose. Treatment volume definitions have been strongly influ-
enced by International Commission on Radiation Units and Measurements (ICRU) 62, which specifies that 
a tumor clinical target volume (CTV) may be expanded per an internal margin to create an internal target 
volume (ITV). However, the use of an ITV for proton therapy is problematic, because tumor motion changes 
not only the geometric location of the tumor, but also changes its radiological depth. For this reason, several 
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alternative target definition strategies have been proposed, and there is not yet a complete consensus as to 
which strategy is best.

An early strategy developed for proton therapy of lung cancer involved modifying aperture and range 
compensator shapes for ensuring coverage with passively scattered plans. Moyers et al. used a PTV to encom-
pass both the setup and internal margin, but then modified the aperture margin, bolus smearing, and prox-
imal margin to cover setup and motion margins [85]. Engelsman and Kooy quantified the effect of different 
aperture margins and bolus smearing on EUD (equivalent uniform dose) in a phantom [86]. Engelsman et al. 
then compared treatment plan quality with target volumes defined on free-breathing, mid-inspiration, and 
4D-CT [87]. For the 4D-CT case, they defined an aperture and bolus based on the maximum lateral displace-
ments and maximum water-equivalent depth needed for coverage on all breathing phases. Their conclusion 
was that an aperture and bolus expansion created on mid-inspiration CT is adequate, and one created on 
4D-CT provided the best coverage.

While bolus and aperture expansion remain a popular strategy, it is possible to achieve a similar effect by 
creating modified target volumes in a 3D scan. This idea was introduced by Koto et al. for carbon ion therapy 
[88]. In their approach, planning was based on an exhale CT for gated therapy. Recognizing that gated deliv-
ery may differ from gated simulation, they constructed an ITV volume, and the Hounsfield unit (HU) values 
for voxels within the ITV volume were replaced with HU values of the maximum intensity projection (MIP). 
HU numbers may be modified in the target volume and entrance path to ensure coverage at any breathing 
phase. The aperture and bolus are then created from the modified ITV directly. Subsequently, Kang et al. 
introduced an alternative approach, where an average intensity projection (AIP) CT is used, but voxels within 
the internal gross tumor volume (iGTV) replaced with a constant density of 100 HU [89]. They produced 
comparison treatment plans with free-breathing, AIP, and MIP CT scans, and concluded that the density 
assignment strategy was superior. Another strategy, introduced by Bert and Rietzel [90], optimizes the dens-
ity values for each voxel in the ITV in a beam-dependent manner. For a given beam direction, the maximum 
water-equivalent path length (WEPL) to each location is computed. Then, densities are assigned to voxels 
in the ITV to ensure that the WEPL to voxels in the optimized ITV are equal to the maximum WEPL. This 
approach was improved by Rietzel and Bert to better account for moving structures in the entrance region 
[91], and by Park et al. to account for setup error [92]. Adequate coverage in the case of setup error is assured 
by considering the maximum WEPL within a neighborhood of each voxel rather than at a single voxel. A 
similar approach, called raITV, is introduced by Knopf et al. [93], which achieves coverage by optimizing the 
target contour on a reference image without modifying target voxels. The different concepts are illustrated 
in Figure 10.4.

Inhale Average-IP

WEPL-Optimized ITVConstant density iGTVMIP in ITV

Exhale

Figure 10.4 Proton treatment planning structures for lung treatments. Upper row: Tumor in exhale (left), 
inhale (middle), and average intensity projection (right). Lower row: maximum intensity projection (MIP) as ITV 
([88], left), constant density iGTV ([89], middle), and WEPL-optimized ITV ([91], right).



10.3 Treatment planning 193

10.3.2 TREATMENT PLANNING CONSIDERATIONS

10.3.2.1 SINGLE FIELD UNIFORM DOSE VERSUS IMPT

IMPT plans can deliver highly conformal dose distributions to target volumes of complex geometrical shape 
by accumulating the contributions from individually inhomogeneous treatment fields. A recurrent confusion 
is the definition of Single Field Uniform Dose (SFUD), and its discrimination from IMPT. The fundamental 
challenge is the following: on one hand, no SFUD field is fully uniform, as even advanced scanning system 
struggle to deliver completely uniform target coverage with a single field, especially in geometrically chal-
lenging lung cases. On the other hand, an IMPT plan does not necessarily have to include the very sharp 
dose gradients that make treatment plans susceptible to uncertainties. Dowdell et al. [94] have addressed this 
problem in a systematic fashion by defining all active scanning treatment plans as IMPTH% , where H defines 
the maximum inhomogeneity allowed based on the common inhomogeneity definition:

 
= ∀H   D - D

D
  ,    fields in the plan.max min

mean

This removed the inherent ambiguity in the SFUD definition, i.e. an SFUD-like plan in which only 
2% inhomogeneity is allowed is termed IMPT2% , a plan in which no constraint is applied is denoted as IMPTfull . 
Examples for lung treatment plans using different degrees of in-field homogeneity are displayed in Figure 10.5.

The dependence on matching sharp inhomogeneities within the treatment fields leads to an increased 
sensitivity of IMPT towards a range of uncertainties. Lomax has studied this problem for calculation [95] and 
setup uncertainties [96]. Albertini et al. have shown that the degree of intensity modulation influences the 
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Figure 10.5 IMPT plans of varying inhomogeneity for a lung cancer patient. Top left: 20% inhomogeneity. Top 
Right: no constraint posed on inhomogeneity, i.e. IMPTfull. Bottom Left: DVHs for both plans. (Data courtesy 
of Dr. Stephen Dowdell.)
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robustness of a treatment plan [97], Dowdell et al. investigated this subject in detail for lung cancer treatments 
under the influence of systemic versus random setup uncertainties [94]. The main conclusions from these 
studies can be summarized as follows:

 ● The higher the modulation within a field, i.e. the steeper the dose gradients, the less applicable are 
“PTV”-based margin concepts taken over from photon therapy.

 ● For conventionally fractionated treatments, systematic setup errors constitute a greater challenge than 
random ones.

 ● Fractionation is a powerful tool to mitigate effects of random setup errors, and conclusions from studies 
using >30 fractions are not necessarily transferrable to more hypofractionated regimens.

This underscores the importance of using comprehensive, robust multi-criteria optimization approaches 
[98], which encompass a host of parameters including setup uncertainties, beams angles [99], number of fields, 
and possible changes in patient and tumor geometry [100,101]. All these areas are active fields of research, 
though they have not yet been implemented clinically.

10.3.2.2 RANGE UNCERTAINTIES

Proton dose distributions are more sensitive to inter- and intra-fractional anatomical changes compared 
to photon dose distributions because geometrical changes can affect the beam range. Range uncertainties 
are present for all proton treatments. Consequently, in proton therapy the homogeneous PTV expansion 
used in photon therapy planning is applicable only when considering lateral uncertainties. Range uncer-
tainties require a separate margin along the beam direction. The concept of raITV has been discussed in 
Section  10.3.1. Range uncertainties do depend on the patient geometry and beam angle. Clinically, most 
centers apply a distal uncertainty margin on the order of 2.5%–3.5% of the prescribed range plus an addi-
tional 1–3 mm water-equivalent depth, resulting in significant overshoot and irradiation of healthy tissues to 
ensure tumor coverage [102]. These effects need to be understood by treatment planners. They are magnified 
in lung cancer because the tumor is often surrounded by low-density lung tissue, i.e. every water-equivalent 
millimeter added to the range due to these uncertainties translates to 3–4 mm dose to the normal lung [103]. 
Range uncertainties are an additional effect to a blurring of the dose distribution in the presence of motion 
which compromises lateral conformity to the target volume both in photon and in proton therapy [104,105].

Because of the low density of lung tissue, ranges are often reported as WEPL instead of absolute distance. 
Water-equivalent path length translates to a substantial overshoot in the lung due to the low lung density. 
Thus, these fluctuations can result in an excessive dose to distal critical structures. In addition to lung tissue 
being replaced by higher density tumor tissue (or vice versa), rib cage motion can result in significant changes 
in WEPL as well. Figure 10.6 [106] illustrates the effect in an idealized geometry assuming a circular shaped 
tumor in two dimensions. Visualization of the water-equivalent path length variations can be helpful during 
treatment planning [107]. Water-equivalent path length fluctuations in proton therapy treatment plans for 
lung tumors have been studied by Mori et al. [108]. They showed variations up to 2.2 cm for ITV-based plan-
ning and 1 cm for gated ITV-based delivery.

Figure 10.6 Distortion of a proton dose distribution (beam entering from the top) assuming a circular-shaped 
target under motion (From Knopf, A. and S. Mori, In I.J. Das and H. Paganetti [ed.], Principles and Practice of 
Proton Beam Therapy, Madison, Medical Physics Publishing, 2015. With permission.)
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In addition to applying a range margin, passive scattered proton therapy also uses compensator smear-
ing to account for range uncertainties due to setup errors and inter-fractional geometry changes or motion 
changes in lung tumors [85,87,109]. Compensator smearing cannot be used in pencil beam scanning. Thus, in 
this case such uncertainties must be covered by range uncertainty margins [92,93].

In general, the effect of range uncertainties can be more complex in beam scanning (due to, for example, 
interplay effects discussed below). Dowdell et al [94] studied dosimetric effects in intensity-modulated proton 
therapy assuming setup uncertainties of ± 5 mm. The dosimetric effect of setup uncertainties was larger in 
full IMPT for both systematic and random setup uncertainties compared to IMPT limiting the variation in 
dose within a field to 20%. The impact of motion (dose blurring as well as interplay effect) combined with 
random setup uncertainties for a conventionally fractionated treatment was quite small for large beam spot 
sizes but substantial for smaller spot sizes.

In addition to uncertainties due to motion or setup, there are also discrepancies between dose calculated in 
the planning system, which is typically based on analytical dose calculation algorithms, and the truly delivered 
dose. Monte Carlo based dose calculation has been shown to calculate dose more accurately (Figure 10.7 [110]) 
[111,112]. It has been shown that analytical dose calculation algorithms in treatment planning systems may 
overestimate tumor control probabilities by up to 11% for lung [111]. Furthermore, range differences of several 
mm have been reported [103]. Range uncertainty margins of ~6% of the prescribed range would be needed to 
ensure tumor coverage for 95% of the patients and for every single field [103]. However, this holds if a generic 
margin is being used. Treatment planners use smaller margins and add additional range for certain scenarios 
based on their experience and beam orientation. The accuracy of dose calculation and range prediction in the 
lung may also depend on the CT resolution [113].

There is also range uncertainty associated with the relative biological effectiveness (RBE) of proton beams. 
Although a generic RBE of 1.1 is being applied clinically, the RBE is likely increasing with depth and thus can cause 
a shift of the distal dose-fall-off if RBE-weighted doses based on a variable RBE would be considered [114–116].

10.3.2.3 4D TREATMENT PLANNING AND PLAN ROBUSTNESS

As discussed above, in contrast to photon therapy, the proton dose distribution is significantly affected by the 
change in patient geometry. Furthermore, the susceptibility of treatment plans to dose distribution perturba-
tions due to motion depends on the delivery method. In passive scattering, the field is essentially delivered 
simultaneously. When applying beam scanning, treatment fields are delivered as a series of iso-energy layers 
and beam spots covering each layer to the prescribed dose. The consequence is a motion effect that is specific 
to scanning, the interplay effect between beam motion (within a layer or when going from one layer to the 
next) and organ motion (see also 10.4).

Methods have been developed to design treatment plans that are less sensitive to uncertainties in gen-
eral or geometrical changes i.e. treatment plan optimization that can be done in a robust way. There are 
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Figure 10.7 Differences in the dose distributions between (a) Monte Carlo simulation and (b) analytical calcu-
lation (c) shows the dose difference between a and b in axial view and (d) the dose difference in coronal view 
(From Paganetti, H. et al., In I.J. Das and H. Paganetti [ed.], Principles and Practice of Proton Beam Therapy, 
Madison, Medical Physics Publishing, 2015. With permission.)
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several methods of robust optimization and evaluation of plan robustness such as the “worst-case” method 
[98,117,118], the “mini-max” approach [119] and the probabilistic approach [120]. In the worst-case approach, 
several dose distributions are considered, each based on a particularly scenario. The worst-case dose 
 distribution may be very conservative and thus overestimate the true impact of uncertainties. The  mini-max 
approach is very similar but less conservative as it considers rankings of objectives. A different strategy is the 
basis for probabilistic robust optimization. It may be the best strategy, but is computationally more demand-
ing. Here, uncertainties are introduced in the optimization as random variables based on probability dis-
tributions. The dose distribution is then optimized based on the expected value of the objective function. 
These approaches were designed for general robust optimization but can be used similarly also for robust 4D 
optimization. Robustness comes at a price, i.e. a potential reduction in target dose conformity or an increased 
volume of critical normal tissue being irradiated. Probabilistic approaches are more promising for 4D opti-
mization because they add less treatment volume. Parameters to generate probability density functions for 
the optimization routine must be deduced from the 4D-CT dataset or multiple 4D-CT datasets.

Robust optimization methods have been introduced first to consider motion in IMRT [121]. While the 
principle is the same for proton therapy one must consider the additional effect of range uncertainties which 
makes proton therapy less forgiving towards uncertainties. On the other hand, a treatment modality offering 
more degrees of freedom in planning, such as proton therapy, has more options regarding techniques for plan 
robustness. Plan robustness has been introduced particularly for mitigating range uncertainties in IMPT 
[120]. Intensity-modulated proton therapy, due to its additional degrees of freedom, allows the design of treat-
ment plans that are potentially less affected by motion. This can be achieved, for instance, by manipulating 
the spot map distribution. For example, less steep dose gradients per field reduces the interplay effect and the 
sensitivity to random and systematic setup uncertainties [122].

10.3.2.4 INTERFRACTIONAL MOTION VARIATIONS

The patient’s breathing pattern might change from fraction to fraction [123]. The 4D-CT dataset typically 
taken for treatment planning reflects only one breathing pattern. This breathing pattern may look differ-
ent during treatment and may also change during a fractionated treatment resulting in a baseline drift. 
Furthermore, a 4D-CT does not provide continuous motion information because only 10 idealized wave-
forms are generated from the raw data.

Consequently, treatment margins must be chosen conservatively to ensure tumor coverage not only con-
sidering the beams-eye view as in photon therapy but also considering potential range changes when treating 
with protons. Even small deviations from the motion captured in the 4D planning CT can have significant 
impact on tumor coverage. It is thus important to estimate the tolerance level of planning margins with 
respect to expected or known breathing variations even if the motion exceeds the motion amplitude shown 
in the 4D-CT dataset. A method to estimate the dose delivered to a tumor for any input breathing function 
without limits on the range of tumor positions has been described by Philips et al. [124]. It is based on 1D 
or 3D waveforms that can be captured at the treatment day. The dose distributions are transformed from 
a Cartesian space into a beam-specific radiological depth space where they are invariant towards density 
changes and can be weighted and summed per the deduced trajectory. The resulting dose distribution can 
then be transformed back into Cartesian space to estimate the motion effect and the resulting tumor coverage 
at the day of treatment.

10.3.2.5 IMPORTANCE OF PLAN ADAPTATION/TARGET SHRINKAGE

Inter-fractional changes generally include anatomical changes due to tumor shrinkage [125] or weight loss 
or due to daily positioning uncertainties [109]. It has been shown that up to 25% of the CTV could be missed 
during 7 weeks of radiation therapy for lung cancer if setup relies on skin markers, only emphasizing the need 
for daily bone registration [109]. Tumor shrinkage is less significant in hypo-fractionated regimens.

Hui et al. have studied the effects of inter-fractional motion and anatomic changes on proton therapy dose dis-
tribution in lung cancer based on weekly 4D-CT scans [109]. They found that for 7 out of 8 patients’ tumor cover-
age was maintained during treatment with no need for adaptive therapy. This conclusion depends on the patient 
characteristics and assigned treatment planning margins. Adaptive re-planning may be required if normal tissue 
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toxicity is a concern clinically or if the CTV coverage is compromised by more than 2% [109]. Clinical studies 
treating lung cancer with proton therapy on conventionally fractionated treatment schedules sometimes report a 
substantial fraction of patients being re-planned due to target volume shrinkage, up to 78% [3,55,79].

10.4 TREATMENT DELIVERY

Proton therapy treatment delivery for lung cancer is largely like delivery for other sites, with the additional 
consideration of motion management. Like photon delivery, a lateral excursion of the treatment target out-
side of the beam port will cause an under dose. However, proton therapy is also subject to tumor underdose 
or organs-at-risk (OAR) overdose for target lateral excursions within the planned beam port. Furthermore, 
treatments with scanned beams are subject to hot and cold spots within the target caused by organ motion 
that happens between the delivery of individual spots. For these reasons, motion management at the time of 
delivery is a key element of lung cancer treatment, and is a complementary requirement to planning margins. 
Motion management can be considered part of robust treatment delivery as compared to robust treatment 
planning discussed earlier [120,126,127].

How much lung tumors typically move is shown in Figure 10.8 based on 20 studies reporting the motion 
amplitude of lung tumors and lymph nodes in patients undergoing radiotherapy [128]. Inferred from these 
publications, the average motion is 7.7 mm based on 509 patients, 28% of the tumors move more than  
10 mm (based on 356 patients) and 9% > 20 mm (based on 288 patients). However, tumor motion is correlated 
to other factors as well, such as clinical stage (larger tumors tend to move less) and performance status of 
the patient, as patients with better performance status and pulmonary reserve tend to exhibit larger tumor 
motion amplitudes. This distribution is an estimate and dependent on geographical location and clinical 
practice, as it also depends on the amount of medically operable patients coming to radiotherapy.

Motion mitigation can be done applying gating or tracking. Gating describes the restriction of treat-
ment delivery to certain phases of the breathing cycle, and needs knowledge of the current breathing phase. 
Tracking implies continuous delivery of the treatment while “tracking” the tumor’s path, and necessitates 
online imaging capability [129].

10.4.1 MOTION MANAGEMENT

10.4.1.1 BREATH HOLD AND GATING

A simple and effective method for reducing respiratory motion during therapy is the breath-hold technique, 
in which organ motion is reduced or nearly eliminated by stopping respiration. Breath hold may be voluntary 
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or involuntary, it may be held at exhale, inhale, or any other pulmonary volume, and it may be performed 
with and without either coaching or monitoring. The use of breath hold can benefit from a patient selection 
process that assesses both patient tolerance and compliance with instructions. It is expected that on average, 
a patient will tolerate breath-hold maneuvers of about 15 seconds, with intra-session reproducibility of about 
2.5 mm [130,131]. A comprehensive survey on the use of the breath hold technique in photon radiotherapy is 
found in the report of Keall et al. [132].

Respiratory gating reduces organ motion by limiting beam delivery based on respiratory state [133,134]. In 
its most common form, a patient breathes freely, and an automated monitoring system tracks the respiration. 
The treatment beam is enabled at exhale, which is the most stable respiratory state, and disabled at inhale. 
Respiratory gating is well tolerated, but treatment time is increased due to beam-on and beam-off cycles.

Both breath-hold and respiratory-gated treatments have been implemented in proton and ion therapy 
centers since at least the early 2000s [135]. When the target is in position for treatment, the respiratory moni-
toring device signals the accelerator to enable beam. In the case of a synchrotron, beam extraction can occur 
only during the flat-top part of the synchrotron’s magnet excitation cycle. If a variable cycle time is used, a 
proton spill can be held in the synchrotron ring until the patient respiration is ready, increasing treatment 
delivery [136]; see Figure 10.9.

For passively scattered protons, there is an additional consideration that the delivery of partial or incom-
plete SOBPs be avoided. A simple method to achieve this is to deliver a discrete number of complete SOBPs 
during each extraction [137], if the range modulation device operates with a sufficiently short period. For 
active scanning systems, the raster scan or spot scan pattern is stopped and then restarted at the appropriate 
location in the scanning pattern [138,139]. If available, a higher beam current can be used improve delivery 
efficiency.

A very sophisticated, combined implementation of the techniques described above has been performed 
at Chiba using scanned carbon ions, as described by Mori and colleagues [140]. They use amplitude-gated 
phase-controlled rescanning for moving lung and liver tumors preserving target coverage also under irregu-
lar respiratory conditions.

10.4.1.2 TRACKING

In contrast to gating systems, which halt the beam delivery when the target is out of position, beam tracking 
systems attempt to provide continuous directional control of the beam to aim it at a moving target. In pho-
ton therapy, tracking systems have been clinically implemented with robotic linac positioning, gimballed 
linac positioning, and for prostate, with dynamic multileaf collimator (MLC) motions [141–143]. Geometric 
accuracy of the tumor position is verified in real-time, usually using x-ray imaging, implanted transponders, 
or optical markers.

A tracking system for proton therapy must continuously control both the lateral position and the range of 
the beam. Tracking systems have not been proposed for passively scattered proton therapy, because real-time 
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Figure 10.9 Left: Respiratory gating in a synchrotron. (a) respiratory waveform; (b) gating threshold;  
(c) gate-on signal; (d) synchrotron bending magnets; (e) extracted beam. (From Minohara, S. et al., Int J 
Radiat Oncol Biol Phys, 47, 1097–1103, 2000. With permission). Right: Respiratory gating in a passively scat-
tered cyclotron (From Lu, H.M. et al., Med Phys, 34, 3273–3278, 2007. With permission.)
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control of position and energy presents a serious engineering challenge. Instead, beam tracking is consid-
ered feasible only for active scanning systems, where steering magnets can accurately adapt pre-programmed 
beam spot locations to account for lateral tumor motion [144]. Real-time control of the beam energy can be 
achieved through a motorized paired wedge system [145]. At GSI, adaptation of lateral positions was demon-
strated with a latency of about 1 ms and energy was adapted with a latency of about 25 ms [146]. Alternatively, 
energy can be adapted using a fast energy switching beamline. The beamline developed at PSI was demon-
strated to be capable of energy changes at speeds of up to 80 ms [147]. Zhang et al. have investigated tracking 
comprehensively, using an approach termed ‘re-tracking’, where rescanning is used in addition to mitigate 
the residual uncertainties and motion effects from tracking [129]. Tracking with particle beams has not yet 
been attempted in patients, though multiple groups are working on the clinical implementation of this chal-
lenging technique [148].

10.4.2 INTERPLAY EFFECT IN BEAM SCANNING

Besides blurring of the dose distribution due to motion at the edges of the tumor, active scanning proton ther-
apy can cause degradation of the dose distribution within the target. This interference between the dynamic 
pencil beam delivery and the motion of the tumor is called interplay effect. In intensity-modulated photon 
therapy the changing field is caused by movement of the multi-leaf collimator, while in intensity-modulated 
proton therapy the pencil beam spot is magnetically steered across the target. The interplay effect has been 
extensively studied for photon therapy [89,149–153]. These investigators concluded that the interplay effect is 
insignificant for fractionated photon techniques, where small effects are likely to wash out over the course of 
treatment. Subsequently, there have been many studies on interplay in proton therapy [122,154–162).

The interplay effect can potentially be more significant in proton therapy for three reasons. First, the 
motion of the beam spots is typically more regular in proton therapy where spots of equal size are moved 
along straight lines. Second, the time to change the energy to move to the next iso-energy layer might be 
on the same order as the breathing phase for some hardware settings. Third, the beam range varies with the 
water-equivalent thickness of the material in the beam path, which can change due to motion.

The interplay effect has typically very little impact on the mean dose to the target but will degrade dose 
homogeneity and can thus lead to underdosage (or overdosage) of parts of the target volume, which could 
negatively impact tumor control [8,163]; see Figure 10.10 for an example. The interplay effect is patient spe-
cific, depending on the motion amplitude, tumor location and the delivery parameters.

The necessary condition for the occurrence of the interplay effect is the discrete time structure of the 
dose delivery to the different voxels, i.e. it is an intra fraction effect that occurs for all active scanning proton 
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4D-CT including respiratory motion. The orange contour shows the position of the target at the end of exhala-
tion and the yellow contour the envelope of tumor motion over all breathing phases. The color bar is in percent 
of prescribed dose to the target. (C. Grassberger, unpublished data.)
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therapy treatments, no matter the extent of intensity-modulation within the field. Dowdell et al. [122] inves-
tigated how the extent of intensity-modulation impacts the dose degradation due to interplay and concluded 
that the differences are clinically significant only for patients with very large motion amplitudes, in which 
case mitigating procedures would be undertaken in any case.

The key messages concerning interplay in lung tumors are as follows:

 ● The effect is very patient specific; tumor motion amplitude is not a good predictor.
 ● Fractionation effectively mitigates the effect to a large extent; therefore, care has to be exercised espe-

cially for hypofractionated protocols.
 ● Spot size is the most important delivery parameter. Very small spot sizes may not be well suited for 

moving targets. But the spot size can easily be increased if needed.
 ● Steep in-field gradients in IMPT do not impact the effect significantly. Therefore, plan quality does not 

have to be sacrificed for fear of increased interplay. However, inter-fraction and inter-field setup uncer-
tainty affect highly modulated IMPT plans.

In the following sections, we will first discuss the patient specificity of the interplay effect, including the 
impact of fractionation, further how it is influenced by the technical machine parameters, and how it can be 
actively mitigated.

10.4.2.1 PATIENT SPECIFICITY

Lambert et al. [160] concluded that proton beam scanning should be applied only for targets with motion 
smaller than 10 mm. This seems too restrictive. In fact, the interplay effect depends on many delivery param-
eters such as the time to change the energy between layers, the scan time within an iso-energy layer, the 
scanning direction, the beam spot size, the beam spot spacing, the fractionation, and the initial treatment 
breathing phase. Furthermore, it depends on patient specific parameters such as the target size, tumor motion 
amplitude and frequency. General conclusions are difficult to draw.

Even though the interplay effect is caused by motion, it is hard to predict its exact magnitude based on 
the tumor motion amplitude. Grassberger et al. [161] used four-dimensional Monte Carlo dose calculation to 
study the interplay effect in 10 patients of varying motion amplitude and concluded that motion amplitude 
is not a reliable predictor of the TCP loss due to interplay, similar conclusions can be drawn from studies by 
Bert et al. [155].

All investigations into the interplay effect demonstrate the influence of the starting phase, i.e. in which 
breathing phase dose delivery starts [154–156,161]. This is of great importance, because it determines the effect 
of fractionation on the interplay effect. As dose delivery is usually started at a random moment in the breath-
ing cycle for every fraction, fractionation leads to a statistical averaging of the different dose distributions, and 
results in a significant mitigation of the interplay effect [94,161]. This is demonstrated in Figure 10.11, which 
shows the dose distributions for different starting phases, together with the average after a conventionally 
fractionated treatment for a patient with unusually large motion amplitude (> 30 mm).

10.4.2.2 TECHNICAL DELIVERY PARAMETERS

Grassberger et al. and Dowdell et al. have shown that even for patients with lung tumor motion up to  
20 mm, scanning is a feasible treatment option depending on the beam spot size [161,162]. Smaller spot 
sizes (σ≈3 mm) were more sensitive to motion, decreasing target dose homogeneity on average by a factor of  
~3 compared to larger spot sizes (σ≈12 mm). For an extreme case, assuming treatment of a tumor with 30-mm 
motion amplitude with very small spots the 2-year local control was reduced from 87.0% to 71.6% with con-
ventional fractionation. Many modern proton therapy facilities aim for very small spot sizes because it allows 
superior dose shaping. Caution should be taken if these small spots are used to treat lung tumors. Fortunately, 
a beam spot can always be artificially increased if there is a concern with respect to interplay effects.

The time to deliver the field has a considerable impact as well. Especially for shorter delivery times, the 
initial breathing phase can have a significant impact [162]. Daily variation in starting phase will decrease the 
dosimetric degradation that interplay causes. In general, longer delivery times led to lower interplay effects, 
due to averaging out of interplay effects. Obviously, a very short delivery time, far shorter than one breathing 
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period (<0.5s), would mitigate interplay almost entirely. Thus, the times in between these two extremes are 
most susceptible to interplay. Particularly, the time it takes to switch the energy from one layer to the next 
is critical because the time it takes to scan within one layer is typically very small compared to breathing 
motion.

While studies in rigid phantoms have shown that the interplay effect depends on the direction of spot 
scanning [104,144,155,160], it has been demonstrated that for patient scenarios, there is no significant dif-
ference in interplay when scanning either parallel or perpendicular to the predominant axis of motion [162]. 
Reducing the spacing between adjacent spots makes the plan less susceptible to interplay [155,162].

Dowdell et al. have investigated how the amount of intensity modulation within an IMPT treatment plan 
impacts the interplay effect [122]. They concluded that the differences in interplay due to differences in inten-
sity modulation between plans are small, outweighed by other factors such as starting phase, and only clini-
cally significant in patients with very large tumor motion (>20 mm), which would be actively mitigated in 
any case.

In general, it has been shown that the interplay effect typically has little dosimetric consequences for a 
30-fraction treatment and becomes significant only for small spot sizes, small number of fractions, and large 
tumor motion amplitude if no gating is being used, the latter being unlikely for such a scenario.

10.4.2.3 MITIGATION TECHNIQUES

Three main techniques exist to mitigate the interplay effect: rescanning (of different flavors), gating and 
tracking. In rescanning, the dose is delivered in n scans with 1/n of the original spot weight to mitigate the 
interplay effect through statistical averaging [104], in this sense it is identical to mitigation through fraction-
ation, as explained above. The main flavors of rescanning are volumetric, layered and breath-sampled. In 
volumetric rescanning, the whole volume is scanned at once and the rescans are applied continuously; i.e. the 
system starts the next scan as soon as the last scan has finished. In layered rescanning, each energy layer is 
rescanned continuously to the prescribed dose before moving to the next energy. In breath-sampled rescan-
ning, also termed phase-controlled rescanning, the volumetric rescans are not executed continuously, but 
evenly spaced in time over the breathing cycle [91,159,164].

It has been shown that all three techniques can mitigate the interplay effect appropriately. For rescan-
ning, it has been shown that around six repetitions are adequate and that layered rescanning is more robust 
and faster than volumetric rescanning, similar to what has been demonstrated in liver tumors [154,159,165]. 
The main differences between rescanning and gating is the dose to the surrounding normal tissue: gating 

Static1fx – offset T50

1fx – offset T0 1fx – offset T25 n fx
100
Gy

1fx – offset T75

(a) (b) (c)

(f )(e)(d)

Figure 10.11 Sagittal view of the dose distributions for a patient with 30 mm tumor motion amplitude. Clinical 
target volume (red, small contour) and internal clinical target volume (pink, large contour) contoured in end-
exhale phase. Panels (a) through (d) denote the 1-fraction cases for the 4 initial starting phases (T50: end-exhale, 
T0: peak-inhale), panel (e) the n-fraction (conventional fractionation), and panel (f) of the static case (simulated 
on static CT). (From Grassberger, C. et al., Int J Radiat Oncol Biol Phys, 86, 380–386, 2013. With permission.)
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significantly reduces the dose to normal lung compared to rescanning, at the expense of longer treatment 
time, while rescanning is better able to mitigate hotspots in normal tissue distal to the target [159].

10.5 OUTLOOK

From the clinical perspective, the current role of proton therapy depends on the lung cancer stage. For early-
stage lung cancer, proton therapy is in the process of establishing itself as an effective treatment option for 
tumors with clinically challenging location, larger size, and patients with limited pulmonary reserve or other 
severe comorbidities, combining good outcomes with minimal toxicity.

In locally advanced disease, the place of proton therapy in the spectrum of therapeutic options is 
still being actively defined. Outcomes in locally advanced lung cancer have improved from around 20% 
2-year-and-9-months’ median survival in the 1980s to over 50% 2-year and >24 months’ median survival 
today [43,166], reflecting more accurate staging, increased conformity of radiation fields and better sys-
temic therapy. The main question being answered in this and the next generation of clinical trials is the 
following: “Will proton therapy allow us to continue this trend and further increase local control and 
overall survival with reduced toxicity, or have we reached a plateau in the localized treatment of this 
aggressive disease, and completely new approaches (targeted agents, immunotherapy) are necessary?”

Currently, the dosimetric advantages of protons are opening new avenues in the practice of thoracic radia-
tion oncology. In the phase I study by Gomez et al. [69], the treatment time was shortened and the dose/frac-
tion was escalated, thus demonstrating how the physical advantages of protons widen the possible treatment 
options and enable us to ask new questions. Especially the optimal fraction size and treatment duration with 
and without concurrent chemotherapy is going to be investigated in exploratory proton therapy trials that 
simply could not be undertaken with photons due to inherent limits regarding normal tissue dose.

Other clinical questions in which proton therapy will be further investigated include its role in post- 
operative RT [75] and non-NSCLC thoracic malignancies [74]. Proton therapy is also used for other malig-
nancies located in the thoracic region, such as oligo metastases to the lung [167], mediastinal lymphoma [168], 
and other rare cases [169].

Technically, the treatment of moving targets with proton beams can be more challenging compared to 
photon treatments. Range uncertainties caused by motion as well as potential interplay effects need to be 
considered. An up-to-date resource on the current state-of-the-art in the treatment of moving tumors with 
protons is the report of the annual international 4D particle treatment planning workshop [148].
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Application of IGRT for lung stereotactic  
body radiotherapy

JULIANNE M. POLLARD-LARKIN, PETER BALTER, AND JOE Y. CHANG

11.1 INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide, with an estimated 1.8 million new cases and 
1.6 million deaths annually [1,2]. Several treatment options have emerged to treat it. One of the latest treat-
ment techniques is stereotactic body radiotherapy (SBRT), Also called stereotactic ablative radiotherapy 
(SABR), which can offer either improved outcomes or outcomes comparable to surgery [3]. The 5-year sur-
vival rate for medically inoperable stage I non-small-cell lung cancer (NSCLC) patients used to be 20%–30%, 
but with the use of SBRT, the 1–3-year overall survival rate ranges from 43% to 72% [4]. For operable stage I 
NSCLC, the 3 years’ overall survival is up to 95% [3].

Lung cancer presents unique technical challenges to radiotherapy, because the tumor and normal tissue 
may move significantly (>1 cm)[5–8] during the time it takes to image or treat. In addition, the organ itself 
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is generally more radiosensitive than the tumor. There also tends to be large differences in density between 
the various regions within the lung, making the development of a high-quality radiation therapy treatment 
plan difficult [9–13]. To overcome these challenges, modern radiation therapy for lung cancer, especially for 
SBRT, uses the combination of four-dimensional computer tomography (4D-CT) [8,14–16], IGRT [17–21] and 
intensity modulated radiotherapy (IMRT) [22,23], each of which is an important advancement in isolation 
but the best results come from the combination of all three [5,24]. The improvements in pre-and on-treatment 
imaging as well as improvements in planning algorithms have enabled a new use for SBRT or SABR.

11.2 IMAGE-GUIDED RADIOTHERAPY (IGRT) FOR SBRT

SBRT was possible prior to modern IGRT, but generally relied on an external frame or other coordinate sys-
tems [25–28], making this procedure time consuming and difficult. A critical component to the wide-scale 
implementation of SBRT was integration of high quality imaging with the treatment machine which offers 
direct setup to the tumor or a near-by fiducial based on kVp projection imaging or in-room volumetric imag-
ing often referred to as image-guided radiation therapy (IGRT) [29]. IGRT provides the following:

1. Reduction of treatment field margins
2. Practical implementation of sharp dose gradients associated with SBRT
3. Practical implementation of reduced setup margins associated with SBRT [21]

The most common system for IGRT is a kVP imaging system, mounted on the gantry of a megavoltage 
 linear accelerator (Figure 11.1) at a 90 degree offset from the treatment beam. These systems can be used to 
take individual kVp x-rays for setup based on bony anatomy or radio-opaque fiducials [30]. They can  operate 
in fluoro-mode to watch physiological motion in real time. They also can acquire fluoro images while the gan-
try is rotating and use these to construct a CT scan [31]. In addition to the gantry mounted systems, at least 
two vendors have room-mounted systems [32,33], these systems use oblique orthogonal projection x-ray-
based systems and cannot provide volumetric data but can monitor the patient in-real time during treatment. 
The choice of IGRT modality for SBRT depends on several factors including the radio-opacity of the lesion 
or its setup surrogate, the need to avoid nearby critical structures, the need to image with respect to time and 
respiration and, perhaps most importantly, the availability of equipment in the department.

In general, volumetric imaging, will give the most information about the target and the surrounding 
near-by structures and this is available as cone beam CT (CBCT) in most modern radiotherapy departments. 
CBCTs are acquired with a cone-shaped beam compared to the fan shaped beam in a traditional CT. CBCT 
have several limitations over traditional CT [17–18,34–36]. The biggest limitation comes from the gantry rota-
tional speed, 1 min, which represents 10–20 respiratory cycles. This does give a time averaged image which 
is useful for setting up on the mean tumor position. However, the blurring associated with this process can 
make low contrast lesions or small lesions with large motions difficult or impossible to visualize. Another 
weakness of CBCT is that, unlike traditional CT, there is a significant amount of scatter in the field, this 
combined with the cone beam geometry, results in a lower overall image quality than traditional CT [37,38]. 
The last issue with CBCT is that the tube and detectors used in this system are not as well regulated as those 
in traditional CT so that the uncertainty in Hounsfield unit (HU) values is an order of magnitude greater. 
Even with these limitations, CBCT quality is sufficient to directly setup the patient using a soft tissue target of 
sufficient contrast. CBCT can also be combined with respiratory management, such as breath-hold and thus 
can be used for setup during these procedures and lower motion artifacts. One manufacturer has an option 
for reconstructing the CBCT as a 4DCT series allowing setup to moving targets [39].

IGRT paved the way for more aggressive radiation treatment regimens while reducing the complication 
rate. Examples of improved outcomes with the use of IGRT include prostate, head and neck, rectal, lung, vagi-
nal and liver cancer [17,40–47]. IGRT in prostate cancer treatment has been used to reduce rectal and bladder 
complications, yet has improved biochemical control [41]. In head and neck cancer treatment, IGRT has been 
used to spare the parotid glands, decrease the incidence of xerostomia and thereby improves the quality of life 
for patients [21]. Another method of sparing normal tissue structures involves using patient daily imaging to 
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monitor tumor or anatomy changes and using this information to re-optimize the plan through a technique 
known as adaptive radiotherapy [15,40,48,49]

IGRT has helped to improve the precision of treatments, and simultaneously initiated a new interest 
in  previously controversial fractionation schemes. Standard classical dose fractionation schemes involve 
1.8–2  Gy per fraction for 30 or more total fractions over 5 or more weeks. Long treatment times for the 
patients and machines caused researchers in the 1960s to consider hypofractionation for breast cancer 
 treatment, however, the results of these studies showed pronounced unfavorable outcomes due to normal 
 tissue complications in the 3-day-a-week treatment compared to the standard 5-day-a-week regimen [50]. 

Figure 11.1 Varian TrueBeam™ linear accelerator with on-board kV imaging.
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The higher dose per fraction, shorter treatment regimens were more problematic due to reduced time allowed 
for normal tissue sub-lethal repair to occur between fractions. Modern radiotherapy techniques allow us to 
create highly conformal dose distributions minimizing normal tissue doses and toxicity while IGRT allows us 
to still have confidence of our ability to cover the target with these tight dose distributions.

11.3 IMRT FOR SBRT

IMRT provides:

1. Improved normal tissue sparing compared to 3D conformal techniques
2. Heterogeneous dose distributions with rapid dose fall-off
3. The ability to dose escalate

Until the 1980s, radiation treatment planning was rudimentary and involved gross fields being drawn on 
planar x-ray films [51,52]. When computed tomography (CT) and multi-leaf collimators were introduced to 
radiotherapy, finally, radiation oncologists could fine tune field shapes with more detail that matched the tar-
get volume of interest, which was referred to as three-dimensional conformal radiotherapy (3D-CRT) [22,53]. 
While 3D-CRT methods were still being developed, the concepts of IMRT were being proposed [54]. IMRT is an 
improved version of 3DCRT that allows the planner to modify the intensity of each radiation beam in complex 
ways that provide the highest dose to the target of interest while sparing normal tissues [22]. The dose confor-
mality provided by IMRT, paved the way for the next paradigm shift in radiation treatment regimens. With 
better dose fall-off available, radiation therapy was prepared to, once again, attempt to measure the feasibility 
of hypofractionation.

The appeal of hypofractionation is the reduced time for tumor cells to repopulate which increases the 
likelihood of tumor control probability [50,55,56]. Also, shortened overall treatment times facilitate less time 
on the machine, and a shortened stay at the treatment facility for patients.

11.4 SBRT

There are six essential characteristics of an SBRT:

1. Secure immobilization of patient (Figure 11.2)
2. Accurate repositioning of patient throughout process from simulation through treatment delivery
3. Minimized dose to normal critical structures by using multiple, non-opposing fields or arcs
4. Rigorously account for tumor motion at the time of simulation, planning and treatment
5. Stereotactically register the tumor targets and normal tissue avoidance structures to treatment machine
6. Deliver an ablative dose fractionation to the patient with sub-centimeter accuracy [57]

SBRT, or synonymously, SABR, utilizes all the principles of hypo-fractionation. SBRT delivers a high 
radiation dose capable of ablating the tumor in fewer than 5 fractions [58]. This fractionation scheme is also 
known as oligofractionation, using very few fractions, but delivering much higher doses per fraction [59]. 
Due to the previous history of late effects post hypo-fractionated treatments, early SBRT researchers used 
“dose-finding” studies to evaluate total dose, number of fractions, tumor target size, histology, and dose per 
fraction would limit toxicity while ensuring tumor control [59]. Several international phase I studies have 
shown SBRT’s effectiveness in tumor control with limited toxicity in stage 1 patients and helped to identify 
dose and fractionation schemes to follow [60–62]. The tumor control rates in these early studies with SBRT 
were 80%–90%, almost two fold the control seen with conventional radiotherapy [63]. Recent studies indicate 
that SBRT might be comparable to surgery in specific settings [3,64,65]

Conventionally, fractionated radiotherapy gave 60–66 Gy in 1.8–2 Gy fractions with relatively poor 5-year 
local control, ranging from 30% to 50% and overall survival rates of 10%–30% in early stage inoperable patients 
[66]. These conventional radiotherapy regimens were based upon the “Four Rs” of radiation biology: normal 
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tissue repair of sub-lethal damage, repopulation, re-oxygenation and reassortment of cells in the cell cycle. This 
helps to give normal tissues a chance to rebound between radiotherapy fractions; however, this unfortunately also 
gives rebound times for the tumor. Protracted radiotherapy can offer surviving tumor cells time to repopulate and 
spread. SBRT reduces the overall treatment time and minimizes the chance for tumors to regrow during treatment. 
In addition, high radiation could damage cancer cells and release tumor associated antigen and danger signals that 
could function as a tumor specific vaccine in situ. In addition, high dose radiation can cause the damage of epithe-
lial cell of small blood vessel in tumor bed and make it more accessible to immune cytotoxic T cells. However, the 
high doses delivered in SBRT’s must be carefully chosen to spare normal tissues from harm.

In radiation biology, the biologically effective dose (BED) is a means to compare different fractionation 
regimens to assess their effect on tumor and normal tissues. The BED is calculated using the formula

 BED n d[1 d/( / )]= × + α β

where n is the number of fractions, d is the dose per fraction, the α/β ratio is the dose where cell kill-
ing from linear and quadratic components of the linear quadratic cell survival curve equation are equal. 
Typically, the α/β ratio is 10 Gy for acute effects and 3 Gy for late effects. [66]. After researchers have used 
varying high dose regimens with a wide array of BEDs, early stage patients who had been treated by SBRT 
with BEDs> 100 Gy performed better in a large Japanese multi-institutional study [66–68]. The overall sur-
vival rate of patients in the study who received BEDs ≥ 100 Gy had 5-year overall survival rate of 88.4% com-
pared to 69.4% for patients with BEDs < 100 Gy [66].

11.4.1 SBRT PATIENT SELECTION CRITERIA

Early-stage NSCLC is typically treated with surgical resection and mediastinal lymph node dissection if the 
patient is medically operable, while inoperable patients and patients who refuse surgery are considered for 
stereotactic body radiation therapy. There is a growing body of retrospective evidence and population-based 

Figure 11.2 Example of SBRT immobilization at MD Anderson Cancer Center for a lung SBRT patient.
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studies that suggest that local control, regional control, distant metastases, and overall survival can be com-
parable in matched cohort analyses for SBRT and surgery. A recently published pooled analysis from two 
independent randomized Phase III trials, StereoTActic Radiotherapy vs Surgery (STARS) and Radiosurgery 
or Surgery for Operable Early Stage non-small cell Lung cancer (ROSEL) of SBRT vs surgery in patients with 
operable Stage I NSCLC showed at least comparable outcomes between the two modalities [3]. However, only 
58 patients were enrolled and evaluated in this pooled analysis, and additional randomized studies compar-
ing these two modalities in operable patients will be warranted.

Although the selection criteria for SBRT patients are expanding to potentially include surgical candidates, 
there are instances that contra-indicate the use of SBRT. A lung lesion is considered centrally located if it is 
within 2 cm in each direction of the proximal bronchial tree (carina, right and left bronchi, bronchial tree to 
the second bifurcation, may include the esophagus, heart, brachial plexus, major vessels, spinal cord, phrenic 
nerve, recurrent laryngeal nerve and or adjacent to mediastinal or pericardial pleura [69]. Centrally located 
lesions have shown higher toxicity rates from SBRT than peripheral lesions [64] when using a 3- fraction dose 
regime. However, other studies have shown these lesions can be treated safely and effectively with alternative 
dose regimes. Two-year freedom from severe toxicity rates were only 54% for patients with centrally located 
tumors compared to 84% in peripheral tumors for a phase II study of 60–66 Gy in 3 fractions [64]. The main 
toxicities for patients with centrally located lesions treated were pleural effusion, pneumonia and worsening 
shortness of breath, fatal hemoptysis and fistula. The most common toxicities for SBRT treatments tended to 
be radiation pneumonitis, while rib fractures and chest wall pain can occur in patients with lesions close to 
their chest wall [64].

11.4.2 DOSE-VOLUME CONSTRAINTS

To avoid acute and chronic toxicity, it is very important to keep the dose volume of normal critical structures 
to a minimum. Most dose volume constraints have been developed based on experience with conventional 
fractionation regimens and RBE calculation. As we have developed experience with SBRT we could refine 
these, based on clinical experience with 4 fraction treatment regiments [70–73] for both 50 Gy in 10 fractions 
and 70 Gy in 10 fractions (Table 11.1)

If the potential SBRT patient has had previous radiation therapy treatment, then the attending radiation 
oncologist needs to evaluate the previous treatment plan, especially the dose delivered to critical structures, 
and make a clinical judgment based on BED, previous radiation therapy, and current SBRT doses using the 
above dose-volume constraints as a guide. A composite plan with the previous and current doses of radiation 
therapy is helpful when assessing the safety and quality of the current treatment plan.

Table 11.1 M. D. Anderson Cancer Center early-stage NSCLC with 50 Gy in 4 fractions prescribed to the PTV 
dose constraints

Total lung

Mean lung dose ≤ 6 Gy; V5 ≤ 30%; V10 ≤ 17%;  

V20 ≤ 12%; V30 ≤ 7%

Ipsilateral lung Mean lung dose ≤ 10 Gy; V10 ≤ 35%; V20 ≤ 25%; V30 ≤ 15%

Esophagus Dmax ≤ 35 Gy; V30 ≤ 1 cm3

Trachea V35 ≤ 1 cm3

Bronchial tree Dmax ≤ 38 Gy; V35 ≤ 1 cm3

Heart Dmax ≤ 45 Gy; V40 ≤ 1 cm3; V20 ≤ 5 cm3

Brachial plexus Dmax ≤ 35 Gy; V30 ≤ 0.2 cm3

Hilar major vessels V40 ≤ 1 cm3

Spinal cord Dmax < 25 Gy; V20 < 1 cm3

Chest wall V30 < 30 cm3

Skin V30 < 50 cm3

Source:  Li, Q. et al., Radiother Oncol., 112, 2, 256–61, 2014; Welsh, J. et al., Int J Radiat Oncol Biol Phys., 81, 1, 91–6, 2011; 
Evans, J.D. et al., Radiother Oncol., 109, 1, 82–8, 2013; Chang, J. et al., J Thorac Oncol., 10, 4, 577–585, 2015.
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11.4.3 SBRT PROGRAM REQUIREMENTS

11.4.3.1 PERSONNEL

11.4.3.1.1 Radiation oncologist

The radiation oncologist for SBRT should be certified in Radiation Oncology or Therapeutic Radiology by 
the American Board of Radiology or similar certifying body with proof of adequate physician training with 
specialty training in the delivery of SBRT. Also, it is recommended that the radiation oncologist have suc-
cessfully completed an Accreditation Council for Graduate Medical Education (ACGME) approved residency 
program or similar approved residency program [74] (Table 11.2).

11.4.3.1.2 Qualified medical physicist

The qualified medical physicist for an SBRT program should be certified by the American Board of Radiology 
or a similar certifying body in a related subfield such as Therapeutic Radiological Physics or Radiological 
Physics and satisfy all state licensing criteria. The qualified medical physicist should also meet the ACR guide-
lines for Continuing Medical Education (CME). The qualified medical physicist is responsible each technical 
aspect of SBRT from imaging, treatment planning, dose delivery and quality assurance testing for the equip-
ment and process.

Table 11.2 Roles of Personnel in SBRT Program Per American Society for Therapeutic Radiology and Oncology 
(ASTRO) and American College of Radiology (ACR) Practice Guideline for the Performance of Stereotactic Body 
Radiation Therapy

Personnel Responsibility

Radiation 

Oncologist

Manage the overall-disease specific treatment regimen including post-treatment follow-up 

and receiving informed consent from patient regarding treatment.

Determine and recommend proper patient positioning for simulation and treatment.

Determine and recommend procedures to account for tumor volume motion.

Supervise the patient’s simulation to ensure proper imaging modalities are being used.

Contour all necessary anatomy for radiation treatment plan.

Prescribe the case-specific radiation dose, set limits for normal structures, participate in the 

treatment planning optimization process and approve the final treatment plan in 

collaboration with a medical physicist.

Directly supervise and attend the actual treatment process.

Medical 

Physicist

Performing acceptance testing and commissioning of the SBRT system to ensure geometric 

and dosimetric accuracy.

Implement and manage a quality control program to monitor the precision and accuracy of 

the entire SBRT system from the image guidance system to beam delivery.

Directly supervise and check the treatment planning process.

Establish a procedure or quality control checklist for the entire treatment process

Communicate with the radiation oncologist to optimize treatment plan.

Check the treatment plan approved by the radiation oncologist. Identify and correct any 

errors. Evaluate the appropriateness of the plan with respect to beam parameters and 

normal tissue constraints.

Ensure that the treatment accurately fulfils the prescription approved by the radiation 

oncologist.

Radiation 

Therapist

Prepare the treatment room for the SBRT procedure.

Assist the SBRT treatment team with patient positioning and immobilization.

Operate the treatment unit after both the radiation oncologist and qualified medical 

physicist have given their approval for the clinical and technical aspects for beam delivery.
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11.4.3.1.3 Radiation therapist

The radiation therapist for an SBRT program should fulfill all state licensing criteria as well as being certified 
by the American Registry of Radiologic Technologists (ARRT) in radiation therapy.

11.4.3.2 EQUIPMENT

Per the American Association of Physicists in Medicine (AAPM) Task Group 101 on SBRT, the current linear 
accelerators with image guidance capabilities should be adequate to perform SBRT [75] (Tables 11.2 and 11.3). 
The only difference in tolerance for SBRT linac requirements are covered in AAPM’s Task Group 142 which 
specifies the following tolerances for SRS/SBRT linacs daily [76] (Table 11.4).

11.4.3.3 QUALITY ASSURANCE

As mentioned earlier, the qualified medical physicist is responsible for performing all quality assurance test-
ing for the entire SBRT system. The acceptance testing, commissioning and routine quality assurance testing 
of all equipment, the record and verify system, the treatment planning software, the treatment plan, the train-
ing of the SBRT staff, and all other components of the SBRT program are the responsibility of the qualified 
medical physicist.

AAPM’s Task Group 101 on SBRT suggests in full detail what needs to be covered by the qualified medi-
cal physicist’s quality assurance program (Table 11.3). Namely, the physicist should ensure that their quality 
assurance program for their SBRT practice includes exhaustive testing of all components of the SBRT system, 
both individually and in conjunction with the other components. The tests should cover everything from the 
robustness of the simulation imaging dataset acquisition and subsequent transfer to the treatment planning 
software, to the dose calculation algorithms, MU calculation algorithms, secondary calculations, delivery 
precision and accuracy of small fields/MUs, patient immobilization devices, motion tracking, gating, and so 
forth. The AAPM and other organizations have published several task groups and reports that outline sugges-
tions for commissioning and quality assurance for devices used in SBRT programs that should be consulted 
by the qualified medical physicist [35,74,76–83].

One of the most crucial aspects of SBRT treatment delivery that needs to be verified is the coincidence 
of the radiation, mechanical and imaging iso-centers [35,84]. This includes couch rotation and laser align-
ment which all should agree with the radiation iso-center. Several tests exist to help confirm this, such 

Table 11.3 From AAPM Task Group 101, Comparison of 3D/IMRT and SBRT

Characteristic 3D/IMRT SBRT

Dose/fraction 1.8–3 Gy 6–30 Gy

# of fractions 10–30 1–5

Target Definition CTV/PTV (gross disease) GTV/CTV/ITV/PTV (well-defined tumors, 

GTV=CTV)

Margin cm mm

Physics/Dosimetry monitoring indirect direct

Required Setup Accuracy AAPM TG40 AAPM TG142

Primary Imaging modalities CT CT/MR/PET-CT

For treatment planning

Maintenance of spatial accuracy 

Moderately enforced for entire 

treatment

Strictly enforced (rigid immobilization of 

patient)

Need for Respiratory management Moderate Highest

Staff training Highest Highest+special SBRT training

Technology implementation Highest Highest

Radiobiological Understanding Moderately understood Poorly understood

Interaction with systemic therapies Yes Yes



11.4 SBRT 219

as the Winston-Lutz test [85]. Other tests which may also help with end-to-end testing for localization 
accuracy, intrafraction targeting variability and positioning accuracy include stereo x-ray/DRR fusion, 
hidden target test with implanted fiducials in a phantom and portal image compared to cone beam CT 
image iso-center coincidence test [84–92]. It is highly recommended that an end-to-end test be performed 
before treating the first patient in a new SBRT program including any motion management used by the 
institution.

11.4.4 SIMULATION FOR SBRT
The radiation therapy treatment delivery process first begins with the patient simulation. The simulation is 
required to visualize the patient anatomy, and provide the treatment planning software with the necessary 
information for dose calculation and localization. The patient’s simulation dataset is usually derived from a 
computed tomography scan performed in the treatment position with all necessary immobilization equip-
ment in place. A well-conducted simulation will include the radiation oncologist, the qualified medical physi-
cist and the therapist staff to ensure all information regarding the patient’s specific medical history, SBRT 
target, normal structures and optimal treatment delivery technique is communicated effectively to all parties 
involved in the SBRT treatment. After the simulation, it is recommended to document all notes regarding the 
imaging and patient setup information in the patient’s chart.

Target delineation for lung tumors is complicated due to the respiration-induced motion or interfrac-
tional tumor motion as this can lead to increased geometric uncertainty during radiation treatment. To safely 
and effectively treat tumors that move with respiration, a method must be developed to create treatment plans 
that are robust with respect to these motions. The most important step in doing so, is to build a target volume 
that that considers the changes in target position over the course of radiotherapy [93]. ICRU 62 established 
a framework for working with the uncertainness associated with target and normal tissue motion and defor-
mation, the internal margin (IM), and with daily setup uncertainties, the setup margin (SM) [94,95]. This 
document, however, did not establish how to determine these margins or how best to design a treatment plan 
taking these margins into account. The most common method of incorporating these margins is to cover the 
entire envelope of motion of the clinical target volume (CTV) with the full prescription dose. Since this pub-
lication, several groups have investigated more complicated ways of ensuring good target coverage without 
expanding the margins to cover the entire range of respiratory motion [96–99], but this work is beyond the 
scope of this chapter.

11.4.5 4D-CT AND FREE-BREATHING GATED SIMULATION

The simulation approach most widely used for SBRT lung tumors is 4D-CT where the 4th dimension is respi-
ratory phase. In 4D-CT a series of three-dimensional (3D) CT datasets are created each of which represents 
the patient’s anatomy during a different breathing phase [8,24,100–104]. There are two methods currently 
commercially available to create a 4D-CT dataset, one is based on a slow helical acquisition and the other is 

Table 11.4 AAPM’s Task Group 142 which specifies the following tolerances for SRS/SBRT Linacs daily

Tolerance Procedure

3% Dosimetry, x-ray, and electron output constancy

1 mm Laser localization and collimator size indicator

Functional Machine safety features (door interlock, audiovisual monitors, etc)

AAPM’s Task Group 142 specifies the following tolerances monthly for SBRT linacs:

Tolerance Procedure

2% Dosimetry, x-ray, and electron output constancy (@stereo dose rate,MU)

1 mm/0.5° Mechanicals (Laser localization, light/radiation coincidence, etc.)

Functional Machine safety features (door interlock, audiovisual monitors, etc.)
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based on continuous axial sampling, cine mode. In either mode, the respiratory phase is determined by some 
type of respiratory monitor that uses the patient’s external anatomy to estimate the respiratory phase. The 
two most common devices include, a reflective marker block that is placed on the patient’s abdomen and is 
tracked by a computer [105–107], and the other measures the expansion of the abdomen using a belt [108–
113]. Newer systems that determine breathing phase based on internal anatomy are becoming commercially 
available now (General Electric’s “Smart Deviceless 4D”) [114]. 4D-CT is commercially available for all major 
CT vendors. The choice of which system should be used is dependent on the individual institution’s needs and 
resources as all system have benefits and drawbacks

The 4D-CT scan can be used for treatment planning of patients who will be treated with phase-based gat-
ing or with no gating using an internal target volume (ITV) approach. In phase-based gating the respiratory 
phase of the patient is monitored during treatment, and the treatment beam is only enabled during a restricted 
number of phases, generally those around end-exhale. If the patient will be treated with phase-based gating, 
the plan can be generated on a restricted set of the images from the 4D-CT that correspond to the phases 
that will be enabled for beam-on at the time of treatment. Several gating devices are available such as Varian’s 
Real-time Position Management (RPM) system that was introduced in the early 2000s and Siemens’ AZ-733C 
Anzai belt that measures respiratory signal with a strain gauge [2]. For an ITV approach all phases of the 
4D-CT are used to create the target volume and no respiratory monitor is used during treatment.

If 4D-CT is not available, another approach to estimate the tumor position through the respiratory cycle is 
to use breath-hold scans at normal inhalation and exhalation [115–118]. To use these datasets, we assume that 
the union of the target volumes at full inhale and full exhale would give the complete trajectory of the tumor 
motion. For the patient to hold their breath at normal inhalation or exhalation, some form of feedback was 
required to help them get to the correct level and to hold their breath at that level throughout the scan. Even 
with this feedback, these techniques tended to overestimate tumor motion as the anatomy moves differently 
during normal breathing during breath-hold. If the patient was not given feedback, the breath-hold levels, as 
measured by tumor position, lung volume, or external fiducials, were often far more than the same parame-
ters as measured during normal breathing [119]. However, these breath-hold methods are useful when 4D-CT 
is not available and can be quickly implemented on nearly any CT scanner with low cost equipment [120].

11.4.6 BH SIMULATION AND TREATMENT

An alternative approach to the management of respiratory motion is to image and treat under breath-hold. 
Breath-holds can be performed at inhale or exhale and can be voluntary as in the case of Varian’s RPM device 
or forced as in the case of Elekta’s “active-breathing control” (ABC) device [2,121]. Forced shallow breathing 
by way of abdominal compression, has also been investigated to minimize uncertainty in tumor position 
[122]. All systems for breath-hold require some type of feedback to the operator and/or patient on the level of 
the breath-hold maintained based on a surrogate. Furthermore, the reliability of the surrogate to predict the 
position of the tumor must also be determined on a patient-by-patient basis. When treating with breath-hold, 
it is also important to note that the patient’s anatomy during breath-hold is not entirely representative of any 
of the phases of the 4D-CT.

The choice to treat with inhale or exhale should be made based on the changes in the tumor position and 
the normal anatomy. Typically, deep-inspiration breath-hold (DIBH) is chosen for breath-hold simulation 
and treatments in lung cases since it increases the distance between target and critical structures [2].

11.4.7 IMMOBILIZATION AND PATIENT POSITIONING

Patient positioning during the SBRT simulation and treatment delivery is critical to maintaining the tight 
margins associated with SBRT. It is important to reproduce the patient’s positioning at the time of simula-
tion during treatment. It is more important to maintain the relationship between the couch and the GTV 
throughout each fraction. This relationship is maintained by good immobilization that is indexed to the 
couch. This immobilization must be snug to the patient and rigid. The device should help to maintain body 
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and arm position and be long enough to keep the abdomen aligned with the chest. The patient should have 
skin marks applied or have other anatomical landmarks that enable them to be reproducibility placed in the 
immobilization device each day.

At our institution, it is routine to utilize patient skin marks for aligning the patient in the craniocaudal 
axis to the immobilization device as well as use separate marks for determining the patient’s rotation within 
the device. This should get the patient’s position close enough to the final position as determined by in-room 
CT such that the magnitude of these shifts can be used as an effective QA on the position and should generally 
be less than 5 mm. In addition, if all the rules of good immobilization are followed on each day, the consis-
tency of the couch coordinates can be used as a good QA metric.

The final treatment position decided upon for the patient should be comfortable enough for the patient to 
stay in place properly for the expected length of the treatment and simulation. Several SBRT immobilization 
products are available for use such as body aquaplast molds, vacuum molds, thermoplastic masks, immobili-
zation cushions, compression devices, and others (Figure 11.2) [66,74,80,123–127].

11.4.8 TREATMENT PLANNING FOR SBRT
In SBRT planning, the goal is to give a very high dose per fraction to the GTV with the maximum possible 
falloff to spare nearby critical structures [75]. This is generally accomplished by prescribing to a low iso-dose 
line to the planning target volume (PTV) (i.e. 80%) which simultaneously increases the dose to the GTV while 
better sparing nearby critical structures (Figure 11.3). This was intrinsic to 3D conformal radiotherapy, but 
with IMRT, this may not be necessary. However, some studies have indicated that hotspots within the central 
region of the target may be desirable, since radio resistant hypoxic tumor cells are thought to be in the inte-
rior of the tumor where the hot spots are generally located [75,128]. Recently, we analyzed our 1040 patients 
with stage I NSCLC treated with SBRT using 50 Gy in 4 fractions and 70 Gy in 10 fractions. We found that 
both PTVD95BED10 >85 Gy and PTVmeanBED10>130 Gy should be considered for optimal local control 
(Zhao et al., RED J 2016, in press). We recommend the minimum biologically effective dose (BED10) to 95% 
of planning target volume (PTVD95BED10) > 86 Gy (corresponding to PTV D95 physical dose of 42 Gy in 
4 fractions or 55 Gy in 10 fractions) and PTVmean BED10 >130 Gy for PTVmean BED10 (corresponding to 
PTVmean physical dose of 55 Gy in 4 fractions or 75 Gy in 10 fractions). For our current practice, we inten-
tionally create boosts to the GTV to increase mean GTV dose, while still sparing nearby critical structures as 
shown in Figures 11.3 and 11.4.

Treatment planning for lung tumors is made more difficult due to the presence of low-density lung tissue 
surrounding the lung tumors. In the case of lung SBRT fields, there is a loss of charged particle equilibrium 
that occurs when the lateral range of the incident electrons is on the order of size of the smaller field sizes 
and/or when there is not enough tissue around the target to establish electronic equilibrium [15]. This effect 
is worsened with higher energy beams due to the increased secondary electron ranges. Due to these issues, 
RTOG 0236 limits the use of field sizes less the 3.5 cm and energies above 10 MV [15,82,129,130]. Many groups 
have shown inaccuracies of dose calculations with pencil beam algorithms and AAPM Task Group 101 and 
others recommend that they not be used for Lung SBRT. Convolution superposition, Monte Carlo, and more 
recently, analytic algorithms have been validated for lung SBRT [11,131–135].

Treatment planning should be done with many beams (IMRT or 3D-CRT) or with sufficient arc angles 
(Conformal-Arc or Volumetric Arc Therapy (VMAT)) to ensure there is a sharp fall of outside of the target 
area and that skin dose is kept below constraints (Figures 11.3 and 11.4). RTOG 0813 recommends seven or 
more non-coplanar, non-opposing static beams should be used for static gantry delivery or 340 degrees for 
all arcs when using moving gantry delivery [136]. We have found that good plans can be developed using 
only co-planar beams which reduces the total volume of the lung in the treated volume as well as simplifies 
delivery. We have found that when using VMAT techniques, good plans can be achieved with arcs covering 
200º of arc angle. In both IMRT and VMAT, we try to avoid beams that enter through the contralateral lung. 
This is consistent with our planning practice for non-SBRT cases and helps to avoid collisions at the time of 
treatment for lateral tumors.
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When forward planning is used, the field aperture size and shape should be like the PTV’s projection 
along the beam’s-eye view. The 60%–90% prescription iso-dose lines should cover the PTV and hotspots 
should only be allowed in the target or GTV. We have found that placing the block edges at the edge of the 
PTV in the lateral and AP projections and a few mm greater than the PTV in the cranial-caudal directions 
gives good fall-off outside the PTV. When using inverse planning, constraints and false-structures should 
be used to achieve sharp falloff outside the PTV. Dose homogeneity constraints should not be used inside of 
the PTV.

11.4.9 DELIVERY SYSTEMS AND TECHNIQUES FOR SBRT
Several treatment systems are available to perform SBRT including traditional linear accelerators (Linacs), 
proton accelerators and dedicated SBRT machines such as CyberKnife® and ViewRay®. In addition, on 
the Linacs, SBRT can be delivered with 3D-conformal, IMRT, or VMAT techniques. Protons may be 
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Figure 11.3 Transverse views of two SBRT VMAT plans are shown. Both plans were prescribed to 50 Gy in 
4 fractions, but the plan without a boost was prescribed to 92% of maximum dose, while the boost plan was 
prescribed to 83% maximum dose. The yellow contour shown in the transverse views indicates the 55 Gy boost 
to the GTV in the boost plan. The DVH shows the coverage for the boost plan in solid lines and the coverage 
for the no boost plan is shown in dashed lines. Please note the increase in GTV mean dose from 51.7 Gy in the 
no boost plan to 58.7 Gy in the boost plan. Also, the PTV95BED10 > 85 Gy for both plans. The PTV mean physi-
cal dose > 55 Gy and the PTVmeanBED10 > 130 Gy in the boost plan.



11.4 SBRT 223

produced as scattered or scanned beams. Each delivery system and technique has their advantages and 
disadvantages.

When using conventional Linacs to deliver SBRT treatments, there are several treatment options available 
for the SBRT treatment planner to use, such as standard 3D-conformal technique, IMRT, and volumetric arc 
therapy (VMAT).

Traditionally, 3D-CRT for SBRT would use 7–10 beams with couch kicks (i.e. non-coplanar beams) 
when needed to provide better tumor coverage, and dose fall-off with tight margins to spare nearby normal 
structures. 3D-CRT requires forward planning expertise since beam angles must be selected to produce the 
desired conformal target coverage while minimizing dose to critical structures. This forward planning pro-
cess is manual and labor-intensive as beam weights, angles and MLC positions must be adjusted directly by 
the treatment planner.

In the case of IMRT or VMAT, inverse planning is employed. IMRT uses several beams collimated to 
the target with varying intensities all designed to target the tumor volume while sparing normal structures 
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Figure 11.4 Transverse views of two SBRT 3DXRT plans are shown. Both plans were prescribed to 50 Gy in 
4 fractions, but the first plan was prescribed to 90% of maximum dose, while the other plan was prescribed to 
a lower iso-dose line, 80% maximum dose. The red contour shown in the transverse views shows how the GTV 
is covered by the 60 Gy iso-dose line when the plan is prescribed to 80% maximum dose vs 90%. The DVH 
shows the difference in coverage for the lower iso-dose line prescribed plan in solid lines and the coverage 
for the higher iso-dose line prescribed plan is shown in dashed lines. Please note the PTV95BED10 > 85 Gy for 
both plans. The PTV mean physical dose was 55 Gy and the PTVmeanBED10 was 126 Gy for the 3DXRT lower 
prescribed iso-dose line plan.
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[23]. The treatment planner creates optimization objectives, increase the weight on the objectives for target 
coverage and avoidance structures, avoid uniform dose objectives for target and use false treatment planning 
structures to create the desired steep dose fall-off. In addition to the benefits of IMRT, over 3D-conformal 
radiotherapy includes that IMRT plans may be easier to create than 3DCRT plans especially with modern 
automated optimization tools [137,138]. IMRT can also provide lower doses to nearby critical organs given 
its ability to modulate dose. However, IMRT may require more MUs or longer treatment times and there 
is the potential for interplay effect to occur if motion management is not used and the motion between the 
target and the MLCs is not synchronized [139] but this is small if the plan is generated with reasonable 
modulation [140].

VMAT is comparable to the delivery of several IMRT fields, but the treatment is delivered in arcs. VMAT 
can deliver treatment in a reduced amount of time, with increased high-dose conformality, when compared 
with IMRT. However, VMAT can create a larger volume of low dose in the surrounding tissues given the 
larger number of incident beam angles [136,139,141–143].

Proton therapy is another option for treating lung SBRT. The primary advantage of proton therapy is its 
characteristic Bragg Peak, which causes the proton beam to deliver most of its energy at the end of its finite 
range [144]. There are two main ways to deliver proton therapy: passive scattering or intensity modulated 
proton therapy (IMPT). Passive scattering proton therapy uses 3D-conformal proton treatment planning 
with compensators to form conformal dose distributions and an aperture to define the field shape [144]. Like 
IMRT for photons, IMPT uses scanning beam therapy to simultaneously optimize and adjust the intensi-
ties and energies of the pencil beams using similar objective functions to what is used in IMRT to target the 
tumor while sparing nearby critical structures. A treatment planning study by Register et al. showed IMPT 
capable of providing ablative doses to tumor targets and significantly sparing normal tissues compared to 
conventional 3D-conformal photon radiotherapy in stage 1 NSCLC centrally or superiorly located lesions 
[144]. However, the main concerns with proton treatments include range uncertainties, and the sensitivity 
of protons to any anatomic changes or target motion. Protons are greatly affected by the electron density 
they pass through, so in the case of lung SBRT, the effects of travelling through chest to lung must be con-
sidered. For optimal tumor coverage, one typically creates a less conformal high dose region to account for 
these uncertainties [145]. Also, any anatomic changes over the course of treatment can affect the proton dose 
distribution, therefore, adaptive planning is usually recommended for proton treatments. Finally, since lung 
lesions are mobile, caution should be used to validate tumor position when using proton techniques [144,146]. 
Most proton centers are limited to only having static on-board kilo-voltage x-ray imaging capabilities when 
volumetric imaging would be better-suited to assist with daily alignment.

CyberKnife is the alternative to typical rigid linac-based radiotherapy. This image-guided stereotactic 
imaging radiosurgery system utilizes a 6 MV linac mounted to a robotic arm capable of delivering 50–100 
non-isocentric beams to targets within the patient [147–153]. CyberKnife uses an integrated stereoscopic kV 
imaging system to monitor patient position during the treatment. CyberKnife generally patients lie directly 
on the treatment couch with only fiducial markers placed on their anatomy which can be compared to their 
bony anatomy and digitally reconstructed radiographs (DRRs) derived from the CT simulation dataset to 
assess motion during treatment. CyberKnife uses the Synchrony® Respiratory Tracking system to dynami-
cally compensate for respiratory motion. Synchrony optically tracks the external fiducial markers on the 
patient and predicts the tumor motion which then guides the robotic arm as it tracks the tumor. Studies 
have shown that although CyberKnife may give higher doses to normal lung for posterior tumors than other 
linac-based methods and require more MUs for treatment, it is comparable to standard rigid linac-based 
SBRT treatment methods [154]. CyberKnife SBRT treatment plans use more beams than regular linac-based 
treatments, on the order of >100 beams for CyberKnife in some cases compared to 7–10 beams for typical 
3D-conformal treatments.

The most recent innovation in SBRT delivery is the use of magnetic resonance imaging (MRI) for 
real-time image guidance during treatment. A commercially available system (MRIdian®, ViewRay, 
Oakwood Village, OH) was released in 2014. The system provides simultaneous MR imaging and external 
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beam radiotherapy from 3 60Co sources [155,156]. During treatment, targets or normal structures can be 
monitored in the sagittal plane at 4 frames/sec or in 3 parallel sagittal planes at 2 frames/sec. The system 
has an integrated adaptive radiotherapy treatment planning system with auto-contouring, Monte Carlo 
dose calculation and IMRT or 3D conformal planning capabilities which allows for adaptive planning 
each day since the dose calculations can be done in 30 seconds or less [156]. The drawbacks for this 
system include the low field strength of the magnet and the beam characteristics of 60Co which include 
lower output, shallower penetration, larger penumbra and higher surface dose than a conventional linac 
[156,157].

11.4.10 SBRT TREATMENT DELIVERY

The treatment delivery process for thoracic SBRT cases depends upon the equipment chosen to deliver the 
treatment. For illustration of the process, we present the most common workflow in SBRT which is the deliv-
ery with a CBCT equipped traditional linear accelerator.

1. Perform necessary machine-specific QA to ensure imaging and treatment iso-centers are coincident. 
This may be covered by the normal daily QA of the treatment machine.

2. Prepare treatment couch with the patient-specific immobilization devices and other accessories present 
at simulation.

3. Setup patient into treatment position based upon the patient setup during simulation using a combina-
tion of setup notes, photographs and skin marks.

4. Image patient in treatment position to identify final iso-center as identified by volumetric or static kVp 
imaging. Note any day to day shifts in iso-center coordinates. Final review of the alignment to the GTV 
should be approved by the treating physician.
a. For lung or liver SBRT, it is recommended that the tumor is referenced to some nearby bony  anatomy 

and that if the alignment to the tumor and to the bony anatomy changes by greater than 5 mm from 
the simulation, repeat imaging is acquired to ensure the new position is stable.

5. Move couch to treatment position as identified by imaging and verify that all beams can be delivered 
without a collision.

6. Perform a final check of patient treatment position with an imaging system that is independent of the 
imaging modality chosen for initial imaging such as an MV portal.

7. Deliver treatment beams while monitoring the patient for movement. Repeat step 4 if any movement is 
suspected.

11.5 SUMMARY

Stereotactic body radiotherapy is a technologically advanced treatment option that utilizes precisely 
focused, high dose beams to treat tumors. It confers high rates of local control and survival with minimal 
toxicity in inoperable patients. Strict guidelines and quality assurance programs need to be adhered to for 
the safe practice of SBRT. The entire SBRT treatment team including attending physician, physicist, thera-
pist and dosimetrist must be full participants in the SBRT quality assurance program. Several recommen-
dations are published which offer guidance on each aspect of the SBRT process [19,23,75–77,81,83,115,158]. 
The physicist’s role is instrumental in designing the SBRT quality assurance program for their center and 
this should include checklists for each treatment (Table 11.5). Recent studies have indicated that SBRT’s 
role in lung cancer management may expand to include operable patients and, new developments of immu-
notherapy drugs combined with SBRT may show promising results for metastatic patients [65,159–161]. 
SBRT is a burgeoning field with growing pools of data and quality assurance protocols to ensure its safe 
delivery.
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12.1 INTRODUCTION

Radiation therapy is an integral treatment modality in the management of all stages and types of lung cancer. 
In many circumstances, radiation therapy is the primary modality necessary for a cure. Thus, careful treat-
ment planning and execution are critical to achieve optimal clinical outcomes. Furthermore, radiation ther-
apy can lead to side effects based on the amount of normal tissue that is exposed. This is particularly relevant 
for stereotactic body radiation therapy (SBRT), where large daily doses are utilized. Accurate dose delivery is 
critical to achieve an optimal risk/benefit profile. Complicating this, are many uncertainties present through-
out the process of staging (i.e., determining the extent of disease), treatment planning, and implementation. 
An understanding and appreciation of these uncertainties will help guide radiation oncologists in the man-
agement of this common malignancy.

12.2 UNCERTAINTIES IN IMAGING SIMULATION

12.2.1 UNCERTAINTIES IN 3D SIMULATION/PLANNING CT
Three-dimensional computed tomography (3D-CT), which detects tissue attenuation coefficients of patient 
tissue to kilovoltage (kV) x-ray beams, is the clinical standard imaging modality for treatment planning. It 
provides precise patient anatomy at simulated treatment conditions, and the tissue attenuation coefficient, 
which can be converted to tissue electron density, for radiation dose calculation using therapeutic beams with 
megavoltage (MV) energy.

CT images contains various artifacts, which can be caused by patients and by scanners. Common patient-
related artifacts include body motion, metal implants, beam hardening and out-of-field artifacts, while com-
mon scanner-related artifacts are partial volume effects, aliasing, low-statistics and staircase. These artifacts 
may appear as streaks, shading, bands and rings, and can be minimized using various methods. Voluntary 
and involuntary body motions can cause image blurring and distortion, as a point in tissue may appear at dif-
ferent place in time during gantry rotation. Breath-hold CT or four dimensional CT (4D-CT) reduces motion 
artifacts [1,2]. Metal artifacts are caused by strong scattering and photon absorption from implanted metal 
devices, such as dental crowns and metallic bone prostheses, and commercial CT scanners can now correct 
the metal artifacts [3,4]. Beam hardening (or cupping) and out-of-field artifacts can be overcome by increas-
ing kVp and field of view, respectively. Compared with patient-related artifacts, Scanner-related artifacts 
have smaller scales of uncertainties and can be minimized by using location-specific scanning protocols and 
performing regular machine QA.

An accurate conversion from linear attenuation coefficient to electron density is required for accurate 
planning dose calculation. Tissue heterogeneity correction is almost always used based on tissue electron 
density. Small tissue density variation within the same tissue type may only contribute negligible dose uncer-
tainties, which allow tissue-type-based MRI-to-CT density conversion for potential MRI-based treatment 
planning [5].

12.2.2 UNCERTAINTIES IN 3D MRI AND PET/CT
Magnetic resonance imaging (MRI), which detects tissue nuclear interactions, such as spin-spin or spin-
lattice relaxation upon radiofrequency excitation, is a powerful and versatile 3D imaging modality, offering 
soft-tissue high contrast without ionizing radiation. MRI images are often used with CT to define the treat-
ment target, such as brain, head and neck and abdominal tumors. Because of MRI diversified capabilities, 
many types of artifacts are expected [6]. Fortunately, most clinical scan protocols are optimized and MRI 
scanner QA is regularly performed so minimal scanner-related artifacts appear in clinical patient images. In 
radiotherapy, the most concerning uncertainty is geometric distortion artifact, caused by inhomogeneity of 
the magnetic field, susceptibility change at tissue interfaces, and tissue-dependent chemical shift. Magnetic 
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field inhomogeneity can be examined and corrected based on a large grid phantom, while the patient-related 
artifacts due to tissue inhomogeneity at interfaces are difficult to correct.

Positron emission tomography (PET) detects a paired photon traveling in opposite direction and their 
origin, where a new-born positron emitted from a biological tracer, such as 18F-FDG, annihilates with a sur-
rounding electron. Because the biological tracers involve cancer metabolic or proliferative activities, therefore 
PET images tumor activity and location. Patient anatomy is often obtained from CT in a PET/CT scanner, 
where the activity and anatomy are co-registered [7]. As PET images have low spatial resolution limited by 
the detector size, partial volume effect is one of major uncertainties. PET imaging is also slow so that motion 
blurring is pronounced [8]. In addition, as the co-registered CT is used for attenuation correction, any CT 
artifacts (motion, metal or out-of-field) increase PET uncertainties. In addition, the biological specificity and 
dynamic uptake-removal equilibrium of a tumor tracer affect the PET image. Non-specific uptakes, such as 
the brown fat, are known and may cause uncertainties [9].

When using multimodal images in treatment simulation, image registration to simulation CT is essential. 
Registration uncertainty mostly comes from tissue deformation, which cannot be accommodated by rigid 
registration. Recently, deformable image registration has become available in commercial systems for treatment 
planning [10]. With integrated PET/CT and PET/MRI scanners [11], image registration uncertainty in treatment 
simulation is minimized and multimodality simulation has been widely applied in radiotherapy [12,13].

12.2.3 UNCERTAINTIES IN 4D-CT IMAGING

4D-CT has been developed to overcome severe motion artifacts observed in 3D-CT image of tumors with 
respiration-induced motion [14,15]. In 2003, 4D-CT was reported independently by four different institu-
tions, including Virginia Commonwealth University [16], Memorial Sloan Kettering Cancer Center [17], 
Washington University [18], and Massachusetts General Hospital [19]. Assuming a periodic breathing 
motion, image projections around the patient are sorted into different respiratory phase bins based on a 
respiratory signal from an external breathing surrogate, such as RPM (real-time positioning management), 
bellows (a tension sensor), or spirometry. The projections within a bin are used to reconstruct a 3D-CT repre-
senting the corresponding respiratory phase, and the 3D-CT images in all phases are combined as a 4D-CT 
image. Ten respiratory phase bins are used in commercial CT scanners and both helical [16,17] and cine 
[18,19] CT scanning can be used to acquire 4D-CT.

Although 4D-CT is designed to quantify patient-specific respiratory motion with improved image quality, 
substantial motion artifacts—the binning artifacts—can be found in 4D-CT owing to breathing irregulari-
ties, which violates the periodic motion assumption. In cine mode, motion artifacts have distinct patterns at 
the image junction between two adjacent bed scans [20,21] (as shown in Figure 12.1), while in helical mode, 
the artifacts are spread out among slices [22]. The motion artifact can cause gross tumor volume (GTV) 
within a breathing cycle to vary by up to 90%–110% mostly due to motion artifacts present in phase-binned 
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Figure 12.1 Four typical motion artifacts in cine 4D-CT scans. (From Yamamoto, T. et al., Int J Radiat Oncol 
Biol Phys, 72, 1250–1258, 2008. Courtesy of Dr. Paul Keall.)
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4D-CT image [23,24]. The true variation of tumor volume may be as high as 20%–30% when relatively large 
tumors (>100 cc) are imaged using 4D-CT with negligible motion artifacts [25]. Despite of these shortcom-
ings due to breathing irregularities, 4D-CT has become the clinical standard for tumor motion assessment 
for treatment planning and delivery.

The severity of motion artifacts in 4D-CT may also be affected by the respiratory surrogate used for bin-
ning. An internal surrogate, such the diaphragm, would be ideal since a strong correlation (c ≈ 0.98) between 
tumor motion and the surrogate has been reported [26–28]. External surrogates, such as RPM and bellows, 
are commonly used in 4D-CT binning in major commercial CT scanners. As the external-internal correl-
ation is inferior to internal correlation, the quality of 4D-CT image can be affected. Uncertainty in surrogate 
placements can also affect the external-internal correlation. Recently, a novel marker-less external surrogate 
is reported with accurate measurements of spirometry and breathing pattern from the torso surface motion 
using optical surface imaging [29]. Since the mean diaphragm motion can be accurately predicted by tidal 
volume and breathing pattern [28,30], this method is potentially useful as a more reliable external surrogate 
for 4D-CT binning and organ motion prediction at treatment.

12.2.4 UNCERTAINTIES OF PHASE/AMPLITUDE BINNING

The residual motion artifacts in 4D-CT are resulted from the periodic binning method in the presence of 
common breathing irregularities. Various approaches have been studied to reduce or eliminate such arti-
facts. In contrast to phase binning, amplitude binning method has demonstrated reduced motion artifacts. 
This is because amplitude-binning reduces the residual motion within a bin, whereas phase-binning cannot 
translate phase into amplitude consistently in the presence of breathing irregularities [31], as demonstrated 
in Figure 12.2.

As all commercial 4D-CT scanning protocols (helical or cine) perform 4D scans continuously for a lit-
tle over one breathing cycle without pause-and-reassume functionality, a certain respiratory stage may be 
missed when severe breathing irregularity occur. For instance, a low amplitude cycle may occur and cannot 
reach the averaged full-inhalation amplitude (Figure 12.2c) and thus the corresponding stage is not available. 
In this case, a patient-specific respiratory model can be built and used to fill the gap [32,33].

Breathing irregularities are dynamic and vary from time to time. Therefore, there is uncertainty if a 
motion model derived from simulation 4D-CT is directly applied in treatment, including 4D cone beam CT 
(4D-CBCT) to reduce scan time [34] or predict tumor motion using single cone beam projection image [35]. 
A breathing model with real-time update from measured tidal volume and airflow provides adaption [36].

As the motion artifact is rooted from breathing irregularities, a “bad” 4D-CT scan may build in too many-
artifacts to correct. In contrast to post-imaging correction, motion irregularity could be minimized in the 
first place during 4D-CT scanning. It has been suggested that real-time periodicity assessment of the breath-
ing trace could provide guidance to gate the scan, minimizing irregularities [21]. Alternatively, a prospec-
tive 4D-CT can minimize the binning artifacts. Coolens et al. [37] have applied 320-slice CBCT to directly 
acquire prospective 4D-CT or 4Dvol CT, minimizing motion artifacts, as shown in Figure 12.3.

12.2.5 UNCERTAINTIES OF 4D-MRI AND 4D-PET
Four-dimensional positron emission tomography (4D-PET) [38,39] and 4D magnetic resonance imaging 
(4D-MRI) [40,41] have also been reported. 4D-PET adopted the retrospective respiratory binning strategy 
[42–45] while 4D-MRI applied prospective multi-channel imaging strategy with or without binning [46–49]. 
PET scans take 3–5 minutes per one bed position (16–22 cm), much slower than CT or MRI. The uncertainties 
of 4D-PET in target delineation comes mostly from low image resolution (4 × 4 × 4 mm3), residual motion 
blurring, partial volume effects, high quantum noise, as well as controversial tumor delineation owing to lack 
of ground truth in patients [45]. To reduce the prolonged 4D acquisition time, a patient motion model from 
4D-CT can be applied to derive a motion-compensated PET image [39].

MRI provides versatile 4D scanning techniques, including cine 2D(t) MRI, prospective 3D(t) (4Dvol) -MRI, 
and retrospective 4D-MRI. Each technique contains method-specific uncertainties, in addition to the 
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common uncertainties in 3DMR imaging; including image distortion caused by non-uniformity of mag-
netic field, non-linearity of magnetic gradient, and variation of susceptibility at tissue interfaces. For cine 
2D(t) MRI, out-of-plane motion can cause large uncertainty in tumor motion trajectory: a tracking point 
could partially or completely move out of the cine 2D image. For prospective 3D(t) MRI, the compromised 
spatial-temporal resolutions lead to uncertainties in these dimensions, affecting imaging quality or speed of 
a moving tumor. Uncertainties for retrospective 4D-MRI primarily result from the binning method due to 
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Figure 12.2 (a and c) Amplitude versus (b and d) phase binning with different residual motions. (From Lu, W. 
et al., Med Phy, 33, 2964–2974, 2006. Courtesy of Dr. Daniel Low.)
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breathing irregularities. Since MR imaging is slice based, motion artifacts appear to be zigzag edges in the 
stacking neighbor slices. 4D-MRI is an active research area, considering clinical use of MRI-Cobalt treat-
ment units and active development of MRI-Linac units.

12.2.6 BREATHING VARIATIONS AND MANAGEMENT STRATEGIES

As breathing irregularities are the primary cause of motion artifacts, and associated uncertainties in internal 
target volume (ITV) delineation, efforts have been made toward improving the regularity of patient respira-
tion during 4D simulation and treatment. A commonly employed technique is the biofeedback approach 
using audio-video (AV) coaching signals to instruct patients to breathe in and out [50]. The method can 
improve the regularity for many patients but may not for all [51]. AV coaching also tends to induce patient 
breathe deeper than free breathing. The coaching also requires patients to comply throughout the entire treat-
ment, in which patients may fall asleep with shallow breathing, deviating from coached 4D-CT simulation. 
A different approach has been suggested to use 4D-MRI in treatment simulation so that patient breathing 
irregularities could be better characterized and represented in treatment planning and delivery [48]. By far, 
respiratory motion management remains a challenge to radiotherapy clinic and demands a large margin to 
combat high motion uncertainty caused by breathing irregularities.

Various motion management techniques have been applied in treatment of lung cancer to reduce tumor 
motion and sparing normal tissue, including active breathing control (ABC) [52–54], deep inhalation breath 
hold (DIBH) [55,56], abdominal compression [57,58], and mechanical ventilation [45,59]. Proper patient body 
immobilization is also necessary, since voluntary body motion is inevitable, causing baseline drift during a 
20-minute treatment. The uncertainty of baseline drift in simulation is often small because simulation scan 
is short. However, the baseline drift and adjustment during treatment are important to avoid a systematic 
targeting error [60].

In summary, the uncertainty in treating lung cancer is primarily associated with the patient factors—
the breathing irregularities, which cause the binning artifacts and affect ITV delineation. The imaging 

RCCT RCCT 4Dvol CT

1 cm 15 BPM sinusoidal Irregular breathing trace Irregular breathing trace

Figure 12.3 Demonstration of motion artifacts in respiratory correlated CT (RCCT) caused by breathing 
irregularities and a solution to address this problem using 4Dvol CT. (From Coolens, C. et al., Med Phys, 39, 
2669–2681, 2012.) Courtesy by Dr. Catherine Coolens.
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factor alone is secondary and the uncertainty is lower in 4D-CT than in 4D-MRI and 4D-PET. With recent 
advancements in MR-guided radiation therapy, we expect to see motion uncertainty decreasing in the coming 
years as the result of clinical research on real-time image guidance during treatment.

12.3 UNCERTAINTIES IN TARGET VOLUME DETERMINATION

12.3.1 GROSS TUMOR VOLUME (GTV)
Variability in GTV definition is a major source of systematic error and persists over the course of treatment,and 
can potentially have a large impact on the dose delivered to the lung tumor. The shape, size, and location of 
a tumor may be determined by different imaging methods such as CT, PET/CT, and less commonly MRI. 
Therefore, adequate imaging or image fusion studies should be obtained for diagnosis, staging, and planning 
prior to lung cancer treatment. CT-based treatment planning is standard in lung cancer. The appearance 
of the primary tumor is highly dependent on the windowing of the CT scan [61]. It is recommended to use 
standard lung windows when contouring a parenchymal lesion. Several clinical scenarios can complicate 
clear identification of a parenchymal lesion including atelectasis, pleural effusions, and adjacent blood vessels 
for more central lesions. Intravenous contrast is usually not necessary to accurately delineate a parenchy-
mal lesion unless it is located near the hilum. The GTV is defined as all macroscopically identifiable tumor 
manifestations [62]. Several factors will impact GTV size variations including delineation uncertainty, tumor 
deformation due to breathing, and image artifacts. The GTV definition is usually carried out by radiation 
oncologists, sometimes with the help of radiologists to interpret uncertainties in the imaging. However, due 
to these uncertainties and characteristics of lung tumors, variation in GTV delineation is observed among 
physicians. Previous research has shown that different physicians interpret GTVs differently and that oncolo-
gists and radiologists often define different volumes [63–66]. Large target delineation variability of up to 
10 mm has been observed in conventional lung cancer external-beam radiotherapy planning for larger or 
locally advanced tumors, as shown in Figure 12.4 [67]. An earlier study found that a change of up 10.6% in 
volume could be caused by delineation uncertainty [23]. These changes were a result of (a) differentiation of 
tumor from atelectasis or ground glass shadowing, (b) separation of tumor from vasculature, and (c) defining 
the mediastinal extent of tumor [66].

PET imaging has been used as a guide to the physician during GTV delineation. Since their introduction, 
PET/CT scanners have become widely prevalent in oncology and are crucial for the diagnosis and staging of 
lung cancer [68]. PET can be particularly helpful to delineate gross disease from atelectasis, though the spa-
tial resolution with PET is limited. Some lung cancer histology’s, particularly adenocarcinoma in situ, often 
appear as ground glass opacities that are only mildly FDG-avid on PET. These are often more challenging 
to delineate given their less discrete borders. Identification of involved lymph nodes in the mediastinum is 
challenging and is ideally assessed both clinically (e.g., PET-CT) and pathologically (e.g., mediastinoscopy or 
endobronchial ultrasound). PET-CT, while more accurate than CT alone, has limitations related to histologic 
subtype, type of PET-CT scanner, dose of 18F-2-fluoro-deoxy-D-glucose (FDG), and so forth [69]. Lymph 
nodes known or suspected of harboring disease should be contoured using soft tissue (chest/abdomen) win-
dows. Most mediastinal lymph node stations, except for the AP window (level 5), are easily visualized with-
out intravenous contrast. On the other hand, involved lymph nodes in the hilum are often very difficult to 
distinguish from blood vessels on non-contrasted scans. Utilizing IV contrast is suggested when hilar lymph 
nodes are involved.

However, there are uncertainties associated with relying on PET imaging for treatment planning pur-
poses of mobile tumors. First, there are a several methods to determine the GTV, ranging from simple visual 
assessment, to automated methods, standard uptake value (SUV)-based contouring, SUV-based threshold-
ing, background cut-off, and segmentation based on signal-to-background ratios [70]. Each of these methods 
has its corresponding challenges—with the most common being the lack of reproducibility—mainly due to 
the degree of image noise present in PET acquisition. Currently, none of these methods is deemed superior 
to the others and thus it is important to be aware of the potential inaccuracies associated with the chosen 
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technique. The more pressing concern of using PET to guide GTV delineation is that the length of acquisi-
tion (around 15–20 minutes) produces an image that is essentially an integral over the whole range of tumor 
motion. This can be problematic when the corresponding CT is used for breath-hold or gated treatment, as 
it will only represent a snippet of the respiratory motion. An example of this is illustrated in Figure 12.5. 
Therefore, one must recognize that the PET may show an increased lesion size, decreased maximum activity 
concentration and less intense FDG-uptake at the extremes of the motion range, which may lead to potential 
mis-registration and difficulty in accurately characterizing PET-avid disease [71].

If a fused FDG-PET-CT is available for delineation of stage I–III non-small cell lung cancer (NSCLC), it 
has been shown that delineation variability can be decreased by up to 6 mm, which is most pronounced in 
case of atelectasis (Figure 12.4) [67]. However, FDG PET has a poor spatial resolution [72], and much uncer-
tainty exists regarding the most appropriate threshold cutoff that should be used to define a PET target vol-
ume in NSCLC therapy planning. CT scan with contrast is preferred to demonstrate blood vessels and guide 
clinical treating physicians to delineate active disease, particularly for the mediastinum lymph nodes.

Respiration-induced tumor motion can cause target volumetric deformation with conventional CT scans 
[73]. The choice of CT method significantly influences the delineated GTV size. The GTV size in a breath-hold 
CT scan (BHCT) is considered closest to that of the true tumor volume, considering the breathing-related 
tumor deformation is minimal. GTV sizes for free breathing 3D-CT and 4D-CT are expected to be larger 
than those in the BHCT scans. Substantial variation in GTV size throughout the phases of 4D-CT has been 
observed, and was significantly correlated to larger breathing-related tumor motion [23].

Artifacts in CT images will impact the imaged tumor volume in the planning CT scan and introduce a sys-
tematic error in the following treatment course. The magnitude of image artifacts in CT images is impacted 
by several factors such as slice thickness, beam width (collimation), gantry rotation time, interpolation, and 
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Figure 12.4 Computed tomography slice of a patient with delineations of (a) first phase and (b) second phase. 
Color wash represents overlay of matched 2-[18F] fluoro-2-deoxy-D-glucose positron emission tomography. 
Note that sub carinal lymph node and some blood vessels delineated in first phase did not have increased 
2-[18F] fluoro-2-deoxy-D-glucose uptake in second phase and therefore were excluded by all radiation oncolo-
gists. (From Steenbakkers, R.J. et al., Int J Radiat Oncol Biol Phys, 64, 435–448, 2006.)
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breathing motion. The magnitude of GTV volume changes appeared more reliable for larger as opposed to 
smaller tumors due to the lower susceptibility to artifacts of larger volumes [62]. A more formal approach to 
GTV definition could lead to greater agreement between physicians and a reduction in the systematic error.

12.3.2 CLINICAL TARGET VOLUME (CTV)
It has been well documented that microscopic disease frequently extends outside the primary margin of a 
parenchymal pulmonary malignancy [74–76]. In most patients, this does not exceed 6–8 mm, but in a minor-
ity of patients, it can extend up to 1 cm or more. It has been reported that adenocarcinomas and well differen-
tiated tumors are more likely to have greater microscopic extension. However, there is much uncertainty how 
to apply this to clinical practice where patients are being planned using CT imaging. How a gross primary 
tumor as visualized on CT correlates with a gross primary tumor that has been resected is unclear, especially 
when the latter is assessed after laboratory processing that can lead to tissue shrinkage. In any case, it may 
be prudent to apply a small expansion to a gross tumor volume to account for microscopic disease exten-
sion. Similarly, extracapsular extensions of disease through the capsule and into the surrounding soft tissues 
occurs in about 33% of lymph nodes. The extent is typically minimal (<1 mm on average) with 95% of cases 
≤3 mm [77]. Therefore, a small margin around clinically evident lymph nodes is appropriate.

Elective nodal irradiation for both NSCLC and small-cell lung cancer (SCLC) is controversial [78]. 
Most national lung cancer trials mandate no elective nodal irradiation and many oncologists currently treat 
gross disease only. To many, elective nodal irradiation is considered an all-or-none phenomenon. In some cir-
cumstances, a selective approach to treating elective lymph node regions is rational. When pursued in select 

Figure 12.5 This figure shows the blurring effect of respiration on ungated whole-body PET imaging. The top 
left shows the appearance of a lung lesion on a free-breathing CT and the top right shows the lesions when 
the scan is reconstructed and a MIP reconstruction from a 4D-CT. The 4D-CT MIP reconstruction is generated 
by using the maximum pixel values across all 4D-CT frames. The bottom left,shows the ungated whole-body 
PET fused with the free-breathing CT and the PET lesion appears larger than the CT lesions. However, when 
the ungated whole-body PET is fused with the MIP reconstruction, there is much better agreement in the 
lesion size.
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patients, a simple understanding of lobe-specific lymphatic spread [79,80] and patterns of failure after surgery [81] 
can be employed to develop a strategy whereby those lymph node regions at highest risk are adequately covered.

12.3.3 INTERNAL TARGET VOLUME (ITV)
Breathing irregularities are one of the biggest uncertainties when treating pulmonary malignancies with 
radiation. Most patients have chronic obstructive pulmonary disease (COPD) and poor pulmonary function. 
Many are current smokers. Patients are sometimes anxious during the treatment planning process and/or 
actual treatments. These factors and others lead to increased work with breathing and chronic dyspnea, which 
contributes to irregular breathing patterns.

There are several methods to account for respiratory motion, all of which are plagued by irregular breath-
ing patterns. One method is to perform a 4D-CT scan and create an internal target volume using a maximum 
intensity projection (MIP) dataset. A free-breathing 3D dataset is often obtained during the same planning 
session. Theoretically, the disease apparent on the free-breathing CT should be encompassed completely in 
the MIP dataset. However, it has been observed that the MIP dataset frequently fails to include all the tumor 
appreciated on the free-breathing dataset (Figure 12.6) [82–85]. This is presumably due to different breath-
ing patterns between the two scans as well as outlying tumor positions from respiratory extremes that are 
discarded when the MIP is generated. Deep inspiratory breath-hold techniques are theoretically appealing, 
because the lungs are expanded and the tumor is stationary, both decreasing normal tissue exposure. However, 
the extent of breath-hold, and the patient’s ability to hold at a certain position without drifting, leads to sig-
nificant uncertainty. Many patients with COPD are simply unable to hold their breath adequately. Gating is 
another appealing methodology but isn’t a good choice with irregular breathing patterns. Further, the many 
complexities inherent in gating a radiation treatment often prompt radiation oncologists to use larger margins 
to account for the uncertainties which can defeat the purpose of gating (decreasing normal tissue exposure).

Uncertainties in tumor motion assessment for treatment planning relate to the method for ITV delinea-
tion and treatment choice. For ITV delineation, there are two widely applied methods: (1) to contour the ITV 
using the MIP image synthesized from 4D-CT and (2) to contour the ITV based on all phase images of a 
4D-CT using the union of the clinical tumor volume CTV (= GTV, gross tumor volume, + margin). The all-
phase ITV is almost always greater than the MIP ITV, primarily owing to the short duration at the extreme 

Figure 12.6 Example of different target volumes in a lung cancer patient, illustrating the differences between 
GTV3D (red line) and ITVMIP (green line) and ITV10phase (blue line). Here ITVCOMB is the Boolean addition of 
GTV3D + ITVMIP. Note that ITV10phase was not completely overlapped with ITVMIP and ITVCOMB.
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phases, such as full inhalation [86]. A study of five different ITV delineation methods in 20 lung patients 
concluded that combining the MIP ITV and free-breathing 3D-CT would provide a suitable treatment tar-
get [82]. Although MIP method is convenient as only one contour is needed for ITV, there is a concern on 
whether MIP method would be sufficient to represent the entire tumor motion trajectory considering breath-
ing irregularities.

In tumor tracking approach, the tumor delineation should be performed based on individual phase, and 
a reduced ITV can be applied to account for the variation in size and shape within a breathing cycle [87]. 
Frequently 4D-CTs consist of motion artifacts, which could lead the GTV vary up to 90% [23] or 110% [24] 
for small peripheral lesions with large motion range. Using 4D-CT with minimal motion artifacts, it has 
been found that the tumor volume variation is about 20% for large tumors (V>100cc) [25]. Although these 
reports are not directly comparable, it implies that uncertainties from motion artifact can be substantial. For 
real-time tumor tracking, uncertainties using external surrogates are high since the correlation and linear 
relationship can be altered by breathing irregularities. Uncertainties in internal surrogates lies in the latency 
between imaging and beam tracking, which can be improved by anticipated positioning [88,89].

MIP-based ITVs have been widely implemented, being that they encompass much more of the respiratory 
motion than FB-CT and AIP, without the hassle of contouring the GTV ten different times [83–85,90–93]. 
However, subsequent studies have demonstrated that MIP-based ITVs as well as ITVs generated from all 
ten 4D-CT phases can both potentially underestimate or overestimate the true ITV due to the variability 
in patient respiration [83,94–96]. Similar uncertainties were also demonstrated for AIP-based ITVs due to 
patient’s respiratory variability, as well as tumor size [97]. After all, the 4D-CT only captures several cycles of a 
patient’s breathing pattern, which can be affected by a multitude of external factors such as anxiety, pain, etc., 
compounded with an acquisition that occurs at least a week before actual treatment delivery. Furthermore, 
there is increased uncertainty in MIP-based ITVs for tumors located near high-intensity structures, such 
as the liver or spleen cupola [98]. While these studies highlight the difficulty of obtaining the true total extent 
of the tumor from any of the available sets of images, a different study investigated ways to quantify and mini-
mize the degree of uncertainty present in ITVs [82]. Multiple methods were employed to generate ITVs for 
phantom and patient data and quantitative comparisons illustrated that ITV uncertainty can be minimized 
by combining ITVs generated from the FB-CT, 4D-CT, and MIP. Since the results also showed that an ITV 
combined from both the MIP and FB-CT was comparable to that of the 4D-CT (see Figure 12.6), the authors 
recommended the use of that technique if delineating the ITV on the entire 4D-CT is deemed unfeasible. The 
largest difference between all ITV methods was noted for cases where the tumor volume was small and the 
extent of motion was large. Another possible solution to minimize ITV uncertainties from 4D-CT proposed 
the combination of 4D-CT and modified slow CT techniques to generate the ITV [99].

In fact, one study [100] proposed using the PET to determine the ITV instead of the 4D-CT MIP, despite 
finding large differences in ITVs generated between the two (likely due to respiration variability), like others’ 
results also demonstrating their inequality [101]. To correct this, several motion-management techniques 
have been investigated for PET/CT with tracking of the respiratory signal in order to bin the data according 
to phase or amplitude (single or multiple), or applying motion corrections either pre- or post-reconstruction. 
[102] Multiple studies have highlighted the superiority of 4D PET/CT in terms of achieving more accurate 
image co-registration, reduced blurring, and increased SUV measurements [38,42,103–106]. 4D or gated 
PET/CT procedures have yet to see mass integration into the clinical atmosphere, likely due to the increased 
time required for patient setup, scanning and data processing. In the meantime, it is important to be aware of 
the shortcomings of PET’s current role in treatment planning.

12.3.4 PLANNING TARGET VOLUME (PTV)
A planning target volume expansion is utilized to account for uncertainties in daily set-up. There are two 
relevant aspects. The first,is differences in internal anatomy that affect accurate daily targeting. This includes 
all the factors that contribute to shifts in tumor position from day to day and over the course of treatment 
(e.g., differences in daily respiration, tumor shrinkage, changes in surrounding effusions and atelectasis). The 
second,are factors that affect external setup and consistency (e.g., weight changes, obesity, body rotations in 
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immobilization devices). These factors are primarily related to interfractional uncertainties. Intrafractional 
uncertainties require consideration also. This would include discomfort in the immobilization device due to 
back, neck, or shoulder ailments, anxiety, tremors, and so forth, all of which can lead to movement.

12.4 UNCERTAINTIES IN TREATMENT PLANNING

12.4.1 UNCERTAINTIES IN MOTION MANAGEMENT STRATEGY

Patients with tumors affected by respiratory motion will typically first receive a 4D-CT, which has quickly 
become the standard of care. This scan aids in the decision of whether the treatment delivery will be free-
breathing, breath-hold or gated to specific phases of the respiration. In the case of free-breathing or breath-
hold, the patient will then be scanned in the corresponding state (FB-CT or BH-CT). For those patients 
that will be treated free-breathing, the question that immediately arises is which scan(s) should be used for 
determining the ITV and subsequent treatment planning. Naturally, the FB-CT scan alone cannot represent 
the true ITV, as it only captures a snippet of the patient’s respiration. Conversely, the 4D-CT scan provides 
time-resolved images of the respiratory-induced target motion and an ITV can be created by combining 
GTV contours from each phase, but this is extremely labor-intensive. To significantly reduce this workload, 
an ITV can be generated from a maximum intensity projection (MIP) scan, which collapses the highest pixel 
intensities of the ten 4D-CT phase sets into one volume image. Additionally, an AIP scan can also be created, 
by taking the average instead of the maximum intensities.

For patients that experience large respiratory-induced tumor motion, but are unable to hold their breath, 
gated treatments are the most viable option to treat the patient comfortably, while sparing a greater amount of 
healthy lung tissue than a free-breathing treatment. For these cases, 4D-CT simulation is fundamental in the 
selection of an appropriate gating window to be used for treatment. Typically, a window with less than 5mm 
of motion is chosen, as recommended by the American Association of Physicists in Medicine (AAPM) Task 
Group 76 report. [107] However, it has been demonstrated that the gating window ITV can be significantly 
underestimated because of irregular breathing, compounded with the low temporal resolution of 4D-CT 
acquisition [108]. To account for the potential underestimation, the authors recommend incorporating an 
additional margin associated with the breathing variation, whose size would be influenced by not only the 
degree of irregularity but by the target size and motion extent, as well. Aside from the images generated by 
4D-CT, there is additional uncertainty demonstrated in the correlation between the external surrogate used 
to track the respiratory motion and the actual internal motion of the tumor [109–113]. This doubt ultimately 
translates into the delivery phase of treatment, as there is concern whether the position of the external marker 
truly reflects the location of the tumor exactly where it was planned.

Upon proper determination of the ITV and subsequent planning target volume (PTV), the next important 
decision lies in determining which scan should be used for the actual treatment planning. Of course, prior to 
the advent of 4D-CT, everything was contoured and calculated on the free-breathing 3D helical scan. Generic 
margins were then applied to compensate for the lack of patient-specific information, while still providing 
adequate dose coverage. We know that this is likely to lead to large inaccuracies, ranging from geometric miss 
to excessive treatment of healthy lung tissue. There has been a variety of 4D-CT-based planning strategies 
proposed to dosimetrically account for the presence of anatomical motion. True 4D planning approaches 
involve 3D planning on each phase set combined with deformable image registration (DIR) (and in some 
cases Monte Carlo) to generate a warped dose distribution, representing the dose delivered to the target 
because of respiratory motion [91,114–119]. However, the large increase in workload coupled with the uncer-
tainties associated with deformable registration mark these strategies impractical for clinical translation.

12.4.2 UNCERTAINTIES IN PLANNING IMAGE

To simplify this workflow, other studies investigated the accuracy of planning on a specific set of the 4D-CT, 
such as the mid-ventilation CT [120,121] or end-exhalation CT [122], as well as the average 4D-CT [123]. The 
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consensus comparing 4D planning to 3D planning on a 4D-CT-based image agreed that they were similar 
enough to recommend the latter option. Proceeding with this notion, one group performed a dosimetric 
comparison of FB-CT versus AIP versus MIP and found no significant differences between FB-CT versus AIP 
for both PTV and normal structures, whereas the MIP plans gave slightly better PTV coverage and a much 
smaller low-dose region to lung, only because of a smaller total lung volume [124]. They recommended the use 
of the AIP instead of the FB-CT due to the decreased presence of image artifacts. Another study, utilizing the 
term 3.5D-CT planning, proposed aligning the centers of delineated GTVs in all phases of 4D-CT and then 
creating the average to synthesize a 3.5D-CT image, which displays a motionless target with motion-blurred 
anatomical structures [24]. Their comparison against 4D planning also found 3.5D to be equivalent, resulting 
in <1% dose difference in PTV coverage and negligible dose differences among normal structures. Of course, 
it is key to remember that since treatment planning is only one link in a long chain of processes, its accuracy 
is only as strong as the previous link, ITV delineation.

12.4.3 UNCERTAINTIES IN PLANNING TECHNIQUE

Lastly, the technique used for planning will also impose its own corresponding uncertainties onto the accu-
racy of the treatment. The selection of Three-Dimensional Conformal Radiation Therapy (3D-CRT) versus 
IMRT and VMAT involves consideration of the different advantages/disadvantages specific to each method. 
For example, IMRT and VMAT are known to better dosimetrically spare surrounding critical structures 
whereas 3D-CRT is less likely to be impacted by patient motion. Furthermore, 3D-CRT is entirely insensi-
tive to the interplay effect, which is the interaction between multi-leaf collimator (MLC) motion and the 
respiratory-induced tumor motion. The interplay effect has been shown to dosimetrically average out over 
the course of many fractions, but may potentially be more significant for SBRT treatments [125]. Recent inves-
tigations of employing SBRT treatment with IMRT and VMAT have found minimal dosimetric differences 
relative to 3D-CRT for the studied patient cohort [126,127]. Another benefit of using 3D-CRT is the ability 
to acquire cine MV images during treatment, which provide for real-time verification of the tumor position. 
Additionally, these images provided information to pave the way toward implementation of more accurate 
4D dose calculation, probability-based treatment planning, tumor trailing and adaptive radiation therapy 
[24,128–130]. Nevertheless, the ultimate decision is case and patient specific, with each technique containing 
its own proponents [131].

It is evident that there are several uncertainties prevalent in the treatment planning of moving tumors. The 
first leap of faith lies in the idea that a patient’s respiration remains identical between simulation and deliv-
ery, especially since it is unmonitored during free-breathing treatments. The second, being that the 4D-CT 
scan accurately captures the entire range of tumor motion, which many studies have already shown to not 
always be the case. Using PET-CT as a guide for GTV delineation imposes different degrees of uncertainties 
depending on whether the treatment will be gated, breath-hold or free-breathing. For gated and breath-hold 
treatments, there is also the uncertainty of ITV generation and whether the target is where you planned it to 
be, based on the amplitude of the external surrogate. Last and certainly not least, is the planning technique’s 
variable impact on the accuracy of treatment. Thus, thoracic and abdominal tumors will continue to require 
PTV margins that encompass these uncertainties until more improvements are made in the way of accurately 
and reproducibly defining the range of target motion.

In intensity-modulated radiotherapy (IMRT) and volumetric-modulated radiotherapy (VMAT),  
multileaf collimator motion may interplay with the tumor motion; however, the uncertainty caused by the 
interplay effect has been demonstrated to be minimal in multifraction treatment [125,132].

12.5 UNCERTAINTIES IN IMAGE GUIDANCE

The advent of on-board image guidance has revolutionized the achievable accuracy of radiation treatment 
delivery. Present day imaging technology has the capability of localizing the patient within millimeter accur-
acy. Even sub-millimeter accuracy can be achieved in conjunction with certain immobilization techniques. 
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Figure 12.7 CBCT images of a free-breathing phantom with five simulated respiratory profiles. The ratio of 
time spent in inspiration versus expiration is indicated on the bottom right corner of each FB-CBCT.
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Figure 12.8 Reconstructed FB-CBCT and 4D-CBCT images of two tumors within one lung cancer patient and 
the corresponding respiratory profile.

However, targets affected by respiratory motion introduce a slew of uncertainties that may complicate the 
achievement of that level of accuracy, even with the readily available imaging capabilities. One such example 
is demonstrated with CBCT [133].

12.5.1 UNCERTAINTIES IN CBCT
CBCT images, acquired with a kilovoltage (kV) x-ray tube and amorphous silicon detector mounted orthogo-
nally to the linac head, provide the highest degree of volumetric information and soft tissue contrast (exclud-
ing CT-on-rails) currently available in the treatment room. However, the reconstruction algorithm that 
creates the 3D dataset from a set of radially acquired projections assumes the imaged object is static. This 
assumption is inherently violated during image acquisition of a free-breathing lung cancer patient. The resul-
tant image displays blurred anatomy with contrast that is dependent upon both the relationship between the 
patient’s respiratory cycle and the rate of image acquisition. Vergalasova [133] et al. demonstrated that due 
to the nature of CBCT imaging and reconstruction, the ITV generated for patients with irregular breath-
ing patterns may be underestimated and lead to potential misalignment with the ITV corresponding to the 
simulation CT. The irregularity focused on was the disproportionality between time spent in the inspiration 
phase versus the expiration phase. As the irregularity becomes more severe, the underestimation of the ITV 
increases, as illustrated in Figure 12.7. This phenomenon is explained by the fact that much fewer projections 
are acquired in the inspiration phase relative to the expiration phase and therefore results in much less con-
trast of the target at the inspiration phase. A patient example (Figure 12.8) exhibited ITV underestimation 
of 40.1% for a small tumor and as much as 24.2% for a large tumor, also demonstrating that the potential 
for underestimation becomes more severe with decreasing tumor size. The concern arises when matching 
the fraudulent center of the underestimated ITV (which will be shifted superior to that of the actual center) 
with the ITV from the planning CT. The consequential dosimetric impact remains to be investigated, but it 
is important to be vigilant for patients exhibiting such an irregularity, particularly for small tumors, so that 
appropriate adjustments can be incorporated at the planning stage to minimize uncertainties.
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12.5.2 UNCERTAINTIES IN MATCHING

Aside from cases of irregular respiration, uncertainties still exist for routine matching of the planning CT to 
the CBCT, in terms of which CT better serves this purpose. Should the FB-CT or the AIP dataset be matched 
with the CBCT? Theoretically, since the CBCT represents an average of the tumor position over multiple 
respiratory cycles, it should be matched with the AIP, which is also generated as an average from the 4D-CT 
(acquired over a series of patient breaths) as opposed to the much shorter acquisition of the FB-CT. Being that 
the AIP is a synthetically generated image volume from the 4D-CT acquisition, not every simulation scan-
ner is currently capable of creating this dataset and thus additional software is required. This implies that 
as of now, different clinics institute different practices for matching ITVs. Dosimetrically, the results have 
been shown to be similar between SBRT planning with the FB-CT versus AIP, with a preference for AIP due 
to the decreased presence of image artifacts [124]. Another analysis was performed comparing couch shifts 
between FB-CBCT and MIP versus AIP image volumes (Figure 12.9) for asymmetrical respiratory cycles, like 
those studied by Vergalasova et al. For phantom data, differences of 0.1 mm (AIP) versus 1.5–1.9 mm (MIP) 
in the inferior direction were reported. For the studied patients, differences ranged from 1.7 mm (superior) 
to 3.5 mm (inferior) between MIP versus AIP as can be seen in Figure 12.10. Thus, the investigators recom-
mended that AIP be used for target alignment with FB-CBCT for the studied respiratory patterns [134].

Further uncertainties in the localization matching process may arise during treatment, if any anatomical 
changes occur due to a positive response. Significant changes would of course warrant re-simulation and 
re-planning, on a case-by-case basis. However, ignoring the possibility of these changes and assuming all 
aspects (anatomy, respiration, etc.) remain the same between planning and delivery still does not eliminate 
all uncertainties. It is important to realize that some degree of inter-observer variability will always exist 
when visually registering two datasets. One study on RTOG clinical trial credentialing compared the shifts 
recorded by several different institutions versus that of the reviewers for a total of 92 lung cases and revealed 
differences on the order of 2 mm in all three directions—superior/inferior, left/right and anterior/posterior 
[135]. A different study focusing specifically on delineating lung SBRT GTVs compared inter-observer vari-
ability between CT and CBCT and as a function of target size [136]. The results demonstrated a 17% inter-
observer variability for CT and 21% for CBCT (among the different radiation oncologists) with an overall lower 
agreement for smaller tumors, as would be expected. Although the statistics dictated that contouring on CT 
versus CBCT was not significantly different from each other, inter-observer variability has a presence and plays 
a role in the overall treatment process. Therefore, not only does the localization accuracy depend on the patient’s 
respiration and type of planning CT used, it most certainly also depends on the user performing the registration.

12.5.3 UNCERTAINTIES IN IMAGING TECHNIQUES

Additional uncertainties are associated with the variety of image guidance techniques that are clinically 
available today. Instead of the kV-CBCT, megavoltage (MV) CBCT is also used for localization of lung tar-
gets. This higher energy results in less contrast relative to kV images, and thus can be more challenging to 
use during localization. This is reflected by the larger mean absolute difference in superior/inferior shifts 
that was reported in the previously described study for MV-CBCT (3.7 ± 1.7 mm) versus kV-CBCT (1.6 ± 0.9 
mm) when comparing registration differences between different institutions versus reviewers. [135] Another 
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Figure 12.9 Coronal images for registration. (a) MIP, (b) AIP, and (c) dynamic CBCT of the target moving with 
a 2-cm amplitude. AIP = average intensity projection; CBCT = cone beam computed tomography; MIP =  
maximum intensity projection.
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kV technology, ExacTrac®, consisting of two diagonal x-ray tubes mounted in the ceiling with opposing 
detectors underneath the treatment room floor, is mainly used for localization of stereotactic targets due to 
its ability to achieve sub-millimeter accuracy. It complements existing image guidance tools because it can 
image (and thus track potential motion) at any couch or gantry angle. In fact, one study evaluating the shifts 
dictated by ExacTrac 6 Degrees-of-Freedom (6D) versus kV-CBCT found moderate discrepancies between 
the two for retrospective patient studies (<2 mm translational and <1.5o rotational), but still recommended 
caution when solely relying on ExacTrac [137]. Lastly, a relatively modern optical tracking system, AlignRT®, 
has proven to be effective at repositioning patients undergoing gated breast radiotherapy. It employs mul-
tiple camera pods that project patterns onto the patient’s surface, which are then reflected and detected to 
reconstruct a 3D model of that surface [138,139]. This system has the potential to be applied to lung and it is 
important to be aware of the uncertainties that may be associated with this technology. First and foremost, it 
would be crucial to establish a correlation between the internal moving target and the surface contour, which 
may require synchronization with a radiographic system. Aside from this, the accuracy of the signal may be 
affected by poorly reflective surfaces, such as hair and clothing.
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Figure 12.10 Couch shifts obtained from average intensity projection (AIP) registration to maximum intensity 
projection (MIP) registration for each of the 16 patients. Negative values indicate the couch shift on the right, 
posterior, and inferior sides. AP = anterior–posterior; RL = right–left; SI = superior–inferior.
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It is evident that there is still a spectrum of uncertainties prevalent in the realm of image guided radiation 
therapy for lung cancer. Those associated with ITV generation and matching ITVs between simulation and 
treatment can certainly be eradicated with the eventual implementation of 4D-CBCT into the treatment 
room. Addressing the other described issues will take more research and development. In the meantime, 
however, it is important to be aware of the present uncertainties and maintain some room for setup errors 
in PTV margins, so as not blindly rely on image guidance techniques as the unwavering truth. After all, the 
cardinal rule of a successful treatment is to first and foremost irradiate the target.

12.6 UNCERTAINTIES IN TREATMENT DELIVERY

12.6.1 4D DOSE ACCUMULATION

Treatment delivery accuracy is critical for lung cancer treatment. Due to the presence of lung motion, any static-
based assumptions made during treatment planning, inevitably face the dilemma of accurate treatment delivery. 
Interfractional motion, setup error and anatomical changes also contribute to the uncertainty of delivery. To avoid 
this problem, a large margin (1.5 cm to 2.5 cm) for lung tumor is required in traditional lung treatment. A much 
smaller margin (0.5 cm) is applied for SBRT lung treatment. However, the challenge is the lung motion and tumor 
motion. One simple solution is 4D-CT which can help to build ITV either by phase images or MIP images. AIP 
images from 4D-CT used for dose calculation are common and popular [123,140,141]. Huang et al. [58] reported 
that a dosimetric evaluation in phantoms to simulate tumor motions from patient’s breathing patient showed 
good agreement between the measured and computed dose distributions when tumor motion was under 7.0 ± 1.8 
mm. However, the accuracy of this method is challenged by the accuracy of 4D-CT images when tumor motion 
becomes large [58,96]. Several studies [82,96,142,143] showed the 4D-CT images can underestimate or overesti-
mate the tumor motion which can translate to AIP/MIP images. Phase-based dose calculation from 4D-CT is 
another method to generate 4D dose [144]. The 4D-CT plan was derived from multiple 3D plans based on all phase 
CT images, each of which used the same conformal beam configuration but with an isocenter shift to aim at the 
moving tumor and a minor beam aperture and weighting adjustment to maintain plan conformality [24].

4D treatment delivery is defined as continuous delivery of the designed 4D treatment plan throughout 
the entire breathing cycle [119]. Linear accelerators with multileaf collimators (MLCs) are capable, in prin-
ciple, of delivering 4D treatments with knowledge patient’s respiratory signal or tumor motion. However, 
due to motion speed and difficulty of detection of lung tumor, current accelerators require predictive soft-
ware and feedback from the patient’s respiratory signal in 200 ms [145]. Robotic linear accelerators such as 
CyberKnife® are also well suited for 4D treatment delivery. It provides a real-time track of breathing cycle 
and fluorescence verification of bony or tumor location.

12.6.2 TUMOR VARIATIONS

Lung tumor volumes can be from less than 1 cc up to 200 cc. For SBRT protocols, lung tumor size is limited 
up to 7 cm or 162.6 cc (PTV). Based on the tumor location to bronchial tree, RTOG 236 and RTOG 813 are 
designed for peripheral and central located tumors. Liu et al. reported tumor motion analysis of patients 
who have Stage III or IV non-small-cell lung cancer. They found that tumors that moved >0.5 cm along the 
superior–inferior (SI), lateral, and anterior–posterior (AP) axes during normal breathing were 39.2%, 1.8%, 
and 5.4%, respectively, only 10.8% of tumors moving on SI direction more than 1.0 cm [146]. For traditional 
radiotherapy, lung tumor size is not limited to size and location. A larger size tumor can easily attach to rigid 
tissue which shows less motion range compared with smaller-size tumor.

Lung tumors can be located on any lobe of the lung. Based on location of the lung, tumor motion can vary 
from 0.3 cm to 2–3 cm. Tumor located on upper lobe or attached to chest wall show much less motion than the 
tumor locating on lower lobe. Tumor in hilum region showed an average lateral movement of 9 ± 6 mm (± 1SD), 
with a range from 0 mm to 16 mm [147]. Diaphragm motion is critical for lung cancer due to its large motion and 
location. It is around 0.8 cm to 1.6 cm for normal breathing and 4.0 cm to 10.3 cm for deep breathing.
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12.6.3  TRACKING ACCURACY, GATING CORRELATIONS, 
AND BREATH-HOLD REPRODUCIBILITY

Shirato et al. reported the development of a real-time tumor-tracking system with a gated accelerator. The 
system detects the location of a 2.0-mm gold marker with an accuracy of better than 1.5 mm in a pelvic 
phantom using diagnostic x-ray [148]. They also showed that real-time tumor-tracking radiotherapy (RTRT) 
is feasible for performing 4D radiotherapy with the aid of a fiducial marker near the tumor [149]. CyberKnife 
can track and localize internal lung tumor position very precise by x-ray and does not depend on patient posi-
tioning errors [150]. During the treatment, it continuously checks the relation between internal and external 
motion by x-ray and fluorescence images [151]. However, 2D projection images are limited in their ability 
to resolve the motion along the imaging beam axis. There is an uncertainty by using 2D images to find 3D 
motions. Suh et al. showed 0.18 cm for the treatment fractions for a patient whose breathing range is over 0.5 
cm by using 2D projection images [152]. To eliminate this uncertainty, a simultaneous two oblique imager 
system in CyberKnife or Brainlab EXTRAC is an easy solution. A combination of KV and MV imager on 
linac can complete the 3D real-time tracking during treatment [153,154]. Rottmann et al. demonstrate using 
MV-EPID images alone to track a marker-less lung tumor in real time with a motion phantom [155]. They 
also presented their algorithm that can show errors of 1 mm or smaller in phantom studies and a patient data 
sample. However, the combination of KV and MV on tracking still has some questions to address, such as the 
image dose from multiple MV images and continuous KV images, as well as the time lag between MV and 
KV imagers [156,157].

Gating of moving tumors has the potential to reduce treatment uncertainties, better than dose margins 
[158]. Keall et al. reported to reduce a 2–11 mm in the CTV to PTV margin with gating [159]. Saito et al. 
reported that patients treated with respiratory gating showed greater respiratory tumor motion during treat-
ment, but tumor position variability was lower than patients treated without gating [160]. However, Burnett 
et al. showed that gating provides only a modest advantage unless the tumor is highly mobile [161].

Cheung et al. reported that reproducibility of lung tumor position by using ABC device [54]. They use a 
standard 1.5-cm PTV margin around the GTV and found the displacement of GTV centers with ABC breath 
hold applied was 0.3 ± 1.8 mm, 1.2 ± 2.3 mm, and 1.1 ± 3.5 mm in the lateral direction, anterior-posterior 
direction, and superior-inferior direction, respectively.
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13.1 INTRODUCTION

Radiation therapy of lung cancer is among the most common and important areas of image-guided radiation 
therapy. Imaging simulations including computed tomography (CT), magnetic resonance imaging (MRI), 
positron emission tomography with 2-fluorine-18 fluoro-2-deoxy-D-glucose (FDG-PET) and FDG-PET com-
bined with CT (FDG-PET/CT) are currently being used for clinical assessment of lung cancer. Recent tech-
nological advances in these imaging systems hold great promises to produce marked improvements toward 
more precise treatment of lung cancer. In this chapter, we will focus on recent advances in CT, MRI, PET, 
and other imaging methods in lung cancer applications, and discuss their potentials and limitations for use 
in clinical practice.

13.2 ADVANCES IN CT SIMULATION

CT is an essential imaging technology in radiation therapy for patient simulation and treatment planning. In 
recent years, there have been several notable advances in CT technology, including radiation dose reduction, 
iterative reconstruction, dual-energy CT, improved 4D-CT techniques, etc.

New CT systems have been introduced in the past few years, featuring innovative scanner technology to 
reduce radiation dose, increase speed, and improve image quality. For example, GE Healthcare Revolution 
platform offers 256 detector rows and features an 80 cm bore and a gantry rotation speed of 0.28 seconds. It 
can reduce metal artifacts, offering the potential for sedation-free CT scanning. The Revolution system also 
contains technology to allow spectral imaging in the future, which is enabled via a very fast kV switching 
system, changing the scanning energy level back and forth between 40–140 kV during the scan using the 
same detector and x-ray tube. Another example is Siemens’ Somatom Force system, which is the company’s 
next generation dual-source CT system. It has a gantry speed of 0.25 ms, enabling imaging of an adult chest 
in about one second, eliminating the need for breath hold. Usage of different energy levels can enhance the 
contrasts-to-noise ratio and lower patient radiation dose.

Several commercial software packages of iterative reconstruction are now available for CT application, 
including IRIS (Siemens, Erlangen, Germany), ASiR (GE Healthcare, Milwaukee, WI), Adaptive Iterative 
Dose Reduction (Toshiba, Tochigi, Japan), and iDose (Philips Healthcare, Best, Netherlands) [1]. A filtered 
Fourier back-projection image reconstruction is initially performed in the raw data domain to generate a 
master reconstruction which is an approximate reconstruction. The discordance between the measured and 
calculated projections is used to derive correction projections, reconstruct a correction image, and update 
the original image. This process is repeated until the deviation between measured and calculated projections 
is smaller than a predefined limit. Implementation of iterative reconstruction can yield diagnostic-quality 
images at 20%–66% lower volume CT dose index values than those obtained with filtered Fourier back-
projection techniques for CT of the chest and abdomen [2,3].

4D-CT has become the clinical standard for patient specific respiratory motion imaging for radiation 
therapy. Despite its wide use, it often suffers motion artifacts owing to patient’s breathing irregularities, 
which has been shown to adversely impact treatment planning. Recently, progress has been made to improve 
the image quality of 4D-CT using novel image sorting methods and respiratory motion modeling. This fol-
lowing section will detail these developments, motion modeling based on 4D-CT, as well as the implementa-
tion of derivative products of 4D-CT, average CT and maximum intensity projection (MIP) CT, in PET/CT 
applications.

13.2.1 IMPROVED 4D-CT
4D-CT is used to account for respiratory motion in radiation treatment planning, but artifacts resulting 
from the acquisition and post-processing limit its accuracy. Artifacts of 4D-CT are mainly due to breathing 
irregularities or incorrect breathing phase identification. Various methods have been proposed to improve 
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4D-CT by reducing motion artifacts, using novel post processing/sorting algorithms, or new image acquisi-
tion schemes.

Ehrhardt et al. developed an optical flow based method for improved reconstruction of 4D-CT data-
sets from multi-slice CT scans [4]. The optical flow between scans at neighboring respiratory states is 
estimated by a nonlinear registration method. The calculated velocity field is then used to reconstruct a 
4D-CT dataset by interpolating data at exactly the predefined respiratory phase. Evaluation results show a 
relevant reduction of reconstruction artifacts by this technique. Zhang et al. derived a mathematical model 
to represent the regular respiratory motion from a patient-specific 4D-CT set and have demonstrated its 
application in reducing irregular motion artifacts in 4D-CT images [5]. This approach can mitigate shape 
distortions of anatomy caused by irregular breathing motion during 4D-CT acquisition. Bernatowicz 
et al. [6] developed a novel simulation framework incorporating a realistic deformable digital phantom 
driven by patient tumor motion patterns. Based on this framework, the authors tested the hypothesis that 
 respiratory-gated 4D-CT can significantly reduce lung imaging artifacts. Respiratory-gated 4D-CT can 
reduce image artifacts affecting up to 90 cm3 of normal lung tissue compared to conventional acquisition. 
Gianoli et al. developed a method to reduce 4D-CT artifacts by using multiple respiratory related signals 
to reduce uncertainties and increase robustness in breathing phase identification [7]. Multiple respiratory-
related signals were provided by infrared 3D localization of a configuration of markers placed on the tho-
racoabdominal surface. Multidimensional K-means clustering was used for retrospective 4D-CT image 
sorting, which was based on multiple marker variables, to identify clusters representing different breathing 
phases. The implemented multiple point method demonstrated the ability to reduce artifacts in 4D-CT 
imaging. Thomas et al. developed a novel 4D-CT technique that exploits standard fast-helical acquisition, 
a simultaneous breathing surrogate measurement, deformable image registration, and a breathing motion 
model to remove sorting artifacts [8]. This method is robust in the presence of irregular breathing and 
allows the entire imaging dose to contribute to the resulting image quality, providing sorting artifact-free 
images at a patient dose similar to or less than current 4D-CT techniques.

Different acquisition methods have also been developed to reduce 4D-CT image artifacts. Castillo et al. 
[9] investigated the efficacy of three experimental 4D-CT acquisition methods to reduce artifacts in a pro-
spective institutional review board approved study. In their study, 18 lung cancer patients received standard 
clinical 4D-CT scans followed by each of the alternative 4D-CT acquisitions: 1) data oversampling, 2) beam 
gating with breathing irregularities, and 3) rescanning the clinical acquisition acquired during irregular 
breathing. Relative values of a validated correlation-based artifact metric (CM) determined the best acquisi-
tion method per patient. Each 4D-CT was processed by an extended phase sorting approach that optimizes 
the quantitative artifact metric (CM sorting). The clinical acquisitions were also post processed by phase 
sorting for artifact comparison of our current clinical implementation with the experimental methods. The 
results showed that the oversampling acquisition reduced artifact presence from the current clinical 4D-CT 
implementation to the largest degree and provided the simplest and most reproducible implementation. The 
rescan acquisition increased artifact presence significantly, compared to all acquisitions, and suffered from 
combination of data from independent scans over which large internal anatomic shifts occurred.

13.2.2 MOTION MODELING BASED ON 4D-CT
Early works of motion modeling studied the motion of a single point, usually the tumor center of mass 
[10,11]. Based on fluoroscopic video images of implanted markers in several patients, they determined that 
the motion had an elliptic pattern [10]. They elected to parameterize the elliptic motion into components 
aligned with the elliptic axes. Figure 13.1 shows a schematic of the motion model for cases without and 
with hysteresis. The method for including hysteresis was to add a phase angle between the different direc-
tional components. The variation in time spent at specific phases, such as spending more time at exhalation 
than inhalation, were managed by taking the sinusoidal function to an even power, with tunable period and 
amplitude. Figure 13.2 shows an example of the model for regular and irregular breathing patients. While 
this model worked for regular breathing patients, it broke down for irregular breathing patients because the 
model could not predict changes in breathing period.
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Figure 13.1 Breathing motion model proposed by Seppenwolde et al. [10] to describe tissue motion. The 
model describes the spatial coordinates as periodic functions in time. (a) Breathing motion without  hysteresis 
(two dimensional). These traces are shown as functions of time. (b) Breathing motion without hysteresis shown 
in space. (c) Breathing motion with hysteresis (two dimensional). These traces are shown as functions of time. 
The x coordinate is the same as in (a), but the y coordinate has a phase offset. (d) Breathing motion with 
 hysteresis shown in space. 
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Figure 13.2 Example of breathing motion model results from Seppenwoolde et al. [10] for (a) a regular-
breathing patient and (b) irregular breathing patient. The model works well when the breathing frequency and 
amplitude are stable, but breaks down if the breathing frequency changes.
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In view of addressing these modeling inadequacies, patient-specific breathing motion models [5,12–14] 
have been proposed to provide more accurate spatio-temporal positions and trajectories in the entire lung 
volume. Ideally, a breathing motion model should consider patient organ physiology and supply mechanical 
and functional information. Breathing motion models have commonly been constructed by correlating the 
external surrogate signals to the acquired image data. The surrogate data should be easily measureable and 
have a strong correlation with the motion of interest. If the correspondence model can be successfully estab-
lished between the two sets of data, the surrogate signal can then be used to estimate or predict the motion 
of interest. A survey of the breathing motion models can be found in McClelland et al. [15]. Figure 13.3 [16] 
shows an example schematic of a motion model generation by McClelland et al.

Recently, principal component analysis (PCA) based approaches have also been proposed [5,17]. The PCA 
was used to analyze the underlying data structure of the deformation vector fields obtained from deformable 
image registration processing of the 4D-CT image data between a reference phase and other phases. The 
authors found that three principal components were sufficient to describe the respiratory motion based on 
4D-CT data, with the first principal component basis characterizing the regular respiratory motion, while 
the rest of the bases account for the variation caused by image noise, registration error, or image reconstruc-
tion errors.

13.2.2.1 5D MOTION MODELING

In addition to the semi-voluntary tidal volume changes associated with breathing, an important physiologi-
cal phenomenon in lung motion is tissue hysteresis behavior, or the observation that many lung tissues do not 
follow the same trajectories from inhalation to exhalation as the reverse. This motion hysteresis was observed 
in Seppenwoolde et al. [10] where real-time fluoroscopic imaging was implemented to monitor implanted 
radio-opaque markers. In their study of 21 monitored tumors, many expressed hysteresis-like trajectories. 
Vedam et al. [18] treated breathing as a cyclic process and designated eight phases in the breathing cycle: peak 
exhalation, early, mid-, and late inhalation, peak inhalation, and early and late exhalation. This scheme was 
used to bin acquired CT scans into breathing phases and worked well in describing regular breathing motion.

To address irregular breathing, Low et al. proposed a technique that described breathing based on tidal 
volume as the measured breathing amplitude surrogate and directly incorporated the hysteretic motion 

Respiratory
surrogate
signal(s)

Simultaneously acquired

Imaging
data

Motion
measurements

(1)

Correspondence model

Value of respiratory signal (1)
7.0576.956.96.856.86.756.7

60

58

56

54

52

50

48

62

D
is

pl
ac

em
en

t o
f C

on
tr

ol
 P

oi
nt

 (m
m

)

Figure 13.3 Workflow of general breathing motion model development. A breathing surrogate is acquired 
in real time and is synchronized to 4D-CT image data. The CT scans are deformably registered to measure 
the relative motion of each piece of tissue within the scans. The relationship between the motion and the 
surrogate is evaluated to determine the motion model parameters. (From McClelland, J.R., B.A.S. Champion, 
and D.J. Hawkes, Combining image registration, respiratory motion modelling, and motion compensated 
image reconstruction, in Biomedical Image Registration: 6th International Workshop, WBIR, S. Ourselin and 
M. Modat, Editors. July 7–8, 2014. London, Cham: Springer International Publishing. pp. 103–13.)
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trajectory into the model formulation [14]. Hysteresis motion was assumed to be caused by pressure imbal-
ances in the lungs during respiration. For quiet respiration, whether regular or irregular, the pressure imbal-
ances were assumed to be proportional to the excess or deficit pressure in the trachea, and that excess or 
deficit pressure was approximated to be proportional to the airflow in and out of the mouth. Therefore, 
the time-dependent surrogates were tidal volume and airflow, which when combined with the three spa-
tial dimensions, led to the term “5D.” The relationship between tissue displacement and the surrogates was 
assumed to be linear; tissue displacement was modeled as vectors whose lengths were linear functions of the 
tidal volume and airflow. When written in the form of an equation, the displacement of a piece of tissue X 
when the patient had tidal volume v and airflow f was

 � � �� � �
= + α ⋅ + β ⋅X X v f      ,  o

  (13.1)

where 
� ��
Xo  was the tissue position at 0 volume and airflow, and, α  and β were the linear vector approxima-

tions to the motion as functions of the surrogates volume and airflow, respectively. The meaning of an airflow 
of 0 was clear, but the meaning of a tidal volume of 0 was not defined in the literature. Therefore, Low et al. 
elected to use tidal volume percentiles to define the tidal volume of 0. Typically, they defined the 5th percen-
tile tidal volume as 0, with the percentile computed from the breathing traces during the CT session. In Low 
et al. [14], the validity of the motion model in Equation 13.1 was evaluated by tracking 76 tissue positions in 
four patients at 15 different breathing phases.

One challenge of employing tidal volume as the time-dependent surrogate was that spirometers often drifted 
during their measurements. Werner et al. [19] investigated this issue and found that the use of abdominal pres-
sure belts as breathing surrogates led to tidal volume measurements that were highly correlated with those 
obtained through spirometry acquisitions. This finding allowed for the replacement of a spirometer with a more 
straightforward abdominal bellows signal measurement. Either the bellows signal would be converted to tidal 
volume using the image data, or the analysis conducted by evaluating percentiles rather than the bellows signal 
directly. In either case, since airflow was the time derivative of tidal volume in Equation 13.1, any surrogate 
proportional to tidal volume could be employed as the replacement for airflow by taking its time derivative.

The group used multiple cine scans, acquiring up to 25 low-mAs scans at each couch position. They 
employed deformable image registration to measure the tissue motion and provide the necessary data to fit 
the motion model. The greatest challenge of this approach was in registering tissues near the craniocaudal 
boundaries of the cine images. In 2013, Low et al. [20] changed the method they used to acquire the CT data 
needed to generate the breathing motion model. Rather than acquire all images at a single location sequen-
tially, they elected to use fast-helical CT scanning. They employed both a Siemens Flash and a Siemens AS64. 
The scanners operated with rotation rates of 0.28 s and 0.33 s, employing pitch values of 1.2 and 1.5, respec-
tively. This meant that a single location was scanned for only approximately 0.22 s, fast enough that most 
motion blurring was eliminated. Similar to the cine scans, the fast-helical scans were acquired using low mAs 
to restrict the radiation dose.

The fast-helical CT scans required between 1.5 s and 2.5 s to acquire, so the patient was breathing for up 
to a half a breath during the CT scan acquisition. Therefore, the scans were not representative of any single 
breathing phase. Instead, each slice was assigned a breathing phase since the breathing surrogate was syn-
chronized with the CT scan acquisition.

The fast-helical CT scans often looked like breath-hold scans. The breathing motion artifacts were minor 
and each scan included the entire lungs. Therefore, deformable image registration was quite straightforward. 
The workflow started with selecting one CT scan as the reference scan (typically the first scan), segmenting 
the lungs, conducting deformable image registration separately inside and outside the lungs to measure the 
motion of the voxels relative to the reference scan, determining the motion model parameters based on that 
motion, the surrogate amplitude and rate, and averaging the CT scans in the reference scan geometry to 
reduce image noise. The averaged image could be deformed to any breathing phase (amplitude and rate) based 
on the motion model. For treatment planning, scans were reconstructed at user-selected breathing phases. 
Figure 13.4 shows an example of the clinical 4D-CT protocol and the 5D protocol with fast-helical CT scan 
acquisition for 5 of the first 10 patients [8].
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Dou et al. showed that the original helical CT scans could be used to determine the accuracy of the process 
5D-CT by reconstructing the original fast-helical CT scans [21]. Figure 13.5a shows an example of the refer-
ence and a second fast-helical CT scan. Figure 13.5b shows the same CT scans with the second scan deformed 
using the motion model to the reference CT scan geometry. Figure 13.6a summarizes the error histograms 

(a) (b)

Figure 13.5 (a) The reference and a second fast-helical CT scan superimposed showing the discrepancies 
of the tissue positions. (b) The same two scans with the reference scan deformed to the second CT scan 
 geometry using the 5D model. The reconstructed and original scans look nearly identical. (Figure generated 
from same dataset as published by Dou et al.)
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Figure 13.6 (a) Whisker plot of differences between reconstructed and original helical CT scans in the 
5D   process. The whiskers correspond to the 5th, 25th, 50th (red line), 75th, and 95th percentiles and the 
 diamond is the mean error. (b) The breathing pattern for the 25 fast-helical CT scans. The black trace is 
the  reference scan. Red and blue traces indicate opposing scanning directions. The ratio of the deepest to 
 shallowest breaths is a factor of 8.

Clinical technique New technique

Figure 13.4 Examples of the commercial 4D-CT technique and the 5D-CT technique using fast-helical CT 
scan acquisitions. Note the elimination of sorting artifacts and the improved noise characteristics of the 5D 
protocol scans. (From Thomas, D. et al., Int J Radiat Oncol Biol Phys, 89, 191–198, 2014.)
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comparing the reconstructed and original CT scans and Figure 13.6b shows the breathing traces of these 
scans. The results show that the 5D process accurately reconstructs the original scans within 3 mm (95th 
percentile) for all the CT scans. This is despite the factor of 8 difference between the deepest and shallowest 
breaths of this patient.

13.3  ADVANCES IN MRI SIMULATION

In recent years, radiation oncology departments have begun to more routinely use MRI to aid radiotherapy 
treatment planning. MRI is often used in areas of poor tissue discrimination with CT scans, such as the brain, 
abdomen and pelvis, but not historically in the lungs. Numerous advances in MRI have been developed in 
the past decade, such as fast MR sequences, powerful gradients and coils, parallel imaging, novel contrast 
agents, etc. Some innovative MR sequences are specifically designed to improve lung imaging by effectively 
manage the challenges associated with lung MRI: short T2*, low proton density, and respiratory motion. For 
instance, recent developments allow 3D spatial resolution of MR images on the order of a cubic millimeter 
to be achieved in the lung [22]. These advances have markedly improved the quality of lung MR imaging, 
 making MRI an emerging tool for imaging lung diseases, including lung cancer. This section will focus on the 
recent advances in MRI for anatomical and functional lung imaging, and their applications in radiotherapy 
of lung cancer.

13.3.1 MRI-BASED ANATOMICAL IMAGING OF HUMAN LUNG

A lung MRI protocol usually consists of a combination of T1-weighted (T1-w) and T2-weighted (T2-w) MR 
images. T1-w MR images show high-signal pulmonary nodules and masses, and T2-w MR images highlight 
tumor infiltration and nodular lesions or masses with high fluid content. T1-w 3D spoiled gradient echo 
(GRE) MR sequence with volumetric interpolated breath-hold (VIBE) has a pulmonary nodule-detection 
rate comparable with CT [23]. When delineating lung tumors that are close to structures with similar elec-
tron densities, MRI can enable differentiation between them owning to its excellent soft-tissue contrast. For 
instance, T2-w single-shot fast-spin echo (SSFSE) MR image can clearly differentiate between tumor mass 
and mediastinum, while the boundary between tumor and consolidation is less clear, as shown in example in 
Figure 13.7 [24]. Short inversion time inversion recovery (STIR) turbo SE was recently introduced as prom-
ising MR sequences for pulmonary nodule assessment. Koyama et al. [19] demonstrated that STIR turbo 
SE imaging was significantly better than T1-w or T2-w for differentiating malignant from benign solitary 
 pulmonary nodules [25].

Ultrashort echo-time (UTE) MRI is a pulse-sequence specifically designed to image short T2* tissues, 
such as lung parenchyma, and thus particularly useful for lung imaging. It can be used to generate 3D images 
of the whole-lung with extraordinary spatial resolution and signal-to-noise ratio (SNR), revealing structural 
features such as airway walls, lobar fissures, and patterns of pulmonary fibrosis with a level of detail not 
typically seen in 2D spin-echo acquisitions [22]. Another pulse-sequence development for lung imaging 
is balanced steady-state free precession (SSFP) [26,7], which can yield higher steady-state MR signal than 
an equivalent spoiled GRE acquisition [28]. Using ultrafast repetition times (TR) approaching 1 ms, which 
is shorter than the typical T2* value of lung parenchyma at 1.5 Tesla, balanced SSFP acquisition with 3D 
Cartesian k-space encoding can be used to acquire lung images with significantly enhanced parenchyma 
signal in a single-breath-hold [24]. Furthermore, Miller et al. recently demonstrated an ultra-resolution 
pulse sequence which combines a TrueFISP (a.k.a. balanced SSFP) excitation scheme with 3D spoke-radial 
k-space sampling. This technique enables very fine isotropic voxel resolution to be achieved while maintain-
ing extremely short repetition times (TR ~ 1 ms), as shown in Figure 13.8 [29]. The extremely short TR makes 
the resulting images immune to banding artifacts that can plague conventional TrueFISP acquisitions. The 
anatomical imaging techniques improve the spatial resolution, SNR, and spatial coverage achievable in the 
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lung, without requiring contrast injection or difficult breath-hold maneuvers, which greatly enhances their 
potential clinical usefulness.

13.3.2 MRI-BASED FUNCTIONAL IMAGING OF HUMAN LUNG

Exciting advances in functional lung MRI have been achieved in recent years in both technical development 
and clinical application. Functional MR imaging is defined loosely here as any MRI technique capable of 
revealing information in addition to anatomical images, such as ventilation MRI, dynamic contrast-enhanced 
MRI (DEC-MRI), and diffusion-weighted MRI (DWI). Functional information of the lungs can be extracted 
from these MR images and potentially used to improve radiotherapy of lung cancer.

Figure 13.7 Axial plane of a T2-w single-shot fast-spin echo (SSFSE) image of a small-cell lung cancer for a 
64-year-old male with T4 N2 M0 disease. There is excellent differentiation between the mediastinum and tumor 
mass, although the boundary between the tumor and the consolidation is unclear. (Images done on 1.5T GE 
scanner, with inspiration breath-hold.) (From Metcalfe, P. et al., Technol Cancer Res Treat, 12, 429–446, 2013.)
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13.3.2.1 VENTILATION MRI

Lung ventilation is usually measured by introducing a contrast agent into the inspired gas mixture and 
over its accumulation in the lung. Oxygen-enhanced MRI is a proton-based technique that uses pure oxy-
gen as an exogenous contrast agent to image pulmonary ventilation [30,31]. The presence of oxygen in the 
lung airspaces shortens the T1 of the surrounding tissue, allowing oxygen accumulation in the air spaces to 
be detected indirectly by measuring its effect on the MR signal in the parenchyma. An alternative approach 
for lung ventilation imaging is using inhaled hyperpolarized gas (e.g., helium-3 and xenon-129) as the 
contrast agent to directly image lung ventilation by measuring the accumulation of the hyperpolarized 
gas [32–35]. A third approach is a Fourier decomposition technique [36,37], which instead of measuring 
the wash-in of a contrast agent, directly measures the movement of the lung airspaces during breathing 
by detecting the resulting variation in local water density [38]. This is accomplished by acquiring a series 
of proton-density weighted images of the same slice. After registering each of these images to a common 
reference image, the time-domain Fourier transform is computed at each voxel location, and the amplitude 
of the Fourier component corresponding to the respiratory frequency is taken as a relative measure of the 
local ventilation.

Lung ventilation MR imaging has been explored to improve lung cancer radiotherapy by identifying and 
sparing healthy, functional lung tissues in treatment planning. Cai et al. demonstrated that by incorporating 
lung ventilation information into treatment planning of lung cancer, radiation dose to highly functional lungs 
can be reduced [39]. Small, but significant improvements in sparing functional lungs could be achieved when 
lung tumor sits close to both healthy and diseased lung volumes. Bates et al. [40] and Ireland et al. [41] have 
also separately observed benefits in healthy tissue sparing of functional-based treatment planning utilizing 
the functional information derived from lung ventilation MRI. Lung ventilation MRI has also been used to 
monitor radiation induced lung function changes before and after radiotherapy of lung cancers [42,43]. This 
study showed the feasibility of detecting ventilation changes between pre and post-treatment using hyperpo-
larized gas MRI for patients with lung cancer. Pre-treatment, the degree of emphysema and MRI ventilation 
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Figure 13.8 Sample ultra-resolution MR images, all extracted from the same 3D dataset acquired at 1.7 mm 
isotropic resolution. The 1.7-mm-thick sagittal and axial slices on the left show the artifact-free depiction of the 
sternum (1), heart (2), spine (3), liver (4), inferior vena cava (5), aorta (6), kidneys (7), and spleen (8), along with the 
numerous high-signal features (mostly vessels) in the lung (9). (Courtesy of Dr. G. Wilson Miller of the University 
of Virginia. From Miller, G.W. et al., NMR Biomed, 27, 1542–1556, 2014.)
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were correlated. MRI ventilation changes between pre- and post-treatment imaging were consistent with CT 
evidence of radiation-induced lung injury.

13.3.2.2 DYNAMIC CONTRAST-ENHANCED MRI (DCE-MRI)

DCE-MRI is a promising method for tumor characterization and therapy monitoring [44]. Studies have shown 
that DCE-MRI has diagnostic value in various tumors, and correlates with therapy effect of radiotherapy 
[45]. Studies have shown that DCE-MRI can be used to differentiate lung tumor subtypes [46]. Information 
about pulmonary perfusion and blood volume can be extracted from DCE-MRI. An important example of 
 DCE-MRI for lung cancer is the assessment of lung cancer treatments. It can be used to estimate the postopera-
tive lung function for patients with non-small cell lung cancer (NSCLC) [47]. DCE-MRI is usually performed 
by sequential imaging following the injection of a suitable paramagnetic contrast agent. There are currently 
three major methods for DCE-MRI of the lung. These broad categories include 2D SE or turbo SE sequences 
and various types of 2D and 3D GRE sequences. The use of DCE-MRI with the 3D GRE sequence and UTE 
is more likely to be effective than other methods and may lead to improved diagnostic performance of DCE-
MRI. This method has the potential to play a complementary role in the characterization of pulmonary nod-
ules. Efforts are being made to investigate the role of DCE-MRI in therapy monitoring of NSCLC.

13.3.2.3 DIFFUSION-WEIGHTED MRI (DWI)

DWI is sensitive to tissue microstructure on the cellular level and may therefore help to define biologi-
cal tumor subvolumes and add complementary information to morphology-based cancer treatment and 
therapy monitoring. DWI has been shown to have superior tumor-to-tissue contrast for cancer detection 
compared to other MRI sequences and CT. Studies have shown that DWI can be used to differentiate lung 
cancer from consolidations [48,49]. DWI is increasingly used in clinic in conjunction with other imaging 
modalities to help with target delineation, treatment planning and assessing/monitoring of tumor treat-
ment. Uto et al. conducted a patient study that showed DWI is useful for differentiating between benign 
and malignant lung nodules [50]. Kosucu et al. drew the same conclusion for mediastinal lymph nodes [51]. 
Kanauchi et al. demonstrated that DWI helps to predict tumor invasiveness for NSCLC [52]. Furthermore, 
the apparent diffusion coefficient (ADC) map derived from DWI images can help to differentiate differ-
ent cancer types. For example, Matoba et al. showed that ADC of adenocarcinoma is significantly higher 
compared to squamous cell carcinoma and large-cell carcinoma [53]. These findings indicate that DWI 
may represent a complex interplay of several processes and strongly depends on treatment and histological 
tumor type. Moreover, changes over time must be observed to draw the right conclusions for a dedicated 
therapy. Studies have shown that ADC is a potential biomarker for tumor response during radiochemo-
therapy of NSCLC [54–56]. Significant ADC value increases during radiochemotherapy for NSCLC were 
observed. ADC value change during treatment appears to be an independent marker of lung cancer treat-
ment outcome and warrants further investigation [56,57].

13.3.3 MRI-BASED RESPIRATORY MOTION MEASUREMENT

While 4D-CT is the current standard for imaging respiratory motion in radiotherapy, MRI techniques have 
been explored for this purpose and shown to have unique advantages over 4D-CT for respiratory motion 
measurement: 1) MRI has no radiation hazard, allowing for prolonged imaging time and subsequently more 
accurate measurement of breathing variations and statistical features; and 2) MRI has flexibility in imaging 
plane selection, leading to far more accurate and efficient measurement of respiratory motion in its dominant 
directions.

Fast MRI sequences such as 2D GRE or 2D fast steady-state GRE, often called cine MRI, allow for 
lung-motion imaging with a temporal resolution between 3 and 10 images per second. Using cine MRI, 
Plathow et al. found that the tumor mobility caused by respiratory motion is prominent in the supe-
rior-inferior direction and significantly impacted by tumor location [58–60]. Blackall et al. investigated 
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intra- and intercycle tumor motion variabilities using cine MRI and showed that the variability could 
introduce mean errors over 5 mm in definition of the tumor and lung boundaries [61]. Cai et al. inves-
tigated the effects of imaging scan time and sampling rate on the lung tumor probability density func-
tion (PDF) reproducibility using cine MRI [62,63]. Owning to its noninvasive and non-ionizing nature, 
MRI is suited for studies that require prolonged and repeating imaging acquisition. The high temporal 
resolution of cine MRI allows the study of the dependency of PDF reproducibility on the imaging frame 
rate. Cine MRI has a limitation that it measures only 2D motion. To overcome that, Tryggestad et al. 
developed a practical dynamic MRI technique employing two orthogonal planes acquired in a continu-
ous, interleaved fashion to characterize 3D tumor motion and associated variability [64]. In addition, 
Paganelli et al. quantified lung tumors’ rotation by using an automatic feature extraction method in 
combination with the acquisition of fast orthogonal cine MRI images [65]. Compared with 4D-CT, cine 
MRI is not affected by the time resolved imaging resorting and provides a more accurate tumor motion 
trajectory in the superior-inferior direction, particularly when the respiratory pattern is irregular [66]. 
In addition, cine MRI does not require dedicated hardware and can be easily implemented with standard 
sequences in most clinics equipped with a MRI unit.

More recently, four-dimensional MRI (4D-MRI) techniques have been developed for more comprehen-
sive evaluation of respiratory motion. Mainly developed for abdominal applications owning to its superior 
soft-tissue contrast, 4D-MRI also has a potential role for lung applications. For instance, 4D-MRI has 
been used to investigate the complex breathing patterns in patients with hemi-diaphragmatic paralysis 
due to malignant infiltration [67]. The study concluded that 4D-MRI is a promising tool to analyze com-
plex breathing patterns in patients with lung tumors, and it should be considered for use in planning of 
radiotherapy to account for individual tumor motion. Blackall et al. implemented a T1-w 3D real-time 
MRI using Fast Field Echo-Echo Planar Imaging (FFE-EPI) sequence with sensitivity encoding (SENSE) 
technique [59]. It has achieved a high frame rate (330 ms/volume) and spatial resolution (1.8 × 1.8 × 7 mm). 
However, significant compromises in signal to noise ratio and image quality in general [68] must be made 
to achieve real-time imaging, result in inadequate image quality for radiotherapy application. Hu et al. 
developed T2-w 4D-MRI technique with a respiratory amplitude based triggering system to prospectively 
gate image acquisition [69]. Besides image acquisition gating applied on images, Akçakaya et al. investi-
gated a k-Space-dependent respiratory gating technique. With this technique, a respiratory navigator is 
used as the surrogate to gate the acquisition of the k-space center data [70]. In addition, von Siebenthal et 
al. developed a method using an MR navigator for retrospectively stacking dynamic 2D images to gener-
ate time-resolved 3D images [68]. Multiple image contrasts and respiratory surrogates were explored for 
application. Cai et al. proposed a T2/T1-w 4D-MRI phase sorting technique that used body area (BA) 
extracting from images as the respiratory surrogate for sorting [71,72]. Tryggestad et al. and Liu et al. 
separately developed a T2-w 4D-MRI phase sorting technique for sequential MRI image acquisition mode 
with external respiratory surrogate physiologic monitoring unit (PMU) system [73,74]. Furthermore,  
Liu et al. implemented a diffusion-weighted 4D-MRI technique (4D-DWI), which has the potential to assist 
differentiating lung cancer from consolidations [75]. Furthermore, the ADC maps derived from 4D-DWI 
can be further developed to be a potential biomarker for tumor response of NSCLC [76]. Most recently, Liu 
et al. also implemented retrospective reordering of k-space based on respiratory phase to generate T2-w 
4D-MRI [77].

In addition to the abovementioned proton MRI techniques, hyperpolarized gas MR tagging is a 
novel, unique technique capable of direct in vivo measurement of respiratory lung motion on a regional 
basis [78–82]. Figure 13.9 illustrates the principle and fundamental of hyperpolarized gas tagging MRI. 
Compared to the proton MRI techniques, tagging MRI has unique features for lung motion measure-
ment: 1) it directly measures regional lung deformation in vivo in real human beings, providing a physi-
ological ground-truth of lung motion; 2) the hyperpolarized tagging MR images embed a large number 
(~500) of uniformly distributed landmarks within the lungs, allowing for complete study of the entire 
lung. Conversely, current methods have difficulty identifying landmarks in low-featured, peripheral 
lung regions [83,84]; and 3) the tag elements have high signal-to-noise ratio (~60), minimizing errors in 
landmark identification.
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13.4 ADVANCES IN PET SIMULATION

As a noninvasive imaging technique, 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) has 
been widely used for tumor staging and restaging [85], and it is the most useful modality for detecting dis-
tant metastasis [86]. The level of FDG uptake in tumor cells is a reliable marker of tumor cell glycolysis or 
metabolic activity and is linearly related to tumor cell proliferative activity or aggressiveness [87]. The overall 
sensitivity, specificity, and accuracy of FDG-PET for lung cancers are very high for primary, residual, and 
recurrent lung cancer diagnosis [88]. Applications of PET/CT in radiation oncology can be categorized into 
two major groups: for treatment planning and for response evaluation.

FDG-PET/CT has been proved to be an important modality in lung cancer radiotherapy for both treat-
ment planning and response evaluation. Further technical developments will yield better image resolution 
and image quality, making PET/CT more accurate and precise. PET/MRI will benefit some specific diseases 
and when simultaneous data acquisition or high spatial precision is important. Non-FDG tracers have great 
potential to be integrated into radiation oncology.

13.4.1 PET/CT FOR TREATMENT PLANNING

13.4.1.1 TARGET VOLUME SELECTION/STAGING

FDG-PET/CT has been demonstrated in many studies to be important in disease staging and target volume selec-
tion for lung cancers. Mac Manus et al. [89] studied 153 patients with NSCLC who were candidates for radical 
radiotherapy (RT). They found that FDG-PET detected unsuspected distant metastasis in 28 patients or extensive 
loco regional disease in 18 patients thus changed their treatment strategy from radical/curative radiation therapy 
to palliative radiation therapy. In a study of 24 patients with NSCLC, Bradley et al. [90] found that FDG-PET (1) 
detected unsuspected distant metastatic disease in 2 patients; (2) helped to distinguish tumor from atelectasis 
in all 3 patients with atelectasis (Figure 13.10); and (3) detected unsuspected nodal disease in 10 patients, and a 
separate tumor focus in 1 patient. A multi-center trial showed that the elective nodal failure rate for GTVs derived 
by PET/CT is low at 2%, suggesting that nodal GTVs should be limited to PET/CT-defined tumor volumes, 

(a) (b)

(c) (d)

(e) (f )

Figure 13.9 Hyperpolarized gas tagging MRI: (a) conventional proton MRI shows no signal in the lungs; 
(b) non-tagged hyperpolarized gas MRI shows high signal of hyperpolarized gas distribution within the lungs; 
(c) Inhalation and (d) exhalation 2D hyperpolarized gas tagging MR images revealed regional lung motion dur-
ing breathing; (e) surface-rendered 3D hyperpolarized gas tagging MR images of the lungs, where gold and 
blue indicate inhalation and exhalation respectively; and (f) the corresponding 3D lung motion displacement 
vector fields.
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i.e. involved nodes [91]. FDG-PET was found to alter target volume selection in about 30%–50% of patients, with 
an overall impact in terms of change in RT planning from 34% to 100% [91].

13.4.1.2 TARGET VOLUME DELINEATION

FDG-PET/CT has been shown to have an added role to CT only in delineating gross target volume (GTV) in 
lung cancers. GTV sizes were increased or decreased in various studies using PET/CT compared to CT only. 
Larger differences in GTV sizes were often because different target volumes were selected as discussed above. 
Studies showed a significant reduction in inter-observer contouring variation with the use of PET/CT [92].

Nevertheless, one needs to be cautious when using FDG-PET/CT for delineation of GTV, due to several 
limitations of this imaging modality. The spatial resolution of PET is poor at 5–8 mm compared to 1 mm of 
CT. As FDG is not tumor specific, adjacent normal tissues often have above-background FDG-uptake, mak-
ing it difficult to draw a boundary between the tumor and normal tissues. Though PET and CT in a combined 
PET/CT scanner are hardware-registered, misalignments between PET and CT (due to patient motion, respi-
ratory motion and cardiac motion) can be problematic for GTV delineation. Leong et al. described a rigorous 
manual delineation protocol in PET/CT for esophageal cancer [93]. GTV was defined using the complemen-
tary features of PET and CT—a visual interpretation of the PET image was used to determine the nature of a 
lesion and the CT image to determine its anatomical boundary. In cases where no boundary was visible on CT 
(e.g., cranial or caudal extent of primary tumor), the FDG-avid tumor volume was defined using a qualitative 
visual assessment of the PET image displayed on a liver-SUV-normalized gray scale.

13.4.1.3 SELECTIVE DOSE ESCALATION

Radiation dose escalation has been shown to improve local control and survival in lung cancer [94,95]. FDG-
PET is the most widely used molecular imaging in attempts to identify “higher-risk” subvolumes within 
the GTV [96,97]. Because of the smaller target volumes, the dose to these “higher-risk” subvolumes may 
be escalated considerably while the dose to the organs-at-risk (OAR) may be kept the same as the standard 
techniques.

Figure 13.10 An example of the difference between the defined gross tumor volume (GTV) between PET/CT 
(red contour) and CT alone (green contour) in a patient with left upper lobe atelectasis. PET/CT images are 
displayed in axial, sagittal, and coronal planes through the tumor. The corresponding CT alone axial image is 
displayed on the upper right. (From Bradley, J. et al., Int J Radiat Oncol Biol Phys, 82, 435–441, e1, 2012.)
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For effective dose escalation to “higher-risk” subvolumes based on FDG-PET pre-therapy, two conditions 
are required: (1) the locations of these subvolumes remain stable during RT; and (2) FDG-PET can identify 
these subvolumes pre-therapy. For (1), Aerts et al. found that in 23 NSCLC patients, the high uptake areas 
(60%) remained stable during RT with mean overlap fraction (OF = max (AinB, BinA)) of 72.3% and 71.3% 
at Day 0 with Days 7 and 14, respectively [98]. For (2), Aerts et al. found that 22 of 55 NSCLC patients had 
residual FDG uptake post-therapy that highly corresponded (OF > 91%) with GTV pre-therapy [96]. They 
concluded that pre-therapy FDG PET/CT allows for identification of “higher-risk” subvolumes. These stud-
ies led to a randomized phase II trial whose feasibility has been shown [99]. However, the OF overestimated 
the volume overlap and resulted in unreliable value (1.0) for progressive disease [100]. Lu et al. suggested that 
Volume Overlap by Dice Coefficient and BinA should be used instead of OF for such studies [100].

Considering the significant changes in the volume and location of high FDG-uptake areas during RT and 
the heterogeneity in tumor response, an adaptive dose escalation strategy (re-imaging, response evaluation, 
and re-planning during RT) is more advantageous over dose escalation pre-therapy. Feng et al. demonstrated 
in a pilot study that using during-RT PET/CT, tumor dose can be significantly escalated or normal tissue 
complication probability reduced in NSCLC [101]. A similar RTOG 1106 trial is ongoing.

13.4.1.4 TECHNICAL ASPECT OF USING PET/CT SIMULATION FOR RT PLANNING

Many clinics fuse a PET/CT (for target delineation) with a planning CT (for RT planning), acquired on two 
scanners. In principle, it is more efficient and more precise to use just the PET/CT acquired on a single scan-
ner for both target delineation and RT planning. A few technical modifications on the PET/CT system are 
necessary or desired: 1) a flat couch top that mimics RT treatment couch, 2) large bore PET/CT for certain 
bulky RT immobilization devices, 3) ceiling and side external lasers for patient positioning and marking, and 
4) CT protocols for both RT planning and PET attenuation correction. These modifications allow reproduc-
ible patient position, target delineation and dose calculation with a single PET/CT simulation session.

13.4.2 PET/CT FOR RESPONSE EVALUATION

There are large differences in tumor response to current population-based therapy. This warrants the 
development of personalized therapy in which early, accurate assessment of tumor response is important. 
Traditionally, tumor response is evaluated visually or measured with anatomic changes in tumor diameters 
using CT imaging. FDG-PET imaging has shown advantages over anatomic imaging as a response evalua-
tion tool in many malignancies [102–107]. Metabolic response is evaluated in PET visually and measured 
semi-quantitatively with changes in tumor standard uptake value (SUV) [102]. The optimal SUV cutoff val-
ues defining response varied considerably for different diseases as well as for the same disease. For NSCLC, 
criteria for tumor response included 50% [108] or 80% decrease in SUVmax [109], and SUV thresholds ranging 
from 2.5 to 4.5 post therapy [110].

In recent years, many studies proposed the use of computerized PET/CT image analysis to improve the 
evaluation of tumor response. Lu et al. [111], summarized these studies in the four steps of the analysis: image 
registration, tumor segmentation, image feature extraction, and response evaluation. Registering the base-
line PET/CT and evaluation PET/CT images provides new opportunities to quantify changes at the original 
tumor site and to model changes as a function of spatial location. Segmenting the tumors allows measure-
ments on the entire tumor rather than at single point or in small “peak” region. Various image features 
(recently termed radiomics), including volumetric, attenuation or uptake, geometric, and textural descrip-
tors, allows comprehensive quantification of tumor characteristics and their changes due to therapy [112]. 
Finally, advanced response predictive models that are based on various clinical and image features show 
higher accuracy than traditional response evaluation [113].

13.4.3 RESPIRATORY-GATED PET AND 4D PET/CT
Tumors in the lungs and upper abdomen are impacted by respiratory motion, which may cause blurring of the 
tumor and breathing artifacts in both CT and PET, as well as disturbance of uptake level and distribution in PET.  
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This leads to inaccurate tumor measurement and inaccurate PET quantification [114]. Typically, a free-breathing 
CT is acquired for attenuation correction on a PET/CT scanner. Since the CT is acquired in a few seconds while 
the PET is acquired in a few minutes, they represent a snapshot of and an average over many breathing cycles, 
respectively. Therefore, misalignment between CT and PET may be frequent and large [115]. Pan et al. showed 
that using average CT for attenuation correction significantly reduced breathing artifacts and led to more accu-
rate PET quantification [115]. A further development for respiratory motion correction is 4D PET/CT, in which 
CT and PET data were sorted into 10 respiration phases and then correlated per the respiration phase [116]. 
Nehmeh et al. showed that in four patients, the 4D PET/CT improved accuracy in PET-CT image co-registration, 
reduced blurring of tumor and thus the observed tumor volume, yielding an increase in the measured SUV by 
up to 16% over the clinical measured SUV. However, one disadvantage of this 4D PET/CT is the increased noise 
due to the lower (1/10) counts in each respiratory phase. Several groups applied image registration to “sum” PET 
images of all phases into a single phase, and thus keeping all counts for each phase [117–119]. Lamare et al. showed 
further improvements by applying image registration in raw data (list mode data) prior to reconstruction [119] 
or in local regions [118].

Although respiratory-gated PET and 4D PET/CT are hot research topics; they have achieved limited clini-
cal use in radiation oncology. 4D-CT remains as the major modality for respiratory motion correction in 
delineating GTV for RT planning. Though many reported that the measured SUVs in 4D PET/CT were sta-
tistically different from those measured in clinical PET/CT, the differences were rarely clinically significant. 
Another limiting factor of 4D PET/CT is its longer acquisition time.

13.4.4  AVERAGE CT AND MIP CT IMAGES FOR 
PET/CT SIMULATION

The advent of PET/CT scanners made it possible that a single imaging table transporting the patient between 
PET and CT to hardware-fuse the PET and CT data without a repeat of patient setup. Application of PET/CT 
is over 90% on oncology with 18F-FDG. PET/CT plays an important role in image-guided radiation therapy 
[120] and treatment response assessment [121]. Integration of functional PET data with anatomical CT data is 
critical in radiation therapy [122]. However, it remains a challenge to quantify the improvement of simulation 
with PET/CT over CT in treatment planning for radiation treatment as conclusive clinical data are not yet 
available. Early studies have found PET/CT has advantages over CT in standardization of volume delineation 
[123,124], in reduction of the risk for geometrical misses [125], and in minimization of radiation dose to the 
non-target organs [126–128]. Utilization of PET/CT is expected to grow as more molecular targeted imaging 
agents are being developed [129].

Average (or average intensity) and maximum intensity projection (MIP) CT images are by-products of 
4D-CT because the average CT and MIP CT images can be derived from averaging the pixel values and find-
ing the maximum pixel value of the multiple phases of 4D-CT, respectively. Mis-registration between the CT 
and PET data is typically identified by a curvilinear white band or photon-penic region near the diaphragm in 
the PET images (Figure 13.11). A tumor may become smaller (or larger) than it appears due to the interplay of 

(b)(a)
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Figure 13.11 (a) A clinical PET/CT study with the photo penic or under-attenuation correction artifact, which 
was removed by average CT in (b). The max SUV of the lung lesion is changed from 2.3 in (a) to 3.6 in (b), an 
increase of 59%.
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the CT scan and the tumor motion direction and speed. Since we spend more time in expiration than inspira-
tion, the PET data averaged over 2–3 mins is closer to the end-expiration than the end-inspiration. If the CT 
data can be acquired near the end-expiration, then the CT and PET data will register with each other. On the 
other hand, if the CT data is acquired in or near the end-inspiration, the inflated lungs from inspiration will 
be larger than the deflated lungs at expiration. The larger area of the inflated lungs in CT renders less attenu-
ation correction in the reconstruction of the PET data near the diaphragm. The result is a white band region 
identified as a mis-registered region or a photon-penic region.

Coaching the patient to hold-breath at mid-expiration during the CT acquisition was suggested as an 
alternative to improve the registration between the CT and PET data [130]. However, the outcomes were 
mixed because coaching a patient to breath-hold at a certain state during the CT acquisition is not very reli-
able from both the patient and the technologist, operating the PET/CT scanner, perspectives. It may not be 
easy to train a patient or technologist that the breath-hold CT to best match with PET should be taken at the 
mid-expiration in light-breathing not in deep respiration.

If the CT scan is conducted when the patient is free-breathing, there is possibility that the CT and the PET 
data may misalign with each other because some CT slices are taken at the inspiration, and some at the expira-
tion whereas the PET data is averaged over 2–3 mins. The distance between two consecutive end expiration 
phases can become longer (or shorter) with a faster (or slower) speed helical CT scan. Figure 13.12 [131] shows an 
example of the CT images taken when the patient was free breathing during a CT scan at the speed of 1.72 cm/s. 
There were skin-fold artifacts at the abdomen and cardiac pulsation artifacts at the heart, which might not be 
identified in the review of each individual CT slice. By measuring the distance between the adjacent peaks of the 
respiratory (cardiac pulsation) artifacts, and dividing the distance by the table translation speed of the CT scan, 
one can estimate the breathing cycle and the heat rate of the patient to be about 4.7 s and 50 beats per minute, 
respectively. These artifacts were due to the respiration and the heart beatings of the patient.

A study of 216 patients in quantification with SUV and gross target volume (GTV) delineation was reported 
[132]. There were 68% of the patients with at least one respiratory artifact and 10% of the mis-registrations 
in PET/CT could cause an SUV change of over 25%, which can be a threshold indicating a partial response 
to therapy [133]. The small tumors of < 50 cm3 in size near the diaphragm could have a shift of the centroid 
tumor location of 2.4 mm and a GTV change of over 154% and an SUV change of 21%. Clearly, whole-body 
PET/CT exams are with mis-registration between the CT and PET data, but only a small portion of the scans 
with small tumors near the diaphragm could be impacted by mis-registration.

Acquiring the cine CT images for average CT can be accomplished by scanning at the same location with 
a fast gantry rotation of subsecond over a breath cycle of 3–5 seconds and without a respiratory monitoring 
device on the GE scanner [132–136]. However, all vendors require the purchase of 4D-CT to derive average CT. 
There are two key components in the implementation of the average CT: one is to scan at a fast gantry rotation 
to achieve high temporal resolution and to minimize motion artifacts in each CT image; the other one is to 
scan over one breath cycle of 3–5 seconds to produce sufficient samples of the CT images across the multiple 
phases of a respiratory cycle to achieve a similar averaging effect like PET. The slow-scan CT acquires data 
over one CT gantry rotation of 4 secs, could cause severe reconstruction artifacts. Figure 13.13 shows a clinical 
example of a patient scanned with the slow-scan CT of 4 secs per gantry rotation and the average CT by the 
cine CT of fast gantry rotation of 0.5 seconds for 4 sec. There were severe reconstruction artifacts caused by 
the respiratory motion in the images of the slow 4-sec gantry rotation because the projection data of the slow 
4-sec CT were not consistent over one revolution of the CT scan due to breathing motion, in violation of the 
basic tomographic image reconstruction principle which requires the imaged object stationary during data 
acquisition. Except some expected blurring at the boundary of the liver, there were no artifacts in the averaged 
CT over a breath cycle of the CT images of high temporal resolution. The average CT and PET data are similar 
in temporal resolution and the average CT is without the reconstruction artifacts as shown in the slow CT.

Scans with either cine CT on the GE scanner or low-pitch helical CT (pitch < 0.1) on the PET/CT scanners 
of the other manufacturers can be adopted to obtain average CT, and has been available in 4D-CT imaging 
[137–139]. In a whole-body PET/CT scan, the CT images are typically acquired before PET. The technologist 
can determine if an average CT scan is needed when the CT and PET images of the thorax and abdomen, 
which are more likely to be impacted by the mismatch of the CT and PET images, are available for review 
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before completion of the PET scan. Radiation therapy has embraced the use of average CT for dose calcula-
tion in conventional radiation therapy [140], and for proton beam therapy [66] when the respiratory motion 
can alter the dose calculation. Average CT has also been shown to benefit the alignment with the cone beam 
CT images taken right before radiation treatment in image-guided radiation therapy [141]. Average CT can 
be generated from the cine CT scan by averaging the cine CT images without a respiratory gating device 
[132–135], for the purposes of attenuation correction of PET images, dose calculation for radiation therapy 
with photon and proton and alignment with cone beam CT for image-guided radiation therapy.

MIP CT images are effective in depicting the extent of tumor motion [142,143]. For peripheral lung 
tumors (surrounded by the lower density air in the lungs), MIP CT images can be used to determine the 
tumor target volume and to avoid ambiguity in using a threshold of SUV to determine the target volume in 

Figure 13.12 A sagittal view of a CT scan in PET/CT with the helical CT protocol of 16x0.625 mm, 0.8 s gantry 
rotation, pitch 1.375:1. There were three skinfold artifacts on the abdomen and some pulsating artifacts on the 
heart. The speed of CT scan in the table direction is 17.2 mm/s. (Reproduced from Zaid, H. and T. Pan., PET 
Clin, 6, 207–226, 2011; with permission.)
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PET. Any 18F-FDG uptake in the lungs should be supported by the soft tissues depicted in the MIP images. 
Any PET GTV determined with an SUV threshold should not exceed the soft-tissue boundary in the MIP 
images. Their application for treatment planning for stereotactic body radiation therapy has been dem-
onstrated in [144]. The MIP CT images can help determine the tumor volume in the thorax. Figure 13.14 
shows an example of determining the extent of PET GTV with MIP CT to avoid the uncertainty of thresh-
olding a functional tumor with SUV. A similar concept has been attempted with the regular helical CT 
data for peripheral non-small cell lung cancer (NSCLC) by Biehl et al. [145], when the boarder of the tumor 
can be identified by the CT data.

Figure 13.15 [146] shows an example of mis-registration that caused a false-negative diagnosis, and a 
change of the gross target volume for radiation therapy when the mis-registration was removed with average 
CT. In the era of image-guided radiation therapy to deliver a very high dose of radiation at a great precision, it 
is very important to pay attention to any mis-registration between the CT and the PET images during tumor 
delineation when PET/CT images are used in the treatment planning.

13.4.5 PET/MRI
Recent technical developments have realized integrated PET/MRI scanners. PET/MRI combines the superb sen-
sitivity of PET and excellent soft tissue contrast and spatial resolution of MRI, providing unique opportunities 
to simultaneously imaging multiple characteristics of a tumor. Additional advantages of PET/MRI compared to 
PET/CT include that, unlike CT, MRI does not include ionizing radiation; and better PET/MRI co-registration 

(a)
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Figure 13.13 The average CT and the slow scan CT images of a patient with an average breath cycle of 4 s. 
The slow scan CT images in (a) were taken with one single CT gantry rotation of 4 s, and the two images 
were 2.5 mm apart and 2.5 mm thick. The corresponding average CT images in (b), obtained by averaging the 
cine CT images, were averaged from 4 s of data collection over 8 gantry rotations. The average CT images 
were almost free of reconstruction artifacts, which were observed in the SSCT images. (Reproduced from 
Pan T. et al., Med Phys, 33, 3931–3938, 2006; with permission.)

(a) (b)

(d)(c)

Figure 13.14 The MIP CT and PET images of a patient. The MIP CT in (a) is displayed with (window, level) = 
(400,40) and PET in (b) with a threshold of 40% of the maximum SUV of the tumor. The images of (a) and (b) are 
displayed again with (1000, –700) in (c) and the threshold of 20% in (d), respectively. The tumor contour in (c) is 
superimposed in (a), (b) and (d) to demonstrate the effect on tumor size by display parameters.
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(for fully integrated system) due to its simultaneous data acquisition versus sequential data acquisition in PET/
CT. The major challenges of implementing PET/MRI are to avoid or lower the mutual interferences between 
the two modalities. Wehrl et al. [147] reviewed a few PET/MRI designs including: (1) using two separated PET 
and MR scanners with a common patient positioning system allowing minimal movement between the two 
modalities; (2) using long light fibers that transfer the light from scintillator detectors in PET out of the magnet 
in MR; (3) using split magnet and short light fibers; (4) using short light fibers and replacing photomultiplier 
tubes (PMTs) with avalanche photo diodes (APDs) in PET. APDs are compact silicon semiconductors and can 
be operated without interferences in high magnetic fields; (5) coupling scintillator to APDs without light fibers; 
(6) using solid-state photomultipliers (SSPM) as light detectors; and (7) field cycling: switching off the magnetic 
field during PET data acquisition and on during MR data acquisition. There are three current clinical PET/
MR systems: GE SIGNA PET/MR system features design (6), Philips Ingenuity TF PET/MR system features 
design (1), and Siemens Biograph mMR PET/MR system features design (5). Pilot studies so far suggested that 
FDG PET/CT and FDG PET/MRI were of equal diagnostic accuracy for TNM staging in NSCLC [148] and 
several other solid tumors [149]. PET/MR is expected to have advantages over PET/CT in studies that (1) MR is 
much more useful than CT, like in brain imaging; (2) simultaneous data acquisition is preferred, like in multi- 
parametric imaging that yield morphologic, functional, and molecular information; and (3) high spatial preci-
sion is required, like in delineating tumors affected by motion (patient motion, respiratory and cardiac motion).

Another technical challenge of PET/MR systems is how to perform attenuation correction necessary for 
PET quantification. In PET/CT the attenuation map is measured directly by CT, while in PET/MR no infor-
mation related to attenuation is directly available. Bezrukov et al. [150] reviewed the state-of-the-art methods 
for MR-based attenuation correction (MRAC). These include (1) segmentation-based methods segment the 
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Figure 13.15 The PET/CT images of a 69-year-old female patient with an esophageal tumor after an induction 
chemotherapy. (a) shows an axial slice of the fused clinical CT and PET image at the level of the esophageal 
tumor (left) and the PET image in coronal view (right). The radiology report indicated the patient had a positive 
response to the chemotherapy. After removal of misalignment by the average CT, the tumor reappeared in the 
same PET dataset in (b). The arrows pointed to the tumor location. The gross target volumes drawn in the images 
of (a) and (b) are shown in blue and in green, respectively in (c). The patient was treated with the tumor volume 
in green, and the radiology report was corrected by the average CT. (Reproduced from Pan, T. and O. Mawlawi, 
Med. Phys, 35, 4955–4966, 2008; with permission.)
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patient image into tissue classes that are assigned uniform linear attenuation coefficients, (2) methods based 
on atlas and machine learning deform an attenuation atlas template to obtain the patient’s attenuation map 
or learn a mapping function to predict continuous attenuation maps from the MR data, and (3) combine PET 
emission data and anatomical information from MR images to compute the attenuation maps.

PET/MR has high potential in achieving higher level of accuracy and precision in GTV delineation for 
RT planning. Thorwarth et al. [151] evaluated step-and-shoot IMRT in a meningioma patient with PET/MR. 
They showed that a small infiltrative tumor region was better visualized in integrated PET/MR than in fused 
PET/CT and MR. Though the volume difference was small, both the dose distribution and the dose-volume 
histogram showed that this infiltrative tumor region would not receive the full prescribed the dose with the 
GTV delineated based on the fused PET/CT and MR. Causes of this difference could be improved PET resolu-
tion of 3 mm in PET/MR versus a PET resolution of 6 mm in fused PET/CT and MR, longer uptake time in 
PET/MR, and/or the MRI-based attenuation correction.

13.4.6 NEW PET/CT IMAGING TECHNIQUES

13.4.6.1  IMAGE RECONSTRUCTION WITH TIME-OF-FLIGHT AND  
POINT SPREAD FUNCTION

Current PET/CT systems use 3D data acquisition and iterative image reconstruction with ordered-subsets 
expectation maximization (OSEM) algorithm for PET. Recent development in fast detectors provides the 
temporal resolution required for time-of-flight (TOF) reconstruction. TOF PET use the measured time dif-
ference between the detection of the two coincidence events to more accurately determine the location of the 
positron annihilation point along the line of response (LOR). This is better than conventional PET, in which 
this information is not measured and thus equal weights are used for all points along the LOR. TOF PET 
improves image signal-to-noise ratio (SNR), particularly in large patients [152]. The better the time resolution 
of the PET scanner, the higher level of improvement in SNR. Another recent development is using a point-
spread function (PSF) measured at many points in the FOV to compensate for the geometric distortion when 
the photons are not from the center [153,154]. Figure 13.16 shows a comparison of these image reconstruction 
methods, where both TOF and PSF improved significantly the image quality and SNR.

OSEM

SNRliver 5.08
It 3, sub 24, Gau 4mm

SNRliver 5.42
It 3, sub 24, Gau 4mm

SNRliver 5.97
It 2, sub 21, Gau 4mm

SNRliver 5.99
It 2, sub 21, Gau 2mm

OSEM + PSF OSEM + TOF OSEM + PSF + TOF

Figure 13.16 Patient images reconstructed by different algorithms. Patient with postsurgical state of colorec-
tal cancer (BMI, 25.2; body weight, 71 kg; injected dose, 296.8 MBq; NECliver, 2.91 mega counts). It, sub, 
and Gau represent iteration, subsets, and Gaussian filter FWHM width, respectively. TOF clearly improved 
uniformity of liver and sharpness of edge of vertebral body. Uptake in physiologically low-uptake areas, such 
as perirenal fat, lung, and intervertebral disks, was decreased by TOF correction. Combination of PSF and TOF 
markedly improved image quality. (From Akamatsu, G. et al., J Nucl Med, 53, 1716–1722, 2012.)
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13.4.6.2 NON-FDG TRACERS

Quite a few new PET tracers, including FLT that measures cell proliferation [155,156], FMISO that measures 
hypoxia [157,158], and others [159–161]_ENREF_61 have brought enthusiasm in oncology. Yang et al. showed 
that FLT PET/CT had a lower sensitivity (74% versus 94%) than FDG PET/CT for diagnosis of primary lesion, 
but higher specificity (98% versus 84%) for lymph nodes in NSCLC [162]. Trigonis et al. [163] found that dur-
ing early course of RT for NSCLC, FLT uptake decreased significantly, in the primary tumor in the absence of 
volume change, and in the lymph nodes with volume regression. These studies supported the potential of FLT 
PET/CT as a supplemental diagnostic modality and an early response marker for NSCLC.

Recently, Sterzing et al. [164] demonstrated dramatic impact of prostate-specific membrane antigen 
(PSMA) PET/CT on RT of prostate cancer. In a cohort of 57 patients, 18 patients received an additional 
lymph node boost due to a change from N0–N1 (regional metastases), 8 patients received an enlarged lym-
phatic field irradiation due to a change from M0–M1a (soft-tissue metastases), RT was cancelled and sys-
temic therapy was given for 4 patients due to a change from M0–M1b (bone metastases). An example is 
shown in Figure 13.17.
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14.1 INTRODUCTION

Lung cancer, with non-small-cell lung cancer (NSCLC) accounting for 80% of these cases, is the leading cause 
of cancer death all over the world. In 2015, an estimated 221,200 new cases (115,610 in men and 105,590 in 
women) of lung and bronchial cancer will be diagnosed, and 158,040 deaths (86,380 in men and 71,660 in 
women) are estimated to occur because of this disease in the United States [1]. From 2004 to 2010, the overall 
5-year relative survival rate for lung cancer was 16.8% in the United States [2]. Radiation therapy, (RT) which 
is an important treatment modality, has a potential role in all stages of NSCLC, as either definitive or pallia-
tive therapy. An estimated 40% of NSCLC patients will be treated with RT, as part of the multidisciplinary 
therapy. For stage I and II NSCLC, RT is an alternative curative option to surgery for patients who are medi-
cally inoperable or refuse surgery. Newer techniques such as stereotactic ablative radiotherapy (SABR), also 
denominated as stereotactic body radiotherapy (SBRT), for selected stage I NSCLC are showing survival con-
trol rates equivalent to surgery at short follow-up [3–5]. Radiotherapy, in combination with chemotherapy, 
remains the main curative modality for patients with stage III NSCLC. It can be used preoperatively for 
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Pancoast tumors [6] and postoperatively for pN2 cancers [7]. Finally, radiotherapy is an important palliative 
treatment modality to treat symptoms from the primary or bone or brain metastases and improve patients’ 
quality of life [8].

Current radiation therapy treatment planning techniques for lung cancer, including 3D conformal 
(3D-CRT), intensity modulated radiation therapy (IMRT), and volumetric modulated radiation therapy 
(VMAT), have been well described in previous chapters. Recently, there have been introduced several new 
treatment planning techniques for more precise tumor target coverage and better organ-at-risk (OAR) spar-
ing, including 4D planning, functional-based planning, etc. These advanced techniques have been increas-
ingly used in the radiation therapy for lung cancer [9]. This chapter will provide an overview of the recent 
advances in treatment planning techniques for lung cancer in the IGRT era.

14.2 MONTE CARLO DOSE CALCULATION

The use of an accurate dose calculation model is a crucial step to the success of treatment planning for lung 
cancer. Pencil beam dose calculation algorithms perform poorly in the thorax region due their poor ability 
in handling heterogeneity correction. Convolution algorithms, such as analytical anisotropic algorithm and 
collapsed cone convolution implemented in the Eclipse treatment planning system (TPS), have improved 
dose calculation accuracy but may still be insufficient for lung planning, where the effects of electron trans-
port disequilibrium cannot be accurately handled with conventional, deterministic dose algorithms due to 
the presence of heterogeneous patient tissues, especially when high-energy phone beams are used. A conse-
quence of electronic disequilibrium is the under dosage of the planning target volume (PTV), as shown in 
Figure 14.1. The penumbral widening in the dose distribution because of the increased electron scattering in 
the lung is illustrated for a conformal lung plan in Figure 14.2. Monte Carlo (MC)–based dose calculation 
is a statistical method capable of accurately modeling the tissue density inhomogeneity and thus desirable 
for high-precision lung RT. The model is, however, rather complex and computationally demanding. Issues 
such as statistical uncertainties, the use of variance reduction, and clinical implementation of Monte Carlo–
based photon and electron external beam treatment planning were discussed in the report of the AAPM Task 
Group No. 105 [10]. Recent advances in high-performance computing [11–13] and cloud infrastructure [11,13] 
are changing the landscape of dose calculation techniques and may make routine use of MC calculation a 
reality.

Depending on the location and size of the tumor, and beam energy, under dosage of the PTV in lung 
planning could be significant. In addition to this, doses to normal tissues, particularly the normal lung, may 
also be affected. Studies have shown substantial differences (10%−20%) could exist between conventional and 

Axial view

Transverse view

Figure 14.1 A lung RT plan demonstrates the under dosage of the PTV because of electronic disequilibrium. 
The opposed, oblique field treatment plan (15 MV photons) shows the 100% isodose coverage for MC calcula-
tion (modified DPM) in the solid line, and an EPL algorithm in the dashed line. The PTV is demarcated in white. 
Abbreviations: MC, Monte Carlo; DPM, dose planning method; EPL, equivalent path length. (Reprinted from 
Chetty, I.J. et al., Med Phys, 34, 4818–53, 2007. With permission.)
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MC algorithms [14–17]. MC method is particularly suitable for lung RT, especially with sophisticated dose 
delivery schemes such as IMRT/VMAT. These advanced RT modalities often involve high levels of intensity 
modulation and are generated by using a sequence of small static or dynamically shaped MLC segments. 
Under these circumstances, the assumptions used in conventional algorithms regarding scatter equilibrium 
and output ratio variation with field size often break down [18]. Additionally, in IMRT a significant fraction 
of dose to the OARs is due to radiation scattered from or transmitted through the MLC [19]. MC simulation 
can include these effects accurately [20–25].

In the past three decades, many general-purpose MC algorithms have been developed for simulating the 
transport of electrons and photons including EGS code system [26,27], GEANT 4 [28], ITS [29] and MCNP sys-
tems [30,31], et al. While the accuracy of these general-purpose codes can be roughly the same if they are care-
fully used, these codes are considered too slow for routine treatment planning purposes. Several groups have 
published reports on the use of parallelization of MC techniques over multiple computers to provide more 
reasonable turn-around times for simulation in clinical research [32]. Specific to RT, there have been a variety 
of MC codes developed to improve the calculation efficiency, among which the PEREGRINE systemTM (North 
American Scientific: Nomos Division) was the first MC algorithm to receive FDA 510-K approval and repre-
sents the first commercially available photon beam treatment planning system in the US. PEREGRINE uses 
the random hinge approach [33] for electron transport mechanics with several efficiencies enhancing and 
variance reduction techniques implemented including source particle reuse, range rejection, Russian roulette 
and photon splitting [34,35]. Parallelizing the calculation on several computer processors is also implemented 
to reduce the overall dose calculation time. Other MC codes that have reached commercial implementa-
tion including Voxel Monte Carlo (VMC) series of codes [36] and the subsequently developed XVMC code 
and VMC++ code. XVMC code is incorporated into the MonacoTM (CMS, Elekta, Stockholm, Sweden), 
PrecisePlanTM (Elekta, Stockholm, Sweden), and iPlanTM (BrainLab, Munich, Germany) treatment planning 
systems [37]. VMC++ code is the basis for the first commercial electron MC algorithm from Nucletron and 
is being incorporated into the MasterplanTM (Nucletron, the Netherland) and EclipseTM (Varian, Palo Alto, 
CA) treatment planning systems for photon beam dose calculations [38]. Treatment planning applications 
and experimental verification of VMC-based systems have been reported in several articles [38–40]. Some 
other developed MC codes and their implementation were detailed described in the report of the AAPM Task 
Group No. 105 [10]: Macro MC (MMC) code [41,42] and eMCTM (Eclipse, Varian, Palo Alto, CA) [43,44]; 
MCV (Monte Carlo Vista) code [45] and PinnacleTM (Philips Radiation Oncology Systems, Madison, WI).

Lindsay et al. performed retrospective MC-based recalculations of 218 NSCLC treatment plans, and 
showed significant differences in dose indices V20, maximum lung dose and mean GTV dose between plans 
without heterogeneity correction and MC calculations. Moreover, correlations between V20 and observed 
radiation pneumonitis in this study were found to be different between plans without heterogeneity correc-
tion and MC-based treatment plans [46]. Fregoso et al. reported their work on the dosimetric verifications, 
and initial clinical evaluations of a commercial MC-based photon beam dose calculation algorithm (iPlanTM 
v.4.1 TPS). Significant differences between the MC and one-dimensional pencil beam (PB) algorithms were 
observed, especially for small lesions in the lung, where electronic disequilibrium effects are emphasized. 
For typical lung treatment plans, the computation time was found to be less than 10 min for 1%–2% mean 

EPL MC

Figure 14.2 A 3D conformal lung plan (15 MV photons) illustrates the penumbral broadening in the MC-based 
(modified DPM) dose distribution (on the right) because of the increased electron scattering in the lung tissue. 
This effect is not as pronounced in the EPL-calculated dose distribution. Abbreviations: MC, Monte Carlo; 
DPM, dose planning method; EPL, equivalent path length. (Reprinted from Chetty, I.J. et al., Med Phys, 34, 
4818–53, 2007. With permission.)
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variance [47]. The clinical evidence thus far, although preliminary and retrospective, supports the notion 
that MC-based dose calculation and delivery may lead to clinically significant changes in treatment outcome. 
Kong et al. have shown that the accuracy of radiation dose significantly impacts the local control and overall 
survival for NSCLC. Local control was found to increase at a rate of 1.3% per gray above the conventional 
dose fractionation scheme (63–69 Gy in 2.0-Gy fractions) [48], suggesting that even a small change in dose 
distribution because of inaccurate dose calculation, is likely to affect local control and survival.

Previous studies demonstrated the feasibility of the MC method in IMRT optimization [49–52]. But a  
full-fledged MC-based plan optimization has yet to be accomplished despite of many attractive features 
offered by the approach. MC simulation during optimization would allow the optimizer to account for het-
erogeneity induced dose perturbations, as well as for MLC leakage and scattered radiation. Inaccurate dose 
algorithms used during optimization can result in convergence errors [50], in which the optimized fluency 
pattern differs from that corresponding to the optimal dose distribution.

14.3 BEAM ORIENTATION SELECTION FOR LUNG IMRT

IMRT treatment planning starts with the selection of suitable beam angles. Traditionally, the selection is 
done manually, possibly with trial-and-error adjustment. Considerable time and effort is required to come up 
with a set of acceptable beams. Also, the results may strongly depend on the planner’s experience and under-
standing of the planning system. Alternatively, a class-solution approach may be adopted, where a predefined 
set of beam angles are used for similar clinical cases. However, this population-based approach does not 
take patient-specific anatomy into account, and thus could compromise the treatment plan quality. A better 
approach is to automate beam placement and incorporate beam orientation optimization into the treatment 
planning process.

The simplest method to find the optimal beam placement is exhaustive search, which optimizes IMRT 
plans for all combinations of M beams out of a pool of N equi-spaced beams. This method, although simple, is 
often computationally prohibitive. For example, for a coplanar pool of n=36 beams uniformly distributed over 
360°, all possible combinations of the m=7 beams would require generation and evaluation of Cn

m =8,347,680 
IMRT plans. Some approximation to accelerate the search process is needed to make this approach practical. 
Wang et al. reported a multiresolution search strategy and its application in IMRT for NSCLC [53]. An “influ-
ence vector” (IV) approximation technique for high-speed estimation of IMRT dose distributions combined 
with a fast gradient search algorithm was used for IMRT optimization. First, they determine the most and 
the least preferred angles using the exhaustive search approach for configurations containing a small number 
of beams (e.g., three) in a pool of a given number of equi-spaced beams (e.g., 24). The small number of beams 
greatly reduces the magnitude of the search space, and hence, the optimization time. If the number of  the 
most preferred directions indicated by the results of the previous step is less than the desired number of 
beams in the optimum configuration, fix the most preferred directions and search for additional directions in 
the space that includes the remaining beams but excludes the least preferred directions. If the number of the 
most preferred directions found is greater than the desired number of beams, then search for the optimum 
angles in the search space of only the most preferred angle subset. This two-step process is considerably faster 
than full exhaustive search, and yet produces similar treatment plans.

Several sophisticated optimization algorithms have been adopted in radiotherapy planning, mostly 
using a global search mechanism [54], such as simulated annealing (SA) [55–59] and genetic algorithm (GA) 
[54,60–63]. SA was among the first to be introduced to solve the radiotherapy treatment optimization prob-
lem, but it has many parameters to be optimized and is time consuming in clinical routine. GA is demon-
strated to feasibly solve the beam angle optimization (BAO) problem [60,63]. However, this approach is prone 
to local minimums and a true global minimum is often not attainable. Previous studies have highlighted the 
limitations of different BAO approaches for IMRT [64,65].

Methods that incorporate prior knowledge into beam orientation optimization are emerging. Recently, 
Magome et al. reported the similar-case-based optimization (SCBO) of beam arrangements in SBRT for 
NSCLC [66,67]. Figure 14.3 showed the overall scheme of the method which consisted mainly of three steps. 
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Firstly, cases that are like an objective case were automatically selected based on geometrical features related 
to structures such as the location, size, and shape of the PTV, lung, and spinal cord. Secondly, the initial beam 
arrangements of the objective case were determined by registering cases that are like the objective case in 
terms of lung regions, using a linear registration technique, that is, an affine transformation [68]. Finally, the 
beam directions of the objective case were locally optimized based on the cost function, which considers the 
radiation absorption in normal tissues and OAR. They concluded that method could be used as a computer-
aided treatment planning tool for the determination of beam arrangements in SBRT, with the result that the 
procedure for the local optimization of beam arrangements improved the quality of treatment plans with 
significant differences (P< .05) in the homogeneity index and conformity index for the PTV, V10, V20, mean 
dose, and NTCP for the lung.

14.4  AUTOMATED PLANNING AND ITS POTENTIAL  
FOR LUNG CANCER TREATMENT

Wang and Xing developed an application programming method in C# environment with recorded interac-
tions of planner-TPS and implemented an autopilot VMAT/IMRT planning scheme in the platform [69,70]. 
Some commonly used planner-TPS interactions as subroutines using Microsoft Visual Studio Coded UI are 
recorded first. A recorded action is called back in C# application programming, when the corresponding 
task needs to be accomplished. A strategy was developed to autopilot EclipseTM (Varian Medical Systems, 
Palo Alto, CA) VMAT/IMRT plan selection process, which was done in the C# program and in the Eclipse 
optimization invoked by the C# program. In this approach, the dosimetric characteristics of a reference  
treatment plan (e.g. DVHs and/or other dosimetric characteristics such as mean/max/min doses) are used 
to guide the search for a clinically optimal treatment plan through iteratively evaluation and modifica-
tion of the Eclipse plan. The process mimics a planner’s planning process and can provide clinically sen-
sible treatment plans that would otherwise require a large amount of manual trial-and-errors of a planner. 
Figure 14.4 presents a specific implementation of an auto piloted VMAT/IMRT planning. Practicability 
and efficiency of the proposed approach was confirmed by application in planning two clinical cases, a 
head and neck case with VMAT and a prostate case with IMRT.

MDACC also developed their own auto plan system “mdaccAutoPlan system” and adopted in a clini-
cal trial that randomized proton and photon treatments for patients with stage III non-small-cell lung 
cancer in which the clinical value of passive-scattering proton therapy (PSPT) were compared with that of 
IMRT [65].

Objective case

Selection of similar cases based on geometrical features

Determination of initial beam arrangements
based on linear registration

Local optimization of beam arrangements

Optimized similar-case-based beam arrangements

Figure 14.3 Overall scheme of the similar-case-based optimization method for beam arrangements in SBRT. 
(Reprinted from Magome, T. et al., Biomed Res Int, 2013, 309534, 2013.)



298 Advances in treatment planning

14.5 4D TREATMENT PLANNING

Lung tumors tend to move during treatment due to respiratory motion. To account for this, an additional 
margin for tumor motion is typically added to the gross tumor volume (GTV), leading to a greater volume 
of healthy tissues irradiated [71,72]. With widespread implementation of 4D imaging techniques, such as 
4D-CT [73–75], 4D-PET [76–78], 4D cone beam CT [79–81], and MRI [82–84], and image guided dynamic 
delivery, 4D planning and treatment is becoming increasingly possible [85–87].

Because the lung density and shape change during the different phases of respiration, it is advantageous to 
calculate dose on each of breathing phases, and accumulate the dose to a reference phase. To accomplish this, 
deformable image registration (DIR) is necessary to generate the displacement vector field (DVF) between the 
source and reference images [85,88,89]. DVFs describe the voxel-by-voxel correlation across multiple CT sets, 
and can be used to map the doses deposited during other phases back to the reference phase. The most straight-
forward, although not efficient, implementation of 4D dose accumulation is to perform a full 4D dose calcula-
tion and calculate the weighted average over the breathing course [90]. To simplify 4D dose calculation and 
computational expense, reduction in datasets have been proposed such as coupling the DVFs with the average 
computed tomography (AVG-CT) to estimate cumulative dose [91], using fewer breathing phases [90], or using 
the mid-ventilation phase [86,92]. These approaches have revealed close approximations to a full 4D dose accu-
mulation, thereby supporting integration of cumulative dose into clinical treatment planning. For example, in 
a patient case that was the worst-case scenario (tumor abutted the diaphragm with ~2 cm of superior-inferior 
motion), the largest deviation observed between DIR coupled with full 4D dose accumulation or the AVG-CT 
was 2% for the maximum dose and dose to 1% of the gross target volume [91] as shown in Figure 14.5.

The direct dose mapping (DDM) and energy/mass transfer (EMT) mapping are two essential 
algorithms for accumulating the dose from different anatomic phases to the reference phase when 
there is organ motion or tumor/tissue deformation during the delivery of radiation therapy. DDM 
is based on interpolation of the dose values from one dose grid to another and thus lacks rigor in 
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Figure 14.4 An architectural overview of the auto piloted VMAT/IMRT plan optimization scheme. Inner-loop 
plan optimization is done using the EclipseTM planning system, whereas an outer-loop calculation analyzes the 
generated Eclipse plan and feeds the Eclipse optimizer with updated parameters for improved dose distribu-
tion. The gray boxes are realized using recorded Eclipse actions stored in a library. (Reprinted from Wang, H. 
and L. Xing, J Appl Clin Med Phys,.17, 6425, 2016.)
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defining the dose when there are multiple dose values mapped to one dose voxel in the reference phase 
due to tissue/tumor deformation [93]. On the other hand, EMT counts the total energy and mass trans-
ferred to each voxel in the reference phase and calculates the dose by dividing the energy by mass 
(termed energy/mass transfer mapping). Therefore, it is based on fundamentally sound physics principles  
[94–97]. A comparison of DDM and EMT mapping in 10 lung SBRT patients with the largest lung-motion 
amplitudes revealed similar cumulative doses to the ITV and PTV, although minimum dose differences of up 
to 11% in the PTV and 4% in the ITV were observed between the two dose-mapping algorithms with treat-
ment plans computed with anisotropic analytical algorithm (AAA). The authors suggested that DDM might 
not be adequate for obtaining an accurate dose distribution of the cumulative plan and instead, EMT should 
be considered [93].

Chin et al. compared 4D VMAT, gated VMAT and 3D VMAT for SBRT in three NSCLC patients [98]. Tumor 
motion ranged from 1.4 to 3.4 cm. The dose and fractionation scheme was 48 Gy in 4 fractions. 4D-CT data used 
in this study was divided into 10 respiratory phases. A B-spline transformation model registered the 4D-CT 
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Figure 14.5 Transverse (a), sagittal (b), coronal (c) 4D-CT dataset and dose volume histogram (d) demonstrate 
the close association between DIR coupled with full 4D dose summation or using the AVG-CT as an approxima-
tion for a patient with 2 cm superior-inferior tumor excursion. Isodose washes represent the AVG-CT approxi-
mation while the black isodose lines represent the corresponding full 4D dose summation [91]. Abbreviations: 
4D-CT, four-dimensional computed tomography; 4D, four-dimensional; DIR, deformable image registration; 
AVG-CT, average computed tomography. (Reprinted from Glide-Hurst, C.K. et al., Med Phys, 35, 5269–5277, 
2008. With permission.)
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images. The continuous arc rotation of the radiation source is approximated by multiple static beam apertures 
using a 4D-VMAT algorithm written in MatlabTM [99], and a cost function guiding treatment plan optimization 
based on dose-volume constraints [100]. At the start of optimization, the arc is sampled by only a few evenly 
spaced beam apertures (e.g. 9–13) and the flexibility to alter the beam weights and MLC leaf positions is high. 
Eventually, more beam apertures are added to the optimization, and the flexibility to change machine parameters 
decreases until the arc is fully sampled (e.g. 177–289 beams/arc). The addition of new beam apertures always 
occurs halfway between two existing apertures. While other radiation therapy techniques such as gated VMAT 
and 3D-VMAT rely on a static representation of the patient based on 3D-CT data, the key characteristic of the 
4D-VMAT algorithm is its integration of the patient’s 4D-CT data into the optimization process. This is achieved 
by correlating consecutive beam apertures to consecutive CT phases (Figure 14.6). Only one CT phase is assigned 
per beam, generating treatment plans with respiratory phase-optimized apertures whose deliveries are synchro-
nized to the patient’s breathing motion. For most OARs, gated VMAT achieved the most radiation sparing but 
treatment times were 77%–148% longer than 3D-VMAT. 4D-VMAT plan qualities were comparable to gated 
VMAT, but, much more efficient delivery treatment times were found to be only 11%–25% longer than 3D-VMAT.

14.6 BIOLOGY-GUIDED TREATMENT OPTIMIZATION

Treatment optimization based on dose-volume constraints is routinely used in the clinical setting for treat-
ment planning. It appears unlikely that this practice will change significantly soon, especially since there is a 
wealth of clinical experience relating organ volumes above specific dose thresholds to the incidence of com-
plications. Furthermore, quantitative analysis of normal tissue effects in the clinic (QUANTEC) has led to 
updated dose-volume constraints for different organs, including the lung [99–102]. These recommendations 
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1–3 arcs. (Reprinted from Chin, E. et al., Phys Med Biol, 58, 749–770, 2013. With permission.)
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of updated data are likely to be widely adopted, potentially implying even greater future clinical reliance on 
dose-volume constraints.

Although dose-volume optimization (DVO) is a mainstay of current clinical practice, incorporating 
additional information into the treatment optimization process, such as important biological properties of 
the tumor and critical organs, could potentially enhance the efficacy of radiotherapy in general. Specifically, 
adding biological optimization after DVO, without destroying the “important” dose-volume characteristics 
achieved by DVO, which would be identified by the planner/clinician on the dose-volume optimized dose-
volume histograms (DVH). While this method necessarily limits the efficacy of biological optimization, 
it would be acceptable within the current clinical paradigm. Biological information may be obtained by, 
for example, biological or functional imaging (e.g. PET/CT, ventilation and/or perfusion (V/Q) imaging) 
as opposed anatomical imaging with CT, normal tissue complication probability models (NTCP)/tumor 
control probability (TCP) models, such as Lyman-probit [103] and relative-seriality [104], phenomenological 
models such as the equivalent uniform dose (EUD) [105–107], or hybrid physio-biological models [108–112].

14.6.1 NTCP-BASED OPTIMIZATION IN SBRT FOR NSCLC
Given that SBRT is a relatively new modality and doses are much more hypo-fractionated than traditionally used, 
established guidelines for dose selections do not exist. A variety of doses have been used, ranging from “radio sur-
gical” single doses to hypo-fractionated regimens using multiple fractions ≤ 5. It is logical to assume that a dose-
response relationship exists for tumors treated with SBRT, thus the optimal dose achieves a high level of tumor 
control without undue risks of normal tissue toxicity. Although predictive models of risk based on small-volume 
hypo-fractionated treatment such as SBRT do not exist, there are several generally accepted models for predicting 
lung NTCP based on conventionally fractionated external beam radiation therapy [113]. These models consider 
integral doses to the OARs, with radiation pneumonitis being the primary toxicity of concern. Compared with 
doses selected based on simpler parameters such as tumor size, NTCP models offer the potential for dose selec-
tion based on individual variations such as tumor location, organ volume, and conformity of the treatment plan.

Song et al. described their experience with SBRT on a pilot study in which a Lyman NTCP model was 
used to determine maximum allowable doses for treatment of lung tumors [114]. Twenty-five tumors in 
17  patients were treated. All treatments were delivered in 3 daily fractions of 9–15 Gy per fraction. NTCP cal-
culations (using the Lyman model) were performed to facilitate dose prescription, and doses were prescribed 
with a maximum allowable NTCP risk of pneumonitis of up to 20%, not to exceed 15 Gy per fraction [103]. 
Inhomogeneity within the dose distribution was accounted for using the dose volume histogram reduction 
method of Kutcher and Burman [115]. The median dose prescribed was 35 Gy (range, 24–45 Gy). Twenty-three 
of 25 tumors remained controlled at median follow-up of 14 months. Four patients experienced grade 1–2 acute 
toxicity. Late toxicity developed in 2 patients who received treatment to peri-hilar tumors and no patient had 
grade 3 or 4 radiation pneumonitis. Dosing based on NTCP calculations may be a rational way to safely select 
doses for a new modality without established dose guidelines. One limitation of this study was that complica-
tions of other adjacent organs, such as airways and esophagus, were not accounted for in the model.

14.6.2  PET/CT AND ITS APPLICATION IN RADIOTHERAPY FOR NSCLC
Imaging with PET and PET/CT provides sensitive, quantifiable and accurate molecular information on the 
biology and extent of many tumors. The most commonly used radiopharmaceuticals as PET tracers in 
radiation oncology is fluorodeoxyglucose, of which a wide range of cancers have higher uptake than nearby  
normal tissues [116]. Noninvasive evaluation of hypoxia levels in NSCLC has been performed with F-18 
fluoromisonidazole (FMISO) PET, copper-60-diacetylbis (N4-methylthiosemicarbazone; Cu-60 ATSM) and 
with (18) F-fluoroazomycin arabinoside ((18)F-FAZA)PET [117–120].

A combined PET/CT acquisition is now the standard method of acquiring FDG-PET images for the pur-
poses of baseline staging and for radiotherapy treatment planning (RTP) in NSCLC [120]. Several staging 
studies have clearly demonstrated the superiority of PET/CT over CT for identification of involved medias-
tinal lymph nodes [121,122] and discriminating collapsed lungs from tumor [123]. Moreover, PET/CT-based 



302 Advances in treatment planning

target volume delineations are, on average, smaller than their CT counterpart, thereby reducing the dose to 
surrounding normal structures, which may open the possibility of dose escalation [121,124]. Ideally, FDG-
PET staging scans for potential RT candidates should be performed in the RT treatment position, to enable 
dual use of PET images for staging and RT planning. Although an integrated PET/CT [125] acquisition is pre-
ferred, PET and CT image co-registration, ideally using fiducial markers, may also be used in practice [126].

The International Atomic Energy Agency (IAEA) published their consensus report on PET/CT imaging 
for target volume delineation (TVD) in curative intent radiotherapy of NSCLC in 2014 [127]. One thing to 
be noted is that, the definition of target volume should include the full motion path of all tumor locations to 
create a respiration expanded GTV (reGTV), which contains the tumor at all times of its excursion. 4D PET/
CT imaging may overcome some of the inaccuracies associated with a free breathing PET/CT scan, by pro-
viding more accurate SUV quantification for moving lung tumors. A recent study using 4D PET/CT imaging 
has demonstrated that a 4D PET-based ITV closely approximates to a 4DCT [128]. Further investigation and 
clinical validation of the application of 4D PET/CT imaging are required.

Auto contours may provide consistent contours when compared with manual methods. However, there 
are several unresolved problems with PET-based auto contouring as follows: 1) there is some difficulty dealing 
with normal tissue adjacent to the tumor with high SUV uptake such as the heart; 2) there is no clear con-
sensus on which method approximates to the tumor position, tumor edge, and pathological correlation has 
proven difficult [129]; 3) the variability of SUV values due to factors other than tumor activity such as patient 
biological factors and technical factors [130]; 4) the value of auto contours is without any supporting evidence 
when delineating a reGTV to include the full motion path of all tumor locations. The information obtained 
from the PET component of the scan is complementary to that contained within the CT scan and the use of 
information from both may lead to more reliable auto-contouring [131]. Nonetheless, automated PET-based 
contouring are worthy of further investigation, particularly in the era of 4D PET/CT imaging.

Besides glucose metabolism, regional tumor hypoxia has also been associated with increased radio resis-
tance and treatment failure. Studies evaluating hypoxia imaging with FMISO have shown that it is possible 
to use this imaging technique to evaluate oxygenation status in tumors (Figure 14.7). This information can be 
potentially used to guide dose escalation to the hypoxic fraction of the tumor [118,119].

14.6.3  LUNG FUNCTIONAL IMAGING AND ITS APPLICATION IN 
RADIOTHERAPY FOR NSCLC

Information on pulmonary function provided by ventilation and/or perfusion (V/Q) imaging has been shown to 
be important in evaluating lung toxicity after RT for NSCLC [132–143]. Several techniques exist for pulmonary 
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Figure 14.7 The serial (F-l8) FMISO PET imaging studies for a patient of T2N3M0 NSCLC, who was treated 
with a 6.5-week course of photons, with corresponding pretreatment CT scan included. Serial scans with F-18 
FMISO reveal decreasing hypoxia in the large tumor lesion of the right lung. (Reprinted from Koh, W.J. et al., 
Int J Radiat Oncol Biol Phys, 33, 391–398, 1995. With permission.)



14.6 Biology-guided treatment optimization 303

V/Q imaging, including PET-CT [132], single photon emission computed tomography and x-ray CT (SPECT-CT) 
[134], hyperpolarized helium-3 magnetic resonance imaging (3He-MRI) [135,136,142], inert xenon CT (Xe-CT) 
[137,138, 143], and 4D-CT ventilation [139–141]. These imaging modalities can provide useful V/Q information.

Sivaassess et al. assessed the utility of IMRT optimization by incorporating information about lung func-
tion using 4D-V/Q-PET-CT acquisition technology in NSCLC (175). Planar scintigraphy using 99mTc-labelled 
macro aggregated albumin (MAA) is a long-established imaging standard for functional V/Q evaluation. 
In this study, ventilation imaging was performed following inhalation of Galligas, produced by substituting 
Gallium-68 instead of Technetium-99m. A contemporaneous low-dose chest 4D-CT acquisition was per-
formed. The field of view for both 4D-PET and 4D-CT encompassed the entire lung fields. Ventilation-PET 
scan of the lungs was acquired. Subsequently, 4D-perfusion-PET was acquired over the same field-of-view with 
68Ga-MAA administered intravenously. The ventilation and perfusion PET scans were reconstructed as both 
gated and un-gated images. Phase matched attenuation correction was used to reconstruct the 4D-PET/CT 
scan. The free-breathing PET acquisition was subsequently co-registered with the average intensity projection 
of the 4D-CT. Both ‘‘highly perfused’’ (HPLung) and ‘‘highly ventilated’’ (HVLung) lung volumes were delin-
eated using a 70th centile SUV threshold, and a ‘‘ventilated lung volume’’ (VLung) was created using a 50th 
centile SUV threshold (Figure 14.8). For each patient four IMRT plans were created, optimized to the anatomi-
cal lung, HPLung, HVLung and VLung volumes, respectively. Plans optimized to HPLung resulted in a signifi-
cant reduction of functional mean lung dose (MLD) and improved functional V5, V10 and V20 (Figure 14.9).

Perfusion

VLung contour HPLung contour

Perfusion

Ventilation

Figure 14.8 V/Q PET/CT scan in a patient with emphysema. PET images are displayed in the first column, 
co-registered PET/CT images in the second column showing both ventilation images (top row) and perfusion 
images (bottom row). There is markedly more artefact in the ventilation images with clumping of tracer in 
central airways. (Reprinted from Siva, S. et al., Radiother Oncol, 115, 157–162, 2015. With permission.)

(a) (b)
HPlung

Figure 14.9 An IMRT plan of an NSCLC patient with severe emphysema. (a) Axial dose color wash shows a 
conventional IMRT plan optimized to anatomical lung. (b) The functionally adapted plan optimized to the 
HPLung volume demonstrates differences in dose distribution that may be observed due to functional dose 
painting. (Reprinted from Siva, S. et al., Radiother Oncol, 115, 157–162, 2015. With permission.)
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Lung perfusion imaging using SPECT-CT provides 3D functional information on regional perfusion 
of lung in addition to anatomic information. Multiple previous studies have demonstrated that perfusion-
weighted optimization might be useful in reducing radiation damage in patients with locally advanced 
NSCLC who had large perfusion defects [144–146]. It is conceivable that by combining IMRT, which has been 
shown to be more effective than 3D-CRT for focusing radiation dose to lung tumors while sparing normal 
lung tissue [147,148], with lung function imaging, dose distributions to normal lung may be tailored per its 
perfusion distribution to further minimize pulmonary toxicity [133,145,149,150].

Shioyama et al. assessed the feasibility of SPECT perfusion-based IMRT treatment planning in locally 
advanced NSCLC [133]. Sixteen patients underwent lung perfusion imaging with SPECT-CT, which was then 
registered with simulation CT and was used to segment the 50- and 90-centile hyper-perfusion lung (F50 lung 
and F90 lung; see Figure 14.10). Two IMRT plans were designed and compared in each patient: an anatomic plan 
using simulation CT alone and a functional plan, using SPECT-CT in addition to the simulation CT. In incorpo-
rating perfusion information in IMRT planning, the mean doses, and the percentage of volume irradiated with 
>5 Gy, >10 Gy, and >20 Gy to the F50 and F90 lungs in the functional plan were all reduced compared with those 
in the anatomic plans. They demonstrated that sparing of the functional lung was achieved for patients with large 
perfusion defects compared with those with relatively uniform perfusion distribution (see Figure 14.11).

Hyperpolarized noble gas MRI is a novel technique that enables quantitative analysis of pulmonary physiology 
[135,151]. With optical pumping techniques used before gas inhalation, extremely high nuclear-spin polarization 
levels can be produced that provide a signal size sufficient for MRI. By applying this method with the inert, non-
radioactive isotope helium-3 (3He), MRI of lung ventilation and oxygen sensitivity can be obtained with unprec-
edented spatial and temporal resolution [152,153]. When applied in radiotherapy in NSCLC, 3He-MR images 
could tailor the radiation fields to limit the dose to the healthy regions of the lung, hence to reduce the incidence 

(a) (b)

Figure 14.10 The centile SPECT images in a NSCLC case. The increase of the perfusion is represented by 
the intensity of the images. The F50 and F90 lung are highlighted in green and orange colors, respectively. 
(Reprinted from Shioyama, Y. et al., Int J Radiat Oncol Biol Phys, 68, 1349–1358, 2007. With permission.)

(a) (b)

Figure 14.11 Comparison of the dose distributions between the anatomic plan (a) and functional plan (b) 
in the same case as that of Figure 14.10. (Reprinted from Shioyama, Y. et al., Int J Radiat Oncol Biol Phys, 68, 
1349–1358, 2007. With permission.)
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of radiation pneumonia. The study of Rob et al. demonstrated the feasibility of registering 3He-MRI to x-ray CT 
for functionally weighted IMRT planning [142]. Figure 14.12 shows improved superior functional and anatomic 
data of NSCLC patients, provided by 3He-MRI, fused with radiotherapy planning CT using rigid registration. 
Registration accuracy was sufficient, assessed using an overlap coefficient (Ω) (Figure 14.13). In comparison with 
the total lung IMRT plans, IMRT constrained with 3He-MRI reduced the V20 (i.e. the volume of lung receiving a 
dose >20 Gy) for the total and functional lung, in addition to the mean lung dose to the functional lung.

Planning CT

(c)

(a) (b)

Registered 3He MRI

R
A

P
L

GTV

Figure 14.12 (a) Hyperpolarized 3He MRI exhibiting a complete ventilation obstruction in the upper right lobe 
in a NSCLC patient. (b) Corresponding 1H MRI. (c) Sample registered hyperpolarized 3He MRI (right) displayed 
with the external contour, left and right lung and GTV from the trans-axial radiotherapy treatment-planning 
CT (left). (Reprinted from Ireland, R.H. et al., Int J Radiat Oncol Biol Phys, 68, 273–281, 2007. With permission.)
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Figure 14.13 The overlap coefficient (Ω), which evaluates image registration for the same case of Figure 14.12 
displayed with a sample coronal CT slice [142]. Ω calculated as the proportion of the segmented 3He-MR slice 
volume (VMRI ) that intersects the segmented CT lung slice volume ( VCT ) expressed as a percentage of VMRI:

Ω
 

(Reprinted from Ireland, R.H. et al., Int J Radiat Oncol Biol Phys, 68, 273–281, 2007. With permission.)
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4D-CT ventilation imaging is another emerging technique to assess lung function. 4D-CT consists of 
3D-CT images resolved into different phases of the breathing cycle, and is widely used nowadays for radia-
tion treatment planning of lung cancer. Calculating ventilation maps from 4D-CT data only involves addi-
tional image processing, which does not add any extra imaging dose or cost to the patient. Moreover, 4D-CT 
ventilation imaging has higher resolution, a shorter scan time and is more accessible than other existing 
techniques. 4D-CT ventilation image is created in two steps, first by spatial regional mapping of different 
respiratory phases of 4D-CT images using DIR, and second by quantitative analysis of the resultant displace-
ment vector field [154–157]. Previous studies have investigated the incorporation of 4D-CT ventilation imag-
ing into RT treatment planning [134,140,141,158]. Castillo et al. [134] examined different ways of  calculating 
ventilation from 4D-CT data to estimate local volume changes, and compared the results with those obtained 
 clinically from SPECT ventilation. Yamamoto et al. [140] and Yaremko et al. [141] discussed the idea of design-
ing treatment plans to spare high-ventilation areas of the lung. Yamamoto et al. quantified the dosimetric 
impact of 4D-CT ventilation imaging-based functional IMRT/VMAT in NSCLC patients. For each patient, 
anatomic and functional plans were created for IMRT and VMAT with consistent beam angles and dose- 
volume  constraints. Functional planning spared the high-functional lung, and anatomic planning treated the 
lungs as uniformly functional (Figure 14.14). It is demonstrated that functional planning led to significant 
 reductions in the high-functional lung dose, without significantly increasing other critical organ doses, but 
at the expense of significantly degraded the PTV conformity and homogeneity (Figure 14.15). Significantly 
larger changes occurred in the metrics for patients with a larger amount of high-functional lung adjacent 
to the PTV.

14.7  DIGITAL LINEAR ACCELERATOR AND STATION PARAMETER 
OPTIMIZED RADIATION THERAPY (SPORT)

In meeting with the increased clinical demands for higher mechanical accuracy, improved intra-treatment 
image guidance, and faster dose delivery, a new generation of digital linear accelerator (linac) has been 
 clinically implemented in several hospitals [159–163]. Some commercially available digital linacs include 
Varian TrueBeamTM, Siemens ONCORTM, Elekta SynergyTM and Precise Treatment SystemTM. A distinct 
 feature of the digital linacs, is that parameters characterizing radiation delivery such as the gantry angle, 
 collimator angle, couch angle, and dose rate are discretized and can be controlled easily in a programmable 

Acquire 4D-CT scan

Create 4D-CT
ventilation image

Segment high-, moderate-,
and low-functional lungs

Create functional IMRT or
VMAT treatment plan

Compare

Create anatomic IMRT or
VMAT treatment plan

Quantify the impact of
functional treatment planning

Figure 14.14 4D-CT-IMRT-VMAT schematic diagram for creating anatomic treatment plan and 4D-CT ven-
tilation imaging-based functional plans and quantifying impact of functional planning. (Reprinted from 
Yamamoto, T. et al., Int J Radiat Oncol Biol Phys, 79, 279–288, 2011. With permission.)
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fashion. The fundamental unit is a “station” point (a “station” can also be called a “node” in the CyberKnife® 
system).

In the emerging digital era of radiation therapy, a treatment will be done through the modulation of sta-
tion parameters as the delivery is done “station by station” instead of “beam by beam.” A “station” describes 
the state of delivery system (including LINAC configurations such as beam energy, aperture shape and 
weight, gantry/collimator/couch angle). Xing et al. of Stanford University named this emerged optimization 
of station parameters-station parameter optimized radiation therapy (SPORT) [164–166]. Intuitively, one 
may consider that SPORT is a scheme with increased angular beam sampling while eliminating dispens-
able segments of the incident fields. In digital linacs, efficient SPORT delivery is achieved by, 1) removing 
the redundant segments in the incident beams 2) concatenating the stations so that they can be delivered in 
sequence automatically (i.e., auto-field sequencing) and 3) using high-dose-rate beams (e.g. flattening filter 
free(FFF)) [162,163,167]. The promise of SPORT is that it will enable us to realize the enormous potential 
of digital linacs through optimal weighting and spatial distribution of the station points, including non- 
coplanar, non-isocentric distribution, and even multiple isocenters.

14.7.1 SPECIFIC IMPLEMENTATIONS OF SPORT
Treatment planning and delivery are generally intertwined. The actual delivery of SPORT can be realized 
in different ways. In the following section, we will describe two categories of SPORT delivery: rotational arc 
SPORT and fixed-station SPORT.

14.7.2 ROTATIONAL ARC SPORT
Conventional VMAT [168–170] such as Varian RapidArcTM discretizes the angular space into equally spaced 
station points during planning and then optimizes the apertures and weights of the stations. The aperture at 
an angle between two stations is obtained through interpolation. This wisdom tacitly ignores the differential 
need for intensity modulation of different angles. Unless the discretization is infinitely fine (which is com-
putationally prohibitive and avoidably oversamples some angles), such an approach is incapable of providing 
sufficient modulation for some or all directions for many disease sites. To overcome the limitation, multiple 
arcs are often required to produce a clinically acceptable treatment plan.

In the one-arc SPORT implementation, the angular sampling rate (i.e. the number of stations per unit 
angle) is modulated per the need of individual angles for intensity modulation (see Figure 14.16 [171]). The 
essence is how to identify the need of an individual angle for intensity modulation and provide the necessary 

(b)(a)

Figure 14.16 SPORT-1ARC Schematic plot of the beam angular distributions for two treatment schemes. The 
lines indicate the gantry angles of the station points or control points. (a) Conventional VMAT: the angular 
space is discretized into equally spaced station points and the apertures and weights of the stations are opti-
mized; (b) SPORT: the proposed method provides angular modulation (modulation per unit angle) through 
optimal angular sampling of station points. (Reprinted from Li, R. and L. Xing, Med Phys, 40, 050701, 4912–4919, 
2013. With permission.)
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intensity modulation for those angles which need it. Obviously, treatment plans for the single arc SPORT can 
be obtained by a direct optimization of weights and aperture shapes of the station points and their coplanar 
distribution. For the ease of computation, the treatment is planned with a heuristic approach in an adaptive 
fashion by starting from a conventional 1-arc VMAT plan with equally spaced stations. The angles that need 
higher intensity modulation are identified with the help of a “demand metric.” To boost an angle with a high 
“demand metric” value, several stations are added around the point. Additional segments are then added  
near the angles that require high-intensity modulation. The modified arc plan of the original one-arc VMAT 
with the added segments is optimized to provide the final segmented boost VMAT treatment plan.

14.7.3 FIXED-STATION SPORT
SPORT can also be delivered station by station, much like fixed-gantry IMRT delivery. The technique, which 
we termed as DASSIM-RT (dense angularly sampled and sparse intensity modulated radiation therapy) (see 
Figure 14.17) [159], presents a truly optimal RT scheme with optimal angular sampling (including non-coplanar 
beams), beam intensity modulation, and possible energy and collimator modulation when going from one gantry 
angle to another [172]. With the use of another inverse planning technique, which was proposed by Zhu and Xing 
[173,174] as compressed sensing (CS)-based strategy, it is straightforward to find fixed-station SPORT solutions 
that most effectively utilizes all the available station parameters. Dramatically different from simply increasing 
the number of beams for IMRT or increasing the arcs in VMAT, the dosimetric improvement is achieved by 
considering the interplay between the angular sampling and intensity modulation. The SPORT framework will 
enable us to harness the newly available features of digital linacs, and provide truly optimal patient treatment.  
A brute-force SPORT optimization can be computationally intractable because of many variables involved in the 
process. Hence knowledge-based planning technique, for example, a metric-named beam’s-eye-view  dosimetrics 
(BEVD) [57,58], is an effective way to reduce the complexity of the optimization [164].

The emergence of digital linac calls for new strategies for treatment plan optimization and delivery. In gen-
eral, existing 3D-CRT, IMRT and VMAT represent special cases of SPORT. SPORT has several unique features 
and makes it possible to maximally utilize the technical capacity of digital linacs. Essentially, the benefit of 
SPORT stems from the better definition of search space and explicit incorporation of parameters character-
izing the station points in inverse planning. SPORT enlarges the solution space through improved angular and 
intensity sampling of the stations. As indicated in numerous studies, conformal dose distribution is essential 
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permission.)
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to improved treatment outcome by maximizing tumor control and minimizing toxicity. Therefore, the SPORT 
formalism and tools should have a measurable clinical impact resulting in improved patient care in the future.

14.8  TREATMENT PLANNING IN LUNG CANCER  
WITH PARTICLE THERAPIES

14.8.1 PROTON AND CARBON ION THERAPY IN LUNG CANCER

The combination of large tumor volumes in the chest, often invading critical vital organs such as the lungs, the 
large blood vessels, and the esophagus in patients with impaired organ function, poses a formidable challenge in 
lung cancer cases treated with radiotherapy. Escalating radiation doses with biologically enhancedt radiation can 
improve local control and overall survival [175,176]; whilst minimizing the dose to the surrounding normal tissue 
to decrease radiation-related toxicity, is a concept that has fueled research in both photons and particle therapies.

Charged particle therapies including proton and carbon ion therapy have unique physical properties that 
result in distinct advantages over conventional photon-based radiation [177]. Specifically, they typically have 
low entrance doses, and then display high-energy depositions as the charged particle reaches the end of its 
range in tissue, a phenomenon known as the Bragg peak. The dose falloff that ensues after the Bragg peak is 
much steeper than can be achieved with photon therapy. By modifying this Bragg peak per position and size 
of the tumor into a spread-out Bragg peak (SOBP) [178], it is possible to deliver high-dose radiation to a tumor 
while minimizing the dose delivered to the surrounding OARs [179] (Figure 14.18). In addition to minimal or 
no-exit dose, charged particle therapies typically result in total lower integral dose, which may translate into 
a lower risk of secondary malignancies.

Many dosimetric studies have demonstrated an improved dose distribution with protons compared to photons 
for different types of tumors including lung cancer [180]. This may allow a higher radiation dose to the tumor with 
the same risk of radiation-induced normal tissue toxicity with photons, or allow for reduction of adverse effects 
while keeping equivalent tumor-effective doses. Carbon ions have similar physical properties with protons but also 
deposit more energy along their tracks (i.e. high-LET radiation), resulting in a significantly higher radio biologic 
effect, which may lead to more effective treatment for radio-resistant and/or hypoxic tumors [179] (Figure 14.19, 
Table 14.1). Table 14.1 shows the comparison of the physical aspects of protons and carbons.

Proton therapy has been clinically used in both early- and advanced-stage NSCLC, and there are numer-
ous ongoing trials exploring the role of proton therapy in NSCLC. Favorable results using proton therapy were 
reported compared with conventionally fractionated radiotherapy (CFRT), IMRT or SBRT [181–185]. In stage I 
NSCLC, protons achieved lower doses to OARs than SBRT [186–189]. This may be of interest in centrally located 
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Figure 14.18 Dose distributions of x-rays, protons, and carbon ions. (Reprinted from Demizu, Y. et al., Biomed 
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tumors where currently used hypofractionated schedules such as 3 fractions of 18 Gy may lead to severe chronic 
toxicity such as bleeding, perforation, and stenosis [190,191]. In a prospective phase I/II study in patients with 
stage IA, IB, and selected stage II (T3N0M0) NSCLC treated with protons to a dose of 87.5 cobalt Gray equivalent 
(CGE) delivered in 2.5-CGE fractions (biological effective dose (BED) =109.4 Gy, comparable with SABR BED 
dose using 48–50 Gy in 4 fractions regimen), no patient experienced grade 4 or 5 toxicity [191]. After a median 
follow-up time of 16 months, local control was achieved in 89% of the patients at 2 years. Chang et al. generated 
3D-CRT, IMRT, and passive-scattering proton therapy (PSPT) plans in 25 patients with stage I–III NSCLC. In all 
cases, the radiation dose to the lungs, the spinal cord, the heart, and the esophagus and the integral dose were the 
lowest with proton beams [192]. For a mean tumor dose of 63 Gy with photons, the mean V20 (lung) was 34.8%, 
compared with a mean proton dose of 74 CGE to the tumor and a mean V20 (lung) of 31.6%. A planning study of 
25 consecutive NSCLC patients, stage IA–IIIB, performed by the Radiation Oncology Collaborative Comparison 
consortium demonstrated that PSPT resulted in the lowest dose to the OARs, while keeping the dose to the target 
at 70 Gy [193]. The mean lung dose was 18.9 Gy for 3D-CRT, 16.4 Gy for IMRT, and 13.5 Gy for PSPT.

A meta-analysis has compared particle beam therapies and SBRT versus conventionally fractionated radio-
therapy (CFRT) [194]. The meta-analysis included five studies with proton therapy and three studies with car-
bon ion therapy. No significant analyses could be made regarding the efficacy of the different types of treatment 
in locally advanced NSCLC given the lack of patient data. However, the authors could make statistical compari-
sons for stage I NSCLC. They found that CFRT had worse OS and disease-free survival compared to SBRT and 
particle beam therapies. There were no significant differences in survival noted between SBRT versus particle 
beam therapies. Lastly, there was a suggestion that particle therapies could also reduce adverse events.

14.8.2  CHALLENGES IN TREATMENT PLANNING OF PROTON  
BEAM THERAPY (PBT) IN NSCLC

Still, there are significant technical challenges in adequately delivering protons to a moving target surrounded 
by tissues with large in homogeneities. Specific challenges include, dose calculation algorithm uncertainties 
in inhomogeneous tissues, amplification of range uncertainties in low-density lung tissue (in 0.25-density 
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Table 14.1 Comparison of the physical aspects of protons and carbons

Protons Carbon ions

Rotating gantry Available Not available (fixed portals only)

Penumbra Inferior Superior

Range Longer Shorter

Source: Demizu, Y. et al., Biomed Res Int, 2014, 727962, 2014.
Data with permission from Demizu et al., “Carbon ion therapy for early-stage non-

small-cell lung cancer,” BioMed research international (2014).
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lung tissue, the uncertainties are amplified by 1/0.25 = 4, so a 5-mm range uncertainty in soft tissue becomes 
a 2-cm uncertainty in lung tissue), range uncertainty [195] and range degradation effects [196]. Areas with 
a rapid change in tissue density, such as the lung, are more error-prone in terms of dose delivery. Compared 
with passive-scattering proton therapy, pencil-scanning technologies, such as intensity modulated proton 
therapy (IMPT), provide more flexibility in dose delivery and thus in principle can achieve higher confor-
mality in dose distributions [197], particularly for tumors in difficult locations or adjacent to critical struc-
tures. Recent studies have demonstrated the superiority of IMPT in sparing surrounding critical structures 
compared to traditional proton therapy or IMRT, allowing for dose escalation for locally advanced NSCLC 
[198,199]. However, the greater precision achieved with IMPT implies that there is less room for errors, which 
can be a disadvantage for mobile targets. IMPT is thus recommended to be used for tumors with minimal 
motion (< 5 mm). It is critical to apply motion management techniques such as 4D-CT-based simulation and 
treatment planning, respiratory gating, to ensure an accurate dose delivery of PSPT.

PBT has been used in the treatment of stage I NSCLC although no clear clinical benefit over photon 
therapy has been shown. Data regarding the use of PBT in other clinical scenarios are limited and do not pro-
vide sufficient evidence to recommend PBT for lung cancer outside clinical trials. In addition, organ motion 
in the lung remains a critical issue. There is significant work to be done to improve treatment planning, dose 
delivery and verification in PBT for lung cancer [180].

14.9 SUMMARY

We have summarized recent works on treatment planning for lung RT. Treatment planning plays a critical 
role in RT and RT workflow. While the exiting approaches have led to clinical implementation of IMRT and 
VMAT, the planning process routinely used in the clinics is rather tedious and labor intensive. An underlying 
issue responsible is the involvement of multiple model parameters in the objective function, which is usually 
determined through manual trial-and-errors since their influence on the final dose distribution is unknown 
until an optimization is done. As described above, many researches in auto piloting the process with prior 
knowledge guidance and/or in using principle component analysis or learning algorithms are being done to 
facilitate the process. In not so distant future, automated planning should be accessible in clinical practice. 
For lung RT, because of respiratory motion, motion management and image guidance techniques constitute 
additional challenge for lung RT and treatment planning. A systematic approach seamlessly integrating all 
relevant components for optimal lung cancer management represents an area of active research.
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15

Advances in verification and delivery techniques

LEI REN, MARTINA DESCOVICH, AND JING WANG

15.1 INTRODUCTION

Target control and normal tissue complication probabilities are highly correlated to the target localization 
and treatment delivery accuracy in radiation therapy [1,2]. The goal of radiation therapy is to deliver the 
radiation dose to the target precisely with minimal radiation dose to the surrounding healthy tissues. The 
success of this goal heavily depends on the precision of the target verification techniques before and during 
the treatment, and the treatment delivery techniques to delivery radiation precisely based on the information 
obtained from verification. Several breakthroughs have been made in both areas in recent years to develop 
efficient, low-dose, high-quality imaging verification techniques and advanced delivery techniques to account 
for the respiratory motion of the lung tumor to minimize the target volume treated. In this chapter, recent 
advances in treatment verification and delivery techniques in radiation therapy of lung cancer are discussed.

15.2 ADVANCES IN IMAGING VERIFICATION TECHNIQUES

15.2.1 FAST LOW-DOSE LIMITED-ANGLE IMAGING

One major limitation of CBCT is its high-imaging dose and long scanning time due to the large scanning 
angle and number of projections acquired in a CBCT scan. Different x-ray-based imaging techniques are 

15.1 Introduction 321

15.2 Advances in imaging verification techniques 321

15.2.1 Fast low-dose limited-angle imaging 321

15.2.1.1 Digital tomosynthesis (DTS) 322

15.2.1.2 Limited-angle intrafraction verification (LIVE) system 323

15.2.2 Advances in 4D-CBCT 323

15.2.3  Real-time imaging based on electromagnetic transponders 327

15.2.4 On-board MRI 327

15.3 Advancements in treatment delivery techniques 328

15.3.1 Tracking based on L-shaped linac 328

15.3.2 Tracking based on O-shaped linac 328

15.3.3 Tracking based on robotic arm linac 329

15.3.4 Gated-treatment-based on-board MRI 330

15.4 Summary and future directions 331

References 332



322 Advances in verification and delivery techniques

being developed to reconstruct images using only a limited angle scan, which can substantially reduce the 
imaging dose and scanning time.

15.2.1.1 DIGITAL TOMOSYNTHESIS (DTS)

DTS is a technique to reconstruct quasi-3D images using 2D cone beam x-ray projections acquired only 
within a limited scan angle [3]. By resolving overlying anatomy into slices, DTS greatly improves the visibility 
of both soft tissue and bone compared with kV or MV radiographic imaging. Furthermore, DTS requires less 
radiation exposure and unobstructed gantry rotation clearance, and can be acquired with a much shorter 
scan time than CBCT [4].

The DTS localization process includes the creation of reference DTS (RDTS) images from the digitally 
reconstructed radiograph (DRR) of the planning CT data, as well as the acquisition of on-board verification 
DTS images, acquired in the treatment room. Comparison of the two DTS image sets (reference and verifi-
cation) allows for the determination of patient set-up error [5]. RDTS images are reconstructed from simu-
lated limited angle cone beam projections through a planning CT image volume. On-board DTS (OBDTS) 
slices are acquired in the same fashion as full CBCT, but with limited gantry rotation. The Feldkamp-Davis-
Kress (FDK) [6] back-projection algorithm is typically used to reconstruct reference and OBDTS images. 
Constraining the scan to 40° generally yields high-quality DTS slices with good soft-tissue visibility, while 
enabling the scan to be completed in less than 10 seconds with around one-ninth of the full-rotation CBCT 
imaging dose. Individual DTS slices exhibit high resolution in the viewing plane, but the resolution in the 
third (plane-to-plane) dimension is limited by the narrow scan angle. Thus, CT Hounsfield Unit (HU) values 
are not correctly reconstructed in DTS, and image contrast in DTS slices is inferior to that in full CBCT 
images. Although the effective slice profile of the DTS images is thicker than that of full CT/CBCT, soft-tissue 
visibility is reasonably good in the limited-angle DTS data and is markedly better than that provided by the 
traditional 2D radiographic fields with better localization accuracy for lung cancer treatments.

Phase-matched DTS has been developed recently to address the effect of respiratory motion on lung tumor 
localization using DTS [7]. Phase-matched DTS matches the motion-blurring pattern in reference and on-
board DTS images by matching the phases of the DRRs used for RDTS reconstruction with those of the on-
board projections used for OBDTS reconstruction.

Figure 15.1 shows the reconstructed DTS images using single-view 30° projections. In the left column are 
the mixed-phase OBDTS sets, which contained five consecutive respiratory phases. In the middle column 
are the conventional RDTS sets without phase matching. In the right column are the phase-matched RDTS 
sets with respiratory phase information matched to OBDTS sets. The tumor area on each DTS is pointed out 

OBDTS

P1

P2

P3

Conventional RDTS Phase-matched RDTS

Figure 15.1 Comparison between the OBDTS, conventional RDTS, and phase-matched RDTS sets. All three 
DTS sets were reconstructed from single-view 30° projections. The OBDTS contained five consecutive respi-
ratory phases. The arrows point to the tumor area. P1, P2 and P3 indicate patient 1, patient 2, and patient 3.
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with an arrow. It is evident that the shape of the tumors in OBDTS sets matched better with those in phase-
matched RDTS sets than conventional RDTS sets, especially for patient 2 and patient 3. Consequently, the 
registration between OBDTS and phase-matched RDTS will be more accurate than the registration between 
OBDTS and conventional RDTS. Preliminary studies showed that phase-matched DTS could localize the 
lung tumor with 1–2 mm accuracy, compared to 3–7 mm accuracy using 3D DTS [7].

15.2.1.2 LIMITED-ANGLE INTRAFRACTION VERIFICATION (LIVE) SYSTEM

Although DTS imaging improved anatomical visibility compared to 2D x-ray imaging, it doesn’t provide full 
volumetric information of the patient due to the limited scan angle used in the acquisition. The lack of full 
3D information may impair the localization accuracy of DTS when there is soft-tissue deformation of the 
patient. Novel image reconstruction techniques have been developed in recent years to reconstruct full volu-
metric images using limited number of projections acquired within a limited scan angle [8–13]. This method 
considers the on-board patient images as a deformation of prior images. So instead of solving the pixel values 
directly in reconstruction, it solves the deformation field that deforms the prior images to obtain the on-board 
images. The deformation field is usually solved iteratively using data fidelity constraint and motion model-
ing. Based on this method, a limited-angle intrafraction verification (LIVE) system was recently proposed 
to reconstruct patient intra fractional volumetric images based on limited-angle kV and MV projections 
acquired during the treatment [14]. Figure 15.2 shows the images reconstructed by the FDK back-projection 
method and the LIVE system using data from the 4D Digital Extended-cardiac-torso (XCAT) phantom. The 
LIVE system could reconstruct high-quality volumetric images using only orthogonal 30° scan angles.

15.2.2 ADVANCES IN 4D-CBCT
Limited by International Electrotechnical Commission (IEC) standards, the gantry rotation speed of on-board 
CBCT systems is slower than 60 seconds per rotation. Respiratory correlated CBCT, or four-dimensional (4D) 
CBCT [15–24], has been proposed to reduce motion artifacts in 3D-CBCT and to generate 4D patient motion 
model just prior to treatment. In 4D-CBCT, projection images are typically grouped into 8–10 phases per respir-
ation signals. When an analytical image reconstruction algorithm, such as FDK, is used to reconstruct individual 
phase 4D-CBCT, strong streaking artifacts are presented due to the limited number of projections at each phase. 

Prior FDK LIVE Ground truth

Figure 15.2 Comparison between images reconstructed by different methods using orthogonal 30° kV and 
BEV MV projections simulated from the XCAT phantom.
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These artifacts make it difficult to identify the tumor boundary accurately for online guidance and decrease the 
subsequent registration accuracy. For example, from 4D-CBCT reconstructed by the standard FDK algorithm, 
the error of tumor motion trajectories extracted by deformation registration can be more than 7 mm [25,26].

Various strategies have been proposed to enhance the image quality of 4D-CBCT [27–38]. One strategy 
is based on the McKinnon-Bates (MKB) algorithm [30]. In MKB, an initial image is reconstructed from all 
projections. A correction image reconstructed from the difference between the measured data and forward 
projection of the initial image is then added to the initial image. The MKB algorithm can reduce the streak-
ing artifacts to a certain extent. However, the motion artifacts in the initial image can still present in the final 
image. Another type of approach is through using iterative image reconstruction algorithms and a typical 
example is based on total variation (TV) minimization [27,28]. TV minimization only utilizes the projec-
tions from a phase, and independently reconstructs the individual phase image by assuming its inherent 
piecewise constancy. Such a solution often leads to over smoothness when the number of measurements is not 
sufficient, especially for small size or low-contrast objects [27]. Another type of algorithm [29] is called prior 
image constraint compressive sensing (PICCS) [29], which attempts to enhance 4D-CBCT by exploring the 
sparsity of the difference image between the target image and a prior image. In the application of PICCS for 
4D-CBCT reconstruction, a motion-blurred 3D-CBCT is first reconstructed by using FDK from all projec-
tions and serves as the prior image. PICCS does not account for the deformation between different phases, 
where residue motion is still observed in the reconstructed 4D-CBCT [21].

Four-dimensional reconstruction strategies by utilizing all phase projections through a respiratory-
motion model have also been explored [31–34]. When motion models between different phases are known, 
then projections from all respiration phases can be used to reconstruct a reference-phase 4D-CBCT through 
motion-compensated image reconstruction strategies. Image quality of 4D-CBCT can be greatly improved as 
the number of projection measurements available for any phase is substantially increased by effectively utiliz-
ing projections of other phases. These strategies [31–34] typically rely on the motion model built either from 
the planning 4D-CT [31,32] or reconstructed 4D-CBCT [33,34]. However, the assumption that the motion 
during 4D-CBCT data acquisition is identical to the prior motion could be violated [35,36] and the accuracy 
of motion model built from reconstructed 4D-CBCT is limited by the image quality. Strategies [37–39] to 
obtain 4D-CBCT by deforming planning CT with the update motion model have also been proposed. These 
strategies generate a synthetic 4D-CBCT (deformed planning CT) and it can be challenging for the algorithm 
when the image content changes between planning CT and CBCT.

Recently, a simultaneous motion estimation and image reconstruction (SMEIR) algorithm [26] has been 
developed for 4D-CBCT. The workflow of the SMEIR algorithm is illustrated in Figure 15.3. The SMEIR algo-
rithm utilizes projections from all phases to simultaneously update both the inverse consistent motion model 
and the motion-compensated 4D-CBCT at any phase. Without using any prior image or prior motion model, 
the SMEIR algorithm relies only on the on-treatment CBCT data to improve the quality of image reconstruc-
tion and accuracy of motion estimation.

The SMEIR algorithm contains two alternating steps: 1) motion-compensated CBCT (mCBCT) recon-
struction; and 2) motion modeling from the projections directly. In motion-compensated image recon-
struction, projections from all phases are used to reconstruct a reference-phase 4D-CBCT (e.g., phase 0%) 
by explicitly considering the motion models between different phases. A modified simultaneous algebraic 
reconstruction technique (SART) is used to iteratively reconstruct the mCBCT at the reference phase. 
Mathematically, letting = …( , , , )1 2p p pt t t

I
tp  denote the log-transformed measured 4D-CBCT projections at 

phase t and μμ = μ μ … μt t t
J
t( , , , )1 2  denote the attenuation coefficients of the phase t image, the modified SART is 

given by the following formula:
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Where k is the iteration step, and ain  is the intersection length of projection ray i with voxel n. →0djn
t  denotes 

the element of the inverse deformation vector fields (DVFs) that deform phase t to phase 0. j is the voxel index 
of phase 0 while n is the voxel index of phase t. The second term in Equation 15.1 describes the inverse defor-
mation process that deforms the error image determined by projections at phase t to update the 4D-CBCT 
at phase 0. Equation 15.2 describes the forward deformation that deforms phase 0 4D-CBCT to phase t. →0djn

t 
denotes the element of the forward DVF map. To start the mCBCT reconstruction, the DVF initials are first 
obtained from registration between the total variation (TV) minimization reconstructed 4D-CBCT at other 
phases and phase 0. After SART reconstruction, the TV of the reconstructed mCBCT is minimized by the 
standard steepest descent method to suppress image noise.

Since Equations 15.1 and 15.2 are involved with both the forward and inverse DVF in updating μμ0, the 
DVF should be inversely consistent. In the motion model estimation step, the updated inverse consistent DVF 
between the reference phase 0 and other phases are obtained directly from the projections by matching the 
measured projections to the forward projection of the deformed mCBCT. To enforce the inverse consistency 
of the DVF, an interleaved optimization scheme is used to optimize a symmetric energy function under an 
inverse consistent constraint. The symmetric energy function is formulated as follows:
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Figure 15.3 Flowchart of SMEIR for 4D-CBCT reconstruction: Image reconstruction and motion estimation 
are performed as two alternating steps until both accurate image and motion model are obtained.
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where 1f  and 2f  denote the symmetric energy function. A is the projection matrix, with coefficients 
of ain . →0v t  denotes the forward DVF and →0v t  denotes the inverse DVF. The inverse consistent constraint is 
shown in the last line of Equation 15.3. The energy function contains a data fidelity term and a smoothness 
constraint term. β  is a parameter that controls the tradeoff between the two terms. ( )ϕ v  is a free-form energy 
of the deformation fields [40,41].

Both digital phantom and patient studies have demonstrated an excellent performance of the SMEIR algo-
rithm. Figure 15.4 shows images of the 4D-NCAT phantom at the end-expiration phase, where left and right 
columns show trans-axial and coronal view images, respectively. Row (a) in Figure 15.4 shows the digital 
phantom images. Row (b) shows the 3D-CBCT reconstructed by FDK from all projections, where motion-
blurring artifacts are presented. Row (c) in Figure 15.4 shows 4D-CBCT reconstructed by FDK, where severe 
view-aliasing images are presented. Row (d) shows 4D-CBCT reconstructed by TV. Bony structures and fine 
structures inside of the lung are severely blurred although view aliasing artifacts are suppressed. Row (e) 
shows images reconstructed by the SMEIR algorithm. Not only are view-aliasing artifacts suppressed, but 
the edges are also well preserved for both bone structures and inside of the lung. Evaluation studies were also 
performed on a limited number of lung cancer patients. To get a reference 4D-CBCT at each phase, patients 
underwent 4–6 minutes of scanning. With this large number of projections at each phase, high- quality 
4D-CBCTs were obtained and used as references for the evaluation study. To investigate the dependence of 
the SMEIR algorithms on the number of projection views, fully sampled projections were down-sampled 
with different factors. These down-sampled projections were subsequently used for SMEIR, TV and FDK 
reconstructions. Figure 15.5 shows reconstructed images of one patient at phase 0 with an average projec-
tion number of 33. Results show that the SMEIR algorithm produces 4D-CBCT images that are closest to 
the reference image among the three investigated reconstruction methods. Moreover, SMEIR reconstruction 

(a)

(b)

(c)

(d)

(e)

Figure 15.4 Results of 4D-NCAT phantom. Row (a) shows digital phantom at end-expiration phase; row 
(b) shows 3D-CBCT reconstructed from all projections by FDK; rows (c) through (e) show 4D-CBCT at end- 
expiration phase reconstructed by FDK, TV minimization and SMEIR algorithm, respectively. The left and the 
right column show the trans-axial and coronal views, respectively.
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effectively preserves fine structures. Tumor tracking analysis showed that the maximum error in tumor posi-
tion detection was less than 2-mm in SMEIR for all four patients when an average of 20–30 projections per 
phase was used for reconstruction.

15.2.3  REAL-TIME IMAGING BASED ON ELECTROMAGNETIC 
TRANSPONDERS

The Calypso® System (Varian Medical Systems, Inc., Palo Alto, CA) is a commercial device which has been 
developed and used for target localization or tracking for prostate and lung cancer treatments [42,43]. 
Electromagnetic transponders are implanted inside the tumor before CT simulation. The locations of the 
transponders are identified in the planning CT images, and imported into the Calypso 4D tracking station 
together with the treatment isocenter location. For on-board imaging, the Calypso detector antenna array 
contains source coils and receiver coils. The source coils generate an oscillating radio-frequency (RF) field, 
inducing resonances in the transponders. When the field is switched off, the transponder emits signals during 
relaxation, which is detected by the receiver coils to establish the location of these transponders. The centroid 
of the transponder locations is calculated and used to represent the location of the tumor.

Calypso can provide real-time monitoring of the tumor location before or during the radiotherapy treat-
ment with no ionizing radiation dose to the patient. The signal from Calypso can be used for gated treatment 
or dynamic target tracking of the target. However, implanting the electromagnetic transponder in a stable 
location in the lung tumor proved to be challenging for some patients [43].

15.2.4 ON-BOARD MRI
Magnetic resonance imaging (MRI) integrated with a radiotherapy unit has been introduced in recent years 
for target localization [44–45]. Compared to x-ray imaging techniques, MRI has much better soft-tissue con-
trast and no ionizing radiation dose to patients, which makes it an attractive modality for daily imaging for 
both inter and intra-fraction verification. The on-board MRI systems have been developed by integrating the 
MRI scanner with a linear accelerator or a 60Co treatment machine [44–47]. Most of current commercially 
available MRI-radiotherapy machines use low-field MRI to reduce interference with radiation therapy deliv-
ery and decrease geometric distortion.

Currently, 2D MR cine has been used as the primary technique for real-time target verification dur-
ing the treatment. However, it doesn’t provide volumetric information of the patient, and therefore cannot 
verify target motion along the direction perpendicular to the cine plane. New approaches have been pro-
posed to accelerate the 2D cine acquisition using under sampling, so that multiple 2D cine images can be 
acquired rapidly with minimal latency in between to provide volumetric verification of the target location 
[48]. 4D-MRI is also being developed through either prospective or retrospective approach for 4D verification 
of the target. Due to limitations of hardware and software, prospective 4D-MRI suffers from poor temporal 
resolution (~1 s) and poor spatial resolution (4–5 mm) [49,50]. Retrospective 4D-MRI has better temporal and 
in-plane resolution, but suffers from long acquisition time (5–30 min), and poor plane-to-plane resolution 

TV SMEIR ReferenceFDK

Figure 15.5 Reconstructed phase 0% images of a lung cancer patient using different algorithms (including 
FDK, TV, and SMEIR) with average projection number per phase of 33. (Top): transverse; (Bottom): coronal.
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(3–5 mm slice thickness) [51,52]. To address the limitations of 2D cine MRI and 4D-MRI, a  volumetric 
cine MRI (VC-MRI) technique has been developed recently to generate real-time 3D-MRI images based on 
patient prior knowledge and motion modeling for real-time target localization or tracking in lung and liver 
treatments [53].

15.3 ADVANCEMENTS IN TREATMENT DELIVERY TECHNIQUES

The clinical practice of IGRT for lung cancer with an L-shaped Linac, an O-shaped Linac and a robotic arm 
linac is discussed in Chapters 7, 8 and 9, respectively. The topic of MRI-based IGRT for lung cancer is dis-
cussed in Chapter 18. In this section, we will focus on the technical details of real-time tracking.

15.3.1 TRACKING BASED ON L-SHAPED LINAC

Real-time tracking on L-shaped linac can be accomplished by dynamically adjusting the position of the 
multi-leaf collimator (MLC) to control the radiation field. The idea to synchronize MLC position to target 
motion was introduced more than 15 years ago. In 2001, Keall et al. [54] demonstrated the feasibility of per-
forming 1D motion compensation with manual synchronization. In 2006, a dynamic MLC tracking system 
with real-time feedback from an external position monitoring system (RPM, Varian) was integrated on a 
Varian linac [55] and in 2008 the feasibility of performing 3D motion compensation was demonstrated [56]. 
MLC tracking was implemented in a research environment on a Siemens linac in 2010 [57] and on a Elekta 
Linac in 2012 [58]. Dynamic MLC tracking has been guided by kV [59] and MV imaging systems [60,61], as 
well as wired and wireless electromagnetic transponders [62,63]. The first clinical implementation of elec-
tromagnetic transponder-guided MLC tracking was reported in 2013 for a prostate cancer patient treated 
with dual-arc VMAT [64]. In this study, only rigid tumor translations (not rotations) were corrected for. A 
noncommercial research code was used to drive the MLC and to control the beam-on status. The algorithm 
extracts the target location from the electromagnetic transponder signal and dynamically calculates opti-
mal motion-compensated leaf aperture [65]. To minimize radiation leakage through the tips of closed MLC, 
leaf pairs that are not participating in the tracking process are moved under the nearest jaw. In anomalous 
situations (such as a large shift in patient position, sudden change in respiratory pattern, bowel movement, 
swallowing or coughing), a beam-hold status is triggered. Initial studies conducted in phantoms concluded 
that submillimeter geometric accuracy and very high dosimetric conformity could be achieved using this 
methodology [56,63,66]. Results on the first clinical trial on 15 prostate cancer patients demonstrated that 
MLC tracking improves the fidelity between the planned and the delivered dose [67].

15.3.2 TRACKING BASED ON O-SHAPED LINAC

VERO is novel platform for image-guided SBRT developed by BrainLAB (BrainLAB AG, Feldkirchen, 
Germany) and MHI (Mitsubishi Heavy Industries, Tokyo, Japan) [68]. The system consists of a compact 6 
MV C-band linac mounted on an O-ring gantry. The radiation beam is collimated by a fast MLC providing a 
maximum aperture of 15 × 15 cm2 and a maximum leaf speed of 5 cm/second [69]. The linac-MLC assembly 
is mounted on two orthogonal gimbals that allow panning and tilting the beam up to ± 2.5 degrees with a 
maximum speed of 9 cm/second and 0.1 mm iso centric accuracy. The beam can be steered quickly (up to ± 
4.4 cm) to follow the target, independently from the MLC motion. In this way, target tracking is decoupled by 
the intensity modulation of the dose. The imaging system consists of a MV electronic portal imaging device 
and two diagnostic x-ray sources with corresponding flat panel detectors mounted at 45 degree angles relative 
to the MV beam axis. The stereo kV system can operate in single image or fluoroscopic mode with simultane-
ous or interlaced acquisition and allow the acquisition of cone beam CT. Real-time tumor motion tracking is 
achieved by combining the information from the kV imaging system operating in fluoroscopic mode with the 
signal from infrared markers (ExacTrac®, BrainLAB AG, Feldkirchen, Germany) [70,71]. A patient-specific 
correlation model is created between the breathing signal (position of IR marker acquired at 50 Hz) and the 
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tumor position. The tumor position is automatically extracted from the kV imaging system using a fiducial 
detection algorithm. Fiducial-less tracking based on tumor density alone is also possible. The polynomial 
forward prediction model predicts the target position ahead of time, so the beam can be steered to the antici-
pated target position within the system latency (~40 ms). The geometric accuracy of tumor motion tracking 
measured in phantom experiments was <1 mm (tracking error 90th percentile E90% <0.82 mm up to fre-
quencies of 30 breaths per minute) [72]. Similar performances were observed in the pan and tilt directions. 
Depuydt et al. described the first clinical application of real-time tumor tracking using VERO on a group 
of 10 patients with lesions in the lung or liver. The authors estimated CTV-PTV margins needed to account 
for residual uncertainties in treatments with real-time tracking, and quantified the PTV volume reduction 
compared to the ITV-based approach. Tracking resulted in a 35% PTV volume reduction corresponding to a 
<1% reduction of lung and liver NTCP [73].

15.3.3 TRACKING BASED ON ROBOTIC ARM LINAC

The CyberKnife® system (Accuray Inc., Sunnyvale CA) was the first medical device capable of dynamic 
target tracking, with the clinical implementation of the Synchrony® Respiratory Motion tracking system in 
2004 [74,75]. The system consists of a compact X-band linac attached to a robotic arm that enables position-
ing the radiation source anywhere around the anterior and lateral aspect of the patient positioning system. 
Synchrony is based on a correlation model between the position of the target (extracted from two orthogo-
nal x-ray camera images acquired at 45 degree angles), and the position of three external markers (LED), 
placed on the patient chest or abdomen prior to each treatment session. The LED positions are read continu-
ously (~30 Hz) by an optical camera and provide a surrogate representation of the patient breathing pattern. 
At the beginning of each treatment session, the user builds the synchrony correlation model by acquiring 
a set of 8–15 x-ray images. In the correlation model, 2 second-order polynomial functions are combined 
to include hysteresis in the tumor trajectories between inhale and exhale motion [76]. An optimal correla-
tion model is achieved when the model points are evenly distributed, cover >85% of the breathing cycle, 
include the four main respiratory phases (maximum inhale, maximum exhale, inhale center and exhale 
 center) and have a low correlation error. During treatment, the tumor position is calculated from the posi-
tion of the external surrogates ~115 ms ahead of time, and the robot is retargeted to the anticipated target 
location. Radiation delivery is fully synchronized with target motion. X-ray images are acquired periodically 
and the actual target position is used to update the correlation model to reflect changes in the respiratory 
pattern. Figure 15.6 shows an example of patient breathing model. A new imaging modality called “image 

Figure 15.6 Example of patient breathing model showing a graphical representation of the correlation model 
and breathing pattern.
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burst” enables the user to acquire a continuous sequence of x-ray images (approximately one image pair every 
second) and to adapt more rapidly to intra-fractional variations in respiratory pattern. One drawback when 
using image burst, is the increase in imaging dose; the appropriate imaging interval should be evaluated on 
a case-by-case basis.

Image recognition software calculates the target position based on the location of implanted gold mark-
ers (fiducial tracking) or based on the tumor density itself (fiducial-less tracking). Fiducial-less tracking is 
typically feasible for relatively large lesions (>1 cm in diameter) surrounded by lung parenchyma. Dynamic 
tracking based on only one camera view (1-view tracking) can be used if the view of the lesion is obstructed 
by the spine or other central organs in one of the 45-degree projection images. Figure 15.7 shows an example 
of a lesion treated using 1-view tracking. In 1-view tracking, the component of target motion in the imaging 
plane is tracked, while the component of target motion perpendicular to the imaging plane (out-of-plane 
motion) is compensated by a partial ITV expansion. Because of the geometry of the imaging system, the 
superior-inferior axis is common to both images, and target motion in the superior-inferior direction (often 
the predominant motion component) can always be tracked.

Targeting accuracy is defined as the ability of the system to deliver a spherical dose distribution to a mov-
ing phantom. The manufacturer specification of targeting accuracy for synchrony tracking is <0.95 mm. The 
first evaluation of the clinical accuracy of Synchrony was carried out by Hoogeman et al. [77]. These authors 
calculated the difference between the predicted and actual target position and found that the mean corre-
lation error was <0.3 mm and that intra fraction error was <2.5 mm for motion amplitudes up to 2 cm. In a 
recent publication, Floriano et al. evaluated the global tracking uncertainty and estimated target margins for 
patients treated with Synchrony [78]. Their results were consistent with previous published studies [79–82] 
and supported a 5-mm isotropic CTV-to-PTV margin. Jung et al. compared the accuracy of fiducial-less lung 
tracking with that of fiducial-based tracking in patient-specific lung phantoms. For both tracking modalities, 
submillimeter tracking errors in all anatomical directions were achieved [83].

15.3.4 GATED-TREATMENT-BASED ON-BOARD MRI
Recent technological breakthroughs have led to the development of MRI-guided radiation therapy devices 
[84–87], using low-latency cine MR images to account for breathing motion [88–90]. The main advantage of 
on-board MRI is the superior soft-tissue contrast and the ability to visualize the target without the need for 
implanted markers. As the target is visualized directly and continuously during treatment, the gating/track-
ing feedback signal is based on the target motion itself. Direct tracking of the target motion is expected to 
result in improved treatment accuracy compared to extracting target motion from the positions of external 
surrogate markers. Moreover, on-board MRI is the only imaging modality that enables visualizing the organs 
at risk and adapting the treatment prioritizing dose tolerance to the critical structures rather than target 
coverage.

The use of 2D cine MRI to assess tumor motions was reported in [91]. Paganelli et al. quantified the poten-
tial gain of MRI guidance by comparing the motion tracking accuracy of cine MRI with that of surrogate-
based tumor tracking [92]. An automatic feature-detection algorithm applied to the cine MRI sequences 
enabled to directly track the liver with superior accuracy than relying on surrogates. For surrogate-based 
tracking, tracking errors in the range of 1.0 mm to 3.6 mm were observed depending on the motion amplitude. 

Figure 15.7 Example of a lesion treated using 1-view tracking, axial sagittal and coronal view, and 2D projec-
tion image.
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The gain of MRI guidance (defined as the fraction of samples whose tracking error was larger than a defined 
threshold) was less than 10% when accepting a 3-mm threshold, but increased to 30% when requiring a more 
stringent (1.5 mm) threshold [92].

While prototype systems integrating a 1.5 T MRI scanner with a linear accelerator are currently being 
developed, the only clinically available MRI-guided radiation therapy system today is MRIdian® (ViewRay, 
Oakwood Village, Ohio) [84]. The ViewRay® system features a 0.35 T whole-body MRI scanner integrated 
on a ring gantry with three 60Co heads. Each 60Co head is equipped with independent doubly focused MLC. 
During treatment, MR images are acquired every 300 ms and compared to the treatment planning images. 
Gating structures can be set on the target or organs at risk. If deviations in the position of the gating structure 
are above the user-defined threshold, the beam is paused. Treatment is resumed automatically when the gat-
ing structure moves back into the treatment boundary.

Crijns et al. demonstrated the feasibility of using an online MRI signal to gate the output of a linear accel-
erator [93]. An external control interface allowed establishing real-time communication with the MRI scan-
ner (~10 ms lag time) and the beam was turned off by inhibiting the magnetron from producing RF pulses 
(pulse rate frequency (PRF) muting) [94]. The same feedback framework can also be used to control gantry 
rotation and MLC aperture thus enabling real-time tumor motion tracking [58].

15.4 SUMMARY AND FUTURE DIRECTIONS

In image verification, the ideal imaging technique would provide real-time volumetric images of the patient 
with high temporal and spatial resolution for accurate 3D cine verification of the target. Achieving this goal 
is challenging, due to the limitation of the acquisition speed of different imaging techniques. In x-ray-based 
imaging techniques, a method was proposed previously to generate cine CBCT images using a single cone-
beam projection and patient modeling [13]. However, the accuracy of the reconstructed cine CBCT is limited 
by the accuracy of the patient model, which is affected by patient breathing pattern changes from simulation 
to treatment. The LIVE system addressed this limitation by incorporating free form deformation to correct 
for any errors in patient modeling [14]. By exploring the continuity of patient respiratory motion, LIVE can 
potentially further reduce the scan angle needed to achieve quasi-cine CBCT. In MRI, a similar method has 
been developed to use patient modeling to reconstruct volumetric cine MRI (VC-MRI) images based on a 
single 2D cine MR image [53]. The accuracy and temporal resolution of VC-MRI can be potentially further 
improved using free-form deformation and sparse sampling in MRI acquisition. Various 4D-MRI techniques 
are also being actively investigated to generate high spatial and temporal resolution images with minimal-
motion artifacts [95,96].

In delivery tracking, current technologies enable tracking translational and rotational target motion 
during a breathing cycle. However, lung tumors also undergo deformation. Kyriakou and McKenzie evalu-
ated changes in tumor shapes during respiration using statistical shape modeling and observed a correlation 
between velocity and strain in deforming tumors [97]. Liu et al. calculated differences in tumor motion using 
rigid and deformable image registration and observed a difference of up to 2.7 mm in the superior-inferior 
direction for a patient with a large tumor extending from the upper to the mid lung [98]. For advanced stage 
diseases with nodal involvement, the relative motion between the primary tumor and the related lymph nodes 
needs to be considered. Donelly et al. [99] and Panarotto et al. [100] independently observed deformations 
larger than 10 cm in the composite tumor system. Correcting dynamically for tumor deformation is challeng-
ing. Respiratory gating and tracking based on robotic arm linac or O-shaped linac enables holding the beam 
or moving the beam in a rigid manner, but do not allow compensating for intra-fraction tumor deformation. 
Dynamic MLC tracking has potentially the ability to compensate for tumor deformation. However, in clini-
cal studies reported so far only rigid tumor displacements were accounted for. Ge et al. explored the feasibil-
ity of dynamic MLC tracking to account for tumor deformation, by warping the planned beam aperture to 
conform to the new tumor shape based on the input from a deformable image registration software [101]. The 
feasibility and clinical impact of such techniques remain to be further investigated.
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Treatment response assessment and response 
guided adaptive treatment

TIM LAUTENSCHLAEGER, MARTHA MATUSZAK,  
AND FENG-MING (SPRING) KONG 

16.1 INTRODUCTION

Lung cancers are heterogeneous in biological features, clinical presentation and their response to treatments. 
Some lung cancers respond quickly to radiation therapy (RT), achieving a complete response before the com-
pletion of a planned course of RT, while other lung cancers appear to show very limited response to RT.

Many efforts have been executed and have shown promise to be useful in predicting treatment response of 
individual patients. However, no approach has been widely adapted in clinical routine use, and thus patients 
and health-care providers are still facing a reality of very significant RT response heterogeneity. Similarly, 
normal tissue response to radiation therapy varies widely, making radiation toxicity prediction difficult.

Both molecular and imaging biomarkers have been developed over the last decades, improving abilities to 
measure and predict treatment tumor response. Molecular markers including DNA, RNA, or protein cyto-
kines measured in blood have shown promise as tumor response prediction and measurement tools. Similarly, 
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certain tissue markers have shown promise for upfront prediction of outcomes but are not frequently used to 
measure response early during treatment, mainly due to the need for repeated biopsies. Molecular and imag-
ing markers also can be used to measure and predict normal tissue response and radiation toxicity.

Personalized adaptive RT (PART) aims to refine RT to maximize the probability of tumor control and 
minimize the risk of toxicity. PART uses assessment of early tumor response and adjusts dose to tumor and 
organs-at-risk (OARs) with the goal to optimize outcome. Two potential strategies may be used for PART. The 
standard dose can be increased or decreased with the aim to have toxicity rates below a predefined threshold. 
Dose escalation is applied to patients with tumors more resistant to radiation. Patients with small tumor 
volumes, peripherally located tumors, and tumors far from OARs have a much lower estimated toxicity rate, 
allowing for increased radiation dose. Dose de-escalation may be applied to tumors that are more sensitive 
to radiation, or to patients with tumors in an unfavorable locations leading to higher toxicity at standard or 
increased doses.

16.2 TUMOR RESPONSE

Tumor response can be measured using a variety of methods at many different time points. This chapter 
reviews and comments on the response assessment after the completion of therapy, as well as during treat-
ment. Response assessment after completion of therapy commonly is used to determine if treatment poten-
tially worked or failed. During-treatment assessment can guide adaptive changes to the ongoing treatment.

16.2.1 POST-TREATMENT TUMOR RESPONSE

16.2.1.1 RESPONSE ASSESSMENT METHODS

Response Evaluation Criteria In Solid Tumors (RECIST) were developed in 2000 (RECIST 1.0) [1] and 
updated in 2009 (RECIST 1.1) to facilitate imaging response assessment [2]. RECIST 1.1 has been widely 
adapted and represents the current standard for assessment of tumor response using CT or anatomic mag-
netic resonance imaging (MRI) data. Target lesions (up to two per organ and five total [2]) are identified and 
the sum of the longest diameter (LD) of each target lesion is recorded. A complete response (CR) is defined 
as the disappearance of all target lesions, a partial response (PR) as at least a 30% decrease in the sum of the 
LD of target lesions, progressive disease (PD) as at least a 20% increase in the sum of the LD of target lesions 
or the appearance of new lesions, and stable disease (SD) as all other scenarios. There are several important 
changes between RECIST 1.0 and RECIST 1.1 (Table 16.1). Previously, RECIST 1.0 required documenting up 
to 10 target lesions (5 per organ)—now only 5 lesions (2 per organ) are required. RECIST 1.1 now includes 
size criteria for lymph nodes. Lymph nodes less than 10 mm short-axis diameter are being considered non-
pathological, between 10 and 15 mm they are being considered a non-target lesion, and equal to or greater 
than 15 mm short axis is considered a target lesion. There now also is a minimum absolute increase of 5 mm 
in lesions in addition to the 20% increase requirement to call progressive disease (PD). Additionally, PET is 
now included in RECIST 1.1.

The longest diameter (LD) on predefined planes (axial, coronal, sagittal) is likely dependent on patient 
positioning as minor changes in patient position can lead to changes of what will be visualized on a CT 

Table 16.1 Select changes of RECIST criteria for response evaluation of solid tumors

Criteria RECIST 1.0 RECIST 1.1

Minimum size >10mm >15 mm for target

10–15 mm for nontarget

Number of index lesions 10 (5 per organ) 5 (2 per organ)

Complete response for lymph nodes Not defined <10 mm short axis

Progressive disease 20% increase 20% and 5-mm increase or new 

lesion

Use of PET-CT Not defined Used to identify new lesions
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plane. As tumors can grow in very irregular shapes, these changes in the image plane can result in significant 
alterations of the quantification of the LD. Volumetric quantitative assessment of tumor volume on CT is 
potentially more reproducible than uni or bidirectional tumor measurements [3].

The presence of atelectasis or scar tissue can sometimes represent a challenge when assessing treatment 
response on CT. In these challenging cases, metabolic imaging using FDG-PET often is very useful to dif-
ferentiate between recurrence and post-treatment changes [4].

PET has been widely used in treatment response assessment. In addition to the use of PET in RECIST 1.1, 
FDG-PET has been developed with the goal to standardize response assessment using (18) F-FDG-PET [5]. A 
fixed small region of interest about 1 cm (3) in volume (1.2-cm diameter) in the most active region of a tumor 
is selected and SUV lean measurements are used as a continuous variable. A treatment response is defined as a 
30% decline in SUV. The European Organization for Research and Treatment of Cancer (EORTC) has devel-
oped guidelines for response assessment using PET. EORTC criteria are based on adding max SUV from up to 
seven target lesions from as many organs as possible. Partial metabolic response (PMR) is defined as a reduc-
tion of the sum of max SUV of at least 25% and progressive metabolic disease (PMD) as an increase of the 
sum of max SUV of at least 25%. A comparison of response assessments using EORTC and PERCIST criteria 
suggests that that both give similar responses and the association of metabolic response with overall survival 
is also similar between both criteria [6]. Qualitative assessment methods such as the Peter MacCallum (PM) 
method of qualitative visual assessment have also been evaluated in comparison to semi quantitative assess-
ment methods. In one study PM identified significantly more CMR than the semi quantitative assessment 
method from the University of Michigan (38.6% vs 13.6%) [7].

In summary, many methods exist to measure response. They all have different strengths and their ideal 
use remains to be determined through future studies.

16.2.1.2 POST-RT RESPONSE ASSESSMENT CAN PREDICT LONG-TERM OUTCOMES

Radiation therapy plays an important role for both non-small-cell lung cancer (NSCLC) and small-cell lung 
cancer (SCLC) and treatment response is often associated with local tumor control and survival.

Radiation therapy responses of NSCLC determined by CT typically require several months. A recent study 
of 22 NSCLC patients assessing uni- and bi-dimensional tumor extent, as well as tumor volume, showed the 
average time to the tumor nadir was 11 months from RT completion [8]. Pre-treatment volume of NSCLC is 
known to be an important predictor of treatment response [9]. NSCLC tumor volumes greater than 100 cc 
are associated with local control rates of only a few percent [9]. Similarly, NSCLC volumes of 124 cc or greater 
at 24 months’ post-treatment predicts for very poor local control [8]. Good local control is associated with 
improved cause-specific survival (CSS). In a retrospective study of elderly patients treated with definitive 
radiation to 66 Gy in 2.2 Gy fractions a 3-year CSS of 45% was observed for patients without local failure 
versus a 3-year CSS of only 23% for patients, who failed locally [10].

Treatment response for NSCLC after RT assessed by FDG-PET has been shown to be an important prog-
nostic factor [11]. Importantly, the complete response rate assessed by PET is three times higher than that 
assessed by CT [11]. Assessment of metabolic tumor activity in locally advanced NSCLC after induction 
chemoRT using a SUV cutoff of 4 was of prognostic significance with a median overall survival of 56 months 
for patients with tumors with a SUV <4 and only 19 months for patients with SUV >4 [12]. Similarly, post-
treatment PET (median of 70 days after definitive RT to 60 Gy in 30 fractions with or without concurrent 
chemotherapy) predicted for overall survival [13]. Median overall survival after complete metabolic response 
(CMR) was 31 months in comparison to only 11 months with patients with a non-CMR [13]. Moreover, local 
failure and distant metastatic failure rates after stable metabolic disease or progressive metabolic disease 
were significantly worse in comparison to patients with CMR (HR > 2 for both local and distant failure) [13].

There are challenges when adapting PET as a tool for clinical routine use to measure treatment response. 
Alteration of cutoffs in SUV significantly alters results and different investigators commonly present their 
results using different cutoffs. In a study evaluating response to neoadjuvant chemotherapy alone for stage III 
NSCLC a greater than 60% decrease in SUV was associated with an impressive 60% 5-year overall survival 
while patients who had a lower than 25% decrease in their SUV change had a 5-years-survival lower than 5% 
[14]. In a cohort of stage III NSCLC treated with neoadjuvant chemoRT, reduction of SUV by at least 80% was 
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associated with favorable outcome [15]. Moreover, sensitivity, specificity and overall accuracy of FDG-PET 
for the detection of residual tumor after neoadjuvant chemoRT were 94.5%, 80%, and 91% [15]. The pres-
ence or absence of an EGFR mutation might also be an important molecular determinant of FDG avidity 
[16]. Tumors with EGFR mutations might more frequently be less FDG avid than EGFR wild-type tumors 
[16]. Similarly, different molecular alterations (i.e. VEGF, HIF-1a, or GLUT1) might influence FDG avidity 
in NSCLC [17]. In patients with advanced NSCLC treated with erlotinib and bevacizumab 18F-FDG-PET as 
well as H2 (15) O perfusion PET accurately predicted outcomes. In fact, PFS prediction using 18F-FDG-PET 
classified as reduction or no reduction (9.7 versus 2.8 mo, P=0.01) or perfusion imaging (12.5 versus 2.9 mo, 
P=0.009) might be more discriminative than CT imaging using RESIST (4.6 for PR versus 2.9 mo for less than 
PR, P=0.017) [18]. In summary, post-treatment PET for locally advanced and advanced NSCLC is highly cor-
related with pathologic response, and predicts long term survival and patterns of failure. Post-treatment PET, 
however, does not provide an opportunity to change the treatment plan.

Treatment response after stereotactic body radiation therapy (SBRT) or stereotactic ablative body radia-
tion (SABR) can be assessed using a variety of imaging modalities.

Metabolic imaging is useful in assessing response to therapy after SBRT. FDG-PET after SBRT can 
show persistent uptake for up to 2 years after therapy [19], possibly related to persistent inflammation [20].  
FDG-PET obtained 1–2 years after SBRT has been reported to predict for local recurrence [21]. Using a cutoff 
of maximum SUV > 5 there was 100% sensitivity, 91% specificity, a 50% positive predictive value, and a 100% 
negative predictive value for predicting local recurrence [21]. Similarly, FDG-PET screening scheduled at one 
year after SBRT and if recurrence was suspected, using SUV cutoffs of 3.2 and 4.2, resulted in 100% sensitivity 
and specificity of 96%–98% for the prediction of recurrence [22]. Pre-treatment PET metrics have been shown 
to be associated with outcome in NSCLC after SBRT [23–25].

SCLC is more sensitive to chemotherapy and radiation and often results in excellent imaging responses. 
A complete response rate of 56% and partial responses in 31% of patients have been reported after standard 
of care radiation therapy of 45 Gy in 1.5 Gy fractions delivered twice per day (BID) given with concurrent 
cisplatin and etoposide, resulting in a 5-year overall survival of 26% [26]. Only 10% of patients had stable dis-
ease or progressive disease [26]. The primary tumor response of limited disease SCLC to chemo radiotherapy 
(CRT) also correlates with the duration of brain-metastasis-free survival [27]. For SCLC patients with initial 
complete response to CRT the median brain-metastasis-free survival averaged 21 months after PCI versus 16 
months in patients without PCI [27].

16.2.2 DURING-TREATMENT TUMOR RESPONSE

16.2.2.1 ASSESSMENT METHODS

Available assessment methods include on-board imaging such as cone beam CT (CBCT) or CT on rails as 
well as CTs in radiation oncology departments dedicated for simulation in addition to those used for post-
treatment response assessment (Table 16.2). CBCT is commonly and frequently obtained for difficult cases 
with target volumes close to critical structures to ensure a high accuracy in patient positioning and limit 
clinical target volume (CTV) to planning target volume (PTV) expansions. Thus, CBCT is performed already 

Table 16.2 Response assessment methods during treatment

Assessment methods Imaging quality RT Routine Effort

Cone beam CT Poor Yes Low

CT on rails Good Yes Medium

Simulation CT Good No High

PET-CT Good No Very high
Note:  The table summarizes advantages and disadvantages of during-radiation imag-

ing response assessment methods. Radiation therapy (RT) routine reflects 
which methods are already obtained frequently as part of standard clinical 
radiation oncology practice. Effort assessment estimates the additional 
expenses occurred secondary to additional staff time and equipment cost.
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for clinical routine use and is available for adaptive radiation therapy. CBCT image quality, however, does 
not compare favorably with image quality of CT on rails, CT simulators or diagnostic CT and MRI scans. 
The lower image quality potentially could have a negative impact on the accuracy of RT response assessment 
and target and OAR delineation. CT on rails has the advantage of providing diagnostic quality images used 
for patient positioning. These images are already acquired for clinical routine uses and are available for PRT. 
One caveat of CT on rails is the need of repositioning for imaging, which limits the wide application of this 
technology. Additional effort, cost, and availability of CT on rails are factors that can limit its use. Obtaining 
a new simulation CT for PART is the currently mostly practiced approach. Disadvantages of the approach 
include the need for additional imaging, associated time commitment from patients and the health-care 
team, as well as associated costs. PET-based PRT requires a new simulation PET/CT or a diagnostic PET/CT.

An additional difficulty in during-treatment response assessment lies in identifying the most meaningful 
time points. In one cohort, there was significant intra- and inter-individual heterogeneity in the evolution of 
tumor maxSUV at early time points at 7 days and 14 days after RT start [28]. Most commonly, PET/CT tumor 
response assessment during treatment with the goal to adapt RT is conducted around week 4 of a 6-week 
treatment course. Other time points might be ideal when assessing organs at risk with the goal to predict and 
ultimately limit toxicity.

16.2.2.2  DURING-TREATMENT RESPONSE AND ITS ASSOCIATION  
WITH CLINICAL OUTCOME

Assessment of response to therapy after completion of therapy is important as a basis for decision making 
from that point forward. Post-RT response assessment, however, does not provide the opportunity to alter a 
course of radiation therapy that is already completed. RT response assessment during RT would provide the 
opportunity to adjust the RT plan per the assessment well before completion of RT.

Comparing CT and FDG-PET during treatment after two-thirds of treatment were completed, a reduc-
tion of metabolic tumor volume of 70% was observed while gross tumor volume (GTV) assessed by CT was 
reduced only by 41% (p < 0.001) [29]. Metabolic tumor volume reduction was more pronounced after two-
thirds of a 3D conformal RT course (73% reduction) in comparison to a SBRT course (15% reduction).

FDG-PET/CT obtained after approximately 45 Gy predicts for post-treatment responses in NSCLC [30]. The 
mean peak tumor FDG activity was 5.2 (95% CI, 4.0–6.4), 2.5 (95% CI, 2.0–3.0), and 1.7 (95% CI, 1.3–2.0) on 
pre-, during-, and post-RT scans, respectively, and the peak tumor activity during RT correlated strongly with 
the peak FDG activity 3 months after completion of RT [30]. Interestingly, normalized (to aortic arch) max SUV 
was lowest in this small study of 15 patients, who were without evidence of disease, and highest in patients who 
succumbed to their disease [30]. Re-planning based on during–RT PET/CT allowed for a dose escalation of 
30–102 Gy (mean, 58 Gy) or a reduction in normal tissue complication probability (NTCP) of 0.4%–3% (mean, 
2%) in five of six patients with smaller yet residual tumor volumes [31]. Lack of during–RT PET response also 
has been reported to be associated with inferior progression-free survival (PFS) for patients receiving hypo-
fractionated RT to 60–66 Gy in 3 Gy fractions [32]. Importantly, there may be a correlation between radiation 
dose delivered and max SUV at that time with higher max SUV declines with higher radiation doses [33].

Radiation therapy for SCLC often results in excellent imaging responses on CT that can typically be 
observed before the end of RT. In limited stage SCLC, a median CT-based volume reduction of approximately 
70% can be expected before the completion of concurrent chemoRT [34]. Limited stage SCLC patients with 
greater tumor volume reduction (i.e. >45%) have better loco regional control and longer overall survival than 
those with less volume reduction [34].

In summary, there is convincing evidence that during-RT tumor assessment predicts long-term outcomes 
after RT.

16.2.3 TUMOR RESPONSE GUIDED ADAPTIVE TREATMENT

Adaptive radiation therapy started to adapt to setup errors and intrafraction motion [35–37]. After treatment 
response assessment with PET was developed [30] a first trial assessing the feasibility of PET-guided adap-
tive treatment was conducted [38]. The study was designed as a prospective single institution (University of 
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Michigan) phase II clinical trial. Adaptive planning used FDG-PET to measure tumor response after approxi-
mately 50 Gy of treatment, and the RT plan was adapted to target the residual metabolic target volume (MTV) 
for the final 9 fractions. Using an iso-toxicity approach for a 17% risk of grade 3 RILT estimated from a mean 
lung dose NTCP model, the dose per fraction to the MTV based PTV varied from 2.2 Gy to 3.8 Gy for the 
adaptive course of treatment. Mature results revealed quite favorable outcomes using this approach [38]. The 
2-year rates of in-field loco-regional tumor control (LRTC) was 82% [38].

RTOG 1106 is a phase II clinical trial for patients with locally advanced NSCLC to determine whether 
residual tumors can be dose-escalated to improve the local-regional progression-free rate at 2 years. FDG-
PET/CT is used to measure the tumor response after 18–19 treatments and the final 9 treatments are adjusted 
to cover residual and/or metabolic tumor volume. The adapted RT plan will be dose-escalated up to 80.4 Gy 
to the MTV limiting dose per an individualized MLD to 20 Gy and by esophageal and heart tolerance doses. 
Another strategy of PRT would be to use during-treatment images as a biomarker to predict a patient’s radio 
sensitivity. Patients with greater tumor response may be more radiosensitive, thus requiring a lower dose to 
control the tumor and allowing to further reduce the risk of toxicity.

Adaptive RT has great potential to improve outcomes after RT. Randomized studies are under way to 
definitively determine its benefit.

16.3 RESPONSES OF ORGANS-AT-RISK (OARS)

16.3.1 POST-TREATMENT RESPONSE

Often, various imaging modalities are used to identify the effects of radiation to normal tissue, including 
MRI, CT, PET, and single photon emission computed tomography (SPECT). Late toxicities are often seen 
after the fact due to these modalities being used post-radiation rather than during. This is not only for normal 
lung tissue at risk for toxicity, but also the heart and esophagus. Each imaging modality can detect different 
responses from different areas. CT is often used to show the direct relationship between how radiopaque the 
lung tissue is and the lung RT dose resulting in toxicities like cough and shortness of breath as well as radia-
tion pneumonitis [39,40]. Like CT, MRI has been shown to detect radiation pneumonitis by measuring the 
lung density [41] and unbalanced enhancement of the lung [42]. Esophageal toxicities have been detected via 
PET scans as FDG uptake was detected in the esophagus following radiation treatment [43–49]. The effects 
of radiation on the lung as well as the heart have been measured quantifying perfusion and ventilation with 
SPECT [40,50,51]. A study on 36 esophageal cancer patients identified a very successful linear regression 
model connecting lung radiation dose and SUV changes [44].

Lung V/Q SPECT is another modality to guide PART with potential benefit in many patients. Lung cancer 
patients often have ventilation and perfusion defects; V/Q scan are sometimes used to determine if a patient 
is a surgical candidate. V/Q SPECT data indicates that ventilation and perfusion defects are greater in central 
then in peripheral tumors [52]. Moreover, apparently normal areas of lung on CT might not function normally 
as measured by V/Q SPECT [53]. Importantly, regional ventilation and perfusion often improves during RT for 
centrally located NSCLC [53]. Cardiac SPECT has a long history of visualizing alterations in cardiac perfusion 
after RT [54–56]. The implications of SPECT abnormalities for individual patients remain to be determined.

Detecting these toxicities early on is ideal; however, most of these imaging modalities are used as post-
radiation follow-up imaging, eliminating the opportunity to adjust RT plans before RT completion to limit 
toxicities to the organs at risk.

16.3.2 DURING-TREATMENT RESPONSES

During a course of radiation therapy, organs at risk are also subject to change, and acquiring imaging during 
treatment allows for the opportunity to alter the RT plan if needed to aid in limiting toxicities. FDG uptake of 
normal lung can be observed during RT [30]. In one series, approximately 1–2 weeks into a radiation course, 
the lung tissue surrounding the GTV was reported to show an uptake of FDG and this was accompanied by 
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shortness of breath in those patients [57]. Several other studies that have reported during-treatment PET 
assessment do not report data on normal lung SUV, indicating that the meaning of normal lung response 
remains to be clarified.

Radiation ideally shrinks the tumor away from OARs and adaptive planning could improve RT side 
effects. CT imaging can detect tumor size alterations during RT. Some data suggest that acquiring a before 
treatment ventilation and perfusion SPECT can help to denote which lung weaknesses are native to the tumor 
and a during-treatment SPECT can aid in knowing which dysfunctions may be recuperated following tumor 
response [58]. FDG-PET can also successfully predict the onset of esophagitis with a median time to onset of 
11.6 days after PET and an area under the curve of 0.84 [59].

There also is potential for SPECT guided PART. Identifying functional parts of the lung and sparing them 
at the expense of non-functioning lung can result in a significant decrease in functional mean lung dose.

Imaging modalities allow for modification of a radiation plan during treatment to focus more on cancer-
related dysfunction and treat less otherwise healthy tissue.

16.3.3 OAR IMAGING GUIDED ADAPTIVE TREATMENT

In good practice, radiation therapy normal-tissue dose limits are set to minimize the proportion of patients 
experiencing bothersome or dangerous toxicities. Thus, radiation dose is determined based on the most sen-
sitive part of the population. Potentially, there are patient determinants for toxicity risk that can be measured, 
which could allow identification of the most toxicity sensitive and resistant patients. There are no available 
biomarkers (imaging or molecular) for clinical routine use identifying these patients before RT. OAR evalua-
tion during RT, however, could provide this information.

There are several examples of OAR imaging during RT. Patients with an initially collapsed lung are likely 
to benefit from reimaging during RT using CT to evaluate if the lung has expanded. If the lung has re-
expanded, adaptive planning can limit RT to the expanded lung to limit radiation to the uninvolved lung as 
much as possible. PET during RT can be used to identify a particularly sensitive OAR. An area of lung identi-
fied as particularly sensitive to RT could thus be adaptively spared. Similarly, if PET identifies a particularly 
sensitive esophagus, we may use IMRT to spare it during the rest of the RT course.

While there clearly is great potential for during-RT assessment to reduce toxicity, and improve cancer 
control, its benefit remains to be proven in appropriately designed prospective studies.

16.4 TREATMENT RESPONSE OF THE PATIENT

16.4.1 RESPONSES OF SUBJECTIVE SYMPTOMS

Quality of life (QOL) after radiation therapy for NSCLC has been assessed in several studies. Patients with 
stage III NSCLC enrolled in RTOG 0617 had a clinically meaningful decline in quality of life as assessed by 
FACT-LCS [60]. More patients in the 74-Gy arm than in the 60-Gy arm had clinically meaningful decline in 
FACT-LCS at 3 months (45% vs 30%; P = .02). At 12 months, fewer patients who received IMRT (vs 3D-CRT) 
had clinically meaningful decline in FACT-LCS (21% vs 46%; P = .003), suggesting a possible benefit of IMRT 
for preservation of patient-reported QOL.

Patients with stage I NSCLC undergoing SBRT have stable QOL as assessed by the European Organization 
for Research and Treatment of Cancer Quality of Life Questionnaire (EORTC QLQ)-C30 and the lung  cancer–
specific questionnaire QLQ-LC13 [61]. After treatment with SBRT, there was a slow decline of the global health 
status over 5 years (p < 0.0001). The physical functioning and the role functioning improved slowly over the 
years (p < 0.0001). The emotional functioning (EF) improved significantly at 1 year compared to baseline.

QOL during-treatment assessments could be used similarly to OAR and tumor during-treatment assess-
ment for adaptive treatment. Patients with significant QOL impairment prior to RT start could continue 
treatment as long their QOL improves significantly and then stop RT to limit toxicities. Patients undergoing 
definitive treatment could receive dose-escalated RT as long their QOL remains stable.
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16.4.2 RESPONSES OF BIOMARKERS IN THE BLOOD

The blood pool is a unique resource that potentially reflects important tumor and OAR characteristics and 
can be tested repeatedly with minimal effort and risk. As such, it is uniquely suitable for during-treatment 
testing for tumor response and toxicity risk assessment. Plasma-transforming growth factor-beta1 (TGFβ1) 
levels at end or during radiotherapy were shown to predict late toxicity of patients with lung carcinoma 
[62,63]. Other cytokines have also been shown to be of prognostic value [64,65]. Baseline interleukin-8 (IL-8)  
and radiation induced elevation of TGFβ 1 also have been shown to predict for radiation pneumonitis [66–
70]. A combined model of IL-8, TGFβ 1, and mean lung dose (MLD) could predict lung toxicity with an area 
under the curve of 0.80 [70]. Single nucleotide polymorphisms (SNP) of the TGFβ 1 gene were reported to 
be associated with risk of radiation pneumonitis in NSCLC patients treated with RT [71]. SNPs in genes for 
TGFβ, VEGF, TNFα, XRCC1 and APEX1 together with MLD were combined into a normal-tissue complica-
tion probability (NTCP) model to predict radiation pneumonitis risk [72]. This NTCP model was evaluated 
for radiation dose changes using an iso-toxicity approach, and it was found that 59% of patients would have 
had a change in prescription of 5 Gy or more (either dose escalation or de-escalation), and 19% of patients 
would have had changes in prescription of 20 Gy or more. SNPs in DNA repair pathways were found to be 
independently associated with overall survival in NSCLC treated with RT with or without chemotherapy [73].

Micro-RNAs (miRNAs) are noncoding RNAs about 18–25 nucleotides in length and are important post-
transcriptional regulators of gene expression. MiRNAs can be reliably measured in serum/plasma [74–80]. 
A serum miRNA signature consisting of five miRNA markers (miR-15b, miR-34a, miR-221, miR-224, and 
miR-130b) was found to be associated with OS in NSCLC [81]. Interestingly, patients classified by this miRNA 
marker as low risk appeared to derive a benefit from dose escalation to >70 Gy, while high-risk patients 
appeared to derive a benefit if dose was escalated beyond 83 Gy. Serum miR-191 was identified to predict 
radiation pneumonitis [82].

In summary, several blood biomarkers have shown great promise to predict treatment outcome. More 
studies are needed to definitively establish and validate the value of these markers.

16.4.3  BLOOD MARKER GUIDED ADAPTIVE TREATMENT,  
POTENTIAL CLINICAL TRIALS

To develop a clinical decision tool for PART, both toxicity and tumor control probability need to be accounted 
for. Typical metrics used in evaluating new markers (e.g. area under the curve (AUC) for a classification 
problem) do not directly address the ability of a marker to improve LRTC at a fixed rate of toxicity. In fact, 
any marker only predicting either tumor control probability or toxicity risk will not be sufficient for a clinical 
decision tool providing information regarding optimal RT dose. For example, if a RT dose is linearly related 
to toxicity and LRTC, then one cannot improve tumor control probability without also increasing toxicity. 
A useful clinical decision tool will be a function of tumor control probability and toxicity risk determined by 
several biomarkers to select an optimal dose defined as the dose that maximizes tumor control probability 
and minimizes the sum of weighted toxicity probabilities [83].

A simplistic function F combining tumor control probability PLC and probabilities for toxicity Ptox can be 
expressed as follows:

 ( )( ) ( ) ( ) ( )= − + +…F x aP x b P x b P x ,LC toxA toxB1 2

where x is the RT dose and a and bi are weighting factors representing the importance for individual patients 
and health-care providers.

Considerations for clinical parameters such as performance status or QOL possibly representing an indi-
vidual patient’s maximum tolerated toxicity might prove to be critical in ensuring success of such a clinical 
decision tool (i.e. z<y for b1PtoxA (x) + b2PtoxB (x)+… < y for KPS 100 patients, and b1PtoxA (x) + b2PtoxB (x)+… < z for 
KPS 60 patients). Efficacy of biomarker guided adaptive therapy should also be tested prospectively in the clinic.
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16.5 FUTURE DIRECTIONS

Lung cancer and normal-tissue responses vary from patient to patient after and during a course of treatment. 
While post-treatment response is predictive of long-term outcome of tumor control and toxicity, during-
treatment response provides an opportunity for adaptive treatment. Anatomical imaging like CT, functional 
imaging such as FDG-PET for tumor, V/Q SPECT for lung and certain molecular alterations identified in 
blood can be acquired during treatment, and have shown great promise to guide risks limiting adaptive 
treatment.

Metabolic tumor response assessment using FDG-PET is a powerful tool measuring and predicting treat-
ment response. In NSCLC, lower pretreatment metabolic activity and complete metabolic response during 
or after treatment is associated with better local control and longer overall survival. Adaptive re-planning 
reducing the GTV to the metabolic tumor volume after about two-thirds of treatment often allows for iso 
toxic dose escalation to the tumor. Such an adaptive RT is currently being prospectively evaluated in a ran-
domized phase II study RTOG1106.

Normal tissue functional images, such as FDG-PET and lung V/Q SPECT-CT have also shown promise 
in guiding adaptive treatment. Complexity of its application should be anticipated. Randomized studies are 
needed to further test its clinical benefit.

Molecular blood biomarkers show great promise as tools predicting survival and pneumonitis. In fact, 
biomarker-adapted RT aiming for iso-toxic RT prescription might lead to important prescription alterations 
in more than half of stage III NSCLC patients. Similarly, molecular (i.e. ERCC1 SNPs, microRNA) blood 
signatures might identify patients who benefit from RT dose escalation.

Patient perceived responses to RT (quality of life QOL) are in general favorable. Often patients perceive 
dramatic improvements in their ability to breathe and their overall QOL. Should QOL improve, the patient 
may be able to tolerate more intensive treatment.

In summary, response-based adaptive RT shows a great promise to improve cancer control and reduce 
toxicity of RT. As a first randomized study, RTOG1106 has reached accrual goal of 138 patients in early 
2017, and might provide milestone data establishing clinical efficacy of adaptive RT. More prospective and 
randomized trials are needed to evaluate biomarkers and their potential benefit for adaptive RT. It remains a 
challenge to combine toxicity prediction and tumor control probability prediction into an adaptive tool that 
truly optimizes RT for the benefit of the many lung cancer patients in the US and worldwide.
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Adaptive radiation therapy for lung cancer

MARTHA MATUSZAK, KRISTY K. BROCK,  
AND FENG-MING (SPRING) KONG

17.1 INTRODUCTION

There is great potential for change during a course of radiation therapy for lung cancer patients. As discussed 
in Chapter 12, there are many different sources of uncertainty in image-guided lung radiation therapy, mak-
ing it possible that the desired treatment plan may not be fully realized from the initial planning. As dis-
cussed in Chapter 16, lung tumors and normal tissues respond to treatment, which could render the original 
plan unable to meet the original goals of radiation therapy or prompt the treatment team to alter the original 
plan goals to better customize therapy to the individual patient. Table 17.1 summarizes some of the sources of 
data that can be used to trigger or drive a plan adaption for lung cancer.

Depending on the time scale and potential impact of changes noted during lung radiation therapy, differ-
ent types of interventions are possible. The earliest form of adaptive therapy, which we now consider simple 
image-guided radiation therapy (IGRT), would be translating or rotating the patient based on daily imaging. 
More recently, adaptive therapy is an intervention that changes or adapts the patient’s current treatment plan. 
Adaptations to treatment plans largely fall into categories of online and offline. Online adaptations, which 
are discussed in Section 17.2.1, are applied at the time of treatment, in a time-frame on the order of minutes. 
As shown in Figure 17.1, online adaptations are considered a tight inner loop closely tied to the original or 
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initial treatment plan. Typically, online adaptations are designed to preserve the original treatment goals and 
correct for geometric differences between the treatment planning scan and the patient’s geometry at the time 
of treatment. Offline adaptations are typically performed on the timescale of days, and shown outside of the 
daily treatment loop in Figure 17.1. These adaptations could also be applied to account for geometric differ-
ences, but those that are likely to be persistent over multiple treatments. In addition, many radiation therapy 
centers do not have the resources to apply online adaptations and therefore rely on offline adaptation (dis-
cussed in Section 17.2.2) to correct for daily uncertainty that has accumulated. Offline adaptive therapy can 
also be initiated to account for treatment response. This response could be global, such as a change in a blood 
biomarker, or local, such as a change identified in a functional image dataset. Chapter 16 covered a variety of 
tumor and normal-tissue response imaging and metrics that can serve as the motivation for an offline adapta-
tion for lung cancer. It is more common in offline adaptive therapy that the treatment goals will change based 
on new information and the baseline treatment planning goals will become obsolete or updated.

Online and offline adaptation require many of the same tools, but also many unique ones. Both strat-
egies and the tools and resources required to perform them will be covered throughout this chapter. In 
Section 17.2, online and offline adaptive strategies and requirements will be described. Section 17.3 will 
cover the tools needed to perform adaptive therapy effectively, including image registration, treatment plan-
ning, and dose accumulation. Finally, Section 17.4 will focus on the topic of quality assurance for adaptive 
treatments.

Offline
adaptive

plan

Initial
plan

Online
adaptive

plan

Online
adaptive

plan
Daily
IGRT

and Tx

Daily
IGRT

and Tx

Tx
response
monitoring

Figure 17.1 The timescale loops of adaptive therapy showing an online adaptive plan tightly coupled to the 
initial treatment planning and daily IGRT cycle as well as the offline adaptive loop, happening on an extended 
loop outside of the daily treatment process.

Table 17.1 Sources of data that may motivate adaptive radiation therapy

Category Description Scope Example

Relative geometric Change in patient geometry 

that alters the relative 

relationship between structures

Local Esophagus position 

shifted toward target

Absolute geometric Change in patient geometry 

that alters the viability of the 

dose calculation

Local or Global Change in atelectasis or 

pleural effusion

Relative global 

biomarker

Change in biomarker value 

versus baseline that indicates 

a difference in patient’s 

radio-sensitivity

Global Week 4 Baseline cytokine 

value that indicates 

greater risk for 

pneumonitis

Local functional Measurement of local tumor or 

normal tissue function

Local Metabolic imaging of 

tumor or ventilation 

imaging of lung
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17.2 STRATEGIES FOR ADAPTIVE THERAPY

17.2.1 ONLINE ADAPTIVE THERAPY

Online adaptive therapy is the utilization of a real-time intervention to the treatment plan and/or delivery to 
account for changes (i.e. geometric or functional) that are not able to be resolved by image-guided setup with 
translation or acceptable rotations of the patient. Online adaptation has been well studied in some body sites, 
such as prostate, due to the ability to dynamically alter the treatment apertures to maximize target cover-
age while sparing the rectal interface. Similar tracking methods are being studied in lung patients, although 
beam’s-eye view tracking can be challenging without resolvable contrast differences or landmarks for accu-
rate localization. Bryant et al. have shown promising results with a two-dimensional/three- dimensional 
(2D/3D) tracking method on lung lesions [1]. Such a method could be used for real-time adaptive therapy 
for lung stereotactic body radiation therapy (SBRT) patients to track real-time breathing motion as well as 
adapt 3D conformal radiation therapy (3D-CRT) beam apertures to the current target. Such methods with 
and without the use of markers are currently in use commercially as part of lung SBRT treatment with a 
robotic linear accelerator [2,3]. Marker-less tracking remains challenging in some patient geometries regard-
less of imaging improvements such as dual energy imaging [4]. For patients with identifiable tumors based 
on marker or soft tissue imaging during delivery, online adaptations and tracking can be used to account for 
changes in respiration excursion at the time of treatment that cannot be mitigated by IGRT treatment couch 
or patient shifts prior to treatment delivery. Hugo et al. studied changes in diaphragm position in 10 patients 
and determined that while most changes in daily breathing motion do not require adaptation, some patients 
may experience larger changes that require intervention beyond IGRT [5]. In some cases, simple aperture-
based adaptations may be possible, but more work is needed for target areas with poor contrast or plans that 
utilize intensity modulation such as intensity-modulated radiation therapy (IMRT) and volumetric modu-
lated arc therapy (VMAT). Similar work by Ruben et al. showed that approximately 19% of SBRT patients 
studied may experience clinically relevant changes in breathing motion and could benefit from tracking or 
re-planning [6]. Figure 17.2, from Colvill et al. showed examples of real-time tumor tracking for lung SBRT 
patients over different platforms [7]. Typical and atypical patterns of respiratory motion and excursion are 
possible. In the Colvill study, 10 participating institutions with varying equipment could adapt based on 
tracking methods. Each institution is summarized in Table 17.2.

Tracking-based methods aim to track the tumor during respiratory motion by moving the patient or 
the treatment beam. Such methods do not typically require a recalculation or a optimization of the treat-
ment plan, and have been proven, across different platforms, to be accurate within conventionally acceptable 
patient-specific quality assurance passing rates. Use of tracking-based adaptations in early-stage lung cancer 
in the context of few fraction SBRT treatments can reduce the amount of normal lung (and potentially other 
organs-at-risk [OAR]) in the treatment beam thus minimizing the irradiated area without unduly increasing 
the chances for a geometric miss. Such systems must have accurate imaging and tracking algorithms.

While tracking-based adaptations can be highly successful in early-stage lung cancer radiotherapy, track-
ing more advanced stage disease is potentially more challenging due to the increased chance for larger ana-
tomic changes and tumor response over the increased time course of treatment. Conditions such as atelectasis 
and pleural effusion also may not only drastically alter the local anatomy, but can also affect the viability of 
the dose calculated on the treatment planning CT. Therefore, online adaptive therapy for many lung cancer 
patients requires the ability to perform fast-dose calculations and re-planning. Figure 17.3 demonstrates a 
more advanced online adaptive planning strategy, in which the daily patient characteristics are monitored 
which may or may not trigger an adaptation. With the increasing use of advanced intensity modulated tech-
niques for lung cancer treatment, fast optimization or inverse planning is generally required during the adap-
tive planning step. The technology for real-time dose calculation and optimization is available, although 
commercial implementations are limited. Graphics Processing Units (GPU) and cloud-computing strategies 
have both shown promise in this area, with dose calculations and plan optimization times on the orders of 
seconds to less than 3 minutes [8,9]. Online re-planning with inverse optimization requires updated input 
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from the online information, typically in the form of updated segmentation or contours. Physician contour-
ing for real-time adaptation is likely to be too time-consuming to be used for online re-planning. Therefore, 
some level of automation with respect to segmentation is necessary for efficient re-planning. Transfer of con-
tours via deformable image registration (DIR) (to be discussed further in Section 17.3.2) with a validated 
algorithm is a common approach. Fast image registration and segmentation methods are becoming available 
through modern computing and have been quoted on the order of seconds [10]. While review of automati-
cally segmented or transferred volumes is essential to the online adaptive quality assurance process, auto-
mated methods continue to improve and clinical use and acceptance of accurate, fast methods for automated 
segmentation are likely to become more widespread soon [11].

17.2.2 OFFLINE ADAPTIVE THERAPY

As described in Figure 17.1, offline adaptive therapy is performed on a longer timescale than online adaptive 
therapy. Both correction-based and response-based adaptations can be done via offline adaptive radiation 
therapy. Generally, if the goal of adaptation is to preserve the baseline planning goals, then the adaption 
is performed due to geometric changes and considered a correction-based adaptation. This means that the 
baseline goal has not changed, although the geometry has altered so that the baseline goals may no longer 
be able to be achieved. Correction-based adaptations can also be made via online adaptive therapy, but large 
geometric changes that require additional evaluation that cannot be achieved in a short time frame may war-
rant an offline approach. Figure 17.4 illustrates a generic offline adaptive planning approach in which updated 
information is considered to determine whether a re-planning is required. Then, the adaptive planning is 
executed while the original plan continues until the quality assurance on the adaptive plan is complete.

The extreme version of a correction-based offline adaptation would be re-planning prior to each treatment 
fraction to account for dose errors that have accumulated to-date. This would require methods to (1) track the 
breathing motion and patient geometry at the time of treatment and (2) calculate and accumulate dose-to-date 
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Baseline information
(Image, plan, data)

Evaluation procedure and
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Is plan under
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threshold?
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Planning
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plan goals
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plan QA

Daily information
(Image, plan, data)

Registration,
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Figure 17.3 Workflow for daily plan evaluation and potential adaptation.
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Figure 17.4 An offline adaptive planning workflow.
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using image registration techniques and (3) re-plan considering the current dose and cumulative limits. While  
a seemingly idealized adaptive treatment scenario, Mišić and Chan caution planners about employing such 
a strategy to account for respiration-based changes [12]. As one would expect, daily dose-reactive planning, 
can accumulate tumor under and overdoses throughout treatment, potentially leading to a more heteroge-
neous, and potentially less biologically effective composite treatment. Thus, proper biologically corrected 
objectives that penalize unwanted features of the composite dose distribution must be applied to circumvent 
deleterious side effects of adaptive planning. In addition, the benefits of daily re-planning, even when includ-
ing response-based adaptation may be small in magnitude relative to the benefits of a single adaptation or 
weekly adaptations [13]. However, Kim and Philips demonstrated the potential improvements in tumor con-
trol probability when performing daily re-planning in the lung, using a predictive model to describe tumor 
shrinkage [14]. Re-planning daily showed an improvement in tumor equivalent uniform doses, although the 
feasibility of online planning was not addressed. Typically, stochastic optimization algorithms, such as the 
one employed by Kim and Philips, are better suited for offline timescales.

Correction-based adaptations are common, if not required, in proton therapy. In proton treatment for 
lung cancer, at least weekly evaluation of the patient’s geometry is highly recommended to evaluate the 
impact of geometric changes on the proton dose distribution. While robust planning methods can improve 
the viability of the original plan, rescanning and adaptation of treatment are necessary in many lung can-
cer patients treated with protons [15]. Figure 17.5 shows a typical adaptive process undertaken in a proton 
therapy setting, with many similarities to current mainstream adaptive photon therapy. Here, a lung plan 
is shown on the original CT geometry. After an adaptive simulation CT, dose from the original plan can be 

(a) Original Plan
on Original CT

(b) Original Plan
on Adaptive CT

(c) Adaptive Plan
on Adaptive (d) Composite Plan

on Adaptive CT

Figure 17.5 Adaptive therapy workflow common for proton therapy. (a) original plan on original CT, (b) origi-
nal plan calculated on the adaptive CT, (c) an adaptive plan displayed on the adaptive CT and (d) composite 
dose accumulated and displayed on adaptive CT. (Courtesy of Cody Wages and Radhe Mohan, MD Anderson 
Cancer Center.)
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calculated on the adaptive CT for dose evaluation (b) and potential re-planning (c). Finally, multiple methods 
can be used to compute the composite dose (d).

A response-based adaptation is defined as the process of generating an adapted treatment plan to account 
for observed response of the target(s) and/or normal tissue(s). Although there is potential for an online 
response-based adaptive workflow, there is little work describing such a procedure and none are currently 
implemented in clinical practice.

The full workflow for an ideal generalized offline adaptation is shown in Figure 17.4. Starting with an 
existing treatment plan calculated on the simulation image, new information about the patient becomes 
available that makes the initial treatment plan no longer acceptable. That information usually falls into one 
of the categories listed in Table 17.1.

There are several reasons for choosing an offline adaptation over an online procedure. First, the type of 
data triggering the adaptation may be gathered over time, or not available until a given time in treatment. 
Second, there are challenges with online adaptation that are alleviated by eliminating the need to re-plan 
while the patient is on the table for treatment.

Weiss et al. studied the potential for dose escalation via offline adaptive therapy by retrospectively  
re-planning 10 cases at two time points during conventionally fractionated treatment [16]. DIR (see Section 
17.3.2.2) was used to propagate the initial clinical target volume (CTV) from the pre-treatment planning CT 
to the week 2 and week 4 scans. The mid-ventilation phase from four-dimensional CT (4D-CT) was used in 
all cases. A simultaneous integrated boost was tested in the last 8 fractions. This study showed considerable 
reduction of the primary tumor and lymph node volumes (39% and 51%), which were like reductions noted 
by Kataria et al. in a prospective 15-patient study and Berkovic in a 41-patient report [17,18]. Weiss et al. found 
relatively smaller changes in the warped CTVs from baseline to week 4 (179 cc versus 184 cc). Attributable to 
this small difference in CTV, the difference in target dose for the non-adapted and adapted PTVs was only 1 
Gy. When dose escalating up to iso-toxic levels, there was a strong potential to increase the dose to the week 
4 primary tumor volumes. However, this was possible only when treating up to the normal tissue tolerance 
levels. Other authors have proposed the use of alternate imaging modalities, such as fludeoxyglucose Positron 
Emission Tomography (FDG-PET) or fluorothymidine PET (FLT-PET), to define a boost region for adap-
tive lung radiotherapy. These potentially smaller adaptive targets may allow for boosting without having to 
increase dose to normal tissues compared to the conventional 60 Gy in 30 fractions that is considered the 
current standard of care in locally advanced non-small-cell lung cancer (NSCLC) [19]. One such example 
of applying an FDG-PET response-based offline adaptation is Radiation Therapy Oncology Group (RTOG) 
Trial 1106, in which a 30-fraction treatment course for definitive NSCLC patients is adapted after the first 21 
fractions based on an adaptive PET scan. In this trial, the adaptive PET imaging is acquired approximately 3 
days prior to the start of the adaptive plan. An adaptive PET boost target is defined and transferred back to 
the original treatment planning CT using rigid image registration prior to adaptive planning.

Berkovic stratified patients using sequential versus concurrent chemotherapy and determined that the 
most favorable time point for adaptation in a 35 fraction course was at 15–20 fractions based on the maxi-
mum possible gain calculated in normal lung metrics after re-planning at various time points. Re-planning 
in this study did not consider density changes, and used only rigid alignment.

In the study by Kataria et al. adaptive planning was performed after 44–46 Gy with re-planning done on 
the new scan only with manual re-contouring, and no attempt to cover the original CTV volume. In their 
study, reductions in normal tissue dose metrics were considerable, with improvements ranging from 19% to 
81% in various metrics for lung, heart, esophagus, and spinal cord. However, it is important to note that the 
study did not utilize 4DCT simulation and relied on internal target volume (ITV) expansions to account for 
motion. When not attempting dose escalation or considering an initial clinical tumor volume, re-planning 
based on a reduction in tumor volume alone, such as performed retrospectively on 40 lung SBRT patients by 
Qin et al., may result in an appreciable decrease in normal tissue doses and thus potentially decrease the risk 
of toxicity [20]. In their study of 3–5 fraction lung SBRT patients, the average ITV decrease was approximately 
20% although there was a large range and 15% of patients saw growth in the ITV. Similar reductions were 
noted in 25 tumors by Bhatt et al. with all tumors responding [21]. Retrospective re-planning showed a reduc-
tion in fractional dose to chest wall and lung of 10%–30%. This highlights the importance of monitoring, 
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as both increased and decreased ITV may signal a need for adaptation. In the Qin study, adaptive planning 
was performed using the same coverage and conformity goals as the initial treatment using cone beam CT 
(CBCT). The latter can be challenging in situations where the smaller CBCT field of view (FOV) and differ-
ence in CT number histogram make it difficult to perform accurate dose calculation. Mitigations of these 
issues are discussed in Section 17.3.1. In work by Persoon et al., the electronic portal imaging device (EPID) 
was used to monitor patients with atelectasis and trigger further evaluation and re-planning if needed [22]. 
Out of five patients monitored with atelectasis, four needed adaptations due to changes in CTV coverage 
attributed to deformations and shifts caused by a change in the atelectasis. In this work, the EPID dose evalu-
ation and CBCT anatomic images were used as triggers for re-planning. Adaptive planning was performed on 
newly acquired FDG-PET/CT simulation scans after manual contouring. In a larger study of 163 lung patients 
with CBCTs, 23% of patients were scored as having lung changes attributed to atelectasis, pleural effusion, or 
pneumonia/pneumonitis on a retrospective evaluation [23]. Slightly over half (12% total) benefitted from an 
adaptive plan and most of those were due to atelectasis. Significant density changes altering the dose calcula-
tions were noted in 9% of patients (Figure 17.6). This study highlights the importance of monitoring that can 
quickly and appropriately trigger an adaptive planning process in cases that would benefit.

Kwint et al. have implemented such a fast evaluation protocol and presented its performance on 177 con-
ventionally fractionated and slightly hypo-fractionated lung cancer patients [24]. One-hundred-twenty-eight 
patients were found to have thoracic changes during treatment. Table 17.3 summarizes the changes observed. 
Of the changes noted, 12% were classified as requiring immediate response while 8% of patients were classi-
fied as requiring re-planning after obtaining a new CBCT scan.

Brink et al., for example, commissioned an automated, de-formable, image registration–based technique 
to predict CBCT measured tumor response, which appeared to be correlated to individual patient and tumor 
characteristics [25]. Somewhat surprisingly, in their work, large tumor regressions were associated with poor 
local control and overall survival. Further analyses such as these will become important not only in monitor-
ing patients to signal a need for adaptation, but also in helping to personalize the adaptation for an individual 
patient.
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Figure 17.6 Diagram showing 37 out of 163 patients with lung density changes. In the upper part, 37 patients 
were divided into three types: atelectasis (red circle), pneumonia/pneumonitis (blue circle), and pleural effu-
sion (green circle). Some patients have two different types of changes represented by a number in the overlap 
zone of the two circles, e.g., 5 patients have both an atelectasis and a pleural effusion. The lower part shows 
the results of the geometric and dosimetric evaluation of the 37 patients. The geometry- and the dosimetry-
arrows lead to two Venn diagrams, dividing the changes with geometric or dosimetric impact into the three 
types. The final Venn diagram shows the total number of patients in the different categories requiring an adap-
tive treatment plan due to either dosimetry, geometry or both. (Reproduced with permissions from Møller, 
D.S. et al., Radiother Oncol, 110, 517–22, 2014.)
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17.3 TOOLS FOR ADAPTIVE THERAPY

17.3.1 IMAGING

Reliable task-oriented imaging is an important component of adaptive therapy. For patients with lung cancer, 
as well as most other sites treated with radiation therapy, CT imaging serves as a modality to provide electron 
density information for dose calculations for initial and adaptive planning. 4DCT can be used to evaluate 
changes in breathing motion or tumor excursion during treatment. Since changes in lung function are com-
mon, and many times are the reason for an adaptation in lung cancer therapy, repeat evaluation of respiratory 
motion is essential. Figure 17.7 demonstrates the change in excursion noted on 4DCT after approximately 
two-thirds of a course of concurrent chemo radiotherapy for a NSCLC patient being treated over 30 fractions.

Tumor response is commonly imaged not only via CT, but also with FDG-PET imaging, as discussed in 
more detail in Chapter 16. Thus, PET/CT is an important modality in adaptive lung radiotherapy based on 
tumor response. The Radiation Therapy Oncology Group (RTOG, now part of NRG Oncology) trial 1106 is 
currently studying PET adaptive radiation therapy versus standard radiation therapy in locally advanced 
NSCLC patients. It is important to note that delineation of tumor volumes based on PET is subject to volume 
averaging effects in smaller and more mobile tumors. Thus, 4DCT PET can be considered to mitigate motion 
effects. Other imaging modalities that can be used to measure tumor response are covered in Chapter 16.

Finally, imaging for normal tissue function can also be an important aspect of adaptive therapy, especially 
when the adaptation is based on functional avoidance or response. For example, CT, PET, and single-photon 
emission computed tomography (SPECT) can each be used for ventilation and perfusion imaging of the lung. 
Such information can be used in functional avoidance planning and adaptation. Care should be taken in 
image registration and segmentation with respect to the breathing state at acquisition and for treatment plan-
ning and delivery. More detail on functional imaging modalities in lung is given in Chapter 16.

17.3.2 IMAGE REGISTRATION FOR ADAPTATION THERAPY

Image registration is an essential step in adaptive therapy. Image guidance is discussed throughout this book 
and image registration is a key component. For adaptive therapy, selection of an appropriate image registra-
tion strategy, commissioning of the chosen strategy, and proper clinical use, is extremely important. For 
tracking applications or daily alignment of adaptive patients, rigid image registration is generally acceptable. 
However, lung patients often experience tumor shrinkage and potentially drastic changes in normal tissue 
anatomy that render rigid registration inadequate [14,26–29]. In these situations, which can be the trigger 

Table 17.3 Intrathoracic anatomical changes  
(N = 210) in 128 patients

ITACs N (%)

Atelectasis developing/ increasing 28 (13)

Atelectasis resolving/decreasing 12 (6)

Tumor baseline shift 56 (27)

Infiltrative changes 6 (3)

Tumor regression 73 (35)

Tumor progression 22 (10)

Pleural effusion 13 (6)

Total 210 (100)

Source:  Reproduced with permission from Kwint, M. 
et al., Radiother Oncol, 113, 392–397, 2014. 
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for an adaptation, DIR is needed. DIR can be applied to map either contours or doses from one dataset to 
another. Image registration can also aid in fusing information from multi-modality images together to bet-
ter use the information for adaptive planning. To use image registration for either purpose, one must choose 
(1) a similarity metric to judge the “goodness” of the registration process, (2) a transformation method to 
describe the voxel to voxel transformation between two image sets, and (3) an optimization algorithm to find 
the best parameters for the transformation that result in the maximum similarity metric between the two 
datasets [30,31]. The question of how “good” is “good enough” is often raised in the discussion of DIR. This is 
a question that is complex to answer, with many factors dictating the impact of the uncertainty [32]. Ideally, 
the DIR algorithm is accurate in all areas to within an imaging voxel. This would ensure that all contours and 
dose assessments were not influenced by error. However, as with all processes, we must balance uncertainty 
with impact. The impact of DIR uncertainty depends on the application and the relationship of the uncer-
tainty to the quantity that is being impacted by the DIR uncertainty. For example, DIR uncertainty for dose 
assessment of more than 1 voxel in a high-dose gradient for evaluation of the dose in a serial structure, such 
as the spinal cord, may have significant clinical consequences [32–35]. However, DIR uncertainty for contour 
propagation for daily dose assessment in a parallel structure, such as the lung, may have less of an impact. 
This is still an area of investigation and we must be mindful of the uncertainties in DIR and their propagation 
into the applications that use DIR results. DIR has three main applications in adaptive lung radiotherapy: (1) 
contour propagation, (2) multi-modality image registration, and (3) dose mapping and accumulation. The 
accuracy requirements are different for each application.

17.3.2.1 CONTOUR PROPAGATION

Adaptive treatment planning increases the contour burden as the number of adaptations increases. To man-
age the time required for contouring on the new treatment planning image, DIR can be used to propagate 
the contours from the initial planning scan onto the secondary treatment planning scan. Intensity-based 
image registration algorithms (e.g. normalized correlation coefficient or mean squared difference) are often 
employed for this purpose [36–38]. The rich contrast inherent to the lung CT image increases the probability 
that the registration at the boundary of the structures (e.g. the tumor within the lung, the boundary of the 
lung, and the spinal canal) will have a high level of accuracy. The accuracy requirements for DIR used for con-
tour propagation is less stringent than that needed for multi-modality image registration and dose mapping 
and accumulation, as the accuracy is only relevant at the boundary of the structure. In addition, unlike the 
other two applications, certain areas that lack accuracy can be manually adjusted.

Initial 4DCT
Exhale Phase

Initial 4DCT
Inhale Phase

Adaptive 4DCT
Exhale Phase

Adaptive 4DCT
Inhale Phase

Figure 17.7 Notable change in tumor excursion during treatment for an adaptive lung patient imaged with 
4DCT.
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Commissioning of DIR for contour propagation should demonstrate the following three criteria: (1) the 
integrity of the propagated structure is maintained, (2) the accuracy of the propagated contour is within the 
inter-observer contour variation, and (3) the propagation process leads to a more efficient clinical workflow.

To determine the integrity of the propagated structure, registrations with different degrees of deformation 
should be performed between images of the same and different slice thicknesses. The propagated structures 
should be evaluated to ensure that the structure is properly recognized by the treatment planning system (e.g. 
volume, center of mass, etc. are correct), and that the application of the DIR to the structure does not result in 
a disruption to the boundary of the contour (e.g. holes within the contour, fragments, or artifacts).

Quantifying the accuracy of the propagated contour should be performed relative to the inter-observer 
contour variation when the accuracy is assessed on a clinical image where the ground truth is not known. 
That is, given the statistical distribution of variations observed between experts contouring the same struc-
ture on the same image, if the distribution does not change when replacing a randomly selected observer with 
the results of the DIR propagated contour, then the accuracy of the DIR algorithm to propagate the contour is 
within the accuracy of the inter-observer uncertainty. If this can be demonstrated to be a consistent result for 
a structure and registration method, then the propagated contours can be used without modification. If this 
criterion cannot be met, the contours should be carefully reviewed by a trained expert and edited as needed.

The final step in commissioning DIR for contour propagation is to ensure that the process improves clini-
cal efficiency. If the DIR propagated contours require substantial editing and the editing tools are not well 
developed, the process may not improve efficiency. It is, therefore, important to study the impact of the DIR-
based contour propagation on the clinical workflow when establishing the adaptive radiotherapy in lung 
cancer.

17.3.2.2 MULTI-MODALITY IMAGE REGISTRATION

Adaptive radiotherapy in the lung is often performed based on functional imaging, specifically PET, to iden-
tify the active region of the tumor and/or function of the lung. Typically, PET images are obtained in com-
bination with CT images, which can then be used to guide the registration. The PET image itself, which is 
typically obtained during free breathing, is challenging to use directly for the registration given the lack of 
anatomical information as well as the incorporation of breathing motion into the image. Registration, either 
rigid or deformable, of the functional image (via the CT associated with the PET) to the planning CT image 
at the time of initial treatment planning is relatively straightforward.

Several DIR algorithms have been shown to have an average accuracy on the order of 1–2 voxel, includ-
ing intensity-based methods that rely on spline-based transformation or free-form deformation and 
 biomechanically-based models [26,27,39,40]. However, many algorithms also report maximum errors on the 
order of several voxels [41–43]. Commissioning of DIR between CT and PET-CT has two primary requirements: 
(1) accuracy in the DIR determined using target registration error (TRE) as well as contour propagation assess-
ment, described above; and (2) accuracy in the application of the DIR to the functional image (e.g. the PET).

Standard DIR commissioning techniques can be employed to evaluate the registration of the CT to CT 
component of the registration. TRE can be easily performed in the lung, given the wealth of anatomical 
landmarks that can be identified using the bronchial bifurcations. Most commercial deformable registration 
algorithms allow the users to select points and efficiently evaluate the registration results within the software. 
It is important to assess the accuracy of the DIR for multi-modality image registration in the context of the 
use of the final images. If the functional image is being utilized to define the boundary of the tumor volume, 
then the accuracy around the boundary of the tumor is the area of importance and should be carefully evalu-
ated. However, if the functional image is to be used to evaluate the local function of the lung, for functional 
avoidance of dose, then the overall accuracy of the DIR is important and should be carefully assessed, paying 
special attention to areas of maximum uncertainty.

The application of the DIR results to the functional component of the image (e.g. PET or SPECT) can 
be more challenging as the user must ensure that the new voxel values of the functional image maintain 
consistency in the overall level of function, e.g. the overall functional uptake represented in the image must 
maintain consistency. Definition of functional lungs could be challenging, and should be performed by expe-
rienced professionals.
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17.3.2.3 DOSE MAPPING AND ACCUMULATION

Arguably, one of the most critical components of adaptive radiotherapy of the lung is the mapping of dose 
from the initial treatment planning image onto the adaptive planning image for dose accumulation. Here, 
DIR algorithms are challenged due to the often-dramatic changes in the lung structure and tumor volume. 
In addition, studies have documented the complex nature of tumor response highlighting the need for DIR 
algorithms to be able to handle an elastic response of the tumor as well as the ‘erosion’ of the tumor [26,44,45]. 
In the elastic response of the tumor, the relationship between the tumor boundary and the normal tissue has 
consistency, that is, as the tumor responds in size the normal tissue tracks with it. In the eroding response of 
the tumor, the normal tissue stays stationary and the tumor responds, leading to the hypothesis that micro-
scopic disease may still be present even when bulky tumor is no longer visible. The physician must decide on 
the dose needed to control these targets, which may be microscopic during the adaptive course and macro-
scopic during the initial planning. In addition to overcoming the challenges in DIR for dose accumulation, 
one must also consider if updates to toxicity models are necessary when applying conventional dose con-
straints to during-treatment imaging-based dose calculations and volumes versus pre-treatment volumes. 
This is especially true for structures in which substantial changes can be expected, such as the normal lung 
(lungs minus gross tumor volume). The commissioning of DIR for dose mapping is consistent with that for 
multi-modality image registration. Volumetric assessment of the accuracy is important since the dose will be 
accumulated at all points in the volume; therefore, TRE is an appropriate and reasonable metric. The goal is 
for consistent accuracy across the entire region to within a voxel. However, the impact of uncertainties will be 
greatest in the regions of high-dose gradients. Research has shown that changes in the average uncertainty in 
the DIR algorithm of even 1.6 mm may have a clinically relevant impact on the decision-making metrics for 
lung cancer (e.g. minimum dose to the tumor).

The use of DIR to map and accumulate dose in the adaptive setting is also challenging due to the loss of 
tissue, presenting the question: how do we accumulate dose in tissue that is no longer there? This is a question 
that does not have a clear answer. As the field explores the answer to this question, caution should be used in 
the interpretation of dose accumulation in responding tissues, acknowledging the limitations in the determi-
nation of the accuracy in this area.

17.3.3 TREATMENT PLANNING

Treatment planning for adaptive therapy requires the same tools as initial treatment planning along with 
some additional adaptively focused functions. Treatment planning can vary slightly depending on whether 
you are performing an online adaptation or an offline adaptation. As in many of the other areas, online adap-
tive tools must be as efficient and independent of required user intervention as possible.

17.3.3.1 TREATMENT PLANNING FOR ONLINE ADAPTIVE THERAPY

Online adaptations may or may not require online treatment planning. In most tracking-based online adap-
tations, 3D-CRT plans are generated at a static state of the patient’s breathing. During delivery, the patient 
or beam is adjusted to match the current breathing trace and reproduce, as closely as possible, the originally 
intended treatment plan delivery. For lung patients in whom tracking-based adaptations are not performed, 
or there is no sufficient to account for observed anatomic changes, a library of plans can be created prior to 
treatment and a “plan of the day” can be chosen or perhaps more common, adaptive re-planning can be per-
formed. Online adaptations such as these, are referred to as instances of online re-planning or online adaptive 
planning. In almost all published instances of online adaptive re-planning, treatment planning is performed 
via inverse planning. Intensity modulated strategies such intensity modulated radiation therapy (IMRT), volu-
metric modulated arc therapy (VMAT), a tomographic IMRT delivery, or other specialized intensity mod-
ulation techniques are common when using inverse planning although simpler 3D-CRT plans can also be 
inversely optimized. A physical compensation technique would likely not be feasible due to the time required 
for fabrication of the compensators. Inverse planning is a common requirement for online re-planning because 
online forward planning is resource intensive and difficult to automate due to the need for user interaction.
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Several different treatment planning strategies for online re-planning have been reported. Ahunbay and 
Li have published an in-house technique called “Gradient Maintenance” which attempts to lessen the time 
burden of adaptive segmentation by only requiring delineation of the target volume of the day [46]. The algo-
rithm then attempts to maintain the gradients around organ-at-risk regions that were present in the original 
plan. This method has shown promise in pelvic cases, although its utility in lung cases would be dependent on 
how drastic the anatomic changes were. In cases of significant tumor and OAR changes, additional segmenta-
tion and more extensive re-planning techniques may be needed. For VMAT, a recent report by Crijns et al. 
highlights the various levels of online adaptation possible from aperture morphing to full re-planning [47].

Zarepisheh et al. have presented a voxel-based planning algorithm that can drive an adaptive plan to the 
dose volume histograms achieved in the initial plan or previously achieved plan from a library [48]. Such a 
method could be used to safely adapt a plan with large anatomic changes to meet the objectives in the origi-
nal plan. If such a plan is not Pareto optimal, then an improved Pareto-optimal plan will be chosen. With 
the use of GPU architecture, planning times were on the order of 10 seconds for reasonably sized patient 
geometries and beams. Further potential improvements in the plan due to drastic changes could then be fur-
ther addressed using an offline re-planning approach where more time and consultation with the physician 
regarding the updated goals is possible.

17.3.3.2 TREATMENT PLANNING FOR OFFLINE ADAPTIVE THERAPY

Offline adaptive treatment planning strategies are most commonly based on re-planning or re-optimization 
for the remaining fractions based on updated patient geometry. There are very few reports on more sophis-
ticated techniques that consider what was delivered to the patient previously and even fewer that attempt 
to consider predicted changes based on the observed trajectory of tumor shrinkage. Zhang et al. recently 
reported on an adaptive treatment planning strategy that incorporates predicted tumor shrinkage models 
[49]. Using this technique, they demonstrated a potential for increase dose escalation to the predicted residual 
tumor volume compared to simple mid-treatment re-planning. Although the prediction model is prelimi-
nary, the performance was promising with dice coefficients of predicted and actual residual GTV on the 
order of inter-observer target delineation of approximately 0.7. Another promising tumor shrinkage model, 
developed by Tariq et al., further demonstrates the feasibility of predicting patient response and using model-
based tumor shrinkage for re-planning [50]. However, using predicted tumor shrinkage as a basis for volume 
reduction is clinically unstudied, and may not be accepted in clinical trials without further validation.

As more advanced technologies and techniques are applied in treatment planning, such as maximizing 
biologically effective doses, it will be imperative for the physicists or adaptive plan developers to work with 
radiation biologists and clinicians to ensure the proper parameters, such as the alpha/beta ratio are validated 
for different lung cancer types, including NSCLC and small-cell lung cancer (SCLC), but also even into the 
subclassifications of these diseases based on histology as well as the potential effects of different targeted 
therapies that may be applied.

17.4 QUALITY ASSURANCE

Quality assurance (QA) for adaptive radiation therapy is multifaceted, in that quality control is required for 
many distinct steps at varying time scales. Table 17.4 summarizes some of the quality assurance categories 
recommended for adaptive therapy and where to find additional guidance, such as in AAPM Task Group 
Reports. Many QA tasks related to imaging and image registration and segmentation share requirements 
with standard non-adaptive planning. However, to gain the speed necessary for online re-planning and adap-
tation, quality and capabilities can be sacrificed. Thus, comprehensive QAs, using the adaptive therapy set-
tings are extremely important to ensure safety and proper operation.

The strategies used for patient-specific plans quality assurance vary from clinic to clinic regardless of the 
use of online versus offline treatment planning. Clinics that employ offline planning may choose to simply 
employ the same techniques for patient-specific QA that are used for initial plans. These techniques range 
from measurements of the intended plan compared to calculations on a specialty phantom, delivery to the 
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EPID, or independent (from the treatment planning system) calculation-based QA on the patient geometry. 
Certainly, online re-planning requires a likely departure from more conventional measurement-based QA 
techniques due to the patient being on the table and the need for efficiency. Thus, fast, independent calcula-
tion-based methods may be considered.

As adaptive planning becomes more common in clinical practice, all-in-one quality assurance tools 
designed especially for the needs of adaptive planning, may be used more frequently. A tool developed and 
reported on by Chen et al. is designed to check plan parameters, plan quality, verify data transfer between the 
planning and record and verify system, provide a secondary independent monitor unit check, and validate 
the treatment delivery record [51].
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MRI-based IGRT for lung cancer

ROJANO KASHANI AND LAUREN HENKE

18.1 INTRODUCTION

Magnetic resonance imaging (MRI) has been finding its way into clinical use for target delineation in radio-
therapy due to its superiority in soft-tissue definition compared to other imaging modalities, with demon-
strated benefits in some disease sites [1–4]. The use of MRI in lung cancer and lung radiotherapy, however, has 
been limited by two main factors: the increased magnetic susceptibility artifacts caused by low proton density 
in the lung, and the presence of respiratory motion. The recent advancements in MRI pulse sequence develop-
ment have reduced the impact of susceptibility artifact, as well as minimizing motion artifacts through faster 
image acquisition allowing for breath-hold scans or volumetric interpolated breath-hold scans [1]. Recent 
studies have evaluated the sensitivity of MRI in identifying lung lesions for diagnostic purposes, and have 
shown comparable results to positron emission tomography (PET) for larger lesions, but lower sensitivity in 
identifying lesions smaller than 5 mm [5]. Other studies have investigated the correlation between the func-
tional signal from diffusion-weighted MR with the standard uptake value (SUV) from PET [6]. In addition to 
the use of MRI for diagnostic purposes, the interest in using MRI as the sole modality for patient simulation 
in place of computed tomography (CT), which is the current clinical standard for patient simulation, has 
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increased significantly in recent years. The application of an MRI-sim only approach has been limited to a 
few sites and further evaluation of target delineation in lung based on MRI is warranted prior to utilization 
of this technique [2]

While the use of MRI for patient simulation and target delineation was a natural extension from diagnos-
tic imaging, the introduction of the MR into the treatment room is an important and exciting development 
that could introduce a paradigm change in in-room image-guidance. Some of the obvious advantages of MR 
image-guidance include high soft-tissue contrast, fast volumetric imaging allowing for breath-hold imaging, 
and the absence of radiation dose from the imaging procedures. Further development in clinical implemen-
tation and use of these systems is needed to identify the true benefits over the current standard of practice 
in-room x-ray imaging. Some potential advantages may be the availability of functional as well as response 
information on a regular basis through the course of treatment, thus allowing for intervention in the treat-
ment course early on and as needed.

18.2  SYSTEMS FOR MAGNETIC RESONANCE IMAGE  
GUIDED RADIATION THERAPY (MR-IGRT)

The integration of MRI and external beam radiotherapy has been under investigation and development by 
several institutions, each with a unique approach to addressing the many design challenges posed by combin-
ing the two modalities. Currently, there are five groups that are working on MR-IGRT systems. One system 
has been in clinical use since 2014 [7] while the installation of another system was completed in October 2015, 
and this system is expected to be ready for clinical use soon. Even though the clinical deployment is still lim-
ited, there is sufficient preliminary data indicating potential superiority of these systems for some indications 
[8,9]. In this section, we provide a brief description of each system in its current state of development based 
on published data from each group.

18.2.1 MAGNETIC RESONANCE IMAGING-LINAC SYSTEM

The MR-linac system from the University Medical Center Utrecht, the Netherlands, was developed in collabo-
ration with Philips Medical Systems (Best, The Netherlands), and Elekta AB (Stockholm, Sweden) [10,11]. This 
system consists of 1.5 Tesla Philips MRI scanner, modified to allow the incorporation of a 6 mega-voltage (MV) 
Elekta linear accelerator on a ring in the transverse midplane [11,12]. The accelerator head is equipped with 
a multileaf collimator (MLC) and can rotate in either direction [10] enabling delivery of intensity-modulated 
radiotherapy (IMRT). This system does not allow for couch shifts to correct for patient setup; however, it uses 
a virtual couch-shift technique where the treatment plan is adjusted daily based on the anatomy of the day 
accounting for any translations, rotations, or deformations [11,12]. The treatment planning system for the 
MR-linac has a Monte Carlo dose calculation algorithm capable of simulating the magnetic field and account-
ing for the electron return effect in the dose calculation. This is an important part of any MR-IGRT system, as 
it can have a significant impact on the dose distribution at interfaces, depending on the strength of the mag-
netic field, its orientation relative to the beam, and other patient- and field-specific parameters [13–15]. In this 
design the MR and the RT systems share an isocenter, thus allowing for image acquisition during treatment 
delivery. Proof-of-concept studies were performed showing the system’s capability to track the target in phan-
tom geometry; however, additional details regarding the latency and spatial resolution of these images, as well  
as practical considerations for applications to human subjects, are needed prior to clinical deployment [16,17].

Other considerations in designing these hybrid systems include the radiofrequency (RF), and magnetic 
interference and shielding. In this system, the issue of RF inference between the accelerator and the image 
acquisition system was addressed by modifying the Faraday cage such that the linear accelerator was placed 
outside the Faraday cage [11,12]. The magnetic interference between the MR and the accelerator was also a 
concern in designing this system. This issue was addressed by modifying the active magnetic shielding of the 
MR to create a region in the transverse plane where the accelerator ring is placed, thus allowing for magnetic 
decoupling of the two systems [11,12,17].
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18.2.2 MAGNETIC RESONANCE COBALT-60 SYSTEM

The MRIdian® system (ViewRay Inc., Oakwood Village Ohio) is an integrated MR-IGRT system that combines 
a vertically gapped 0.35 Tesla whole-body MR scanner with three Cobalt-60 heads, allowing for simultaneous 
imaging and treatment delivery [7]. Each of the three Cobalt-60 heads is equipped with fast pneumatic source 
mechanism, and doubly divergent MLCs, allowing for IMRT as well as conformal treatment delivery. The three 
treatment heads are 120° apart, and can be used for treatment simultaneously. The system is capable of fast 
volumetric imaging prior to treatment for patient setup, with imaging times ranging from 17 seconds to over 
3 minutes, depending on the desired field of view and resolution [18]. In addition to the volumetric imaging 
for setup, the system allows for acquisition of planar images in the sagittal plane during the treatment delivery, 
which can be used for gating based on internal patient anatomy. Details of the gating capabilities are described 
in the next section in this chapter. The system also has an integrated treatment planning system with fast dose 
calculation and plan re-optimization, which is fully accessible from the treatment delivery workspace, allow-
ing for seamless online treatment plan adaptation based on the daily setup MR image [7,9,18].

One consideration with this system is the low-field MR, which results in images with lower signal-to-noise 
ratio. This issue can be addressed by optimizing the sequences to acquire high-quality images, sufficient for local-
ization of soft-tissue contour delineation during treatment-plan adaptation. The lower magnetic field strength can 
be considered to have some potential benefits. One is the reduced magnetic field susceptibility artifacts and smaller 
geometric distortion in the patient as described by Stanescu et al. [19]. Another is the lower impact of the magnetic 
field on the dose distribution due to the electron return effect at tissue interfaces inside the body and at the skin 
[7,13,14]. It is important to recognize that both effects mentioned here can be estimated and corrected for, even in 
systems with higher magnetic field, and therefore should not be a considered a direct limitation of other high-field 
systems. The use of Cobalt-60 sources instead of a linear accelerator in this system is perceived as a drawback due to 
the lower dose rate and the implications on plan quality. Wooten el al. showed clinically equivalent plans between 
Cobalt-60 IMRT and standard linac-based plans for a variety of sites [20]. In the next generation of the MRIdian 
system, the three Cobalt-60 sources will be replaced with a single 6 MV linac, thus eliminating such concerns.

18.2.3  MAGNETIC RESONANCE-GUIDED FACILITY AT  
PRINCESS MARGARET HOSPITAL

The MR-guided facility at the Princess Margaret Hospital consists of a standard TrueBeam linear accelerator 
(Varian Medical Systems, Paolo Alto, CA) with a modified treatment couch and a 1.5 Tesla Siemens Espree 
MRI (Siemens, USA) on rails that can be brought into the treatment room for imaging prior to treatment 
[21]. Image acquisition involves moving the patient 3.1 meters away from the linac isocenter to the imaging 
isocenter, followed by advancing the MR on rails over the patient. In this design, a set of radio frequency 
isolation doors separate the MR scanner from the linac, to avoid artifacts on the MR images caused by the 
linac. Additional safety measures and tools are in place to reduce the potential for collisions between the 
moving MR scanner and the patient. Once the image acquisition is complete, the MR images are routed to the 
image registration system to determine the shifts, which in turn are sent to the control system for adjusting 
the couch prior to treatment [21]. One of the main drawbacks of such a system is that MR imaging is avail-
able only prior to the treatment and cannot be used for monitoring the patient during treatment delivery. 
However, it may be possible to combine the daily MR information with the standard imaging capabilities on 
the linac, to provide real-time monitoring of the patient during delivery.

18.2.4  ROTATING BI-PLANAR LINAC–MAGNETIC  
RESONANCE IMAGING SYSTEM

The rotating bi-planar linac MR system at the Cross-Cancer Institute is a 0.6 Tesla gapped MRI, with a 6 MV 
linac that can be positioned either in-line with the magnet, or perpendicular to the magnet with the beam going 
through the gap [11,12,22]. In this system, the accelerator is passively shielded from the magnetic field, which in 
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turn requires the magnet to be shimmed in the presence of the accelerator passive shielding. The accelerator and 
the magnet rotate together to treat from different angles. With the final design still under development, some 
initial results from the bench-top prototype system were published by Fallone et al. in 2009 [23].

18.2.5  THE AUSTRALIAN MAGNETIC RESONANCE  
IMAGING-LINAC PROGRAM

The Australian MR-linac system consists of a 1 Tesla open bore MR and a 6 MV linac. The system was specifi-
cally designed with the intention to allow for evaluation of both the inline and the perpendicular configura-
tions to determine which setup would be superior [24]. In the inline configuration, either the entire magnet 
assembly needs to rotate around the patient, or the patient and the couch would need to rotate relative to a 
fixed magnet and accelerator [24]. The final design is favoring an inline configuration with the possibility of a 
rotating treatment couch assembly, which is currently under evaluation by the same group.

18.3 MRI-BASED RESPIRATORY-INDUCED MOTION MANAGEMENT

As the precision of radiation delivery and planning improves, the importance of management of patient 
motion and accuracy of target localization in treatment delivery for lung cancers are increasingly recognized. 
While simple dose-escalations of therapy appeared promising for the improvement of survival outcomes and 
disease control in several studies within the past decade, a subsequent randomized controlled trial of dose-
escalated treatment failed to demonstrate improvement in outcomes for the dose escalation arm [25–27]. 
Subsequent analysis has demonstrated that higher cardiac dose in the dose-escalation arm may have under-
mined any benefit of higher dose to the tumor itself [28]. We increasingly recognize that minimization of 
dose to surrounding organs-at-risk (OARs), such as the heart, may play just as an impactful role in patient 
outcomes as the tumor itself. It is possible that use of patient-specific dose levels based on the proximity of 
surrounding critical structures may be advantageous [29–31]. Maximization of the therapeutic index thus 
requires minimizing the OAR dose while still offering high-dose tumor coverage on an individualized basis. 
This necessitates precise and reproducible management of individual patient motion during thoracic radia-
tion for accurate treatment delivery.

In the treatment of lung cancer, respiratory motion is a particularly significant source of  intrafraction 
positional uncertainty. Poor tracking of tumor and OAR motion may narrow the therapeutic index through 
insufficient tumor coverage and increase in unplanned dose to OARs. Current CT-based modalities for 
image-guided radiation therapy (IGRT) to address respiratory motion, including 4DCT, CBCT, fiducial 
markers, and external surrogates of motion are insufficient. These approaches, while not without benefit, 
rely on limited pre-treatment delivery patient data sampling and limited imaging quality during treatment 
delivery, and do not fully account for obstacles such as internal target volume (ITV) instability, the effects 
of respiratory variability on gating structure reproducibility, and tumor/OAR deformation [32–35]. Thus, 
precision and accuracy of CT-based treatment delivery may be limited in some scenarios. Recent studies have 
also suggested that dynamic 2D lung MRI in the sagittal and coronal direction was better at characterizing 
lung tumor motion over longer time periods compared to the 4DCT [36–38]. Applying the same concepts to 
in-room imaging, has the potential to improve measurement and analysis of lung tumor motion inside the 
treatment room, and to utilize that knowledge in improving motion management strategies. In contrast to 
CT-based techniques, MR-based IGRT can account for respiratory motion throughout the course of an entire 
treatment fraction by permitting direct target visualization and continuous gating or tracking on the tumor 
itself, thus minimizing uncertainty of the target position.

In the previous section, we described various MR-IGRT technologies under development. In this section, 
we will focus on the system that is currently commercially available and clinically implemented, the MRIdian 
system from ViewRay®. We will also discuss briefly the reported specification from the Elekta MR-Linac 
from UMC Utrecht, based on simulated and phantom studies described so far.
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18.3.1 IMAGING CONSIDERATIONS FOR TRACKING AND GATING

Detection of the tumor position remains the most challenging step in the motion management process 
regardless of the modality used. Due to the large motion of targets in the lung, even small delays between 
measuring the motion and correcting for it, regardless of the technique used, can result in large dosimetric 
errors [39]. Consequently, maintaining the optimal delivery accuracy requires the use of predictive algo-
rithms that can estimate future position of the target, or use of a gating or breath-hold techniques with a 
sufficient safety margin that would ensure target coverage even in the presence of larger than desired delays 
in the overall process.

With the use of MR as the imaging modality for detection of the target position, the inherent delay in the 
image acquisition is larger compared to fluoroscopic imaging. Standard fluoroscopic imaging is acquired at a 
frame rate of approximately 30 milliseconds (ms) [39], whereas planar cine MR imaging is generally acquired 
at 4–8 frames per second (fps), which equates to an added inherent latency of 125 ms–250 ms for image acqui-
sition alone. Yun et al. reported on a phantom simulation of dynamic low-field MR acquisition at 275 ms 
 followed by auto-segmentation of the target in 5 ms [40]. Similar feasibility studies performed by the group 
at UMC Utrecht, with 1.5 Tesla MR, suggest the use of MR pencil-beam navigators, which can be acquired at 
approximately 15 ms [41]. Another MR-based imaging technique that can be used for gated treatment deliv-
ery, or to monitor voluntary breath-hold, is cine imaging. This technique is currently used by the MRIdian 
system from ViewRay, which allows for imaging in the sagittal plane only. Details of imaging frequency and 
latency from the MRIdian system are described in the next section.

18.3.2 MR NAVIGATORS FOR TRACKING

The use of MR navigators for motion detection originated in breathing correlated diagnostic MR, where 
diaphragm position determined by a navigator was used as surrogate for the motion of other internal organs 
[42,43]. MR pencil-beam navigators have the advantage of being very fast in detecting the motion (15 ms), 
and can be placed directly on the tumor or organ of interest without the need for an internal or external 
surrogate. While this is a one-dimensional MR acquisition, the navigators can be placed in any arbitrary 
orientation such that the maximum motion of the target or the surrogate is realized and can be used for 
motion management. A study by Stam et al. evaluated the accuracy of such navigators in determining organ 
motion at various interfaces between water, air, and fat in a moving phantom [41]. In the same study, the use 
of navigators for tracking kidney motion in volunteers was investigated by acquiring alternating navigators 
and planar sagittal images of the kidney with an acquisition time of 390 ms using a 1.5 T MR scanner. They 
determined the mean deviation between the navigator and the 2D images to be 0.6 mm, with a maximum 
of 1.4 mm, which was attributed to the motion of the kidneys during the time required to acquire the 2D 
images (390 ms) [41]. Using the techniques evaluated in this study, the MR-linac group from UMC Utrecht 
aims to implement a tracking technique by adapting the collimation system to the position and shape of the 
target during breathing [17]. In a proof of concept study performed by Crijns et al. the motion tracking on 
MR was achieved through edge detection on pencil-beam navigators. This prototype system has an MLC 
controller that allows for rigid translation of the MLC aperture based on the detected position of the target. 
They measured the latency between the MLC aperture and the target position to be approximately 150 ms, not 
inclusive of the image acquisition and communication lag (50 ms), adding up to an inherent latency of larger 
than 200 ms [17]. The latency can be addressed by use of predictive motion models, or optimizing the control 
system for the MLC feedback loop, both of which are under further development as the final clinical version 
of the system is being deployed.

In this prototype system, the motion in the target was tracked by pencil-beam navigators and corrected 
by rigid translations in the MLC aperture. However, given that the motion in the abdomen and lung is more 
complex than the simple rigid one-dimensional shift, more advanced MR imaging such as 2D planar cine 
images, or combination of navigators and volumetric imaging, may be necessary to determine and correct for 
deformation in the target. Characterization of these systems will be fully realizable only after final release of 
this system for clinical use.
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18.3.3 CINE MR FOR GATING

The MRIdian system utilizes a gating technique based on 2D planar cine MR images for motion management. 
This system is capable of acquiring both high-resolution volumetric setup MR images as well as “cine” planar 
images in the sagittal plane at a rate of four frames per second (fps), or alternatively, three parallel sagittal 
planes at two fps with sequential acquisition of planes over a 0.5 second time interval. In-plane image resolu-
tion is 3.5 mm × 3.5 mm, with slice thickness of 0.5, 0.7, or 1.0 cm. This allows for direct tumor visualization 
during radiotherapy delivery, and subsequent tumor delineation on each frame via deformable registration, 
which can be used for gating the treatment beam.

In the MR-based gating process, like the standard gating workflow, the patient first undergoes a daily 
setup onboard volumetric imaging that is obtained immediately prior to treatment fraction delivery. The 
volumetric daily MR is acquired at breath-hold with the patient in the treatment position at isocenter. With 
the MRIdian system, the fastest presently available volumetric scan requires 17 seconds, thus allowing for 
acquisition of a breath-hold scan for the initial setup. This scan is used for direct target-based localization. 
Examples of breath-hold scans of lung and the abdomen are shown in Figure 18.1.

After the initial alignment, all the planning contours are rigidly or deformably transferred from the ref-
erence treatment planning image to the daily setup MR. The operator of the system, will then select the 
reference plane(s) to be used for gating during the treatment as well as the structure contour to be used as 
the gating target. While the gating target is typically the gross tumor volume (GTV), it can alternatively be 
a normal tissue or a combination of multiple structures that have been added to create a single gating target 
contour. The gating target is then transferred from the reference plane to each frame acquired during treat-
ment delivery via deformable registration, and the deformed contour is used by the system to determine if the 
gating target is inside the gating boundary. The gating boundary is defined either by selection from within 
the structures defined on the volumetric daily setup image, such as the PTV, or by creation of a symmetric or 
asymmetric margin around the gating target. During the treatment, the gating target contour is deformably 
transferred from the reference plane to each frame acquired. If the gating target contour is outside the gat-
ing boundary, the system turns off the beam automatically by moving the source to the shielded position.  
Figure 18.2 shows an example of gating plane selection, and parameter setup.

Prior to initiation of the treatment delivery, the system performs a “Preview” scan to allow the user to 
evaluate the quality of the deformed gating target on several sample image frames, to determine the quality 
of the gating, and adjust the gating parameters accordingly. During the “Preview” phase, several frames are 
acquired and the gating target contour is transferred to each frame via deformable registration. The user then 
qualitatively evaluates the match between the actual target on each image frame, and the contour transferred 
by the system as the target. If the match between the two is accurate, no changes in the gating parameters 
are necessary. In most cases, however, due to the noise in the cine MR images, the deformed gating target 
contour does not match the actual target perfectly. To reduce the impact of the noise on gating accuracy and 
overall duty cycle, the user can adjust the percentage of the gating target area that can be outside the gating 
boundary before the beam is turned off. Typically, this parameter is set to 1%–5% to account for the tracking 

Figure 18.1 Lung tumor and abdominal tumor on a 0.35 T MR-IGRT system.
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contour occasionally not perfectly matching the actual anatomy being tracked by a few pixels. However, if a 
lesion is poorly tracked and the user is confident in tumor position, this can be altered. Figure 18.3 shows an 
example cine MR where the target is physically inside the gating boundary, but the gating target contour as 
estimated by the system is outside.

Figure 18.2 Gating setup on the MRIdian® MR-IGRT system. The pink contour is the gating target which will 
be deformed to each MR cine frame, and the red contour is the gating boundary.

Figure 18.3 The gating target (pink) as deformed by the system does not match the tumor perfectly. In this 
figure, the superior portion of the gating target is outside of the gating boundary, while the target itself is 
physically within the gating boundary.
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The use of low-field 2D cine MR imaging for target tracking and gating is not limited to the MRIdian 
system. Developers of the rotating bi-planar MR-linac at the Cross-Cancer Institute have also described 
the use of dynamic planar MR images in determining the position and shape of lung tumors during 
treatment delivery [40]. In this system, the planar MR imaging is not limited to the sagittal plane, and will be 
selected such that the maximum dimension of the tumor can be visualized in each beam’s-eye view. An auto-
contouring algorithm is utilized in this system for target definition on each frame. Initial simulation studies 
indicate an image acquisition time of 275 ms followed by auto-contouring the lung tumor in 5 ms [40]. Further 
detail on the correction strategy and the overall latency may be needed prior to clinical deployment of the system.

18.3.4 TEMPORAL RESOLUTION AND LATENCY

Per the recommendations of Task Group 76 of the American Association of Physicists in Medicine, the overall 
system latency for lung tumor tracking or gating should be less than 500 ms [44]. This includes the time required 
for identifying the target location, processing and transfer of the information, and the time required for correct-
ing the beam whether through beam-holds or beam repositioning. Acquisition of planar cine MR images has an 
inherent latency of approximately 200–300 ms [40,41,44], with most systems capable of planar imaging at 4 fps. 
The processing time varies with the system in use and the technique, but has been reported to be on the order 
of a few milliseconds by various groups. The response time also varies among systems and depends on whether 
gating or tracking is employed. In general, gating the beam, where the beam is turned on/off as the target goes 
in and out of a predefined boundary, has a lower latency compared to tracking where the beam is adjusted to the 
position and/or shape of the target. However, the latency in the response of the system can be addressed with 
different techniques such as use of predictive models for the motion, or use of safety margins.

18.3.5 CLINICAL WORKFLOW CONSIDERATIONS

Currently, the only system that is clinically implemented and used for patient treatment is the MRIdian 
system from ViewRay, which utilizes a gating technique. Real-time MRI guidance with cine MRI gating is 
presently used in two general clinical scenarios: coached breath-hold and free-breathing techniques. When 
breath-hold delivery techniques are desired, patients’ pre-treatment simulation/planning images should 
be acquired at maximum inhalation breath-hold (MIBH) or exhale breath-hold breathing states. However, 
before decision for breath-hold versus free-breathing treatment, each patient’s tumor motion, breath-hold 
reproducibility, and breath-hold tolerance must be evaluated at simulation. Patients should therefore all 
undergo simulation with a free-breathing, max inspiratory breath-hold, and/or a shallow breathing method 
for evaluation of the optimal strategy on an individualized basis. If a patient tolerates breath-hold and it is the 
physician’s preference, the breath-hold simulation scans will be selected for use for planning and all subse-
quent daily set-up images will be acquired at the appropriate matching stage of inhalation or exhalation. For 
patient comfort, a MIBH simulation and treatment modality is often selected.

During treatment delivery, patients treated using breath-hold techniques are coached with audio or vis-
ual feedback to optimize tumor/target time within the boundary structure. For audio feedback, the therapist 
outside of the treatment room visualizes the position of the target within the gating boundary and encourages 
the patient to acquire a smaller or larger air volume for their MIBH positioning. With some practice, this can 
be successfully implemented. Visual feedback may provide a preferable and more direct method for patients 
to optimize tumor/target time within the boundary. Some centers utilize a projected image of a patient’s 
tumor and boundary structure to the patient; other centers may opt for use of projected animations to guide 
patient breath hold depth. Although both audio and visual coaching require some element of patient partici-
pation in the treatment delivery, a patient may appreciate an active role in therapy.

Apart from potential improvements in image quality when a patient is treated at breath-hold posi-
tion, there are several additional benefits to this strategy. First, the efficiency of treatment delivery may be 
improved compared with a free-breathing gating technique. When a patient is treated at breath-hold, the 
beam-on time (the time where the GTV is within the boundary region) is maximized. Any potential difficulty 
in target tracking or beam gating by the system is also minimized in this approach. A breath-hold approach 
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also minimizes the number of beam on-off events, which in turn reduces the dosimetric impact of the overall 
latency in the system.

Disadvantages of the breath-hold approach relate primarily to patient comfort and the requirements for 
coaching and visual feedback. In the setting of primary lung malignancies, patients may frequently have poor 
underlying lung capacity, in addition to air-space occupying lesions. Repeated breath-holds, often over the 
course of an extended treatment delivery time, may be excessively tiring and may not be physically possible 
for many thoracic patients. Similarly, patients with reduced health and capacity for attention may have dif-
ficulty complying with auditory coaching or have trouble visualizing tumor position within projected images 
for vision-based feedback. In these scenarios, it may be prudent to instead select a free-breathing technique.

For implementation of free-breathing gating techniques, the initial steps for patient simulation, and setup 
imaging acquisition are parallel to those used for breath-hold techniques. Transfer and selection of the gat-
ing structure and boundary, and structure tracking settings are also like those employed for breath-hold. 
However, some distinctions should be made in several of these steps when free-breathing is to be used.

First, patient simulation differs in some regards. At time of simulation, emphasis should be placed on 
instructions for shallow free-breathing by the patient. This allows for maximization of the efficiency of sub-
sequent treatment delivery and allows the clinician to accurately assess the degree of target motion related 
to the respiratory cycle. In a manner that is identical to the breath-hold process, but more pertinent in the 
setting of free-breathing, each time a cine image is acquired, the gating target contour is compared to a user-
defined gating boundary; if the contour is determined to be outside this boundary, the beam is turned off.

One key consideration in the free-breathing approach to respiratory gating is that the user-defined gating 
boundary is often designed to be smaller than the expansion from the GTV to the planning target volume 
(PTV), thus introducing a safety margin. For example, if the GTV to PTV expansion is 5 mm, the GTV to 
gating boundary expansion may be 3 mm. This is due to inherent lag time in cine imaging acquisition and 
processing as described earlier in this section. By selecting a gating window smaller than the PTV expansion, 
one conservatively ensures that the target structure (e.g., the GTV) remains within irradiated volume while 
the beam is on. Given the more continuous nature of respiratory motion while the patient is free-breathing 
as opposed to breath-holding, such a conservative approach is of greater merit for free-breathing. This mini-
mizes marginal misses and unintentional dose to OARs [45].

Finally, when treated at free-breathing, a patient needs only to lie still within the treatment machine. For 
patients with limited lung capacity, there is no burden of breath-hold that may result in patient exhaustion 
and intolerance to therapy. Similarly, free-breathing patients may still be provided with some auditory coach-
ing, such as the suggestion to breathe more shallowly to improve efficiency, but the patient does not need to 
play an active role in therapy. Patients with poor attention span, limited vision, hearing, or capacity can be 
treated in this manner without additional difficulty.

18.4 ON-BOARD MR IMAGING FOR TREATMENT ADAPTATION

Application of adaptive radiation therapy (ART) for lung cancer was discussed in the previous chapter. Several 
studies have evaluated anatomical changes in the tumor and the surrounding normal tissues in lung cancer 
patients based on daily or weekly in-room cone beam CT (CBCT), as well as repeat CT scans at different time 
points during the course of treatment [46,47]. There are various anatomical changes that can be observed 
in lung cancer patients during radiotherapy. These include changes in baseline tumor position, atelectasis, 
and pleural effusion [48,49], as well as changes in tumor size in response to treatment. Such anatomical 
changes can impact the treatment by affecting not only the lung density, but also the motion characteristics 
of the tumor [49]. While there are some studies that evaluated the variations in the magnitude of intra- and 
interfractional tumor motion, there are few studies that have investigated the dosimetric impact of these 
changes on the tumor coverage and dose to the surrounding normal tissue. Schmidt et al. investigated how 
the intrafractional respiratory motion, the interfractional baseline shifts and anatomical changes, affected 
the delivered dose. They concluded that anatomical changes had a larger impact on the dose distribution in 
the target, compared to the internal target motion [49]. In some situations, the changes in the target or the 
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lung anatomy during treatment, results in repositioning of the organs at risk into the high-dose regions of the 
initial plan. In such cases, when the patient is aligned based on their tumor, the target coverage will remain 
as planned; however, critical organs near the target may fall into the high-dose region, thus receiving much 
higher than anticipated doses compared to the initial plan. Henke et al. showed that even in patients under-
going stereotactic radiotherapy to lung, where minimal changes in anatomy are expected given the short 
course of treatment, it is possible to exceed OAR tolerances from day to day [8]. These findings among the 
many other studies that evaluate changes in the target, and the surrounding normal tissues in lung patients, 
all point to the potential role of both online and offline adaptive radiotherapy in improving target coverage 
while reducing or maintaining organ at risk doses in treatment of lung cancer patients [8,46,47].

In the era of integrated MR radiotherapy systems, information on inter- and intrafraction variations in 
tumor as well as normal tissue anatomy will be readily available at each fraction, without the need for clini-
cal protocols to acquire additional imaging during treatment. This will allow the clinicians to act on the 
observed changes by not only correcting for the setup differences, but also adjusting the treatment plan as 
necessary. In this section, we evaluate the role of onboard MR image-guidance in plan evaluation and online 
plan adaptation, the availability of necessary tools within the MR image-guided systems, as well as workflow 
considerations and potential applications in lung cancer.

The concept of online adaptive radiotherapy has been under investigation and development for more than 
two decades without significant progress in clinical implementation due to the complexity of the overall pro-
cess and the requirements for speed and automation in each step from imaging to contouring, re-planning, 
and quality assurance [50–57]. A practical online adaptive therapy system should include imaging capabili-
ties, automated contouring tools, fast plan re-optimization and dose calculation, and patient-specific  quality 
assurance (QA). Implementation of online adaptive radiotherapy requires a system with high-quality volu-
metric images with high spatial integrity, and good soft-tissue contrast for both target and OAR definition. 
It is also important that the onboard imaging system has a large enough field of view (FOV) such that the 
external surface of the patient can be captured in the region of interest to accommodate accurate dose calcu-
lation. These requirements may not be achievable with the current image quality of most commercial cone 
beam CT systems. Instead, systems that provide a volumetric in-room fan-beam CT scan or a volumetric 
onboard MR imaging of the patient in the treatment position could provide the necessary information for 
online plan adaptation.

In addition to imaging capabilities, an online ART system should provide image-processing tools that 
enable contour transfer from the initial reference image to the image of the day. This can be achieved through 
rigid or deformable registration, or by using auto-segmentation techniques. Given the uncertainties associ-
ated with both techniques [58–62], the system should also enable online verification and manual contour 
modification by the user. Once contour transfer and edits have been completed, the system should allow for 
fast calculation of the original reference plan on the anatomy of the day, followed by fast plan re-optimization 
as necessary.

The first commercially available MR-IGRT system (MRIdian, ViewRay Inc) was implemented clinically 
in January 2014 and has been in use for online adaptive radiotherapy at Washington University in St. Louis 
[7]. This system has an integrated treatment planning system, with a fast Monte Carlo (MC) dose calcula-
tion algorithm, which accounts for dose perturbation due to the magnetic field, and an inverse optimization 
engine capable of generating and calculating IMRT plans in less than 2 minutes. The treatment planning 
system is directly accessible from the delivery workflow, allowing the user to adjust the plan based on the 
volumetric daily MR image acquired at the time of patient setup. Once the new plan is generated and treat-
ment delivery is initiated, all corrections for anatomical variations resulting from organ motion are handled 
through a gated treatment approach as described in the previous section in this chapter [9]. The current 
version of the system does not allow for further plan adjustments to account for intrafraction organ motion.

The MR-linac currently under development at University Medical Center Utrecht is another system that 
is expected to allow for online plan adaptation. As described by the developers of the system, it will have 
capabilities for online plan adaptations to account for both inter- and intrafraction variations in the target 
and OARs [49]. While the specifications of the system will not be fully clear until it is deployed in the clinic, 
some initial publications on the various components of the system describe an iterative sequencing loop 
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with adaptation scheme for both inter- and intrafractional variations in the anatomy [49]. In this system, 
couch corrections are not possible in the lateral and vertical directions, consequently, the daily patient setup 
variations, including any rotations or deformations in the target will be corrected for by adjusting the beam 
apertures, followed by tracking techniques to account for motion and deformation caused by breathing as 
described in the previous section [16,17,49].

18.5  IMAGING CONSIDERATIONS FOR MR-BASED  
PLAN ADAPTATION

In current clinical practice, treatment plan adaptation is generally performed offline, and involves a re- 
simulation of the patient with a subset of imaging studies performed at the time of initial planning. With 
MR-IGRT systems, the availability of high-resolution volumetric MR images of the patient in the treatment 
position enables the transition from offline adaptation to real-time online plan adjustment prior to treat-
ment. Use of MR plan adaptation requires consideration of several factors, such as the lack of electron density 
information in the MR image. In standard clinical practice, a CT scan is acquired to provide electron density 
information for dose calculation. While a CT scan is the easiest and most accurate way of deriving electron 
density information, the use of MR images for generation of electron density maps has been investigated and 
clinically implemented for some treatment sites such as brain and prostate [63,64]. For more complex and 
highly heterogeneous anatomy such as the lungs, the generation of electron density information from MR 
images alone is more complex and further development may be needed prior to clinical use. Another poten-
tial approach is segmentation of anatomy on the MR image, followed by assignment of the electron density 
to each tissue type. This however requires accurate segmentation of various tissues and organs, and may not 
be feasible in an online setting with the patient on the table. Other possibilities include the use of rigid or 
deformable registration to map the initial CT simulation image and the corresponding electron density map, 
to the MR image of the day. The uncertainties in deformable image registration will affect the accuracy of 
the electron density maps generated with this technique, and may require manual correction to the resulting 
electron density distribution. An example of a deformation uncertainty and how it affects the mapping of the 
electron density is shown in Figure 18.4.

One of the main issues that need to be addressed is the spatial integrity of the MR images, and the intrinsic 
image distortions that can impact the accuracy of target and organ at risk definition used for plan adaptation. 
There are two main types of distortions: those that are caused by the inhomogeneity in the main magnetic 
field and are related to the scanner itself, and those which are patient-specific and are induced by the suscepti-
bility variations at the interface of various tissues inside the patient. Magnetic susceptibility, which describes 
the ability of an object to become magnetized inside of a magnetic field, varies depending the structural 

Figure 18.4 Top row indicates the initial CT scan and the stomach as it was deformed to the daily MR. The error 
in the deformation translates directly to the corresponding electron density maps shown in the bottom row.
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composition of various tissues. Susceptibility artifacts are a consequence of perturbations in the local mag-
netic field at the boundary of various tissues that impacts the spatial correlation of the signal from this region, 
resulting in distortion in the reconstructed image. Stanescu et al. have shown the magnitude of geometric 
distortions caused by susceptibility artifacts at various interfaces inside the patient for different magnetic 
field strengths and orientation [19]. They demonstrated that with the proper corrections, these errors can be 
reduced to accepted levels for radiation therapy treatment and planning.

Other considerations in imaging for plan adaptation include field of view, and motion artifacts. The field 
of view needs to be large enough to include the patient’s external surface, and extend past the target in the 
longitudinal direction for accurate dose calculation. This is often a trade-off with the image acquisition time, 
which needs to be fast enough to reduce motion artifacts caused by breathing. A high-quality image free of 
artifacts is a requirement.

18.6 SUMMARY

In-room MR image guidance is a promising new advancement in Radiation Oncology, with significant poten-
tial to not only improve patient setup and motion management, but also provide the possibility of day to day 
plan adaptation based on tumor response and changes in normal tissue anatomy. This technology, which has 
been under development for some time, has only recently found its way to the clinic and therefore the true 
benefits of such systems in improving outcomes and lowering adverse effects in various treatment sites will 
be realized in the next few years.
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Auto-segmentation techniques, 378
Avalanche photo diodes (APDs), 282
Average computed tomography (AVG-CT), 298
Average intensity projection (AIP/Ave-IP), 33, 45, 

47, 192

B

Bayesian randomized trial, 187
Beam gating, 376
Beam hardening, 236
Beam orientation, for lung IMRT, 296–297
Beam’s-eye view (BEV), 66
Beam-target realignment methods, 115
Beam tracking, 35, 199
BED, see Biologically effective dose
BEV, see Beam’s-eye view
BHCT, see Breath-hold CT
Biologically effective dose (BED), 215
Biology guided treatment optimization, 300–306
Blood biomarkers, 344
Blood marker guided adaptive treatment, 344
BodyFIX, 36
Brachial plexus, 57
Bragg peak, 310
BrainLAB, 328
Brainlab ExacTrac® system, 135
Brainlab Novalis®, 128, 130–132
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Breath-hold, 33–34
reproducibility, 252–275
scans, 369, 374, 377
techniques, 197, 373, 376

Breath-hold CT (BHCT), 242
Breathing cycle descriptions, 30, 31
Breathing-induced motion, 22
Breathing motion model, 265–267
Bronchoscopic implantation, 169
Brute-force SPORT optimization, 309

C

CAD, see Coronary artery disease
CALGB 8433, 58
CALGB 30610, 60
CALGB 39808, 60
Calypso® 4D Localization SystemTM, 131
Calypso® 4D tracking station, 327
Calypso® EM-transponder system, 36, 77, 88–89, 

112, 114,  327
Carbon ion therapy, 310–311
Cardiac cycle, 31
Carina, 57
CBCT, see Cone beam computed tomography
CCC, see Collapsed cone convolution
Cetuximab, 58
CFRT, see Conventionally fractionated radiotherapy
Charged-particle equilibrium (CPE), 66
Charged particle therapies, 310
Chemotherapy, 34, 52, 60
Chest wall, 57
Chronic obstructive pulmonary disease (COPD), 244
Cine 4D-CT, 27–30, 237
Cine image acquisitions, 24
Cisplatin, 60
Clinical target volume (CTV ), 50–53, 243–244
Cloud-computing strategies, 353
CMR, see Complete metabolic response
Cobalt-60 system, 371
Collapsed cone convolution (CCC), 145
Commercial 4D-CT scanning protocols, 238
Commercial software packages, 264
Complete metabolic response (CMR), 339
Compressed sensing (CS)-based strategy, 309
Computed tomography (CT), 22, 214

detector arc, 29
disadvantages, 14
simulation, 12–13, 264–270

Computer assisted design (CAD) model, 138
Computer-based technologies, 15

Cone beam computed tomography (CBCT), 5–6,13,  
80, 128, 212, 340, 377

uncertainties in, 248
Conformality index (CI), 149
Conformal techniques, 21
Conformity index, 62
Conservative approach, 377
Continuing Medical Education (CME), 217
Contour propagation, 361–362
Controlling tumor motion, 33, 78
Conventional fractionation, 58–61
Conventional linacs, 223
Conventionally fractionated radiotherapy 

(CFRT), 310
Conventional radiation therapy, 173, 214
Conventional VMAT, 308
CONVERT trial, 60
Convolution algorithms, 294
COPD, see Chronic obstructive pulmonary disease
Coronary artery disease (CAD), 55
Correction based adaptations, 354, 357
CPE, see Charged-particle equilibrium
Credentialing process, 115–118
Cross-Cancer Institute, 371, 376
CT-based treatment planning, 12, 13, 241
Customer Minor (CMNR) Interlock system, 34
CyberKnife® system, 83, 103, 118, 163–165, 170–172, 

224, 329
marker-based tracking system, 112
robotic radiosurgery system, 87
Synchrony®, 23, 35
and VMAT, 149

D

Data processing, 30
DCA, see Dynamic conformal arc
DCE-MRI, see Dynamic contrast-enhanced MRI
Deep inhalation breath hold (DIBH), 33, 34
Deep inspiration breath hold (DIBH), 109, 220
Deformable image registration (DIR), 115, 237, 246, 

298, 354, 362
Deformation vector fields (DVFs), 325
Delayed esophageal injury, 55
Delivery principles

real-time tracking, 79
respiratory gating, 78–79

Dense angularly sampled and sparse intensity 
modulated radiation therapy 
(DASSIM-RT), 309

Diaphragm motion, 251
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DIBH, see Deep inhalation breath hold; Deep 
inspiration breath hold

DICOM coordinates, 48
Diffusion-weighted MRI (DWI), 273
Digital linacs, 306, 308–309
Digital linear accelerator, 306–310
Digitally reconstructed radiograph (DRR), 81, 84, 

109, 110, 224, 322
Digital tomosynthesis (DTS), 322–323
DIR, see Deformable image registration
Direct dose mapping (DDM), 298
Displacement vector field (DVF), 298
Dose calculation, 66–67, 145–146, 171–173
Dose constraints, 61
Dose de-escalation, 338
Dose distribution, 15, 22
Dose fractionation, 58–61
Dose mapping, 363
Dose rate, 92–93
Dose variability, 4
Dose-volume histogram (DVH), 183
Dose-volume optimization (DVO), 301
Dosimetric advantages, 202
Dosimetric characteristics, 146–149
DRR, see Digitally reconstructed radiograph
During-treatment responses, 340–343
DVFs, see Deformation vector fields
DVH, see Dose-volume histogram
DVO, see Dose-volume optimization
Dynamic conformal arc (DCA), 61, 66, 89
Dynamic contrast-enhanced MRI (DCE-MRI), 273
Dynamic jaw mode, 146
Dynamic tracking, 79

E

EclipseTM, 297
8-slice CT scanner, 28
Elective nodal irradiation (ENI), 50, 243
Electromagnetic beacons, 88–89
Electromagnetic guidance system, 169
Electromagnetic navigation bronchoscopy (ENB), 

169
Electromagnetic transponders, 327
Electronic portal imaging device (EPID), 87, 104
Elekta linear accelerator, 370
Elekta Synergy® linear accelerator, 82
Elekta Versa HDTM, 128–131
End-inspiration phases, 30
Endobronchial ultrasound (EBUS), 47
End of exhalation (EOE), 36

End of inhalation (EOI), 36
End-to-end (E2E) quality assessment testing, 174
Energy/mass transfer (EMT) mapping, 298
ENI, see Elective nodal irradiation
EORTC trial, 59
EPID, see Electronic portal imaging device
Esophageal stricture, 55
Esophageal toxicities, 342
Esophagus, 55–56
Etoposide, 60
European LungART trial, 52
European Organization for Research and Treatment 

of Cancer (EORTC), 339
European Organization for Research and Treatment 

of Cancer Quality of Life Questionnaire 
(EORTC QLQ), 343

ExacTrac® gating system, 86
ExacTrac® X-ray (ETX) system, 131
Exhale breath-hold breathing states, 376
External respiration gating system, 36
External surrogates, 78

F

Failure mode and effect analysis (FMEA), 119
False-negative diagnosis, 281
Fastest gantry rotation cycle, 23
Fast Field Echo-Echo Planar Imaging (FFE-EPI) 

sequence, 274
Fast-helical CT scans, 268
Fast low-dose limited-angle imaging, 321–323
Feldkamp-Davis-Kress (FDK), 322
Feldkamp reconstruction techniques, 81
FFF modes, see Flattening filter free modes
18F-fluorodeoxyglucose (18F-FDG), 48
18F-fluorodeoxyglucose positron emission 

tomography, 242, 275, 341, 358
Fiducial(s), 36

markers, 84–85, 87
tracking, 165

Fiducial-less tracking methods, 79
5D motion modeling, 267–270
Fixed-station SPORT, 309–310
Flat panel imaging systems, 132
Flattening filter free (FFF) modes, 128, 143
Fluoroscopic imaging, 7, 8, 35, 108, 373
Fluorothymidine PET (FLT-PET), 358
FORTRAN, 146
4D cone beam CT (4D-CBCT), 135, 238, 323–327
4D-CT, see Four-dimensional computed 

tomography
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4D Digital Extended-cardiac-torso (XCAT) 
phantom, 323

4D dose accumulation, 251
4D-PET, see Four-dimensional positron emission 

tomography
4D electromagnetic array, 77
Four-dimensional computed tomography (4D-CT), 

7, 13, 22, 80, 105, 212, 358, 360
axial and coronal slices of, 109
cine, 27–28
helical, 25–30
history of, 22–24
image sorting, 30–32
imaging, 24, 44, 220
improved, 264–265
motion modeling, 265–270
planning strategies, 246
scanning process, 116
technique, 269
uncertainties in, 237–238
ventilation imaging, 306

Four dimensional magnetic resonance imaging 
(4D-MRI), 7, 238–240, 274

Four-dimensional positron emission tomography 
(4D-PET), 238–240

Four-dimensional reconstruction strategies, 324
4D-MRI, see Four dimensional magnetic resonance 

imaging
4D PET/CT, 277–278
4D treatment

delivery, 251
planning, 195–196, 298–300

4D-VMAT algorithm, 300
Fourier back-projection image reconstruction, 264
Fourier decomposition technique, 272
4 Pi noncoplanar IMRT, 138
Free-breathing

condition, 32–33
3D dataset, 244
PET acquisition, 303
techniques, 376, 377

Full-scan reconstruction (FSR), 26, 27
Functional-based treatment planning, 272
Functional MR imaging, 271

G

Gantry mounted system, 212
Gantry rotation, 22, 23
Gated radiotherapy, 155
Gated-treatment-based on-board MRI, 330–331

Gating, 373, 374–376
correlations, 252–275
target contour, 374
window, 79

GE MSCT scanners, 24, 27
Geometric accuracy, 103–104
Geometric distortion artifact, 236
Glucose metabolism, 302
Gold anchor fiducials, 169
“Gradient Maintenance” technique, 364
Graphics Processing Units (GPU), 353
Gross target volume (GTV), 276, 279
Gross tumor volume (GTV), 49, 50, 237, 241–243, 374

H

Half-scan reconstruction (HSR), 26
HD-MLC, see High definition multileaf collimator
HDTSE, see High dose total skin electron modes
Heart, 55
Helical CT scanning, 22, 24
Helical 4D-CT, 25–27

versus cine 4D-CT scan, 28–30
Helical TomoTherapy® system, 141–144
Heterogeneity correction, 66–67
High definition multileaf collimator (HD-MLC), 132
High dose total skin electron modes (HDTSE), 131
Hounsfield unit (HU) values, 212
HSR, see Half-scan reconstruction
HU values, see Hounsfield unit values
Hybrid methods, 86
Hyperpolarized gas tagging MRI, 275
Hyperpolarized noble gas MRI, 304

I

iCycle, 138
Image-guidance system, 102, 173, 247–251, 360
Image-guided stereotactic imaging radiosurgery 

system, 224
Image recognition software, 330
Image registration

contour propagation, 361–362
dose mapping and accumulation, 363
methods, 80–81
multi-modality, 362
overview of, 360

Imaging post-processing methods, 151
Imaging simulation, uncertainties in, 236–241
Imaging system performance, 102
Imaging techniques, uncertainties in, 249–251
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Imaging verification techniques, 321–328
Immobilization devices, 36–37, 54
Immobilization technology, 128
Implanted markers, 137
IMPT, see Intensity modulated proton therapy
IMRT, see Intensity modulated radiation therapy
Infrared systems, 86
Inhaled hyperpolarized gas, 272
Inhomogeneity definition, 193
In-plane image resolution, 374
Inspiration-synchronized system, 34
Integrated MRI, 84
Integrated radiotherapy imaging system (IRIS), 87
Intensity modulated arc therapy (IMAT), 128
Intensity modulated photon therapy, 180
Intensity modulated proton therapy (IMPT), 193, 196
Intensity modulated radiation therapy (IMRT), 6, 

12, 13, 21, 22, 212, 214, 223
beams, 90
rotational, 141–142
treatment planning system, 64
use of, 138
and VMAT, 149, 247

Intensity modulation, 141, 147
Interfraction adjustments, 6
Inter-fractional motion

localization, 81–83
management, 153
variations, 196

Inter-fraction verification, 76
Intergroup 0096 trial, 60
Intergroup 0139 trial, 59
Internal gross tumor volume (iGTV), 192
Internal margin (IM), 53
Internal reference point, 53
Internal surrogates, 78
Internal target volume (ITV), 33, 45–47, 53,154, 165, 

220, 244–245
Internal tumor position, 36
International Atomic Energy Agency (IAEA), 302
International Commission on Radiation Units and 

Measurements (ICRU), 33
International Electrotechnical Commission (IEC) 

standards, 323
Interplay effect, 153–156, 199–202
Intrafractional adjustments, 6
Intrafractional tumor motion, 13, 191

localization, 85–89
management, 153–156

Intrafractional uncertainties, 246
Intrafraction verification, 76

Intra thoracic anatomical changes, 360
Intrathoracic tumors, 53
Inverse consistent constraint, 326
Involuntary body motions, 236
Ion chamber panels, 132
Ionizing radiation, 49

K

Kilo voltage cone beam computed tomography (kV 
CBCT), 81–83, 135

Kilovoltage intra-fraction monitoring (KIM) 
system, 119

Knowledge-based planning technique, 309

L

Latency, 376
Limited-angle intrafraction verification (LIVE) 

system, 323
Linac, with in-room CT, 135
Linear accelerators, 127, 128, 130, 370
Locally advanced lung cancer, 186–190
L-shaped linacs

Brainlab ExacTrac® system, 135
Brainlab Novalis®, 128, 130, 131–132
Elekta Versa HDTM, 128–131
image-guided radiation therapy, 132–135
kV radiograph, 134
MV port, 133–134
ongoing developments of, 137–138
tracking based on, 328
Varian TrueBeamTM, 128, 129, 131

Lung(s), 54
functional imaging, 302–306
lesion, 216
ventilation, 272
V/Q SPECT, 342

LungART trial, 52, 59
Lung cancer with particle therapies, 310–312
Lung IMRT, beam orientation selection for, 296–297
Lung optimized treatment (LOT), 165
Lung tumors, 49, 219, 298

motion of, 44, 45, 152–154
volumes, 251

M

Macro aggregated albumin (MAA), 303
Magnetic field inhomogeneity, 236
Magnetic interference, 370
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Magnetic resonance image guided radiation therapy 
(MR-IGRT)

adaptive radiation therapy, 377–379
anatomical imaging of human lung, 270–271
factors, 369
functional imaging of human lung, 271–273
for gating, 374–376
linac system, 370
navigators for tracking, 373
at Princess Margaret Hospital, 371
respiratory motion, 273–275, 372–377
rotating bi-planar linac MR system, 371–372
treatment plan adaptation, 379–380

Magnetic resonance imaging (MRI), 270
advantages of, 49
diffusion-weighted, 273
integrated, 84
MRI-guided RT, 14
on-board imaging, 327–328
uncertainties in, 236–240
ventilation, 272–273

Magnetic shielding, 370
MasterplanTM, 295
Matching, uncertainties in, 249
Maximum inhalation breath-hold (MIBH), 376
Maximum intensity projection (MIP), 33, 45, 170, 246
McKinnon-Bates (MKB) algorithm, 324
M.D. Anderson Cancer Center, 187

“mdaccAutoPlan system”, 297
thoracic SBRT QA daily checklist, 226

Mediastinal lymph node involvement, 53
Mediastinal lymph node stations, 241
Mediastrinoscopy, 47
Memorial Sloan Kettering Cancer Center (MSKCC), 33
Metabolic imaging, 340
Metal artifacts, 145, 150, 236, 264
Micro-RNAs (miRNAs), 344
Mid-inspiration, 31–33
Mid-ventilation scan method, 33
MIMiC, 142
“Mini-max” approach, 196
MIP, see Maximum intensity projection
Model-less dynamic tracking, 79
Modern linear accelerators, 128
Modern radiotherapy techniques, 214
Modified simultaneous algebraic reconstruction 

technique (SART), 324
Modulation factor, 146, 147
Modus Medical Devices Inc., 105
Molecular imaging, 14–15
Monoscopic imaging, 85, 86

Monte Carlo (MC)-based dose calculation, 171, 225, 
294–296

Motion-adaptive image guided radiation therapy 
(IGART), 111–115, 118,

anticipate, 113–115
beam-target realignment methods, 115
identification methods, 112–113

Motion artifacts, 44, 237, 238
Motion assessment, 7
Motion encompassing method, 166
Motion management, 105–109, 164–169

abdominal compression, 34–35
breath hold, 33–34
free breathing, 32–33
interfractional, 153
intrafractional, 153–156
process, 372–377
program, 116–118
protocols, 116–118
respiratory surrogate, 35–36
strategies, 78, 246
techniques, 240
therapy breath hold and gating, 197
tumor tracking, 35

Motion mitigation, 197
Motion phantom, 105
Motion predictive model, 165
Motivate adaptive radiation therapy, 352
Mountain-Dresler lymph node staging system, 52
MR-based attenuation correction (MRAC), 282
MRIdian® system, 104, 371, 373–375
MR-IGRT, see Magnetic resonance image guided 

radiation therapy
MRI-Linac/Cobalt machine, 14
Multileaf collimator (MLC), 62, 65, 89, 141, 145,  

214, 328
interplay effect, 90–92
motion, 247
tracking method, 115, 119

Multi-modality image registration, 362
MultiPlan®, 170, 171
Multi-slice CT (MSCT), 22–24
MVCT, image quality of, 150–151
MV fluoroscopy, 134
MV ports, 133–134
Myelopathy, 54

N

NCCN guidelines, 52, 59
NCT00915005, 191
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NCT01565772, 191
NCT01629498, 191
NCT01770418, 191
New PET/CT imaging techniques, 283–307
Non-coplanar beams, 62–63
Non-FDG tracers, 284–307
Non-ionizing techniques, 136–137
Non-small-cell bronchogenic carcinoma (NSCBC), 49
Non-small-cell lung cancer (NSCLC), 14, 64, 183, 

242, 275, 281, 293
lung functional imaging and radiotherapy 

application, 302–306
NTCP-based optimization in SBRT, 301
PET/CT and radiotherapy application, 301–302
proton beam therapy, 311–312

Non-voxel-based broad-beam (NVBB), 146
Normal tissue complication probability (NTCP), 66, 

341, 344
Novalis system, 130–132
NSCLC, see Non-small-cell lung cancer
NTCP, see Normal tissue complication probability
NTCP-based optimization, 301

O

OAR, see Organs-at-risk
OAR imaging guided adaptive treatment, 343
Offline adaptive therapy, 352, 354–359, 364
On-Board Imager® device, 82
On-board imaging (OBI), 132
On-board kV imaging, 213
On-board MRI imaging, 77, 327–328
OncoRay center, 191
1-View Tracking, 165, 167
Online adaptive therapy, 351–354, 363–364, 378
Online IGRT flowchart, 80
Optical surface monitoring system (OSMS), 87, 238
Optical surface scanning system, 137
Optical systems, 86
Optimization algorithm, 145–146
Ordered-subsets expectation maximization (OSEM) 

algorithm, 283
Organ motion, 22
Organs-at-risk (OAR), 90, 102, 197, 276, 294, 338, 

353, 372
carina, 57
great vessels, 55
lungs, 54
proximal bronchial tree, 56–57
responses of, 342–343
spinal cord, 54–55

O-shape linac, tracking based on, 328–329
Oxygen-enhanced MRI, 272

P

Partial metabolic response (PMR), 339
Passive-scattering proton therapy (PSPT), 224, 297
Patient positioning device, 102
Patient-specific breathing motion models, 267
Pencil beam (PB)

algorithms, 295
dose calculation, 294
navigators, 373

PEREGRINE systemTM, 295
Peripheral lung tumors, 280
Personalized adaptive RT (PART), 338
PET/CT, 48

application in NSCLC radiotherapy, 301–302
average CT and MIP CT images, 278–281
response evaluation, 277
technical aspect of using, 277
treatment planning, 275–277

PET/MRI, 281–283
Phase/amplitude binning, uncertainties of, 238
Phase angle

description, 30
sorting, 31, 32

Phase-matched DTS, 322
Phase selection accuracy, 30
Philips CT scanners, 26, 27
Physiologic Monitoring Unit (PMU) system, 274
Pinnacle planning system, 145
Planar imaging techniques, 84–85
Planar scintigraphy, 303
Planning image, uncertainties in, 246–247
Planning organ at risk volume (PRV), 58
Planning target volume (PTV), 44, 45, 54, 101, 

245–246, 294
Planning techniques, 62–67, 247
Plan robustness, 195–196
Pneumatic compression belts, 34
Pneumothorax, 165
Point spread function, 283
Poor tracking, 372
PORT, see Post-operative radiation therapy
Positron emission tomography (PET), 11, 369

18F-FDG, 48
images, 237
simulation, advances in, 275–277
in treatment response assessment, 339

Post-operative radiation therapy (PORT), 51, 59–61, 190
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Post-RT response assessment, 339–340
Post-treatment tumor response, 338–340, 342
Predictive motion models, 373
Princess Margaret Hospital, 371
Principal component analysis (PCA), 267
Prior image constraint compressive sensing 

(PICCS), 324
Probabilistic approaches, 196
Probability density function (PDF), 274
Proper breath-coaching, 36
Prostate-specific membrane antigen (PSMA), 284
Proton beam therapy (PBT), 311–312
Proton Collaborative Group, 190
Proton dose distribution, 194
Proton therapy

adaptive therapy workflow, 357
early stage NSCLC, 184–186
4D treatment planning and plan robustness, 

195–196
inter-fractional motion variations, 196
interplay effect in beam scanning, 199–202
locally advanced lung cancer, 186–190
in lung cancer, 183, 310–311
ongoing clinical trials, 191
photon versus, 190–191
rationale for, 180–183
single field uniform dose versus IMPT, 193
target volume definition, 191–192
tracking system, 198–199
treatment delivery, 197–202

Proximal bronchial tree, 56–57
PSPT, see Passive-scattering proton therapy
PTV, see Planning target volume
Pulmonary artery, 55
Pulmonary vein, 55
Pulse-sequence development, for lung imaging, 270

Q

QA, see Quality assurance
QC-3 phantom, 103
Qualified medical physicist, 217
Quality assessment, 174–175
Quality assurance, 8, 101–119, 174, 218–219
Quality assurance (QA)

for adaptive radiation therapy, 364
current developments in, 118–139
frequencies and action levels, 104
for gating/breath hold surrogates, 108–109
geometric accuracy, 103–104
image registration with CBCT, 106

imaging system performance, 102
repositioning accuracy, 102–103
treatment delivery machine with gating, 106–107

Quality control (QC) procedure, 176–193
Quality of life (QOL), 343
Quantitative analysis of normal tissue effects in the 

clinic (QUANTEC), 54, 300
Quantitative functional imaging, 14–15
Quasar phantom, 105

R

R50, 149
Radiation beam gating methodology, 35
Radiation dose escalation, 276
Radiation-induced spinal cord injury, 54
Radiation oncologist, 217
Radiation oncology, 14, 44
Radiation pneumonitis (RP), 54
Radiation therapist, 218
Radiation Therapy Oncology Group (RTOG), 13, 15, 

116, 358, 360
Radiological Physics Center (RPC), 116, 118
Radiotherapy, 101, 214, 236, 280, 293, 339

goal of, 11, 76
and image-guided radiation therapy, 12
techniques, 300
treatment delivery process, 219

Radiotherapy treatment planning (RTP), 214, 294, 301
Rails system, 83
Randomized clinical trial, 60
Range uncertainties, 194
Ray-tracing function, 171
Real-time adaptation, 354
Real-time fluoroscopic imaging, 267
Real-time imaging, electromagnetic 

transponders, 327
Real-time MRI guidance, 376
Real-time Position Management (RPM), 24, 36, 107, 

132, 220
Real-time tracking, 79
Real-time tumor-tracking (RTRT) system, 87, 111, 

164, 252
Red contour, 109
Regional tumor hypoxia, 302
Relative biological effectiveness (RBE), 195
Reliable task-oriented imaging, 360
Re-planning approach, 364
Repositioning accuracy, 102–103
Residual target motion, 78
Respiration correlated CBCT (4D-CBCT), 82
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Respiration-induced tumor motion, 242
Respiratory-gated PET, 277–278
Respiratory gated treatments, 197–198
Respiratory gating system, 35
Respiratory monitoring device, 30
Respiratory motion, 22, 23, 30, 32

management of, 372–377
Respiratory synchronized therapy, 111
Response assessment methods, 338–339
Response-based adaptation, 358
Response Evaluation Criteria In Solid Tumors 

(RECIST), 338
Retrospective planning study, 64
Rib fracture, 57
Rigid image registration, 81
Robotic arm linac

dose calculation, 171–173
fiducial tracking, 165
motion management, 164–169
pre-treatment imaging, 170
tracking based on, 329–330
treatment delivery, 173–174
treatment planning system, 170–171

Robotic tracking system, 157
Robust optimization methods, 196
Robust planning methods, 357
Root-mean-square error (RMSE), 113
Rotating bi-planar linac–MRI system, 371–372
Rotational arc SPORT, 308–309
Rotational IMRT, 90, 141–142 
Rotational radiation therapy system, 141
RTOG, see Radiation Therapy Oncology Group
RTOG 0236, 61
RTOG 0617, 58
RTOG 1106, 342
RTOG 1308, 191
RTOG 7301, 58
RTOG 7302, 58
RTP, see Radiotherapy treatment planning

S

SABR, see Stereotactic ablative body radiation
S-band linac, 143
SBRT, see Stereotactic body radiation therapy
Scanning beam therapy, 224
Scattering systems, 182
SCLC, see Small cell lung cancer
Selective dose escalation, 276–277
Self-held breath hold, 34
Serial TomoTherapy®, 141, 142

Setup margin (SM), 54
Several motion-management techniques, 245
Short inversion time inversion recovery 

(STIR), 270
Siemens linacs, 143
Siemens Oncology Care Systems, 143
Siemens pitch values, 26, 27
Siemens’ Somatom Force system, 264
Similar-case-based optimization (SCBO), 296
Simulation process, radiation therapy, 7
Simultaneous motion estimation and image 

reconstruction (SMEIR), 324
Single field uniform dose (SFUD), 193
Single-photon emission computed tomography 

(SPECT), 360
Single-shot fast-spin echo (SSFSE) MR image, 270
Single slice CT (SSCT), 22–24
6D Adaptive Gating Module, 132
6 mega-electron volt (MeV) machine, 127
6MV therapeutic x-rays, 141
Skin, 57
Small cell lung cancer (SCLC), 59, 243, 340
Smaller focal spot, 143
Small radiopaque ball, 104
Software patch, 146
Somatom dual-source CT scanner, 24
Spatial integrity, 102
Spatial resolution, 150
Spinal cord, 54–55
SpiroDynX, 34
SPORT, see Station parameter optimized radiation 

therapy
Spread-out Bragg peak (SOBP), 182, 310
Standard classical dose fractionation schemes, 213
Static TomoTherapy®, 142
Station parameter optimized radiation therapy 

(SPORT), 306–308
Step-and-shoot delivery, 64
Stereoscopic imaging, 86
Stereoscopic kV-based systems, 84
Stereotactic ablative body radiation (SABR), 12, 33, 

183, 211, 340
Stereotactic body radiation therapy (SBRT), 56, 143, 

163, 211, 236, 293
assessing response, 340
BH simulation and treatment, 220
characteristics of, 214
delivery systems and techniques for, 222–225
dose-volume constraints, 216
4D-CT and free-breathing gated simulation, 

219–220
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fractionation, 61–62
image guided radiotherapy for, 212–214
immobilization and patient positioning, 215, 

220–221
IMRT for, 214
for NSCLC, 301
patient positioning, 220–221
patient selection criteria, 215–216
program requirements, 217–219
simulation for, 219
techniques, 104

Stereotactic radiosurgery (SRS), 143
Stochastic optimization algorithm, 357
Stomach, 57
Subjective symptoms, responses of, 343
Susceptibility artifacts, 380
Symmetric energy function, 325
Synchrony® Respiratory Tracking, 166, 224, 329
Synchrony® system, 165
Synchrony technology, 35
Systematic errors, 76

T

Target delineation, 370
Target dose homogeneity, 141
Target identification methods, 112
Target motion compensation, 35
Target motions, 5–6
Target registration error (TRE), 362
Target tracking, 376
Target verification, 76–78
Target volume

clinical, 50–53
delineation of, 276
gross, 50
internal, 53
selection/staging, 275–276
uncertainties in, 241–246

Temporal resolution, 376
TERM real-time tracking, 79
TG-142, 104
TG-179, 104
Thermoluminescent dosimeters (TLDs), 117
Thorax application, 27
Thorax phantom, 105
3D conformal lung plan, 295
3D conformal photon therapy, 180
3D conformal radiation therapy (3D-CRT), 12–13, 

224, 353, 363
3D/3D image registration, 81

Three-dimensional computed tomography 
(3D CT), 236

Three-dimensional conformal radiation therapy 
(3D-CRT), 36, 89–90, 214, 247

3D MRI, uncertainties in, 236–237
3D simulation/planning CT, 236
Tighter margins, 4–5
Time-of-flight, 283
Tissue heterogeneity correction, 236
TomoDirectTM, 149
TomoEdgeTM, 144, 146
TomoTherapy® system, 83, 90, 103

dose calculation and optimization algorithm, 
145–146

dosimetric characteristics, 146–149
helical, 141–143
linac, 143–144
for lung SBRT, 151–153
MLC, 145
MVCT, 150–151
optimization interface of, 148
serial, 141, 142
static, 142

TPS, see Treatment planning system
Tracheoesophageal (TE) fistula, 55
Tracking accuracy, 252–275
Tracking-based methods, 353
Tracking system, for proton therapy, 198–199
TRE, see Target registration error
Treatment delivery

techniques, advancements in, 328–331
uncertainties in, 251–275

Treatment plan adaptation, 379–380
Treatment planning system (TPS), 106, 115, 

170–171, 294, 378
conventional fractionation, 58–61
dose calculation and heterogeneity correction, 

66–67
dynamic conformal arc therapy, 66
intensity modulated radiation therapy, 64
for MR-linac, 370
normal structures/organs at risk, 54–57
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